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In order to study the effects of stress and water pressure on the permeability of fractured sandstone, an ultra-deep gas layer of fractured tight sandstone in WengFu Mine in GuiZhou province, was selected for experimental design and research, and the effects of confining pressure, internal pressure, effective stress, and water pressure on gas permeability were studied. The results show that the effective stress and slippage effect compete with each other when the confining pressure is kept fixed and the internal pressure is increased in the fractured tight sandstone reservoir. At the beginning of the experiment, the gas slippage effect is strong while the rock stress sensitivity is weak. The gas permeability increasingly decreases with the increase of internal pressure. The effective stress is stronger than slippage effect, and the gas permeability increases with the increase of internal pressure when crossing the low point of permeability. The greater the confining pressure is, the greater the internal pressure needed to reach the low permeability point will be. With the increase of axial stress, horizontal contact hydraulic hole increasingly closed. Horizontal hydraulic holes are more sensitive to axial stress than vertical ones.
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INTRODUCTION

Tight sandstone gas is considered unconventional gas in general conditions, but it can also be considered conventional gas for extracting when the burial depth is shallow and the mining conditions are good (Gao et al., 2010). Compared with coalbed methane and shale gas, China is far ahead in the development of tight gas. Although China has abundant reserves of tight gas resources, the abundance of tight sandstone gas reserves is low, the rate of production decline is quite fast, and economic development is difficult. The tight sandstone gas reservoir in China not only contains the general characteristics of the continental associated clastic rock reservoir, but also has the engineering geological characteristics of low porosity and low permeability, fracture, local water saturation, high capillary pressure, abnormal formation pressure, high damage potential, and so on. After years of unremitting efforts, China has developed a series of technologies for shielding and blocking of fractured tight sandstone gas reservoirs, technologies for gas drilling and complete underbalanced completion protection, and the latest gas drilling horizontal well-development technology for tight sandstone gas reservoirs etc., which greatly promoted the survey and development process of a number of tight sandstone gas fields in the Sichuan Basin, such as Xinchang, Luodai, Bajiaochang, Yuxi, Ordos Basin, Yulin, and Daniudi (Xiang et al., 2019).

As a kind of important unconventional reservoirs, fractured tight sandstone gas reservoirs have attracted increasing attention due to their considerable productivity and high economic benefits (Li et al., 2018). The gas permeability of fractured tight sandstone reservoirs is dynamic permeability, which changes with the change of environmental pressure, and it is an important reservoir parameter that impacts the exploitation of tight sandstone gas (Yang et al., 2012). Since the main space and seepage channel of gas in fractured tight sandstone reservoirs are micro-nano pores and fractures, compared with conventional reservoirs, there are obvious gas slippage effect (You et al., 2018). In addition, due to the extensive development of fractures, reservoirs usually have strong stress sensitivity (Benjamin et al., 2019), which makes the mechanism of gas permeability change with pressure complicated.

