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This study addresses wellbore instability in shale formations by conducting mechanical experiments on bedded shale samples with varying hydration times. We fitted experimental data using two anisotropic strength criteria to determine the shale’s strength parameters. A transverse isotropic stress model was developed to predict the lower limit of the safe drilling fluid density window, examining the effects of hydration time and anisotropy on wellbore stability. Results indicate that rock strength initially increases and then decreases with bedding angle. Within the β1 to β2 range, both the Jaeger’s Plane of Weakness model (JPW) and Plane of Patchy Weakness Model (PPW) accurately predicted shale strength; however, below β1, the JPW criterion overestimated strength, while the PPW criterion better reflected strength variations. Anisotropy due to bedding significantly increased wellbore collapse pressure, shifting the optimal well trajectory from the direction of minimum horizontal stress to maximum horizontal stress, altering collapse pressure contour distributions. The choice of strength criteria had minimal impact on the trend of collapse pressure with well trajectory. While shale hydration can significantly affect wellbore stability and the lower safe drilling mud window with well trajectory, prolonged contact between drilling fluid and rock gradually increased lower safe drilling mud window. Collapse pressure in vertical or horizontal wellbores was minimally affected by soaking time, whereas inclined wellbores showed greater sensitivity. Notably, horizontal wells drilled in the direction of minimum horizontal stress were more responsive to contact time with drilling fluid, leading to a faster increase in collapse pressure.
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1 INTRODUCTION
Due to the needs of economic development, China’s energy demand is continuously rising, while the production from conventional reservoirs is decreasing year by year (Zhang et al., 2020; Zhang et al., 2022; Ning et al., 2022; Xing et al., 2021). The development potential of unconventional energy is substantial, with the exploitation of unconventional oil and gas resources, particularly shale gas, emerging as a pivotal breakthrough in addressing global energy shortages (Liu et al., 2022; Li et al., 2022; Qi et al., 2022; Liu et al., 2013; Bai et al., 2022). Horizontal drilling and hydraulic fracturing are two key technologies for developing shale gas. However, due to the influence of shale structure and mechanical characteristics, issues such as collapse and spalling frequently occur during horizontal drilling, making wellbore instability a major technical challenge restricting the safe and efficient drilling of shale gas horizontal wells (Bai et al., 2022; Han et al., 2020; Germanovich and Dyskin, 2000; Ding et al., 2020; Ding et al., 2021; Meng et al., 2019). After drilling into the formation, the in situ stress induces stress concentration around the wellbore. If the stress differential surpasses the rock’s strength, wellbore collapse occurs (Vahid and Ahmad, 2011; Westergaard, 1940; Willson et al., 2007; Wu et al., 2024; Yang Li et al., 2022). While an appropriate drilling fluid density can provide necessary support to the wellbore, excessively high drilling fluid density may fracture the reservoir, leading to wellbore instability (Zhang et al., 2015; Zhang et al., 2017; Zhang et al., 2021a; Zhang et al., 2023; Gao and Gray, 2019; Gao et al., 2021). Therefore, researching the safe density window of drilling fluid is crucial for the safe and efficient drilling operations in shale reservoirs (Gao et al., 2014; He et al., 2015; Vahid and Ahmad, 2011; Fjær et al., 2008; Aadnoy and Chenevert, 1987; Ong and Roegiers, 1996).
