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Hydraulic fracturing is a common means of reservoir reconstruction in coalbed methane (CBM)
wells, but fracturing fluid affects the mechanical properties of weak water-bearing coal seams. To
explore the effects of active hydraulic fracturing fluid on coal structural damage, uniaxial com-
pression tests of coal under different fracturing fluid saturations were carried out. Combined with
elastic damage mechanics and energy theory, a damage constitutive model of coal under the
coupling action of fracturing fluid-stress-strain energy is established, and the rationality and
innovation of the model are evaluated. The results show that although micro-cracks have
developed in the No. 3 coal seam of the Danshuo Coal Mine, most of them are filled with minerals
such as calcite, resulting in poor connectivity between the fractures. The injection of fracturing
fluid reduces the cementation strength of the filling body, the bonding force between the coal
matrix and the overall mechanical properties of the coal samples. With increase in fracturing fluid
saturation and micro-fracture activation, the coal sample brittleness weakens, the compressive
strength and elastic modulus decrease linearly, and the shape of the post-peak curve tends to be
complex, showing ductile failure characteristics. The principal stress determines the macroscopic
fracture direction, the micro-fracture extends along the boundary of calcite-vitrinite and vit-
rinite—inertinite, and the fracture complexity of inertinite is lower than that of vitrinite. The
uniaxial compression damage constitutive model of coal samples containing fracturing fluid
based on strain energy and elastic damage mechanics is in good agreement with the experimental
data. The model curve is determined by the measured mechanical parameters and the damage
constitutive coefficient (). This can reflect the coal damage constitutive relationship under the
coupling action of fracturing fluid-stress-strain energy and is suitable for analyzing the stress-
strain problem of coal with fracturing fluid under uniaxial compression.

KEY WORDS: Coal, Fracturing fluid saturation, Uniaxial compression, Strain energy, Damage,
Constitutive model.

IKey Laboratory of Coalbed Methane Resources and Reservoir

Formation Process, Ministry of Education, China University of INTRODUCTION
Mining and Technology, Xuzhou 221008, Jiangsu, China.

2School of Resources and Geosciences, China University of

Mining and Technology, Xuzhou 221116, Jiangsu, China. Coalbed methane (CBM) is an important sup-
3College of Safety Science and Engineering, Henan Polytechnic plement to natural gas resources. The development
University, Jiaozuo 454000, Henan, China. and use of CBM have the triple benefits of sup-

“School of Resources and Environment, Henan Polytechnic
University, Jiaozuo 454000, Henan, China.

STo whom correspondence should be addressed; e-mail:
caifangwu@sina.com

porting economic development, ensuring energy
security, and protecting the ecological environment.
Most of the CBM reservoirs in China are charac-

1761

1520-7439/23/0800-1761/0 © 2023 International Association for Mathematical Geosciences


http://orcid.org/0000-0003-1639-246X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11053-023-10209-0&amp;domain=pdf

1762

terized by complex structure, high degree of meta-
morphism, strong heterogeneity, low critical des-
orption pressure and low permeability. These mean
that the coal seam needs to be reformed prior to
CBM development. Hydraulic fracturing is the most
effective and economical method of reservoir
reconstruction at present (Wu et al., 2018, 2020;
Zhong et al., 2020). The coal seam produces a dis-
turbance effect under the action of hydraulic frac-
turing, which leads to a change in reservoir structure
and mechanical properties from a stable state to an
unstable state (Zhao et al., 2019a, 2019b; Hu et al.,
2020). In this process, fracturing fluid affects the
macroscopic mechanical properties of coal by
changing its microstructure, the elastic-plastic state
of the reservoir and the evolution of fracture prop-
agation (Tan et al., 2017; Zhao et al., 2018, 2019a,
2019b; Zhang et al., 2020a, 2020b; Cai et al., 2020c).
Therefore, it is of great theoretical and practical
significance to study the influence of fracturing fluid
and stress on the mechanical properties of coal, and
this is an important research topic in CBM devel-
opment engineering.

