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The appropriate design of the operating pressure of underground gas storages (UGSs) is of great significance to their safe and profitable operation. In situ stress is basic data for determining the upper limit pressure of UGSs, analyzing fault stability in reservoir areas, and evaluating trap tightness. Generally, the design of the upper limit gas injection pressure of UGSs is a comprehensive geomechanical problem. After research and comparison of measurement methods, it is believed that the measurement of in situ stress induced by hydraulic fracturing can accurately obtain the in situ stress value near the wellbore, and having knowledge about the reservoir stress path will considerably decrease the risk of reservoir and cap rock instability during gas injection and production. Taking Well C1, an oil reservoir-type UGS in Block M, eastern China as an example, this paper introduces the use of hydraulic fracturing (HF) in situ stress testing technology to obtain the minimum principal stress values of the caprock, reservoir and floor intervals of Well C1. The measured minimum principal stress of the caprock is 32.8–36.8 MPa. Because it is an old well, the minimum principal stress of the reservoir is 33.7–34.2 MPa after correction of the in situ stress measurement according to the theory of elasticity. Based on the comprehensive analysis of the measured in situ stress data, it is believed that the safe upper limit of the reservoir-type gas storage in Block M is 27.2 MPa.
Keywords: underground gas storage, hydraulic fracturing, in situ stress test, operating pressure, oil reservoirs
1 INTRODUCTION
Confirmed by research findings, natural gas will become the most demanded fossil fuel in the world in the future, and its production will reach its maximum in 2060 (Zou et al., 2018). Underground gas storage (UGS) is an important and inseparable part of the upstream and downstream of the natural gas industry. With the rapid development of China’s natural gas industry, the demand for UGSs will become increasingly urgent. China’s UGS construction began in 1999, and 26 UGSs have been built in China after 20 years, with a designed storage capacity of 41.5 billion square and working gas volume of 180 billion square (Ding et al., 2010). There are contradictions between the geological storage sites and the natural gas demand market in China. Gas fields are mainly located in central and western China, and demand markets are located in the central and eastern regions, while the oil-bearing basins in the east are dominated by oil reservoirs. Therefore, the use of oil reservoirs to build UGSs has gradually developed in China (Jiang et al., 2021).
During a high rate of multicycle operation of underground gas storage, high-flow gas is injected, and high-flow gas is produced in the short term, which brings about a force change in the fault block trap and affects the dynamic sealing integrity and is completely different from conventional oil and gas reservoir development methods. The underground gas storages that are converted form oil reservoirs and are different from gas reservoirs. The process of building UGSs is a high-speed interactive displacement process of gas, oil and water, and the three-phase seepage mechanism, spatial production characteristics and capacity expansion laws are complex. For gas storage, the purpose is to maintain the maximum gas in the reservoir without escaping it. In geological storage, gas can be stored by several physical and chemical trapping mechanisms (Benson and Cole, 2008; Gunter et al., 2004). Physical storage involves storing injected gas in structural traps and storing it as residual gas in the pore volume. As a result, geomechanical considerations have a vital impact on the short- and long-term performance of gas injection.
With gas injection and production, the pore pressure and in situ stress are altered in the different stages of UGS life (Ferretti, 2005; Vasco et al., 2001; Zhou and Burbey, 2014). The fatigue effect caused by multicycle injection-withdrawal changed the pore-throat and microcrack structures of the caprock and enhanced the sealing capacity at the in situ effective stress. The dynamic breakthrough pressure is lower than the caprock fracture pressure, so capillary sealing failure is more likely than mechanical failure (Zhu et al.). Gas injection increases the reservoir pore pressure and decreases the integrity of faults close to gas well locations (Rutqvist et al., 2014). The probability of fault reactivation is soared up because of enhancing the pore pressure. This reactivation can be monitored by parameters such as friction, cohesion, and orientation of the fault (Scholz, 2019). Thus, variations in stresses applied to the reservoir can potentially threaten the integrity of the reservoir. Additionally, the activation of faults might increase the permeability of the reservoir’s unsuitable sections. The faults and traps near the wellbore have the weakest sealing ability, so it is important to evaluate their sealing performance in the scheme design.
The appropriate design of the operating pressure of UGSs is of great significance to the safe and profitable operation of UGSs. In situ stress is basic data for determining the upper limit pressure of UGSs, analyzing fault stability in reservoir areas, and evaluating trap tightness. Generally, the design of the upper limit gas injection pressure of UGSs is a comprehensive geomechanical problem. After research and comparison of measurement methods, it is believed that the measurement of in situ stress induced by hydraulic fracturing can accurately obtain the in situ stress value near the wellbore, and having knowledge about the reservoir stress path will considerably decrease the risk of reservoir and cap rock instability during gas injection and production.
