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As a waterless fracturing fluids for gas shale stimulation with low viscosity and strong diffusibility, supercritical CO2 is promising than the water by avoiding the clay hydration expansion and reducing reservoir damage. The permeability evolution influenced by the changes of the temperature and stress is the key to gas extraction in deep buried shale reservoirs. Thus, the study focuses on the coupling influence of effective stress, temperature, and CO2 adsorption expansion effects on the seepage characteristics of Silurian Longmaxi shale fractured by supercritical CO2. The results show that when the gas pressure is 1–3 MPa, the permeability decreases significantly with the increase in gas pressure, and the Klinkenberg effects plays a predominant role at this stage. When the gas pressure is 3–5 MPa, the permeability increases with the increase in gas pressure, and the influence of effective stress on permeability is dominant. The permeability decreases exponentially with the increase in effective stress. The permeability of shale after the adsorption of CO2 gas is significantly lower than that of before adsorption; the permeability decreases with the increase in temperature at 305.15 K–321.15 K, and with the increase in temperature, the permeability sensitivity to the temperature decreases. The permeability is closely related to supercritical CO2 injection pressure and volume stress; when the injection pressure of supercritical CO2 is constant, the permeability decreases with the increase in volume stress. The results can be used for the dynamic prediction of reservoir permeability and gas extraction in CO2-enhanced shale gas development.
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HIGHLIGHTS

• Discussed evolution of permeability of Silurian Longmaxi shale after fracturing by supercritical carbon dioxide
• Analyzed slippage factor in seepage process under coupling conditions of the temperature and effective stress
• Constructed a THM coupled permeability model of fractured shale by newly defined effective stress coefficient
1 INTRODUCTION
With the increasing demand for energy in our country, the domestic energy resource shortage is becoming more serious. The degree of dependency on natural gas is close to 30%, which seriously threatens energy safety. Shale gas is one of the most realistic replacement resources for conventional oil and gas resources, judging by the current global nonrenewable energy exploration and development analysis. Shale gas refers to unconventional natural gas occurring in organic-matter-rich mud shale and its intercalation, which exists in an adsorbed or free state and is mainly composed of methane. The potential of shale gas resources in China is enormous, and the technical recovery capacity is 25 trillion square meters. The national 13th Five-Year Plan for Shale Gas Development (2016–2020) clearly states that shale gas production will reach 30 billion m3 by 2020 and 80–100 billion m3 by 2030. Therefore, developing shale gas efficiently is of great strategic significance for fully optimizing and developing China’s energy structure and resources.
The study of gas permeability in the reservoirs is vital for gas disasters (Yin et al., 2009; Li et al., 2023), and gas productivity under stimulation by supercritical carbon dioxide (Yang et al., 2022). Understanding the seepage and permeability characteristics of shale under the coupling action of multiphyisical fields is helpful in exploring the migration law of shale gas in natural shale reservoirs. Therefore, it is necessary to study the seepage and permeability characteristics of shale after fracturing. Many scholars at home and abroad have carried out to that effect, including Liu et al. (Liu et al., 2016; Liu, 2017) who conducted numerical research and analysis on the fractal of directional permeability of gas-producing shale fracture network.
The others of consider the Klinkenberg effects in predicting and measuring shale permeability (Firouzi et al., 2014; Moghaddam and Jamiolahmady, 2016; Li et al., 2017a). Li et al. used the self-developed multifunctional true triaxial fluid–solid coupling experimental machine to study shale permeability under true triaxial stress (Li et al., 2016). The research results show that the experimental data match various anisotropic permeability models to a high degree, and the machine has the advantage of reflecting the permeability changes caused by each principal stress increment. Song Wenhui et al. studied the apparent permeability of shale reservoirs rich in organic matter (Song et al., 2016). Duan et al. used Langmuir isothermal adsorption equation to establish a mathematical model of dual media fracturing well seepage (Duan et al., 2011). Wu et al. established the seepage model of shale gas in matrix pores from the matrix’s nanopore scale (Wu et al., 2015). Li et al. argued that the desorption of adsorbed gas and free gas in matrix pores should be considered simultaneously in the dual matrix model of shale gas seepage (Li et al., 2013). Zhang et al. used the Boltzmann lattice method to calculate the permeability of shale gas (Zhang et al., 2014). Cheng et al. proposed a calculation method for shale porosity, inherent permeability, and apparent permeability based on the shale pore structure image (Cheng et al., 2022a). Sun et al. and Chen et al. used the pulse method to measure the fracture permeability of coal shale and fitted and analyzed the established effective stress permeability model (Chen et al., 2014; Sun et al., 2014). The analysis results show that the model can better describe the relationship between reservoir fracture permeability and pore pressure in the process of shale gas exploitation. Chen et al. studied the sensitivity of gas shale permeability to confining pressure and the influence of confining pressure on gas shale permeability (Cheng et al., 2022b). Zhang et al. proposed that microfractures are the key to improving shale permeability (Zhang et al., 2015a; Zhang et al., 2015b). In addition, the stress-sensitive and fluids viscosity is the key to the gas flow in shale reservoirs (Su et al., 2022; Zhang et al., 2024).
With the increase in effective stress, micro fractures close, and shale permeability decreases exponentially. Supercritical CO2 fracturing also involves the influence of the CO2 and shale interaction on the permeability of shale after fracturing. In addition to the characteristics of multiscale and ultralow porosity, the seepage mechanism of shale gas is also different from that of conventional natural gas (Li et al., 2013), which has the characteristics of dual medium seepage. Many influencing factors affect seepage law of shale. Among them, temperature has an impact on the permeability of shale and is a factor that cannot be ignored (Teng et al., 2016).