Since the 20th century, domestic and foreign scholars have made rich achievements in studying the relationship between the slippage effect of unconventional gas and the effective stress. A great number of methods have been used to study rock permeability, including field measurement, triaxial seepage experiment, and numerical simulation. It is usually reliable to measure the rock permeability on the scene. However, because of the complexity of the geological environment, repeated mining interference and the expensive testing required, these methods are not widely used. Instead, most rock samples are tested for permeability in the laboratory. In the past few years, the permeability evolution of rock in stress-strain process has been widely studied. Zhao et al. studied the rheological fracture behavior of rock fractures through a series of calculations and analyses of crack rheological fractures under different water pressure, and proposed the equivalent boggs model of rock fracture rheological fracture, laying a foundation for revealing the rheological characteristics of fractured rock under the combined action of water pressure and stress (Zhao et al., 2017b, 2018, 2019). Zhao et al. demonstrated the mechanical and permeability characteristics of fractured limestone in the complete stress-strain process by using water-mechanical coupling tests under different differential pressure and steady pressure, and verified the effectiveness of the mohr-coulomb yield criterion considering the effective stress effect under hydrodynamic coupling conditions (Zhao et al., 2016). Zhao et al. conducted transient pulse tests on single rock fractures under different pressures, and found that both mechanical and hydraulic apertures decreased with the increase of pressure, and proposed a data analysis method based on polynomial fitting to study the relationship between flow velocity and hydraulic gradient (Zhao et al., 2017c). Zhao Yanlin and Fu Chengcheng, etc., when studying the mechanical and permeability characteristics of fractured limestone during the full stress-strain process, performed hydraulic-hydraulic coupling tests on fractured limestone under different combinations of osmotic pressure and confining pressure. The existence of pressure reduces the strength and deformation modulus of fissured limestone to varying degrees, and intensifies its lateral deformation (Zhao et al., 2017a). Lin et al. verified the stress field of the crack tip under compressive and shear conditions, determined the formula of the compressive stress field of the open crack tip, and deduced the relationship between the crack initiation angle at the crack tip and the pretilt crack inclination angle. The scale effects of joint shear and cyclic freeze-thaw on the mechanical properties of non-persistent joint shear are studied. The method for determining the constitutive relationship parameters and the change rule with scale are discussed (Chen and Lin, 2019; Lei et al., 2019; Lin et al., 2019,a,b). Zhu and Wong (1997) conducted a triaxial seepage experiment on porous sandstone and analyzed the influence of stress and failure mode on the axial permeability of sandstone. The results show that permeability is highly correlated with stress. Wang and Park (2002) studied the permeability evolution in the whole stress-strain process and found that the permeability decreased with the increase of stress before reaching the peak strength. Worthington (2008) analyzed the relationship between axial permeability and effective stress of samples and determined that the relationship between the two could be described by cubic polynomial functions. Davies et al. (1999) studied the permeability stress sensitivity characteristics of different cores. The results show that the greater the porosity and permeability of sandstone core are, the smaller the permeability of cemented rock will be, and the greater the pressure sensitivity is. Wu et al. (2005) conducted CT scanning to observe the sandstone in real time by permaling-stress coupling, and studied the relationship between porosity and permeability. They found that the permeability increased as the appearance of microcracks and peaked after the macroscopic failure. Yu et al. (2013) conducted a triaxial test of rocks with different confining pressures and osmotic pressures, and determined the permeability curve to prove three trends: increase, flatness and decrease. Baghbanan and Jing (2007) used discrete fracture network models and trace length of various sizes to simulate the effects of fracture aperture and trace length on the permeability of fractured rocks. Wang (2000) analyzed the seepage-stress coupling process by analyzing the fracture network model and the discrete element method, and combined the seepage of the rock mass to establish a seepage-stress coupling model. Jing et al. (2001) studied the coupling deformation analysis of rock mass and discontinuous rock mass during the process of seepage stress excavation. Blessent et al. (2009) used a combination of geological modeling and numerical modeling to calculate fractured rock masses in 3D seepage fields. Guglielmi et al. (2008), respectively, studied the seepage-stress coupling of numerical boundary elements, discrete element and continuous element methods, and established discrete element numerical coupling models for fluid mechanics.

The relationship between volume change and permeability is very close. Ord (1990) showed that the increase of expansion rate or volume indicated the increase of porosity, therefore, the permeability increases the possibility of fluid flow with the increase of porosity. This interaction can also be conceptually summarized as the permeability caused by expansion. Understanding the interaction between volume change and permeability in rock mass has become a broadly used tool in geological engineering to ensure the stability of underground structures, assess geological carbon stocks or natural resource exploration, and predict rockburst and seismicity. Lots of studies have researched the interaction between deformation and fluid flow by using experimental methods or numerical models (Hakan, 2009). In this study, the interaction between physical properties, pore pressure, and bedding anisotropy was assessed to describe the interaction between permeability evolution and volume change.