Physical simulations have been the main means
to study the mechanical properties of coal (Vishal
et al., 2015; Tan et al., 2017; Lu et al., 2019; Hao
et al., 2020), and previous workers have carried out
considerable research with the help of various sim-
ulation experimental devices (Cai et al., 2020a; Liu
et al., 2021; Tao et al., 2021; Xu et al., 2021). On the
one hand, the effects of engineering factors such as
the loading-unloading path, loading rate and loading
mode on the deformation and failure of coal and its
mechanical response have been analyzed (Feng
et al., 2019; Zong et al., 2020; Xu et al., 2022). On the
other hand, the effects of geological factors, such as
coal composition, structure, temperature, stress,
pressure, gas content and water content, on the
mechanical properties of coal have also been studied
(Liu et al., 2018; Zhang et al., 2019a, 2019b; Cai
et al., 2020c; Li et al., 2020; Wang et al., 2021a,
2021b; Xie et al.,, 2021; Zhou et al., 2021). The
monitoring tools and methods commonly used in the
process of physical simulation include acoustic
emission, displacement metering, computer tomog-
raphy scanning, dynamic caustics, digital speckling
and electric measurement, based on which abundant
fracture mechanical parameters and fracture
expansion data have been obtained for coal and rock
(Cai et al., 2020b; Song et al., 2020; Zhang et al.,
2021a, 2021b). On the basis of physical simulations,
previous workers have focused on analyses of
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mechanical behavior, fracture properties, energy
characteristics, damage evolutions, and brittleness
evaluations of coal samples under external loads.
The proposed coal-rock damage models have been
based mostly on statistical data and traditional
stress-strain curves, and the degree of regulation of
post-peak characteristics has been limited (Borden
et al., 2016; Zhang et al., 2020a, 2020b; Zhou et al.,
2020; Li et al., 2022). The study of strain energy
during compression failure has focused on the laws
of energy storage, conversion, release and dissipa-
tion, the construction of models for the evaluation of
brittleness, and the factors that influence the evolu-
tion of energy (Tarasov & Potvin, 2013; Liu et al.,
2021; Qiao et al., 2022). Overall, the existing re-
search is beneficial for understanding the mechanical
properties and deformation and failure laws of coal
reservoirs (Sampath et al., 2018; Liu et al., 2020; Lu
et al., 2020). However, research on the cooperative
control of fracture expansion, matrix deformation,
energy evolution and damage of coal samples by
fracturing fluid is insufficient at present, and the
existing damage models cannot reflect the control
effect of fracturing fluid saturation (w), stress, and
strain energy on the failure process of coal.

In view of this, based on the physical simulation
experiment of uniaxial compression, combined with
elastic damage mechanics and energy theory, the
deformation and failure process and energy evolu-
tion of coal samples with different fracturing fluid
saturations during uniaxial compression were ana-
lyzed in this study. A damage constitutive model of
coal samples with fracturing fluid in the whole pro-
cess of uniaxial compression was constructed, and
the rationality and accuracy of the constitutive
model were verified by the measured data. These
research results can provide a theoretical basis for
the hydraulic fracturing of CBM wells.

MATERIALS AND METHODS
Basic Parameters of Coal in the Study Area

The experimental samples were collected from
the No. 3 coal seam of the Danshuo Coal Mine in
the Laochang mining area of eastern Yunnan, with
average burial depth of 410 m (Zhang et al., 2021a,
2021b). Coal blocks with complete structures and
sizes larger than 200 mm were selected from the
working face of the Danshuo Mine, numbered and
wrapped in plastic wrap, black plastic bags, trans-
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Table 1. Test results of coal quality and density

Sample ID Proximate analysis (%) Apparent density (g/cm?®) True density (g/cm?)
Mad Ad Vdaf FCd

DS-4 1.71 14.59 10.23 76.67 1.38 1.43

DS-6 1.79 13.60 10.57 7126 1.42 1.48

DS-3 1.75 14.94 9.72 76.80 1.34 1.40

M,q4 , moisture content; Aq , dry base ash; Vg, , dry ash free basis volatile; FCy , fixed carbon content

Table 2. Test results of coal petrography

Sample ID Nonmineral (%) Contain mineral (%) Ry, max

(%)
Vitrinite Inertinite Organic Clay Sulfides Carbonate Silicon dioxide

DS-4 91.55 8.45 96.24 0.63 - 2.50 0.63 3.14

DS-6 80.93 19.07 96.20 1.27 - 2.53 - 313

DS-3 85.71 14.29 83.65 3.77 - 8.18 4.40 3.28

parent glue and foam paper in turn, packed in a
packing box with a buffer bubble cushion and
transported back to the laboratory.