From the literature review, most of the current research on shale gas permeability is still at the stage of numerical simulation and theoretical model analysis, and the experimental research is relatively scarce and mainly focuses on the flow law of shale gas (CH4) in the shale layer. There is not much research on either the change law of reservoir permeability after fracturing fluid injection during the fracturing process or the factors affecting permeability. In this paper, the Silurian Longmaxi formation shale in southern Sichuan is taken as the research object in the supercritical CO2 fracturing shale experiment conducted using the self-developed experimental device. The purpose of the study is to obtain the fractured shale specimen and carry out experimental research on the influence of volume stress, temperature, gas pressure, and CO2 adsorption expansion effects on the permeability characteristics of shale. The study explores the coupling relationship between the stress field, temperature field, and shale permeability and analyzes the seepage law of fractured shale under the condition of multifield coupling, providing a scientific basis for the dynamic prediction of reservoir permeability and shale gas productivity prediction in CO2-enhanced shale gas development.
2 RESEARCH OBJECT AND RESEARCH METHOD
2.1 Geological characteristics of the study area
The shale of the Longmaxi Formation is widely distributed in southern Sichuan and belongs to the Late Ordovician to Early Silurian period. The lower part of the Wufeng Formation is mainly composed of large sets of black shale interbedded with several sets of thin volcanic ash sedimentary layers. Topped with limestone or marl, the Hernantebe fauna is rich in fossils. The lower part of the Longmaxi Formation is black and grayish-black thin-layered shale where massive shale laminae fractures are developed. The upper part is grey-green and yellow-green shale mixed with sandy shale, sometimes with siltstone or argillaceous limestone, and the sand content increases from bottom to top, forming an upward-increasing coarser sedimentary sequence. The Sichuan region’s five mountains—the dragon stream group formed in Huaxia and Yangtze plates—touch each other. After the Middle Ordovician, the Yangtze plate entered the tectonic evolution stage of the Foreland Basin, and the southern Sichuan area was a part of the Yangtze Foreland Basin. In the early Silurian, the extrusion from the southeast to northwest direction was strengthened, and the southern Sichuan area was continuously uplifted. The Leshan-Longnusi paleo-uplift was gradually expanded, the sea area was narrowed, the seawater became shallower, and the sedimentary differentiation was intensified. During this period, the Upper Yangtze region was sandwiched between the Leshan-Longnusi paleo-uplift and Qianzhong–Xuefeng paleo-uplift, forming a semi occluded stagnant sea basin.
2.2 Experimental equipment and specimen preparation
The shale specimens were taken from the outcrop of the Silurian Longmaxi Formation in the southern Sichuan Basin. The average shale thickness in this block is 100–500 m, and the burial depth is 1.5–4 km. It mainly comprises dark gray and black silty shale, carbonaceous shale, siliceous shale, and argillaceous siltstone. The organic carbon content of shale is 0.35%–18.4%, the average value is 2.52%, the thermal maturity is 1.8%–3.6%, the brittle mineral content is 47.6%–74.1%, and the average brittle mineral content is 56.3%. Before the percolation experiment, the basic physical and chemical parameters and mineral composition (XRD) tests were carried out on the shale specimens. The experimental results indicated that the total organic carbon (TOC) and the maximum vitrinite reflectance (R.o.) contents of the outcrop shale are 4.18% and 2.36%, respectively. These values are favorable for the formation and exploitation of shale gas (TOC ≥ 2%, 3% ≥ R. o.≥ 1%). The basic physical parameters and mineral composition of representative shale specimen Y-1 are shown in Table 1 (Liu, 2017).
TABLE 1 | Basic physical parameters and mineral composition of the Y-1 shale specimen.
[image: Table 1]We selected homogeneous rock bedding development specimens cut in size 200 mm × 200 mm × 200 mm cubic. Sinkholes of 15 mm in diameter and 110 mm in length were drilled in the specimen along the direction of the central vertical bedding plane. Special steel quality chemical adhesive and the filler tube fixed to the center of the specimen in the sinkhole were used to simulate the wellbore fracturing. A fluid injection tube was used for hole sealing in the length of 90 mm; a 20 mm section of the hole in the center of the specimen was left open. Natural air drying of shale surfaces using plastic wrapping reduced the effects of long-time exposure to air on a large number of bedding slits, the specimens collection details can be found in Table 2 (Liu, 2017).
TABLE 2 | Basic parameters of the specimens collection.
[image: Table 2]The migration of shale gas in the fracturing process is the key to shale gas development. The seepage experiment with fractured shale is carried out using the self-developed, supercritical CO2 fracturing and permeability enhancement experimental device on the shale gas reservoir. The specimen used in the seepage test is obtained after supercritical CO2 fracturing. The specific experimental steps are as follows: 1) the physical properties of the supercritical CO2 are sensitive to changes in temperature; therefore, in the fracturing experiments, CO2 temperature and the temperature of the specimen need to be strictly controlled. To simulate the high-temperature shale reservoir conditions, an incubator was first used to heat the specimen for 24 h before the experiment to ensure that the specimen was uniformly heated to the target temperature. In the fracturing experiment, a temperature control box was used to control the target temperature, and the fracturing fluid line, acoustic emission connection line, and jack tubing were connected to external equipment through special metal pipe channels. Specimen No. 2 was fractured with liquid CO2 and did not need to be heated. 2) The specimen was put into the loaded three-bearing pressure chamber, and 8 AE probes were attached to the four surfaces of the specimen in an oblique diagonal arrangement to test whether the sensors were correctly installed and sensitive. After the pressure chamber of three bearings was capped, the three-way principal stress was applied to the specimen at a speed of 2 MPa/min. The line heater was set to the target temperature, and the fracturing fluid flowed through the line heater. After that, the fracturing fluid injection pump was connected to the injection line and the simulation wellbore. The pipes near the wellbore inlet were kept warm by winding heating belts. 3) The acoustic emission testing and the pressure and temperature data collection systems were open. After the injection pump was filled with CO2 or water, the injection pump was turned on to inject high-pressure CO2 or water at a flow rate of 30 ml/min. The pressure increased continuously until the specimens broke. When the pressure dropped to zero, the injection pump was turned off. The No. 5 fracturing shale specimen was selected to conduct the seepage test of fractured shale.
