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1 Introduction 
Extraction of conventional and unconventional energy resources from deep reservoirs is often carried 
out from multiple platforms, making the process expensive. This number can be reduced by drilling 
deviated boreholes, which enlarge the drainage area accessible from a single location and improve 
reservoir productivity (Saavedra and Reyes 2001; Quy et al. 2009). Non-vertical boreholes are also 
required to reach targets inaccessible by vertical drilling. However, increasing borehole inclination 
raises the risk of borehole instability during drilling (Garrouch and Ebrahim 2001; Simangunsong et 
al. 2006). Although successful drilling of non-vertical wells can reduce operational costs, maintaining 
borehole stability remains a major challenge. Even vertical boreholes do not necessarily guarantee 
stability because borehole behaviour is strongly controlled by the in-situ stress state (Al-Ajmi 2006). 
During drilling, the surrounding rock mass must redistribute the stresses previously carried by the 
excavated material (Burnwal and Singh 2024), causing stress redistribution around the borehole and 
stress concentrations near the borehole wall that may exceed rock strength and result in failure. 

In many geological settings, boreholes are drilled in anisotropic rocks with direction-dependent 
mechanical, hydraulic, and thermal properties. Although these boreholes have relatively small 
diameters, the presence and orientation of natural planes of weakness can significantly influence their 
stability (Asaka and Holt 2021). Experimental and theoretical studies show that the strength behaviour 
of anisotropic rocks is governed by the prevailing stress state, intrinsic engineering properties of the 
rock, and the orientation of bedding planes, β (Singh et al. 2018; Burnwal and Kumar 2022; Liu et al. 
2020; Gao et al. 2024; Burnwal and Singh 2026). Therefore, understanding borehole stability in 
anisotropic rocks is essential for the safe and efficient design of underground excavations and drilling 
operations. Figure 1 illustrates a typical directionally drilled borehole consisting of vertical sections in 
isotropic rock (Section I), vertical sections in anisotropic rock (Section II), inclined sections (Section 
III), and horizontal sections (Section IV). 

 
Fig. 1 Schematic of a well trajectory showing vertical, inclined, and horizontal borehole sections passing from isotropic to 
anisotropic rock (Duan et al. 2018). 

Previous studies have investigated vertical and inclined boreholes under biaxial stress states. For 
example, rockburst behaviour around horizontal boreholes under biaxial stress conditions, along with 
associated early warning signals, was reported by Hu et al. (2019) and Zhang et al. (2022), while the 
influence of lateral loading conditions on rockburst behaviour was examined by Liu et al. (2020) and 
Liang et al. (2020). The effect of rock type on the failure modes of circular openings under biaxial 
stress conditions was analysed by Shi et al. (2025) and Xiao et al. (2025), whereas Wang et al. (2025) 
investigated borehole spallation mechanisms. Kun et al. (2024) further examined the influence of the 
angle between the principal stresses and the tunnel axis on the failure behaviour of the surrounding 
rock mass by considering borehole inclinations of 0°, 5°, 10°, 15°, 30°, and 45°. Although these 
studies provide significant insights into borehole failure under biaxial loading conditions, the stress 
state surrounding underground openings is generally true-triaxial in nature, except at the tunnel 
boundary (Singh et al. 2019; Burnwal and Singh 2024a, 2025). 

To better represent in-situ stress conditions, several researchers have also investigated borehole failure 
under true-triaxial stress states. Various studies have reported spalling around the cylindrical opening 
(Jia et al. 2012; Gong et al. 2018; Luo et al. 2020), rockburst (Si et al. 2022a; Ling et al. 2023), and 
borehole breakout (Xiang et al. 2024a, b). Observations include breakout orientation, pit formation, 
severity of borehole damage, dominant failure mode (tensile or shear), fragment characteristics, and 
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