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Abstract: The stress threshold of deep reservoir shale subjected to fracturing fluid immersion is
an important factor affecting fracture initiation and propagation during fracturing. However, little
information has been reported on the effect on shale of soaking at high temperature and high pressure
(HTHP). In this study, immersion tests and triaxial compression tests were carried out at reservoir
temperature and in-situ stress on the downhole cores with different mineral compositions. The
characteristics of stress thresholds, i.e., crack initiation stress (σci), crack damage stress (σcd), and peak
deviator stress (σp), of shale affected by the different times of soaking with low-viscosity fracturing
fluid (a) and the different viscosity fracturing fluids (a, b, and c) were investigated. The results show
that hydration at HTHP has a significant softening effect on the stress thresholds (σci, σcd, σp) of
reservoir shale, but the softening rate varies for samples with different mineral compositions. The
crack initiation stresses of quartz-rich and clay-rich shales treated with different soaking times and
different soaking media remain almost unchanged in the range of 47 to 54% of the corresponding
peak strength, while the crack initiation stresses of carbonate-rich shales are significantly affected.
The ratio σcd/σp of quartz-rich shale is significantly affected by the different viscosity fracturing
fluids (a, b) and the different times of soaking with low-viscosity fracturing fluid (a), while clay-
and carbonate-rich shales are less affected. The results of this study can provide a reference for the
fracturing design of deep shale gas development.

Keywords: shale; stress thresholds; fracturing fluid; high temperature and pressure

1. Introduction

Hydraulic fracturing is the key technology for the efficient development of shale gas [1–3].
During field fracturing, natural fractures and weak planes of bedding are communicated
through the segmented multi-cluster perforation and injection of low-viscosity fracturing
fluid with a large fluid volume, forming a fracturing network of interlaced natural fractures
and artificial fractures, thus increasing the volume of reservoir reconstruction [4,5]. In
deep shale reservoirs in the Sichuan Basin of China, the flowback rate of fracturing fluid is
generally lower than 30%, indicating that fracturing fluid is often present in the reservoir
and cannot be completely recovered in time [6]. In the development of deep shale gas,
the selection and use of fracturing fluids often vary depending on the different fracturing
conditions in the fracturing design [7]. When low-viscosity fracturing fluid is used, the
pressure at the end of the natural fracture makes it easier to reach the threshold of the
fracturing pressure, and the fluid pressure is easier to spread in the natural fracture. In
order to reduce the percolation of fracturing fluid into the formation during fracturing,
high-viscosity fracturing fluid is usually used, which also results in the complexity of
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fractures being reduced [8]. However, the effect of thermos-hydro-mechano-chemical
(THMC) coupling on fracture propagation of reservoir shale is rarely reported. Therefore,
it is necessary to study the effects of fracturing fluid type, viscosity, and immersion time on
crack initiation and propagation of shale with different mineral compositions.

Most of the existing studies on hydration effects have been conducted in immersion
tests at room temperature and atmospheric pressure [9–15]. Ma et al. showed that the
hydration effect on the shale is greatest at the beginning of soaking, and the damage rate
decreased as the soaking time increased [16]. Yang et al. showed that the content and type
of clay minerals, especially montmorillonite and inter-stratified illite–smectite, have an
important effect on the swelling absorption capacity of shales [17]. Tan et al. quantified
the effect of different fracturing fluids and shale interactions on the surface roughness of
shale fractures [18]. At present, few efforts have been made to study the influence of the
immersion of fracturing fluid and flowback fluid that has not been flowback under HTHP
on the stress thresholds of reservoir rocks. In order to simulate in-situ conditions that are
more in line with deep reservoirs, an experimental study of immersion at HTHP, which has
not been widely explored, was conducted in this study.

