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Abstract: Electrofracturing deeply buried shale formations could be used to increase reservoir
permeability and improve reservoir production without requiring large volumes of freshwater. This
paper describes a novel experimental system and initial test results to electrofracture shale under high
confining pressures. Core-scale laboratory testing was performed on twelve rock samples recovered
from a shale gas reservoir. Each sample was subjected to confining pressures of 20.7 MPa (3000 psi)
or 58.6 MPa (8000 psi), representative of overburden pressures at depth. Samples were then subjected
to application of high voltage until specimen fracture. The experiments produced deformed samples
with multiple fracture types, both parallel and oblique to bedding planes. Electrofracturing increased
permeabilities by up to nine orders of magnitude for extended time periods. Rock fracture and
throughgoing fractures were demonstrated. Computed tomography images revealed the creation
of fractures and tube/tunnel flow channels, which resisted closure under hydrostatic pressures up
to 58.6 MPa. The breakdown energy and permeability changes in the sample were independent of
applied confining pressure. The cumulative energy input required for fracture depended on applied
confining pressure and sample length. The energy required to fracture samples up to 9 cm in length
is generally more than 0.5 kJ/cm, but no greater than 1 kJ/cm. Our results show that electrofracture
of shales under confining pressure is possible and could be a possible water-free mechanism for
reservoir stimulation.

Keywords: hydraulic fracturing; permeability enhancement; unconventional petroleum reservoirs

1. Introduction

Ultra-low permeability rocks can contain vast amounts of petroleum hydrocarbons
(unconventional resources). However, the rate of hydrocarbon molecule movement to-
wards a wellbore is extremely slow and impractical from both an operational and economic
perspective without the creation of higher-permeability fracture pathways. Our goal in this
experiment was to investigate the possibility of electrofracturing unconventional reservoir
rocks as an alternative to fresh-water-intensive hydrofracturing. The electrofracturing
evaluation is conducted at high confining pressures using high-voltage pulses applied
to shale reservoir samples through a pair of electrodes. Macrofractures are developed
that provide high-permeability flow conduits, thus facilitating unconventional resource
production without the use of water. An integrated experimental–analysis–observational
approach is used to characterize electro-induced micro/macrofractures and their impact
upon fluid flow for unconventional reservoir development. This research yielded a fun-
damental understanding of the fracture process, production sustainability, and optimal
electrical wave forms to successfully electrofracture deep shale formations.

Electrofracturing is a method of dynamic fragmentation using high-voltage pulses
applied to rock through a pair of electrodes. Fragmentation occurs through two general
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processes [1]: (1) electrohydraulic shock and (2) internal breakdown inside bulk solid
dielectrics. In the first process, electrical current is passed through water, generating a
shock wave of sufficient magnitude to crush/fail hard material such as rock as it transits the
material. In the second process, the electric current flows through the rock, preferentially
along mineral grain interfaces that induce tensile and branching cracks at the boundary
interfaces, either by heating and differential expansion or by a shock wave induced by
the electrical impulse itself. Both processes have been examined experimentally on rock
and concrete by multiple researchers [1–13]. However, the electrofracturing process has
not previously been systematically evaluated at elevated pressures. We extend previous
researchers’ efforts by evaluating the efficiency of rock fracture under pressure by studying
pulse type (exponential decay or ringing) and pulsed voltage sequence. Total efficiency
(kJ/cm) was the value we wanted to minimize for a given rock/fracture.

We developed a laboratory system capable of applying high voltage pulses to a
sample under elevated confining pressures while measuring in situ permeabilities as low
as 7 × 10−25 m2. We used this system to assess the impact of electrofracturing on shale
samples under two different confining pressures (20.7 MPa or 58.6 MPa), three different
sample lengths (3.1, 6, or 9 cm), charge voltages up to 200 kV, and total pulses up to 206.
Important experiment variables (discussed below) were pulse type (either exponential or
ringing) and pulsed voltage sequence.

We used the following workflow to compare the effects of electrofracturing: (1) Ob-
serve sample using computed tomography (CT) scans, (2) jacket and place sample in pres-
sure vessel and pressurize sample, (3) complete permeability measurement, (4) complete
electrical pulsing with intermittent permeability measurements until sample breakdown,
(5) complete post-pulsing permeability measurement, and (6) repeat observations using CT.
The remainder of this paper is organized with Sections addressing experimental design,
conduct of experiments, and observational results.

2. Experimental Design and Procedures

The laboratory system development represented a significant portion of the research
and its detail is presented to an appropriate extent to familiarize the community with con-
siderations that are perhaps foreign to rock mechanics. The experimental design integrated
the requirements of both a high-pressure and pulsed high-voltage test system, necessitating
the design, fabrication, and testing of component parts that had yet to be used for these
specific functions. Here we describe the test system, beginning with the test sample and
moving outward to describe the experimental apparatus and procedures.

The rock samples were right circular cylinders, nominally 2.54 cm in diameter, recov-
ered from a shale gas reservoir (Figure 1a). The samples were cored parallel to bedding
planes, producing three length sets (~3.1, ~6, and ~9 cm), which were incorporated into the
design of the internal fixturing for the sample assembly. A small cone was machined in
the center of each end of a sample (Figure 1b) to fit the mated piece of the conductor/flow
transmission end (Figure 2) to enhance electrical contact. After receiving the core samples,
they were refrigerated at 7.2 ◦C in their original shipping containers (plastic jars). Samples
were later removed from the shipping containers, unwrapped, and jacketed for a few
days to two weeks prior to testing to minimize the potential for handling damage and to
complete the CT scans in advance of testing.

Initially, samples were jacketed with an ultraviolet light (UV) curing epoxy as shown
in Figure 3. Each shale sample was sandwiched between two Delrin end caps with three
layers of PEEK cloth between the end cap and rock. The Delrin endcaps are good electrical
insulators, machinable, and can convey hydrostatic pressure to the sample’s end. The
PEEK cloth facilitates gas flow along the sample end diameter and prevents rock fragments
from blocking the flow holes on the conductor. The sealing epoxy was then lapped from
end cap to end cap, encompassing the sample. This ensured gas tight surface contact
between the rock and the jacket to prevent gas leakage at this interface, which is critical
for accurate permeability measurements. A layer of heat-shrink polyolefin was added
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between two layers of UV epoxy to create a jacket that could maintain integrity through
the electrofracturing process and allow for permeability measurements at extremely low
rates (Figure 4). The final jacketing procedure also provided insight into the sample
deformation process. The end caps were hollowed and fitted with O-rings to provide a
movable high-pressure seal for the high-pressure tubing/electrical conductor against the
confining pressure (Figure 5).
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Figure 5. Sample assembled into the pressure vessel (section view).

