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Abstract

A concomitant effect of a hydraulic fracturing experimenting is frequently fluid permeation into the rock matrix, with the
injected fluid permeating through the porous rock matrix (leak-off) rather than contributing to the buildup of borehole pres-
sure, thereby slowing down or impeding the hydro-fracturing process. Different parameters, such as low fluid viscosity,
low injection rate and high rock permeability, contribute to fluid permeation. This effect is particularly prominent in highly
permeable materials, therefore, making sleeve fracturing tests (where an internal jacket separates the injected fluid in the
borehole from the porous rock matrix) necessary to generate hydraulic fractures. The side effect, however, is an increase in
pressure breakdown, which results in higher volume of injected fluid and in higher seismic activity. To better understand
this phenomenon, we report data from a new comparative study from a suite of micro-hydraulic fracturing experiments on
highly permeable and on low-permeability rock samples. Experiments were conducted in both sleeve fracture and direct
fluid fracture modes using two different injection rates. Consistent with previous studies, our results show that hydraulic
fracturing occurred only with low permeation, either due to the intrinsic low permeability or due to the presence of an inner
silicon rubber sleeve. In particular, due to the presence of quasi-impermeable inner sleeve or borehole skin in the sleeve
fracturing experiment, fracturing occurs, with the breakdown pressure supporting the linear elastic approach considering
poroelastic effects, therefore, with low stress drop and consequently low microseismicity. Rock matrix permeability also
controls the presence of precursory Acoustic Emission activity, as this is linked to the infiltration of fluids and consequent
expansion of the pore space. Finally, permeability is shown to mainly control fracturing speed, because the permeation of
fluid into the newly created fracture via the highly permeable rock matrix slows down its full development. The application
of these results to the field may help to reduce induced seismicity and to conduct well stimulation in a more efficient way.
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1 Introduction

Hydraulic fracturing is a well-stimulation technique with the
reservoir rock to be fractured by the injection of pressurized
liquids. It is employed in the oil and gas industry to produce
hydrocarbons from tight reservoirs (including the extraction
of shale gas), as well as to improve the permeability of geo-
thermal reservoirs for enhanced, fluid and heat circulation
between injection and production wells.

Fluid is injected into the reservoir rock through a bore-
hole and, to fracture the surrounding rock, must be pressur-
ized to reach breakdown pressure (P,). Considering a verti-
cal borehole, in a linear elastic approach (Hubbert and Willis
1957; Jaeger et al. 2009; Brenne et al. 2013; Stoeckhert et al.
2014), with a defect-free, non-porous and impermeable rock
matrix surrounding the borehole,

Pb=3Sh_SH+6T’ (1)

where Sy and S;, are major and minor horizontal stresses
and oy is the hydraulic tensile strength. The only parameter
intrinsic to the rock mass is its tensile strength. However,
rocks are far from ideal materials, and instead are character-
ized by a ubiquitous network of fractures and pores. With
these defects mostly isolated and a poor connectivity, hence
with a low permeability, but saturated with pore fluid at pres-
sure P, then Eq. 2 applies

Py =38, — Sy +or— P 2)

When, instead, the rock is both porous and permeable,
poroelastic effects (Haimson and Fairhurst 1969; Jaeger
et al. 2009; Stoeckhert et al. 2014) must be included in Eq. 1,
such as

S YPUETE =

Here, P, depends also on two additional rock properties:
the Poisson’s ratio (v) and the Biot poroelastic coefficient
(@), with the latter directly depending on rock porosity and
its geometry (Biot and Willis 1957).

Once fracturing commences, fluid leak-off of the fractur-
ing fluid into the adjacent rock matrix may occur depending
on the permeability of the rock matrix and the presence of
natural fractures. Consequently, this influences the stress
regime surrounding the tip of the induced fracture, affecting
its width and aperture. The presence of pre-existing fracture
has a major role, as it has been observed that this increases
threefold the leak-off rate (Ghaderi et al. 2019).

Over the last 50 years, since the pioneering work of Hub-
bert and Willis (1957), several experimental studies were
conducted to understand the physics behind hydraulic frac-
turing, many focusing on the role of rock porosity and its
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geometry. Considering the nature of laboratory experiments,
where a different set of parameters can be measured, or even
controlled, to replicate natural phenomena at a smaller scale,
the outcomes of these provided pertinent information. In
particular the work of Haimson and Fairhurst (1969) dem-
onstrated how experiments could be used to test experimen-
tally the theories proposed for the generation of hydraulic
fractures which has an extensive literature. The Haimson and
Fairhurst experiments induced hydraulic fractures on five
rock types for different experimental conditions (e.g. con-
fining pressure, pressurization rate, borehole diameter, and
type of packer). Samples were both cylindrical and cubical,
with the fluid injected through the packer within a centrally
drilled borehole. Among the results, it was found that the
penetration of injected fluid through the rock matrix affects
the existing criteria for hydraulic fracturing, which required
two additional parameters (see Eq. 3) for permeable rocks.
Therefore, new data have been reported to understand these
effects by testing and comparing rocks with different textural
and hydraulic properties (Brenne et al. 2013; Stoeckhert
et al. 2014; Stanchits et al. 2015; He et al. 2016; Lin et al.
2018; Molenda et al. 2013; Chen et al. 2018; Rummel 1987;
Chitrala et al. 2011), as well as using synthetic/engineered
materials such as concrete (Meng and De Pater 2011; Ha
et al. 2017).

Infiltration through the rock matrix during hydraulic frac-
turing may occur also in low-permeability rock, when the
injection rate is not sufficiently high, allowing the injected
fluid to saturate the sample instead of pressurizing the bore-
hole (Zhuang et al. 2018). Regardless the cause, fluid infil-
tration makes the fracturing process less efficient. To tackle
this effect, either the injection rate must increase (Ito and
Hayashi 1991; Zhuang et al. 2018) to build up pressure more
rapidly, or the borehole must be physically separated from
the surrounding rock matrix (Brenne et al. 2013; Stoeckhert
et al. 2014, 2015, 2016; Zhuang et al. 2018; Vinciguerra
et al. 2004; Molenda et al. 2015; Pradhan et al. 2014; Ito and
Hayashi 1991). However, both solutions ultimately carry a
side effect, i.e. an increased micro-seismic activity.

When the injected fluid can interact with the rock matrix
(so called Fluid Fracturing, FF, mode) and the fracture is
created, the injected pressure is continually transferred
to the crack tip, promoting an unstable propagation. This
requires no additional pressure compared to the pressure at
fracture nucleation, with a relative low stress drop. When,
instead, the injected fluid is not allowed to interact with the
rock matrix (so called Sleeve Fracturing, SF, mode), once
the fracture nucleates, fluid will not provide pressure at the
crack tip. Hence the fracture propagates only with increasing
borehole pressure, yielding stable propagation (Brenne et al.
2013; Vinciguerra et al. 2004). The stress drop is higher
and consequently results in relative higher seismic activity.
Occurrence of anomalous earthquakes is a serious problem



The Role of Rock Matrix Permeability in Controlling Hydraulic Fracturing in Sandstones 5271

near a hydro-fracturing-based energy plant and an increased
seismic activity may halt industrial operations (Majer et al.
2007).

