[image: image1]Experimental research on the effect caused by effective stress change in injection production capacity of carbonate reservoir

		ORIGINAL RESEARCH
published: 19 April 2023
doi: 10.3389/feart.2023.1101056


[image: image2]
Experimental research on the effect caused by effective stress change in injection production capacity of carbonate reservoir
Xinping Gao1,2*, Jian Yang1,2, Huifen Han1,2, Junliang Peng1,2, Huan Peng1,2 and Zhifan Yang1
1Engineering Technology Research Institute of Southwest Oil & Gas Field Company, PetroChina, Chengdu, China
2Key Laboratory of Oil & Gas Well Stimulation Technology of Southwest Oil & Gas Field Company, Chengdu, China
Edited by:
Shuai Yin, Xi’an Shiyou University, China
Reviewed by:
Tianshou Ma, Southwest Petroleum University, China
Hong Zheng, Chinese Academy of Sciences (CAS), China
* Correspondence: Xinping Gao, gaoxinping007@163.com.cn
Received: 17 November 2022
Accepted: 03 April 2023
Published: 19 April 2023
Citation: Gao X, Yang J, Han H, Peng J, Peng H and Yang Z (2023) Experimental research on the effect caused by effective stress change in injection production capacity of carbonate reservoir. Front. Earth Sci. 11:1101056. doi: 10.3389/feart.2023.1101056

The effective stress of the reservoir rock in the underground gas storage (UGS) changes with the multi cycle injection and production, which changes the physical characteristics of the reservoir and affects the injection production capacity of the UGS. Taking carbonate fracture-pore type gas storage as the research object, combined with the actual production of UGS, establish a set of experimental evaluation methods based on production characteristics; Core damage evaluator, overburden pressure porosimeter and scanning electron microscope are used to carry out experimental research on the impact of effective stress change on injection production capacity, quantitative analysis of reservoir internal characteristics, multi cycle injection and production and effect of effective stress action time on injection-production capacity. The results show, the experimental method established based on the actual production characteristics of the UGS, simulation of multi cycle injection and production by forward and reverse displacement, simulation of effective stress change under constant confining pressure and variable internal pressure, the experimental evaluation of the injection production capacity of the simulation multi cycle injection and production of the UGS is realized; The change of effective stress makes the reservoir seepage characteristics worse and the reservoir space smaller, injection-production coefficient (Szc) is positively correlated with the internal characteristic value of the reservoir, the larger the internal characteristic value of the reservoir, the higher Szc, and the better the injection production capacity; The injection production capacity of the UGS reservoir deteriorates with the increase of the injection production cycle, in the 4th injection production cycle, the injection production capacity of the UGS changes from moderately strong to moderately weak; The damage of effective stress to the injection production capacity of UGS mainly occurs in the initial stage of injection production, and the damage tends to be stable with the progress of injection production. The conclusion is that the change of effective stress in carbonate fracture-pore type gas storage makes the injection-production capacity of the reservoir worse, it is proposed to carry out reservoir reconstruction before the UGS is put into operation, and expand the capacity of the gas storage after the completion of the 3rd injection and production cycle, which can effectively offset the impact of the decline of injection production capacity of the UGS and play the role of reservoir protection, it provides a constructive idea for improving the operation efficiency of the UGS.
