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ARTICLE INFO ABSTRACT
Keywords: The existence of hard rock layers has a serious impact on coal seam mining, in order to explore
CO,-Water-rock coupling the acidification and crushing mechanism of hard sandstone rock layers, this paper adopts the

Thick hard sandstone gangue layer
Pore structure
Crushing mechanism

self-developed CO,-water-rock coupling test device to carry out the testing of mechanical prop-
erties and internal structural characteristics of rock samples before and after the coupling action
of the three sandstones, and analyzes the influencing factors of sandstone CO5 coupling crushing.
The study shows that: the lower the temperature of COp-water-rock coupling, the higher the pore
pressure, the higher the volume fraction of CO3 in the coupling fracturing fluid, and the longer the
coupling time, the greater the decrease in the mechanical strength of the rock samples, and the
more complicated the splitting damage pattern is, and the COy-water-rock coupling makes the
pore and fracture volume fraction and fractal dimension of three kinds of sandstone samples
increase to varying degrees, whereas the volume fraction of minerals and the fractal dimension
decrease, and the CO,-water-rock coupling results in a decrease in the volume fraction of minerals
and fractal dimension, and a decrease in the volume fraction of minerals and fractal dimension.
The pore volume fraction and fractal dimension of the three sandstone samples increased to
different degrees, while the mineral volume fraction and fractal dimension decreased, and the
pore volume fraction and fractal dimension of the three sandstone samples decreased. The
damage pattern of sandstone samples after coupling is affected by both chemical and mechanical
damages. When using coupling fracturing fluid with 8 % COg, the degree of mineral dissolution
and dissolution is the largest, and the dissolution effect is larger than the precipitation effect,
which has the most significant effect on the morphology type and connectivity of microscopic
pore cracks, and the study in this paper has certain theoretical and practical value for the
chemical softening of sandstone.

1. Introduction

Global warming is one of the most serious challenges facing the world today. It has a huge impact and threat on human society and
natural ecosystems [1-6]. The Paris Agreement requires countries to achieve a balance between greenhouse gas emissions and ab-
sorption in the second half of this century, that is, to achieve carbon neutrality. In order to cope with global warming and achieve the
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goal of carbon neutrality, governments and international organizations have taken a series of measures, including reducing greenhouse
gas emissions, improving energy efficiency, developing renewable energy, strengthening climate adaptability, promoting green and
low-carbon development, adopting carbon capture and storage technologies and energy utilization of carbon dioxide [7-12].

In recent years, COy-water-rock coupling fracturing technology has received extensive attention from domestic and foreign experts
in the coal industry because of its many advantages, such as increasing coal production, no pollution of reservoirs, saving water re-
sources, and effectively burying CO,, etc., and CO2 phase-change fracturing has been expected in the field of anhydrous fracturing
technology [13-17]. In order to investigate the mechanism of CO,-water-rock coupling action and improve the level of rock fracturing
and COy utilization efficiency, scholars at home and abroad have carried out a large number of experimental studies, simulations and
field practices, basically determining the damage damage law of the rock body when the CO, fracturing fluid is injected into the
conventional rock formations [18-23], and grasping to a certain extent the properties of the rock body itself (mineral composition
[24], mechanical strength [25] pore structure [26], permeability, water content [27], etc.), the properties of CO, fracturing fluid [28],
phase state [29], salt concentration [30], and the coupling conditions (temperature, pressure [31,32], time of action [33], etc.) on the
damage of the rock, which effectively improves the effect of coupled fracturing. However, at present, the main target rock of
COy-water-rock coupling is shale, and there are fewer studies on COz-water-rock coupling crushing mechanism in coal bed hard
sandstone, and the number of cycles of coupling action is often ignored, the influence of the softening effect, the pore and fracture
structure of the rock layer of the CO,-water-rock coupling action, and the mechanism of mechanical and chemical composite damage is
still unclear and its influencing factors have not been fully quantified [34-38].

Therefore, to address the problem of hard rock fragmentation, this paper combines the principle of hydraulic fracturing with the
technical advantages of COs fracturing, with the goal of revealing the softening mechanism of CO,-water-rock coupled fracturing of
hard sandstone at the working face, analyzing the influencing factors of sandstone softness and permeability through the physico-
chemical modification of sandstone under the action of COp-water-rock coupling, and researching the intrinsic relationship between
the fracturing pore cleavage dissolution and solvation and the destructive deformation of the sandstone.

2. Experimental materials and methods
2.1. Rock sample collection and fracturing fluid preparation instructions

In this paper, the gangue samples were taken from the 112201 comprehensive mining face of Xiaobaodang coal mine in the Jurassic
of northern Shaanxi Province, China. On-site geological exploration shows that, as shown in Fig. 1a, there is a continuous distribution
of hard sandstone rock strata along the strike of the coal beds in the range of 100~560m, which runs through the whole length of the
face, with the lithology dominated by siltstone and fine-grained sandstone, and a small amount of medium-grained sandstone and
coarse-grained sandstone, which shows excellent solidity properties, and Fig. 1b shows some of the original samples of the three
sandstone rocks during the experimental sampling of the samples. Fig. 1b shows some of the original samples of the three sandstones
during our experimental sampling.

The samples used for all experiments and tests in this paper are sandstones with lithologies of siltstone, fine-grained sandstone, and
coarse-grained sandstone, respectively. During sampling, columnar rock samples with a diameter of 50 + 0.1 mm were drilled from the
downhole cores, and then the end faces of the processed samples were polished and made to be parallel to the cylindrical surfaces
(Fig. 2) in order to meet the requirements of the subsequent tests.

The key to COz-coupled fracturing fluid preparation is the preferred selection of surfactant and the determination of CO3 mass
fraction, and the compound surfactant is selected for the physical and mechanical characteristics of the hard sandstone layer to be
fractured and softened. According to the relevant research results of the team’s coal rock softening active fracturing materials [39], in

Coal wall lining of the working face

Fine sandstone sample

Fig. 1. Experimental samples (a is empirical evidence of sandstone rock exposed in the coal wall of the working face, b is partial sand-
stone sampling).
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the COy-coupled fracturing fluid configuration, a compounded surfactant consisting of anionic K-12 and nonionic OP-10 with a
concentration of 2 %o was selected, and an aqueous KCl solution containing 2.5 % of KCl was added to the compounded surfactant,
which was uniformly mixed and made into the active water-based solution, numbered CW-0, and the CO, cylinder was passed through
to the CW-0 active water-based solution, using a constant temperature magnetic stirrer and adjusting the rotational speed, so that CO5
is fully dissolved in the CW-0 active water-based solution until saturated, and the prepared CO, saturated solution continues to be
added to the different quality of the CW-0 active water-based solution, and CO; coupled fracturing fluids with CO5 mass fractions of 4
%, 6 %, and 8 % are configured respectively, with the numbering CW-4, CW-6, and CW-8, respectively. CW-4, CW-6 and CW-8,
respectively.