To understand the mechanism of wellbore instability in shale formations and to reduce the occurrence of wellbore collapse and leakage incidents, extensive research has been conducted by petroleum engineers (Mitchell and Miska, 2011; Fjær et al., 2008; Ning et al., 2022; Li et al., 2022; Liu et al., 2016; Bai et al., 2022; He et al., 2015; Gao et al., 2021). Aadnoy and Chenevert (1987) developed a mechanical analysis model for wellbore anisotropic media, incorporating anisotropic elastic parameters, directional shear, and tensile strength parameters. Their findings indicated that overlooking the anisotropic properties of the rock can lead to inaccuracies in wellbore instability analysis. Building on this work, Ong and Roegiers (1996) enhanced Aadnoy’s mechanical model by creating a comprehensive wellbore stress calculation model for anisotropic formations. This model accounts for the combined influences of in situ stress, drilling fluid column pressure, fluid seepage, and temperature fields. They employed a generalized three-dimensional anisotropic failure criterion to assess wellbore collapse due to shear failure in the formation. Their research on horizontal wellbore collapse in anisotropic formations demonstrated that strong anisotropy, significant in situ stress differences, and excessive wellbore cooling substantially impact wellbore stability. In contrast, variations in pore pressure and pore elastic parameters have a lesser effect. However, the model did not yet incorporate the coupling effects between formation, fluid, and temperature changes (Al-Ajmi and Zimmerman, 2005; Cheng et al., 2024; Dong et al., 2025; Fjær et al., 2008; Gao and Gray, 2019; Gao and Gray, 2019; Gao et al., 2014; Gholami et al., 2013; He et al., 2015; Higgins et al., 2008; Liu et al., 2013; Jamshidi et al., 2024). Ong and Roegiers (1996) introduced a triaxial wellbore stress analysis model that considers drilling fluid column pressure, fluid flow, and thermal stress, finding that wellbore stability in directional wells is mainly influenced by rock anisotropy, in situ stress heterogeneity, and thermal stress. Lee et al. (2012) developed a model considering rock anisotropic strength and provided a method to determine the wellbore instability region. The size of the instability region and safe mud weight are controlled by wellbore orientation, bedding planes, and the direction of the in situ stress field. Li and Weijermars (2019) established the stable mud weight window using a modified Hoek-Brown failure criterion, showing that as the anisotropy of the elastic moduli increases further, both the breakdown pressure and collapse pressure decrease. Young’s moduli are the key factors contributing to the narrowing of the safe drilling window when these moduli become more anisotropic.
The above studies mainly focus on the impact of shale bedding on the circumferential stress and anisotropic strength, with little discussion on the damage and deterioration mechanisms caused by water and bedding in shale (Kanfar et al., 2015; Lekhnitskii, 1963; Liu et al., 2016; Lu et al., 2012; Meng et al., 2019; Ottesen, 2010; Vahid and Ahmad, 2011; Westergaard, 1940; Yang Xianyu et al., 2022). However, shale forms numerous bedding planes and fractures during the compaction and cementation process of diagenesis, significantly influenced by mineral composition, alignment, and cementation degree (Fjær et al., 2008; Aadnoy and Chenevert, 1987; Liu et al., 2016; Ottesen, 2010; Westergaard, 1940). These characteristics not only exhibit significant anisotropy but also deteriorate more easily when exposed to water, leading to engineering problems (Ong and Roegiers, 1996). Most wellbore instability issues arise in shale formations due to their unique laminated structures, which result in pronounced anisotropy (Ning et al., 2022; Ottesen, 2010; Pirhadi et al., 2023; Pirhadi et al., 2025; Serajian and Ghassemi, 2011; Zhang, 2013). Additionally, the moderate to high clay content in these formations makes them susceptible to shrinkage and swelling. Consequently, investigating the mechanical properties of shale, particularly under the influence of bedding planes and water interaction, holds substantial engineering significance (Junyang et al., 2017). Nwonodi et al. (2023) proposed a time-dependent analysis method for predicting wellbore instability in horizontal wells within reactive shale formations. By integrating osmosis/diffusion principles, the study improved traditional models that neglected membrane failure and diffusion time effects. The Mogi-Coulomb criterion was introduced to systematically incorporate factors such as membrane efficiency degradation, rock strength reduction, and ion migration. Junyang et al. (2017) conducted acoustic emission experiments on the damage and failure process of laminated shale under uniaxial compression, studying the mechanisms of damage and deterioration under the influence of bedding and water. The results indicated that the damage mechanisms differ; bedding primarily causes damage through the distribution of primary microcracks along the bedding planes, while water-induced damage mainly stems from adsorption and capillary pressure. Wang (2019) analyzed the changes in shale physical properties under different hydration conditions and modified the wellbore stability evaluation model to account for hydration effects. For various in situ stress distributions, the study analyzed wellbore stability, indicating that collapse pressure increases significantly in the early stages of hydration and the rate of increase slows down over time.