2.3 Experimental Scheme Design
The temperature of the stratum is related to its depth. The deeper the stratum is, the closer it is to the core and the higher the temperature. The depth of the shale rock is about 1400 m–1800 m, and the temperature is approximately 309.15 K–321.15 K. The experimental scheme was based on previous studies and the study procedure was shown in Figures 1, 2 (Zhou et al., 2016; Liu et al., 2017a, 2017b; Liu, 2017). Five temperature values of 309.15 K, 312.15 K, 315.15 K, 318.15 K, and 321.15 K were selected. Under the condition of fixed average surrounding rock stress, the seepage experiments with the above five equal gradient temperatures were carried out to test the influence of the equal gradient temperature on the permeability of fractured shale.
[image: Figure 1]FIGURE 1 | Experiment workflow and injection process: (A) specimen made by supercritical carbon dioxide injection fracturing; (B) stress path; and (C) injection curve.
[image: Figure 2]FIGURE 2 | Schematic diagram of structure principle and photos of experiment equipment.
The existing in situ stress test data show that the vertical in situ stress is not always greater than the horizontal in situ stress, which is closely related to tectonic stress. If there is the effect of horizontal tectonic stress, the three-dimensional in situ stress will be equal at some points with a large burial depth. Generally, the vertical stress [image: image] and horizontal stress ([image: image], [image: image]) increase with the increase in ground depth. According to Dinic’s algorithm: [image: image], [image: image], where H is the ground depth (m), [image: image] is the average value of rock bulk density above ground depth (kN·m-3), and ν is Poisson's ratio. According to structural geology (Li et al., 2013), Poisson's ratio ν for shale is 0.20–0.40, and the natural unit weight of shale is 23.0–26.2 kN·m-3. In this paper, [image: image] =0.25, [image: image] =23 kN·m-3, and [image: image], [image: image] (i=1, 2, 3) ≥ 12.7H (where [image: image] (i=1, 2, 3) is the average in situ stress) were used to design the loading value of in situ stress, specifically [image: image] MPa, [image: image] (i =1, 2, 3) ≥ 8.5, 9.5, 10.5, 11.5, 12.5 MPa
In the seepage stage, when the pressure of CO2 gas injected for 3 h is constant, it is considered that the adsorption equilibrium has been reached. In the adsorption stage, the gas is continuously injected for 24 h, then absorbed for 24 h, the CO2 adsorption equilibrium has reached for a total of 48 h. The single variable method was used to study the adsorption effect, effective stress, temperature, and gas pressure on shale seepage. Axial pressure was taken as confining pressure greater than the CO2 fluid pressure during the whole experiment. The same shale test specimens, after supercritical CO2 fracturing, were divided into three groups to carry out shale seepage tests successively. Five different gas pressure points (1, 2, 3, 4, and 5 MPa) were set. According to the design requirements that the axial pressure and confining pressure be greater than the air pressure and the previous in situ stress-loading value, this experiment designed five groups of different stress-loading values; axial pressure = confining pressure = 8.5, 9.5, 10.5, 11.5, and 12.5 MPa.
The experiment adopted the principle of a single variable, according to which, when one of the factors is studied as an independent variable, the other factors remain constant. This paper studies the influence of adsorption, effective stress, temperature, and gas pressure on permeability according to the designed ground temperature and ground stress gradient. In this experiment, the single variable method is used to study the effects of adsorption effect, effective stress, temperature, and gas pressure on the characteristics of CO2 permeation into shale. Throughout the experiment, axial pressure = confining pressure > CO2 fluid pressure is assumed. After supercritical CO2 fracturing(Φ100 mm × 200 mm cylinder specimen), the same shale specimens are divided into three groups to carry out the shale seepage experiment. The specific experimental scheme is described in Figure 2.
To test the influence of the adsorption effects on permeability, the temperature was constant at 315.15 K, and the specific experimental steps were as follows: 1) Place the shale specimen coated with silica gel into the triaxial chamber, place the triaxial chamber into the thermostatic bath, set the temperature of the experiment to 305.15 K, and keep the oil temperature of the thermoplastic tube outside the specimen consistent with that of the thermostatic oil bath; 2) Alternately load the confining pressure and axial pressure to 2.0 MPa, and vacuum for 12 h with a vacuum pump to remove the air from the pores of shale specimens; 3) Load the test piece (axial pressure and confining pressure are alternately loaded to 8.5 MPa); 4) Close the gas outlet, fill the shale test piece with CO2 gas (the injection pressure is 1 MPa), continue to inject for 24 h, then close the air inlet, and let CO2 continue to adsorb in the shale for 24 h. After it is considered that the CO2 adsorption has reached equilibrium, the gas outlet can be opened and collect flow and other data; 5) Repeat step 4, and conduct the seepage experiment of CO2 gas pressure under the conditions of 2 MPa, 3 MPa, 4 MPa, and 5 MPa. According to the flow under different gas pressures, the permeability is calculated by Darcy’s law seepage formula. In addition, without CO2 adsorption, CO2 gas with different pressures (1, 2, 3, 4, and 5 MPa) is directly introduced. Under the same axial pressure and confining pressure experimental conditions, shale permeability is tested as a comparative experiment after CO2 adsorption equilibrium.
To test the influence of effective stress on permeability, the experimental temperature value was constant at 305.15 K, and the volume stress was set to 25.5, 28.5, 31.5, 34.5, and 37.5 MPa. The specific experimental steps are as follows: 1) Place the pressure chamber into a constant temperature oil bath, set the temperature of the experiment to 305.15 K, and carry out the next experiment when the temperature reaches a stable level; 2) Alternately load the confining pressure and axial pressure to 2.0 MPa, vacuum the system with a vacuum pump for 12 h, and close the outlet valve; 3) Load the axial pressure and confining pressure to 8.5 MPa, open the inlet valve, supply CO2 gas with a gas pressure of 1 MPa to the test piece, and open the outlet valve; the pressure at the outlet end is constant at 0.1 MPa. Collect the flow value after the flow is stable; 4) Then, adjust the gas pressure under the same conditions, conduct the seepage experiment under the gas pressure of 2 MPa, and collect various data; 5) After the CO2 percolation experiment under the same volume stress and different osmotic pressure is completed, vacuum the system, change the volume stress, repeat steps 3) and 4), and continue the experiment under the next volume stress.
