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Abstract
Unconventional reservoirs suffer from an ultra-low permeability, causing their drainage area to be limited to
tens of feet. An efficient technique that can be used in combination with conventional hydraulic fracturing
to increase the drainage area is pulse power plasma. In this study, we used an experimental approach to
study the effect of pulsed power plasma discharge on the permeability change around wellbore under tri-
axial confining stress conditions.

We designed and used equipment, allowing for the generation of the shock wave in a true tri-axial cell
to perform the analysis in this study. The equipment has a capacity for rock samples of 14 in on each edge
with 1.5 in diameter well in the center. Using the equipment, the stored electrical energy in capacitors is
instantaneously released into a fusible link creating a thermite reaction, which creates a shock wave in the
wellbore and is transmitted to the rock afterward. The shock wave affects the permeability of samples, even
in situations where the generated stress loading is below rock strength.

Several types of material, such as limestone, sandstone, and concrete are tested in this study. Samples
were investigated before and after the electrohydraulic discharge to find the extent and magnitude of the
induced fractures (permeability enhancement) and their relationship with the released energy. Also, the
effect of repetitive low-magnitude shock waves for creating micro-cracks in rock is studied. It is observed
that even under sub-critical loading conditions, micro-cracks are generated in the rock samples that might
be a result of the main shockwave or reflection of the stress wave from the boundary. These fractures were
less controlled by the stress orientation as compared with hydraulic fractures. However, they contributed
to the permeability enhancement around the wellbore that can be up to orders in magnitude. Finally, the
optimum discharge energy for the maximum permeability enhancement is suggested.

In this study, for the first time, we tested the rock under confining stresses and imaged them using
computer tomography (CT) scanning. Also, change of permeability around the wellbore using pulse power
plasma is a novel use of pulse fracturing technology that can effectively be mixed with hydraulic fracturing
treatment in unconventional reservoirs and maximize the stimulated reservoir volume (SRV). The results
of this paper can help to maximize the EUR from the reservoir.
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Introduction
Electrohydraulic (also known as pulse power plasma) discharge is a reliable waterless method that can be
used to stimulate near wellbore region. Unlike conventional hydraulic fracturing that requires a considerable
amount of water, this technique only requires the wellbore to be filled with water. Also, in this technique,
the fracture propagation is less affected by stress shadowing due to the propagation of multiple fractures
from the same or opposite directions (Rafiee et al., 2015; Rezaei et al., 2015). In this study, we aim
at enhancing the permeability of near-wellbore regions of different rock samples using electrohydraulic
discharge underwater. Macroscopic fractures can enhance the permeability by orders of magnitudes. To
avoid creating major fractures and destroying the samples, we used low power electrohydraulic discharges
to induce only microscopic fractures (to enhance permeability). This approach can be used to stimulate the
near-wellbore region of the unconventional reservoir were the drainage area would be limited to a few feet
from hydraulic fractures and wellbore, otherwise.

The first usage of electricity as the oil well stimulation technique was reported in 1964 on oil shale
(Melton and Cross, 1968). Since then, other techniques such as explosive and electrohydraulic discharge
have been used in combination with hydraulic fracturing or as a standalone technique for stimulation of the
low permeability reservoir rocks. Electrohydraulic fracturing of rock is composed of two main processes,
namely electrical and mechanical. The electrical process involves storing and discharging the electrical
energy from capacitors to electrodes that are located in the wellbore. As a result of the discharge, a high
energy plasma forms between the electrodes. The plasma generates a high-pressure shock wave in the rock
and can induce damage in the rock, depending on the magnitude of the output energy from capacitors.