Maintaining the drilling fluid density within a range that ensures wellbore stability is essential for effectively preventing well collapse (Zhang et al., 2024; Wang, 2019). To achieve this, it is critical to consider not only the stress state of the wellbore but also the impact of the hydration process that occurs when shale interacts with drilling fluid on the lower safe mud weight window (Fjær et al., 2008; Aadnoy and Chenevert, 1987; Ong and Roegiers, 1996). Most current studies adopt the JPW criterion to analyze the wellbore stability in transversely isotropic formations. However, the effectiveness of this criterion in predicting the strength of bedded shale remains unclear (Yang Li et al., 2022; Zhang et al., 2021b; Zhe and Bao, 2022; Junyang et al., 2017). Previous research has rarely compared the prediction accuracy of this criterion with other anisotropic strength criteria for bedded shale strength (Wang, 2019). Additionally, under hydration effects, it remains uncertain whether the anisotropic characteristics of bedded shale strength change, and whether anisotropic strength criteria can predict the strength of shale post-hydration. These issues necessitate further investigation. Therefore, this study conducted uniaxial compressive strength tests on shale with varying water contents and bedding angles. The experimental results were fitted using different anisotropic strength criteria to analyze the influence of hydration on the anisotropic strength parameters of shale. Additionally, the study considered the impact of elastic anisotropy. Based on the transverse isotropic wellbore stress model, the anisotropic strength parameters of shale with different water contents were integrated to analyze the effect of hydration time on wellbore collapse pressure. This analysis revealed the distribution characteristics of the collapse pressure polar plot over time since the shale formation was drilled. The findings of this research are highly significant for scientifically evaluating the impact of hydration on wellbore stability, reducing wellbore instability, and achieving “safe, high-quality, and rapid” drilling.
2 THE INFLUENCE OF WATER ON SHALE STRENGTH
2.1 Anistropic strength model
Direct shear and triaxial mechanical experiments on shale have demonstrated significant strength anisotropy attributed to the presence of bedding planes. Various methods have been developed to characterize the anisotropic strength of laminated rocks, including JPW criterion, the Mclamore model, the PPW criterion, Pariseau’s Model, and the Modified Hoek-Brown Criterion. These methods can be categorized based on the curve characteristics of rock strength relative to bedding angle into shoulder type, undulating type, and U-shaped types. Among these, Jaeger’s single plane of weakness model is particularly notable for its conceptual clarity, ease of application, and its ability to accurately characterize anisotropic strength features. The Jaeger criterion describes the shear failure conditions of rock masses with one or a group of parallel weak planes, often referred to as the single set weak plane strength theory, in this criterion, the failure of the weak plane is expressed as Equation 1,
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And β satisfies Equation 2,
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In which, the β1 and β2 are shown as Equation 3,
[image: image]
If the above conditions are not satisfied, the criterion for rock failure follows the Mohr-Coulomb criterion, which is shown as Equation 4,
[image: image]
In which, σ1 denotes the maximum principal stress, MPa; σ3 denotes the minimum principal stress, MPa; Co denotes the rock cohesion, MPa; Cw denotes the cohesion within the weak plane, MPa; φo denotes the internal friction angle of the rock, degrees; φw denotes the internal friction angle within the weak plane, degrees; and β represents the angle between the normal to the weak plane and the maximum principal stress, degrees.
The Patchy Plane of Weakness criterion extends Jaeger’s single weak plane model by similarly dividing the failure of laminated shale into two distinct, discontinuous parts. This criterion posits that microcracks along bedding planes create stress concentrations, which ultimately lead to rock failure. This criterion is expressed by Equation 5,
[image: image]
where, [image: image] is a dimensionless parameter that represents the property of weak patchy. For the case, no weak patches exist in the bedding plane, i.e., [image: image] is zero, the model degrades to single plane weak plane criterion.
2.2 Fitting of shale strength
Define the bedding angle as the angle between the normal to the bedding plane and the loading direction, as illustrated in Figure 1. Prior to coring, use a cutting machine to shape the rock samples collected from the field into horizontal-bedded rectangular blocks, as shown in Figure 1. The specifications for coring practices in oil and gas exploration are consistent with the method reported by Fjær et al. (2008). Subsequently, core these blocks using an SC-300 automatic coring machine, which permits adjustment of the drilling speed. Given the low core recovery rate of shale, it is advisable to maintain a moderate drilling speed, typically around 2 mm/min. During the coring process, adjust the drilling direction of the drill bit to create angles of 0°, 15°, 30°, 45°, 60°, 75°, and 90° with the bedding plane, thereby obtaining cores with varying bedding angles. After coring, group and place the specimens, then cut and grind them. Finally, process the cores into standard specimens with a diameter of 25 mm and a height of 50 mm, ensuring the parallelism of the end faces is within ±0.02 mm.
[image: Figure 1]FIGURE 1 | Diagram of coring shale samples.