The jacketed sample was placed inside the sample holder. The two-piece Delrin holder
allowed the jacketed sample to be handled in and out of the vessel without disturbing
the sample before or after testing (Figure 5). The sample assembly was loaded into the
pressure vessel, which sat atop the lower conductor that was mounted on top of a wooden
table (Figure 6a) as part of the laboratory setup (Figure 6b). The lower retention clamp was
inserted and fastened atop the outside spacer. The spacer between the retention clamps
allowed for centering of the ground electrode, which was pre-fastened to the upper vessel
closure. The sample holder contained springs to press the sample against the electrode
(Figure 5). The high-pressure metal tubing was used as both the electrical conductor for
high voltage and the conduit for helium gas for permeability determinations; the Delrin
sample end caps doubled as an electrical insulator and sliding high-pressure seal. The
Delrin sample holder also provided electrical insulation and served as part of the high-
pressure seal in combination with O-rings between the inside of the pressure vessel and the
ambient environment.



Energies 2024, 17, 2708 6 of 24

Energies 2024, 17, x FOR PEER REVIEW 7 of 27 
 

 

 
Figure 6. (a) Test system schematic; (b) laboratory setup. 

A key element to the system design was the lower conductor contained within the 
lower Delrin insulator. This lower insulator electrically isolated the incident high-voltage 
pulse from the pressure vessel and supported the lower pressure seals (O-rings) for the 
vessel. Delrin is a deformable, time-dependent material (susceptible to creep), and re-
quired separate strength and ductility characterization to ensure its integrity would be 
maintained during testing. The curved and “broken” corners inside the pressure vessel 
are present to avoid focusing of the electric current. 

The high-pressure chamber is a custom-designed R series O-ring closure vessel from 
High Pressure Equipment. It was fabricated with removable ends on both sides of the 
vessel to accommodate the internal test components. Access ports were included along 
the length of the vessel to allow for pressure measurements and fill and drain lines. 

2.1. Permeability Measurement System 
Samples were secured inside the pressure vessel and hydrostatically pressurized to 

one of the design pressures using Diala AX fluid (Shell USA, Inc., Houston, TX, USA), a 

Figure 6. (a) Test system schematic; (b) laboratory setup.

A key element to the system design was the lower conductor contained within the
lower Delrin insulator. This lower insulator electrically isolated the incident high-voltage
pulse from the pressure vessel and supported the lower pressure seals (O-rings) for the
vessel. Delrin is a deformable, time-dependent material (susceptible to creep), and required
separate strength and ductility characterization to ensure its integrity would be maintained
during testing. The curved and “broken” corners inside the pressure vessel are present to
avoid focusing of the electric current.

The high-pressure chamber is a custom-designed R series O-ring closure vessel from
High Pressure Equipment. It was fabricated with removable ends on both sides of the
vessel to accommodate the internal test components. Access ports were included along the
length of the vessel to allow for pressure measurements and fill and drain lines.

2.1. Permeability Measurement System

Samples were secured inside the pressure vessel and hydrostatically pressurized to
one of the design pressures using Diala AX fluid (Shell USA, Inc., Houston, TX, USA), a
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good electrical insulator with a 300 kV rating on the ASTM D3300 impulse loading test.
Once the confining pressure had equilibrated, an initial helium gas flow measurement was
performed on each sample to determine its pre-fracture permeability. Increasing reservoir
permeability to the wellbore is the driving factor for current hydraulic stimulations, and
thus the potential applicability of electrofracturing to the field will depend on comparisons
of sample permeability values pre- and post-testing.

A wide dynamic range for the permeability measurements was necessary for this study.
Transient pressure pulse (falling head) techniques can quickly measure low permeability
values; however, these techniques would not be suitable for fractured samples with high
permeability. Thus, permeability was measured with a steady-state gas flow (constant
head) using a combination of helium leak detector or flow meters with sensitivity ranges
between 10−10 cc atm/s and 102 cc atm/s [14–16]. Helium was selected as the flowing
gas due to its small molecular size, relatively low viscosity, and its ability to be used with
helium leak detector mass spectrometers to provide ultra-low mass flow detection.

The viscous flow of compressible gas through a porous media ignoring gravity can be
described by Darcy’s equation:

q =
k
µ
∇p, (1)

where q is the volumetric flux rate (m3/m2/s), k is the intrinsic permeability (m2), µ is the
dynamic viscosity of the gas (Pa s), and p is pressure (Pa). The integration of (1) given
constant pressure boundary conditions (p = pin|x = 0; p = pout|x = L) and assuming
isothermal conditions, an ideal gas, and constant compressibility and viscosity gives:

qsc =
kA

2LµPsc

(
pin

2 − pout
2
)

, (2)

where qsc is the volumetric flow at the core outlet at reference conditions (m3
sc/s), Psc is the

reference pressure (1 atm), and A is the cross-sectional area normal to the flow direction.
Rearranging (2) for permeability gives:

k =
qsc2LµPsc

A(pin
2 − pout2)

. (3)

Equation (3) is used to calculate the apparent intrinsic viscous permeability given the
measured flow rate and upstream and downstream pressures.