The coal quality characteristics and test results
of the true and apparent densities of the experi-
mental coal samples are shown in Table 1. The coal
sample of the Danshuo Coal Mine is low and med-
ium ash anthracite with average apparent density of
1.38 g/cm® and true density of 1.44 g/cm®. The coal
petrography test results are shown in Table 2. The
macrolithotype of the coal was semi-dull to semi-
bright, the average content of vitrinite was 86.06%,
inertinite was 13.94%, and exinite was not detected.
The inorganic minerals were mainly carbonates,
followed by clay and silica.

The microscopic images of coal samples from
the Danshuo Mine under the scanning electron
microscope are shown in Figures 1 and 2. The coal
matrix was dense, the cross section was diverse, and
most of the pores were irregular (Fig. 1a and b). The
microfractures in the coal matrix were well devel-
oped, the widths of the fractures were mostly be-
tween several hundred nanometers and a few
microns, the surfaces of the fractures were smooth
and extended far away, and most of them were shear
cracks (Fig. 1c). In addition, the bedding plane and
most of the cracks in the coal seam were filled with,
among others, calcite and clay minerals. The filling
area was banded and densely reticulated, resulting in
poor connectivity between cracks (Fig. 1d). The
reason for the above phenomena is that the coal

seam underwent different stages and intensities of
tectonics in the sedimentary process, which led to
pore deformation, and secondary fractures were
generally developed and filled by minerals.

Sample Preparation

According to the suggestion of ISRM, the
sample preparation process of uniaxial compression
tests (UCTs) with different fracturing fluid satura-
tions is as follows. (1) Cylindrical samples with
diameter (D) of 50 mm and height (H) of 100 mm
were drilled along the parallel bedding direction,
and the samples were carefully polished so that the
nonuniform error was controlled below 0.05 mm and
the non-parallelism of the two ends was less than
0.1 mm. (2) The polished coal samples were placed
in a drying box and dried at 70 °C for 24 h. After
that, the samples were removed and weighed every
3 h until the quality of the coal samples no longer
changed. It was then assumed that the movable
moisture in the coal samples was completely lost,
and the dry weight of the samples was recorded. (3)
An active hydraulic fracturing fluid with 2% KCl
concentration was prepared with KCI powder and
distilled water. The dried coal samples were placed
in a vacuum pressure saturation device under vac-
uum for 6 h, saturated with fracturing fluid for 18 h,
and weighed. The saturated weight of the coal
samples was recorded, and the saturated liquid
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Figure 1. SEM images of the coal samples from the Danshuo Mine.

content of the coal samples was calculated. (4)
Taking the fracturing fluid saturations of 0, 25, 50, 75
and 100% as variables, the quality of each sample
was calculated when it reached theoretical satura-
tion; the coal samples were placed indoors so that
the fracturing fluid could evaporate naturally until
the coal sample quality reached the theoretical va-
lue, and then the coal samples were wrapped with
cling film to complete the sample preparation. The
basic information on coal samples with different
fracturing fluid saturations is shown in Table 3.

It should be noted that the DS5-2, DS5-3 and
DS2-1 samples with 0% saturation of fracturing fluid
were not subjected to vacuum pressure saturation
treatment as the control group of coal samples after
fracturing fluid treatment. Except for the above
three coal samples, the mass of other coal samples
after drying ranged between 276.62 and 308.77 g,
with average of 287.79 g. The mass of fully saturated
coal samples ranged between 280.13 and 311.83 g,
with average of 291.86 g. The amount of fracturing
fluid absorbed by different coal samples in the sat-

uration process ranged from 2.23 to 8.07 g, with
average of 4.07 g. There were differences in the
quality of different coal samples and the amount of
fracturing fluid absorbed during saturation, which is
related to the material composition, porosity, frac-
ture development degree, mineral content and
properties of coal. Almost all the fluid produced by
the existing CBM wells in the study area was frac-
turing fluid (Qin et al., 2018; Yang et al., 2020). The
results show that the water content of the No. 3 coal
seam was weak and that it was a typical weak water-
bearing coal seam. The mechanical properties of
coal were mainly affected by the in situ stress regime
of the reservoir and fracturing fluid in the fracturing
process.

Testing System and Procedures
Uniaxial compression deformation tests of coal

samples with different fracturing fluid saturations
were carried out using the TAW-2000 microcom-
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Figure 2. Morphology and EDX spectrum analysis of calcite.