There are two types of discharges using this technology, namely pulsed corona electrohydraulic discharge
(PCED) and pulsed arc electrohydraulic discharge (PAEC) (Touya et al., 2006). In PCED, a streamer of the
corona is formed in water. The whole process of PCED takes up to 100 n sec and generates weak shock
waves. On the contrary, in the second type, the duration of the applied voltage is in the microseconds order,
and it generates higher energy. In PAEC, a high energy plasma, that depends on the magnitude of the applied
voltage and the distance between electrodes, is formed between the electrodes. Also, a metal fusible link
(ionizable) and an aqueous environment between electrodes can be used to enhance the generated pressure
as the result of the reaction of the wire with aqueous material. In this study, we investigate the PAEC process
in our experiments and use aluminum as the fusible link.

Three main categories have attracted the research attentions on electrohydraulic shockwave in the last
decade. These categories are electrical, mechanical, and electromagnetic processes (La Borderie et al.,
2016). The electrical part includes storing the electrical energy, discharging the energy, the relationship of
discharged energy with the generated pressure (Touya et al., 2006; Li et al., 2016), surrounding environment
of electrodes, and the properties of the electrodes. Examples include the effect of water gap (Zhu et al., 2014),
electrical wire and other environments such as glycerol (Rososhek et al., 2017), design of the electrodes,
stored and released energy (Kuznetsova et al., 2014; Kuznetsova et al., 2015; Koutoula et al., 2016; Ageev
et al., 2019), explosions of different metal wires in water (Han et al. 2018; Rososhek et al., 2018), etc. In
the mechanical part of the electrohydraulic shock wave generation, which has been studied mainly using
experimental and numerical approaches, the focus of the literature has been on the induced damage (micro
and macro fractures) in the rock from the geomechanics perspective. In this category, problem such as the
mechanism of rock failure using pulse fracturing and dynamic loading (Safari et al, 2015), number and
quality of the generated fractures (Xiao et al., 2018; Bian et al., 2018), effect of multiple discharges on
the generated fractures and proppant placement (Riu et al., 2019), etc. are studied. The electromagnetic
field generated by the electrical discharge is the third category that has been the subject of a few studies.
This category has a potential application in fracturing treatment and SRV estimation, and it was studied
numerically by Xiao et al. (2018).
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Electrohydraulic discharge has been used as a method for enhancing the near-wellbore permeability of
the rock (Reess et al., 2009; Maurel et al., 2010; Chen et al., 2013). It is observed that the permeability of
rock in the proximity of the discharge can be enhanced without creating macroscopic fractures. Maurel et al.
(2010) described an experimental setup for quantifying the effect of plasma discharge on the permeability
enhancement of mortar samples. Their study showed that the permeability enhancement shows a positive
correlation with applied energy and the number of plasma discharges. The authors noted the existence of
a threshold for maximum amplitude of the shockwave above which damage is observed. They reported
a permeability increase by two orders of magnitude for the repetitive shots. Chen et al. (2013) presented
an anisotropic damage model for the evolution of rock permeability. They conducted experiments for
determining the effect of discharge load under low and high confining stresses on the rock permeability.
Although several studies have shown the effect of electrohydraulic discharge on the permeability change,
there is still a lack of understanding about these effects under reservoir conditions with confining stresses.

In this study, we used an experimental approach to study the effect of the electrohydraulic discharge on the
permeability enhancement around wellbore under tri-axial confining stress conditions. We tested a total of
11 samples, among which five were cement, three limestones, and three sandstones. Three cement samples
were used in single discharge experiments, and two samples were used to investigate the effect of repetitive
shocks. The cement samples for single discharge experiments were tested without confining stresses and
with perforated PVC pipes to represent the cased wellbore. The other samples, including the cement blocks
for repetitive discharges, were tested under confining stresses. In the next section, the experimental setup and
the mechanism of pulse power plasma generation are reviewed. Then, a detailed analysis of the experiment
results is presented in the discussion and result section. Finally, the conclusions are drawn. We demonstrate
several advantages of this technique over conventional hydraulic fracturing. For example, this technique is
much cheaper than conventional hydraulic fracturing, can be combined with the regular hydraulic fracturing,
and uses a very small amount of water and chemicals.

