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Abstract


As a crucial reserve for natural gas, the safe operation of underground gas storage facilities is paramount for seasonal peak shaving and emergency supply security. Focusing on the Lei X gas storage facility in the Liaohe Basin of China, this study delves into the mechanical integrity of gas storage facilities and assesses the upper limit pressure for safe operation. Leveraging seismic logging data, we conducted an analysis and statistical evaluation of boundary faults and top cover characteristics, integrating regional stress fields and rock mechanics to evaluate fault activation pressure and cover failure risk using a fault activation pressure assessment method. This research elucidates the maximum safe operating pressure for underground gas storage facilities. The research findings suggest that the sealing layer of the Lei X gas storage reservoir exhibits a predominant hydro-fracturing pattern. Under the existing stress field conditions, the sealing layer demonstrates favorable sealing properties, and the boundary faults remain relatively stable. Moreover, through data extraction and quantitative analysis, this study clearly determined the critical pressure at which each fault is activated and the pressure at which the sealing layer undergoes hydro-fracturing during cyclic injection and the production of gas storage. Considering the activation pressure and fracturing pressure data for the sealing layer, a secure operating pressure of 15.0 MPa was calculated for gas storage operations. This study offers crucial theoretical support for enhancing injection and production efficiency, as well as ensuring the safe operation of Lei X gas storage and providing technical guidance for future adjustments to injection and production schemes.
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1. Introduction


Natural gas serves as a vital component within China’s strategy for low-carbon sustainable development due to its status as a clean energy source [1,2,3]. Nonetheless, the current challenge lies in aligning natural gas supply areas with primary consumption markets, necessitating maximal enhancement of peak shaving capabilities within gas storage infrastructure [4,5]. Mahjour et al. provide a comprehensive analysis of technical (such as operational and site characteristics) and non-technical (such as financial, political, and social) risks and uncertainties in Carbon Capture and Storage (CCS) projects, summarize practical strategies and methods to enhance the feasibility of CCS, and offer specific recommendations to increase the potential for CCS project success [6]. The broader operational pressure range directly corresponds with increased capacity, and subsequently augments peak shaving potential [7]. Thus, elevating upper limit pressures within these facilities stands poised to bolster their efficacy. However, elevated operational pressures carry inherent risks, such as potential seepage through overlying strata into shallower layers [8], destabilization leading to natural gas release along faults, or, in extreme scenarios, triggering large-scale seismic events that imperil surface installations and jeopardize overall safety protocols. By injecting high-pressure liquids or gases into subsurface rock formations, the stress distribution and physical properties of the rocks are altered, thereby triggering seismic activity. This phenomenon primarily stems from diminished effective normal stresses caused by injected fluids, which reduce frictional resistance and induce fault slippage. Hence, to fully harness peak shaving capacities within these infrastructures, it is imperative to first ascertain the maximum tolerable pressures, including considerations regarding fault stability and risks associated with hydraulic fracturing across overlying strata [9].



There are five primary methods for evaluating fault stability: slip trend analysis [10], swelling trend analysis [11], Coulomb failure function modeling [12], critical pressure perturbation assessment [13], and fault sealing analysis techniques [14]. Among these, the slip trend method assesses fault stability by examining rock displacement within geological structures. The swelling trend method focuses on the impact of changes in the internal stress states of rocks on fault activity levels. The Coulomb failure function is a mathematical model based on physical principles that characterizes rock fracture behavior under external forces. Furthermore, the critical pressure perturbation method focuses on assessing the influence of factors such as groundwater flow and surface movement on fault stability through numerical simulation. Conversely, the fault sealing analysis technique emphasizes utilizing geophysical exploration methods to acquire data and integrating this with engineering geology knowledge for a comprehensive evaluation. These distinct methodologies have specific applications, strengths, and weaknesses. Therefore, in practical engineering scenarios, appropriate evaluation methods should be chosen for combined use to ensure precise and reliable assessments of fault stability. Among these, the latter two are widely used [15,16,17], with the primary distinction that the fault sealing analysis technique considers the cohesive force of the fault. Early scholars often approximated the critical pressure for the hydraulic fracturing of cap rocks as 85% of the overlying formation pressure [18,19,20,21,22], whereas many subsequent scholars use the sum of the horizontal small principal stress and the tensile strength of the cap rock as the critical pressure value for hydraulic fracturing [23,24,25]. This method assumes that the overburden will undergo tensile failure, but it is also possible that it will undergo shear failure [26]. Therefore, it is necessary to firstly determine the failure mode of the overburden and select an appropriate evaluation method to address it. Determination of the upper limit pressure of gas storage requires comprehensive consideration of the fault and overburden risks.



