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For horizontal wells in Longmaxi Formation, oil-based drilling fluid that soaks for a long time is more likely to cause a wellbore collapse. Therefore, in this paper, the downhole core method of shale formation, in Longmaxi Formation, was adopted. First, rock samples were selected from different sampling angles and soaked with field drilling fluid. Second, a triaxial mechanics experiment was carried out. Based on the anisotropic wellbore stress distribution model, the stability of shale wellbore was calculated and analyzed. The results show that the compressive strength and cohesion of the shale are reduced after soaking in the drilling fluid. Hence, the reduction range of various sampling angles obviously differs as well. Shear failure occurs in vertical stratification; shear slip failure occurs along the weak plane, showing strong anisotropy. Combined with the experimental results, the collapse pressure is calculated, and it is found that the weakening effect of drilling fluid makes the overall collapse pressure rise by about 0.2 g/cm3. Finally, the shale bedding dip and dip direction have a great influence on the collapse pressure. The lower critical mud weight always takes the minimum value when the borehole axis is perpendicular to the bedding.
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INTRODUCTION
Shale accounts for more than 75% of the oil and gas deposits drilled globally [1]. The Longmaxi Formation, in Sichuan Basin, is rich in unconventional oil and gas resources. Moreover, the efficient development of shale gas holds great significance for prolonging the life of the petroleum industry in China [2]. The commercial development of Fuling shale gas, specifically, marks the rapid development of shale gas in China. At present, horizontal well drilling technology, and large-scale hydraulic fracturing, are key technologies for the successful development of shale gas. However, shale gas reservoirs are characterized by strong structural stress, strong formation heterogeneity and strong bedding development. However, irregular wellbore collapses and accidents often occur in drilling operations [3]. Considering the JY1HF well in the Jiaoshiba block area, for example, a wellbore collapse frequently occurred in the drilling process. The logging data showed that the wall expansion rate of the inclined section was as high as 50–100%. Therefore, an accurate understanding of the collapse rule, for the Longmaxi shale formation in Jiaoshiba, and the selection of the most optimal drilling design both have a significant influence on the efficient development of shale gas.
As for the collapse and instability of shale formation, scholars both at home and abroad have carried out a large number of studies from different perspectives. In the past, most of the studies focused on the influence of the anisotropy characteristics of shale formation, specifically on its strength and its seepage characteristics. Among these studies, a series of mechanical experiments on different stratified shale were carried out [4–8], and some theoretical studies on heterogeneous rocks were also carried out [9–11]. It is recognized that the mechanical parameters (cohesion and angle of internal friction) of the bedding plane are the most important causes of shale failure [12]. It is also recognized that the seepage effect of the shale formation causes shale hydration, which has a significant impact on shale strength, and results in the reduction of cohesion and internal friction angle [13–15]. Wall rock strength decreases after prolonged exposure to drilling fluid [16–18]. A hydration test was conducted on the shale formation of Longmaxi, and it was discovered that the rock sample expanded with water absorption, permeated along the bedding, and finally peeled off the block [19]. Since another researcher established the wellbore stress distribution model based on anisotropy, and studied the wellbore instability, the anisotropy characteristics have become the focused research direction of the wellbore stability model [20]. Another researcher established a weak plane model and discovered that it is effective in predicting stratigraphic wellbore failure, except for obvious loose or plastic formations [21]. Therefore, it is determined that the direction of the weak plane is closely related to wellbore failure [22]. As a result, the isotropic wellbore stress distribution model is established [23, 24], and it is found that Poisson’s ratio has little influence on borehole stability in shale formation [25, 26]. However, these studies often adopt assumed values, or only give experimental results, for the anisotropy of shale strength. Most of the research and literature adopts outcrop samples for the study of shale strength characteristics; few of them use the downhole core method of shale, and few of them use field drilling fluid to weaken it. In addition, the mechanical characteristics of the system are studied. Most shale hydration tests only use common formation water, or water-based drilling fluid, and there are few studies on the effect of oil-based drilling fluid on borehole wall instability.
In this paper, 2,450 m of downhole core from the Longmaxi Formation was adopted for the preparation of core from different sampling angles. Field oil-based drilling fluids were used to weaken the core in groups. Triaxial mechanical experiments were conducted on the core to obtain the mechanical parameters, before and after weakening of drilling fluids from different bedding angles. Next, combined with the single weak surface criterion and anisotropic wellbore stress distribution model, the calculation method of shale formation collapse pressure is established. Finally, mechanical parameters, before and after weakening, were used to study the variation law of collapse pressure in shale formations with different bedding occurrences. The results of this study can provide some theory and basis for guaranteeing borehole wall stability during drilling in the Longmaxi Formation.