This paper introduces the use of hydraulic fracturing (HF) in situ stress testing technology to obtain the minimum principal stress values of the caprock. Example taken from the C1 Well M Block, Nanpu Sag. We combine the imaging and dipole acoustic logging data of nearby wells, the horizontal maximum principal stress and its direction are estimated, and the upper limit pressure of the M gas storage is determined.
2 DATA AND METHODS
2.1 Geological background of the study area
According to the requirement of the in situ stress test for UGS construction, well C1 of UGS A is selected as the test well. The porosity of gas storage reservoir A is 27.1%, and the permeability is 619.9 mD. The temperature of the oil reservoir in the gas storage is 85 °C, the original formation pressure is 22.53 MPa, the current formation pressure coefficient is approximately 0.6, and the formation pressure is approximately 13.5 MPa. Well C1 is located at the higher part of the M fault block, with an artificial bottom of 2923 m, a vertical depth of 2341 m and a maximum well deviation of 44.66°. Based on the cementing quality, casing collar and original perforation section of the well, the in situ stress test section is determined as shown in Table 1.
TABLE 1 | Test information of the C1 well used for hydraulic fracturing.
[image: Table 1]2.2 Test process
The principle of in situ stress measurement of hydraulic fracturing is based on elastic mechanics. According to the closure pressure of the fracturing fracture, a relatively reliable minimum principal stress can be obtained. For near-vertical wells, a relatively reliable horizontal minimum principal stress can be obtained.
Different from generalized in situ stress testing methods such as small-scale fracturing testing technology in the field of oil and gas fields, the classical hydraulic fracturing in situ stress testing method uses hydraulic expansion type bridging packers or bridge plugs + packers to separate the test section. It is sealed to realize the continuous measurement of small flow in the caprock. The purpose of the small flow is to minimize the influence of pore elasticity on the measurement results without forming a complex network of fractures, and the pressure in the pressure fractures can quickly reach equilibrium after the pump is turned off. The minimum principal stress is determined by the fracture closure pressure on the fracturing curve, which has the characteristics of repeatable measurement results.
The test plan is formulated according to the characteristics of the reservoir. The sequence of preparations before the test is perforation, scraping, lowering the bridge plug, lowering the in situ stress test string, etc. A schematic diagram of the hydraulic fracturing stress measurement system is shown in Figure 1. The specific steps of the in situ stress test are as follows: 1) the pipe string is kept still, and the change in the suspension weight of the pipe string is observed during the in situ stress test. During the pressurization process, due to the pressure sensor installed in the high-pressure circuit, the pressure value on the digital acquisition instrument and the pressure gauge will increase rapidly with the pumping of the high-pressure liquid. Under the action of ground stress and pore pressure, according to the drilling cycle and the principle of stress concentration, when the pressure reaches the critical condition of tangential stress failure of the rock, the rock mass on the hole wall will rupture, and the maximum pressure value Pb recorded at this time is the rupture pressure. 2) After the rock cracks, turn off the high-pressure pump and stop injecting into the test section. After the pump is turned off, the pressure drops; after that, the pressure slowly drops as the liquid is lost to the formation. Under the action of in situ stress, the cracks tend to close. The pressure recorded when the fracture is in a critical closed state is the closure pressure Ps, which is the minimum principal stress that needs to be obtained in this test. 3) When the pressure in the fracturing section becomes stable or no longer drops significantly, the pressure in the isolation section can be released, the pressure at the wellhead can be released, and the current test can be completed. 4) After the surface pressure drops to zero, the wellhead return valve is closed, the high-pressure pump is restarted, high-pressure fluid is injected into the test section to reopen the fractures that have occurred in the rock body, and then the pump is turned off to record the closure pressure of the fractures. The above process was repeated 3–4 times to obtain a reliable minimum principal stress. 5) For ultralow permeability formations, when the pump is stopped after rupture or retension, when the surface pressure does not drop, auxiliary backflow measures can be used to speed up the fracture closure process to obtain the fracture closure pressure, that is, the minimum principal stress. Whether to adopt auxiliary backflow measures is determined by the on-site engineer according to the pressure drop curve. This on-site test uses a small flow injection test, so no auxiliary return measures are used. 6) Lift the pipe string directly for 2 m, stabilize for 15 min, unpack the packer, and pull out the test string. The abovementioned in situ stress testing process is repeated, and in situ stress testing of other layers is performed in sequence.
[image: Figure 1]FIGURE 1 | Schematic diagram of the hydraulic fracturing stress measurement system.