This study investigates the Lei X gas storage facility in the Liaohe Basin of China. We integrated seismic, well logging, and analytical test data with regional stress field data. Based on rock mechanics characteristics, we utilized the fault activation pressure evaluation method to calculate the activation pressure of the boundary faults of the storage facility and assess the risk of cover layer breaking. This approach provides a quantitative assessment of the safety risks associated with both the cover layer and boundary faults of the storage facility. Through the extraction and quantitative analysis of data, this study clarifies the magnitude of activation pressure for each fault during repeated injection and production cycles, in addition to determining critical water-induced fracture pressures for the cover layer. Furthermore, it establishes an upper limit for safe operating pressures within the gas reservoir by conducting a comprehensive analysis of geological structures, lithological characteristics, and fluid dynamic parameters. The findings drawn from this research will offer valuable guidance for future decision-making processes and technical applications related to this field.




2. Geological and Fault Characteristics


2.1. Geological Overview


The Lei X block is situated in the western depression of the Liaohe Basin in China, north of the Chenjiawa sag. It features a geological structure characterized by a fault nose enclosed by faults, with strata sloping towards the northwest. The Lei X gas storage facility functions as a reservoir for natural gas, boasting a structural amplitude of 200 m and a sealing area spanning 1.8 km2. The geological inclination ranges from 7° to 12°. The target development stratum is located within the third section of the Shahejie formation and is primarily composed of sand and mudstone layers, with gas reservoir depths ranging from 1190 m to 1340 m and an average porosity of 26.9%. This facility is controlled by four main boundary faults (designated as F1 to F4, as shown in Figure 1). Its primary overlying stratum consists of the second section of the Shahejie formation, exhibiting exceptional thickness, continuity, and strong top sealing capabilities.



The Lei X gas storage facility has been in operation for 20 years since its completion and commissioning in 2002. Ensuring safe operation during the cyclic pressure injection and production process is of paramount importance. Therefore, it is imperative to conduct a comprehensive analysis and research on the upper limit of the safe operating pressure of the gas storage facility. With this research objective in mind, this paper primarily focuses on analyzing the sealing capacity of the overburden and determining the activation pressure of boundary faults, thereby elucidating the upper limit of the safe operating pressure for the Lei X gas storage facility. This research has significant technical implications for maintaining stable production and ensuring safe operation of the gas storage facility.




2.2. Fault Characteristics


2.2.1. Geometric Features


The trap-scale structural interpretations of the gas storage are based on high-quality 3D seismic data, which can be used for detailed structure interpretation and throw determination. In addition, well data, including production test reports and wireline log data, are provided. Well wireline logs and production test reports were used to identify lithologies and gas types. The structural geometric elements of the boundary fault, as derived from the seismic interpretation data, are shown in Table 1.




2.2.2. Characterization Data of the Friction Coefficient of Fault Rock


The X-ray Diffraction (XRD) clay mineral analysis data were analyzed to characterize the heterogeneity of cross-sectional friction strength, as detailed in Section 4.2. The data are from Well Lei X—6, within a depth range of 1341.09 to 1391.77 m (Table 2). The main types of clay minerals identified include illite mixed layer, illite, kaolinite, and chlorite. By converting the illite mixed layer into illite and montmorillonite based on the mixing ratio, the following proportions of various clay minerals were determined: approximately 28.3% illite, 51.6% montmorillonite, 12.2% kaolinite, and 7.9% chlorite.





2.3. Determination of the In-Situ Stress


The in-situ stress can be expressed by the vertical stress, maximum horizontal principal stress, and minimum horizontal principal stress under the ground. In addition, their effective stresses are related to pore fluid pressure. Due to the absence of overpressure characteristics in the region, the pore fluid pressure primarily consists of static water pressure. In this study, vertical stress was determined using the density logging curve (Equation (1)). Horizontal stress was calculated by analyzing X-mac rock mechanics logging data from Well Lei X-2 and constructing a geostress data relationship chart (Figure 2) specific to the study area. The orientation of geostress was predominantly established through cross-dipole array sonic logging data, confirming that the direction of maximum horizontal principal stress in the study area was N97°.