Seismic activity at the laboratory scale is generated by the
nucleation and extension of micro-cracks generating elastic
strain waves, which are called Acoustic Emissions (AEs).
Since its first employment in monitoring micro-crack forma-
tions during hydraulic fracturing tests (Lockner and Byerlee
1977), AE monitoring has been extensively used to moni-
tor and control the formation and propagation of fractures
(Vinciguerra et al. 2004; Naoi et al. 2018; Ishida et al. 1998;
Stanchits et al. 2014). Analysis of the AE data span from
simple rate, amplitude and energy distribution to more com-
plex location detection and source component determination.
It has been found that AE activity is almost absent prior to
failure in FF experiments, while it increases exponentially
well before failure in SF mode (Brenne et al. 2013; Ito and
Hayashi 1991). In terms of location and source components,
only SF experiments managed to generate localizable AE
due to the occurrence of a stable propagation (Molenda et al.
2015).

Although the porosity and its geometry play an important
role in controlling the hydraulic fracturing process through
fluid infiltration, only few attempts (Brenne et al. 2013;
Stoeckhert et al. 2014; Zhuang et al. 2018; Molenda et al.
2015; Ito and Hayashi 1991) have compared the results of
experiments performed in FF and SF mode. Ito and Hayashi
(1991) performed uniaxial experiments on cubic samples of
two different, low-permeable andesites, finding a depend-
ence of breakdown pressure on wellbore diameter and pres-
surization rate. In particular, a high-pressurization rate is
effective in reducing fluid permeation only with slightly per-
meable rocks, and consequently increases the breakdown
pressure. Brenne et al. (2013) tested six different rock types,
changing confining pressures and borehole diameters, whose
results suggest a different hydraulic tensile strength for the
same rock type and a sixfold increase of the breakdown pres-
sure (likely due to the presence of relatively long cracks)
depending on the presence of the inner sleeve. Stoeckhert
et al. (2014) performed hydraulic fracturing tests in triaxial
conditions on seven rock types, varying confining pressure
and specimen’s length, and comparing the experimental
results with numerical modelling. Estimation of the break-
down pressure in SF requires only the fracture toughness of
the material, while in FF also the intrinsic initial fracture
length is needed. For Molenda et al. (2015) the presence of
the inner sleeve simulates the injection of an infinitively high
viscous fluid. Furthermore, this enables the stable propa-
gation of bi-winged fractures, with a characteristic penny
shape, and a reliable AE monitoring capable of tracing the
fracture front. However, cases of rapid fracture propaga-
tion were also observed in SF mode, due to the presence of
unfavourable-oriented pre-existing fracture within the rock

sample. Zhuang et al. (2018) recorded higher AE energy
released during fracturing in SF mode, with the resultant
fractures being straighter with less branching.

The AE analysis of the above-mentioned studies is mostly
limited to the hit rate statistics, with no further compari-
son of amplitudes, energy, location or source component.
To improve efficiency and to reduce seismic activity, we
analyse mechanical and AE data of experiments in SF and
FF for highly porous and permeable rock as well as in FF in
rock with lower porosity and permeability. By injecting vis-
cous oil inside the borehole, we induced hydraulic fracturing
only with moderate or absent infiltration. We monitored and
analysed both AE and mechanical data, which provided us
with information on fracture nucleation timing and fracture
propagation direction as well as full saturation and pressure
equilibrium, for cases with no fracture being generated. The
aim is to compare experimental set-ups with (i) no infiltra-
tion, (ii) medium infiltration and (iii) high infiltration and
so to understand how the interaction between the injected
fluid and rock matrix control the eventual nucleation and
propagation of hydraulic fractures.

2 Equipment and Methods
2.1 Sample Preparation

Hydraulic fracturing experiments are performed on cylin-
drical samples of Bentheim Sandstone (hereafter BS) and
Crab Orchard Sandstone (COS). BS is a Lower Cretaceous
formation, deposited in shallow marine conditions in the
Lower Saxony Basin (north-west Germany). It is a quart-
zarenite, with up to 97% of quartz, completed by feldspar,
kaolinite, glauconite and lithic fragments (Fig. 1A). Well-
sorted medium-fine sand particles constitute the rock matrix,
while same-size, angular and well-connected pores form the
pore space. Porosity ranges between 20 and 26%, and per-
meability between 1000 and 2000 mD (Benson et al. 2005;
Stiick et al. 2013; Peksa et al. 2015; Dubelaar and Nijland
2016; Ma and Haimson 2016; Saenger et al. 2016; Riick
et al. 2017). The Biot coefficient (a), a crucial poroelastic
parameter, of 0.95 was calculated for quasi ambient pressure,
while it decreases to ca. 0.61-0.68 at an effective pressure
of 35 MPa (Blocher et al. 2014). The tensile strength (o),
calculated by the Brazilian Disc method, is 1.9 MPa (Riick
et al. 2017), while the Poisson’s ratio (v) varies between
0.2 and 0.25 (Jasinski et al. 2015; Peksa et al. 2015; Riick
et al. 2017). Due to its mineral composition and grain size
distribution, as well as the lateral continuity, homogeneity at
the block scale and pore space geometry, BS is considered a
reference rock in standard laboratory experiments and, there-
fore, extensively tested in triaxial conditions as reservoir in
oil and gas, geothermal energy and carbon dioxide storages
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«Fig.1 A BS and B COS under the microscope in cross-polarized
light (4x). Both rocks show high content of quartz crystals, with BS
having finer grain size and larger pore space. C The sample assembly
within the triaxial cell, showing the AE sensor array (grey cylinders
plugged to the black rubber jacket) and the radial cantilevers (grey
long bars plugged in the centre of the jacket). D Sketch of the main
components of the triaxial apparatus and the sample assembly ( modi-
fied from Gehne and Benson 2019)

studies (Ma and Haimson 2016; Peksa et al. 2015; Pimienta
et al. 2017). Since bedding planes are hardly visible (Benson
et al. 2005; Ma and Haimson 2016), all BS specimens were
obtained from the same block, in a single core run.

COS conversely, can be described as a low porosity,
highly anisotropic sandstone from fluvial deposits of the
Cumberland Plateau (Tennessee, USA). The material is fine
grained and cross bedded (evidence of fluvial process) with a
porosity of approximately 5% and a low permeability in the
range of micro-Darcy (107'® m?) (Benson et al. 2003). The
grain material can be described as subhedral to subrounded
with predominantly quartz (> 85%) with some feldspar and
lithic materials cemented by sericitic clay (Fig. 1B) (Benson
et al. 2006; Gehne and Benson 2017). Tensile strength (c,),
calculated by the Brazilian Disc method, is 8.6 MPa (parallel
to bedding) and 9.8 MPa (perpendicular to bedding) (Gehne
et al. 2019). Due to the low permeability and porosity, COS
can be considered as a tight sandstone suitable for labora-
tory simulation of a hydraulic fracture processes in uncon-
ventional (tight sand) hydrocarbon stimulation (Gehne and
Benson 2017).

Cylindrical samples of approximately 93 mm (length)
by 40 mm (diameter) were cored using a standard dia-
mond tipped coring drill. Through a lathe equipped with
a cross-cutting diamond grinding disk, the end faces of the
samples were ground so that the faces are flat and parallel
to+0.01 mm. For hydraulic fracturing experiments, a bore-
hole of 12.8 mm is drilled through the center of the long
axis, generating hollow cylinders.