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1 INTRODUCTION
In recent years, with the rapid growth of natural gas consumption, the contradiction between insufficient underground gas storage (UGS) capacity with safe and stable supply of natural gas has further intensified. As the “ballast stone” to ensure the safe and stable operation of the natural gas energy market, UGS plays an indispensable role in the whole natural gas industry chain (Ma et al., 2022). According to international experience, once the external dependence of natural gas exceeds 30%, the working gas volume of UGS needs to exceed 12% of the consumption, and China’s external dependence on natural gas will climb to 44.9% in 2021 (Ding et al., 2022). However, the gas storage and peak shaving facilities are far from meeting the aforementioned standards. Compared with other countries, China’s UGS construction is still at the primary level: the working gas volume of UGS is only 3%–4% of the national natural gas consumption, and the international average is 12%–15% (Yang et al., 2021). To improve the gas storage and peak shaving capacity of UGS, we should not only pay attention to the construction of the number of UGS, but also strengthen the excavation of the potential of the built UGS to ensure the efficient operation of the UGS (Jiang et al., 2021). UGS must meet the requirements of “gas injection, storage and production”, and must complete gas injection and production in a short time (generally, gas injection is completed once in 8 months and gas production is completed once in 4 months), forming an injection production cycle. The operation of the UGS is repeated between the upper and lower limit pressures, and the effective stress borne by the reservoir rock changes periodically. This change will inevitably lead to changes in the reservoir seepage characteristics (Quinn and MacDonald, 1992; Castelletto et al., 2013), which will affect the injection production capacity and storage capacity of the UGS, and is not conducive to the efficient operation of UGS. Therefore, it is of great significance to clarify the impact of periodic stress changes on the injection production capacity of UGS reservoirs, put forward injection and production measures for UGS, scientific formulation of injection-production plan.
At present, many important results and understandings have been obtained in the experimental study of the influence of stress sensitivity on the percolation characteristics of oil and gas reservoirs, but less is involved in the multi cycle injection and production of carbonate fracture-pore UGS. The lower the permeability of sandstone reservoir, the stronger the stress sensitivity (Wang et al., 2021; Xu et al., 2022); Strong stress sensitive rocks have obvious fracture characteristics, while weak stress sensitive rocks have porosity characteristics (Cuss et al., 2003; Engelder, 2014); The pressure-sensitive experiment of ultra-high pressure gas reservoir is carried out, and the binomial productivity equation considering the influence of pressure-sensitive effect is established (Engelder and Fischer, 1994); Carry out rock permeability and porosity change experiments under effective stress loading, describe the relationship between porosity, permeability and effective stress by establishing functions, spatial models, etc (Oughanem et al., 2013; Rahmati et al., 2013; Moosavi et al., 2014; Selvadurai and Glowacki, 2016). A method for evaluating the stress sensitivity is established, which mainly includes using the constant in the relationship between regression permeability and effective stress index to express the stress sensitivity (Bazin et al., 2008), stress sensitivity coefficient method (You et al., 2013), and a series of evaluation methods such as the industry standard flow test evaluation method of reservoir sensitivity (SY/T 5358-2010).
Multi cycle injection and production of sandstone gas storage will reduce the permeability of reservoir rocks, but with the increase of injection and production rounds, the permeability decline will decrease. The lower the permeability, the greater the irreversible permeability loss rate, and the stronger the periodic stress sensitivity (Bakhtiari et al., 2021; Wang et al., 2023). The operation of the UGS has the characteristics of multi cycle, strong injection and production, and alternating load, it is easy to induce reservoir damage such as stress sensitivity, particle migration and sand production. Through the optimization design of injection production parameters and storage capacity parameters, the safe and stable operation of the UGS can be realized (Dehghan et al., 2016; Verga, 2018; Honari and Seyedi Hosseininia, 2021). Multi cycle injection and production of UGS, adopting different injection and production measures, can not only meet production needs, but also alleviate reservoir damage caused by particle migration and improve the operation efficiency of UGS (Arfaee and Sola, 2014; Xinping et al., 2020; Subbiah et al., 2021).
In summary, the research on stress sensitivity at home and abroad mainly focuses on the seepage characteristics and evaluation methods of oil and gas reservoirs, mainly serving the oil and gas productivity. The research on multi cycle injection and production stress sensitivity of UGS is relatively few, and most of the UGS involved are sandstone reservoirs, and the research on the impact of effective stress changes of carbonate fracture-pore type gas storage on injection production capacity is rarely involved, and lack of corresponding experimental methods and evaluation indicators. For carbonate rock fracture-pore type gas storgae, natural gas is stored and transported in the fracture pore, and the periodic change of effective stress will inevitably lead to the change of reservoir seepage characteristics, which will affect the injection production capacity and storage capacity of the UGS. However, at present, no research has been carried out on the change of injection production capacity caused by the periodic rise and fall of effective stress under the conditions of multi cycle injection and production for carbonate fracture-pore type gas storage.