    S   v   =   ρ   w   g   h   w   +   ∫    h   w     h    ρ   h   g d h    



(1)









3. Materials and Methods


3.1. Method for Evaluating Activation Pressure in Boundary Faults


Currently, there are several methods available for assessing fault stability, with the key parameters including stress, formation pressure, fault dip, the friction coefficient, and cohesion of the fault. Due to the challenging nature of accurately describing fault cohesion and its typically small impact in shallow layers, we opted for the relatively conservative CPP (Critical Pressure Perturbation) method for evaluating fault stability by disregarding the cohesion of the fault (as indicated by the dashed contour line in Figure 3). As fluid pressure increases, the Mohr circle shifts leftward until it intersects with the failure envelope line; this movement distance represents the maximum pressure that can be sustained by the fault. The activation pressure denotes the total pressure that a fault can withstand and is mathematically expressed in Equation (2).


    P   R   =   S   n   − τ / μ  



(2)




where, PR is the activation pressure for faults, MPa. Sn is the normal stress on the fault, MPa. τ is the shear stress on the fault, MPa. μ is the friction coefficient of the fault, which is dimensionless.



Additional fluid pressure refers to the extra pressure that can be tolerated under current strain and geological conditions, as defined in Equation (3).


  ∆ P =   P   R   −   P   P    



(3)




where, ∆P is the fault additional fluid pressure, MPa. PP is the formation pressure, MPa.



Based on the results of the stress field evaluation, the shear stress and effective normal stress in the section can be quantitatively decomposed into the three principal stresses and the geometric characteristics of the fault using Equations (4) and (5).
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where,     σ   1     is the vertical principal stress, MPa.     σ   2     and     σ   3     are the maximum and minimum horizontal principal stresses, respectively, MPa.     α   n   ,     β   n   ,   a n d     γ   n     are the angles between the three-way principal stress and the normal direction of the cross-section, °.




3.2. Evaluation Method for Heterogeneity of Friction Coefficient on Fault Surfaces


This study revealed a significant association between clay content and the friction coefficient [27]. Subsequent studies by Logan and Rauenzahn (1987) [28], Saffer and Marone (2003) [29], Tembe et al. (2010) [30], Eijsink et al. (2022) [31], and Abdelaziz et al. (2023) [32] further support this finding. Specifically, an increase in clay content corresponds to a decrease in the friction coefficient, suggesting a heightened risk of activity in fault zones with high clay content, which warrants attention. Building upon prior research into the correlation between high-purity clay minerals and the friction coefficient, a volume-weighted analysis was employed to investigate the relationship between the friction coefficient and clay content within the study area. Detailed percentages of the different clay minerals are provided in Section 2.2. The results are depicted in Figure 4. To represent the non-uniformity of sectional friction coefficients using data from Figure 4, it is essential to first simulate and calculate the section’s clay content, commonly achieved through the application of the SGR algorithm as proposed by Yielding (2002).


  S G R =     ∑      V   s h   · ∆ Z       D    × 100 %  



(6)




where, ΔZ is the formation thickness, m. Vsh is the mud content of the formation, %. D is the break distance, m.




3.3. Evaluation Method of Cap Rock Fracture Pressure


The brittle fracture of rocks is governed by the Griffith–Coulomb fracture criterion (represented by the solid line in the failure envelope in Figure 3). The fracture pattern of rocks is contingent upon the relative size of the differential stress ΔS (σ1 − σ3) and the tensile strength T of the rock body (Table 3), leading to distinct fracture patterns under varying critical conditions. Specifically, when ΔS < 4T, tensile fractures occur. When 4T < ΔS < 6T, a combination of tensile and shear fractures takes place. When ΔS > 6T, shear fractures ensue (Table 3). Consequently, this study necessitates initial determination of the overburden stress field and tensile strength through evaluation results, followed by the selection of a suitable expression for the hydraulic fracturing numerical analysis of the overburden (Table 3).