Experiment and Analysis
There is a great deal of low-dip bedding in the shale formation of Jiaoshiba, and the strength of the shale formation is significantly reduced by the weak bedding surface, which shows obvious strength anisotropy. Meanwhile, Longmaxi shale is easy to hydrate [19], and oil-based drilling fluid is typically used for drilling in the field. However, long-term immersion of drilling fluid tends to reduce the shale strength. In order to better understand the influence of oil-base drilling fluid on the strength of shale with different drilling angles, the underground core of the Longmaxi Formation was used to carry out a triaxial mechanics experiment. Furthermore, the strength of shale at different angles, before and after drilling fluid immersion, were tested in order to provide parameters for the study of borehole wall stability in shale formation.
In order to study the rock mechanics parameters of bedding shale formation, only three bedding angles were taken, due to the difficulty in obtaining underground core. According to GB 23561.1-2009 “Determination of Physical Properties of Coal and Rock”, the rock samples were made into specimens with a length and diameter of 50 mm × 25 mm where the included angle between the coring direction and the normal direction of the bedding surface of (a), was 90°, the included angle of (b) was 60°, and the included angle of (c) is 0° (as shown in Figure 1). All samples were dried in an oven at 60°C for 24 h and then set aside.
[image: Figure 1]FIGURE 1 | Sampling diagram at different bedding angles.
After drilling the core, the end face should be ground with a grinding machine, and the parallelism error of the two end faces should not exceed 0.5 mm. After the sample preparation, the triaxial mechanics experiment was carried out using a GCTS RTR-1000 (high temperature and high pressure) triaxial mechanics test machine. During the test, when the deformation rate signal feedback by the rock specimen was inconsistent with the predetermined signal, the servo controller would generate a corresponding comparison signal. This signal pushed the servo valve to move and increase or decrease the oil supply quantity of the loading device. Furthermore, the deformation rate of rock specimens was always controlled within an appropriate range. At the moment the rock specimen ruptured, its bearing capacity decreased, and its deformation rate increased. Then, the servo controller would actively close the servo valve, reduce the supply of oil source, and play the role of “letting pressure”, so that the rock specimen could overcome the “burst” phenomenon. Next, the deformation data, after the peak value and before the peak value, can be obtained. Finally, the stress and strain data can be obtained in the process of rock deformation and failure under the formation conditions. In this experiment, each sampling angle was required to carry out experiments under two different confining pressures. The experimental loading confining pressures were 0 and 25 Mpa. The core was taken from the JY1HF well with vertical depth of 2450 m, so the confining pressure was set as 25MPa, and the confining pressure of 0 MPa was selected as the comparison. All cores were divided into two groups, A and B. Group A were dry cores, and Group B were immersed in an on-site oil-base drilling fluid for 30 days to simulate the downhole environment. It was found that in Group A, the compressive strength of the samples is the lowest when the included angle is 60°, and the strength of the samples in the vertical stratification direction is the highest (as shown in Table 1). The rock samples are shown in Figure 2. In addition, the damaged samples are shown in Figure 3. It was found that shear failure occurs at an angle of 0°, shear slip failure along the bedding plane occurs at an angle of 60°, and longitudinal cleavage failure occurs at an angle of 90°. Therefore, the shear slip failure along the weak bedding plane is the key failure mechanism that leads to the low strength of the bedding shale.
TABLE 1 | Triaxial test results of dry samples of Group A.
[image: Table 1][image: Figure 2]FIGURE 2 | Rock samples before failure of triaxial rock mechanics test.
[image: Figure 3]FIGURE 3 | Rock samples after failure of triaxial rock mechanics test.
In addition, the cores of Group B were soaked with on-site, oil-base drilling fluid for 30 days, and subjected to triaxial mechanical experiments. The experimental results are shown in Table 2.
TABLE 2 | Triaxial test results of soaked samples of Group B.