From the viewpoint of rock mechanics, the stress thresholds of shale under THMC
coupling, i.e., crack initiation stress (σci), crack damage stress (σcd), and peak deviator
stress (σp), are important factors affecting crack initiation and propagation in deep shale
reservoirs during fracturing [19–22]. Most of the current studies have focused on the
influence of confining pressure or bedding effects on the specific stress thresholds of shale
at lower confining pressure (uniaxial or confining pressure lower than 50 MPa) [23–25].
However, there are few studies on the influence of the hydration effect under HTHP on the
characteristic stress of reservoir rocks, although it is of great engineering importance for
deep shale gas development.

In this study, the indoor immersion tests and mechanical tests under HTHP were con-
ducted on reservoir shales collected from three different sublayers of the Wufeng-Longmaxi
Formation in the Luzhou block, focusing on the influence of different soaking times and
media on the specific stress thresholds of the reservoir rock. The crack initiation stress and
crack damage stress were obtained by analysis of the axial strain–crack volumetric strain
and the axial strain–volumetric strain curves, with the aim of investigating the variation
of specific stress thresholds of downhole cores interact with the low-viscosity fracturing
fluid (a) commonly used in fracturing sites for different soaking times (0 h, 2 h, 3 days,
15 days). Additionally, the effect of different fracturing fluids (a, b, and c) on the specific
stress threshold of shale at the same soaking time of 3 days was investigated. The effects of
different soaking times of low-viscosity fracturing fluid immersion and different immersion
media (a, b, c) on the crack initiation stress and crack damage stress of shale specimens
are revealed, which can deepen the understanding of the crack initiation and propagation
mechanism of THMC-treated shales with different mineral compositions.

2. Test Materials and Procedures
2.1. Sample

The shale used in the test was collected from the deep reservoir of the Wufeng–
Longmaxi Formation in the Luzhou block of the southern Sichuan Basin, China, at a
vertical depth of 4009.30–4091.60 m. To investigate the effect of soaking at HTHP on
the specific stress thresholds of shales with different mineral compositions, full-diameter
cores with typical mineral composition percentages were collected, and the mineralogical
composition test results are detailed in Figure 1. The studied samples were categorized
into three groups, i.e., clay-rich (32.3%) L1–4 shale, quartz-rich (59.6%) L1–2 shale, and
carbonate-rich (42.1%) WF shale. A total of 36 standard cylindrical samples, 25 mm
diameter by 50 mm height, were produced from the full-diameter core of each layer along
parallel bedding orientations using a waterless wire-cutting method, as shown in Figure 2.
Subsequently, samples with a polished end face nonparallelism less than 0.02 mm were
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used for immersion and mechanical testing under HTHP. Figure 3 illustrates the work steps
in the form of a flowchart.
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2.2. Preparation of the Fracturing Fluid

In this study, the simulated fracturing fluids used in the laboratory soaking test were
three kinds of fracturing fluids commonly used in field fracturing operations in the Luzhou
block, i.e., low-viscosity soaking medium (a) with a viscosity of 3 mPa·s prepared by
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friction reducer and deionized water, high-viscosity soaking medium (b) with a viscosity
of 50 mPa·s prepared by friction reducer and deionized water, and low-viscosity soaking
medium (c) with a viscosity of 3 mPa·s prepared by friction reducer and flowback fluid. The
difference between soaking media (a) and (c) is that, as shown in the study of Hu et al. [26],
the type and concentration of ions in the flowback fluid and the injected fracturing fluid
are significantly different. Three types of fracturing fluids were used to study the following
fracturing field concerns. One of them is the evolution of stress thresholds and failure
modes with soaking time for the interaction of low-viscosity fracturing fluid (a) with
downhole cores of different mineral compositions. The second one compares the effect
of different types of fracturing fluids (a, b, c) on the stress thresholds of shale at the same
soaking time of 3 days.