Figure 7a depicts the high-voltage and pore pressure inlet side of the flow system
plumbing, and Figure 7b depicts the ground side and pore pressure outlet side of the
flow system plumbing. After a sample was installed and the desired confining pressure
was achieved, helium pressure on the inlet side of the pore pressure line was increased to
0.35 MPa. Immediately following the inlet pressure increase, the outlet side of the pore
pressure system was brought under a vacuum and the helium leak detector was brought
in line. The initial permeability measurement ran at least overnight and until the flow
rate stabilized. Given the extremely low permeability of these samples, it was expected
that complete equilibration of the flow would take a substantial period of time. A rough
estimate of the time required for diffusive equilibration is given by:

t =
l2

4D
, (4)

where D is the hydraulic diffusivity:

D =
k

ϕµct
, (5)

and is a function of the intrinsic viscous permeability (k), the porosity (ϕ), helium viscosity
(µ), and helium compressibility (ct). Rough estimates of the response time as a function
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of the permeability indicate that at a permeability of 10−21 m2, the response time is on
the order of days. Our initial measurement was generally over periods of 12–24 h, which
are much shorter than the indicated response time. However, some initial samples had
permeability measurements collected over many days with no significant change after
the first ~12 h, therefore measurements of ~12 h should accurately represent the initial
permeability. In addition, one of the goals of the experiment is to document permeability
change, rather than determine an exact measure of the low permeability value.
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Once the initial flow rate had stabilized, flow rate and inlet pressure were recorded,
and permeability was calculated using Equation (3) assuming the outlet pressure was equal
to zero for vacuum conditions. Permeability was measured after varying the shot sequences
during and after the testing. In some instances, permeability was measured in between
single shots. During these intermediate measurements, flow was allowed to stabilize for
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one hour before recording and moving on to the next shot. If a sample was not fractured by
the end of the day, the permeability measurement was allowed to flow overnight. Before
the initial measurement and throughout the testing procedure, the helium leak detector
was calibrated using a calibrated leak. An aluminum core with 20.7 MPa confining pressure
was used to measure the line blank for the system using the exact protocol above. The
permeability detection level was determined to be 7 × 10−25 m2, which is several orders of
magnitude below all but one sample permeability.

After fracturing, sample permeability dramatically increased. The flow rates were
too high for measurements using the helium leak detector, so subsequent flow rates were
measured using mass flow meters. The flow manifold contained flow meters ranging
in sensitivity from 100 scc/min to 103 scc/min. Flow measurements using helium as a
permeant were made on the flow meter with a midpoint range near the measured flow
rate. In many cases, the inlet pressure was decreased after fracturing to bring the flow
within scale of the highest flow meter setting. These measurements were allowed to flow
for several hours until they stabilized. A second post-fracture permeability was measured
after allowing the sample to remain undisturbed overnight, thus testing the ability of the
sample to retain its increased permeability under high confining pressure.

2.2. Electrical Pulser System

The electrical pulser test system (Figure 8) was developed to assess the following
voltage breakdown scaling as a function of: (1) sample length; (2) energy required to
produce appreciable sample disaggregation; (3) voltage and energy range required to
perform tests in the test matrix; (4) effect of a ringing voltage waveform versus exponential
pulse; and (5) jacket thickness required to maintain jacket integrity to contain the sample
during fracturing.
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We attempted to minimize total efficiency (kJ/cm) for a given fracture. The upper
limit on the system was 200 kV. Our work was exploratory; based on experience and some
trial and error, we narrowed down to a 6.5 µs exponential waveform pulse [17]. Secondly,
we wanted to minimize the energy in the pulse voltage sequence. As such, we started low
(80 kV) with the pulses, and eventually moved toward the high end (200 kV). The number
of pulses at a given maximum voltage was varied. Upon reaching the maximum 200 kV,
this maximum value was repeated until breakdown.

2.2.1. High-Voltage Pulser System

The high-voltage pulser used for these experiments was customized to deliver a 6.5 µs
full width at half maximum (FWHM) voltage pulse up to 200 kV into a high-impedance load.
Figure 8 depicts the pulser architecture (schematically Figure 8a, and internal components
(Figure 8b)), which utilized four 80 nF capacitors erected in two parallel pairs to provide
a total capacitance of 80 nF. The maximum electrical energy stored in the capacitors was
E = 0.5 × CV2 = 1600 J, where C is capacitance and V is voltage. The pulse shape was
achieved using two 60 Ω pulse forming resistors (nominal) and delivered to the experiment
through two 3.5 m single-core insulated cables spaced by 0.1 m separators. The positive
output cable of the pulser was attached to the helium-filled central electrode and the
negative cable was attached to the base of the pressure vessel. Each electrode was conical
(Figure 2) with 45◦ full angle and 6.4 mm initial diameter. The samples were machined
with a 0.2 cm deep mating seat to increase the electrical contact area.

2.2.2. Electrical Diagnostics

Two diagnostics were used to monitor the electrical evolution of the experiments: a
calibrated Northstar 100 kV peak-pulsed voltage probe modified to accommodate up to
350 kV using a capacitive voltage divider and a calibrated Pearson 1025 current loop with
20 kA peak-pulsed current fielded on the positive cable. The voltage monitor was fielded
on the sample side of the cable connection to obtain the potential difference across the
entire experimental chamber. A Fluke 1550B megohmmeter (Fluke, Everett, WA, USA) was
manually used to test the impedance of some samples before installation, after installation,
and after pressure was applied. The measurements were taken with 5 kV DC applied
voltage, and the resulting impedances ranged from 2 MΩ to 1000 MΩ.

2.2.3. Pulser System Development

An initial set of experiments were performed using plastic, shale, limestone, and slate
as part of the process of customizing the test systems to establish an effective voltage
pulse shape and synchronization [17]. These experiments were performed at atmospheric
conditions to test the system functions and ensure the system could fracture rock at ambient
pressure. These tests allowed us to obtain initial estimates of experimental parameters such
as: (1) charge voltage scaling as a function of sample length; (2) number of pulses necessary
to achieve fracturing; (3) impact of electrical pulse shape on fracturing; and (4) sample
jacket thickness required to maintain separation from oil and maintain jacket integrity
during fracturing. The three voltage waveforms involved in the evaluation were 0.2 MHz
ringing, 6.5 µs FWHM exponential, and 0.5 µs FWHM exponential waveforms (Figure 9).
The results of this preliminary evaluation revealed that the 6.5 µs FWHM voltage pulse
had the most favorable scaling for longer sample lengths, thus it was decided to operate in
the range of 160 kV to 200 kV.
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3. Experimental Process and Results
3.1. Test Methods

Twelve cylindrical specimens (Table 1) of the prescribed lengths were subjected to
a hydrostatic stress (confining pressure) to examine the effect of changes in both pulsed
voltage and specimen length on induced fracturing, which manifests itself as an increase
in permeability. The procedure for each sample was as follows: (1) Complete initial CT
scan; (2) jacket sample, place in pressure vessel, pressurize, and (3) measure permeability;
(4) complete electrical pulsing, beginning at a predetermined voltage and incrementally
increased up to 200 kV, measuring voltage and current for each pulse; (5) measure per-
meability at select intervals during testing (permeability was always measured before the
first pulse and after a breakdown); and (6) complete final CT scan upon completion of the
pulse series.