4. Results and Discussion


4.1. Activation Pressure of Boundary Faults


Based on the stress field data, a 2D assessment map of F2 fault stability was established (Figure 5). From Figure 5, it is evident that under static water pressure conditions, the optimal orientation of the F2 fault surface was at a depth of −1150 m with an additional fluid pressure of 8.1 MPa. The optimal orientation of the fault surface perpendicular to the fault was at a depth of −1265 m with an additional fluid pressure of 10.3 MPa, indicating that the stability of the fault is influenced by its dip.



The control range of the reservoir section within the Lei X gas storage facility was influenced by faults F1, F2, F3, and F4. Among these, the control range segment of the F1 fault was relatively smaller, whereas the entire extent of the F4 fault fell within this segment. Statistical analysis of the effective activation pressure for each fault within the reservoir section (Figure 6) indicates that the lowest activation pressure overall occurred at the F4 fault, measuring 16.34 MPa. The minimum activation pressures for the other faults were as follows: F1 fault at 23.96 MPa, F2 fault at 19.29 MPa, and F3 fault at 18.96 MPa. Additionally, new findings reveal that faults -F5 and -F6 have values of 16.41 MPa and 21.34 MPa, respectively. It can be concluded that among all the faults in this area, fault -F4 exhibits a notably low activation pressure of 43.2 MPa and is associated with planar risk (Figure 7).



Based on the pressure activation data of each stratum and fault in the Lei X gas storage reservoir, as illustrated in Figure 8, it can be inferred that the F4 fault within the inner control ring exhibits a minimum activation pressure of 16.34 MPa and a minimum additional fluid pressure of 3.27 MPa. This indicates relatively weak stability for the F4 fault in the Lei X gas storage reservoir, rendering it more susceptible to activity compared to other faults.




4.2. Calculating the Upper Limit of Hydraulic Fracturing Pressure for Gas Storage Cap Layers


Based on the analysis of the stress field, we established the relationship between differential stress and depth (Figure 9). The differential stress in the overburden layer ranged from 1.5 to 1.7 MPa, whereas the average tensile strength T of the overburden was 2.0 MPa. In other words, (σ1 − σ3) < 4T. Through comparison, it can be inferred that the rock fracture mode is tensile fracture, specifically hydraulic fracture.



The risk assessment for hydraulic fracturing in the formation utilizes the holding force method, where the hydraulic fracturing pressure (PHF) is determined as the sum of the rock’s tensile strength and the minimum horizontal principal stress (PHF = T + σ3). Based on the aforementioned analysis method, the pressure profile of rock fracturing under hydraulic pressure at various depths was derived (Figure 10). As depicted in Figure 10, it is evident that the minimum pressure required for overburden rock fracturing was 14.4 MPa at the top of the overburden, increasing to 16.5 MPa at the bottom where it interfaces directly with the reservoir. Further scrutiny reveals distinct stress conditions across different depths, with a comparative assessment indicating a gradual increase in rock stress with depth. These findings have significant implications for engineering design and practical construction.




4.3. Calculating the Upper Limit of Safe Operating Pressure for Gas Storage Facilities


Based on research findings regarding fault activation and cap rock hydraulic fracturing risk, a model for evaluating the upper limit of safe operating pressure was developed for the Lei X gas storage facility (Figure 11). In accordance with the safety operation pressure upper limit evaluation system of the gas storage facility, it is essential to conduct a comprehensive analysis of cap rock hydraulic fracturing pressure and fault activation pressure within the specified depth range. The shallowest burial depth of the target gas stratum is −1000 m, and the maximum depth of the base is −1500 m. Therefore, when determining the operational pressure within the gas storage facility, it is crucial to consider both the comprehensive gas storage depth and the water–gas interface.



To ensure the stability of the gas reservoir’s faults, once the operational pressure reaches 15 MPa, fault F4 is activated at a depth of −1150 m. Subsequently, at 15.48 MPa, activation occurs for fault F5, which is located nearby. Although this does not risk natural gas seepage, it poses other geological hazards. Adhering to these principles, the minimum activation pressures and depths for each fault within the storage are as follows: faults F1 (18 MPa, −1005 m), F2 (17.55 MPa, −1000 m), F3 (19.55 MPa, −1185 m), and F6 (18.50 MPa, −1261 m). The base-depth for cap rock stands at −1000 m, making activation pressures here crucial. According to our assessment model, the minimum breaking point for cap rock lies at a pressure of 19.7 MPa, occurring at a depth of −1000 m.