Table 3. Basic information of coal samples with different fracturing fluid saturations
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Saturation (%) Sample ID H (mm) D (mm) Dry weight (g) Saturated weight (g) Liquid mass (g) Theoretical quality (g)

0 DS5-2 100.15 49.94 285.49
DS5-3 100.17 49.95 286.24
DS2-1 100.10 50.04 314.95
25 DS1-3 100.16 50.11 294.90
DS4-1 100.42 49.95 290.82
DS4-2 100.25 49.91 291.51
50 DS1-2 100.40 50.10 281.17
DS5-4 100.30 49.92 288.00
DS4-3 100.41 49.91 285.00
75 DSs-5 100.18 49.98 290.48
DS5-1 100.28 50.02 288.72
DS5-6 100.28 49.94 308.77
100 DS1-1 100.44 49.95 280.56
DS4-4 100.61 49.89 276.62
DS3-1 100.32 49.93 276.95

- - 285.49
- - 286.24
- - 314.95
298.65 3.75 295.84
293.49 2.67 291.49
293.74 223 292.07
285.68 4.51 283.43
293.99 5.99 291.00
288.41 3.41 286.71
295.00 4.52 293.87
291.35 2.63 290.69
311.83 3.06 311.07
285.01 4.45 285.01
280.03 3.51 280.13
285.12 8.07 285.02

puter-controlled electrohydraulic servo rock triaxial
testing system. The testing system was mainly com-
posed of a control system, pump, loading machine,
and strain measuring device. The device is shown in
Figure 3. The stiffness of the host of the loading
machine was greater than 10 GN/m, the loading
capacity was 2000 kN, the upper limit of confining
pressure was 100 MPa, and the minimum time
interval of computer data acquisition was 1 ms.
After the coal samples with different fracturing
fluid saturations were prepared, they were placed
between the upper and lower heads of the loading
machine, the loading machine was started, and axial
compression was applied at a speed of 0.001 mm/s
until the coal sample was completely unstable.
During the experiment, an ASM linear displacement
transducer was used to measure the axial and radial
strain of the coal samples, and the computer-con-

trolled program was used to record the axial stress
(1), axial strain (&) and radial strain (&3) during the
whole process.

TEST RESULTS AND DISCUSSION
Uniaxial Mechanical Properties

Figure 4 shows the changes in uniaxial com-
pressive strength (¢.), peak strain (e.), elastic mod-
ulus (E) and Poisson’s ratio (v) with fracturing fluid
saturation. Compared with dry coal samples, the
strength damage of coal samples with 25, 50, 75 and
100% fracturing fluid saturation can reach 3.37,
37.81, 15.18 and 72.30%, respectively (Fig. 4a). The
damage of E can reach — 1.15, 32.99, 19.47 and
59.91%, respectively (Fig. 4c). It is known that the
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Figure 3. Compression experimental system for coal samples.

mechanical properties of coal samples show a
weakening trend under the influence of fracturing
fluid, especially when the mechanical properties of
fully saturated coal samples decrease greatly, which
is consistent with previous studies on the effect of
multiphase fluid saturation on the mechanical
properties of coal and rock (Zhang et al., 2019a,
2019b; Lai et al., 2020). The ¢. of coal samples with
different fracturing fluid saturations does not show
obvious regularity but fluctuates within the range of
0.35-0.52 mm (Fig. 4b), indicating that fracturing
fluid mainly affects the mechanical bearing capacity
of coal, and the ¢. of coal samples is mainly con-
trolled by the material composition of the coal ma-
trix itself. In addition, the relationship between v
and fracturing fluid saturation is not obvious. How-
ever, the coal samples taken from the same coal
block DSS still show a certain regularity; the v of dry
coal samples is 0.21, and v reaches 0.37 and 0.33
when the fracturing fluid saturation increases to 50
and 75%, respectively (Fig. 4d), indicating that when
other factors remain the same, v increases with
increasing fracturing fluid saturation. The main
reason why the v of different coal samples does not
show obvious regularity is that the deformation
characteristics of different coal blocks are different,
that is, coal has strong anisotropy. By comparing the
changes in different mechanical parameters with the
fracturing fluid saturation, it is found that ¢. and E
are more affected by the fracturing fluid, ¢. is con-

trolled by the coal matrix itself, and v has stronger
anisotropy.