As per Gehne and Benson (2019), the sample assembly
consisted of the hollow rock cylinder, a close-end, solid steel
packer on the bottom of the sample, an open-end, hollowed
steel packer to top and a FKM-B rubber jacket (Sammonds
1999; Fazio et al. 2019) encasing the sample. The open-
end packer allowed the injection of fluids within and further
pressurization of a central sealed chamber (encased between
the ends of the packer and borehole wall), while the rubber
jacket separated the sample assembly from the confining
medium and hosted rubber ports where Acoustic Emissions
(AEs) sensors and radial strain cantilevers are plugged in
(Fig. 1C) (Gehne and Benson 2019).

To reduce the permeability of the borehole wall in BS
samples, and, therefore, retain the injected fluid during
the pressurization, two specimens of BS (BS4 and BSS8)
have their inner wall painted with a mixture of transparent

platinum cure silicone rubber (thereafter inner sleeve or
borehole skin) that solidifies within a few minutes of its
application. Compared to the FKM-B rubber (outer) jacket
this inner sleeve was softer, so that placing a homogene-
ous and constant thickness could not be guaranteed. This
step was not needed with COS as it is natural proxy of the
unconventional reservoirs with low permeability, naturally
retaining injection fluid by inhibiting fluid permeation dur-
ing pressurization.

2.2 Experimental Procedure

The experiments were performed in a servo-controlled tri-
axial apparatus installed at the Rock Mechanics Laboratory
at the University of Portsmouth (UK) (Fig. 1D). A detailed
description of the apparatus is found in Fazio (Fazio 2017).

In addition to a conventional 1 Hz monitoring system
recording mechanical data, pressures, injected volumes,
flow rates and axial displacements, an auxiliary high-speed
5 kHz data acquisition system was installed to record details
of pore pressure, and axial and radial displacements (Fazio
2017; Gehne and Benson 2019; Fazio et al. 2017). In par-
ticular, while axial displacement was recorded via two exter-
nal LVDTs (Linear Variable Differential Transformers), the
radial displacement was monitored through two internal
LVDTs, in a cantilever arrangement, oriented 90° to each
other, fixed in the ports of the rubber jacket and measuring
the displacements midway of the sample”s length (Fig. 1C,
D) (Gehne and Benson 2019).

AE monitoring was achieved through an array of 12 pie-
zoelectric Lead Zirconate Titanate sensors, with central res-
onating frequency at 1 MHz. The AE sensors were plugged
into dedicated ports in the rubber jacket covering the lateral
surface of the rock cylinder. The AE sensors were distributed
arbitrarily around the sample, with seven sensors positioned
above the radial cantilevers and five sensors below them
(Fig. 1C, D). The same sensor array has been used for all
experiments. The data monitoring and storage was carried
on by a AE data digitization system from ITASCA-Image,
with the acquisition occurring at a sampling frequency of
10 MHz in triggered mode, i.e. AE waveforms were stored
once a set of parameters is satisfied (Fazio 2017; Fazio et al.
2017). The AE data acquisition spanned the entire hydraulic
fracturing process, from the start of fluid injection to the
commencement of fluid depressurization once the hydrau-
lic fracture or pressure equilibration has been achieved,
with data processing performed after the conclusion of the
experiments.

The experimental procedure consisted of three stages:
hydrostatic compaction, triaxial compaction and fluid injec-
tion (Fig. 2) (Gehne and Benson 2019). During the hydro-
static compaction, confining and axial stress were increased
simultaneously to reach the chosen conditions. This was
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followed by the triaxial compaction stage where only axial
stress was increased. As described by Gehne and Benson
(2019), this step was required to prevent the back-pressure
of the injection fluid to lift the axial piston when the injec-
tion pressure exceeded the confining stress. Once a stable
condition has been reached, both confining and axial stress
were kept constant via the servo-controlled pumps and fluid
was injected into the borehole through the open-end packer
to stimulate nucleation and propagation of a hydraulic frac-
ture system, marking the end of the experiment. During the
hydraulic injection phase axial stress was still servo-con-
trolled to remain higher than both confining and injection
pressure (Gehne et al. 2020).

When permeation is sufficiently high to prevent the
pressurization of the borehole and the injection fluid
reached the interface between rock and rubber jacket,
the injection pressure then equilibrates with the confin-
ing stress, also signifying the end of the experiment.
All experimental stages were run at room temperature

(23 °C< T <25 °C). Post-test examination included pho-
tos of the tested samples, as well as thin sections cut per-
pendicular to the fracture plane. Finally, mechanical and
AE data are processed and compared together to elucidate
the fracturing/permeation process. In particular, AE events
are located through the simplex algorithm (Fazio 2017,
Nelder and Mead 1965), while the source mechanism
is approximated using the polarities of the P-wave first
arrival, defined as:

k
1 .
pol = z ; 31gn(Ai). )]

where A is the arrival recorded at the i sensor, and k is the
number of sensors (Stoeckhert et al. 2015; Zang et al. 1998).

3 Results

A series of experiments was conducted on both BS (four
samples) and COS (two samples) as shown in Table 1,
conducted at room temperature and in dry conditions.
Specimens of BS used JULABO Thermal Bath Fluid based
on silicone (kinematic viscosity at 20 °C: 55 mm?/s) as the
injection fluid due to the high permeability of the rock to
prevent excessive permeation. The flow rate was 10 cm?/
min in BS4 and BS5 experiments and 20 cm>/min in BS7
and BS8 experiments. In addition, to aid hydraulic fractur-
ing, an inner sleeve was present in BS4 and BS8 samples.
Pressure conditions were kept constant for all BS experi-
ments, with axial stress (c,,) =50 MPa and confining pres-
sure (o,) =35 MPa. Specimens of COS were injected with
water (with a lower viscosity than oil) as permeation is less
of a challenge due to low permeability of the rock. Two
experiments using specimens COS1 and COS2 were per-
formed at different flow rates of 10 cm*/min and 20 cm?/
min, respectively, and with ¢,, of 80 MPa and 60 MPa,
respectively. In both experiments 6,=35 MPa. In COS1
o, was set to 60 MPa, and increased to 80 MPa to keep
0, > P, Both samples experienced hydraulic fracturing.

Table 1 Physical properties and experimental conditions of the HF experiments

Test # Length (mm) Diameter (mm) 0, (MPa) o, (MPa) o4 (MPa) Fluid Flow rate Inner sleeve? Py, (MPa)
(cm®/min)

BS4 92.34 40.11 50 35 15 Oil 10 Yes 47.1

BS5 92.15 40.10 50 35 15 Oil 10 No No

BS7 94.54 40.10 50 35 15 Oil 20 No No

BS8 90.71 40.12 50 35 15 Oil 20 Yes 45.6
COS1 90.87 40.25 80 35 45 Water 10 No 67

COS2 90.24 40.06 60 35 25 Water 20 No 52
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3.1 Mechanical and AE Results with Bentheim
Sandstone

Observing the mechanical data of the BS experiments
(Fig. 3A), two behaviors become evident: without the inner
sleeve (fluid fracturing, FF, blue lines) the injection pressure
first increases then plateaus at approximately 35 MPa, which
is the same pressure as o,; with the inner sleeve applied
(sleeve fracturing, SF, black lines) the injection pressure
increases non-linearly until 22 MPa, while after this point
the increase steepens up to 45-47 MPa, when a pressure
drop of around 810 MPa is observed. After this first stress
drop, a second stress decrease occurs once the injection pres-
sure (pj,;) recovered slightly. Using post-test analysis, the
pressure drops are associated to the formation of fractures
parallel to o,,, visible in both experiments (Fig. 3B, circled
in red BS8 and BS4). Instead, in BS5 and BS7 no pressure
drop is observed and both samples remain intact after the
experiments (Fig. 3B, samples in the middle).