2.3. Test Procedure

First, the soaking media a, b, and c were prepared according to the above require-
ments. Processed standard samples were placed in a high-temperature and high-pressure
immersion chamber containing freshly prepared fracturing fluid, as shown in Figure 4.
Subsequently, they were set to the designated temperature and pressure to simulate in-situ
formation conditions. The reservoir temperature and pressure conditions corresponding to
the vertical depths of 4009.30–4091.60 m, obtained from the temperature and in-situ stress
in the logging data, are 130 ◦C—90 MPa. Since the immersion test under high temperature
and high pressure (HTHP) needs to be cooled down to room temperature before unloading
the confining pressure, it is not convenient to stop the test at any time. In this study, the
soaking time was recorded starting after the temperature was elevated at a rate of 5 ◦C/min
to 130 ◦C to reach stability. The samples were prepared with fracturing fluid and soaking
medium (a) under HTHP for 2 h, 3 days, and 15 days, respectively. After the designated
soaking time is reached, the heating is stopped and the cooling down to room temperature
is started at a rate of approximately 5 ◦C/min. Finally, the samples were removed from the
reaction chamber and dried before conducting the subsequent triaxial compression tests at
reservoir temperature and pressure. It should be noted that the actual immersion time here
refers to the duration between the heating to the designated temperature of 130 ◦C and
turning off the heating device. Using MTS 815 testing system, triaxial compression tests
were conducted on THMC-treated downhole cores at a loading rate of 0.06 mm/min under
in-situ reservoir temperature and pressure (T = 130 ◦C, Pc = 90 MPa).
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In addition, to investigate the effects of different soaking media (a, b, and c) on the
specific stress thresholds of shale, soaking tests and mechanical tests on downhole cores
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interacting with three soaking media at 3 days at HTHP were conducted using the methods
described above.

2.4. Determination of the Stress Thresholds

In the current research, significant progress has been made in studies related to
specific stress thresholds (e.g., crack closure stress, crack initiation stress, crack damage
stress) in rocks under uniaxial or lower confining pressure conditions, which are used to
guide engineering practice. Since most of the initial microcracks are closed at such high
hydrostatic pressures in the deep formation, the closure effect that occurs under external
loading at lower confining pressures is relatively less important in the case of high confining
pressure conditions. The crack initiation stress refers to the critical strength at which cracks
begin to sprout within the rock, i.e., the onset of stable crack expansion. The crack damage
stress refers to the critical strength at which cracks enter unstable expansion, marking the
massive penetration of cracks within the rock and the deflection of the volumetric strain
curve. The study of characteristic stress threshold can provide valuable data reference for
the evolution and fracture mechanism of microcracks in samples. However, the effect of
immersion under HTHP on the specific stress thresholds of shale remains understudied in
this regard.

Although extensive research has been conducted on how to determine these two stress
thresholds, a unified recommended method for determining crack initiation stress and crack
damage stress has not been developed. The methods can be divided into the following
five categories: acoustic emission method [27], crack–strain method [28], lateral strain
method [29], volumetric strain method [30], and moving point regression determination
method [25]. Since shale is a brittle and hard sedimentary rock, the number of acoustic
emission events during triaxial compression tests is very small, reaching a maximum only
at the moment close to failure, so the acoustic emission method is not applicable to the
determination of characteristic stresses in brittle and hard rocks such as shale. The physical
significance of the crack–strain model calculation method is clear and allows for easy
and accurate determination of crack initiation stresses and damage stresses in rocks. The
crack–strain model was first proposed by Cai et al. [31] and the crack initiation stress and
crack damage stress of rocks were calculated using this model method, and it has been
widely used.

The method for determining the shale crack initiation stress and crack damage stress
is shown in Figure 5. The volumetric strain of the rock is assumed to consist of elastic
volumetric strain (εeV) and crack volumetric strain (εcV), as shown in the following equation.

εV = εeV + εcV = ε1 + 2ε3 (1)

where ε1, ε3 are the axial and circumferential strains of the samples tested in the triaxial
compression test, respectively.