Based on the number of risk types, safety risks associated with gas storage facilities can be categorized into three zones based on the upper limit pressure. The first zone is the risk-free zone, where no safety risks exist when the pressure inside the gas storage facility is below 15 MPa. The second zone is the low-risk zone, where potential safety hazards may arise due to the activation of boundary faults at pressure levels between 15.0 and 19.7 MPa. The third zone is the high-risk zone, where pressure levels above 19.7 MPa may not only activate internal faults of the gas storage facility but also potentially cause rupture of the top cap layer, leading to serious issues. Based on a comprehensive evaluation of the results and various potential hazard factors, it is recommended that the upper limit pressure for gas storage facilities should not exceed 15.0 MPa to ensure safety. This measure can effectively reduce the likelihood of potential accidents and provide a more reliable and stable operating environment. Additionally, it is essential to closely monitor and timely adjust relevant parameters to maintain optimal system conditions and take necessary measures to ensure facility and personnel safety in case of emergencies.




4.4. Discussion


Based on the evaluation model above, the shallowest burial depth of the gas storage was −1000 m, corresponding to a minimum fracture pressure of 19.7 MPa for the overburden. However, during actual gas storage operations, particular attention should be given to the stability and connectivity of the overburden rock. Exceeding a certain threshold in internal operating pressure may activate existing fractures in the overburden rock, leading to leakage risk. In such cases, rock fracture connectivity becomes a critical factor. In addition to considering the connectivity and stability of overburden rock fractures, other influencing factors, such as changes in groundwater levels and seismic activity, should also be thoroughly researched. These factors could impact the overburden rock and exacerbate leakage risks under high-pressure conditions. Therefore, when designing and constructing gas storage facilities, it is crucial to fully consider the surrounding environmental conditions and geological structure characteristics while implementing appropriate measures to prevent serious leakage under high-pressure conditions.



Based on geological exploration data, the F4 fault occupies a critical position in the selection of a gas storage site, and its stability significantly influences the safe operation of the gas storage facility. In addition to current stress field characteristics, other factors such as rock properties, structural features, and potential slip surfaces of the fault must also be taken into account. A comprehensive analysis of these factors will enable a more accurate assessment of the potential risks associated with F4 fault activity and provide a scientific basis for gas storage site selection. Furthermore, when determining the depth and geometric characteristics of the boundary fault, careful consideration should be given to the surrounding geological environment and tectonic background. This includes identifying any other structural bodies that interact with or are subjected to similar stress as the F4 fault. Attention should also be paid to local seismic activity and historical geological disaster events in similar areas. These considerations will facilitate a comprehensive and systematic evaluation of the possible impact of the boundary fault on the safe operation of gas storage facilities. In conclusion, during gas storage site selection, all relevant factors must be fully integrated, and scientific and effective measures should be implemented to mitigate potential risks associated with boundary faults in order to ensure long-term stable and safe operations at gas storage facilities.





5. Conclusions


(1) By employing the method of fault activation pressure assessment, a comprehensive evaluation of the stability of faults comprising the underground gas storage facility was conducted. Within each control ring of the Lei X gas storage facility, it was found that the F4 fault exhibited an activation pressure coefficient of 1.27, indicating relatively weak stability and susceptibility to activity. Conversely, all other control ring faults demonstrated activation pressure coefficients exceeding 1.43, signifying robust stability and a greater capacity to withstand pressure.



(2) Based on a comprehensive evaluation of hydraulic fracturing and fault instability in the overburden, the upper limit operating pressure of the gas storage facility was categorized into three risk pressure zones. It is recommended to maintain the upper limit operating pressure within the risk-free range, i.e., below 15.0 MPa, to ensure safe and stable operation of the facility while minimizing potential safety hazards.