During the operation of the UGS, the periodic change of effective stress will change the physical properties of the reservoir, especially the permeability and porosity of the reservoir. The author selected carbonate fracture-pore reservoir rock samples of X gas storage, established an experimental method based on the injection production characteristics of the X UGS, and gave the indexes for evaluating the injection production capacity of the UGS; Carry out experiments on the influence of internal characteristic values of the reservoir, multi cycle injection and production and considering the effective stress action time on the injection production capacity of the reservoir. By detecting the changes of permeability and porosity of the rock sample during the experiment, and observing the changes of fracture wall characteristics of the rock sample before and after the experiment with a scanning electron microscope, analyze the impact of effective stress changes on the injection production capacity of carbonate fracture-pore type gas storage, and reveal the mechanism of action. Based on the understanding of experimental research, provide reservoir protection measures and suggestions, it is expected to provide experimental technical support for optimizing the injection-production system of carbonate fracture-pore gas reservoirs and improving the operation efficiency of UGS.
2 EXPERIMENTAL SAMPLES AND EQUIPMENTS
2.1 Experimental samples
The experimental rock sample is from the core in the injection production wells of X UGS, and the reservoir is carbonate fracture-pore type. According to the analysis of logging and coring data, the porosity of the reservoir is 0.39%–16.96%, and the permeability is 0.001–223.69 mD. The core is processed into a column sample with a diameter of 2.5 cm and a length of 5 cm (Figure 1), testing porosity and permeability, select core samples similar to reservoir physical properties as experimental rock samples.
[image: Figure 1]FIGURE 1 | Injection production well core and cylindrical core samples.
2.2 Experimental equipments
Permeability is measured by core damage evaluation instrument, porosity is measured by overburden porosity-permeability instrument, and microstructure is observed by scanning electron microscope. The core damage evaluation instrument mainly consists of injection system, temperature control system, pressure control system, back pressure system, metering system, data acquisition and control system, the injection system can adjust the pressure by 0–50 MPa, the temperature control system room temperature ∼150°C, the maximum confining pressure of the pressure control system is 90 MPa, and the accuracy of the metering system is 0.001 g (Figure 2A). The overburden porosity-permeability instrument is mainly composed of pressure regulating system, sampling system, automatic control system, data acquisition and analysis system, etc., the porosity measurement range: 0.01%–40%, the permeability measurement range: 0.00005–15,000 mD, the pressure sensor: 0–250 psi, 0–10,000 psi (Figure 2B).
[image: Figure 2]FIGURE 2 | Flow chart of experimental equipments. (A): Core damage evaluation instrument, (B): overburden porosity-permeability instrument.
3 EXPERIMENTAL METHODS
The operation of UGS is a process in which the overlying formation pressure remains unchanged, the reservoir pore pressure increases during gas injection, and the reservoir pore pressure decreases during gas production, that is the operation is repeated between the upper and lower pressure of the UGS. According to the principle of similarity and similarity, it is converted into laboratory experiment, using the effective stress change mode of constant confining pressure and variable pore pressure, using confining pressure to simulate the overlying pressure of the UGS, the experimental injection pressure simulates the pressure in the pores of the gas reservoir, and the injection pressure changes to simulate the change of the operating pressure during the injection production of the gas reservoir.
3.1 Experimental parameters
For the pertinence and accuracy of experimental research, the experimental temperature 82 C (X UGS reservoir temperature), confining pressure 71 MPa (X UGS reservoir overlying formation pressure). Conduct triaxial rock mechanics experiments on experimental rock samples, under the experimental confining pressure of 71 MPa, the average compressive strength is 314.75 MPa, which means that under the experimental conditions of adding confining pressure, the experimental rock samples undergo elastic deformation when the pressure is less than 314.75 MPa; when the pressure reaches 314.75 MPa, plastic deformation occurs to breakage (Figure 3). The critical pressure for displacement deviation of the experimental rock sample is 314.75 MPa. Injection pressure is 13.20 MPa–28.06 MPa (X UGS operation of upper and lower limit pressure). The injection pressure is refined and decomposed in the experiment, the injection pressure with 3 MPa as the pressure interval from the lower limit 13 MPa to the upper limit 31 MPa, which are 13 MPa, 16 MPa, 19 MPa, 22 MPa, 25 MPa, 28 MPa, and 31 MPa. The effective stress is the difference between the confining pressure and the injection pressure, which are 58 MPa, 55 MPa, 52 MPa, 49 MPa, 46 MPa, 43 MPa, and 40 MPa (Table 1).