Firstly, the volume change (or volume strain) of a compressed rock is a continual process with continual deformation phases, which are divided into regions of volume reduction (compression) or volume increase (expansion). In a word, the process of volume change starts with fracture closure and elastic compression, followed by the collapse of pore structure and the increase of microcrack density. The point of turnover between the compaction and expansion stages is often referred as the expansion boundary. Due to the disturbance of the original stress distribution, the expansion boundary of rock depends on its mechanical and hydraulic characteristics. Geological environment, temperature and time are also important factors for expansionary development. With the increase of steam and gas pressure, the expansion rate tends to increase with the increase of temperature, which will increase the tensile stress at the crack tip and facilitate the crack opening. The time-varying effect is characterized by a significant static quiescent period, resulting in a sudden energy release and pressure drop (Li et al., 2017; Liu et al., 2019).

During fault slip events, mechanical expansion leads to the creation of pores, which vary widely in fault zones, depending on rock type and rheology, stress state, displacement and so on. Many scholars have carried out research on rock permeability. Oda et al. (2002) used the transient pulse method to conduct permeability tests on the damaged granite samples, and concluded that, despite the preferred growth of cracks, rocks under stress can be roughly idealized into isotropic porous media. Mitchell and Faulkner (2008) studied the permeability evolution of two complete low-porosity crystalline rocks through conventional triaxial deformation experiments, and continuously monitored the permeability and pore volume. They proposed a positive correlation between permeability and strain, in which the permeability increased with different stresses and strains until the stress decreased by two order of magnitude. The interaction between swelling anisotropy and permeability may also be significantly affected by planar anisotropic rock fabrics. Naumann et al. (Marcel et al., 2007) conducted a true triaxial compression test to detect the expansion of clay cube samples with two different bedding directions. They point out that short-term strength and expansion are directional. However, the failure strength has a more obvious anisotropic mechanical response than the dilatancy behavior.

For this reason, this paper adopts the method that from low pressure to high pressure environment to conduct experimental research on non-steady-state method of high-pressure helium gas permeability measurement for the first time, and further discusses the slippage effect and effective stress of fractured tight sandstone reservoir permeability comprehensive control effect, which provides a new understanding for the study of mechanism of fractured tight sandstone gas reservoir permeability change. At the same time, it also has a certain practical guiding significance for predicting and improving gas reservoir of the gas production.



MATERIALS AND METHODS


Experimental Samples

The samples were derived from the ultra-deep fractured tight sandstone gas layer which depths 4,525 m in the Wongfu Mine area of Guizhou province, and the samples were cylindrical samples with a length of 100 mm and a diameter of 50 mm. There were 10 groups, which were washed with oil and dried at 150°C. The experimental sample is shown in Figure 1. The sample parameters and number are shown in Table 1.


[image: Figure 1]
FIGURE 1. Sandstone sample.



Table 1. Sample parameters and number.
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Permeability Measurement

Permeability is an inherent property of porous media materials, and it is a mark to measure the difficulty of sandstone gas flow. Measuring sandstone permeability has important guiding significance for the development of tight sandstone gas. Permeability is evaluated based on laminar flow state and hydraulic head. The flow rate at a point is defined as the volume of fluid(q) passing through the unit area per unit time (A) and is proportional to the pore pressure gradient at that point. The effect of pressure gradients in samples is known, and it is difficult to measure the gradients under triaxial test conditions, especially to express this change with an equation. Therefore, the permeability of hydraulic coefficient should be taken into cautiously consideration. This paper uses the Darcy formula to measure permeability using the steady state method, that is:

[image: image]

q is the flow through the rock at a pressure difference of Δp, cm3/s; A is the cross-sectional area of the rock, cm2; l is the contact length between the rocks, cm; μ is the viscosity of the fluid passing through the rock, mPa·s; Δp is the pressure difference before and after the fluid passes through the rock, atm; K is the proportionality coefficient, which is called the absolute permeability of the porous medium.