To test the influence of temperature and gas pressure on permeability, the confining and axial pressures were constant at 8.5 MPa, and the volume stress was constant at 25.5 MPa. Seepage experiments under different CO2 gas pressures (1, 2, 3, 4, and 5 MPa) and different temperature conditions (305.15 K, 309.15 K, 313.15 K, 317.15 K, and 321.15 K) were carried out. First, the temperature is kept at a constant value, and the seepage experiment under different CO2 pressure is carried out. After the experiment is completed, the temperature is increased to the next temperature point, and then the CO2 seepage experiment is conducted under the same conditions as the previous temperature.
The specimen of the percolation test is the shale specimen obtained after supercritical CO2 fracturing. Supercritical CO2 fracturing has produced macroscopic visible artificial cracks in the specimen, and the formation of a certain pore fracture network provides a channel for percolation. The experiment adopts the steady-state method to test the shale permeability and calculates the permeability of the test piece under different conditions according to Darcy's law. The calculation Formula (1) is
[image: image]
Where the [image: image] is permeability, the Q is the gas flow, the [image: image] is atmospheric pressure, the L is the length of the specimen, the [image: image] is the viscosity coefficient of gas, the A is the cross-sectional area of the specimen, the [image: image] is the inlet gas pressure, and the [image: image] is the outlet gas pressure, the gas outlet is connected to the atmosphere, so that the [image: image] is equal to the atmospheric pressure 101.82 kPa.
3 PERMEABILITY EVOLUTION OF FRACTURED SHALE UNDER THE COUPLING CONDITIONS OF TEMPERATURE AND STRESS
3.1 Influence of adsorbed gas on shale permeability
The permeability evolution in fractured shale before and after CO2 adsorption is shown in Figure 3, according to Liu (2017). It can be considered that the shale specimen did not adsorb CO2 before the test or the amount of CO2 adsorbed was the minimal. After the shale specimens adsorbed with CO2 and was saturated, the shale specimens were used to measure the permeability under different pore pressures. Under the same pore pressure, the permeability of shale after CO2 adsorption is significantly lower than that of before adsorption. This is due to the expansion deformation effect caused by adsorption, which leads to the narrowing of the seepage channel and thus reduces the permeability.
[image: Figure 3]FIGURE 3 | Permeability evolution of fractured shale specimens before and after adsorption of CO2 gas.
In addition, the effective stress and the Klinkenberg effects together effect on the shale permeability and cause the minimum permeability during the change of the pore pressure. When the pressure exceeds 3 MPa, the effective stress decreases with the increase in gas pressure, leading to increased shale permeability. Therefore, at this stage, the permeability increases with the increase in gas pressure. When the pressure is lower than 3 MPa, the effective stress increases with the decrease in gas pressure, which will reduce the permeability of shale, but at the same time, due to the Klinkenberg effects of the gas in the pores, the permeability will increase with the decrease in pore pressure. According to the experimental results, when the pressure is lower than 3 MPa, the permeability of shale generally increases with the decrease in gas pressure, indicating that at this stage, the Klinkenberg effects plays a leading role in shale permeability.
According to the previous analysis of shale’s mercury intrusion pore structure, the pore size distribution of shale has multiple peak characteristics; different pore size distributions correspond to different pore structure characteristic lengths, and different values of characteristic lengths correspond to different flow mechanisms. Therefore, the seepage of fluid in shale also presents different flow mechanisms resulting from the multiscale structure characteristics of its pore fracture. In shale gas production, the effective radius of pores is lower than the true radius because of the gas adsorption; however, with the desorption of adsorbed gas, the effective radius gradually increases, which leads to a change in the gas flow mechanism. When the experimental temperature is 305.15 K, the average pore pressure is 1.0 MPa. In the CO2 seepage fractured shale experiment, the diameter of CO2 gas molecules was 0.33 nm, and the characteristic length of shale pores was replaced by the average pore size of shale. The average pore size was 9.6 nm, obtained from the previous pore size distribution, and the calculated Knudsen diffusion coefficient was 0.068, leading to the conclusion that there is a slippage effect in the seepage of the fractured shale specimen under the experimental conditions.
3.2 Influence of temperature on shale permeability
Under the conditions of equal confining and axial pressures and volume stress of 25.5 MPa, the relationship curve between shale permeability and gas pressure under different temperature conditions (305.15 K–321.15 K) is shown in Figure 4, according to Liu (2017), and the fitted exponential function relationship is shown in Table 3. The permeability has a negative exponential relationship with temperature. The higher the temperature, the lower the permeability. However, with the increase in temperature, the rate of permeability reduction slows down, indicating that the sensitivity of permeability to temperature decreases with the increase in temperature. The influence of temperature on shale specimens is such that, with the increase in temperature, the volume of shale particles expands, resulting in the reduction in pore fracture space and permeability channel, which leads to the reduction in permeability. This can be explained by the relationship between particle volume expansion strain and porosity presented in and Kozeny–Carman’s relationship between permeability and porosity (Chen et al., 2014).
[image: Figure 4]FIGURE 4 | Effect of temperature on permeability at a volume stress of 25.5 MPa.
TABLE 3 | Fitting equation of permeability and temperature.
[image: Table 3]However, it can be seen from Figure 5 that under different gas pressure conditions, there are notable differences in the rate of permeability reduction with the increase in temperature. The rate of permeability reduction in the temperature range of 313.15 K–321.15 K is significantly lower than in the range of 305.15 K–313.15 K, which is due to the role of temperature and volume stress. The increase in temperature will increase the expansion of the shale matrix, and the volume stress will limit the expansion of pores and fissures of shale. Within the limited pore and fissure volume, the expansion volume of the shale matrix caused by temperature is limited. Therefore, shale permeability decreases with the increase in temperature, but the reduction rate slows down. In the study, the temperature sensitivity coefficient is introduced and shown in Eq. 2, where CT equals the temperature sensitivity coefficient, k0 is the initial value of permeability; △k is the change difference in permeability caused by temperature change, and △T is the temperature change difference before and after (Zhang et al., 2015b).