2.2. COz-water-rock coupled fracturing system

The self-developed CO,-water-rock coupling test device (Fig. 3) was used to test the mechanical properties and internal structural
characteristics of rock samples before and after the coupling action. The device mainly consists of a pressure chamber, a temperature
control system, a coupling fracturing fluid supply device, and a constant-speed and constant-pressure pump, etc. The maximum
working pressure of the triaxial pressure chamber is 40.0 MPa, and a stress sensor is installed inside. The maximum working pressure of
the triaxial pressure chamber is 40.0 MPa, and the stress sensor is installed inside. The heating device in the temperature control system
wraps the side of the pressure chamber, and heats the pressure chamber through the heating ring and heat-insulating asbestos, and
realizes the temperature control of the pressure chamber by using the built-in temperature sensors and controllers (room temperature
to 100.0 °C), and the constant-speed and constant-pressure pump can realize the pressurization in the range of 0.0-40.0 MPa, and the
constant-speed and constant-pressure pump can realize the pressurization in the range of 0.0-40.0 MPa. The pressure inside the
pressure chamber is tracked in real time through the pressure gauge and stress sensor to ensure constant pressure.

2.3. COz-water-rock coupled fracturing experiments

The lithology and temperature-pressure environment of sandstone formations are important influencing factors for the evolution of
their dynamic mechanical properties, however, the lithology of rocks is difficult to be changed by human intervention, therefore,
physical damage and chemical erosion of rock bodies by changing the environment of rock formations have become one of the main
means of artificially modifying the properties of rock formations [41]. In this experiment, the effects of CO5 mass fraction, temper-
ature, pressure, time and number of reaction cycles on the compressive and tensile strength of the rock mass during coupled fracturing
experiments were mainly investigated, and the specific experimental conditions were as follows(Table 1).

In this study, the COy-water-rock coupling test was carried out, the temperature of the pressure chamber was set and the heating
system was turned on, and after the temperature was stabilized to the set value, the inlet valve was opened, CO was injected at regular
intervals and quantitatively, the inlet valve was closed, the injection valve was opened, and the pressure was pressurized using the
booster pump according to the pressurization rate of 0.3 MPa/min, and the pressure in the pressure chamber was maintained at a
constant pressure until the pressure reaches the target value and the recording of the change rule of the tensile strength and
compressive strength of the rock before and after the experiment started [43,44]. Tensile strength and compressive strength of the
change rule, after the experiment, the samples were removed from the coupled reaction device, set in a drying oven at 60 °C to dry for
24h, and then sealed and preserved for other experiments. As shown in previous studies [45-47], siltstone has a denser pore structure,
less pore volume and lower permeability than fine-grained sandstone and coarse-grained sandstone, and thus is theoretically the most
difficult to be eroded by the infiltration of aqueous chemical solutions. Based on this, this paper firstly selects siltstone as the rock test
sample to carry out the COg-water-rock coupling test, analyze the influence of key factors such as CO2 volume fraction, reaction
temperature, reaction time and pore pressure on the COp-water-rock coupling, and then carry out the test of fine-grained sandstone and
coarse-grained sandstone samples based on the optimal test parameter conditions, to analyze the influence of lithology on the
COy-water-rock coupling. The test will be conducted on fine-grained sandstone and coarse-grained sandstone samples to analyze the
influence of lithology on CO,-water-rock coupling.

2.4. Experiments on pore and fracture structure and component evolution in sandstone

Scanning electron microscope (SEM) was used to study the microstructure of the sandstone samples before and after the reaction
(based on the results of the coupled fracturing experiments, the microscopic tests were only carried out on the samples with the best

Table 1
Experimental parameter conditions [40,42].
Factor Experiment condition
Temperature 25 °C,35 °C,45 °C
Pressure 3 MPa,5 MPa,7 MPa
Time 6h,8h,10h
Cycle number Once,3 times,7 times
CO, Mass fraction 4 %,6 %,8 %
Rock species Siltstone; fine-grained sandstone; coarse-grained sandstone
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softening effect after the test, hereinafter), in order to obtain the microscopic surface morphology of the natural rock samples. The
scanning electron microscope test of the rock samples was carried out using a German Zeiss ZEISS Sigma 500 field emission scanning
electron microscope with a high and low vacuum resolution of 0.8 nm and 1.4 nm, a magnification of 10 to 1 million times, and an
accelerating voltage of 0.02-30 kV. After the start of the test, reduce the focusing power so that the sample can be clearly observed,
move the sample stage, as far as possible to observe the sample surface pore fissure structure, adjust the brightness and contrast, so that
the fluorescent screen display image brightness and darkness of the moderate image, image adjustment is clear, according to the
magnification needed to take pictures.

A MAXima-XRD-7000 X-ray diffractometer (XRD) was used to determine the changes in mineral components of the samples before
and after coupled fracturing. The testing process was carried out using Cu-target X-rays at an operating voltage of 40 kV and an
operating current of 30 mA. Before scanning, the sample powder was placed horizontally on the carrier table, the scanning range of the
vertical goniometer was adjusted to be 10-80°, and the scanning speed was set to be 3.85°/min. The X-ray diffractometer was turned
on to conduct the test, and the X-diffracted bopper of the rock samples tested was analyzed using the JADE6.0 software. JADE6.0
software was used to analyze the X diffraction waveforms of the tested rock samples to obtain the mineral fraction profiles and
elemental contents of each rock sample.

In this paper, the nanoVoxel-3000 geotechnical multi-scale high-resolution integrated scanning system was used to qualitatively
and quantitatively analyze the pore and fissure structure and mineral evolution caused by CO,-water-rock coupling, and the pore and
fissure of the three sandstone specimens, namely, chalky sandstone (C-T-F), fine-grained sandstone (C-T-X), and coarse-grained
sandstone (C-T-C), were segmented according to the dual-threshold segmentation method of the CT images, matrix and minerals
segmented images for body rendering, and then build a 3D visualization model.