A
) 50 ‘
---BS4 [
P ---BS5
L 40 |—Bs7
= ——BS8
g
330’
n
1%
2
Q
c20f
S
S
Q
=10}
0

4 5 6 7 8 9 10 11
Total injected volume (mm®) ~ x10°*

Fig.3 A injection pressure vs total injected volume for all BS experi-
ments, plotted until the end of the injection phase. While BS5 and
BS7 (blue lines) show a plateau of injection pressure around 35 MPa,
in BS4 and BS8 (black lines) injection pressure increases up to
47 MPa before instantaneously dropping by 10 MPa. B Samples after
completion of the experiments. Samples BS5 and BS7 (in the cen-
tre), having no inner sleeve, remained intact. BS4 and BSS8, hosting
an inner sleeve, show fractures (circled in red) parallel to the direc-
tion of ¢,,. C Core of COSI after the fracturing experiment, with a
fracture spanning the entire length of the sample, circled in red (color
figure online)

Combining AE and mechanical data, it is possible to
appreciate the effect of presence of the inner sleeve on sam-
ple behavior upon fluid injection and pressurization. Fig-
ures 4 and 5 show BS7 (FF) and BS8 (SF), respectively,
both with fluid injected at 20 cm®/min. Only the successfully
located events are plotted in these figures and considered for
further considerations. As shown in Table 2, the majority
of these events were located during the experiments that
reached failure. However, regardless of number of located
events, the average location error remains below 2 mm in
all four experiments, with a maximum error of 5.67 mm (in
BS4).

In BS7, as the fluid is injected at constant rate, p;,; slowly
increases up to about 0.8 MPa (high-speed data are missing
at the beginning of the injection, but p;,; did not increase
during the missing period, as shown in Fig. 2), then shows
a faster increasing rate up to a pressure of 35 MPa, concur-
rent with a sharp decrease of volumetric strain, implying
that the sample experiences extension. At this point, p;,; pla-
teaus, marking a hydraulic event for this experiment. AEs
were recorded during the pressurization phase but no fur-
ther events are observed once the injection pressure reaches
35 MPa (Fig. 4A). Mechanical data reveal neither axial nor
radial strain prior to the hydraulic event, with hardly more
than one AE per second, while afterwards, radial strain
data show a quasi-simultaneous sample extension in both
directions. In the meantime, axial strain remains unchanged
throughout the injection phase (Fig. 4B).

In BS8, p;,; grows at constant rate until approximately
15 MPa. At this point, the pressure increase slows down,
but once it overcomes 20 MPa, p;; increases even faster
(compared to the first injection pressure increase) reach-
ing a breakdown pressure (P, the hydraulic event in this
experiment) of 45 MPa. The injection pressure then drops
suddenly to 38 MPa, concurrently with a decrease in volu-
metric strain, but recovers back to 39.5 MPa during the
following 18 s. During this time window a second, less
steep, volumetric strain decrease is observed, unrelated to
any injection pressure drop. After that a second pressure
drop occurs together with a third steeper decrease in volu-
metric strain. AE events are recorded throughout the injec-
tion phase, showing an activity peak at P, (Fig. 5A). Strain
data are also different from the FF case. In fact, sample
extension is temporally only observed in one direction (i.e.
NS), through two different strain changes, related to the
first two volumetric strain variations. Strain data in the
opposite direction show no variation until several seconds
later, when extension is recorded concurrently with the
second pressure drop. It is likely that the fracture gener-
ated during the first pressure drop fully propagated to the
edge of the sample during the second pressure drop, with
the injection fluid flowing through it and pushing homo-
geneously against the rubber jacket. This is supported by
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Fig.4 A Injection pressure (solid black line) and injected volume
(solid blue line) plotted together with cumulative AEs (red dots and
line) and volumetric strain (dotted black line) for sample BS7. The

the injection pressure equaling the confining pressure and
by the strain response, which remains constant after the
second pressure drop.

AEs prior to fracturing, are isolated, with rarely more
than one event/s, but at the time of P,, AEs form a cluster
with an activity rate of six events/s, followed by a further
cluster of up to five events/s at the time of the second stress
drop (Fig. 5B). To better understand the fast-changing con-
ditions at Py, a 60 s zoom-in of both Fig. 5A and B is pre-
sented in Fig. 5C and D, respectively. After a hiatus of 30 s,
AE activity recommences just before Py, continuing with a
higher AE rate during and immediately after the hydraulic
event. This is followed by a relatively quiet 15-s-long period
(only one event is recorded) and a second burst of activity
at r=2030s (Fig. 5C and D). The zoom-in of the strain data
(Fig. 5D) reveals how the radial strain shows sample exten-
sion along the NS direction simultaneously with Py. Instead,
extension along the EW direction occurs 18 s later after Py,
thus representing the time required for the generated frac-
ture to reach the edge of the sample. Considering that the
thickness of the hollow cylinder is 13.6 mm, the fracture
propagates at 0.76 mm/s.
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lower-case letters indicate the time of the snapshots shown in Fig. 6.
B Axial, NS and EW radial strain plotted together with AE rate (color
figure online)

At the time of both pressure drops, at least 2 AE events
were recorded in a time span of 5 s, totaling 19 AEs during
the first pressure drop and 16 AEs during the second one.

Figure 6 shows the temporal and spatial evolution of the
AEs in BS7 represented as three snapshots taken at different
time during the injection stage (see small letters and arrows
in Fig. 4A), before the injection pressure plateaus at 35 MPa
(no further events are recorded after that). At the early stage
of injection, at ca. t=1750s, a first burst of five events occurs
(Fig. 6a). These are predominantly T-type (80%) with three
of these around the borehole on the upper face of the sam-
ple, while the forth located at half-length near the northern
edge. The small-magnitude, S-type event instead appear on
the lower face. Before the build-up of the injection pressure,
further eight events are recorded over a time span of 175 s
(Fig. 6b). These are equally distributed between the upper
face near the borehole, the lower face and in the lower half
near the half-length, without showing any preferential ori-
entation. The majority (62%) are T-type, while one and two
events are, respectively, C- and S-type. During the build-up
of injection pressure, six additional events are recorded in
ca. 40 s (Fig. 6¢). Apart from one S-type, all other events
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are T-type, mostly occurring either on the upper face or in
the lower half of the sample.

Figure 7 shows the temporal and spatial evolution of the
AEs in BS8, before hydraulic fracturing (see Fig. 5SA). Dur-
ing the early stage of fluid injection four AEs are recorded
(Fig. 7a). These are mostly T-type, forming NW-SE align-
ment, although equally distributed between the upper and
lower face of the sample. During the beginning of pres-
surization, 3 T-type events occurs within 50 s (Fig. 7b).
As before they appear at both sample’s faces and along a
NW-SE direction. A small burst of three events (Fig. 7c)
appears at t=1975s, when the increase of pressure slows
down, before a hiatus in AE activity of ca. 30 s. All sources
are represented with the T- and C-type oriented NE-SW,
although occurring in opposite sides of the pressurized
sealed chamber (in yellow).