Experimental Set-Up
A pulse plasma generation equipment was designed with the output capacity of up to 20 kJ of electrical
energy. The equipment consists of three major components: an electrical component, a true tri-axial cell,
and a monitoring and recording system. The following sections describe different pieces of the equipment,
the geometry of the rock samples, the experiment results, and discussion.

Electrical Component
The electrical unit (Figure 1a) is responsible for storing and releasing electrical energy. It houses the high
voltage charging system, capacitors, and the spark-gap switch. The electrical energy is stored in two 40
kV capacitors of 12.5 μF capacitance (Figure 1b). The charging energy is provided by a high capacity/high
ramping rate high voltage supply. A spark-gap switch provides a mechanism of triggering the discharge. The
air pressure controls the threshold voltage in the spark-gap switch, and discharge occurs through a secondary
Marx generator to initiate arc formation. The stored electrical energy in the capacitors is transferred to
the wellbore using three high-voltage cables (Figure 1c) from the top of the triaxial cell. The cables are
connected to two parallel and insulated copper rods (Figure 1d) through which the depth at which pulse
discharge occurs is controlled. At the end of the two rods, a metal wire (Aluminum in this study) is attached
to serve as a fusible link. The high voltage causes the link to vaporize and give rise to plasma generation
and shockwave expansion. The sudden expansion provides the mechanical energy for generating multiple
fractures in the test sample.
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Figure 1—Electrical component: (a) container cabinet (b) capacitors and spark gap (c)
High voltage cables are connected to the cell from top (d) electrodes and fusible link.

Triaxial Cell
The triaxial cell houses the sample and provides the mechanism for applying the three principal stresses on
the sample. Figure 2a shows the inside of the cell and metal plates that apply the confining stresses. The
cell has three fixed plates (two on the sides and one on the top), and two of them are shown in Figure 2a.
The stresses are applied by hydraulic actuators (Figure 2b). The triaxial cell has an opening from the top
for lowering the electrodes. The sample is lowered and placed inside the cell, and other plates are placed
around it (Figure 2c). The maximum sample dimensions that can be fit in the cell are 14″×14″×14″.

Figure 2—Triaxial cell (a) Tri-axial cell with hydraulic pumps (b) two fixed plates on the sides
and the vertical actuator on the bottom (c) sample and all horizontal plates on the sides.

Monitoring and Recording System
The monitoring and recording system (Figure 3) consists of fast pressure gauges, electronic oscilloscopes,
remote triggering mechanisms, and a computer for gathering data from the scopes. The pressure gauges are
connected to the oscilloscopes, and from there, everything is connected to a PC for recording the voltage,
electric current, and pressures. Figure 2a shows the software used for recording the experiment parameters.
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Figure 3—Monitoring and recording system (a) Keysight Benchvue software (b) oscilloscope (c) remote triggering.

Discussion and Results
The changes of permeability using a pulse generated shockwave has been previously investigated on smaller
samples and with no confining stresses (Maurel et al., 2010). Permeability changes in the rock sample can be
plotted as a function of induced fractures (or damage), the stress generated by the shockwave, strain of the
rock, and the pressure wave that does not necessarily generate uniform stress on the wellbore surface. Figure
4a shows the result of permeability change as a function of the pressure on the rock sample. The pressure
is calculated from the output energy of the capacitors (Touya et al., 2006). As can be seen in the figure,
there is a threshold pressure, after which the permeability of the rock increases. In the example in Figure
4a, that was performed on the mortar sample, it can be observed that the permeability starts to increase
for pressures higher than 90 MPa, which is about four times the material strength, and that is because the
load was dynamic. Also, the figure shows that the permeability changed by two orders of magnitude for a
pressure of 250 MPa. Moreover, the change of permeability showed a linear relationship with the number
of discharges (Figure 4b). It can also be seen in the figure that as the number of discharges increases, the
permeability of the sample increases.