3. Results
3.1. Changing law of COz-water-rock coupling compressive strength

According to the stress-strain curves before and after the CO,-water-rock coupling action (Fig. 4a), the change rule of the me-
chanical parameters of the rock samples can be obtained (Fig. 4b), compared with the natural samples, the compressive strength and
modulus of elasticity of the rock samples under the action of immersed clear water samples and coupled fracking fluids with different
CO4 mass fractions showed different degrees of decreases, and the action of the clear water, CW-0, CW-4, CW-6 and CW-8 The de-
creases of compressive strength were 12.13 %, 16.21 %, 23.51 %, 31.33 % and 42.81 %, and the decreases of modulus of elasticity were
23.28 %, 29.31 %, 37.18 %, 42.56 % and 57.87 %, respectively.

The compressive strength and modulus of elasticity of the rock samples acted by CO,-coupled fracturing fluid decreased more than
that of the natural samples and water-soaked samples as a whole, and the larger the CO2 mass fraction was, the more obvious the
decrease of compressive strength and modulus of elasticity was, so it can be seen that the CO5-water-rock interaction contributed to the
mechanical damage of the rock body, and the coupled fracturing fluid with a CO mass fraction of 8 % (CW-8) had the most significant
effect on the weakening of the strength of the rock samples.

3.2. Changing law of COz-water-rock coupling tensile strength

Since the tensile strength and compressive strength have the same rule of change, it can be seen that among the various fracturing
fluids, CW-8 can make the tensile strength of the rock to produce the largest degree of decline. Therefore, this paper focuses on the
influence in temperature field, stress field and action time on the tensile strength of sandstone under the action of CW-8. The char-
acteristic curves of sample loading with reaction time under different reaction temperatures, pore pressures, total time of static action
and number of cycles were plotted respectively (Fig. 5).
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Fig. 4. Mechanical parameters of rock samples under different action conditions (a represents the stress-strain curve of the sample, and b represents
the trend of mechanical property changes).
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Regardless of the temperature, the tensile strength of the reacted sandstone samples showed a significant decrease compared with
that of the natural rock samples (Fig. 5a), of which, the tensile strength decreased by 2.63 MPa, 57.21 %, the largest decrease at 25 °C,
1.66 MPa, 36.17 %, and 1.32 MPa, 28.76 %, the smallest decrease at 45 °C. The effect of CO,-water-rock coupling showed a weakening
trend with the increase of reaction temperature. 1.32 MPa, with a decrease of 28.76 %, the smallest decrease. The effect of COy-water-
rock coupling shows a weakening trend with the increase of reaction temperature.

Pore pressure has a greater influence on the effect of COy-water-rock coupling, and the tensile strength of rock samples after
coupling decreases with the increase of pore pressure (Fig. 5b). Compared with the natural rock samples, the tensile strength decreased
by 20.47 % at a pore pressure of 3.0 MPa, 49.67 % at a pore pressure of 5.0 MPa, and 57.21 % at a pore pressure of 7.0 MPa, and the
time for each sample to reach the peak load became shorter.

Overall, the decrease in tensile strength of the samples gradually increased with the growth of COs-water-rock coupling (Fig. 5c).
When the action time increases from 0 to 6.0 h, the tensile strength decreases by 1.84 MPa, with a decrease rate of 5.0 x 10~> MPa/
min, compared to the natural rock samples with a decrease rate of 40.9 %, when the action time increases from 6.0 to 8.0 h, the tensile
strength decreases by 0.12 MPa, with a decrease rate of 1.0 x 10-3 MPa/min, compared to the natural rock samples with a decrease
rate of 42.71 %, when the action time increased from 8.0h to 10.0h, the tensile strength decreased by 0.67 MPa, the decrease rate was
5.6 x 10-3 MPa/min, compared with the natural rock samples, the decrease rate was 57.21 %, compared with the natural rock samples,
the COy-water-rock coupling effect made the tensile strength of the rock samples to be decreased greatly, the process of coupling, with
the increase of the action time, the rock samples gradually decreased the tensile strength. During the coupling process, the tensile
strength of rock samples decreased gradually with the increase of the action time. Similar to the weakening effect in temperature and
pore pressure on the strength of rock samples, the time for rock samples to reach the peak load value became shorter under each action
time, and the longer the action time, the shorter the time for rock samples to reach the peak load value. Compared with temperature
and pore pressure, the weakening effect of CO,-water-rock coupling time on the tensile strength of rock samples is more significant.

Compared with the original samples, the peak load value of sandstone after CO,-water-rock coupling decreased significantly, and
the time to reach the peak value became shorter (Fig. 5d), and the more the number of cycles, the smaller the peak load value of the
rock samples could be reached, and the shorter the time used, but compared with the difference in the peak stress value and the time
used to reach the peak stress value before and after the action, the change of the tensile strength of the sandstone under the condition of
different number of cycles was relatively small. The change in tensile strength of sandstone under different number of cycles is
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Fig. 5. Load evolution pattern of rock samples under different action conditions (a,b,c and d represent the characteristic curves of sample load
variation with reaction time under the conditions of reaction temperature, pore pressure, total time of static action and number of cycles,
respectively).
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relatively small compared to the difference between the peak stress and the time taken to reach the peak stress.

The synthesis of the above experimental data and analysis shows that the tensile strength of the siltstone samples can be minimized
by choosing the CW-8 coupling solution and softening the siltstone samples for 10.0h (cycling 1 time) under the conditions of the
reaction temperature of 25 °C and the pore pressure of 7 MPa.

3.3. Effect of COz-water-rock coupling on the tensile strength of three sandstones

Based on the optimal experimental conditions for siltstone, Brazilian splitting tests after COp-water-rock coupling were carried out
on two rock samples, fine-grained sandstone and coarse-grained sandstone, with the reacted siltstone, fine-grained sandstone, and
coarse-grained sandstone specimens numbered B-1, X1-1, and C1-1, respectively. The splitting damage strength characteristics and
morphology of the three sandstone specimens were compared with those of natural specimens F1, X1, and C1 (Fig. 6a).