For each bedding angle, three parallel specimens were prepared. The specimens were grouped and treated as follows: ① dried at 105°C in an oven for 24 h as the dried rock samples; ② dried at 105°C in an oven for 24 h, then soaked in water for 24 h; ③ soaked in water for 48 h after drying for 24 h. Uniaxial compressive strength tests were conducted using the MTS815 rock mechanics testing machine for the three groups of specimens. This apparatus, manufactured by MTS Corporation in the United States, is specifically designed for triaxial servo-rigid testing of rocks and concrete. It features three independent closed-loop servo control systems for axial pressure, confining pressure, and pore water pressure. The machine is capable of delivering a maximum axial pressure/tension of 4,600 kN/2,300 kN, a maximum dynamic confining pressure of 140 MPa, and a maximum pore pressure of 140 MPa.
After completing the test, the fracture characteristics of shale with different bedding angles can be observed, when the angle between the axial load and the normal to the bedding plane is 0°, shear failure primarily occurs along the rock matrix, resulting in the maximum strength. When the bedding dip angle is around 60°, shale tends to experience shear failure along the bedding plane, exhibiting the lowest strength. For other bedding dip angles, shale may undergo a mixed failure mode involving shear along both the matrix and bedding planes. Consequently, the strength in such cases is lower than that of matrix-dominated failure but higher than that of pure bedding plane shear failure.
The test results are shown in Table 1. Based on the predicted results in Table 1, the root mean square (RMS) of the differences between predicted and measured values was used as the evaluation metric for prediction error, as shown in Equation 6,
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where N is the tested sample number, [image: image] and [image: image] are experimental failure strength, and the predicted failure strength for the sample labeled i. The range of those strength parameters is refined step by step in MATLAB, the optimum parameters with least Error that can be found iteratively.
TABLE 1 | Transformation of different coordinate systems.
[image: Table 1]The fitting results for dry samples, samples soaked for 24 h, and samples soaked for 48 h by JPW and PPW criteria are shown in Table 2. For comparison purposes, the predicted results from the JPW and PPW criteria and the experimental data are plotted together in Figures 2–4, respectively.
TABLE 2 | Transformation of different coordinate systems.
[image: Table 2][image: Figure 2]FIGURE 2 | Experimental data for dry samples fit by JPW and PPW models.
[image: Figure 3]FIGURE 3 | Experimental data for samples soaking in water for 24 h fit by JPW and PPW models.
[image: Figure 4]FIGURE 4 | Experimental data for samples soaking in water for 48 h fit by JPW and PPW models.
From the Figures 2–4, it can be observed that shale strength initially decreases and then increases with the increase in bedding angle. Within the range of β1 to β2, both the JPW and PPW criteria accurately predict the shale strength. However, when the bedding angle is below β1, the JPW criterion tends to overestimate the shale strength, whereas the PPW criterion more accurately reflects the trend of strength variation with the bedding angle. This discrepancy arises because, within the low bedding angle range, shale exhibits a mixed failure mode involving both shearing through the rock matrix and sliding along the bedding planes. The PPW criterion introduces a dimensionless parameter η to reveal this failure mechanism, leading to better predictions. In contrast, the JPW criterion only considers failure as either shear failure through the matrix or shear sliding along the bedding planes, resulting in an overestimation of strength for low-angle shale. The inherent flaws (e.g., microcracks, pores, or poor grain alignment) along bedding planes will create stress concentration points that reduce strength, PPW criterion reveals this mechanism, while JPW do not consider the stress concentration caused by flaws, so there is a big gap between the uniaxial compressive strength of JPW and PPW at 0° bedding angle under the three states.
The prediction errors of the JPW and PPW criteria for shale strength at various soaking times are illustrated in Figure 5. A smaller RMS value indicates higher prediction accuracy. As depicted in the figure, the prediction errors for both anisotropic strength criteria gradually increase with longer soaking times, suggesting that the heterogeneity of the shale intensifies with higher water content. Notably, the RMS error for the PPW criterion remains consistently lower than that for the JPW criterion, demonstrating that the PPW criterion offers more precise predictions of shale strength across different bedding angles.
[image: Figure 5]FIGURE 5 | Experimental data for samples soaking in water for 48 h fit by JPW and PPW models.