The stress-strain curves of coal samples with
different fracturing fluid saturations are shown in
Figure 5. Combined with the basic parameters of the
coal samples in Table 3, it was found that the in-
crease in fracturing fluid saturation led to the
weakening of brittleness, the shape of the curve
tended to be complex, the failure process tended to
be relaxed, and the mechanical properties showed
an obvious weakening phenomenon. Compared with
dry coal samples, the proportion of the stress-strain
curve in the post-peak stage increased with
increasing fracturing fluid saturation, indicating that
the energy stored in the compaction, elasticity and
yield stage of dry coal samples was released rapidly
in the post-peak stage, which led to the instability
and failure of coal samples, while the coal samples
with higher fracturing fluid saturation slowly re-
leased energy in the post-peak stage, and the failure
of coal samples showed ductile characteristics.

Failure Characteristics

The morphology of coal samples with different
fracturing fluid saturations showed the following
characteristics: (1) the fracture complexity increased
with increasing fracturing fluid saturation, the sur-
face of the high-saturation coal sample broke and
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Figure 4. Comparisons of g, ¢, E and v of the coal samples.

collapsed, and water marks were seen on the frac-
ture surface, indicating that the lubrication of frac-
turing fluid promoted the destruction of coal
samples. (2) The low-saturation coal samples
exhibited mainly shear failure and axial splitting,
and obvious penetrating cracks were seen on the
surface of the coal samples after failure, but the
scale and number of radial cracks were small. A
large number of non-penetrating fractures were
developed along the radial direction of high-satura-
tion coal samples that were orthogonal or oblique to
the axial penetrating cracks, which greatly increased
the complexity of the failure morphology of coal
samples (Fig. 6). The above characteristics are due
to two aspects. One is that the carbonate and clay

minerals filled in micro-fractures softened, became
muddy and dissolved under the action of water in
the fracturing fluid, and the adhesion between the
coal matrix decreased, which led to fracture activa-
tion and reduced the difficulty of relative slip of the
fracture surface. On the other hand, the pores and
cracks of coal were closed gradually under the action
of fracturing fluid and external load, and the frac-
turing fluid that could not be discharged in time in-
creased the pore water pressure in the coal, which
promoted the concentration of tensile stress at the
tip of the natural fracture and led to fracture
expansion. These findings are consistent with those
in previous quasistatic experimental studies of the
weakening effect of water on rock strength (Wong
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et al., 2016; Cai et al., 2019; Zhong et al., 2019).
Corresponding to the stress-strain curve, the failure
degree of the coal samples increased with increasing
fracturing fluid saturation, indicating that the coal
samples of high-pressure fracturing fluid saturation
broke gradually and that the fracture expanded fully
in the process of slow elastic release.

To further analyze the distribution characteris-
tics and failure mode of coal microfractures, the
fracture morphology of coal before and after com-
pression was observed and recorded by electron
microscopy (Fig. 7). The development of natural
fractures in dry coal samples was high, but most of

[——DS2-1

Stress (MPa)

Strain (mm)

Figure 5. Uniaxial stress—strain curves of the coal samples with
different water saturations.
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the microfractures were filled by minerals, and the
connectivity between them was poor (Fig. 7a), which
is consistent with the test results of coal in section
Basic Parameters of Coal in the Study Area. The
micro-fractures in dry coal samples expanded mainly
along the boundary between calcite and vitrinite,
and the micro-fractures terminated at the boundary
between inertinite and vitrinite. Combined with
previous research results (Hol et al., 2012; Pan et al.,
2013; Zhao et al., 2019a, 2019b; Puskarczyk et al.,
2022), the brittleness of vitrinite is considered
stronger than that of inertinite (Fig. 7b). The coal
samples with 50% fracturing fluid saturation formed
chiefly main fractures parallel to the loading direc-
tion along the boundary between vitrinite and iner-
tinite. The shape of the main fractures was relatively
straight, and some of them were orthogonal to the
main fractures. However, the calcite veins of the
activated filled fractures had not been dissolved
largely (Fig.7c). The coal samples with 100% satu-
ration of fracturing fluid formed a main fracture
parallel to the loading direction along the boundary
of vitrinite and inertinite and between vitrinite and
the calcite vein. The increase in fracturing fluid
saturation reduced the intensity of vein cementation
and activated the filling fracture, which was
orthogonal to the main fracture, making the shape of
the fracture more complex (Fig.7d and e).