Model Application

The sandstone permeability test experimental simulation model is shown in Figure 2, For a single fracture, where a is the crack width (pore diameter), b is the empirical coefficient, μ is the viscosity of the fluid, l is the contact length between domains, and Δp is the pressure between domains. The flow q1 can be obtained from the Poiseulle equation:

[image: image]


[image: Figure 2]
FIGURE 2. Simulation process.


For n fractures, the cross-sectional area of the rock is A, and the flow qn can be determined by the following equation:

[image: image]

Comparing Equations (1) with (3), the following equation can be obtained:
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Considering [image: image], (6) can be showed as:
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Measurement of Sandstone Gas Permeability

This experiment mainly uses a nitrogen bottle, a pressure gauge, an intermediate container, a core holder, and a flow meter to measure the gas permeability of a sandstone sample. The experimental flow chart is shown in Figure 3. The gas source is supplied by a high-pressure nitrogen bottle. After the pressure reducing valve and the constant flow device, the upstream pressure remains stable. When the gas passes through the core of the sandstone sample, a certain pressure difference is generated at both ends of the core. After the airflow is stable, the pressure at both ends of the core and the export flow is measured. It can be calculated by the following formula:
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K is the gas permeability, μm2; Q0 is the gas flow at the core outlet end, cm3/s; L is the core length, cm; A is the cross-sectional area of the core, cm2; P0 is the absolute atmospheric pressure, MPa; P1 is the absolute core inlet end Pressure, MPa; P2 is the absolute pressure at the outlet end of the core, MPa; μ is the viscosity of the gas at the experimental temperature and atmospheric pressure, mPa·s.


[image: Figure 3]
FIGURE 3. Flow chart of permeability measurement experiment.





RESULTS AND DISCUSSION

The response surface method uses a series of deterministic experiments to approximate the implicit limit state function with a polynomial function, which can greatly reduce the number of experiments, improve the efficiency of the experiment, and explore the relationship between multiple input variables and dependent variables. In this paper, Design-Expert 8.0.6 software is used to compare and analyze the change law of gas permeability under the interaction of water pressure, effective stress, confining pressure, and internal pressure.


Effect of Effective Stress on Gas Permeability

As is shown in the Figure 4 that when the axial stress is 0–10 MPa, the osmotic pressure plays a major role, while the role of the axial pressure is not clear. When the axial stress is 10–20 MPa, the flow rate drops quickly, as many horizontal contact hydraulic orifices begin to reach residual values and some seepage channels are closed.


[image: Figure 4]
FIGURE 4. Surface of permeability (10−3 μm2) vs. effective pressure and water pressure.


It can be seen from Figure 5 that when the effective stress value is maintained at 10, 20, and 30 MPa, respectively, when the internal pressure increases, the gas permeability value decreases as the internal pressure increases. When the limiting stress is <10 MPa, the flow rate change curve can be divided into three stages: the descending stage (axial stress is 5–10 MPa), the sharp descending stage (axial stress is 10–25 MPa), and the steady state stage (axial stress is 25–30 MPa). When the confining pressure is 10–20 MPa, the contact hydraulic hole is reduced. The reseason is that in the fractured tight sandstone reservoir, the effective stress maintains constant, the matrix pores and fractures under the same pressure, and the reservoir space remains unchanged. At this time, the effective stress does not have any effect on gas permeability, and it also rules out the change of slippage effect which was caused by the pore throat radius and the crack opening these two factors, and the slippage effect is only affected by internal pressure.


[image: Figure 5]
FIGURE 5. Surface of permeability (10−3 μm2) vs. effective pressure and confining pressure.