[image: image]
[image: Figure 5]FIGURE 5 | Changes of the temperature sensitivity coefficient with the temperature under different pore pressures.
In the study, the temperature of 305.15 K is taken as the initial value of permeability. According to the collecting experimental data and Eq. 1, the permeability at different temperatures and pore pressures are calculated, as shown in Table 3. According to Eq. 2 and collecting data, the relationship between temperature sensitivity coefficient and temperature under different pore pressures is presented in Figure 5, according to Liu (2017).
As can be seen from Figure 5, first, under constant volume stress, the temperature sensitivity coefficients under different pore pressures gradually decrease with the increase in temperature, which indicates that the shale permeability also becomes less sensitive with the increase in temperature. Although the increase in temperature will increase the expansion deformation of the shale, the compression of the existing volume stress will limit the deformation of the shale specimen, so the expansion deformation of the shale matrix also has a certain limit. Since the increase in the expansion deformation of the shale matrix decreases with the increase in temperature, the decrease in permeability with the increase in temperature will also continue to decrease; that is, the sensitivity of permeability to temperature will worsen. Second, at the same temperature, the temperature sensitivity coefficient initially increases and then decreases with the increase in the pore pressure. When the gas pressure is 1–3 MPa, the greater the pore pressure is, the greater the temperature sensitivity coefficient is. This is because at 1–3 MPa, the gas pressure is relatively low, mainly because the effective stress caused by the gas pressure plays a leading role. With the increase in the gas pressure, the effective stress decreases, and the blocking effect of the confining pressure on the expansion of the shale matrix heated to the inner pore space decreases. Therefore, the temperature sensitivity increases with the increase in the pore pressure. However, when the gas pressure exceeds 3 MPa, the pore pressure increases. And, the pore pressure plays a leading role. The CO2 fluid existing in the pore fissures of shale will also produce a compression constraint effect on the shale matrix, which will produce a thermal effect on the temperature and hinder the expansion of the shale matrix into the pore fissure space. Therefore, the smaller the expansion of the shale matrix caused by the same temperature change, the smaller the value of the temperature sensitivity coefficient and the lower the sensitivity of shale permeability to temperature.
3.3 Influence of volume stress and average effective stress on shale permeability
The law of CO2 permeability changing with volume stress is shown in Figure 6, according to Liu (2017). The permeability increases with the volume stress. The increase in permeability decreases a negative exponential function. When the volume stress reaches a certain value, the permeability curve finally becomes gentle, and the permeability tends to a fixed value, indicating a threshold for shale permeability. This value can be obtained according to the negative exponential relationship between permeability and volume stress. When the volume stress increases to infinity, the permeability is infinitely close to 0.25 × 10−16 m2. The effective stress is generally considered as the difference between in situ stress and fluid pressure, and the average effective stress, as shown in Formula 3, can be used to replace the calculation (Xu et al., 2011).
[image: image]
[image: Figure 6]FIGURE 6 | Variation of the permeability with the volume stress in fractured shale specimens.
Where the [image: image] and [image: image] are the gas pressure at the inlet and outlet, the [image: image] and [image: image] is the maximum principal stress and confining pressure, respectively.
The relationship between the permeability and average effective stress is shown in Figure 7, according to Liu (2017). The permeability of the shale specimen changes with the average effective stress in a negative exponential function; that is, the permeability decreases with the increase in the average effective stress. This change is mainly due to the compression deformation effect of effective stress on shale. When the effective stress increases, the pores and fissures are compressed and closed, resulting in a decrease in the permeability of the shale specimens.
[image: Figure 7]FIGURE 7 | Permeability evolution with effective stress in fractured shale specimens.
3.4 Influence of gas pressure on shale permeability
The experimental study on the influence of gas pressure on shale permeability is carried out according to the designed temperature and pore pressure. The relationship between the permeability and pore pressure at 305.15 K–321.15 K under the volume stress of 25.5 MPa are shown in Figure 8, according to Liu (2017). It can be seen from that under the same effective stress and temperature conditions, when the CO2 gas pressure increases from 1 MPa to 2 MPa, the permeability decreases significantly, which is due to the more significant Klinkenberg effects under lower pressure conditions. When the temperature is constant when the gas pressure is 1–3 MPa, the permeability decreases significantly with the increase in pore pressure. When the pore pressure exceeds 3 MPa, the permeability rises with the increase in pore pressure. This is similar to the trend in coal rock permeability decreasing in power function with the increase in pore pressure under the conditions of low pore pressure (0.3–2.05 MPa) obtained by the study (Peng et al., 2009). It is generally believed that when the pore pressure is relatively low, the Klinkenberg effects in the gas seepage decreases with increasing pore pressure (Klinkenberg et al., 1941; Xu et al., 2013; Yu et al., 2013; Liu et al., 2017b; Cheng, 2022c). According to the experimental results of this study, the reason for the change in permeability with pore pressure is that the change in permeability is affected by both effective stress and the Klinkenberg effects. When the pressure is 1–3 MPa, the influence of the Klinkenberg effects on permeability is greater than that of the effective stress. Therefore, when the pressure is 1–3 MPa, the permeability decreases with the increase in pore pressure. When the gas pressure is 3–5 MPa, the effective stress decreases with the increase in gas pressure. In a word, the effect of effective stress on permeability is dominant increasing the permeability with the increase in pore pressure.
[image: Figure 8]FIGURE 8 | Effects of pore pressure on permeability of fractured shale specimens at a volume stress of 25.5 MPa.