Figure 4—Change of permeability as a function (a) applied pressure generated
by electrohydraulic discharge (b) number of shocks (after Maurel et al. (2010))

Based on the observations for energy output (which was converted to pressure on the rock surface in
the previous example) and the number of discharges in enhancing permeability, in this study, two types
of experiments were conducted on different rock samples. The first set of experiments consisted of single
discharges on cement, sandstone and limestone blocks. Three blocks from each material were subjected to
increasing discharge energy. The second set of experiments consisted of multiple shots on two confined
cement samples. Four pulses were discharged into cement samples in the repetitive discharge experiments,
and a qualitative measurement on the number of induced micro and macro fractures was taken between the
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shots. It should be noted that there was no confining stress applied to the cement blocks that were used
for the single discharge experiments. The confining stresses for the other six samples and the two samples
under repetitive discharges were 250, 200, and 300 psi for σH, σh, and σv respectively.

A comparison between the electrical explosions of different metal wires in water presented by Han et al.
(2018). They concluded that copper wires always generated the strongest shock waves. Also, they observed
that the wire explosions for Aluminum, Titanium, and Iron were accompanied by chemical reactions
between water and the metal wire. Therefore, in all the experiments, we used the Aluminum wire of 22
AWG (0.0253 in). All eleven blocks were collected, cut into squares or slabs and analyzed using a computer
tomography (CT) scan after the experiments. Sandstone blocks were cut into eight 7×7×7 inch cubes because
of the size limitation in CT scan and handling (Figure 5a), while cement and limestone cubes were cut into
2″ slabs of 2×7×14 sizes (Figure 5b). Figure 5a and b show the cut for sandstone blocks and other rock
types, respectively.

Figure 5—Sample cutting schematics. a) 7×7×7 inch cubes for sandstone b) 2×7×14 inch slabs for other material.

Extent and Magnitude of the Induced Micro and Macro Cracks
It is observed that, even under loading conditions that do not initiate macro fractures, micro-cracks are
generated in the rock samples. Also, the stress shock wave may cause a rearrangement in the rock grains
and improvement of permeability. Our goal in this study is to quantify the magnitude and extension of
the induced micro and macro cracks that can help to enhance permeability. Such quantification can be
done by CT scanning and other conventional permeability measurement techniques (such as double packer
test) on smaller rock samples, as discussed in previous studies (Maurel et al., 2010; Riu et al., 2019). We
observed that the generated fractures were less influenced by applied stress orientations than expected in
hydraulic fractures. This might be due to the relatively low stress anisotropy that we used in this study. For
more discussions on underground stresses and their impact on the hydraulic fracturing process, one may
refer to Soliman and Dusterhoft (2016). As discussed in the previous section, despite their small size, the
microscopic fractures can contribute to the permeability enhancement around the wellbore by up to two
orders of magnitude. Hence, we tried to avoid creating macro fractures in the rock, although some fractures
were generated, and try to determine the highest energy that leads to microscopic cracks only.

Cement samples
Based on our previous experiments on unsaturated cement blocks, we estimated that eight kJ would destroy
the cement blocks completely. Therefore, three tests with 2.2 kJ, 4.3 kJ, and 6.4 kJ discharge energies
were conducted on the samples. We started by 2.2 kJ as our first test and wanted to examine whether this
energy level will create any fractures in the rock. We observed no fractures at this level of energy. Next, we
investigated the 4.3 kJ, and a narrow crack was induced that extended from the wellbore toward the outer
boundary. Since major fractures were not observed in this case, we increased the energy to 6 kJ as our last
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energy input. However, six kJ discharge energy created three major cracks that extended to the boundary of
the sample, thereby breaking the sample in three major chunks (Figure 6e). It should be mentioned again that
no confining stress was applied in these three tests and samples recovered after each discharge. A summary
of the tests on cement blocks are given in Table 1.