Table 1. Test matrix for all experiments.

Test
No.

Hydrostatic Stress
(MPa)

Nominal
Specimen
Diameter

(cm)

Nominal
Specimen

Length
(cm)

PIL-035 20.7 2.5 3.1
PIL-036 20.7 2.5 3.1
PIL-037 58.6 2.5 3.2
PIL-028 20.7 2.5 6
PIL-029 58.6 2.5 6
PIL-024 20.7 2.5 9
PIL-026 58.6 2.5 9
PIL-027 58.6 2.5 9
PIL-030 20.7 2.5 5.95
PIL-032 58.6 2.5 5.95
PIL-038 58.6 2.5 3.1
PIL-025 20.7 2.5 9.2

3.2. Results

Permeability measurements are presented in Table 2 and show values pre-shot, during
the shot sequence, and post-breakdown. Initial permeabilities ranged from 8 × 10−19 m2



Energies 2024, 17, 2708 12 of 24

to 9 × 10−25 m2 (this latter value is very close to the line blank value) with the average
initial permeability values less than 10–20 m2. All samples fractured under the given test
conditions; however, three samples did not fracture from end to end, and in two samples
the jacket leaked during fracturing.

The permeabilities of samples which fractured end to end increased three to nine orders
of magnitude, with an average increase of seven orders of magnitude. The average post-
fracture permeability was 2 × 10−13 m2, and the range was 6 × 10−13 m2 to 3 × 10−16 m2.
Fracture permeability remained high and was unaffected by confining pressure conditions
for at least 12 h post-fracture, as indicated by the overnight measurement of sample PIL-029.
Permeability was not measured longer than 12 h after the fracture, given time constraints
on the experiment; however, there was no observed decrease over this interval at all even
with high confining pressure, indicating that the fracturing is durable. Only the three
samples that did not fracture end to end, PIL-024, PIL-026, and PIL-027, remained close to
the initial low permeability measurements.

The permeability of sample PIL-035 was measured between each shot over the course
of three days. Permeability measurement as a function of shot number is provided in
Figure 10. Permeability remained relatively low and fairly constant throughout the shot
sequence until the sample fractured or broke across its entire length; a jacket leak pre-
vented a permeability measurement of this sample post fracture. Thus, we used this set
of samples to investigate our measurement uncertainty. For this suite of measurements,
the average permeability measurement was 2 × 10−20 m2 with a standard error (standard
deviation/mean) of 20%, which appears suitable given the design criteria.
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Figure 10. Measured permeability for increasing shot numbers on sample PIL-035. For this test
procedure, the shot charge voltage increased by 10 kV every shot, to a maximum of 200 kV. The sample
was broken after 3 shots at 200 kV and a jacket leak occurred preventing a permeability measurement.

The results of pulse testing using the 6.5 µs FWHM exponential voltage pulse at
20.7 MPa (3000 psi) or 58.6 MPa (8000 psi) are tabulated in Table 3.
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Table 2. Summary of permeability data determined in study. Here, dk = log
(
|ki−k f |

k f

)
is the absolute

value of the order magnitude of permeability change from the initial (first) measurement.

Sample Confining
Pressure (MPa) L (cm) pin (kPa) pout (kPa) Qsc

(ccSTP/s) k (m2) dK Note

PIL-035 3000 3.1 344.74 6.9 × 10−4 7.00 × 10−6 9.0 × 10−21 Prelim
344.74 6.9 × 10−4 9.00 × 10−6 1.2 × 10−20 −0.5 Shot 1
348.19 6.9 × 10−4 7.00 × 10−6 8.9 × 10−21 −1.8 Shot 2
348.19 6.9 × 10−4 8.00 × 10−6 1.0 × 10−20 −0.9 Shot 3
348.19 6.9 × 10−4 1.00 × 10−5 1.3 × 10−20 −0.4 After Weekend
348.19 6.9 × 10−4 1.00 × 10−5 1.3 × 10−20 −0.4 Shot 4
348.19 6.9 × 10−4 6.00 × 10−6 7.6 × 10−21 −0.8 Shot 5
348.19 6.9 × 10−4 7.00 × 10−6 8.9 × 10−21 −1.8 Shot 6
348.19 6.9 × 10−4 9.00 × 10−6 1.1 × 10−20 −0.6 Shot 7
348.19 6.9 × 10−4 8.50 × 10−6 1.1 × 10−20 −0.7 Shot 8
348.19 6.9 × 10−4 1.00 × 10−5 1.3 × 10−20 −0.4 Shot 9
348.19 6.9 × 10−4 6.00 × 10−6 7.6 × 10−21 −0.8 Shot 10
348.19 6.9 × 10−4 6.00 × 10−6 7.6 × 10−21 −0.8 Shot 11
348.19 6.9 × 10−4 8.50 × 10−6 1.1 × 10−20 −0.7 Shot 12
348.19 6.9 × 10−4 8.50 × 10−6 1.1 × 10−20 −0.7 Shot 13
348.19 6.9 × 10−4 8.50 × 10−6 1.1 × 10−20 −0.7 Shot 13
347.50 6.9 × 10−4 3.00 × 10−6 3.8 × 10−21 −0.2 Overnight

After shot 16, jacket was
broken; perm measurement

not possible

PIL-036 3000 3.1 344.05 6.9 × 10−4 1.00 × 10−5 1.3 × 10−20 Overnight

182.71 4.91 × 101 2.4 × 10−13 7.3 Broke on shot 848; 8th shot at
160 kV

PIL-037 8500 3.2 344.05 6.9 × 10−4 1.30 × 10−8 1.8 × 10−23 0.0 Initial overnight
measurement