According to the generalized Hooke’s law:

εe
1 =

1
E
[σ1 − µ(σ2 + σ3)] (2)

εe
2 =

1
E
[σ2 − µ(σ1 + σ3)] (3)

εe
3 =

1
E
[σ3 − µ(σ1 + σ2)] (4)

where, E is the elastic modulus, µ is Poisson’s ratio, σ1 is the axial principal stress, σ2 = σ3 is
the confining pressure.
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The elastic volumetric strain is as follows:

εeV = εe
1 + εe

2 + εe
3 =

1 − 2µ

E
(σ1 − σ3) (5)

The crack volumetric strain is as follows:

εcV = ε1 + 2ε3 −
1 − 2µ

E
(σ1 − σ3) (6)

As shown in Figure 5, the corresponding stresses at the inversion points of the axial
strain–crack volumetric strain and the axial strain–volumetric strain curves are the crack
initiation stress and the crack damage stress, respectively. The extreme values of the crack
volumetric strain and total volumetric strain can be easily obtained from the experimental
data. However, the axial strain–crack volumetric strain as well as the axial strain–volumetric
strain curves vary very smoothly at the inversion points.

3. Results and Discussion
3.1. Stress–Strain Curve

Figure 6 shows the typical stress–strain curves for each sublayer of cores under dif-
ferent soaking times (0 h, 2 h, 3 days and 15 days) of the interaction between soaking
fluid a and shale, and under the interaction with different soaking media a, b, c at the
same immersion time of 3 days. In fluid–shale interaction under HTHP, the stress–strain
response of the clay-rich L1–4 shale is more obviously affected by immersion, which shows
a significant decrease in peak deviatoric stress and elastic modulus. The stress–strain
response of the clay-rich L1–4 shale is most significantly affected by the hydration effect
when the shale interacted with the soaking media a, b for 3 days, while the interaction with
the soaking medium c has little effect on the shale. The effect of hydration on the stress–
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strain relationship of the carbonate-rich WF shale is slightly inferior to that on the clay-rich
shale, showing a lower magnitude of peak strength and elastic modulus deterioration. The
behavior of the WF shale is more obviously influenced by the hydration effect under HTHP
when soaked with soaking medium a for 3 days. The weakest effect is on the quartz-rich
L1–2 shale when the soaking time is lower than 15 days in the laboratory test conditions of
this study.
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Figure 6. Typical stress–strain curves of cores from each sublayer immersed under HTHP (h, hours;
D, days).

Overall, the effect of fracturing fluid–shale interaction on the stress–strain response of
shale under HTHP is as follows in descending order: clay-rich L1–4 shale > carbonate-rich
WF shale > quartz-rich L1–2 shale.

3.2. Characteristics of Stress Thresholds

Figure 7 illustrates the evolution of stress thresholds (σci, σcd, σp) of shales with
different mineral compositions as the fracturing fluid–shale interaction proceeds. It can
be seen that the strength parameters of the three types of shale samples decrease rapidly
after soaking for 2 h. Overall, the strength parameters show a decreasing trend as soaking
proceeds, except for the 15-day soaking cases in the L1–4 and WF shales. It indicates
that hydration at HTHP has a significant softening effect on the mechanical performance
of the reservoir shale, but the softening rate varies for samples with different mineral
compositions. For the L1–4 and WF shales, the strength initially decreases and then
increases with increasing soaking time, reaching a minimum strength at 3 days. Note that
after 15 days of immersion treatment, the strength, although improved, was still lower than
the strength without immersion. The peak strength of the L1–2 shale decreased rapidly
after 0 ~ 2 h of soaking treatment, whereas hydration had little effect on strength after
2 ~ 3 d of immersion.
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Figure 7. Variation of stress thresholds (crack initiation stress, crack damage stress, peak strength) (h,
hours; D, days).