[image: Figure 3]FIGURE 3 | Stress strain curve of triaxial rock mechanics (A–D).
TABLE 1 | Table of injection pressure and effective stress for periodic injection and production of X UGS.
[image: Table 1]The experimental medium is 8% potassium chloride solution, in order to eliminate the effect of velocity sensitivity on the experimental results, the experimental displacement flow should be determined. The specific experimental steps are as follows: 1)Put the core sample into the core holder, increase the confining pressure, and let it stand for 4 h to eliminate the stress sensitivity; 2)Keep the confining pressure always higher than the inlet pressure 2 MPa, and test the permeability under the flow rates of 0.10 cm3/min, 0.25 cm3/min, 0.5 cm3/min, 0.75 cm3/min, 1.00 cm3/min, 1.5 cm3/min, and 2.0 cm3/min. When the permeability change rate is greater than 20%, it indicates that velocity sensitivity has occurred, and the flow corresponding previous point is the displacement flow. The permeability change rate can be expressed using Eq. (1).
[image: image]
Where, Dw is the permeability change rate under different flow rates; Ki is the permeability of core under different flow rates, respectively (mD); Kw is the initial permeability of core, respectively (mD).
Test the displacement flow of different experimental samples, which shows that the flow rate when the permeability change rate is greater than 20% increases with the increase of initial permeability, but when the initial permeability of the sample is within a certain range, the flow rate when the permeability change rate is greater than 20% is a constant value (Table 2). The reservoir itself contains fine particles, particles migrate under the scouring of high-speed fluid, which may block the pore throat or accompany fluid discharge from the reservoir (Muecke, 1979; Gruesbeck and Collins, 1982; Civan, 2015; Li et al., 2017; Hou et al., 2015). When the initial permeability of the sample is within a certain range, its corresponding pore structure is consistent, and the fluid exhibits the same properties when passing through the pore. Therefore, different displacement flow rates are used for different experimental samples.
TABLE 2 | Results of velocity sensitivity damage test.
[image: Table 2]3.2 Experimental process
During the change of effective stress, test the permeability and porosity changes at different effective stress points. The experimental steps are as follows: 1)Put the core samples into the core holder of the overburden porosity-permeability instrument, test the porosity and permeability, select two core samples with similar porosity and permeability as a group, and select the cores representing the physical properties of different reservoirs as different groups; 2)A core sample of the same group is put into the core holder of the Core damage evaluation instrument, linearly load the confining pressure at a loading rate of 0.69 MPa/min, load the confining pressure to 71 MPa and keep it constant, and stabilize for 4 h; the displacement flow is used to pressurize to the injection pressure, maintain the pressure for 15 min, measure the permeability of this point; At the same time, another core sample of the same group is put into the core holder of the overburden porosity-permeability instrument, and the effective stress corresponding to the injection pressure is added as the confining pressure, maintain the pressure for 15 min, measure the pore of this point; 3)According to the injection pressure interval, increase the injection pressure in turn to the maximum, and test the permeability of core samples at different injection pressure points; The effective stress corresponding to the injection pressure is taken as the confining pressure to test the porosity of core samples at different effective stress points, this process simulates the gas injection process of UGS; 4)Change the displacement direction, according to the injection pressure interval, and then start from the maximum injection pressure, reduce the injection pressure to the minimum injection pressure by the displacement flow, and test the permeability of core samples at different injection pressure points; The effective stress corresponding to the injection pressure is taken as the confining pressure to test the porosity of core samples at different effective stress points, this process simulates the gas production process of UGS; 5)Repeat steps (2)–(4) to complete the experiment until to complete multi cycle injection and production; 6)Replace the core sample and repeat steps (2)–(5) until the experiment is completed. Finally, based on the change characteristics of permeability and porosity under different effective stress, define the effect of effective stress change on the injection production capacity of the reservoir.