344.74 6.9 × 10−4 7.80 × 10−7 1.1 × 10−21 1.0 5 shot series
Sample and jacket broke on

12th shot; no final perm
measurement possible

PIL-028 3000 6 344.05 6.9 × 10−4 5.00 × 10−8 1.3 × 10−22 Start
344.74 6.9 × 10−4 6.00 × 10−7 1.5 × 10−21 1.0 Overnight
344.74 6.9 × 10−4 7.00 × 10−7 1.8 × 10−21 1.1 After shot 5
344.74 6.9 × 10−4 1.00 × 10−6 2.5 × 10−21 1.3 After shot 10
344.74 6.9 × 10−4 1.60 × 10−6 4.0 × 10−21 1.5 Overnight
107.83 8.3 × 101 2.83 × 101 6.4 × 10−13 9.7 Break

PIL-029 8500 6 344.74 6.9 × 10−4 7.90 × 10−8 2.0 × 10−22 Initial Overnight
100.59 8.3 × 10−1 7.73 × 100 1.9 × 10−13 9.0 Break

100.59 8.3 × 10−1 7.47 × 100 1.9 × 10−13 9.2 Break; Overnight
measurement

PIL-024 3000 9 344.74 6.9 × 10−4 4.64 × 10−8 1.8 × 10−22 Initial Overnight
344.74 6.9 × 10−4 8.49 × 10−8 3.2 × 10−22 −0.1 Initial Overnight

PIL-026 8500 9 344.74 6.9 × 10−4 2.47 × 10−10 9.4 × 10−25 Initial Overnight
344.74 6.9 × 10−4 5.63 × 10−10 2.1 × 10−24 0.1 105 shots

PIL-027 8500 9 344.74 6.9 × 10−4 3.00 × 10−10 1.1 × 10−24 Initial Overnight
344.74 6.9 × 10−4 4.13 × 10−10 1.6 × 10−24 −0.4 95 shots

PIL-030 3000 5.95 344.74 6.9 × 10−4 3.12 × 10−4 7.8 × 10−19 Initial Overnight
103.42 8.3 × 10−1 1.00 × 100 2.4 × 10−14 4.5 Break

PIL-032 8500 5.95 344.74 6.9 × 10−4 2.96 × 10−4 7.4 × 10−19 Initial Overnight
103.42 8.3 × 10−1 1.47 × 102 3.5 × 10−16 2.7 Break

PIL-038 8500 3.1 344.05 6.9 × 10−4 1.20 × 10−4 1.6 × 10−19 Overnight

103.42 8.3 × 10−1 9.67 × 10−1 1.2 × 10−14 4.9 Sample broke on first shot at
160 kV

PIL-025 8500 9.2 344.05 6.9 × 10−4 3.93 × 10−6 1.5 × 10−20 Overnight

103.42 8.3 × 10−1 2.97 × 100 1.1 × 10−13 6.9 Sample broke on first shot at
160 kV

Aluminum
blank 3000 3 344.05 6.9 × 10−4 7.00 × 10−10 8.9 × 10−25 0.0 Overnight
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Table 3. Tabulated values for all tests.

Sample ID Sample
Length (cm)

Confining
Pressure, P

(MPa)

Charge Voltage of
Breakdown Shot,

Vc
1 (kV)

Total Number
of Shots 2

Total Non-
Breakdown

Energy, En
3 (J)

Fracture Shot
Energy, Ef (J)

Peak Power of
Fracture Shot,

Pp (MW)

PIL-035 3.1 20.7 200 16 1150 726 370
PIL-036 3.1 20.7 160 8 607 485 260
PIL-037 3.2 58.6 160 7 513 517 243
PIL-028 6 20.7 190 143 8000 729 344
PIL-029 6 58.6 180 76 3930 674 317
PIL-024 9 20.7 200 206 12,400 n/a n/a
PIL-026 9 58.6 200 105 6510 n/a n/a
PIL-027 9 58.6 200 95 6920 n/a n/a
PIL-030 5.95 20.7 160 1 n/a 550 298
PIL-032 5.95 58.6 160 1 n/a 555 304
PIL-038 3.1 58.6 160 1 n/a 494 254
PIL-025 9.2 58.6 200 107 4230 861 421

1 Vc is the charge voltage of the pulser, which is approximately equal to the peak voltage of the output pulse.
2 Total number of shots includes those at voltages less than Vb. 3 En calculated using methods described in paper.

4. Analysis
4.1. Energy Estimates

There is significant noise coupling associated with the operation of a 200 kV pulse
power generator. The current levels anticipated for these tests spanned seven orders of
magnitude from 10−3 A to 104 A. The diagnostics were chosen to survive the high-current
shots, but these diagnostics produce a very low signal-to-noise ratio during low-current,
non-breakdown shots, making energy estimates for these shots open to some interpretation.

The energy calculations are presented explicitly for PIL-037 (3 cm; seven shots) to
describe the procedure applied to all samples. This example was used because the relatively
low number of shots makes the dataset much more accessible and subsequently more useful
than a high-shot sample such as PIL-024 (9 cm; 207 shots). The exponentially smoothed
voltage and current waveforms for the first PIL-037 shot are shown in Figure 11. The top
chart shows the full 30 µs history of these diagnostics, and the lower chart shows the first
2.5 µs of the voltage surge. The charge voltage of the pulser was 160 kV during these
shots, which is approximately equal to the peak voltage of the output pulse, as indicated by
Figure 11. While the overall voltage waveform fits the expected exponential decay, there is
a high-frequency ringing waveform present at the beginning of the exponential pulse that
damps out quickly. The current diagnostic detected a 300 A signal (approximately three
times higher than the noise level) during the initial voltage surge. This signal cannot be
conclusively discounted as noise. However, this is not likely to be current passing through
the sample. This current is seen on every shot, including the last breakdown shot, and will
be noted separately as ‘non-breakdown’ current with associated energy En.