Figure 6—Induced fractures into the cement samples for (a,b) 2.2 kJ, (c,d) 4.3 kJ, (e,f) 6.4 kJ discharges.

Table 1—Summary of single-shot permeability enhancement study on cement samples.

Sample # Energy Observations

1 2.2 No visible fractures

2 4.3 Some small cracks

3 6.4 Sample broke in three
pieces

Figure 6 shows the tested cement samples after the electrohydraulic discharge. As said before, our first
step was to investigate the samples for any observable cracks. Figure 6a-b show the results for the 2 kJ
test, and as can be seen, no visible fractures was observed on the surface (Figure 6a) or slabbed section
(Figure 6b) for this case. In the second test, as shown by the red arrow in Figure 6c, a narrow crack was
observed from wellbore that extended to the outer boundary of the sample. More interestingly, we observed
multiple of these cracks in the slabbed piece, at the depth where the electrodes were located (∼ 6 inches
from sample top). These cracks are shown in Figure 6d and became visible after we pour some water on the
sample and let it dry. For the case of 6.4 kJ discharge energy, three fractures were observed that extended to
the boundaries of the sample both in horizontal and vertical directions (Figure 6e-f). In terms of the goals
that we had for this paper, this test was not successful as it created relatively large fractures in the sample.
However, we slabbed the sample to see if the CT scanning will reveal the extent of microscopic cracks
(increase in permeability).
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Limestone samples
For the limestones, we selected a higher starting energy compared with cement. The same procedure, as for
the cement samples, was taken for this set of experiments. The energy that we selected for the limestone
samples were 6.4 kJ, 8.7 kJ, and 11.9 kJ. We started by the least energy, and no visible fracture was observed.
The discharge energy was then increased to 8.7 kJ, and we still did not see any visible cracks in the sample.
Finally, we increased the discharge energy to 11.9 kJ. At this level, we observed multiple cracks around the
wellbore and in the slab. A summary of the observations is presented in Table 2.

Table 2—Summary of single-shot permeability enhancement study on limestone.

Sample # Energy Observations

1 6.4 Minor surface cracks

2 8.7 No visible cracks

3 11.9 Multiple cracks observed
around the wellbore

Figure 7 shows the visual investigation of the limestone samples for the largest discharge energy. Red
arrows around the wellbore mark the fractures that were induced in the sample in Figure 7a. We also
observed a crack that did not seem to have been initiated from the wellbore and is marked with a blue arrow
in the figure. Also, in the area in front of the fusible links where we cut the slab (Figure 7b), a fracture
was observed that extended from wellbore to the outer face of the sample. The fracture is marked with a
green arrow in Figure 7b.

Figure 7—Induced fractures in the limestone samples for 11.9 kJ discharge
(a) surface of the sample (b) middle of the sample in front of the fusible links.

Sandstone samples
We started the first sandstone test with 4.1 kJ, and no fractures were observed for this energy level. Hence,
the next test was run by 5.5 kJ discharge, and we applied our last discharge at 8.7 kJ. Although we did
not see any visible cracks for the first two cases, in the case of 8.7 kJ discharge energy, we observed two
horizontal cracks along with the layer bedding. The results of the visual investigation for the sandstone
samples are summarized in Table 3.

Table 3—Summary of single-shot permeability enhancement study on Sandstone samples.

Sample # Energy Observations

1 4.1 No visible cracks

2 5.5 No visible cracks

3 8.7 Two horizontal fractures observed
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Figure 8a-d show the sandstone samples after the discharges. As can be seen, no visible crack was
observed for discharge energies of 4.4 kJ and 5.5 kJ (Figure 8a and b). For the case of 8.7 kJ discharge
energy, although no visible crack was observed around the wellbore, two horizontal cracks were observed
along the layer lines that are marked with red arrows in Figure 8d. It should be noted that the wellbore was
drilled perpendicular to the sample's bedding layer in all of the sandstone cases.