4 DISCUSSION AND FUTURE RESEARCH
4.1 Influence of temperature-pressure coupling conditions on slippage factor
The changes of the reservoir stress and temperature will cause the deformation of the fracture, and directly change the fracture aperture and affect the seepage characteristics of the fractured rock mass. That is, the crack expands along the direction of the maximum principal stress. This indicates that hydraulic fractures provide a better seepage channel by communicating with natural fractures, and further affect the seepage performance of natural fractures in the shale gas reservoirs. The permeability at a certain buried depth of shale reservoir is jointly affected by in situ stress and temperature, and its relationship can be written as Eq. 4 by Xuefu Xian.
[image: image]
Where the [image: image] is the average effective stress, the [image: image] is the volume compressibility coefficient of the shale, according to the study by Li (2003), it can be calculated with the formula [image: image], the T is the reservoir temperature, the [image: image] is the coefficient of thermal expansion, and the [image: image] is the permeability of shale at conditions of the room temperature and 1 atmosphere pressure (293.15 K, 101.325 kPa), which is related to the structure of the shale. Formula (4) shows that when the effects of the stress field and temperature field on permeability are comprehensively considered, the permeability of the underground rock mass at a certain burial depth can be considered affected by the coupling effect of the stress field and the temperature field, where the permeability is not a simple numerical superposition of the two fields. The permeability evolution with the reservoir temperature is shown in Figure 9, which present a downward trend. The change of temperature contributed to the gas adsorption, induces the thermal stress and thermoplastic strengthening, and thus can cause the deformation or compression (Zhu et al., 2011; Wang et al., 2014; Shang et al., 2019). The lower the permeability of porous media, the smaller the pore pressure difference, and the more obvious the slippage effect. As the temperature rises, the slip factor tends to increase, while the permeability decreases, as shown in Eq. 5.
[image: image]
[image: Figure 9]FIGURE 9 | Permeability evolution with the reservoir temperature.
The temperature increase in shale reservoirs can influence both the Klinkenberg effects and the slippage factor, shown in Figure 10, according to Liu (2017). The Klinkenberg effects refers to the phenomenon in which the measured gas permeability of a shale reservoir increases with increasing pressure, but deviates from Darcy’s law at low pressure, due to the slip flow of gas molecules near the surface of the pore walls. The Klinkenberg effects is related to the slippage factor, as both are influenced by the degree of slip flow occurring within the pore structure of the shale. A temperature increase can increase the gas viscosity within the pores, thereby reducing the degree of slip flow, which can result in a reduction of the Klinkenberg effects. The slippage factor is the minimum force required for sliding to occur within the rock, or the coefficient of friction. As mentioned previously, an increase in temperature can reduce the coefficient of friction within the rock, thereby decreasing the slippage factor. However, when the temperature increases to a certain degree, the viscosity of the fluids within the rock may also decrease, which can increase the slippage factor. Overall, the effect of temperature on the Klinkenberg effects and slippage factor in shale reservoirs is complex and can depend on several factors, such as the mineralogy and porosity of the rock, the type of fluids presents, and the type of stress within the rock. It is important to consider these factors when studying the impact of temperature on the Klinkenberg effects and slippage factor in shale reservoirs.
[image: Figure 10]FIGURE 10 | Slippage factor of shale at different temperatures.
The Klinkenberg effects can be used to increase gas production in shale gas development in the following ways. One way to utilize the Klinkenberg effects to increase gas production in shale gas development is through gas injection. By injecting a gas with a lower viscosity than the reservoir gas, such as nitrogen or carbon dioxide, the viscosity of the gas within the pore structure can be reduced, which can increase the degree of slip flow and reduce the threshold pressure required for gas production. This technique is called “low-salinity gas flooding” or “slip-enhanced gas recovery.” Another way to utilize the Klinkenberg effects to increase gas production in shale gas development is through reservoir characterization. By accurately characterizing the pore structure of the shale reservoir, engineers can determine the degree of slip flow within the pore structure and design production strategies that take advantage of this effect. For example, production rates can be optimized by targeting zones with higher degrees of slip flow. Hydraulic fracturing is a process used to create fractures within the shale formation to increase the surface area available for gas production. The Klinkenberg effects can be used in the design of hydraulic fracturing by selecting fluids and proppants that can reduce the viscosity of the fluid within the fractures, thereby increasing the degree of slip flow and reducing the threshold pressure required for gas production. Thus, utilizing the Klinkenberg effects to increase gas production in shale gas development requires a thorough understanding of the properties of the reservoir and the pore structure within the shale. By designing production strategies that take advantage of this effect, engineers can optimize production rates and increase the overall recovery of gas from the reservoir.
4.2 Temperature-stress coupled permeability model of fractured shale
This section will discuss the effects of temperature, porosity, in situ stress, pore fluid, and shale formation in combination with the mechanism concept diagram. Changes in factors such as temperature and stress affect the closure and connectivity of rock pores and fractures, thereby changing the porosity of shale, which in turn may affect the permeability of shale. From the definition of porosity, the porosity of shale ϕ is the ratio of the pore volume [image: image] to the total shale volume [image: image], as shown in Eq. 6.
[image: image]
It is assumed that the seepage process of shale occurs not only in macroscopic fractures, but also in a small number of connected pores in the matrix, that is, the equivalent vug-fracture seepage. The pore volume change caused by temperature and pressure coupling factors is composed of initial pore volume, pore deformation, and fracture space change caused by fracture compression; then, considering the change of temperature and pressure conditions, the overall pore volume change is as follows, Eq. 7.
[image: image]
The total deformation of the shale influenced by temperature and stress can be expressed by Eq. 8.
[image: image]
Thus, when the formation temperature rises from T0 to T, the porosity can be expressed by Eq. 9.
[image: image]
If it combines Eqs 7 and 8, and substitute into Eq. 9, the porosity at temperature of T can be expressed by Eqs 10–13.
[image: image]
The formula (10) is divided by [image: image] at the same time, we can get Eq. 11.
[image: image]
The initial porosity of shale is [image: image], so that Eq. 11 can be expressed by Eq. 12.