To study the effect of the different times of soaking with low-viscosity fracturing fluid
(a) on stress thresholds of shale under HTHP, the equations are characterized as follows:

kσci = 1 − σci−t
σci−0

(7)

kσcd = 1 − σcd−t
σcd−0

(8)

kσp = 1 −
σp−t

σp−0
(9)

where, kσci , kσcd , and kσp are indices of the effects of different soaking times on the crack
initiation stress, crack damage stress, and peak deviator stress of shale, respectively. σci−t,
σcd−t, and σp−t are the crack initiation stress, crack damage stress, and peak deviator stress
at different soaking times (t = 2 h, 3 days, 15 days), respectively. σci−0, σcd−0, and σp−0 are
the values without soaking treatment, respectively.

For L1–4 clay-rich shale, the effects of hydration on stress thresholds (σci, σcd, σp)
are in the range of 48.23 to 59.08%, 47.65 to 60.54%, and 51.44 to 58.75%, respectively.
The influence on the carbonate-rich shales of the Wufeng Formation is the next most
important, ranging from 19.07~44.00%, 10.32~52.13%, and 26.88~44.05%, respectively. It is
noteworthy that hydration has little effect on the crack initiation stress and peak strength of
the L1–2 quartz-rich shale in the range of 12%, while the effect on the crack damage stress
is larger, in the range of 33.01 to 42.26%.

Figure 8 shows the variation of the stress thresholds of the three types of shale when
soaked for 3 days in different soaking media (a, b, and c). Overall, the effect on the
stress thresholds of the shales with different mineral compositions when using immersion
medium (c) is small, in the range of 20%, indicating that the flowback fluid may have an
inhibitory effect on the hydration cracking of the sample. Particularly, the stress thresholds
of the quartz-rich shale are less affected by the interaction of fluid c-shale, within 10%.
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Figure 8. Variation of stress thresholds (crack initiation stress, crack damage stress, peak strength) of
shale after interaction with different soaking media (low-viscosity fracturing fluid (a) with a viscosity
of 3 mPa·s, high-viscosity fracturing fluid (b) with a viscosity of 50 mPa·s, and low-viscosity flowback
fluid (c) with a viscosity of 3 mPa·s).

The effect of low-viscosity fracturing fluids on the crack stress threshold of clay-rich
shale is higher than that of high-viscosity fracturing fluids, probably because clay minerals
are more likely to produce hydrated fractures when immersed in low-viscosity fracturing
fluids, which affects the characteristic stress threshold of the shale.

For quartz-rich L1–2 shale, the effects on both crack initiation stress and peak strength
when interacting with immersion media (a) and (c) are less than 5% compared to the
unsoaked sample. However, the effect of the two fluid immersions on the crack damage
stress differed significantly, 33.01% and 8.8%, respectively. It indicates that water has an
important effect on crack unstable crack initiation extension, while the flowback fluid has
little effect on it.

3.3. Characteristics of the Relationships between Peak Stress and Crack–Stress Thresholds

Figure 9 depicts the evolution of the ratio of crack initiation stress (σci) and crack
damage stress (σcd) to peak deviator stress (σp) for the three types of shale at different
soaking times. For clay-rich shale and quartz-rich shale, the proportion of σci/σp ranges
from 47% to 54%. Although σci/σp tends to decrease with increasing soaking time, it only
decreases slightly. For carbonate-rich shale, σci/σp still shows a variation pattern that
fluctuates within a certain range with the increase in soaking time, which may be caused
by the dissolution and regeneration of carbonate minerals [32,33]. With increasing soaking
time, the effect of hydration at HTHP on the internal crack initiation in carbonate-rich shale
samples is more significant, while it has little effect on quartz-rich and clay-rich shales.
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Figure 9. Variation of σci/σp and σcd/σp cores under reservoir temperature and pressure with
increasing soaking time (h, hours; D, days).

The variation of the ratio of crack damage stress to peak deviator stress with soaking
time is closely related to the mineral composition of the specimen. For L1–4 and WF
shale with obvious hydration cracks after immersion, σcd/σp changes little in the range
of 0.9 to 1 before immersion for 15 days, indicating that the presence of hydration cracks
may play a suppressive role in the unstable expansion of cracks within the samples. In
other words, the sample is more likely to fracture along the hydration crack during the
process of deformation and failure. Although the soaking at HTHP appears to have a weak
effect on the strength of the quartz-rich shale, it has a greater impact on the crack damage
stress threshold.