Based on the macro- and micro-fracture mor-
phology of coal samples and the changes in the
physical and chemical properties of coal, combined

Q_Jom

Q_Jom

Figure 6. Uniaxial compression failure mode of coal samples with different fracturing fluid saturations (a) 0%: DS5-3; (b) 25%: DS4-2; (¢)
50%: DS5-4; (d) 75%: DS5-6; (e) 100%: DS3-1.
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Figure 7. Distribution characteristics of micro-cracks in coal samples under uniaxial compression: (a) calcite vein filling fracture; (b)

fractures terminate at inertinite; (¢) 50% saturation of fracturing fluid; (d) 100% saturation of fracturing fluid; (e) partial magnification of
Figure 7d.

with the research results of Yao et al. (2021), it is
considered that the coal samples containing frac-
turing fluid were controlled by tension and shear at
the same time under an external load, and the effect
of fracturing fluid on the friction coefficient between
fracture surfaces was less than that on particle
cementation, which is the main reason for the tran-
sition from shear failure in the dry state to tension—
shear composite failure in the saturated state.

Energy Evolution and Structural Damage

Energy Parameters

The deformation and failure of coal samples
during loading is an energy-driven instability phe-

nomenon (Wen et al, 2020; Yin et al., 2021).
According to the law of conservation of energy,
without considering the external heat exchange, it
can be considered that the total energy (U) of coal
samples in the compression process is composed of
elastic energy (U) and dissipated energy (UY)
(Fig. 8). The expression is (Liu et al., 2016):

U=U"+U" (1)

For the triaxial compression process, U and U°®
can be characterized by the stress and strain of coal
samples, which are calculated, respectively, as:

& &3
U= / o1dey +2/ o3des (2)
0 0
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Figure 8. Characteristics of the energy distribution during
uniaxial compression.

Ue = %0'18‘13 + 03¢5 (3)
where o5 is radial stress, ¢, is axial elastic strain and
&3° is radial elastic strain. According to Hooke’s law,
combined with the research results of Xie et al.
(2011) and Wang et al. (2021a, 2021b), Eq. 3 can be
rewritten as:

1

U’ =
2E,

[0% +20% — 20(20105 + 03] (4)

where Eu is the unloading modulus. For the uniaxial
compression process, o3 = 0, E,, ~ E, and Eqgs. 2 and
4 can be rewritten as:

U:/ 0'1d81 (5)
0

e __ 1 2

U =550 (6)

By substituting Eqgs. 5 and 6 into Eq. 1, the
expression of dissipated energy in the process of
uniaxial compression is obtained, thus:

&1 1
U’ = /0 o1der — ﬁa% (7)

In addition, ¢, and ¢, in Figure 8 are the uni-
axial compressive strength and peak strain, respec-
tively, where the peak strain is the axial strain when
the coal sample reached o..

X. Fang et al.

Construction of the Fracturing Fluid-Stress-Strain
Energy Damage Model

The failure process of coal under uniaxial
compression is controlled essentially by the accu-
mulation and dissipation of energy, but existing
damage models fail to take into account the effect of
energy on coal damage. Therefore, considering the
effect of the above energy parameters in the con-
struction of the damage model, this study explored
the construction of a damage model governed by the
fracturing fluid, stress, and strain energy.

For weak water-bearing coal seams, a large
amount of active hydraulic fracturing fluid injection
in a short time will have an important impact on the
mechanical properties of the coal seam, mainly
manifested in the deterioration of mechanical
properties, damage to the coal structure and a rapid
evolution of reservoir energy. At the initial stage of
applying stress, the strain energy was concentrated
mainly at the tip of the natural fracture. As the stress
increased, the coal samples released energy in the
form of plastic failure during crack development.
According to the theory of macroscopic damage
mechanics and the first law of thermodynamics, the
damage degree was characterized by the difference
in energy characteristics of coal samples with dif-
ferent fracturing fluid saturations, and it was as-
sumed that the damage of coal samples with 0%
fracturing fluid saturations was 0. The fluid damage
variable of the coal sample under the influence of
fracturing fluid was defined by the change in elastic
energy under different fracturing fluid saturations,
thus:

Dy=1-2% 8)

where D,, is the damage variable when the fractur-
ing fluid saturation is w, U, is the elastic energy
when the fracturing fluid saturation is 0%, and U°,, is
the elastic energy when the fracturing fluid satura-
tion is w. Equation 6 was inserted into Eq. 8 to ob-
tain:

2
E()O'lw

Dy=1- 9)

2
Eyoyy

where Ej is the £ when the fracturing fluid satura-
tion (MPa) was 0%, oy is the axial stress when the
fracturing fluid saturation (MPa) was 0%, E,, is the
E when the saturation (MPa) of the fracturing fluid
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was w, and a1, is the axial stress when the fracturing
fluid saturation (MPa) was w.