3 WELLBORE STABILITY PREDICTION MODEL
To obtain the safe drilling fluid density window in shale formations, the first step is to determine the stress distribution around the wellbore. Layered shale should be treated as a transversely isotropic medium, unlike isotropic formations where stress around the wellbore is influenced solely by stress concentrations. In shale, stress distribution is further complicated by material anisotropy. Consequently, it is essential to select appropriate strength criteria to accurately describe the strength characteristics of the formation rock. Given that shale strength exhibits significant variation with bedding inclination angle, the impact of strength anisotropy on the safe density window must also be taken into account. This paper provides a detailed explanation of the method for predicting the safe density window in shale formations.
3.1 Coordinate transformation
To determine the stress distribution around the wellbore, it is essential to establish the conversion relationships between the global coordinate system and the geo-stress coordinate system, the borehole rectangular and polar coordinate systems, and the bedding plane coordinate system. The relationships between these coordinates are shown in Figure 6, αs is the angle between the maximum horizontal principal stress and the true north direction, °; βs is the angle between the vertical stress and the plumb line direction, °; the borehole inclination angle βb is the angle between the borehole axis and the plumb line direction, °; borehole azimuth angle αb is the angle between the projection of the borehole’s lowest point on the horizontal plane and the true north direction, °; αbp+π/2 represents the strike of the bedding plane, °; βbp is the angle between the normal to the bedding plane and the plumb line direction, °.
[image: Figure 6]FIGURE 6 | Transformation of different coordinate systems. (a) Conversion of global coordinate, geo-stress coordinate and borehole coordinate; (b) conversion of global coordinate and bedding plane coordinate.
Taking the geo-stress coordinates as the reference, a series of coordinate transformations can yield the distribution of geo-stress around the wellbore in a rectangular coordinate system, as shown in Equation 7,
[image: image]
Defining shale as a linear elastíc transversely isotropic material the stress-strain relatíonship also adheres to Hooke's law. As shown in Figure 7, when the wellbore axis is perpendicular to the bedding planesby using the boldface characters to represent matricesthe constítutive equatíon for the shale is shown as Equation 8,
[image: image]
[image: Figure 7]FIGURE 7 | Diagram of angle between rock and bedding around wellbore.
In the equation, the compliance matrix A is shown in Equation 9,
[image: image]
where [image: image], [image: image] represent the elastic parameters along the transversely isotropic plane; [image: image], [image: image] represents the elastic parameters perpendicular to the transversely isotropic plane. When there is an angle between the borehole axis and the bedding plane, the compliance matrix is B, expressed as shown in Equation 10,
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In which, according to the operations of spatial vectors, the matrix Q is expressed as shown in Equation 11,
[image: image]
In which, the expression of [image: image] are shown in Equation 12,
[image: image]
3.2 Stress distribution around wellbore
The circumferential stress around the wellbore in laminated shale formations comprises two components: the stress concentration resulting from in situ stresses and the stress concentration due to material anisotropy. Applying the superposition principle, the analytical solution for the wellbore stress in shale, which accounts for the combined effect of these two components, is presented in Equation 13,
[image: image]
In which, in the Cartesian coordinate system, [image: image] are the stress tensor around the wellbore in laminated shale formations, MPa; [image: image] represent the stress components concentrated around the wellbore due to in situ stresses, MPa; [image: image] are the stress components concentrated around the wellbore due to rock anisotropy, MPa.
The stress component in the column coordinate system can be conveniently expressed around the borehole by converting the stress to the column coordinate system. When Equation 13 is converted to the column coordinate system, the stress around the borehole of the layered shale reservoir can be simplified as Equation 14,
[image: image]
In which, [image: image] are the stress tensor around wellbore wall in the column coordinate system, MPa.
3.3 Model solution
Most strength criteria are typically expressed in terms of principal stresses. For ease of calculation, it is necessary to convert the wellbore stresses into principal stress form, as shown in Equation 15,
[image: image]
In which, Pp represents the pore pressure in MPa. By substituting the wellbore stress components from Equation 14 into Equation 15, the values of the principal stresses around the wellbore can be obtained.
According to uniaxial compressive strength experiments with different bedding angles, shale strength exhibits significant anisotropic characteristics. The PPW criterion better reveals the strength of shale with varying bedding angles. In this study, the JPW and PPW criteria are used as the discriminative criteria for the lower limit of the wellbore safe density window.
The analysis process is illustrated in Figure 8. By substituting the principal stresses around the wellbore into the selected criterion and employing an iterative method to solve them, the lower limit of the safe drilling fluid density window can be determined. This paper develops a computational program to calculate the lower limit of the safe density window for shale formations and investigates the influence of shale strength anisotropy and hydration time on the safe drilling fluid density window.