3.3 Injection production capacity characterization
There is a correlation between porosity, permeability with effective stress. The pore volume and permeability of rocks decrease with the increase of the cycle of pressure reciprocating changes (Ranjith et al., 2013; Song et al., 2022). The natural gas in the UGS is stored and migrated in the fractures and pores of the reservoir, with the injection production of the UGS, the internal characteristics of the reservoir are also changing (Dake, 1983; Gobran et al., 1987; Economides and Nolte, 1989; Cosentino, 2001; Lucia et al., 2003; Jaeger et al., 2009; Lake, 2012; Ahmed, 2018) (Figure 4). In order to clarify the influence of the change of the internal characteristics of the reservoir on the injection production capacity of the reservoir, use the product of porosity and permeability to characterize the internal characteristic value of the reservoir. The ratio of the internal characteristic value of the reservoir at different injection and production stages of the UGS to the internal characteristic value of the reservoir before the construction UGS, called injection-production coefficient, which can be expressed using Eq. 2. Before the construction of the UGS, the maximum injection-production coefficient is 1, As the UGS is built and operated, the injection production capacity gradually changes. According to the operation status of the UGS, the injection-production coefficient is divided into four ranges, analyze the change of the injection-production coefficient with the periodic injection production of the UGS, indicates the injection production capacity of the UGS (Table 3).
[image: image]
Where, Szc is the injection-production coefficient of UGS at different injection-production stages, dimensionless; Kn is the permeability of UGS at different stages of injection and production, respectively (mD); Qn is the porosity of UGS in different injection production stages, respectively (%); Ki is the initial permeability of UGS, respectively (mD); Qi is the initial porosity of UGS, respectively (%).
[image: Figure 4]FIGURE 4 | Characteristic change of multi cycle injection and production reservoir in X UGS. (A): reservoir, (B): porous.
TABLE 3 | Evaluation standard for injection production capacity of UGS.
[image: Table 3]4 EXPERIMENTAL RESULT
4.1 Influence of reservoir internal characteristic values on reservoir injection production capacity
Select three groups of samples representing small, medium and large internal characteristic values of the UGS reservoir, namely, 1, 2 and 3 groups, to conduct single cycle injection and production, and test the change of injection-production coefficient under different effective stress (Figure 5).
[image: Figure 5]FIGURE 5 | Injection-production coefficient of internal characteristic value of different reservoirs changes with effective stress.
For the same sample, under the same effective stress, Szc in the gas injection stage is greater than that in the gas production stage, which indicates that gas injection and production will damage the reservoir’s injection production capacity and is irreversible. Different samples have different Szc after injection and production, Group 3 (0.65) > Group 2 (0.55) > Group 1 (0.48), which shows that Szc is positively with the internal characteristic value of the reservoir, that is the larger the internal characteristic value of the reservoir after injection production, the higher Szc is, indicating that the higher the permeability and porosity of the reservoir, the better the injection production capacity; after the completion of injection and production, the variation value of Szc (Eq. 3) is different, Group 1 (0.08) > Group 2 (0.07) > Group 3 (0.05), indicating that the variation value of Szc is inversely correlated with the internal characteristic value of the reservoir, which shows that the greater the internal characteristic value of the reservoir, the smaller the change value of Szc, indicating that the higher the initial permeability and porosity of the reservoir, the less damage to the injection production capacity of the reservoir caused by gas injection and production. Therefore, reservoir reconstruction after completion of the injection production wells in UGS can improve the permeability and porosity of the reservoir and play a role in reservoir protection.
[image: image]
Where, △Szc is the variation value of injection-production coefficient; Szc’ is the injection-production coefficient in gas injection stage; Szc’’ is the injection production coefficient in gas production stage.