The damage of the microelement under an
external load was random and difficult to charac-
terize by a single eigenvalue. Assuming that there
was no obvious plastic deformation in the pre-peak
stage of uniaxial compression, the damage deterio-
ration degree of the meso-microelement can be de-
scribed by the forced damage variable (D,), which is
expressed as (Zhu & Tang, 2004; Li et al., 2021):

_ 0 eg<e
D.= { 1—(e/e1)" & > & (10)

where n is the damage constitutive coefficient.
According to Lemaitre’s strain-equivalent principle,
combined with the stress condition of uniaxial
compression, the following relations can be obtained
(Lemaitre, 1992):

o] = ol _ 1€l (1)

[1_Ds] _(1_D£)

where [07] is the effective stress tensor, [oy] is the
nominal stress tensor, [C] is the elastic modulus
tensor and [g] is the strain tensor. It was assumed
that the mechanical properties of coal are macro-
scopically isotropic, that the elastic phase dominates
before uniaxial compression failed, and that the
stress-strain relation of coal was consistent with
Hooke’s law. The constitutive relation for mechan-
ical damage in coal is:

g1 = E(l — DS)Sl (12)

Considering that the total energy before the
peak was composed of elastic energy and dissipated
energy, the elastic coefficient (1) was defined as:

Ue
T U+ U
Considering the effects of coal mechanical
properties, fracturing fluid and axial load on coal

damage, according to Egs. 9 and 13, the following
relationship can be obtained:

u (13)

uE()G%W

EF=uE, =—"—
" (1 _DW)U%O

(14)

By substituting Eq. 14 into Eq. 12, the damage
characteristics of coal under the coupling action of
fracturing fluid-stress-strain energy can be obtained,
thus:

ME()J%W

a-Dy) (1—-D,)e (15)
w)01o

g1 =

Combining Egs. 10 and 15, the damage consti-

tutive model of coal samples containing fracturing

fluid in the whole process of uniaxial compression
can be expressed by the piecewise function:

uEO(r%w
(17DW)<7%0
qua%w g

T D 7T &2 &

& a<<é

(16)

g1 =

Model Verification and Parameter Discussion

To verify the rationality and accuracy of the
whole process damage constitutive model of coal
samples with fracturing fluid under uniaxial com-
pression based on strain energy and elastic damage
mechanics, the damage parameters of coal samples
with different fracturing fluid saturations were
counted and calculated, and these parameters were
substituted into Eq. 15. The model curves were
drawn in turn and compared with the actual curves
of the UCTs of each coal sample. The parameters of
the damage model of coal samples containing frac-
turing fluid are shown in Table 4.

The comparison of the stress-strain experi-
mental curves and model curves of coal samples with
different fracturing fluid saturations is shown in
Figure 9. The results showed that the constitutive
model constructed in this study reflected well the
strength characteristics of coal and rock under the
action of fracturing fluid and axial stress. The dam-
age constitutive model curve was similar to the
experimental results in the pre-peak and post-peak
stages, and the theoretical curve was in good
agreement with the measured data. Coal is close to
an elastic brittle body in the process of uniaxial
compression, and the axial strain increased linearly

Table 4. Parameters in the coal damage constitutive model with
different fracturing fluid saturations

Samples w (%) &c E (MPa) u n
DS5-3 0 0.49 2993 0.76 4
DS4-2 25 0.41 3484 0.72 8
DS5-4 50 0.50 2257 0.74 5
DS5-5 75 0.50 1705 0.78 4
DS3-1 100 0.35 905 0.76 4
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Figure 9. Comparison between the test and theoretical curves
in the coal damage constitutive model.

with increasing axial stress in the pre-peak stage.
Both the theoretical curve and the experimental
curve decreased linearly in the post-peak stage, and
the slope of the post-peak curve of coal samples with
saturation below 75% was larger than that in the
pre-peak stage, indicating that the internal damage
of coal developed continuously in the post-peak
stage, and the strain energy absorbed in the pre-
peak stage was released rapidly after the coal sample
reaches uniaxial compressive strength.