Figure 8—Induced fractures in the sandstone samples for (a) 4.1 kJ, (b) 5.5 kJ, (c,d) 8.7 kJ discharges.

Computed tomography scanning of the sandstone samples.   As said earlier, the sandstone samples were
cut to 8 pieces as shown in Figure 5a. After the discharges, CT scans were used to investigate the induced
fractures inside the rock samples. The CT data were captured in a Nikon XT H225 ST scanner with a 225
kV rotating target. The specimen was exposed to broad-spectrum radiation with a copper filter to remove
lower energy parts of the photon flux. Data were collected at 225 keV, impinging on a target with a focal
spot size of 50 mm. Imaging was conducted with 7500 projections as the sample was rotated through (360°).
Total acquisition time on a 7 inch cubic samples was approximately 10 hours. 3-D images were generated
with Nikon's CT reconstruction software with a voxel resolution of 100 mm, including beam hardening
corrections and noise reduction. In the rest of this section, we present the result of two CT scans of the
induced fractures inside one 7-inch cube piece of the sandstone sample that was exposed to 8.7 kJ discharge.
In each of these examples, three planes (we refer to them as red, blue, and green planes) are selected
orthogonal to each other, and the induced fractures are shown and discussed on these planes separately.

Figure 9 shows the first configuration of the three planes and induced cracks in the sandstone sample on
those planes. In this case, the red plane is the x-y plane (z-axis is aligned along the wellbore direction in all
of the examples) just below where the wellbore ends, blue is the x-z plane that intersects the wellbore, and
green is the y-z plane close to the outer boundary of the sample (Figure 9a). Figure 9b shows the induced
cracks on the red plane. The wellbore can be seen on the bottom right of the figure. Also, there is a small
fracture on the bottom left of the sample that is believed to be due to the shockwave reflection from the
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boundary. Figure 9c shows the induced fractures on the blue plane. Two fractures were observed on this
plane that are shown by white arrows. The first fracture started from a corner of the deepest point at the
wellbore and continued toward the bottom of the sample with a 45° angle. The presence of this fracture is
interesting as it stopped in the middle of block and is believed to be purely due to electrohydraulic discharge.
The second fracture initiated from one of the outer boundaries of the sample and propagated parallel to
the first fracture. We observed this fracture after the test and believe that it is a result of the stress wave
reflection from the boundary. Also, some fractures were observed on the green plane (Figure 9d). These
cracks are the cross section of the same fracture shown with white arrows in Figure 9a, and the bottom left
fracture shown in Figure 9c on the green plane.

Figure 9—The first example of the induced fractures in the sandstone sample. (a) orthogonal planes
(red, blue, and green), (b-d) induced fractures on the red, blue, and green planes, respectively.

In the second example, the green plane is the x-y (horizontal) plane cutting through the sample at some
point in the wellbore, the red plane is the y-z plane in the middle of the sample, and the blue plane is the
x-z plane with a larger distance from the sample boundary compared with the green plane in the previous
example. Figure 10a shows the configuration of the planes for this example. Figure 10b shows the induced
fractures on the red plane and as can be seen, the same fracture (with 45°) which was observed in the last
example, extended from one edge of the block to the other. Similarly, another fracture started from one side
of the block and extended to the middle of the block. This fracture is shown with white arrows in Figure
10c. Also, as can be seen in the figure, this fracture did not extend all the way to the opposite edge and
stopped in the middle of sample on the green plane. The same fracture can be seen on the blue plane as
shown in Figure 10d.
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Figure 10—The second example of the induced fractures in the sandstone sample. (a) arbitrary orthogonal
planes (red, blue, and green), (b-d) induced fractures on the red, green, and blue planes, respectively.