4.2 Influence of multi cycle injection and production on reservoir injection production capacity
Select 2nd group of internal characteristic values of representative UGS reservoir for multi cycle injection and production, and test the change of Szc under different effective stresses (Figure 6).
[image: Figure 6]FIGURE 6 | Injection-production coefficient changes with effective stress in different injection production periods.
In the same injection production cycle, during gas injection reservoir pore pressure increases, while the overlying formation pressure remains unchanged, the increased pore pressure offsets part of the overlying formation pressure, and the effective stress acting on the reservoir decreases, making the reservoir internal fractures and pores space of the reservoir partially recovered, which is shown as Szc increases with the decrease of the effective stress; Contrary to gas injection during gas production, the reservoir pore pressure decreases, while the overlying formation pressure remains unchanged, and the effective stress acting on the reservoir increases, making the internal fractures and pores space compression of the reservoir smaller, which is shown as Szc decreases with the increase of effective stress. At the same effective stress point, Szc during gas injection is greater than Szc during gas production, and the difference increases with the increase of effective stress, indicating that the change of effective stress is irreversible to the damage of reservoir injection production capacity. In different injection production cycles, Szc decreases with the increase of injection production cycle, from 0.75 at the beginning of the first injection production cycle to 0.43 at the end of the fifth injection production cycle, but the decrease amplitude becomes smaller. After the third injection production cycle, the decrease value of injection-production coefficient tends to be stable, indicating that the damage to the reservoir injection production ability becomes weaker and stable due to the change of effective stress with the increase of injection production cycle. The injection-production coefficient of the 1st∼3rd injection production cycle is 0.75–0.51, and the injection production capacity of the reservoir is moderately strong; 0.49–0.42 after the fourth injection production cycle, the injection production capacity of the reservoir is moderately weak. Therefore, in order to maintain the injection production capacity of the UGS reservoir, the UGS capacity will be expanded after the completion of the 3rd injection and production cycle.
4.3 Effect of effective stress time on injection production capacity
Select 3 samples representing the internal characteristic value of the gas reservoir, the effective stress is constant, With the increase of the effective stress acting time, real time test of injection-production coefficient changes under different effective stresses (Figure 7).
[image: Figure 7]FIGURE 7 | Injection-production coefficient of different effective stress changes with time.
The overburden pressure of the gas reservoir is 71 MPa, and the UGS operates repeatedly at the upper and lower pressure of 28.06 MPa–13.20 MPa (the effective stress is 42.94 MPa–57.8 MPa), so the effective stress is 42.94 MPa, 57.8 MPa and the average value is 50.37 MPa. Under the same effective stress, Szc shows three stages of rapidly decrease, stable and further decrease with the increase of action time. The rapid decrease of Szc occurred within 1.5 h, with a decrease range of 2%–5%; Szc occurs stably in 1.5 h–3.0 h; Szc decreased slightly after 3.0 h. For different effective stresses, the smaller the effective stress, the greater the Szc, under the same action time, the greater the effective stress, the smaller the Szc. It shows that the damage of effective stress to the injection production capacity of UGS reservoir occurs at the beginning of injection production, and the damage tends to be stable with the injection production.
5 ANALYSIS OF FACTORS AFFECTING INJECTION PRODUCTION CAPACITY
The change of effective stress will cause rock deformation, which mainly includes the deformation of fracture pore space, the deformation of skeleton particles and the deformation of skeleton particle arrangement (Gilbert et al., 2013; Liu et al., 2022). The deformation of skeleton particles belongs to elastic deformation, the effective stress can usually recover after unloading; The deformation due to the change of particle arrangement of the skeleton belongs to plastic deformation, and it is difficult to recover the effective stress after unloading (Sui et al., 2011).