Effect of Confining Pressure on Gas Permeability

Figures 6, 7 show that: keeping the internal pressure constant, gradually increasing the confining pressure, and continuously increasing the effective stress, the gas permeability gradually decreases with the increase of the effective stress. According to the Klinkenberg slippage effect formula, when the internal pressure is constant, the influence of pressure on gas slippage effect is eliminated. At this time, slippage effect is only affected by the change of pore throat radius and fracture opening caused by the change of effective stress. With the increase of effective stress, the compaction of pores and fractures becomes stronger, the reservoir space becomes smaller, the radius of pore throat and fracture opening decrease, and the slippage effect increases, resulting in the increase of gas permeability. The increase of effective stress will cause the gradual decrease of gas permeability, and the two will compete with each other. The effective stress changes from large to small, and the damage to the pore structure is irreversible, and the loss of gas permeability is large. While the effective stress changes from small to large, the destruction of pore structure is progressive, and the loss of gas permeability is relatively small.


[image: Figure 6]
FIGURE 6. Surface of permeability (10−3 μm2) vs. water pressure and confining pressure.



[image: Figure 7]
FIGURE 7. Surface of permeability (10−3μm2) vs. effective pressure and internal pressure.




Variation of the Influence of Internal Pressure on Gas Permeability

It can be seen from Figure 8 that when the confining pressure remains constant and the internal pressure continues to increase, in the process of the effective stress decreasing: the opening of the fracture and the radius of the pore throat gradually increase with the reduction of the effective stress and pressure relief, thus resulting in the increase of gas permeability. However, the increase of pore throat radius, crack opening and the increase of internal pressure leads to the decrease of gas slippage effect and the decrease of gas permeability. The two compete with each other and affect the gas permeability of the fractured tight sandstone samples. At the beginning of the experiment, the slippage effect is stronger than the effective stress, Slippage effect is stronger than the effective stress. The apparent permeability value of the gas gradually decreases with the increase of the internal pressure. When the gas permeability reached a low value, the effective stress will be stronger than slippage effect, thus making the increase of absolute permeability be dominant, while the weakening of slippage effect becomes unimportant, and the permeability of the gas value is gradually increasing with the increase of the internal pressure.


[image: Figure 8]
FIGURE 8. Surface of permeability (10−3 μm2) vs. confining pressure and internal pressure.




Effect of Water Pressure on Gas Permeability

In this study, a coupling model was used to research the effect of water pressure on gas permeability. The model provides information on the effects of pressure and water pressure changes on permeability of fractured sandstone (Figure 9). The results show that the horizontal contact hydraulic hole gradually closes with the increase of axial stress. Horizontal hydraulic holes are more sensitive to axial stress than vertical ones. The pore size and pore structure of the fracture exert the main control over the pressure sensitivity, and the main seepage channels also affect the seepage characteristics, and there is a non-linear relationship.


[image: Figure 9]
FIGURE 9. Surface of permeability (10−3 μm2) vs. water pressure and internal pressure.





CONCLUSION

An ultra-deep fractured tight sandstone gas layer from Wengfu mine in Guizhou province was selected for experimental design and study, and the effects of confining pressure, internal pressure, effective stress, and water pressure on gas permeability were investigated. The results show that in the fractured tight sandstone reservoir, keeping the confining pressure constant and constantly increasing the internal pressure, the effective stress and slippage effect compete with each other. At the beginning of the experiment, the gas slippage effect was strong while the rock stress sensitivity was relatively weak, and the gas permeability gradually decreased with the increase of internal pressure. When crossing the low point of permeability, the effective stress is stronger than slippage effect, and the gas permeability increases with the increase of internal pressure. The greater the confining pressure is, the greater the internal pressure needed to reach the low permeability point will be. With axial stress increasing, horizontal contact hydraulic hole increasingly closed. Horizontal hydraulic holes are more sensitive to axial stress than vertical ones. The damage which caused by the effective stress changing from large to small to the pore structure is irreversible, and the loss of gas permeability is large. However, the effective stress changes from small to large, and the destruction of pore structure is progressive, the loss of gas permeability is relatively small.
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