[image: Table 2]The results of three-axis experiments of shale, before and after soaking, are compared (as shown in Figure 4 and Figure 5). It is found that the cohesion and internal friction angle of the shale matrix and bedding decreased when soaking time was increased. Figure 4 shows that after drilling fluid immersion, the compressive strength of shale with different sampling angles decreases at 0 and 25 MPa confining pressure. Among them, at the angles of 0° and 90°, the compressive strength decreases greatly, while at the angle of 60°, the compressive strength only slightly decreases. Because the strength of the rock sample is very low at an angle of 60°, the space for decline is very limited. Figure 5 shows that the shale cohesion and internal friction angle of different sampling angles decrease after immersion in drilling fluid, and cohesion decreases the most when the angle is 90°. Moreover, the compressive strength of some rock samples increases after immersion, which may be due to heterogeneity. The influence of oil-based drilling fluid on shale strength may be one of the key factors of wellbore instability. Therefore, the data fitting of shale strength before and after soaking was carried out (as shown in Figure 6). The fitting correlation coefficient is close to 1, and the fitting regression effect is good. The compressive strength of shale in Jiaoshiba area from different angles can be predicted according to the fitting formula.
[image: Figure 4]FIGURE 4 | Comparison of compressive strength before and after drilling fluid immersion.
[image: Figure 5]FIGURE 5 | Cohesion and angle of internal friction before and after immersion.
[image: Figure 6]FIGURE 6 | Fitting of compressive strength data before and after immersion.
Wellbore Stability Analysis Model and Criterion of Anisotropic Formation
It is necessary to establish a wellbore stability analysis model for the anisotropic formation of shale after triaxial mechanics experiments, with different included angles, are performed. Then, combined with the rock failure criterion, the influence of drilling fluid weakening on the stability of shale formation wellbore can be estimated.
Wellbore Stabilization Model for Anisotropic Formation
Assuming the formation is completely heterogeneous, and on the basis of only considering the elastic deformation of the material line, according to the generalized Hooke’s law the stiffness matrix contains 21 elastic constants. Because the Longmaxi Formation belongs to bedding strata, the bedding strata can be equated with transverse isotropic materials. At this point, the flexibility matrix can be simplified, including five independent flexibility coefficients, and the constitutive equation can be expressed as Eq. 1:
[image: image]
Among them, the parameter is specific, as expressed in Eq. 2:
[image: image]
Under the bedding plane coordinate system, the rock equilibrium equation and the strain coordination equation are represented in Eq. 3 and Eq. 4, respectively, according to the assumed conditions, when the rock around the well meets the plane strain assumption.
[image: image]
[image: image]
In order to solve the problems listed, the stress function [image: image] and [image: image] is introduced, so that each stress in the balance equation can be expressed as Eq. 5:
[image: image]
Since it is a plane strain problem, it can be obtained from the physical equation. The axial stress [image: image] can be solved by Eq. 6, as follows:
[image: image]
For the exact solution of stress concentration in anisotropic rock, two stress functions about stress components are defined, and the general expressions of stress function are given, as shown in Eq. 7:
[image: image]
Setiawan [23] introduced a new complex variable function on complex variables, which was expressed as Eq. 8:
[image: image]
By using the above formula, Eq. 9 of the stress component in bedding wells is given:
[image: image]
Finally, the formula of stress components around borehole is expressed in Eq. 10.
[image: image]
The borehole stability model, Eq. 11, under polar coordinates, can be obtained by plugging into the borehole polar coordinate formula:
[image: image]
where, [image: image]and[image: image]is the stress component under the borehole column coordinates; [image: image]is the borehole radius; [image: image]is the radial distance between surrounding rocks and borehole axis; [image: image]is the Poisson’s ratio of rock; and [image: image] is the well circumference angle. According to the formula listed above, the stress distribution of the surrounding rock, under the coordinates of any inclined shaft, can be obtained when the original ground stress and the liquid column pressure in the wellbore are acted upon.
Shale Matrix Failure Criteria
It is necessary to select appropriate strength criterion for accurately evaluating the stratigraphic stability. According to the test results, when the included angle of the rock sample is 0°, the rock is considered a single shear failure. Rock failure shear force on the shear surface must overcome rock cohesion and friction, as shown in Eq. 12:
[image: image]
M-C criterion can be expressed as Eq. 13 in the form of principal stress, as shown in Figure 7.
[image: image]
[image: Figure 7]FIGURE 7 | Failure mode and M-C circle for single shear failure.
Strength Criterion for Weak Plane
According to the test results, when the included angle of the sample is 60°, the sample is shear-slippage failure along the bedding plane. The local layer slips along the weak surface, and it is unstable when the surrounding rock is destroyed by the crack structure surface. For a formation containing micro-fractures, when the angle between the fracture surface and the maximum principal stress is within a certain range [21], the formation will appear to collapse, and drop blocks along the fracture surface. Strength criterion is expressed as Eq. 14:
[image: image]
where [image: image] is the circumferential stress on borehole, Pa; [image: image] is radial stress, Pa; [image: image] is Biot coefficient; [image: image] is pore pressure, Pa; [image: image] is cohesion of shale bedding, Pa; [image: image] is friction angle of shale bedding, °; and [image: image] is the angle between weak-plane normal and maximum principal stress, °. However, the weak plane criterion needs to satisfy Eq. 15 in order to make the rock sample shear slip along the weak plane, as shown in Figure 8.