5.1 Internal characteristic value of reservoir
According to the scanning electron microscope pictures of the experimental samples, it can be observed that the pore morphology in the sample is mainly circular pore, and at the same time, there are long and narrow natural fractures (Figure 8). Carbonate fracture-pore type reservoir rock is hard in compactness, and the space for skeleton particle deformation is very small, therefore, the effective stress first causes the deformation of the fracture pore space, with the increase of effective stress, skeleton particle deformation and skeleton particle arrangement change successively (Figure 9). When the effective stress is between 40 MPa and 49 MPa (injection production pressure 31 MPa–22 MPa), Szc is larger and changes rapidly, the reason is that the reservoir rock with the increase of the effective pressure has obvious compaction, and the porosity and permeability decrease rapidly, at this stage, Szc changes are mainly caused by the deformation of the fracture porosity space. When the effective stress changes between 58 MPa and 49 MPa (injection production pressure 13 MPa–22 MPa), Szc is relatively small and basically unchanged, indicating that the injection production capacity is relatively weak and stable, the reason is that the space available for compression in the rock sample is reduced, and the decrease range of porosity and permeability is reduced, at this stage, Szc changes are mainly caused by the deformation of skeleton particles and the deformation caused by the change of skeleton particle arrangement.
[image: Figure 8]FIGURE 8 | SEM photograph.
[image: Figure 9]FIGURE 9 | Effective stress increases pore-fracture change.
5.2 Multi cycle injection and production
Multi cycle injection and production reduces the injection production capacity of the UGS, but with the increase of injection and production cycle, the injection production capacity tends to be stable, indicating that the fractures and pores of the reservoir rock are reduced to a certain extent due to multi cycle effective stress, but still have injection production capacity. The scanning electron microscope results show that there are dense and a large number of microconvex bodies on the fracture and pore wall of the sample, when the fracture and pore are closed to a certain extent, these dense and large number of microconvex bodies contact the other wall of the fracture and pore, forming a supporting role for the fracture and pore (Figures 10, 11).
[image: Figure 10]FIGURE 10 | SEM photograph of fractures, pores and walls.
[image: Figure 11]FIGURE 11 | Fractures surface microconvex body support.
5.3 Effective stress action time
Figure 4 shows, Szc can be divided into three stages of rapid decrease, stability and redecrease with the increase of effective stress acting time. At the beginning, fractures and pores are closed to a certain extent under the effect of effective stress, resulting in a rapid reduction of Szc. After the effective stress is applied for a period of time, Szc is relatively stable due to the support of the microconvex body on the fracture and pore wall (Figure 12A). As the wall microconvex bodies, especially those in point contact, are prone to stress concentration, as the effective stress action time continues to increase, the microconvex body will break (Figure 12B), and the fractures and pores will be closed to a certain extent again, eventually causing Szc to decrease again (Figure 12C).
[image: Figure 12]FIGURE 12 | The microconvex body of wall breakage. (A): fracture wall, (B): microconvex body, (C): fracture closure.
6 CONCLUSIONS AND SUGGESTIONS

1) The experimental method established based on the actual production characteristics of UGS, has realized the experimental evaluation of the simulation of the impact of effective stress changes on the multi cycle injection and production of UGS. The proposed injection-production coefficient can accurately reflect the injection production capacity of multi cycle injection and production of the UGS reservoir.
2) The change of effective stress will cause irreversible damage to the injection production capacity of the reservoir. The higher the initial permeability and porosity of the reservoir, the less damage the effective stress will cause to the reservoir. It is suggested that reservoir reconstruction should be carried out before the injection production wells of the UGS are put into production, to increase the initial permeability and porosity, which is conducive to improving the injection and production efficiency of the UGS and realizing the efficient operation of the UGS.
3) After periodic injection and production, the gas storage space is lost and the storage capacity is reduced accordingly. It is recommended to expand the UGS after the completion of the 3rd injection and production cycle, which can effectively offset the reduction of the storage capacity caused by the decline of the UGS’s injection production capacity, maintain the UGS’s injection production capacity, and improve the UGS’s operating efficiency.
4) With the increase of effective stress acting time, the injection production capacity of the UGS reservoir presents a trend of “rapid reduction - stability - further reduction”. It is suggested to shorten the empty storage period and lengthen the full storage period in the way of “rapid production and slow injection” during the operation of UGS, so as to avoid or reduce the further reduction stage of the injection production capacity.
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