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As fluid flow paths in fractural-cavity carbonate reservoirs, fractures have a significant impact on the production performance of carbonate reservoirs. In particular, well production depends on the apertures of the fractures, which vary with the effective stress acting on the fractures. Thus, predicting the fracture closure pressure is crucial for carbonate reservoir development. In our research, fracture closure pressures are derived using the Zienkiewicz–Pande failure criterion, which defines the pressure at which most asperities come into contact. The results reveal that fracture closure is influenced by the geo-stress field, rock mechanics, and spatial location of the fracture. Ultimately, the fracture closure pressure of typical wells located in different tectonic zones in the Shunbei Oilfield is calculated, and the results indicate that the fracture closure pressure in the Shunbei Oilfield is significantly affected by the dip of fractures and the angle between the fracture strike and maximum principal stress. To demonstrate the accuracy of the estimated fracture closure pressure, production performance corresponding to fracture closure was evaluated. It reveals that the flowing bottom pressure decreases rapidly and the recoverable oil reserves reduce when the pressure approaches the fracture closure pressure. This observation verifies that the fracture closure pressure determined using our formula is a feasible predictor of the production performance of fractural-cavity carbonate reservoirs.
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1 INTRODUCTION
Carbonate reservoirs are the major oil- and gas-producing sources in many parts of the world, including the Middle East, Central Asia, West Texas, and South America (Chang, 2022). Oil and gas in carbonate reservoirs are mainly stored in caves, vugs, and fractures, which are different in size and have a complex distribution. It is estimated that more than 60% of the world’s proven oil reserves and 40% of the world’s gas resources are in carbonate rocks (Burchette, 2012; Zeng et al., 2021). This means that abundant remaining oil and gas reserves exist in carbonate reservoirs (Sheng, 2013). It is clear that the relative importance of carbonate reservoirs, compared with other types of reserves, will increase dramatically in the coming decades.
Carbonate reservoirs, known for their extremely strong heterogeneity, are usually classified as cave, vuggy, and fractured reservoirs; among these, fractural-cavity reservoirs are dominant in carbonate reservoirs in northwest China (Jiang et al., 2019; Li et al., 2023). Fractures are the most important paths for the fluid flow in carbonate reservoirs, and it is of utmost importance to understand and study fracture characteristics, patterns, and factors that influence fracture aperture or length to optimize hydrocarbon production and reduce exploitation risk (Zahedi et al., 2019; Awdal et al., 2016; Li et al., 2024). In carbonate reservoirs, opening-mode fractures (extension fractures, veins, and joints) and faults commonly strongly influence production (Nelson, 1985) because fracture apertures are significantly greater than typical matrix pore throat sizes, and they contribute the major portion of the fluid flow in rocks and, consequently, are an important factor in production performance (Tiab and Donaldson, 2016).
Once production starts, the formation pore pressure decreases obviously, and the fracture aperture decreases (Dong et al., 2021). As the fluid is further extracted from the formation, the reservoir pressure will continue to decrease, and the effective overburden load on the reservoir rock will increase (Bin Tajul Amar et al., 1995). Decreasing reservoir pressure leads to stress variations, which further alter the apertures of fractures and even vugs, ultimately changing the transmissivity of reservoirs (Ruistuen et al., 1999; Wang et al., 2015; Rashid et al., 2023). Nevertheless, rough fracture surfaces preserve channels during stress variations, and the roughness of asperities in the fracture surface is a noteworthy influencing factor for the stress sensitivity of fractures (Cardona et al., 2021).
Fracture closure characteristics are commonly depicted by the stress sensitivity of the permeability and apertures of fractures. The stress sensitivity of permeability is usually evaluated by experimental methods to determine the relationship between permeability and effective stress (Xie et al., 2011). Current research studies reveal that the impact of stress-sensitive permeability on productivity increases with increasing permeability modulus and decreasing flowing bottom-hole pressure, and the higher the reservoir pressure, the greater the influence of stress-sensitive permeability on production (He et al., 2022). Normal stress increments cause contact yield, fracture closure, and changes in the fracture void space (Cardona et al., 2021).