[image: image]
[image: Figure 8]FIGURE 8 | Failure mode under the single weak plane criterion.
INFLUENCE OF DRILLING FLUID ON WELLBORE STABILITY OF BEDDED SHALE
In this paper, polar coordinates are used to characterize the minimum drilling fluid density in the shale formation of the Longmaxi Formation with the change of drilling direction, and the influence of weak surface. Based on the experimental data, the variation rule of formation collapse pressure is compared and analyzed before and after drilling fluid weakening.
Geomechanics Parameters and Rock Mechanical Parameters
In this model, the X axis is consistent with the north geographical pole, and the Y axis is aligned with the east geographical pole. Weak plane occurrence is defined by inclination direction (α) and inclination angle (β). In order for the weak plane to be studied in the wellbore stability analysis model, the inclination angle is assumed to be 30° and 60°, and the study is carried out under different inclinations. The experimental samples, in this paper, are the underground core of Longmaxi Formation, with a sampling depth of 2,450 m. According to the field hydraulic fracturing and logging data, the geomechanics parameters of the target interval were obtained (as shown in Table 3). Then, according to laboratory rock mechanics experiments, rock mechanics parameters, before and after drilling fluid immersion, are obtained (as shown in Table 4). All these parameters are input parameters for the lower critical mud weight analysis of the Longmaxi shale formation in Fuling.
TABLE 3 | Geomechanical parameters of Longmaxi Formation in Fuling.
[image: Table 3]TABLE 4 | Mechanical parameters of rock before and after immersion.
[image: Table 4]Collapse Pressure of Rational Formation Before and After Drilling Fluid Immersion
In shale formations, horizontal wells usually pass through bedding strata with different well angles, and bedding strata also have different tendencies, which affects the formation’s lower critical mud weight, and the choice of the optimal drilling direction. In addition, it is found that bedding inclination angles are mostly low-dip angles in field drilling construction. Therefore, the formation dip angle of 30° and 60° were selected for the study. Based on the experimental data, the influence of drilling fluid on wellbore stability of shale formation is studied. The purpose is to get closer to identifying the best working conditions, and also choose the optimal drilling construction scheme.
When the bedding inclination angle is 30°, it is found that the collapse pressure is generally lower along the direction of bedding tendency, or its relative direction (as shown in Figure 9). However, in the direction where the angle with bedding tendency is 90°, the collapse pressure is generally heightened to the maximum value, which is not suitable for a drilling well trajectory direction. Moreover, with the increase of the azimuth of stratigraphic tendency, the lower critical mud weight of bedding tendency decreases gradually, with a decrease of 0.3 g/cm3. In the direction of bedding inclination, the closer the angle of the well inclination is to the bedding inclination, the lower the collapse pressure. The collapse pressure is minimal when the axial direction of borehole is perpendicular to the bedding. Combined with the laboratory triaxial rock mechanics experiment, it is found that when the loading direction is perpendicular to the bedding, the maximum rock mechanical parameters are taken, so the borehole is more stable. By comparing and analyzing the collapse pressure, before and after drilling fluid immersion, the overall lower critical mud weight increased to a certain extent. The minimum collapse pressure rose to 0.2 g/cm3, while the maximum collapse pressure rose from 1.75 g/cm3 to 1.95 g/cm3. However, the choice of borehole for the azimuth angle is greater than it was before immersion. Drilling is not necessary along the bedding tendency, but within a certain angle to the bedding tendency. The optimal drilling azimuth is changed to an angle of about 30° with the bedding tendency.
[image: Figure 9]FIGURE 9 | The collapse pressure before and after soaking, when the bedding inclination angle (β) is 30°.