The energy deposited in the sample can be estimated or bounded in three ways: the
minimum energy deposited can be estimated using a resistive calculation using only the
experimental voltage (10−3–100 J/shot); the maximum energy available can be taken as
the initial energy stored in the capacitors (103 J/shot); and the integrated power waveform
can be taken as a likely upper bound (101–102 J/shot) for energy deposited in the sample.
The DC resistivity of each sample was shown to be an effective value to ensure electrode
contact on later shots, but was not monitored until PIL-028. Measured resistivity ranged
from 106 Ω to 109 Ω.

The power and energy waveforms of the first shot of PIL-037 are shown in Figure 12
using a constant 1 MΩ impedance approximation to be conservative. The power was
calculated by:

P = 10−6∑i V2
i , (6)

and the energy is an integration of the power waveform with the total energy being the
last data point. The total energy for each of the six non-breakdown shots at 160 kV were
~100 mJ. This energy is used as the lower bound for the actual energy deposited into this
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sample prior to the breakdown shot. The total energy stored in the capacitors during each
of these shots was E = 0.5 × CV2 = 1.0 kJ. This value is used as the absolute upper limit
of energy deposition. The calculated energy found by integrating the absolute value of
the power waveform created by the product of the voltage and current, P = ∑i Vi Ii, is a
reasonable upper bound for energy deposition during non-breakdown shots.
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The power and energy waveforms for the first PIL-037 shot are shown in Figure 13.
The peak power for this shot occurred during a ~100 ns pulse and was 79 MW. The total
energy calculated for this shot was 80 J. The range of energy calculated in this way for the
six non-breakdown shots was 80 J to 90 J with a mean of 85.6 J and a total of 513 J. This
value represents an upper bound to the energy deposited in the non-breakdown pulses
and is used for En throughout this paper.
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Figure 13. Exponentially smoothed power and energy waveforms for the first shot on PIL-037 (3 cm)
at 160 kV. The power is the product of the experimental voltage and current data. The integrated
absolute value of the power (total shot energy) is 80 J.

The waveforms for the fracture shot of PIL-037 are overlain in Figure 14. The peak
power (Pp) recorded during this shot was 243 MW, and the fracture shot energy Ef was
517 J. These values are tabulated in Table 4 using the same methods for each sample.
Non-breakdown energy and breakdown energy estimates are plotted for samples that
broke down at each pressure in Figure 15. The energy deposited during the breakdown
shots appears to be independent of the pressure, and it scaled linearly with sample length.
However, the non-breakdown energy for 58.6 MPa (8000 psi) shots was approximately
twice as great as the 20.7 MPa (3000 psi) shots. These data should be interpreted within
the context of the electrode contact issues and voltage sequence details discussed in the
following Sections.

Table 4. Number of pulses at a given pulser charge voltage (kV).

Sample ID 80 kV 90 kV 100 kV 110 kV 120 kV 130 kV 140 kV 150 kV 160 kV 170 kV 180 kV 190 kV 200 kV Total

PIL-035 1 1 1 1 1 1 1 1 1 1 1 1 4 16
PIL-036 - - - - - - - - 8 - - - - 8
PIL-037 - - - - - - - - 7 - - - - 7
PIL-028 - - - - - - - - 60 30 40 13 143
PIL-029 - - - - - - - - 30 30 16 - - 76
PIL-024 - - - - - - - - 30 30 30 30 86 206
PIL-026 - - - - - - - - 2 4 8 16 75 105
PIL-027 - - - - - - - 1 1 - - - 93 95
PIL-030 - - - - - - - - 1 - - - - 1
PIL-032 - - - - - - - - 1 - - - - 1
PIL-038 - - - - - - - - 1 - - - - 1
PIL-025 - - 10 10 10 10 10 10 10 10 11 9 7 107
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4.2. Electrodes

Electrode contact is important during sample assembly and pressurization. The initial
design of the pointed electrode conductor mated into a cone depression in the sample
improved contact area. A change in resistance/impedance during pressurization was
observed during early testing, and the cause was determined to be a pressure imbalance.
The test system was modified to include springs on the sample end to press the sample
against the electrode (Figure 5). Also, the working surfaces of the electrode were smoothed
from use during testing and had to be re-machined between tests. Reduced contact between
the electrodes and the sample may impact the fracture requirements and influence sample
impedance measurements.

4.3. Voltage Pulse Sequences

For our initial testing, we considered that a single shot at a given voltage would be
the threshold for fracturing. The first experiment on PIL-035, tabulated in Table 4, began
at the minimum pulse voltage of 80 kV. A single shot was executed every 10 kV until the
maximum pulser voltage of 200 kV was reached without fracture. The 200 kV pulse was
then repeated four times until breakdown occurred.

For subsequent testing, we considered that pulse repetition would also be a viable
parameter for achieving breakdown through the samples. Therefore, later sample voltage
sequences began with multiple shots beginning at 160 kV. This technique was successful
in fracturing the 3 cm and 6 cm samples (PIL-036, PIL-037, PIL-028, and PIL-029), but the
9 cm samples (PIL-024, PIL-26, and PIL-27) were not fractured before the high-pressure
electrical insulator failed. The higher shot number required for these samples was likely
a combined effect reduced contact area from electrode wear, sample length, and initial
sample conditions. The insulator was replaced, and the electrode contact issue was resolved
beginning with PIL-027.

The next set of samples was tested beginning at 160 kV. Based on previous shot data,
this voltage was expected to be well below the fracture threshold for even a 3 cm-long
sample. However, the initial 160 kV tests for samples PIL-030, PIL-032, and PIL-038 broke
down through each sample unexpectedly after one pulse. Thus, the final voltage sequence
for PIL-025 was designed to be as conservative as possible to obtain non-breakdown shots.
The initial voltage for this sample was 100 kV for 10 pulses. The voltage was then increased
in 10 kV increments with 10 pulses at each step. The fracture shot occurred during the
seventh pulse at 200 kV. Pulsed repetition proved to be the root cause of cumulative damage
to the samples.