The conductivity of a rock fracture is governed by the geometry of the void space between the two fracture surfaces (Hakami et al., 1995; Rashid et al., 2021). Fracture conductivity is defined as fracture width multiplied by fracture permeability (Yu and Sepehrnoori, 2018). The influence of fracture width on permeability was investigated by numerical methods, and the results revealed that the overall permeability of the fracture network was controlled by large fractures with higher assigned apertures (de Dreuzy et al., 2004; Baghbanan and Jing, 2007). The reduction in the pressure of oil reservoirs results in the closure of open fractures (Cao and Sharma, 2023; Martyushev et al., 2024). Specifically, when fracture apertures are very small, wall roughness and tortuosity can significantly affect the fluid flow (Fanchi, 2018).
In our research, the failure criterion was involved in the closure pressure of fracture research. After establishing the function of closure pressure, parameter sensitivity analysis was performed to illustrate the influence of various parameters and determine their optimum value. Finally, the closure pressure of fractures in the Shunbei Oilfield, located in the Tarim Basin, Northwest China, was calculated, and corresponding production performance was evaluated to clarify the influences of fracture closure.
2 METHODS
2.1 Fracture model
In fractured and cavity carbonate reservoirs, fractures form complex networks with multi-scale features, which include macro- and micro-fractures. It is notable that the fractures that significantly affect the fluid flow are those that connect caves because fault-related fractures have very high permeability potentials. Thus, fracture closure analysis focuses on fractures at this scale because of their important role in the conductivity of fractural and cavity carbonate reservoirs.
To clarify the calculation of the fracture closure pressure, the fracture is assumed to be a plate in the rock matrix, making the geo-stress field anisotropic. In detail, [image: image] is the dip angle of the fracture, and [image: image] is the angle between the strike of the fracture and the direction of maximum horizontal principal stress (Figure 1). Hence, the geo-stress field is a significant factor that affects the force analysis of the fracture plane. On the scale of the fracture surface, asperities are assumed to be hemispheroids with different radii and consistent spacing across the otherwise smooth and rigid surfaces. In particular, the asperities are independent, meaning that the deformation of a single asperity does not influence others even when the load increases until asperities on two opposite surfaces of the fracture come into contact.
[image: Figure 1]FIGURE 1 | Spatial location of the fracture in the geo-stress field.
With these assumptions, fracture closure occurs when opposing asperities come into contact under load, simultaneously causing variability in the fracture conductivity. As the load is applied, the distance between the asperities on the two plates decreases (Figure 2A), and the conductivity of the fracture depends on the fracture width only until the asperities on the two plates are in contact (Figure 2B). In these two stages, fractures still maintain considerable conductivity, so fracture closure slightly affects the production performance. After that, asperities become deformed, and the uncontacted fracture area is crucial for fracture conductivity (Figure 2C). In this situation, appropriate measures such as water injection are effective for preventing fractures from getting closer. Under a small load, asperities deform elastically, and the effective flow path decreases with the increasing load. When the load reaches a critical point at which the asperities yield, plastic deformation occurs along the fracture, and the fracture conductivity reaches the lowest value when the fracture closes completely (Figure 2D).
[image: Figure 2]FIGURE 2 | Asperity contact and corresponding flow path along the fracture: (A) entirely open; (B) asperities initially come into contact; (C) asperities come into contact and plastic deformation occurs; and (D) most asperities come into contact and deform.
2.2 Yield criterion for asperities
The onset of plastic deformation in materials is predicted by the yield criteria. Yield criteria are also called theories of yielding. Several yield criteria have been developed for ductile and brittle materials to predict the yielding behavior in simple ductile materials, and the Drucker–Prager failure criterion and Zienkiewicz–Pande failure criterion are fit for the material properties that may apply to fracture closure pressure calculation.
The theoretical differences between the Drucker–Prager failure criterion and the Zienkiewicz–Pande failure criterion lies in the mechanisms of yielding, which are caused by the hydrostatic pressure and strength differential effect. For the carbonate reservoir in the Shunbei Oilfield, the depth of the reservoir is approximately 8 km, and asperities on the fracture surface are significantly loaded by hydrostatic pressure, which means that the yielding caused by hydrostatic pressure is not negligible. In addition, the tensile strength of the rock is very low, approximately 0.1 times the compressive strength. Thus, rock materials are more likely to fail in tension than in compression (Aadnøy and Looyeh, 2019). This reveals that the strength differential effect is also important for fracture closure pressure estimation via the failure criterion. In contrast, the Zienkiewicz–Pande failure criterion is more suitable for fracture closure pressure estimation due to the yielding being caused by hydrostatic pressure and the strength differential effect.