Figure 10 depicts the ratio of crack initiation stress and crack damage stress to peak
strength for the three types of shale immersed in different soaking media (a, b, and c) at
the same soaking time of 3 days. As shown in Figure 10, the effects of different fracturing
fluids on σci/σp of both clay-rich and quartz-rich shales are small, while the effect on the
ratio of carbonate-rich shale is more significant, which is similar to the effect of different
soaking times on the crack initiation stress described above.
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Figure 10. Variation of σci/σp and σcd/σp of shale after interaction with different soaking media
(low-viscosity fracturing fluid (a) with a viscosity of 3 mPa·s, high-viscosity fracturing fluid (b) with
a viscosity of 50 mPa·s, and low-viscosity flowback fluid (c) with a viscosity of 3 mPa·s).

The ratio of crack damage stress to peak strength of the samples is significantly reduced
by the interaction of the higher viscosity fracturing fluid–shale. However, σcd/σp is not
significantly affected by the immersion of flowback fluid, probably because the ionic effect
contained in the flowback fluid has an inhibitory effect on the unstable expansion of cracks
inside the sample.

In summary, the crack initiation stresses of quartz-rich and clay-rich shales treated
with different soaking times and different soaking media remain almost unchanged in the
range of 47 to 54% of the corresponding peak strength, while the crack initiation stresses of
carbonate-rich shales are significantly affected. The ratio of crack stress thresholds (σci, σcd)
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to the peak strength of the three types of shale after immersion treatment with flowback
fluid (c) changed slightly compared to the unsoaked samples. The ratio of crack damage
stress to the corresponding peak strength of quartz-rich shale is significantly affected by the
different times of soaking with low-viscosity fracturing fluid (a) and the different viscosity
fracturing fluids (a, b). However, σcd/σp of the clay-rich and carbonate-rich shales are not
significantly affected by the different viscosity fracturing fluids (a, b) and the different times
of soaking with low-viscosity fracturing fluid (a). The lack of microscopic observation of
the samples after immersion treatment is also a limitation of this work. Further studies
based on µm-CT and SEM techniques will be carried out in future work to investigate the
degradation mechanism of shale after THMC treatment.

4. Conclusions

In this study, the effects of different soaking times (0 h, 2 h, 3 days, 15 days) and
different soaking media (a, b, c) on the stress thresholds of shale were investigated by
soaking tests and triaxial compression tests at 130 ◦C—90 MPa conditions. The main
conclusions are as follows:

(1) Overall, the effect of fracturing fluid–shale interaction on the stress–strain response of
shale under HTHP is as follows in descending order: clay-rich L1–4 shale > carbonate-
rich WF shale > quartz-rich L1–2 shale.

(2) Hydration at HTHP has a significant softening effect on the stress thresholds of the
reservoir shale, i.e., crack initiation stress (σci), crack damage stress (σcd), and peak
deviator stress (σp), but the softening rate varies for samples with different mineral
compositions. The crack initiation stresses of quartz-rich and clay-rich shales treated
with different soaking times and different soaking media remain almost unchanged in
the range of 47 to 54% of the corresponding peak strength, while the crack initiation
stresses of carbonate-rich shales are significantly affected.

(3) The ratio of crack stress thresholds (σci, σcd) to the peak strength of the three types of
shale after immersion treatment with flowback fluid (c) changed slightly compared to
the unsoaked samples. The ratio of crack damage stress to the corresponding peak
strength of quartz-rich shale is significantly affected by the different times of soaking
with low-viscosity fracturing fluid (a) and the different viscosity fracturing fluids
(a, b). However, σcd/σp of the clay-rich and carbonate-rich shales are not significantly
affected by the different viscosity fracturing fluids (a, b) and the different times of
soaking with low-viscosity fracturing fluid (a).
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