[image: image]
The volume deformation of shale is [image: image], so Eq. 12 can be expressed as Eq. 13.
[image: image]
Among them, due to stress compression and temperature rise, the deformation of fractures and pores (or matrix) in shale can be determined by Eqs 14 and 15, respectively.
[image: image]
[image: image]
And the [image: image], thus, the porosity of shale at the temperature of T can be expressed by Eq. 16.
[image: image]
After considering a series of temperature effects such as thermal expansion, thermal cracking, and the influence of temperature on shale adsorption expansion, the volumetric strain of shale can be expressed according to literature (Li et al., 2020), as shown in Eq. 17.
[image: image]
Usually the Biot coefficient is 1, but some studies have shown that the Biot coefficient is not 1 in specific cases (Mao et al., 2018; Li et al., 2019). According to the research (Skempton, A. 1984; Zhou et al., 2009), the effective stress coefficient can be expressed by Eq. 18.
[image: image]
The fracture compression coefficient [image: image] is defined by Eq. 19 and Eq. 20, respectively.
[image: image]
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And Eq. 21 can be obtained by combining these two Equations.
[image: image]
Eq. 18 shows that the case where the Biot coefficient α is not equal to 1 due to fracture compression is worth further exploring. From the literature (Chen et al., 2021), the study newly defined a Biot coefficient for the deep shale formation, as shown in Eq. 22.
[image: image]
Where the [image: image] is the initial normal stiffness.
To accurately characterize the effective stress coefficient in pores (or matrix), this study newly defines the effective stress coefficient β of pores in shale, that is, the proportion of connected pores participating in the diffusion and seepage process to the total pore volume, which can be measured by MRI and other methods. When the connectivity of all pores is 100%, it is considered that the effective stress coefficient of the pores is 1, otherwise [image: image]. Thus, if the permeability satisfied [image: image], the permeability can be expressed by Eq. 23. The permeability evolution with effective stress and temperature difference are displayed in Figure 11.
[image: image]
[image: Figure 11]FIGURE 11 | Relationship between permeability and (A): effective stress, (B): temperature difference.
4.3 Implications for shale gas extraction in southwestern China
4.3.1 Shale gas extraction influenced by reservoir temperature
The potential application and engineering value of shale gas extraction in southwestern China. Supercritical carbon dioxide fracturing shale forms hydraulic fractures, which connect natural fractures and shale pores to form seepage channels. At the same time, carbon dioxide enters the pores and fractures of shale, displaces the methane gas adsorbed in shale, and forms an industrial gas flow that enters the wellbore and is discharged to the surface production system, the stimulation process of shale formation is shown in Figure 12. Based on the previous studies, the permeability increases with temperature, and decrease with effective stress. High temperature not only promotes methane desorption, but also increases reservoir permeability, which is beneficial for gas production. However, as the gas pressure changes, the permeability is not only related to the effective stress, but also influenced by the gas slip effect. Also, the gas slippage effect varies at different temperatures.
[image: Figure 12]FIGURE 12 | Schematic diagram of shale gas extraction by supercritical carbon dioxide stimulation.
As the depth of shale gas development increases, the ground temperature will further increase. With the increase of temperature and formation stress, deep shale undergoes plastic deformation in which organic matter pores and clay mineral pores are compressed and micro-fractures are closed under pressure, and elastic deformation in which brittle mineral pores and rock skeleton particles are compressed (Sun et al., 2023). Although the increase in formation temperature has little effect on the strength of the rock mass in the range of about 400°C, it can further promote the desorption of methane in the shale, thereby improving the gas production efficiency; the elevated formation temperature often also causes the rock mass to expansion and deform, increase the viscosity of the gas and reduce the permeability of the shale reservoir; in addition, the temperature rise of the formation will accelerate the thermal movement of the water molecules in the shale reservoir, reduce the viscosity of the liquid water, thereby increasing the fluidity of the liquid water and accelerating chemical reaction rate of the water molecules and hydrophilic minerals in shale reservoirs affects the fracturing effect of shale reservoirs and the drainage of shale gas.
The research shows that when the reservoir temperature and stress are both at a lower level, the reservoir in situ stress plays a leading role in the shale adsorption capacity; when the temperature and in situ stress are both at a greater level, the reservoir temperature plays a leading role in the shale adsorption capacity (Yu et al., 2018). Generally speaking, the effect of adsorption swelling deformation on shale gas permeability is small, so the influence of adsorption swelling deformation can be ignored in the specific permeability model, as shown in Eq. 17. This is because shale gas mainly penetrates into the wellbore through pores and fractures, while the adsorption expansion deformation mainly affects the microscopic pore structure, and has little effect on fractures.
4.3.2 Shale gas extraction influenced by reservoir microstructure
The shale reservoirs are rich of complex fracture network both before the stimulation and after the stimulation by hydraulic fracturing or supercritical water/CO2 jet (Wang et al., 2015; Huang et al., 2018; Wang et al., 2018; Yang et al., 2022; Huang et al., 2023). Using RFPA2D-FLOW, a system for rock failure process analysis, seven shale models with different angles of natural fracture or fissure, such as the bedding planes, joints, and the mini faults, etc., were established, and their fracture processes were numerically simulated. The fracturing process of shale with prefabricated fractures can be divided into three stages: linear deformation, yield deformation, and complete failure. Peak stress under various fractures dips with increasing angles and presents first increases and then a trend change, except when the fissure angle turns into 75°. While the fissure angle is 45°, the maximum stress peak is at 42.34 MPa. Because of the strong brittleness and poor ductility of shale, the stress falls vertically parallel to the stress coordinate axis after the specimen stress reaches the peak value. The elastic modulus and compressive strength of shale have significant anisotropy. When the fissure angle is 45°, the stress peak and compressive strength of the specimen reach the maximum value. When the fissure angle is 0°, the peak stress and compressive strength of the specimen reach the minimum value. When the fissure angle is 75°, the elastic modulus is the largest. When the fissure angle turns into 90°, the elastic modulus of the specimen is the smallest. Under the coupled action of seepage stress, shale exhibits four failure modes: oblique, X-type, λ-type, and collapse. The failure of shale specimens is mainly a tensile failure, and some subtle cracks occur in the specimens, leading to stress redistribution in the specimens. In the later failure process of the specimens, shear failure also occurs. When the fissure angle is 90°, the crack on the right side of the fissure is mainly caused by shear failure, while the crack on the left side of the prefabricated crack is mainly caused by tensile failure. The cracks at other angles are primarily caused by tensile failure but are also accompanied by a small number of cracks generated by shear failure.