The theoretical values of ¢. and ¢, calculated by
the theoretical model were consistent with the
experimental results, the post-peak bearing capacity
was lost, and there was no residual strength, which
further reflects the rationality of the theoretical
model. Overall, the theoretical model constructed in
this study can reflect the deformation and strength
characteristics of coal in the whole process of uni-
axial compression, and the accuracy of the model
was better than that of the traditional continuous
statistical damage constitutive relation.

On the basis of model verification, the influence
of model parameters on the shape of the theoretical
curve was discussed, and the rationality of model
parameters was further analyzed. The pre-peak
characteristics of the theoretical curve were con-
trolled by E, axial stress, axial strain and u, and the
related parameters can be calculated from the
experimental results. The post-peak characteristics
of the model depended on E, axial stress, axial
strain, u, and n. Except for n, the other parameters

X. Fang et al.

10k Pre-peak
n=4
n=6
n=8
8 n=10
-n=12
E 6f
g
S
4L
2 -
0 " 1 " 1 n 1 " 1
0.0 0.1 0.2 0.3 0.4

€ (mm)

Figure 10. Effect of parameter n on the theoretical deviatoric
stress-strain curve.

came from the experimental results. Using coal
sample DS4-2 as an example, the influence of n on
the theoretical curve was analyzed when the other
parameters remained constant. The results are
shown in Figure 10. It can be seen that n affects the
magnitude of the M-Descendant modulus, which is
shown in the control of the speed and degree of
stress drop. In summary, the damage constitutive
model established in this study was determined by
the measured mechanical parameters and » of coal.

It should be noted that there was some devia-
tion between the constitutive model built based on
the basic assumptions of elasticity and the measured
data in this study, which is mainly reflected in that
the gradient of the measured values in the com-
paction stage and yield stage of uniaxial compres-
sion was smaller than the calculated results of the
model, which reflects the plastic enhancement of
coal in these two stages. The reason lies in the
compaction of the micro-pores and fractures in the
compaction stage and the activation of the fractur-
ing fluid on the micro-cracks in the yield stage.
Therefore, to develop a more appropriate energy
constitutive model for the uniaxial compression
process in coal, it was necessary to modify the
destruction variables in the compaction and yield
stages. Related content is a difficulty that has re-
ceived extensive attention from researchers in this
field and will continue to be studied in depth in
follow-up work.
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CONCLUSIONS

(1)

@)

3)

“4)

The complexity of fractures in weak water-
bearing coal strata under the influence of
multistage tectonic movements is affected by
active hydraulic fracturing fluid. For a coal
seam in the Danshuo Coal Mine in eastern
Yunnan, micro-cracks are developed in the
coal matrix, but most of them are filled with
calcite and other minerals, which lead to the
deterioration of the connectivity between the
fractures. The injection of fracturing fluid re-
duces the cementation strength of the filling
body and the adhesion between the coal ma-
trix and complicates the fracture shape.

The mechanical properties of coal samples
show a weakening trend under the influence of
fracturing fluid. Compared with dry coal sam-
ples, the . damage of fracturing fluid-satu-
rated coal samples was 72.30%, and the E
damage was 59.91%, both of which were lin-
early related to saturation. With the increase
in fracturing fluid saturation, the brittleness of
the coal sample weakens, the fracture expands
fully, and the shape of the post-peak curve
tends to be complex, showing ductile failure
characteristics.

Fracture propagation is affected by macerals,
main stress direction and fracturing fluid sat-
uration. The main stress determines the
macroscopic fracture direction, and the micro-
fracture extends along the boundary of calcite
vein-vitrinite and vitrinite—inertinite and ter-
minates at the inertinite-vitrinite boundary.
The increase in fracturing fluid saturation
promotes the dissolution of calcite and other
minerals in filling fractures, which is the main
cause of fracture activation.

The uniaxial compression damage constitutive
model of coal samples containing fracturing
fluid based on strain energy and elastic damage
mechanics is in good agreement with the
experimental data. The model curve is deter-
mined by the measured mechanical parame-
ters and parameter n, which can reflect the
damage constitutive relation of coal under the
coupling action of fracturing fluid—stress—strain
energy and is suitable for analyzing the stress-
strain problem of coal with fracturing fluid
under uniaxial compression.
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