The Zienkiewicz–Pande failure criterion was proposed based on a model for rocks and rock-like materials with multiple planes of weakness. The behavior of the assembly applies tensile and Mohr‒Coulomb shear limits on each such plane with possible strain dependence of the frictional properties. The model is applicable to the stability analysis of rock slopes. It is expressed as follows (Zienkiewicz and Pande, 1977; Li et al., 2017):
[image: image]
where [image: image] is the function of the stress Lode angle [image: image] and is simply expressed as follows:
[image: image]
Parameters [image: image], [image: image], [image: image], and [image: image] are all functions of the internal friction angle [image: image], which are expressed as follows:
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Here, [image: image] and [image: image] are defined as follows:
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3 RESULTS
Fracture closure analysis is considered because the load on the fluid in the fracture varies. Thus, force analysis of the fluid in fractures is fundamental to fracture closure. Then, the closure pressure of the fracture is determined by both force analysis of the fluid and the yield criterion for the asperities.
3.1 Force analysis of fluids in fractures
As mentioned above, since fracture aperture is sensitive to effective load, force analysis of fluids in fractures is fundamental to studying fracture closure via stress variation. In our research, the geo-stress field and fluid pressure are introduced in the force analysis.
Derived from the fracture model we built in Figure 1, the effective normal stress on fracture [image: image] is as follows:
[image: image]
where [image: image] is the gravity of the overlying rock, which is determined by the density of the overlying rock and its depth. [image: image] and [image: image] are the minimum horizontal principal stress and the maximum horizontal principal stress, respectively, and these two stresses depend on the tectonic stress and horizontal stress derived from the vertical principal stress. [image: image] is the fluid pressure, which is the force on the fluid in the fracture.
The limit of yielding is assumed to be equal to the effective normal stress and vertical principal stress:
[image: image]
3.2 Closure pressure based on failure criteria
In subsurface formations that are not subjected to significant tectonic forces, [image: image] is in the vertical direction due to the lithostatic pressure of the overburden, but significant compressional forces can result in [image: image] being oriented in or close to the horizontal plane. In our case, [image: image], [image: image], and [image: image] (Rackley, 2017).
Additionally, triaxial stresses are expressed as follows:
[image: image]
where [image: image] is the Poisson’s ratio.
Then, the Zienkiewicz–Pande failure criterion is used in closure pressure analysis. From Equations 1–11, the closure pressure of the fracture derived from the Zienkiewicz–Pande failure criterion is expressed as follows:
[image: image]
Parameters M, N and K in Equation 11 are expressed as Equations 12–15.
[image: image]
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and
[image: image]
4 DISCUSSION
For a fractured carbonate reservoir, the closure pressure is affected by the geo-stress field, rock mechanics parameters, and the spatial position of the fractures, such as their orientation and depth. For this reason, a parameter sensitivity analysis is performed to illustrate the relationship between different parameters, and then, based on a reasonable range of parameter values, the fracture closure pressure is determined by the Zienkiewicz–Pande failure criterion.
4.1 Factors that influence the fracture closure pressure
Based on the fracture closure pressure equation, the pressure is determined by three groups of parameters: the geo-stress field parameters, which include the gravity of the overlying rock, the minimum horizontal principal stress, and the maximum horizontal principal stress; the rock mechanics parameters, which involve Poisson’s ratio, the internal friction angle, and rock cohesion; and the fracture parameters, such as the dip angle of fracture and the angle between the fracture strike and the maximum principal stress. Higher geo-stress values result in higher fracture closure pressure; thus, we focus on the influence analysis of rock mechanics and fracture parameters.
4.1.1 Rock mechanics parameters
Regarding the rock mechanics parameters, the Poisson’s ratio of a rock depends on its lithology and porosity and is a critical rock property related to closure stress. It serves as a necessary constant for determining the stress and deflection properties of materials in engineering analysis (Rosato and Rosato, 2003; Hoss Belyadi, 2019; Zhang, 2019).
Moreover, cohesion is the most crucial rock shear strength parameter (Chen et al., 2020). Rock cohesion is a key parameter for the deformation degree of fractures in a fractured formation. Low cohesion facilitates rapid deformation involving the undeformed parts in the models, while high cohesion leads to a relatively low transfer rate (Meng and Hodgetts, 2019).