5. Observational Results
5.1. Introduction

CT images were obtained using a Siemens Biograph 16 PET/CT scanner (PrizMED
Imaging, Highland Heights, OH, USA) on the jacketed samples both before and after
deformation. Samples were positioned in the isocenter of the scanner bore using a support
stand created from radio-transparent foam to ensure that each sample was in the same
position to facilitate more accurate image comparisons. CT images were schematically
created by rotating an X-ray generating source around the sample, which was then detected
on the opposite side of the scanner. These projections were obtained over 360◦ of rotation.
The scan technique used settings of 120 kVp and 200 mAs; a slice thickness was 1.0 mm;
and pitch setting (table movement per rotation of X-ray source) of 0.9 to reduce image noise.
The Siemens B30s ultra-sharp and B30s very-sharp reconstruction algorithms were used
to enhance the detail of the fine fractures. One to three passes were made through each
sample using the instrument.

The CT scans made it easier to see the subtle bedding structure in the shale samples,
both before and after testing, while minimizing the physical handling of samples. The CT
images clearly showed density contrasts/differences, mineralogical changes (fine bedding),
and fractures. We were unable to see/distinguish inter- versus intragranular fractures with
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the CT resolution. Two views were captured: perpendicular to the long axis of the sample
and parallel to the long axis of the sample. These are arbitrarily sub-labeled horizontal and
vertical, referring to orthogonal views in these orientations. Traverses along and through a
sample are given in a decimal value relative to the sample length. The decimal values from
one traverse to another do not necessarily correlate and may have started at opposing ends;
thus, comparisons from one traverse to another are best made by comparing the fracture
geometry features.

All undeformed samples were essentially pristine, typified by thin bedding lamina-
tions with no observable fractures (as shown in Figures 16 and 17). Post-test images clearly
depict a network of factures parallel to bedding, perpendicular to bedding, and at oblique
angles to bedding induced by the electrofracturing process. The CT scans documented
both crosscutting fractures as well as halted fractures to provide insight into the damage
process and fracture development.
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approximately midway along the sample length and branches near its end. At the incident 
end, there are fracture bifurcations that coalesce into the primary fracture. The fracture 
initiates at or very near the incident pulse. Observations of this sample revealed the frac-
ture does not proceed from end to end, documenting the progressive nature of the elec-
trofracturing process. 

Figure 16. (a) Sample PIL-028, length = 6 cm, Pc = 20.7 MPa (3000 psi). Pre-test exhibits fine laminar
bedding evident both perpendicular (left) to the core long axis and parallel (right) to the core long
axis. (b) Post-test deformation perpendicular to the core long axis along its length, showing primary
fractures parallel to bedding and secondary fractures oblique to bedding. (c) Post-test deformation
parallel to the core long axis along orthogonal diameters along its length, showing primary fractures
parallel to bedding (bottom) and secondary fractures oblique to bedding (top).



Energies 2024, 17, 2708 20 of 24

Energies 2024, 17, x FOR PEER REVIEW 24 of 27 
 

 

 
Figure 17. (a) Sample PIL-026, length = 9 cm. Pc = 58.6 MPa (8000 psi). Pre-test exhibits fine laminar 
bedding evident perpendicular to the core long axis. (b) Post-test perpendicular to the core long axis 
along its length, showing fracture absent, then a thin fracture, then a wider fracture (left to right). 
(c) Post-test deformation parallel to the core long axis along diameters from different scans, showing 
fracture at the right side of the sample and disappearing near the sample center. 

The observations importantly document evidence that the current broke through the 
rock to fracture it, as opposed to along a surface, and that the electrofracturing process is 
progressive. 
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Figure 17. (a) Sample PIL-026, length = 9 cm. Pc = 58.6 MPa (8000 psi). Pre-test exhibits fine laminar
bedding evident perpendicular to the core long axis. (b) Post-test perpendicular to the core long axis
along its length, showing fracture absent, then a thin fracture, then a wider fracture (left to right).
(c) Post-test deformation parallel to the core long axis along diameters from different scans, showing
fracture at the right side of the sample and disappearing near the sample center.

5.2. Summary of Observations

Fractures were observed, both parallel and oblique to bedding, in the electrofractured
samples. Additionally, material appeared to be missing or removed, manifesting as voids
along the length of the core samples. Most fractures were parallel to bedding, and in nine
of the twelve samples, the fractures extended from end to end in the sample. The primary
bedding parallel fractures were either adjacent to the input pulse location or off-center of
this location. Two sets of images of undeformed and deformed samples are presented in
Figures 16 and 17 to provide examples of some of the observations discussed in this Section.

Fractures oblique to bedding planes were also present in smaller numbers. The
oblique fractures were almost always associated with, or initiated from, a primary fracture.
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Some fractures seemed to contain voids or missing volume that appeared as cylindrical or
elongated lenses extending for most or all of the fracture’s length. At a confining pressure
of 20.7 MPa (3000 psi), the 3 cm samples, and the 6 cm samples to a lesser extent, contained
a greater number of fractures than the 9 cm samples. At a confining pressure of 58.6 MPa
(8000 psi), the 3 cm samples appeared to contain the most fractures and fractures of the
greatest width; the 6 cm samples appeared to have an intermediate number of fractures;
and the 9 cm samples contained the least number of fractures of the smallest width.

Fractures were observed to begin (or initiate) at the impulse end of samples. There
is no consistent correlation with the center of the sample and the location of the fractures
(i.e., fractures often originated off-center within a sample). This observation may indicate
that electrical pulses migrate along the surface to a path of lower electrical resistance. In
some cases, fractures did not extend the entire length of the sample. There is evidence
that material was removed from some samples, which expressed itself as concave-shaped
fracture surfaces, wide fracture zones telescoping to narrow features away from these wide
zones, tunnel-like features, and rounded corners at fracture intersections. Fractures were
visible to the naked eye through the jacket, often appearing as a dark linear feature. The
jackets themselves were often fractured (Figure 4) within the inner urethane layer.

Sample PIL-028-6cm (Figure 16) contains a multitude of fractures. There appears
to be a primary fracture extending over the entire length, which is a few millimeters
from the sample center, and appears to follow bedding; however, it jogs in at least one
location into another bedding plane. At least one fracture extends over a portion of the
length of the sample orthogonal to bedding. This sample shows obvious evidence of
material removal along the fracture surface, appearing as wider dark zones concave in
shape. Secondary fractures (not contained within bedding planes) appear much thinner
than bedding parallel fractures.