From the pressure–time record curve, the fracture pressure (Pb) of the rock, the instantaneous closure pressure (Ps) and the estimated fracture retension pressure (Pr) can be directly obtained. According to the above parameters, the minimum principal stress can be determined, the maximum principal stress can be estimated, and the interpretation of specific characteristic pressure parameters and the calculation method is as follows:
Fracturing pressure (Pb). The fracturing pressure (Pb) is generally easy to determine; that is, the peak pressure of the first cycle during the fracturing process is called the fracturing pressure of the rock. The fractures are connected, and the fracture pressure is generally not obvious.
Retension pressure (Pr). The retension pressure (Pr) is the pressure when the rock mass in the fracturing section is broken, and the pressure is reopened to reopen the existing fractures. Usually, the corresponding point on the pressure–time curve when the slope changes significantly is the pressure value of rupture reopening.
Close the pressure (Ps). The determination of the shut-off pressure Ps is very important for hydraulic fracturing stress measurement. The closure pressure Ps is equal to the minimum principal stress or the horizontal minimum principal stress σh, and the more commonly used and popular methods for the value of Ps include the inflection point method, single tangent and double tangent method, dt/dp method, dp/dt method, Mauskat method, flow-pressure method, G-function method, etc.
Pore pressure (Po). The formation pore pressure Po is obtained from the measured data after the oil production well is shut in to restore the formation pressure.
3 TEST RESULTS AND APPLICATIONS
3.1 Test result
According to the pressure–time curve recorded by the downhole pressure gauge, combined with the flow data recorded on the surface, the pressure–time-flow and cumulative flow curves of Well C1 are drawn as shown in Figure 2, and the abovementioned method for determining the closure pressure of fracturing fractures is adopted, using the single tangent method, dP/dT method, Muskat method and G-Function method to obtain the minimum principal stress in the first round of 2790–2792 m. The calculation results are shown in Figure 3, Figure 4, Figure 5, and Figure 6, and the average value of the value results is used as the final minimum principal stress. Table 2 is a summary table of the data processing results for the direct mudstone caprock (2790–2792 m).
[image: Figure 2]FIGURE 2 | Downhole pressure–time and surface flow and cumulative flow curves.
[image: Figure 3]FIGURE 3 | Calculation of the 1st minimum principal stress by the single tangent method.
[image: Figure 4]FIGURE 4 | Calculation of the 1st minimum principal stress by the dp/dt method.
[image: Figure 5]FIGURE 5 | Calculation of the 1st minimum principal stress by the Muskat method.
[image: Figure 6]FIGURE 6 | Calculation of the 1st minimum principal stress by the G-function method.
TABLE 2 | Summary of data processing results of overlying mudstone caprock (2790–2792 m).
[image: Table 2]Using hydraulic fracturing in situ stress test technology, the in situ minimum main stress of the five test intervals within the depth range of 2790–2912 m (vertical depth 2244.8–2331.5 m) of reservoir-type gas storage well C1 in Block M was obtained. The in situ stress measurement results of the five layers from top to bottom are shown in Table 3. The measured results show that the minimum principal stress value of the overlying mudstone caprock is the highest.
TABLE 3 | Summary of the measurement results of in situ stress caused by hydraulic fracturing in Well C1.
[image: Table 3]3.2 Design of the operating pressure of the underground gas storages

1) In situ stress measurement results after pore pressure correction
The test hole of Well C1 is an old well. After years of production, the formation pressure coefficient (pore pressure) of the reservoir drops significantly. According to the theory of poroelasticity, a decrease in formation pore pressure will lead to a decrease in stress in the reservoir. For transversely isotropic reservoirs, the relationship between the variation in the horizontal minimum principal stress and the variation in pore pressure is:
[image: image]
where ΔSh is the minimum principal stress change, ΔPp is the pore pressure change, α is the Biot coefficient, which is 1, and ν is Poisson’s ratio, which is 0.2 in the calculation.
The Biot coefficient of the reservoir in Well C1 are approximately 0.6 and 0.8. During the operation of the gas storage, during the gas injection cycle, the pore pressure in the reservoir increases, which will cause the minimum principal stress in the reservoir to increase. When the formation pressure of the reservoir increases when the coefficient rises to 1.0, the corrected results of the minimum principal stress in the reservoir are shown in Table 4.
2) Evaluation of the ultimate bearing capacity of the caprock
TABLE 4 | In situ stress measurement results after pore pressure correction.