When the bedding inclination angle is 60°, the change of collapse pressure is shown in Figure 10. It is found that with the increase of the bedding inclination angle, the figure shows that different bedding plane inclination angles have a significant effect on the collapse pressure density of the shaft wall. When the inclination is 0°, the included angle with the azimuth angle is 30°, which is the optimal drilling direction. The overall lower critical mud weight is around 1.45 g/cm3. When the angle of inclination is 30° and the well bevel is below 40°, the collapse pressure is higher than 1.70 g/cm3. When the inclination angle is 60°, the optional orientation of the wellbore trajectory is smaller, and the collapse pressure is lower, but only when the well is drilled with a high inclination angle in the bedding inclination azimuth. Also, the minimum collapse pressure is 1.1 g/cm3. When the inclination angle is 90°, the lower critical mud weight is smaller, in the range of about 30° of bedding tendency, and the collapse pressure range is 1.1–1.4 g/cm3. The collapse pressure, before and after soaking, is compared and analyzed. Similar to the inclination angle with bedding of 30°, the overall rise amplitude of the collapse pressure is 0.2 g/cm3. However, the choice of borehole orientation is larger, and the collapse pressure is higher, but only in a small range. When the trend is 0°, the larger value is 1.9 g/cm3 when the azimuth angle is 60°. When the trend is 30°, the collapse pressure is higher than 1.9 g/cm3, within the azimuth range of 0°–60° and 210°–240°. When the trend is 60°, the value of collapse pressure is higher, in the azimuth range of 90°–180° and 270°–360°. When the trend is 90°, the optimal drilling direction is 60°–120° and 240°–300°, and the collapse pressure is lower than 1.6 g/cm3.
[image: Figure 10]FIGURE 10 | The collapse pressure before and after soaking, when the bedding inclination angle(β) is 60°.
By comparing and analyzing the bedding inclination angles of 30° and 60°, with the increase of the bedding inclination angle, the optimal well inclination angle also increases. When the borehole axis is perpendicular to the bedding surface, the minimum value of lower critical mud weight is always set. In addition, when the bedding inclination angle is 30°, the optional borehole bearing angle is also more concentrated than when the bedding inclination angle is 60°. When the bedding inclination angle is 60°, the collapse pressure changes are more complex, and the bedding occurrence has a significant influence on the selection of the optimal drilling direction. Finally, the oil-base drilling fluid has a significant effect on shale strength, making the overall minimum drilling fluid density increase by about 0.2 g/cm3, and the maximum collapse pressure rise from 1.75 g/cm3 to 1.95 g/cm3. In other words, the mechanism of shale mechanical failure, bedding occurrence and weakening effect of drilling fluid, are all very important in the wellbore stability analysis of shale formation.
CONCLUSION
In this paper, the triaxial mechanics experiments of different bedding angles and different confining pressure conditions are carried out by examining the shale of Longmaxi Formation in Fuling, for example. Based on the experimental data, the variation law of wellbore collapse pressure, before and after drilling fluid immersion, is studied. The main controlling factors of borehole collapse are revealed in the middle rational shale formation during drilling. The following conclusions are obtained:
1) Because of the shale bedding development of Longmaxi Formation, the strength of weak bedding is lower than that of shale body. The compressive strength of the specimens is the lowest under the condition of a 60° angle with bedding, and the cohesion and internal friction angle are also the lowest. However, the strength of the samples is the highest in the vertical stratification direction, and the cohesion and internal friction angle are also the highest. This indicates that Longmaxi shale shows strong intensity anisotropy.
2) Experimental results of triaxial rock mechanics show that the samples have shear failure in the vertical bedding direction. The samples specifically have shear slip failure along the bedding plane at an angle of 60° with the bedding plane, and the samples occur split failure in the parallel bedding direction. This indicates that shear slip failure along the weak bedding plane is the key mechanical mechanism that leads to the decrease of shale strength.
3) After soaking the drilling fluid, the compressive strength, cohesion, and angle of internal friction of the shale all have measured changes. The compressive strength decreases after soaking, in which the compressive strength decreases the most under 90°, and is very low before soaking under 60°, where the decrease is the smallest. The cohesion decreases after soaking, where the degree of decline was the highest at 90°, and the smallest at 60°. Meanwhile, the internal friction angle did not change obviously after immersion.
4) The bedding occurrence has a great influence on the distribution law of collapse pressure. When the borehole axis is perpendicular to the bedding surface, the minimum value of lower critical mud weight is always taken. While at a low bedding dip, the optimal drilling direction is more concentrated. As the azimuth of bedding tendency increases, the distribution of collapse pressure becomes more complicated.
5) The weakening effect of the drilling fluid makes the overall collapse pressure rise by about 0.2 g/cm3. Before the drilling fluid weakens, the collapse pressure tends to take the minimum value on the bedding tendency. After weakening, the collapse pressure is distributed more evenly in the appropriate direction, and the included angle of 30°, with the bedding tendency, can also be the optimal direction.
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