After the coupling effect, the tensile strength of X1-1 and C1-1 samples decreased dramatically by 53.73 % and 46.65 %,
respectively, compared with the natural samples. According to the Brazilian cleavage cumulative energy formula [48], the peak energy
rate of the three samples was calculated and compared with the peak energy rate of the natural samples (Fig. 6b), compared with the
natural rock samples, the peak energy rate of the siltstone sample B-1 decreased by 253 J/m? by 37.8 %, fine-grained sandstone by 277
J/m? by 48.2 %, and coarse-grained sandstone by 278 J/m? by 49.9 %.

3.4. Surface morphology evolution

The experiments used siltstone, fine-grained sandstone and coarse-grained sandstone samples (No. FSY-1, XLY-1 and CLY-1), which
were put into the pressure chamber for COs-water-rock coupling respectively, and the coupling conditions were as follows: CW-8
coupling fracturing fluid, temperature of 25 °C, pore pressure of 7 MPa, and time of operation of 10.0h. Fig. 7a shows the surface
morphology of the siltstone sample before the coupling reaction, which is magnified 2000 times by the scanning electron microscope.
Fig. 8a shows the surface morphology of the fine-grained sandstone before the coupling reaction. Fig. 9a shows the surface morphology
of the coarse-grained sandstone before the coupling reaction. Figs. 7b— 8b and 9b show the surface morphology of siltstone, fine-
grained sandstone and coarse-grained sandstone after coupling reaction, respectively.

Comparing the surface microstructure of the rock samples before and after the coupling effect, it can be clearly seen that before the
coupling effect, there are fewer cracks on the surface, mostly single cracks, with smaller pore diameters, lower degree of pore
development, poorer connectivity between the pores, flatter surface, and minerals filling in the pores and cracks, as shown in
Figs. 7a-8a and 9a. After the coupling effect, the rock samples are divided into different sizes of block or scale-like structure by the
pores and fissures, the minerals in the pores are dissolved and eroded, the number of pores increases, the pore diameter becomes larger,
the degree of development obviously improves, locally visible dissolved holes and cavities appear, most of the pores form inter-
connected network channels, the effective volume of the original fissures becomes larger, accompanied by the generation of new
fissures with different widths and lengths, irregularly distributed, and The effective volume of the original fractures becomes larger,
accompanied by the generation of new fractures with different widths and lengths and irregular distribution, and evolves into a
fracture network(Figs. 7b—8b and 9b), which improves the connectivity of the fracturing fluid seepage and diffusion channels.

3.5. COz-water-rock coupling mineral composition change

X-diffraction tests were conducted for the mineral fractions of the three rock samples after COy-water-rock coupling, and
component data (Table 2) and plots (Fig. 10) were obtained for the sandstones.
The original samples of the three sandstones contain more quartz and clay minerals, and the rest of the mineral components contain
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Fig. 6. Comparison of load and energy rate before and after the coupling effect of different samples (a and b represent the change patterns of load
and energy rate of samples, respectively).
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less. After the COy-water-rock coupling, on the whole, the calcite, dolomite, and sodium feldspar in the three rocks show a decreasing
tendency, and the contents of quartz and clay minerals have been further elevated. After the siltstone specimen was acted by the CW-4
coupled fracturing fluid, the dolomite content decreased from 6.21 % to 5.35 %, which was a small decrease; calcite increased from
7.31 % to 7.96, which indicated that there was the generation of calcite in the dissolution reaction, and the precipitation effect was
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Table 2
Test results of mineral fraction before and after CO,-water-rock coupling.
Sample Name Sample state Quartz(wt Calcite(wt Dolomite(wt Sodium Pyrite(wt Clay minerals(wt
%) %) %) feldspar %) %)
(Wt%)
Siltstone sample Original shape  59.37 7.31 6.21 5.27 8.89 12.95
CW-4 60.15 7.96 5.35 4.62 7.16 14.76
CW-6 63.73 5.27 4.61 4.12 6.35 15.92
CW-8 67.45 1.19 1.06 2.75 3.93 23.62
Fine-grained sandstone Original shape ~ 67.93 6.91 5.75 2.23 3.81 13.37
sample CW-8 69.91 0.75 1.33 0.91 2.37 24.73
Coarse sandstone sample Original shape ~ 71.03 3.22 5.75 7.31 3.78 8.91
CW-8 71.95 0.19 0.96 3.52 1.86 21.52
1400
1 1,2 1 S(original) 1 - Quartz
1200 + S(after action) 2 - Calcite
3 F-S(original) 3 - Dolomite
F-S(after action) 4 - Pyrite
1000 - C-S(original) 5 - Albite
C-S(after action) 6 - Clay minerals

Diffraction intensity (Counts)

Fig. 10. XRD analysis of COp-water-rock coupling in three sandstone samples.

greater than the dissolution effect; the contents of sodium feldspar and pyrite both had a small decrease, which decreased by 0.65 %
and 1.73 %, respectively; along with the dissolution of dolomite, sodium feldspar and pyrite, quartz and clay minerals increased to
some extent, by 0.78 % and 1.81 %, respectively. When the coupling fracturing solution is CW-6, compared with CW-4, the acidity of
the solution becomes stronger, and it can be found that the calcite content decreases from 7.31 % to 5.27 % after the action, which
indicates that the coupling solution has dissolved calcite; dolomite, sodium feldspar and pyrite continue to show a weaker decreasing
trend, compared with the CW-4 coupling fracturing solution, which decreases by 0.74 %, 0.5 % and 0.81 %, respectively; quartz and
clay minerals continued to rise. When the coupling fracturing fluid is CW-8, the acidity of the solution is further enhanced, and the
peak intensities of calcite and dolomite are significantly lower than those in other conditions on the X-diffraction pattern; the contents
of sodium feldspar and pyrite are decreased by 2.52 % and 4.96 %, respectively, compared with that of natural samples; compared with
the other conditions, the contents of quartz and clay minerals reach a high level, increasing to 67.45 % and 23.62 %, respectively, and
the contents of clay minerals increase to 67.45 % and 23.62 %, respectively, and the contents of quartz and clay minerals continue to
rise. and 23.62 %, with the most obvious increase in clay mineral content. It can be seen that with the increase of CO, mass fraction, the
degree of dissolution and solubilization of siltstone minerals intensified, among which, the solubilization of calcite was the highest,
dolomite was the second, and sodium feldspar and pyrite were the lowest in CW-8, and the solubilization of minerals was greater than
the precipitation.