(3) By conducting a comprehensive analysis of underground rock structures and stress distribution, the stability and safety of gas storage facilities can be more accurately evaluated under various operating conditions. The method for calculating the activation pressure of boundary faults in the gas storage cover can be utilized to assess the risk of cover fault activation, as well as to determine the activation pressure and critical water pressure fracture pressure of each fault during cyclic injection and production processes. When determining the safe operating pressure of the gas reservoir in a gas storage facility, it is essential to consider various factors such as geological conditions, injection and production operation methods, and environmental impact. Only by fully considering these factors and integrating advanced monitoring technologies with data analysis methods can we effectively enhance the safety and reliability of the injection and production processes at gas storage facilities. Scientifically determining the safe operating pressure for a gas reservoir in a gas storage facility is crucial for ensuring its long-term stable operation, making it worthwhile to study and promote.
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Figure 1. Simulation results of the 3D structure and shape of the Lei X gas storage facility. 
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Figure 2. Three-dimensional principal stress and pore pressure evaluation map for gas storage reservoirs. 
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Figure 3. Mechanism of complete rock fracture and reactivation of pre-existing faults/fractures. 
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Figure 4. Relationship between the friction coefficient and shale content (SGR) of fault rocks in the study area. 
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Figure 5. Stereoscopic projection of fault stability at different depths of the F2 fault (depths of 1150–1265 m). 






Figure 5. Stereoscopic projection of fault stability at different depths of the F2 fault (depths of 1150–1265 m).



[image: Processes 12 01910 g005]







[image: Processes 12 01910 g006] 





Figure 6. Plane distribution of fault activation pressure in the S3I-1 layer of the Lei X gas storage. 
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Figure 7. Plane distribution of additional fluid pressure on the fault in the S3 I-1 layer of the Lei X gas storage reservoir. 
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Figure 8. Statistical data on activation pressure for various boundary faults at different depths. 






Figure 8. Statistical data on activation pressure for various boundary faults at different depths.



[image: Processes 12 01910 g008]







[image: Processes 12 01910 g009] 





Figure 9. Fitting curve of the relationship between differential stress and depth in the formation. 
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Figure 10. Hydraulic fracturing pressure profile of formation rocks. 
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Figure 11. Evaluation template for the upper limit of safe operating pressure for the Lei X gas storage facility. 






Figure 11. Evaluation template for the upper limit of safe operating pressure for the Lei X gas storage facility.



[image: Processes 12 01910 g011]







 





Table 1. Statistics of the geometric characteristic parameters of the boundary faults.
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	Fault
	F1
	F2
	F3
	F4
	F5
	F6





	Depth (m)
	1524–2100
	1160–1280
	1285–1585
	1440–1600
	1185–1240
	1210–1445



	Dip (°)
	65.1
	55.5
	59.3
	58.6
	38.4
	35.8



	Strike (°)
	212.5
	213.3
	31.7
	79.3
	277.4
	287.5










 





Table 2. XRD clay mineral analysis test data.
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Sample No.

	
Well Depth

/m

	
The Proportion of Different Types of Clay Minerals/%

	
Ratio of Imon Mixed Layer




	
Imon Mixed Layer

	
Illite

	
Kaolinite

	
Chlorite






	
1

	
1341

	
42

	
29

	
15

	
14

	
73




	
2

	
1345

	
48

	
23

	
15

	
14

	
79




	
3

	
1347

	
57

	
23

	
10

	
10

	
71




	
4

	
1348

	
58

	
22

	
10

	
10

	
71




	
5

	
1349

	
62

	
23

	
8

	
7

	
76




	
6

	
1354

	
40

	
33

	
14

	
13

	
56




	
7

	
1355

	
75

	
15

	
5

	
5

	
86




	
8

	
1356

	
71

	
16

	
6

	
7

	
86




	
9

	
1358

	
65

	
21

	
7

	
7

	
88




	
10

	
1368

	
71

	
13

	
8

	
8

	
90




	
11

	
1371

	
82

	
7

	
6

	
5

	
96




	
12

	
1372

	
72

	
18

	
5

	
5

	
95




	
13

	
1381

	
77

	
10

	
7

	
6

	
94




	
14

	
1384

	
80

	
9

	
6

	
5

	
96




	
15

	
1391

	
61

	
23

	
8

	
8

	
68











 





Table 3. Failure modes of cap rock and risk assessment methods under different failure modes.
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	Fracture Mode
	Rock Fracture Criterion
	Stress Conditions





	Tensile rupture (hydraulic rupture)
	P = σ3 + T
	(σ1 − σ3) < 4T



	Mixed rupture of tension and shear
	P = σn + (4T2 − τ2)/4T
	4T < (σ1 − σ3) < 6T



	Shear fracture
	P = σn + (C − τ)/μ
	(σ1 − σ3) > 6T
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