Figure 8 shows the temporal and spatial evolution of the
AEs in BS8, just preceding and during hydraulic fractur-
ing (see Fig. 5C). The first burst of events (20 AEs in 7 s,
Fig. 8d) is associated with the initiation of hydraulic frac-
turing (the first pressure drop and volumetric strain). These
are mostly S-type occurring along the NE-SW direction
(the vast majority in SW quadrant) and at half-length of
the sample, where the pressurized sealed chamber, in yel-
low, is located. Further five events are recorded between
the two stress drops (Fig. 8e). During this time span (17 s)
a variation of volumetric strain also occurs, associated with
a high-magnitude, T-type event near the SW margin of the
borehole. The other four events also occur in SW quadrant,
with 1 C-type showing large relative magnitude, with an
upward migration of the locations. No AEs are recorded in
the lower half of the sample. After the second and last pres-
sure drop, 14 AE are recorded (Fig. 8f). The upward migra-
tion of locations continues reaching the sample edge at the
upper face, although some AEs also appear in the lower half
of the sample. T-type activity resumes in this phase, while
being almost absent in the previous snapshot. Three AEs
also appear in the NE quadrant.

The fracture wing in the SW quadrant of the sample,
which appears to be non-planar, is clearly visible once the
sample has been dissected in half (Fig. 9). In contrast, the
fracture wing in the NE quadrant is less obvious and a small
trace is visible about half-distance between the borehole and
the edge of the sample.

Figure 10 shows an evolution of the source type of the
events and the difference between FF and SF experiments
in the highly porous BS material. In BS7, the vast majority
(75%) are T-type sources, coherent with a general expansion
behavior of the sample in FF mode, when the injection fluid
saturates and expands homogeneously the high amount of
pore space. The behavior in BS8 is different when compared
the pre- and post-hydraulic event. Before fracture the major-
ity of AE sources are still T-type (67%), but both C- and

S-type sources are increasing when compared to BS7. This
can be linked to the sealed and preferentially orientated
pressurization, with the appearance of larger number of C-
and S-type sources. After the generation of the hydraulic
fracture, the number of S-type sources almost triple (68%),
together with a further increase in C-type (increase to 23%)
and a decrease in T-type sources to just 19%. This suggests
that, once the fracture is formed, shear type mechanisms
(rather than tension) modes best characterize the post-frac-
turing process with contraction occurring in response to
opening of the fracture.

3.2 Mechanical and AE Results in Crab Orchard
Sandstone

Figure 11 shows that the injection pressure increases up
to 30 MPa (from r=1895s to t=1925s), then decelerates,
reaching 35 MPa. This is followed by another increase in
pressure at a slower, non-linear rate (when compared to the
first injection pressure increase) reaching the P, at 67 MPa
(t=1971s). The injection pressure then drops to 35 MPa,
concurrent with a drop in volumetric strain (Fig. 11A).
After that the injection pressure remains quasi constant
at 35 MPa, while volumetric strain experiences a second,
slower decrease few seconds after the first drop.

Fewer AE events were located in COS experiments when
compared to the BS ones with inners sleeve (i.e. BS4 and
BS8, Table 2). In addition, locations in COS samples showed
both higher average and maximum errors. AE activity is
negligible throughout the injection phase, but shows an
activity peak at P, (Fig. 11A and B). These AE events form
a cluster with six events/s at the time of P,. Sample exten-
sion is recorded along the N-S direction from = 1940s, ca.
30 s before Py, while extension along the E-W direction
occurred later and is attributed, as per experiment BS8, to
the injection fluid reaching the edge of the sample once the
fracture fully propagated.

Expanded views (60 s) of Fig. 11A and B (represented as
Fig. 11C and D, respectively), give a more detailed repre-
sentation of the events occurring around the P,. While the
injection pressure takes 1 s to drop from 67 to 35 MPa, the
decrease in volumetric strain is not linear and takes up to 9 s
before stabilizing at — 0.09. However, after 9 s volumetric
strain slowly decreases again, while the injection pressure
remains constant (Fig. 11C).

AE activity recommences at high AE rate at the Py,
time, after a hiatus of 30 s. The AE rate remain high
(> 5 events/s) only during the 2 s close to P,, while only
three isolated events are recorded after that (Fig. 11D).
The strain recordings (Fig. 11D) show an early radial
extension along the N—S direction as well as contraction
along the vertical axis, the latter linked to the increase
in axial pressure to avoid the back-pressure effect of the
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«Fig.5 A Injection pressure (solid black line) and injected volume
(solid blue line) plotted together with cumulative AEs (red dots and
line) and volumetric strain (dotted black line) for sample BS8. The
lower-case letters indicate the time of the snapshots shown in Fig. 7.
B Axial, NS and EW radial strain plotted together with AE rate. C
Sixty seconds zoom-in at P, of plot A. The lower-case letters indicate
the time of the snapshots shown in Fig. 8. D Sixty seconds zoom-in at
Py, of plot B (color figure online)

injected fluid on the axial piston. At P,, N-S radial strain
drop suddenly, but shows a fluctuating, non-monotonic
response until the end of the experiment. Extension along
the E-W direction is observed at t=1979s (8 s after P,),
showing fluctuating, monotonic behavior. At r=1975s,
the strain in both directions decreases at the same rate.

As for BSS, using the lag time of sample extension
between the two radial strain measurements, it is possible
to calculate the fracture propagation speed. This corre-
sponds to 1.7 mm/s.

Figure 12 shows the temporal and spatial evolution of
the AEs in COS1, before and in the 2 s around P, (see
Fig. 11A and C). The only event recorded during the early
stage of borehole pressurization is a T-type, located at
the lower face of the sample (Fig. 12a). Prior to fractur-
ing, six AEs are recorded, forming a non-axial NE-SW
alignment in the east, upper half sector. All sources are
represented here (Fig. 12b). Immediately after fracturing,
five more AEs, with S- and T-type sources, appear in the
lower half of the sample and oriented NW-SE.

Figure 13 shows the last three isolated events, all
S-type and located in the east sector, occurring when
injection pressure stabilizes at 35 MPa (see Fig. 11C).
The first AE recorded during this stage continues the
migration of the non-axial NW-SE alignment in the lower
half of the sample (Fig. 13d), while the following event
(high relative magnitude) appears at half-length within
the NE-SE alignment (Fig. 13e), concurrent with a fluc-
tuation of the N-S radial strain. The last event is located
at the eastern edge on the upper face, along the non-axial
NW-SE trend (Fig. 13f). Only the NE-SW fracture wing,
imaged by AEs, is visible in the post-test dissected sam-
ple (Fig. 3C).

Concerning the source type of the AE events, Fig. 14
reveals the source type of a low porosity and low-permea-
bility rock material after fracture development, since only
one event is recorded before fracturing (which has C-type
source). S-type sources dominate this phase (62%), fol-
lowed by T-type (19%) and C-type (29%) ones. This indi-
cates that, once the fracture is formed in the rock mate-
rial, shearing (not tension) modes best characterize the
post-fracturing period. Although with fewer AE recorded,
this is similar to the post-breakdown phase observed in
BSS.