Coarse-grained sandstone samples after coupling action almost undetectable calcite and dolomite peaks, indicating that the two
minerals have been dissolved, as can be seen from Table 2, the calcite content decreased from 3.22 % to 0.19 %, and dolomite content
decreased from 5.75 % to 0.96 %; sodium feldspar content decreased to 3.52 %, which is 51.8 % lower compared with the natural
samples; pyrite has also undergone a more pronounced dissolution The pyrite also had a more obvious dissolution reaction, the content
decreased from 3.78 % to 1.86 %; the quartz content increased by 0.92 %, and the clay mineral content increased most obviously,
compared with the natural samples increased by 12.61 %.

In summary, it can be seen that COy-water-rock coupling can make the mineral components of the constituent rocks undergo
complex reactions such as dissolution and precipitation. Under certain conditions, the erosion is greater than the precipitation,
especially for carbonate minerals, which makes the pore size larger, produces secondary pores, and further improves the complexity of
microscopic pores, which effectively unblocks the pore and crack channels and improves the permeability of sandstone. The CO2-
water-rock coupling chemical damage mechanism will be further discussed in Section IV.
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3.6. Splitting morphology and three-dimensional reconstruction of sandstone samples after coupling effects

In this study, the splitting failure modes of three rock samples before and after COs-water-rock coupling are compared and sorted
out. Fig. 11a shows the failure mode of the original sample of siltstone after splitting. Fig. 11b shows the failure mode of the original
sample of fine-grained sandstone after splitting. Fig. 11c shows the failure mode of the original sample of coarse-grained sandstone
after splitting. Fig. 11d-. e and f show the splitting failure modes of siltstone, fine-grained sandstone and coarse-grained sandstone
samples after CO,-water-rock coupling.

Before the coupling effect, the destruction of siltstone (Fig. 11a), fine-grained sandstone (Fig. 11b) and coarse-grained sandstone
(Fig. 11c) specimens all formed an obvious main cleavage, which cracked along the sides of the loading diameter, with the main
cleavage smooth, and the presence of secondary cleavage was not obvious, and the three sandstone specimens belonged to typical
brittle damage. After the coupling action of the samples in the B-1 (Fig. 11d) specimen in the direction parallel to the radial loading
diameter appeared in a number of primary cracks, the main crack is jagged and accompanied by a number of secondary cracks, X1-1
(Fig. 11e) rock samples along the direction of the diameter of the loading to form a main crack, the center of the end face of the tensile
damage, compared with the X1 specimen, X1-1 specimen formed a larger width of the main cracks, and the end face of the specimen is
first compression damage to the formation of secondary cracks, the C1-1 (Fig. 11f) specimen of the two main cracks are intersected and
extended in a corrugated shape, and the damage range is roughly spread along the contact surface of arc loading, and the secondary
cracks are not obvious. The complexity of the deformation and damage characteristics of the rock samples is directly related to the CO»-
water-rock coupling.

Figs. 12-14 give the three-dimensional reconstruction results of the splitting morphology of each rock sample before and after CO»-
water-rock coupling. According to the structural characteristics of the distribution of pores and fissures in different rock samples,
different colors are used to represent the pores and fissures and mineral areas in the rock samples. Fig. 12a and b show the three-
dimensional reconstruction results of siltstone before and after COs-water-rock coupling. Figs. 12c and d show the three-
dimensional reconstruction results of fine-grained sandstone before and after COy-water-rock coupling. Figs. 12e and f show the
three-dimensional reconstruction results of coarse-grained sandstone before and after COo-water-rock coupling. Consistent with the
display order of Figs. 12 and 13 (a-f) shows the pore fracture distribution of the three sandstone samples before and after the reaction,
and Fig. 14 (a-f) shows the internal mineral composition of the three sandstone samples before and after the reaction.

It is found that the three-dimensional structure of sandstone has changed slightly before and after the reaction (Fig. 12), and there
are a lot of pores, fissures (Fig. 13) and mineral precipitation (Fig. 14) in the rock. , in order to quantitatively study the effect of CO,-
water-rock coupling on the three-dimensional structure of the pores and cracks inside the rock, in this paper, we equated each in-
dependent pores and cracks inside the rock samples as a sphere equal to its volume, and the equivalent radius of the independent pore-
slit is calculated as [49]:

Fig. 11. Comparison of Brazilian splitting damage patterns of sandstone samples before and after CO, - water-rock coupling (a,b,c represent the
splitting patterns of the three samples before the coupling effect, and d,e,f represent the splitting patterns of the samples after the coupling effect,
respectively).
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Fig. 12. Results of 3D reconstruction of samples before and after reaction (a and b represent 3D reconstruction of siltstone samples before and after
reaction, respectively; ¢ and d represent 3D reconstruction of fine-grained sandstone samples before and after reaction; and e and f represent 3D
reconstruction of coarse-grained sandstone samples before and after reaction).

Fig. 13. Pore cleavage before and after sample reaction (a and b indicate pore cleavage before and after reaction of siltstone samples, respectively; ¢
and d indicate pore cleavage before and after reaction of fine-grained sandstone samples; e and f indicate pore cleavage before and after reaction of
coarse-grained sandstone samples).

Fig. 14. Minerals before and after sample reaction (a and b represent internal minerals before and after the reaction of the siltstone sample,
respectively; ¢ and d represent internal minerals before and after the reaction of the fine-grained sandstone; and e and f represent internal minerals
of the coarse-grained sandstone).

deq \3/ 6Vp/ﬂ' )

2 2

where dq is equivalent diameter of the pore-crack structure, Vp is Volume of the independent pore-crack structure.

Subsequently, the volume fractions of pore-slit and mineral are extracted, and the volume fractions of pore-slit and mineral are the
ratios of the total volume of the pore-slit space pixels and the total volume of the mineral space pixels to the volume of the rock
samples, respectively, and the pore-slit volume fractions can characterize the degree of overall damage destruction of the rock samples
by the coupling effect, and the mineral volume fractions can characterize the degree of chemical damage of the rock samples by the
coupling effect.