Repetitive Pulses and Stress Orientation
Two experiments were conducted on two similar concrete blocks to investigate the effect of repetitive
charges and perforation direction with respect to the orientation of stresses. Four multiple pulses of 10 kJ
were discharged on each sample. Both blocks had perforations at 180-degree phasing. The test conditions
for both blocks were the same except that the maximum stress orientations were parallel (Figure 11)
and perpendicular (Figure 12) to the perforations in the samples. We recovered and did the same visual
observations after each discharge for this case. After the fourth discharge, we cut the core samples and
performed X-Ray tomography for further analysis. The details of the two tests are discussed in the following
section.

Figure 11—Effect of multiple discharges on the sample with perforation aligned with
maximum horizontal stress (a) top of the sample, (b) induced fractures at the slab cut.

Perforations aligned toward maximum horizontal stress direction.   It is evident that the fractures tend
to propagate toward the maximum compressive stress. In this case, we aligned the PVC pipes perforations
toward the direction of maximum horizontal stress, which was 250 psi for this case. Figure 11a-b show the
surface of the sample and a slab from the depth where the fusible link was located. We did not observe any
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major crack after the first and second discharges. However, after the third discharge, some minor fractures
appeared in the samples, and they extended further after the fourth discharge.

Perforations orthogonal toward maximum horizontal stress direction.   In the next set of experiments,
we aligned the perforations toward the minimum horizontal direction. Like the previous case, we did not
observe any visible fractures after the first and second discharges. However, after the third discharge, some
visible hair-like fractures formed on the surface of the sample. Finally, after the fourth discharge, more
fractures were created on the surface of the sample, and existing fractures extended further. However, the
induced cracks in the rock were much less than what we observed in the parallel case. Figure 12 shows
the surface (Figure 12a) and in front of the fusible links (Figure 12b) of the used sample for this set of
experiments after the fourth discharge. The hair-like fractures in the figures are marked with red arrows
in the pictures.

Figure 12—Effect of multiple discharges on the sample with perforation orthogonal to
maximum horizontal stress (a) top of the sample, (b) induced fractures at the slab cut.

Comparing Figure 11 and 12, one can conclude the number of fractures is maximized if the perforation
direction is aligned to the maximum horizontal stress direction. This observation will be further investigated
using metal pipes as casing, elevated stresses, and larger stress anisotropy and the results will be reported in
future studies. As a summary of this section, we observed three major and one narrow fracture on the surface
of the sample in the parallel case after four discharges, while no major tensile crack was observed on the
surface of the fracture in the orthogonal case. Also, we observed that the surface fractures for both parallel
and perpendicular cases extended to the middle of the block, where fusible links were located. Finally, we
detected that the casing of the parallel sample was destroyed more than the one in the orthogonal case.

Conclusion
In this paper, we investigated the effect of the electrohydraulic pulse generated plasma on the permeability
enhancement around a wellbore. We tested discharges ranging from 2 kJ to 12 kJ on nine different rock
samples. The samples included three blocks of cement, three sandstones, and three limestones. We also
tested four repetitive 10 kJ magnitude shockwaves on two cement samples under confined stresses. Our
goal in this study was to stay below the required energy for creating major fractures (destroying the rock
completely) in the rock, focusing on the permeability enhancement around the wellbore. The results show
that the method can change the permeability of the near-wellbore regions by creating hair-like fractures,
even for cases where the output energy is in a range that no major tensile fracture is observed. Also, better
enhancement of permeability was observed by multiple discharges. We observed that for the cases with
applied confining stresses, much more energy level is required to break the rock. Cement samples showed
that the sample under confining stresses did not experience a major tensile fracture (the case of confining
stress and multiple fractures), while the sample without confining stresses broke into three pieces after
applying 6 kJ discharge. In our future studies, we will present a relationship between the discharge energy
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and pressure at the wellbore to have better control of the imposed pressure on the rock sample. Also, since
the permeability of the rocks that we tested in this study was relatively high, and the rocks were fairly
homogenous, low permeability and heterogeneous rocks will be investigated in the future.
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