[image: Figure 8]FIGURE 8 | The Flowchart for lower critical mud weight analysis.
3.4 Model validation
To ensure the accuracy of the computational results in this study, it is necessary to validate the reliability of the solution program developed herein. In isotropic formations, the analytical expression for the circumferential stress around a horizontal well drilled along the direction of the maximum horizontal in situ stress is given by Equation 16,
[image: image]
The parameters from Table 3 were substituted into the isotropic formation wellbore stress model (Equation 16) and the transversely isotropic wellbore stress calculation model (Equation 14). For the transversely isotropic formation, assuming Ev = 23.443 GPa and vv = 0.1999, the transversely isotropic material approximates isotropy. If the computational results from both models are consistent, the accuracy of the solution program developed in this study can be verified. The specific computational results are shown in Figure 9. As illustrated in Figure 9, when the rock’s elastic mechanical parameters approximate isotropy, the results from the transversely isotropic model established in this study exhibit excellent agreement with those from the isotropic formation, confirming the rationality of the computational outcomes from the developed program. By integrating parameters such as in situ stress, wellbore orientation, rock elastic properties, and rock anisotropic strength in the study area, the wellbore stability of the region can be analyzed using the Newton-Raphson iterative method.
TABLE 3 | In-situ stresses and mechanical properties for validation.
[image: Table 3][image: Figure 9]FIGURE 9 | The Flowchart for lower critical mud weight analysis.
4 RESULTS AND DISCUSSIONS
4.1 Influence of anisotropic strength on collapse pressure
To assess the influence of bedding plane orientation and anisotropic strength characteristics on the minimum required drilling fluid density, this study employed a transversely isotropic wellbore stability model developed through theoretical analysis. Three distinct failure criteria (MC, JPW, and PPW) were implemented to generate comparative polar plots illustrating safe density thresholds for various wellbore trajectories. The numerical simulations incorporated material properties and geological parameters detailed in Table 4, enabling systematic evaluation of anisotropic rock behavior under different directional drilling conditions.
TABLE 4 | Inputting parameters.
[image: Table 4]By applying the cohesion and internal friction angle parameters derived from the JPW criterion (Table 2) to the Mohr-Coulomb model, the resultant minimum safe density polar plot is generated as illustrated in Figure 10. This visualization employs a chromatic progression from deep blue to purple to denote increasing collapse pressure magnitudes within the polar coordinate system. The azimuthal axis (0°–360°) indicates wellbore orientation relative to principal stress directions, with 0° orientation aligning with the σH direction and 90° corresponding to σh. The radial dimension quantifies wellbore inclination from vertical (0°) at the center to horizontal (90°) at the periphery, establishing a systematic visualization framework for directional drilling optimization.
[image: Figure 10]FIGURE 10 | Polar plot of lower critical mud weight predicted by MC criterion.
From Figure 10, it can be observed that neglecting the influence of bedding planes on shale strength, using the MC criterion predicts a distribution range of safe drilling fluid density window lower limits from 1.3 to 1.55 g/mL. The cloud map exhibits a symmetrical distribution along the directions of maximum and minimum horizontal stress. The safe drilling fluid density is lower in the direction of minimum horizontal stress, reaching its minimum value around a well deviation angle of 60°, which indicates optimal wellbore wall stability at this angle. Conversely, in the direction of maximum horizontal stress, particularly at high well deviation angles, the safe drilling fluid density is higher, suggesting a greater risk of wellbore instability. Therefore, it is advisable to avoid drilling along this trajectory whenever possible.
Integrating the petro-mechanical parameters from Tables 2, 3, the polar plot of lower critical mud weight can be predicted. Figure 11 demonstrates the JPW criterion-derived polar plot of lower critical mud weight, revealing an operational range of 1.5–2.3 g/cm3 across all wellbore configurations. The observed orthotropic symmetry in contour patterns - aligned with maximum horizontal stress and minimum horizontal stress axes while orthogonal to vertical stress, stems from the horizontally stratified formation’s structural fabric. This bedding-induced anisotropy elevates the critical fluid density threshold by 18%–22% compared to MC criterion predictions, highlighting the destabilizing effect of interlayer slippage along weak planes. Mechanistically, this necessitates enhanced hydrostatic pressure compensation through increased mud weight to counteract potential shear failure along bedding surfaces. Concurrently, the optimization trajectory shifts significantly under anisotropic conditions. Parametric analysis identifies a stability sweet spot near 45° inclination within ±15° of σH direction, where fluid density requirements reach minimal values (1.52–1.58 g/cm3). This optimal trajectory cluster demonstrates the critical balance between borehole orientation and formation weakness plane geometry, providing operational guidance for directional drilling in laminated formations.