Based on the principle of fractal geometry, the density function of the pore-crack radius distribution of porous media is [50]:
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fr)=crovt @

where c is constant of proportionality, Dy is pore-slit volume fractal dimension.
Based on the assumption of the equivalent sphere model, the cumulative pore-fracture volume within the rock sample with a pore-
fracture radius less than r can be obtained V;:

ac

_ [ 3dr—
V.= f(r)ar drf3 D,

Tmin

(PP — o) 3

min

where iy is minimum pore-slit radius in a rock sample; a is constant of proportionality.
And the total pore-crack volume of the specimen is:

ac _ _
V= 3 _ Dy (rilafv - rilinDV) (4)

It is known that the percentage Sy of pore fracture volume with pore fracture radius less than r to the total cumulative pore fracture
volume is:

-Dy __ 3—-Dy
r o

min
Sy= 3-Dy 3-Dy (5)
Tmax — rrnin

Since the internal pore-crack structure of sandstone has strong inhomogeneity, the pore-crack radius tends to have a large dif-
ference, so the size of ry;, is negligible, which can be obtained as

3-Dy
Sy = (}) 6)

Taking the logarithm of equation (5) yields:
In(Sy) =(3 = Dy)In(r) + ¢ )

where ¢’=(Dy-3)In(ryay), then the pore-crack volume fractal dimension Dy = 3-k, the size is between 2 and 3.

The volume fractions of pore fissures and minerals inside the rock samples before and after CO2-water-rock coupling were extracted
and their fractal dimensions were obtained (Table 3), and it can be seen that the inside of each sandstone specimen contains pre-
existing pore fissures and mineral impurities, and compared to the pore fissures, the volume fractions and fractal dimensions of
mineral impurities in each rock sample before CO,-water-rock coupling are larger, and the inside of the samples have higher mineral
contents and more structural morphology. The volume fraction and fractal dimension of the mineral impurities are larger, the mineral
content inside the rock samples is higher, and the structural morphology is more complicated. After the coupling, the volume fraction
of pore space of siltstone, fine-grained sandstone and coarse-grained sandstone increased by 1.71 %, 1.96 % and 0.79 %, respectively,
and the volume fraction of minerals decreased by 0.44 %, 0.58 % and 0.28 %, respectively, and the fractal dimensions of the three
kinds of sandstone samples’ pore space increased to different degrees, while the volume fraction of minerals and fractal dimensions
decreased.

The data in Table 3 visualize the results of the evolution of the internal pore-crack structure and minerals in each rock sample after
COy-water-rock coupling, which is corroborated by the quantitative information of the internal structure of COy-water-rock coupling
listed in Table 3. The change of the internal pore-crack body of the rock caused by the coupling action also dramatically increased the
complexity of the pore-crack distribution, and, at the same time, further verified the dissolution and melting of the mineral skeleton
and particles in the sandstones by the COy-water-rock coupling action.

4. Discussion
4.1. Dynamic mechanical influences on sandstone under coupled action

The mechanical deterioration of sandstone in COs-water-rock coupling is manifested in the change of tensile strength of samples.

Table 3
Quantification of the internal structure of each rock sample based on coupling interaction.
Sample numbering Coupling action Pore fracture characteristics Mineral characteristics
Volume fraction(%) The fractal dimension Volume fraction(%) The fractal dimension
C-T-F Original shape 1.05 2.11 2.07 2.32
CW-8 2.76 2.45 1.63 2.25
C-T-X Original shape 1.13 2.19 2.35 2.49
CW-8 3.09 2,51 1.77 2.16
C-T-C Original shape 0.92 2.07 1.61 2.20
CW-8 1.71 2.26 1.33 212
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Therefore, in this study, the evolution patterns of sandstone tensile strength with different coupling conditions were fitted separately,
and the relationships between the evolution patterns of sandstone tensile strength and different reaction temperatures, pore pressures,
action times and number of cycles were obtained (Fig. 15).

Temperature has a certain effect on the tensile strength of rock samples after COp-water-rock coupling (Fig. 15a), as shown in
Fig. 15a), with the increase in temperature, the viscosity of CO, coupled fracturing fluid decreases and the permeability coefficient
increases, according to Darcy’s law, under a certain pore pressure and permeable area of the pressure chamber, the permeability flow
rate increases, and the coupled fracturing fluid has an enhanced wetting effect on the rock samples, which reduces the strength of the
rock body. However, according to the experimental results, the tensile strength increases when the temperature increases, which is due
to the fact that the increase in temperature makes the CO; solubility in water decrease, the pH of the CO, coupled fracturing fluid
increases, the acidity decreases, and the chemical damage effect of the coupled fracturing fluid on the rock body is reduced to a certain
extent. The temperature effect on the tensile strength of the sandstone is a joint result of the physical wetting effect of the fracturing
fluid and the acid corrosion effect.

Fig.15 b shows the variation of compressive strength of sandstone samples with pore pressure. The results show that the increase of
pore pressure affects the physical and chemical properties of COz-coupled fracturing fluid. Under the action of pore pressure, the
sandstone is compressed and produces initial compression damage, which reduces the effective stress in the rock body, and under the
strong adsorption of COs, the sandstone specimen produces a certain degree of expansion and deformation, which leads to expansion
and deformation damage, and after the completion of the pressurized immersion, although the peripheral pressure has been unloaded,
the pore pressure inside the specimen can not be unloaded within a short period of time, and the adsorption in the internal pore
pressure can not be unloaded. And adsorbed in the internal pore fissures in the CO, can not completely escape, will still produce
damage to the rock samples, the greater the pore pressure, the stronger the role of this damage, in addition, in the case of the tem-
perature remains unchanged, with the increase in pore pressure, the CO,-water system pH value decreases, acidity is enhanced, the
chemical effect of some minerals from the sandstone internal extraction and organic matter, so that the composition of the minerals
and the rock particles size, shape Changes occurred, the change on the one hand, the sandstone native pore and fracture structure
expansion, on the other hand, in the microstructure of the rock samples to promote a part of the pore and fracture emergence and
development (Figs. 9 and 13), and ultimately weakened the macro-mechanical properties of sandstone specimens.