It is well-known that the internal friction angle is a physical property of petroleum rock, and it represents the slope of a linear representation of the shear strength of the formation matrix (Keaton, 2017). The size and hardness of sedimentary particles give rise to different shear behaviors of sediments, thus significantly affecting the internal friction angle (Kim and Ha, 2014).
Considering the stable component of the carbonate matrix, only Poisson’s ratio and rock cohesion are discussed in this section. Regarding the fracture closure pressure, to illustrate the influence exerted by Poisson’s ratio and rock cohesion, other parameters are fixed, as shown in Table 1.
TABLE 1 | Parameter values for the sensitivity analysis of rock mechanics parameters.
[image: Table 1]The fracture closure pressure was evaluated with respect to various Poisson’s ratios and rock cohesions and is exhibited in Figure 3. It is evident that Poisson’s ratio impacts the closure pressure as the closure pressure monotonically increases with Poisson’s ratio for any given rock cohesion value. A disparity exists in the relationship between the closure pressure and rock cohesion since the fracture closure pressure tends to become smaller with higher rock cohesion. It is remarkable that the rate of increase or decrease in the pressure depends on both Poisson’s ratio and rock cohesion. When the rock cohesion is very close to 0, the pressure shows a slight increment as the Poisson’s ratio varies. Correspondingly, the value of Poisson’s ratio also determines the variation in the fracture closure pressure with different rock cohesions. As the Poisson’s ratio becomes higher, the pressure appears to be less sensitive to changes in rock cohesion.
[image: Figure 3]FIGURE 3 | Graph of the fracture closure pressure versus Poison’s ratio and rock cohesion.
4.1.2 Fracture parameters
The dip angle of a fracture is defined as the angle between the fracture and horizontal planes. With increasing depth, the vertical and horizontal stresses change significantly, which has a substantial impact on the fracture opening. Therefore, the fracture dip angle and its three-dimensional stress state are the main factors influencing the fluid flow in the fractures within the surrounding reservoirs (Zhu et al., 2022).
Due to the influence of stress on the dip angle, the aperture and permeability of the fracture are related to the dip angle (Fatehi et al., 2012; Wei et al., 2021). For fractured reservoirs, the dip angles of the fractures also affect the production performance, especially during water injection exploitation. In addition to the weight stress caused by the gravity of the overlying strata, the tectonic stress, represented by the maximum and minimum principal stresses, is also crucial for fracture closure behavior. Thus, the spatial position of a fracture in the stress field is one of the essential factors for closure pressure (Kang et al., 2010; Meng et al., 2011; Chen et al., 2018). Consequently, the influences of the dip angle of the fracture and the angle between the fracture strike and the maximum principal stress were evaluated regarding the effect of fracture parameters on the fracture closure pressure.
Similar to the analysis of influencing factors in rock mechanics, the parameters related to the sensitivity analysis of fracture parameters are also considered constant values, as shown in Table 2.
TABLE 2 | Parameter values for the sensitivity analysis of fracture parameters.
[image: Table 2]The fracture closure pressure varies in a convex manner as the dip angle of the fracture and the angle between the fracture strike and the maximum principal stress range from 0°–90° (Figure 4). The fracture closure pressure forms a parabola with different angles between the fracture strike and the maximum principal stress when the dip angle of the fracture is fixed. Similarly, the fracture closure pressure first increases and then decreases with various dip angles of the fracture and a given angle between the fracture strike and the maximum principal stress. It is particularly worth noting that when the fractures tend to be parallel to the maximum principal stress, a change in the dip angle of the fracture results in almost the same pressure.
[image: Figure 4]FIGURE 4 | Graph of the fracture closure pressure versus the dip angle of fracture and the angle between the fracture strike and the maximum principal stress.
4.2 Fracture closure pressure for typical wells
For the oil production wells in the fractured-cavity reservoir, fractures are the dominant factor in production performance, and the aperture of the fracture determines its conductivity from the reservoir to the wellbore. In our research, oil production wells located in the same fault and exploitation unit were selected as typical wells to evaluate the fracture closure pressure (Figure 5).
[image: Figure 5]FIGURE 5 | Locations of typical wells S1–S3.