4.4 Limitations and prospect
The study focusses on the evolution of shale permeability under the coupling conditions of temperature and stress; and constructed a temperature-stress coupled permeability model of fractured shale by newly defined Biot effective stress coefficient. However, the temperature set in the test is not enough to simulate the temperature of shale reservoirs at a depth of more than ∼1800 m. For example, the geothermal gradient in the Jiaoshiba shale reservoir area ranges from 297.15 K to 305.15 K per kilometer, and the measured bottomhole temperatures reach 371.91 K (2,860 m), 370.57 K (2,890 m) and 371.01 K (3,100 m), respectively (Li et al., 2017b). Deep shale gas reservoirs with a burial depth greater than 3,500 m are important strategic replacement reservoirs for shale gas exploration and development in the Sichuan Basin (He et al., 2021). As the burial depth of the reservoir increases, the temperature of the formation is also increasing, and the parameters such as the thermal conductivity of the shale, such as Figure 13 (Kang, 2008), will also change slightly, which may affect the values of the parameters related to the permeability and further affect the shale gas drainage. In the next step of research, it is necessary to set parameters such as temperature and pressure as the environmental conditions of the formation below 3,500 m buried depth, so as to improve the pertinence of the research.
[image: Figure 13]FIGURE 13 | Thermal conductivity of shale at different reservoirs temperatures.
Future research needs to rely on the current popular basic theory of artificial intelligence and closely combine basic physical and mechanical experiments to accelerate the inversion of physical and mechanical parameters of fast deep shale reservoirs. To use the machine learning method to build a shale permeability model under the coupling of temperature and stress, such as dual-porosity medium model considering influence of desorption hysteresis effects (Chu et al., 2024a; Chu et al., 2024b), the machine learning-based models should be based on a large amount of experimental data and field observation data, and thus, the proper machine learning algorithms should be used to establish shale permeability models under the coupling of temperature and stress. For example, to further study the seepage mechanics of shale containing fractures and its anisotropy (Li et al., 2021; Li et al., 2022), using algorithms such as neural networks, decision trees, and support vector machines to establish the nonlinear relationship between temperature and stress on shale permeability, and predicting the change law of shale permeability. It should be noted that all these methods require a large amount of experimental data and field observation data to verify the reliability of the model. In addition, shale permeability is influenced by multiple factors, and building an accurate model requires the consideration of the complex relationship between various influencing factors. To build a shale permeability model under the coupling of temperature and stress using machine learning methods, the following basic steps can be taken. Firstly, Data collection and preparation is the prerequisite. Collect and prepare relevant datasets, including temperature, stress, and shale permeability data. These data should be labeled and cleaned for use in the machine learning model. And then extracting the features from in situ and typical engineering. Based on the dataset, select appropriate features, and perform feature engineering. Feature selection techniques, such as Principal Component Analysis (PCA) and Linear Discriminant Analysis (LDA), can be used to improve model accuracy and robustness. Based on datasets and features extraction, the model can be selected and constructed for deep leaning. Choose a suitable machine learning algorithm to build the model based on the characteristics of the dataset. Commonly used algorithms include Support Vector Machines (SVM), Neural Networks (NN), Random Forest (RF), and Decision Trees (DT), among others. Naturally, the model training and optimization is the key to get the balance of the data noise and inevitable event. Then the model can be optimized by training the chosen machine learning algorithm using the dataset to improve the model’s performance by adjusting the algorithm’s parameters. Cross-validation techniques can be used for model training and validation to avoid overfitting. Thus, the newly constructed and trained model can be evaluated by using a testing dataset and select the best-performing model for deployment. Before deployment, the model needs to be optimized and adjusted for better performance and in situ engineering applications. In future research, building a shale permeability model under the coupling of temperature and stress using machine learning methods requires needs to be continually adjusted and optimized to achieve better predictive performance based on in situ shale gas extraction engineering.
5 CONCLUSION
Supercritical CO2 fracturing is used to make the fractured shale specimen. The study carried out the experimental exploration on the influence of effective stress, temperature, and CO2 adsorption expansion effects on the features of the permeability evolution of Silurian Longmaxi shale. The study explored the coupling effects of the stress field and temperature field on the shale permeability and got the seepage law of fractured shale. The results are as follows. 1) When the gas pressure is 1–5 MPa, the shale permeability is affected by the combined action of the Klinkenberg effects and effective stress. The dominant factors of permeability change are different in different gas pressure ranges. When the gas pressure is 1–3 MPa, the permeability decreases significantly with the increase in gas pressure, and the Klinkenberg effects plays a leading role at that time. When the gas pressure is 3–5 MPa, the permeability increases with the increase in gas pressure, and the effect of effective stress on permeability is dominant at that time; 2) The permeability of fractured shale decreases exponentially with the increase in effective stress; The permeability of shale after adsorption of CO2 gas is significantly lower than before the adsorption, which is due to the expansion deformation effect caused by adsorption, resulting in the narrowing of seepage channel and the reduction in permeability; 3) The relationship curve between the permeability of fractured shale and temperature shows that the permeability of shale decreases with the increase at 305.15 K–321.15 K, mainly because the volume expansion caused by temperature reduces the channel space of seepage. With the increase in temperature, the sensitivity of permeability to temperature decreases. Shale permeability is closely related to supercritical CO2 injection pressure and volume stress. When the injection pressure of supercritical CO2 is constant, the permeability of shale decreases with the increase in volume stress.
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