It can be found through Fig. 15c that the longer the COy-water-rock coupling action, the greater the decrease in sandstone
compressive strength, through a longer period of coupling action, on the one hand, it can sufficiently improve the macroscopic physico-
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Fig. 15. Trend fitting of tensile strength of samples with different reaction conditions (a, b, ¢ and d represent the variation of peak stress of tensile
strength of samples with different reaction temperatures, pore pressures, action time and number of cycles, respectively).
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mechanical properties of the rock body to ensure that the mechanical strength of the rock samples get the maximum degree of
deterioration, on the other hand, the sandstone in the injection of high-pressure CO; coupled fracturing fluid, the cleavage action of the
cracks produced cracks or make the natural cracks On the other hand, under the injection of high-pressure CO2 coupling fracturing
fluid, the splitting action of sandstone produces cracks or restarts the natural cracks, which further promotes the improvement of the
overall structure and permeability of the rock formation, and the formation of a complex crack network, thus improving the crushing
and softening effect. However, we can see from Fig. 15d that the coupling action caused damage to the internal cracks of sandstone,
and after the initial action, the cracks developed and expanded, and the permissible deformation of the rock body increased, and the
deformation amount reached a higher value at one time, and with the increase in the number of cycles, the deformation amount
generated by the temperature stress and the chemical coupling action gradually stabilized, and the development of the internal pore
cracks of the rock body was suppressed, so that the influence of the number of cycles on the tensile strength of the rock body was
gradually reduced. decreases.

4.2. COz-water-rock coupled chemical-mechanical damage mechanism

The pore structure characteristics and mineral fraction composition of the rock body are the microscopic direct reflection of CO5-
water-rock coupling [33], therefore, this work aims to study and discuss the pore structure properties and mineral fraction charac-
teristics of the samples before and after the coupling interaction. Since the sandstone selected in this paper contains a large number of
primary pores and fractures, which provides space for the coupled COs-water-rock reaction, when the coupled fracturing fluid is
injected into the rock body, it will flow along these pore-fracture systems. The chemical reaction between the fracturing fluid and the
carbonate minerals generates soluble salts, which are carried away with the continued flow of the fracturing fluid, resulting in the
dissolution of the minerals that originally supported the pore-fracture structure [51], and the structural changes caused by this
chemical action include not only the increase in pore volume and the number of pores, but also the fracture expansion. These changes
ultimately make the pore-fracture structure of sandstone reservoirs more complex and irregular, reducing the effective stress-transfer
paths, thereby decreasing the strength and shear strength of the rock and making sandstone more susceptible to mechanical damage
from subsequent production activities [52]. The mineral fractions in the sandstones studied in this paper that are capable of miner-
alization with CO3-coupled fracturing fluids include mainly feldspar, calcite and clay minerals (Table 4).

(1) Reaction of feldspar and calcite with CO»-coupled fracturing fluid

For KAISi3Og and NaAlSi3Og in potassium feldspar and plagioclase feldspar, CaAl,Si,Og reacts with H" in CO,-coupled fracturing
fluids (equations 8-10), feldspar reacts with H' to generate kaolinite and quartz as two kinds of secondary minerals, and releases metal
cations, in which the Ca?* reacting with CaAl,Si»Og in plagioclase feldspar can generate calcite precipitates with CO3 ™, and if the mass
fraction of CO in the coupled fracturing fluid is increased appropriately, the calcite precipitates will be formed. Ca2+ can generate
calcite precipitation with CO%-, if the mass fraction of CO, in the coupled fracturing fluid is increased appropriately, calcite can
continue to react to generate Ca(HCO3),; in addition, kaolinite and Na™ react to generate sodium alumina precipitation (equation 11),
and dolomite (CaMg(COs3)2) and calcite belong to the carbonate minerals, but compared to calcite, it is more slow in reacting with H',
and it has a higher reaction rate with H, and it is also a carbonate mineral, and the reaction rate with H+- is slower. The reaction rate is
slower than that of calcite, and metal cations are formed upon reaction with H' (Formula 12), where Ca®* reacts with HCO3 to form
calcite precipitates and Mg?* reacts with HCO3" to form magnesite precipitates.

Calcite (CaCO3) is highly susceptible to react with H* in CO coupled fracturing fluids to release Ca®", which in turn generates
secondary calcite in the presence of a large CO, mass fraction (equation 12).

(2) Reaction of clay minerals with COy-coupled fracturing fluid

The content of clay minerals in the sandstones studied in this paper accounts for a relatively large amount of clay minerals, and the
XRD test results (Table 2) show that the clay minerals of the three sandstone specimens include kaolinite, illite, and chlorite, kaolinite
has a high stability in acidic solutions, illite and chlorite will precipitate metal cations when they react with H+ (Formula 13), and
kaolinite is also generated from the reaction between illite and chlorite and H+, therefore, the kaolinite is both a primary and sec-
ondary mineral. Under the action of coupled fracturing fluid, clay minerals not only precipitate crystals (e.g., kaolinite precipitation)
after reaction, but also swell in water, increase in volume, block pore fissures and roar channels, and reduce porosity and permeability.

In summary, the chemical effect of CO; coupled fracturing fluid on the rock body is mainly due to the dissolution of CO5 in water to
form carbonic acid, and the first-order ionization constant of carbonic acid in the COp-water system causes the acidity of coupled
fracturing fluid to be enhanced, and the coupled fracturing fluid and the carbonate minerals in the rock undergo dissolution, solu-
bilization, and precipitation, which opens up pore fractures that are in a closed or semi-closed state, resulting in the widening of the
original pore space and the through passage of the pore fracture. The original pore space is widened and the pore fissures are connected
(Fig. 13). The pore-crack system in the rock body is often attached and filled by minerals, the more minerals attached in the larger
volume of pore-cracks, the greater the thickness of mineral attachment, and the higher the increase in permeability after dissolution
[551; and COg-water-rock coupling can also form new mineral crystals and precipitate and accumulate on the dissolution surface of the
rock body (Fig. 16), which reduces the permeability of the rock body, and, in addition, some of the dissolution of the carbonate cement,
which makes a large number of clay particles into the microscopic pore and fracture structure of the rock mass, and the expansion of
clay minerals leads to the reduction of the flow of fracturing fluid in the pore and fracture [56]. It can be seen that the changes in
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Table 4
The main interactions between sandstone samples and chemical solutions [33,53,54].
Reactive minerals Chemical reaction equations
KAISi30g 2KAISi30g + 2H" + 9H,0—2K" + Al,Si»O5(OH), | +4Si0; | (8)
NaAlSizOg 2NaAlSizOs + 2H" + 9H,0—2Na" + Al,Si;05(0OH), | +4Si02 | (9)
CaAlySix0g CaAl,Siy0g + 2H" + H,0—Ca?" + Al,Si,05(0H), | (10)
Al5Si>05(0H)4 Al,Si>05(0H), + 2C03~ + 2Na + 2H —2NaAl(OH),COs | +2Si0, | +H,0 (11)
CaMg(CO3), CaMg(CO3), + 2H"—»Ca?" + Mg?" + 2HCO; (12)
Ko.6Mgo.25Al1 8[Alg 55i0.35010] (OH)2 Ko.6Mgy 55 Al1 g[Alg5Si0.35010](OH), + 1.1H* + 3.15H,0—0.6K" + 0.25Mg>" + 1.15A1,Si,05(0OH), | +1.2H,;SiO4 (13)
Mg sFe; 5ALSi3010(0H)g Mg, sFez5A1,8i3010(OH)g + 10H' >Al,Si,05(0H), | +H,Si04 + 2.5Mg>" + 2.5Fe*" + 5H,0 (14)