From geophysical data, [image: image], [image: image], and [image: image] are 180 MPa, 130 MPa, and 150 MPa, respectively, for the Ordovician carbonate reservoir in the Shunbei Oilfield, and the direction of maximum principal stress is N54°E about the fault zone. Rock mechanics parameters were obtained by experiments and sonic log interpretation. The dip and strike of fractures were derived from well log and seismic interpretation images. The values of fracture parameters for fracture closure pressure are listed in Table 3.
TABLE 3 | Values of fracture parameters for wells S1–S3.
[image: Table 3]Finally, we obtained the fracture closure pressures for these three wells, which are 69.28 MPa, 61.91 MPa, and 73.11 MPa for wells S1, S2, and S3, respectively (Figure 6). It is observed that the fracture closure pressure of S3 is the highest. The reason, inferred from the analysis of the influencing factors, is that the fractures of well S3 have the largest angle between the fracture strike and the maximum principal stress. From the perspective of tectonic genesis, this may be caused by the stress transition zone. Correspondingly, the fracture closure pressures of wells S1 and S2 are lower due to smaller angles. The evaluation of the influencing factors reveals that a large dip angle leads to a lower closure pressure. However, for well S3, although the dip angle of the fracture is the smallest, the fracture closure pressure is not as high as that of other wells. This is because the strike of the fractures is almost parallel to the direction of the maximum principal stress. Based on the pressure calculation, the difference in fracture closure pressure among the wells located in this fault in the Shunbei Oilfield is mainly determined by the strike of the fractures.
[image: Figure 6]FIGURE 6 | Comparison of the fracture closure pressure of wells S1–S3.
4.3 Production performance behavior under fracture closure
Since we estimated the closure pressure for the Shunbei Oilfield based on the Zienkiewicz–Pande failure criterion, stress field parameters, and rock mechanics parameters of the Shunbei Oilfield, the production performance of the oil wells after fracture closure was also discussed to verify the closure pressure estimate.
4.3.1 Oil production rate variation
The reservoir pressure test provides the oil-bearing formation pressure of wells S1–S3 at different production times. Due to the scarcity of pressure data, the cumulative oil production amount and formation pressure data were plotted to obtain a data series of pressure versus cumulative oil production amount (Figure 7). As the fracture closure pressure values have been calculated by Equation 12, accumulative oil production amounts before fracture closure were clarified as 8.78×104 t, 8.21×104 t, and 4.08×104 t for wells S1, S2, and S3, respectively.
[image: Figure 7]FIGURE 7 | Oil-bearing formation pressure of wells S1–S3.
As the fracture and cave structures of the carbonate reservoir are complex, fracture closure indicates that some flow paths are blocked rather than every fracture being closed, and it mostly means that the main flow path is closed. It should be emphasized that the water cut of wells S1–S3 has always been below 1% so far. Therefore, only the oil rate is considered in this section although the effect of fracture closure affects not only oil seepage but also water flow in the reservoir. With the oil production profile, the oil rate is very stable before the fracture closes for S1 and S3 (Figures 8A, C). When the fracture closure pressure is almost reached, the main task of exploitation is to maintain an appropriate reservoir pressure to ensure sustainable oil production. Unfortunately, the choke size of wells S1 and S3 was enlarged at months 35 and 21 when the pressure reached the fracture closure pressure. This led to a rapid increase in the oil production rate due to the inherent strong energy of the oil-bearing formations, but the oil rate profile shows a significant downward trend after that. Different from wells S1 and S3, the oil rate of well S2 decreased notably after month 28 when the pressure was the same as the fracture closure pressure (Figure 8B). Before that, a larger choke size caused a high oil rate, and this situation lasted for 9 months.
[image: Figure 8]FIGURE 8 | Oil production rate curve of wells S1–S3.
Based on the analysis of the oil production rate, we can note that fracture closure does not always result in an immediate decrease in the oil rate. This is attributed to the diverse fractured-cavity structures and changing oil production plans. This is also the reason why fracture closure is much more difficult to identify based solely on oil rate profiles.