[image: Figure 11]FIGURE 11 | Polar plot of lower critical mud weight predicted by JPW criterion.
Employing comparative analysis methodology, Figure 12 contrasts the PPW criterion’s predictive capacity against previously discussed failure models in borehole instability assessment. The computed stability threshold demonstrates a reduced critical density range (1.42–2.2 g/cm3) compared to JPW predictions, revealing divergence in magnitude while maintaining consistent trend alignment across wellbore orientations. This parametric discrepancy originates from the PPW criterion’s distinct treatment of bedding plane failure mechanisms, where reduced interfacial shear resistance lowers required mud weights despite similar trajectory-dependent behavior patterns. Mechanistically, the bedding-induced stress reorientation effect fundamentally redistributes collapse pressure concentrations, shifting optimal drilling alignment from minimum horizontal stress to maximum horizontal stress domains. This geo-mechanical response manifests as distinct failure envelopes in polar plots, characterized by 25%–30% pressure magnitude variations between anisotropic criteria versus isotropic assumptions. Notably, while bedding plane geometry dominates directional sensitivity, inter-criterion differences primarily affect absolute pressure values rather than distribution trends, a critical insight for operational prioritization in laminated reservoirs. Technical implications emerge in three aspects, anisotropy magnitude dictates required mud weight increments, stress trajectory optimization achieves 18%–22% density reduction through σH proximal drilling; criterion selection introduces ±7% uncertainty in collapse pressure estimates, necessitating laboratory-calibrated model validation for field applications.
[image: Figure 12]FIGURE 12 | Polar plot of lower critical mud weight predicted by PPW criterion.
4.2 Influence of water on collapse pressure
Shale formations exhibit significant hydro-chemical sensitivity due to their stratified structure containing abundant clay minerals, including montmorillonite, illite, chlorite, and illite-montmorillonite interstratified minerals. The crystalline characteristics of these phyllosilicates drive spontaneous hydration reactions upon water contact, triggering volumetric expansion and microstructural damage through particle loosening and fracture initiation. This physicochemical process fundamentally alters formation integrity through dual mechanisms: elevated pore pressure generation and progressive degradation of mechanical parameters. Specifically, hydration effects manifest as 18%–22% reduction in elastic modulus, 25%–30% cohesion loss, 3°–5° decrease in internal friction angle, and 15%–20% increase in Poisson’s ratio, with time-dependent strength deterioration following logarithmic decay patterns. As demonstrated in Section 2.2, the PPW criterion outperforms the JPW model in predicting hydrated shale strength across variable moisture contents and bedding orientations. Utilizing the experimental parameters from Tables 2, 3, this study applies the PPW criterion to quantitatively analyze the temporal evolution of safe drilling fluid density thresholds. The hydration-dependent stability limits corresponding to 24-h and 48-h water immersion periods are systematically compared in Figures 13, 14, revealing critical time-sensitive patterns in wellbore integrity maintenance.
[image: Figure 13]FIGURE 13 | The lower limit of the safe drilling fluid density window after the borehole was drilled 24 h.
[image: Figure 14]FIGURE 14 | The lower limit of the safe drilling fluid density window after the borehole was drilled 48 h.
Figures 13, 14 reveal that shale hydration primarily alters the rock’s mechanical properties (cohesion and internal friction angle) while maintaining consistent horizontal bedding orientation. This preservation of structural alignment results in sustained symmetrical stress distribution patterns along the maximum and minimum horizontal stress axes. The drilling fluid density window shows progressive expansion with prolonged fluid-rock interaction, pre-contact conditions (Figure 12) indicate a stable density range of 1.42–2.2 g/mL; after 24-h exposure (Figure 13), the operational window shifts to 1.6–2.26 g/mL; following 48-h interaction (Figure 14), the required density increases to 1.7–2.3 g/mL. This temporal progression demonstrates a direct correlation between drilling fluid exposure duration and wellbore instability risks, with collapse pressure elevation averaging 0.28 g/mL over 48 h of shale hydration. The data underscores the critical importance of time-dependent rock-fluid interactions in wellbore stability calculations, particularly highlighting how hydration-induced mechanical degradation progressively compromises formation integrity.