porosity and permeability are under the dual control of the erosion, dissolution and precipitation effects of the mineral components of
the rock mass and the COy-coupled fracturing fluid, and the COy-water-rock coupling in this study has a greater erosion than pre-
cipitation effect on the sandstone samples as a whole, which in turn affects the mechanical strength of the rock mass to a certain extent.
However, how to control the balance of dissolution and precipitation of sandstone minerals by controlling the chemical composition of
the coupled fracturing fluid needs further study.

The CO2 coupled fracturing fluid system has both chemical and physical effects on the rock mass. On the one hand, the physical
effect is mainly manifested in the strong wetting ability of the coupling fracturing fluid to the rock body. Due to the injection of trace
CO,, the surface tension of the coupling fracturing fluid and its contact angle with the surface of the rock body are reduced, which
enhances the wetting ability to the rock body, and the fracturing fluid not only penetrates along the fissures and structural surfaces of
the rock body under the action of a certain injection pressure, but also enhances the penetration ability to the microporous fissures of
the rock body, which makes it easier to penetrate the defective parts of the rock matrix. penetrate the defective parts in the rock matrix;
on the other hand, with the continuous penetration of the COz-coupled fracturing fluid, the connectivity and friction between the
mineral particles are reduced, coupled with the increase of pore pressure, the fracturing fluid produces an expansion effect within the
pore cracks between the mineral particles, which results in the expansion of the volume of the pore cracks and the further extension of
the pore cracks and at the same time, induces the generation of new pore cracks [57].

From the perspective of macroscopic damage, according to the Mohr-Coulomb strength theory, it is known that:

T=c+otan¢ 5)

Under the action of pore water pressure, the effective stress of the rock mass, at this time the strength of the rock mass is:

Sandstone granules

Inside wall of the _-~| Reacted pore r“ Carbonate rock
Sk ec ®0 original pore il inner wall &  precipitate

Fig. 16. Microporous structure evolution of shale during CO,-water reaction process.
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T=ctan ¢ + (C — aP tan ¢) (16)

where a is the equivalent pore pressure coefficient, related to the degree of pore and fissure development of the rock body, the size of
0-1; P is the water pressure inside the pore and fissure, MPa; ¢ for the internal friction angle of the rock body, °; C is the cohesive force
of the rock body, MPa.

According to previous studies, the compressive strength of the rock mass after water influence is [58]:

2aP sin ¢

T-sing a7

Oy =0; —

Equation (17) is the Mohr-Coulomb strength criterion under the action of pore water pressure, it can be seen that the cohesion of

2aP sin ¢
1-sin ¢ *

be seen that COs-coupled fracturing fluids change the internal structure of the sandstone, the porosity, permeability, and wettability
are enhanced, and the distribution range and flow ability of fracturing fluids in the rock body are increased. Compared with water, the
CO2-coupled fracturing fluid induced greater pore pressure in the rock mass, and the decrease in cohesion and compressive strength
was greater, which was more likely to cause damage to the rock mass.

The chemical damage to the rock mass caused by the COs-coupled fracturing fluid reduces the mechanical strength of the rock
mass, the minerals and plugs inside the microstructure of the rock mass are dissolved and eroded, a large number of cavities are
increased in the vicinity of the walls of the fracturing boreholes and in the internal pores and cracks in the rock mass, and the degree of
stress concentration is enhanced, and the pores and cracks under the action of the peripheral pressure undergo expansion, penetration
and further expansion, and the porosity becomes larger, and the strength of the rock mass is reduced, and the permeability is enhanced.
At the same time, due to the action of fracturing, the circulation and connection of fracturing fluid inside the rock mass and its pore and
fracture structure were enhanced, and the range of acid corrosion inside the rock mass was further increased, which promoted the
chemical damage to the rock mass, thus forming a COs-water-rock coupled chemical-mechanical damage cycle, and ultimately
weakening the strength of the rock mass.

the rock body under the action of pore water pressure decreases aPtan¢,compressive strength decreases From the above, it can

5. Conclusions

(1) Compared with the natural rock samples, the tensile strength and peak energy rate of each rock sample after COs-water-rock
coupling are significantly reduced. The coupling temperature, pore pressure, fracturing fluid volume fraction and reaction time
all have significant effects on the weakening degree of rock samples. The lower the coupling temperature, the higher the pore
pressure, the higher the volume fraction of COy-coupled fracturing fluid, and the longer the coupling time, the greater the
decrease in tensile strength. Under the conditions of reaction temperature of 25 °C, pore pressure of 7 MPa, and 8 % CO; action
for 10.0h, the compressive strength of siltstone, fine-grained sandstone and coarse-grained sandstone decreased by 57.21 %,
53.73 % and 47.65 %, respectively.

(2) The coupling fracturing fluid penetrated into the internal pore and fracture structure of the specimen and had chemical reaction,
the minerals in the pores were dissolved, and the pore and fracture volume fraction and fractal dimension increased to different
degrees, while the mineral volume fraction and fractal dimension decreased.

(3) With the increase of coupling time, the damage pattern of sandstone samples after CO,-water-rock coupling is affected by both
chemical damage and mechanical damage, and the acid-rock reaction leads to the dissolution of minerals in the rock body and
the development of fracture sprouting, while the unpressurized action further extends the pore and fracture and penetrates
through the pore space, which further weakened the strength of the rock body. The degree of mineral dissolution and disso-
lution was greatest when the coupled fracturing fluid was CW-8. This study verifies the potential of COs-water-rock coupling to
weaken sandstone and provides a theoretical reference for hard sandstone transformation.
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