4.3.2 Flowing bottom-hole pressure variation
In addition to the fluid flow, fracture closure also causes a variation in the flowing bottom-hole pressure. Moreover, the flowing bottom-hole pressure is crucial for oil reserve estimation based on the material balance law. To clarify this, we introduced the material balance equation for the fractured-cavity carbonate reservoir to evaluate the production performance change caused by fracture closure. To compare the recoverable oil reserves affected by fracture closure, we assumed that the drive mechanism of the reservoir is elastic drive. Meanwhile, the water phase is ignored since the water cut of these three wells is all below 5% in our research. Thus, the material balance equation for the fractured-cavity carbonate reservoir was established as follows:
[image: image]
where [image: image] is the accumulative oil production in [image: image], [image: image] is the oil in place in [image: image], [image: image] is the initial formation pressure in [image: image], [image: image] is the formation pressure in [image: image], [image: image] is the oil volume factor (dimensionless), [image: image] is the initial oil volume factor (dimensionless), and [image: image] is the total compressibility coefficient.
The fluid flow in fractures is considered the plate laminar flow, which obeys the cubic law:
[image: image]
where [image: image] is the oil production rate in [image: image], [image: image] is the width of the fracture in [image: image], [image: image] is the oil velocity in [image: image], [image: image] is the length of the fracture in [image: image], and [image: image] is the flowing bottom-hole pressure in [image: image].
Combining Equations 16, 17, flowing bottom-hole pressure is expressed as follows:
[image: image]
Using Equation 18, we plotted flowing bottom-hole pressure curves for three oil wells, as shown in Figure 9. Considering the slight density fluctuation of oil in the Shunbei Oilfield during exploitation, we ignored the volume deviation of unit oil by weight and metered oil production in tons instead of cubic meters.
[image: Figure 9]FIGURE 9 | Plot of flowing bottom-hole pressure versus accumulative oil production amount (wells S1–S3).
In general, the flowing bottom-hole pressure of these three wells decreases with increasing cumulative oil production. Before the fractures close, the rate of pressure decrease is relatively low, and the flowing bottom-hole pressure curve decreases gently. Comparatively, the drawdown of the flowing bottom-hole pressure seems to be quite rapid after the fractures close. This indicates that the blocking of flow paths accelerates the decreases in the flowing bottom-hole pressure in the fractured-cavity carbonate reservoir.
To clarify the influence of fracture closure on oil production, relevant oils in place were evaluated as the recoverable oil reserves. The parameters involved in the process were fixed as follows: [image: image] is 1.0752, [image: image] is 1.0433, and [image: image] is 7.19×10−4 [image: image]. As shown in Table 4, once fractures closed, recoverable oil reserves varied with a 50% reduction. This verified the fractures’ closure status determined by the fracture closure pressure and interpreted the significant influence of fracture closure.
TABLE 4 | Recoverable oil reserve comparison of wells S1–S3.
[image: Table 4]5 CONCLUSION
Fracture closure is one of the crucial factors in the oilfield exploitation of facture-rich reservoirs because it causes a dramatic decrease in the production rate. Fracture closure in fractural and cavity carbonate reservoirs with rough surfaces is the process of aperture decrease, asperity contact, and asperity deformation through both elastic and plastic deformation. Thus, the asperity failure criterion is one of the main tasks in fracture closure analysis. Considering the influence of hydrostatic pressure and principal stress, the fracture closure pressure equation was built based on the Zienkiewicz–Pande failure criteria in our research. In addition, fracture closure pressure estimation was verified by applying it to typical wells in the Shunbei Oilfield, which represent different tectonic settings. On the whole, our research is concluded as follows:
1. Fracture closure pressure for fractural carbonate reservoirs is determined by the geo-stress field, rock mechanics, and the spatial characteristics of the fracture, such as the dip angle of the fracture, the angle between the fracture strike and the maximum principal stress, and the asperity yield criterion.
2. Fracture closure pressure estimation for the Shunbei Oilfield reveals that fracture closure behavior is influenced more by the dip of fractures and the angle between the fracture strike and the maximum principal stress for fault-controlled carbonate reservoirs. Fractures with large angles between the fracture strike and the maximum principal stress or those with small strikes result in large fracture closure pressure.
3. Comparing the production performance before and after fracture closure, it is verified that fracture closure behavior may not immediately affect oil production rates, but it has a significant effect on recoverable oil reserves, which is reflected by flowing bottom pressure variation. Once fractures are closed, the recoverable oil reserve varies with more than a 50% reduction.
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