4 Discussion

4.1 Effect of Wall Permeability on Breakdown
Pressure (BS only)

Although it was impossible to assess whether the silicone
rubber was distributed homogeneously on the inside of the
borehole wall, the resultant inner sleeve has demonstrated
to be efficient in making the borehole less permeable and
prevented infiltration of the injected fluid into the highly
permeable rock matrix. Before fracturing, the SF and FF
experiments on Bentheim Sandstone can be considered
as examples of hydraulic fracturing with, respectively,
lowly permeable and highly permeable borehole on the
same rock, so without changing the mechanical and physi-
cal properties of the surrounding rock matrix. Previous
studies (Brenne et al. 2013; Song et al. 2001; Stoeckhert
et al. 2014, 2016) show that Py increases significantly in
SF tests compared to FF tests run on the same material,
from twice up to approximately six times the value in FF.
When applying different equations to model and calculate
P, (Table 3), the SF-based equations using our laboratory
data tend to overestimate P,. A similar result, although
with lower values, is obtained using the linear elastic
equations (both with and without considering the ratio
between inner and outer diameter of the hollow cylinder).
Instead, an accurate estimate is given by the linear elastic
approach with poroelastic effects (45.2-48.3 MPa), imply-
ing that hydraulic fracturing is achieved without a multiple
increase in Py, and, consequently, lower stress drop and
lower induced AE. In the field, this means a reduced seis-
mic risk, which is of great importance in well-stimulation
processes.

As fluid leak-off through the rock matrix is suggested
by both initial low-pressurization rate and AE events, the
poroelastic approach is the most suitable to explain such a
low value for breakdown pressure, even if the experiment
was conducted in SF mode. A relative low breakdown
pressure could be associated with large borehole diameter
and low injection rate (Brenne et al. 2013; Ito and Hayashi
1991; Zhuang et al. 2018). Regarding the influence of the
magnitude of the injection rate, we experimented with 10
and 20 mL/min in BS4 and BSS8, respectively, with the
effect that actually the higher breakdown pressure is found
in BS4. However, due to a marginal difference between
the observed values, we assumed that in our experiments
the injection rate does not influence breakdown pressure.
Regarding the borehole size effect, all of our experiments
were conducted in hollowed cylinders of radius 20 mm
with a central, axial borehole of radius 6.4 mm. While
we cannot draw any conclusion from our tests regarding
the borehole effect, we noticed that in experiments with
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Table2 Recorded AE events and location error of the HF experi-
ments

Test # Located Average location’s ~ Maximum loca-
events (#) error (mm) tion’s error (mm)
BS4 37 2.04 5.56
BS5 27 1.30 3.10
BS7 19 0.75 2.10
BS8 49 1.48 3.48
COS1 15 4.67 11.27
COS2 18 10.86 25.21

a similar geometry and size (cm-size cylindrical sample
with axial borehole, Brenne et al. 2013), an increase in
borehole radius from 2 to 3 mm has only a marginal effect
on the breakdown pressure in porous rocks. In our study,
instead, with a radius approximately double than the
above-mentioned work, the breakdown pressure is about
six times lower than expected value estimated for hydrau-
lic fracturing in SF mode. Although more experiments
are required to investigate in more detail the borehole size
effect, this cannot explain such a particularly low break-
down pressure observed in our SF experiments.

The linear elastic approach with poroelastic effects equa-
tion could be used for the BS data in FF mode. However, as
shown in this study, discrete fracturing did not occur due to
the intense fluid permeation through the highly permeable
rock matrix. As shown in Table 3, the application of the
inner sleeve in the SF experiments did not complete seal
the borehole, but instead reduced its permeability to such a
level that hydro-fracturing could occur. This suggests that
the hydraulic fracturing equations are only valid for wall
permeability (k,,) at the interface between the injection fluid
and the rock matrix is below a critical permeability (k,,), so
that Eq. 3 should be written as

1-2
2—a—
1-v

Therefore, borehole wall permeability does not only
determine whether hydraulic fracturing is successful or not,
but also controls breakdown pressure at which fracturing
eventually occurs.

4.2 Effect of Permeability on AE Activity

AE activity was monitored throughout the injection phase
in all experiments, revealing important information on how
the permeability of the rock affected the microseismicity.
Whilst COS1 lacks precursory signals (aside from a single
event), BS8 instead is characterized by 14 events before a
burst of activity linked to P,. The majority of these events
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occurred early in the injection phase, while during the
steepest increase of p;,; preceding P, only two events were
recorded. During the early experimental stage the buildup
of pressure is absent until 1900s and then only increases
very modestly up to t=1995s (Fig. 5), which is due to par-
tial leaking of the injected fluid through the semi-permeable
inner sleeve. Similar behavior is observed during the whole
injection phase in BS7 and during the second part of the of
the injection phase in COS1, when also the increase of p;y;
slows down compared to its earlier stage. All these stages are
characterized by the occurrence of mostly tensile AEs (see
Fig. 10), suggesting that the events are caused by the leaking
of pressurized fluids causing expansion of the pore space.

Conversely, during the stage of maximum pressure build-
up (early on in COS1 and late in BS8), a paucity of AEs is
apparent. Previous studies (Song et al. 2001; Zhuang et al.
2018) also linked the onset of AE activity with a change
in rock permeability through the non-linear behavior of
the pressurization rate, defining this point as the “apparent
breakdown pressure”. Therefore, we conclude that the rock
matrix permeability has a major control in the generation
of precursory AE activity during hydraulic fracturing pro-
cesses, with the sources not necessarily linked to the forma-
tion of the eventual fracture zone, but to the escape of the
injection fluid through the rock matrix and expansion of pore
space. This is the case in experiment BS7, where, although
no hydraulic fracturing occurred, the AE activity during
the borehole pressurization stage is almost double than that
observed in BS8 during the same stage. Applying this result
to the field, an intense precursory seismic activity may be
related to the permeation of fluid through the permeable rock
matrix, rather than associated with rock fracturing.

4.3 Fracture Propagation

Two fluids of different viscosities are used (oil and water
for BS and COS experiments, respectively) for the hydrau-
lic fracturing processes described here. While the fracture
geometry observed in COS1 (non-axial, single wing) is
likely affected by a combination of both low fluid viscosity
and high anisotropy inherent in the material (which promote
cleavage-dominated fractures Ha et al. 2018; Meng and De
Pater 2011; Stoeckhert et al. 2015)), the different fracture
propagation speed between high permeable BS and low per-
meable COS samples is related to a combination of their dif-
ferent hydraulic conductivity and, once again, fluid viscosity.