Sample PIL-026 (Figure 17) contains a single bedding parallel fracture that extends
approximately midway along the sample length and branches near its end. At the incident
end, there are fracture bifurcations that coalesce into the primary fracture. The fracture
initiates at or very near the incident pulse. Observations of this sample revealed the
fracture does not proceed from end to end, documenting the progressive nature of the
electrofracturing process.

The observations importantly document evidence that the current broke through the
rock to fracture it, as opposed to along a surface, and that the electrofracturing process
is progressive.

6. Future Work

This study was an exploratory effort to collect data on the electrofracturing of shale
at elevated pressures, and represents perhaps the first laboratory-based effort of its kind.
As such, we have identified several areas for future research, including: (1) Systematically
relate impulse energy, sample length/volume, and pressure through experimentation to
develop a sound empirical basis for understanding the fracturing process; (2) develop
a means to optimize an understanding of pulse shape to minimize energy expended
and maximize fracture efficiency; (3) systematically complete necessary observations of
progressively evolving fracture surfaces to elucidate the fracture process; and (4) explore
electrode shape optimization for improved fracture efficiency.

7. Discussion and Conclusions

Our laboratory results demonstrated that electrical fracturing of deep shale formations
is feasible, and our work represents an important first step in studying the electrofractur-
ing process at high confining pressures. Twelve shale samples with lengths of 3, 6, and
9 cm were successfully deformed by applying 6.5 µs FWHM exponential voltage pulses
(80–200 kV) under hydrostatic pressures of 20.7 MPa (3000 psi) and 58.6 MPa (8000 psi),
which were meant to simulate the pressures that might be encountered at depth within an
oil or gas reservoir. To achieve these results, an experimental testing system that marries
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high pressure geomechanics science to high voltage pulses was designed and constructed.
The macroscopic effect of deformation was quantified using flow measurements, CT scans,
and impedance measurements before and after pulsing. Flow measurements allowed us to
determine the extent to which permeability increased in each sample.

Previous work [1,5,8,11,13] on concrete and rock clearly demonstrate these materials
will fracture from high electrical energy pulsing at ambient pressure. Their work focuses
on using the technology for excavation and drilling augmentation. A key contribution of
our work to advancing the science is the demonstration of electrofracturing at elevated
pressure; this allows for application of the technology for subsurface stimulation as a
potential alternative to fresh-water-intensive hydrofracturing.

Factors affecting data interpretation include variability in the initial ‘frackability’ of the
samples (which is unknown), as well as experimental factors such as the effects of electrode
contact, voltage pulse shape, and pulse repetition on the structure of the sample. In general,
the results revealed that electrical fracturing of deep shale formations is feasible. Because
the rock was fractured by the electrical pulsing, the effect of confining pressures between
20.7 MPa (3000 psi) and 58.6 MPa (8000 psi) does not appear to dominate the fracturing
process. The energy required to fracture a sample is generally more than 0.5 kJ/cm but
no greater than 1 kJ/cm. From the small number of tests completed, it is not possible to
scale electrofracturing energy efficiency (from Figure 15) to sample length. In terms of field
extrapolation, we note that our longest samples were >9 cm. Testing on large samples is
warranted; long lateral hydraulic fracturing deployments are on the order of a few hundred
meters [18]. Our test lengths are three orders of magnitudes short of drill spacing for
current efficient hydrocarbon harvest practice. We feel the technology is viable, pending
additional lab and field studies.

Electrofracturing increased the measured sample permeabilities by three to nine orders
of magnitude. There is either sufficient offset across fractures and/or material removal from
fracture surfaces to provide wide flow paths to produce these large permeability increases.
Fractured samples maintained high permeability during overnight holds at pressures of
20.7 MPa (3000 psi) and 58.6 MPa (8000 psi), indicating the creation of stable flow paths by
the electrofracturing process. In addition to using less water, electrofractures may not need
proppant in the same way as with traditional fracking. Hydrofracturing fractures may
be quite different than electrically induced fractures as their mechanisms of creation and
resulting geometry/aperture may be fundamentally different. Future work could explore
the manifestation of the different damage/fracturing types.

The electrofracturing process appears to be progressive, starting at the impulse end of
the sample and traversing the sample. For samples that contained only one fracture, it was
non-transecting (i.e., did not extend end-to-end). All samples containing an end-to-end
fracture also had additional fractures. This seems to imply that once electrical continuity is
established via the electro-damage process, another mechanism takes over. This hypothesis
is supported by the observations that samples with jacketing materials cracked from the
inside out. This implies high gas pressure was generated during the electrofracturing
process. Rapid gas generation coupled with low shale matrix permeability could result in
some of the observed fractures.

Electrofracturing leads to fractures that are stable at the elevated pressures studied in
this experiment, demonstrated by just one test measurement 24 h after fracture. In some
samples, there is an apparent removal of rock material along fracture surfaces, resulting in
geometries that are stable under the imposed pressures. This phenomenon likely operates
on a smaller scale than that observed in this study since all samples with end-to-end
fractures demonstrated significant increases in permeability.

CT scans were extremely useful in providing us with observations of the progressive
and ultimate deformation from the electrofracturing process. For future work, samples
could be removed from the pressure vessel at specific stages of the deformation to observe
fracture growth. While permeability measurements provide a good measure of the before
and after condition of samples, this work demonstrated that permeability measurements
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in this rock were not illustrative of the progressive deformation observed in CT scans.
This study is an important first step in studying the electrofracturing process at elevated
pressures representative of conditions deep within the earth.

8. Patents

Electrofracturing test system and method of determining material characteristics of
electrofractured material samples, Patent Number: 9,719,908 August 2017, S. Bauer, S.
Glover, T. Pfeifle, J. Su, K. Williamson, S. Broome, W. Gardner.
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J.R., G.P., F.W. and M.H.; software and validation, K.W., W.P.G. and G.P.; formal analysis, S.B.
(Stephen Bauer), S.G., K.W., J.-C.S., S.B. (Scott Broome), W.P.G. and G.P.; investigation, S.B.
(Stephen Bauer), K.W., J.-C.S., S.B. (Scott Broome), W.P.G., J.R., G.P., F.W. and M.H.; resources, rock
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