Figure 15 quantifies the time-dependent evolution of the lower safe drilling fluid density window along different well trajectories, revealing distinct patterns in wellbore stability. Vertical and horizontal wells exhibit minimal sensitivity to drilling fluid exposure duration, whereas deviated wells demonstrate significant time-dependent instability. At 40° deviation, the critical mud weight increases by 0.154 g/mL after 24 h and 0.276 g/mL after 48 h compared to dry conditions, while at 20° deviation, a 0.279 g/mL elevation occurs between 24- and 48-h exposures. Although contact duration minimally affects the general trend of collapse pressure versus deviation angle, the lower density limit along the maximum horizontal stress direction follows a characteristic U-shaped curve, initially decreasing before rising with increasing deviation. Horizontal wells drilled along the minimum horizontal stress axis (Figure 16) display a sinusoidal azimuthal variation in lower critical mud weight, showing 23% greater sensitivity to fluid exposure time compared to those aligned with the maximum horizontal stress. This directional disparity highlights how stress orientation modulates hydration effects, with maximum horizontal stress alignment reducing azimuthal collapse pressure fluctuations by 18%. The findings collectively emphasize the critical interdependence between well trajectory geometry, stress field orientation, and time-dependent rock-fluid interactions in shale formation stability.
[image: Figure 15]FIGURE 15 | The lower limit of safe drilling fluid density for borehole drilled in maximum horizontal in situ stress direction with different inclinations.
[image: Figure 16]FIGURE 16 | Lower limit of safe drilling fluid density for horizontal well with different azimuths.
Through the research, the following measures can be implemented to enhance wellbore stability. Adjusting the angle between the wellbore axis and the normal to the bedding plane, i.e., drilling up dip along the bedding plane is more conducive to wellbore stability; enhancing sealing to reduce filtrate invasion into the formation; adding inhibitors to the drilling fluid to lower its activity; employing oil-based drilling fluids to suppress rock hydration.
5 CONCLUSION
Sustaining the stability of wellbore in unconventional shale plays presents significant technical challenges due to the inherent characteristics of well-bedded shale formations and their pervasive anisotropy, which exhibit mechanical properties consistent with transverse isotropy. Shales are also rich in clay minerals that undergo chemical reactions upon contact with water, leading to the expansion of mineral particles. To understand the mechanisms of wellbore instability in laminated shale formations and to clarify the effects of hydration time and bedding on shale strength and wellbore stability, this study conducted laboratory experiments to measure the strength of laminated shale under different hydration durations. The results were fitted using JPW and PPW criteria to determine rock strength parameters. Based on the transversely isotropic wellbore stress model, the study analyzed the effects of strength anisotropy and hydration time on wellbore collapse pressure. The research findings indicate that rock strength initially increases with increasing bedding dip angle β and then decreases. Within the range of β1 to β2, both JPW and PPW criteria predict shale strength effectively. However, when the bedding dip angle is below β1, JPW criteria overestimate shale strength, while PPW criteria still capture the trend of shale strength with bedding dip angle. Anisotropic strength caused by bedding significantly increases wellbore collapse pressure. The optimal well trajectory shifted from the direction of minimum horizontal stress to the direction of maximum horizontal stress, resulting in significant changes in the distribution characteristics of wellbore collapse pressure maps. Additionally, different criteria for strength anisotropy had a minimal impact on the variation trend of wellbore collapse pressure with well trajectory. Shale hydration can significantly affect wellbore stability and the lower safe drilling mud window, as the contact time between drilling fluid and formation rocks increases, the lower safe drilling fluid density window gradually increases. Vertical or horizontal wells are less affected by drilling fluid immersion time in terms of wellbore collapse pressure, whereas deviated wells are more significantly impacted. Compared to horizontal wells drilled in the direction of maximum horizontal stress, those drilled in the direction of minimum horizontal stress exhibit greater sensitivity of wellbore collapse pressure to drilling fluid contact time, resulting in a faster increase in collapse pressure. Future research should prioritize machine learning-driven dynamic risk assessment, nanomaterial-enhanced intelligent drilling fluids, multi-physics coupled wellbore instability prediction models, and real-time wellbore instability monitoring technologies. These advancements will shift wellbore stability management from passive mitigation to proactive prediction and intelligent control, ultimately enhancing safety, efficiency, and sustainability in oil and gas development.
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