To assess the fracture propagation time, we used the
information given by the asynchronous extension shown by
the radial strain data. In Sect. 3.1 and 3.2, we calculated a
fracture propagation speed of 0.76 and 1.7 mm/s for BS8
and COSI, respectively. In both BS and COS experiments,
the radial extension at the E-W direction is delayed when
compared to the radial extension at the N-S direction, with
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Fig.6 Spatial and temporal evo-
lution of cumulative AE activity

represented in 3D and plan
view at selected snapshots (see
Fig. 4A) of experiment BS7. In
(a) the first burst of five events
is recorded in the early stage of
fluid injection. In (b) additional
eight events are shown, related
to the long phase (175 s) before
the injection pressure build-up.
In (c) six AEs are recorded
during the increase in injection
pressure. The size of the sym-
bols represents a normalized
relative magnitude. The yellow-
colored volume represents the
pressurized sealed chamber
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Fig.7 Spatial and temporal
evolution of cumulative AE
activity represented in 3D and
plan view at selected snapshots
(see Fig. 5A) of experiment
BS8, before hydraulic frac-
turing. In (a) four AEs are
recorded during the early stage
of fluid injection. In (b) three
additional events occur during
the beginning of pressurization.
In (c) the last three AEs event
before hydraulic fracturing are
shown. The size of the symbols
represents a normalized relative
magnitude
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Fig.8 Spatial and temporal
evolution of cumulative AE d)
activity represented in 3D and
plan view at selected snapshots
(see Fig. 5C) of experiment
BSS8, just preceding and during
hydraulic fracturing. In (d)

the first burst of events (20)
associated to the initiation of
hydraulic fracturing. In (e) five
additional AEs are recorded
between the two pressure drops.
In (f) the events (14) occurring
after the last pressure drop are
shown. The size of the symbols
represents a normalized relative
magnitude
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2

5\““1““’ P

Fig.9 View of BS8, cut at the middle point. A clear non-planar, arcu-
ate fracture is present on the SW quadrant as well as a minor, barely
visible fracture on the NE quadrant (visible around halfway between
the borehole and the edge of the sample)

the latter occurring simultaneously with P,. This lag likely
represents the time needed for the injection fluid to flow
from the center of the sample to its edge through the fully
developed fracture.

Figure 15 represents the distribution of the AE locations,
parallel to the generated fracture, occurring at the time of
sample breakdown. While AEs in BS8 reach the edge of the
sample (i.e. the limits of the y axis) 22 s after breakdown [we
consider the location occurring at 22 s instead of that one
occurring at 24 s, because we include the average location
error (see Table 2)], in COS1 AEs seem to reach the edge
of the sample within the first second (when considering the
three-times higher location error) (Fig. 15A). A 2.5 s zoom-
in (Fig. 15B) reveals a clearer picture of the first instants
after breakdown. In particular it is apparent that six AEs in
COS1 migrate quasi-monotonically towards one edge of the
sample in 0.57 s, at a speed of 23.9 mm/s. In BS8 instead,
only the first two events show a clear migration to the edge
of the sample, which could have been reached 0.29 s after
breakdown, at a speed of 46.9 mm/s.

While this initial propagation speeds are coherent with
a previous study showing that the propagation speed is
higher for low viscous fluid and it is not affected by the
type of material (Stanchits et al. 2015), the propagation
speed calculated through the lag time of radial extension
shows the opposite. We believe that at the initial stage of
fracture propagation, fluid viscosity controls the propagation
speed. Therefore, with high viscous oil (BS8), the fracture
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propagates faster compared to the case with low viscous
water (COS). However, as the fracture propagates further in
the highly permeable rock matrix of BS, the fluid leak-off
increases as well.

Stanchits et al. (2015) compared Niobrara shale and Col-
ton Sandstone, both having a similar and low-permeability
(107"® m? (Yao et al. 2017) and 10™'7 m? (Stanchits et al.
2014), respectively) whilst Bentheim Sandstone has a per-
meability of up to 10° times higher than Crab Orchard Sand-
stone. Consequently, it is likely that the injection fluid in BS
experiments leaks off orthogonal to the walls of the induced
fracture through the adjacent permeable rock matrix, with
the consequence of requiring more fluids to build sufficient
pressure to overcome fracture toughness, and ultimately
slowing down fracture propagation. We believe that particu-
larly high permeability, such as that of BS, does have such
an impact on the fracture propagation so that fluid viscosity
has negligible effect on this.

Fluid leak-off in BS8 causes pressure decrease at the
tip of the fracture, likely to be responsible of the observed
episodic fracture propagation pattern, visible in the oscil-
lations of injection pressure and by the multiple drops in
radial and volumetric strain (S. Gehne et al. 2019, 2020).
On the other hand, in COS1, once the fracture reaches the
edge of the sample, we observed a non-monotonic behavior
of the radial strain, showing relative contraction on NS radial
strain, where the nucleation of the fracture was recorded.
Together with the locations of the AE, we believe that the
initial fracture oriented NE-SW experienced fracture closure
as a result of the opening of a quasi-perpendicular fracture
headed ESE. A similar pattern of non-monotonic behavior
of the radial strain associated with opening and closure of
the fracture has also been observed by Fraser et al. (2020).

4.4 Multiparameter Conceptual Model

A conceptual model based on observed different mechani-
cal and hydraulic (MH) stages can be compiled. In Fig. 16,
the temporal evolution of the pressurization rate is plotted
against injection pressure and AE rate, from the moment p;;
is higher than 0.5 MPa, which marks the beginning of the
borehole pressurization in BS8 and COS1, defining Stage
0. Although borehole pressurization did not occur in BS7,
for simplicity we keep 0.5 MPa as starting level for all three
experiments.

In BS7, Stage I (Fig. 16A and D) shows that the injection
pressure as well as the pressurization rate remain low and
AEs are recorded. The injection fluid permeates through the
highly permeable rock spreading towards the edges of the
sample, reached at the beginning of Stage II. Here, both the
injection pressure and pressurization rate increase and AE
are recorded only towards the end of this stage. The injec-
tion fluid has now reached the edges of the sample and is in
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Fig. 10 Source-type pie chart for experiment BS7 (above) and BS8 (below)

direct contact with the impermeable outer sleeve, building
up pressure until pressure equilibrium between injection and
confining pressures is attained, marking Stage III. Injection
pressure cannot increase any longer and no AE are recorded.
Overall, due to the absence of an internal sleeve, the high
permeability of BS controls the outcome during the entire
experiment.

In BS8 Stage I (Fig. 16B and D), injection pressure
increases and AE are recorded but the pressurization rate
is neither linear, nor monotonic. Although the borehole is
pressurized, the injection fluid still escapes through the inner
sleeve, as indicated by the occurrence of AEs. Although this
stage is affected by the SF mode, the high permeability of

BS still plays a role by letting the injection fluid through the
rock matrix. At the end of Stage I there is a drastic reduction
in permeability marked by the sudden increase in pressuriza-
tion rate, which leads the injection pressure towards Py, and
paucity of AE events, characterizing Stage II. Considering
the well-sorted granulometry, the homogeneous distribution
in porosity and permeability parameters, and the high rock-
matrix permeability of BS, and the absence of further AE
recorded afterwards, we assume that this change in pressuri-
zation rate must be caused by a change in the sealing func-
tion of the inner sleeve, which is now basically impermeable.
Therefore, Stage I1 is clearly affected by the SF mode. Once
P, occurs (Stage III), the pressurization rate recovers to
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lower level and injection pressure continues to increase after
the first stress drop. Here (see Fig. 9), fracturing occurs on
both sides of the borehole, but these fractures are not fully
developed. In addition, the formation of these cracks directly
forms permeable features between the borehole and highly
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Time (s)

permeable rock matrix, leading to fluid leak-off (explain-
ing the lower pressurization rate compared to Stage II). As
discussed in Sect. 4.3, the fluid viscosity effect only appears
immediately after breakdown, while afterwards the slower
fracture propagation is affected by the high permeability
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Fig. 13 Spatial and temporal
evolution of cumulative AE
activity represented in 3D and
plan view at selected snapshots
(see Fig. 11C) of experiment
COSI. Only three events, at a
high interval time, are recorded
after the burst of AE associated
to the pressure drop and are all
S-type and all located in the east
sector. The size of the symbols
represents a normalized relative
magnitude
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COS1
post hydraulic event

Fig. 14 Source-type pie chart for experiment COS1 occurring after
Py. The majority of the AE event is S-type source (62%), followed by
T-type (19%) and C-type (19%)

of BS rock matrix. Stage IV, occurring ca. 18 s after Py,
marks the formation of a fully developed SW fracture wing,
accompanied by AE cluster and flowing of the injection fluid
through the fracture towards the impermeable outer sleeve.