[image: Table 4]The ultimate pressure evaluation based on the mechanical integrity of the caprock mainly includes two aspects: tensile failure and shear failure resistance. My country has not officially published the national standard for determining the upper limit pressure of gas storage. Referring to the method for determining the upper limit pressure of gas storage in Canada, the upper limit pressure of gas storage = minimum principal stress of formation × 0.8.
1) Critical fluid pressure for caprock tensile failure
For the tensile failure capacity of the caprock, the critical formation fluid pressure should be greater than the sum of the horizontal minimum principal stress σh and the tensile strength T. Based on the above measured results of the in situ stress, the minimum horizontal principal stress at the interface of the reservoir cap rock of gas storage M is calculated to be 34.2 MPa. The European Union, Canada, Australia and other national gas storage standards stipulate that the maximum gas injection pressure must be less than 80% of the minimum principal stress. According to this method, the maximum safe gas injection pressure of the caprock is calculated as 27.2.
2) Critical fluid pressure for caprock shear failure
The shear failure risk assessment of caprock is based on the experimental study of rock mechanics, and based on the rock shear failure criterion (such as the Mohr–Coulomb criterion), the shear failure index is calculated, and the risk quantitative evaluation is realized. At present, the most classic method for evaluating the risk of caprock shear failure is based on the Mohr–Coulomb criterion in rock mechanics. Based on this criterion, the caprock safety factor is calculated by the following formula:
[image: image]
where:[image: image] is the maximum principal stress;
[image: image] is the minimum principal stress;
[image: image]is the maximum shear stress under a certain stress state;
[image: image]is the critical shear stress when shear failure occurs;
[image: image]is the cohesive force, and [image: image] is the angle of internal friction;
It can be seen from the above formula that the maximum and minimum effective principal stresses are the main factors affecting the risk of shear failure of the caprock, which are closely related to th Mohr–Coulomb e change in formation pressure. The three-dimensional in situ stress field of the trap before the construction of the gas reservoir is inverted according to the mine field test and the numerical simulation of geomechanics. If the local maximum and minimum effective principal stresses of the caprock are quite different, the shear safety index calculated by the above formula is very small or even close to 0, indicating that a certain shear failure has occurred in the caprock before the construction of the library. In the experimental test, the average compressive strength of the caprock under the net overlying confining pressure is as high as 304.1 MPa, and the shear strength is 136.6 MPa, which is much higher than the current three-dimensional in situ stress. Based on the effective stress theory, the calculation formula of the maximum ultimate bearing pressure is as follows:
[image: image]
Considering the critical fluid pressure of the caprock tensile failure and shear failure, the ultimate pressure bearing capacity of the caprock is considered to be 38.3 MPa, and after considering the 80% safety factor, the safe pressure bearing capacity is 30.6 MPa.
3) Design of upper limit pressure of UGSs
According to the dynamic sealing evaluation results of the gas storage geological body of gas storage M, from the perspective of the static and dynamic ultimate pressures of the caprock, the ultimate pressure bearing capacity of the oil reservoir is comprehensively evaluated to be 27.2 MPa, and the main controlling factors are fault slip and lateral closure, as shown in Table 5.
TABLE 5 | M UGS geological body pressure bearing capacity evaluation table.
[image: Table 5]4 CONCLUSION
The evaluation of the ultimate pressure bearing capacity of the gas storage geological body in the construction of oil and gas storage gas storage is a key issue in the design of the upper limit pressure of the gas storage operation. The main evaluation objects include caprocks and faults. For the conversion of oil and gas reservoirs to gas storage, the most basic requirement for the ultimate pressure bearing capacity of gas storage geological bodies is to ensure that the caprocks and faults do not undergo macroscopic rupture and slippage and to optimize the design for the upper limit pressure of the gas storage operation and the dynamic monitoring system.
This paper introduces in detail the equipment, procedures and data processing of in situ stress measurements using hydraulic fracturing technology. The test interval has high reliability, each interval has at least three measurements, and the fracture closure pressure of different test times has high consistency. The relative error of each measurement interval is less than 5%, and the test results of the hydraulic fracturing in situ stress measurement method have high accuracy and are basically consistent with the interpretation results of in situ stress in this area, which can meet the evaluation requirements of the ultimate pressure-bearing capacity of the geological body of underground gas storage.
Based on the measured in situ stress data, the ultimate pressure-bearing capacity of the caprock of the UGS geological body was evaluated. The comprehensive analysis concluded that the safe upper limit of the reservoir-type UGS in Block M is 27.2 MPa. There is a lack of experience and precedents for building complex fault-block reservoirs, and there are still certain uncertainties in terms of the limitations of geological understanding.(Arree et al., 2009), (CCST, 2018).
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