In COS1, Stage I (Fig. 16C and D), injection pressure
builds up and the pressurization rate increases linearly up
to half of the stage. This is followed by the flattening of
the pressurization rate for about 20 s, dramatically dropping
at the end of this stage. However, no stress drop is visible
nor any AE activity. In this stage, the low permeability of
COS controls the pressurization outcome, with the injection

fluids initially confined in the borehole. However, halfway of
the stage the fluid leaks through it, likely through a nearby
bedding plane, headed westward (as the only recorded AE
suggests). This explains the drop in the pressurization rate
as well as the absence of AE events. The slightly non-axial
direction of the eventual fracture wing (Fig. 13) combined
with the high anisotropy of the rock suggests that the frac-
turing process is anisotropy-controlled (Stoeckhert et al.
2015). During Stage II the pressurization rate briefly starts
again to increase but after approximately 10 s it decreases
once again, remaining at a low level compared to Stage 1.
At this point the injection fluid escapes more easily through
the borehole and the newly activated pathway. Comparing
BS8 and COS1, it is noticeable that the sequence of high-
pressurization-rate stages are swapped: while in BS8 an ini-
tial fluid permeation through the borehole (and consequently
low-pressurization rates) is followed by high pressurization
rate possibly due to the reduced permeability of the inner
sleeve, in COS1 a high pressurization rate is followed by
late fluid permeation, likely to occur along a bedding plane.

However, the permeability of COS is not high enough to
impede the pressure build-up, so hydraulic fracturing occurs
(Stage IIT) accompanied by two clusters of AE events, the
first one headed NE, the second one headed ESE (although
there was no macroscopic evidence of the latter). While the
initial fracture propagation is controlled by the fluid vis-
cosity, discussed in Sect. 4.3, its subsequent development
is likely a result of the presence and hydraulic function of
bedding planes. The fracture fully develops in 8 s and injec-
tion fluid is able to flow through it reaching the impermeable
outer sleeve. Pressure balance between injection and confin-
ing pressure marked the end of the experiment.

This analysis shows how permeability (both that of the
rock matrix and that of the borehole wall), rock heteroge-
neities and, marginally, fluid viscosity all contribute to the
hydraulic fracturing process, its eventual breakdown pres-
sure and fracture propagation behavior.

Relating the results of this study to field hydraulic
fracturing operations, here we proved that hydraulic
fracturing in already high-permeable reservoirs is still
feasible, and although the pre- and post-test permeability

Table 3 Mathematical equations quantifying major variable during hydraulic fracturing and estimated values of P, for conditions used in BS8

Study Equation for Py Information Estimated P, (MPa)
Hubbert and Willis (1957) =38, -Sy+or—Py Linear elastic approach, impermeable 71.9
Haimson and Fairhurst (1969) = BSuSutor) | P, Linear elastic approach with poroelastic 45.2-48.3

e effects
Stoeckhert et al. (2014) =60, + 07 SF mode 211.9
Pradhan et al. (2015) = # 26, + o7(1 — ¢2)] ;izeﬁlastic approach; 65

dmuer

Stoeckhert et al. (2016) =(6.6+1.1)0,+0p SF mode 194.4-271.4

The method that best estimates Py in bold
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was not determined, we assume that we enhanced this by
adding fracture permeability to the (high) matrix permea-
bility. Most importantly, stress drop and induced seismic-
ity did not increase manifolds and, therefore, the seismic
risk will be similar to that one associated with hydraulic
fracturing in reservoir of lower permeability. In addition,
an early seismic swarm during fluid injection is more

@ Springer

Time to breakdown (s)

likely to be associated to fluid permeation through the
rock matrix signaling an unsuccessful hydraulic fractur-
ing operation.
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5 Conclusions

In this study, laboratory experiments on small scale sam-
ples are performed and analyzed to understand the role
of permeability in the hydraulic fracturing process. Three
different scenarios are investigated: fluid fracturing (FF)
in highly permeable Bentheim Sandstone, sleeve fractur-
ing (SF, borehole skin) in the same material and fluid
fracturing in lowly permeable Crab Orchard Sandstone.
The goal was to induce hydraulic fracturing in a highly
permeable rock, limiting the permeation of fluid through
the rock matrix, but without increasing multiply the break-
down pressure and the AE activity as previous studies have
shown. The application of a borehole sleeve (or skin) dem-
onstrates field application as well as modes of achieving
hydraulic fractures in highly permeable rock matrices.

Although hydraulic fracturing does not directly occur
in the FF experiment in BS, as expected, the presence of
an inner sleeve in the SF experiment impedes the escape
of fluids from the borehole through the permeable rock
matrix. Hydraulic fracturing occurs but breakdown pres-
sure (P,) does not increase substantially, but remains to
a level that can be explained by a linear elastic approach
considering poroelastic effects. The inner sleeve is shown
not to be completely sealing off the borehole from the
matrix, but it manages to reduce the wall permeability
of the borehole to reach hydraulic fracturing, suggesting
that Py, equations must consider the borehole permeability.

Precursory AEs are crucial to predict an eventual fail-
ure, but precursory activity is either low or absent when
fracturing eventually occurs, while it is moderate when
then level of fluid permeation inhibits fracturing. In addi-
tion, the precursory AE activity, mostly occurring at an
early stage in the pressurization stage, is characterized by
tensile sources. These combined information points to AE
activity related to the leaking of fluids through permeable
rock matrix and consequently pressurization and expan-
sion of the pore space. The presence of moderate seis-
mic activity, particularly at low level of pressurization,
may reveal the level of fluid permeation and, therefore,
the eventual success of the hydraulic fracturing process.
Considering that hydraulic fracturing is difficult to pre-
dict, knowing a-priori whether fracturing occurs or not,
constitutes a major step forward to avoid the side effect
associated with the injection process (e.g. fluid permea-
tion, induced seismicity), particularly when fracturing
does not occur.

Once fracture occurs, rock matrix permeability also
controls its propagation. We conclude that a fracture
propagates fast and continuously in COS sample while it
develops gradually and episodic in BS (in SF mode). The
reason behind this is linked to the leak-off of the fluid from
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the newly created partial fracture through the adjacent per-
meable rock matrix, not anymore confined by the inner
sleeve. Finally, we conclude that a number of key factors
explain the mechanical and hydraulic processes involved
in the generation (or not) of the hydraulic fracture, with
matrix permeability being the most important.
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