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In deep engineering, the in-situ measurement of engineering rock properties is a key issue in projects such as energy storage and resource mining. Numerous researches devoted to adopting the digital drilling methods for the in-situ application of deep rock engineering. Interdisciplinary technical means were introduced to improve the accuracy and efficiency of in-situ testing methods. In this paper, the existing progress of digital drilling technology was initially reviewed. The establishment of penetration, cutting, and rock-breaking models was discussed based on the mechanical interaction during rock drilling. Improved understanding of machine-rock interaction behavior can be achieved through solving the deep engineering problems such as detecting structural distribution, obtaining rock engineering parameters, improving drilling and rock breaking efficiency, and reducing testing costs. Importantly, the issues of current research were summarized on the digital drilling method to provide a forecast on the development in deep rock engineering. Future digital drilling technology will combine intelligence, automation and big data analysis to achieve efficient, accurate and safe drilling operations. Through digital twin and remote-control technology, the drilling process will be fully monitored and optimized to improve efficiency and reduce risks.
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1 INTRODUCTION
As underground space development continues to advance in depth, researchers have discovered a series of new features and phenomena in deep rock masses, which have put forward higher requirements for rock breaking technology (Qian and Li, 2008; Gao et al., 2024; Yasar et al., 2011; Song et al., 2011). In order to increase the rock breaking efficiency and detection accuracy of rock masses at deep conditions, a variety of rock breaking methods have emerged. Drilling is a conventional method in engineering exploration, in which thrust force is exerted to advance a drill bit into the rock mass, progressively inducing deformation and ultimately causing rock fragmentation, while the resulting debris is expelled from the borehole (Xie et al., 2025). This process is also referred as the mechanical response between drilling machines and rock. Understanding the mechanical interaction between the drilling system and the rock is fundamental for the characterization of rock fracture behaviors, improvement of drilling efficiency, monitoring of rock mass parameters, and optimization of drill bit design (Li et al., 2024). Inspired by this, digital drilling technology equipped with advanced rock breaking mechanisms uses digital transmission systems has emerged (Gao et al., 2024). As shown in Figure 1, this technology enables the real-time collection of drilling parameters through digital drilling equipment. The parameters of rock mass have been inversely determined through a quantitative relationship model linking drilling parameters to rock mass properties, which provides a novel approach to in-situ testing and real-time evaluation of engineering rock masses. Scholars have employed theoretical analysis, experimental studies, and numerical simulations to clarify the cutting failure characteristics of rocks and to characterize the mechanisms of machine-rock interaction (Song et al., 2011). The research concludes analysis of energy evolution (Huang et al., 2019), establishment of failure criteria, construction of drilling response models, and development of advanced monitoring equipment for real-time drilling operations (Wang Q. et al., 2020). Supported by extensive practical and theoretical advancements, these studies demonstrate promising application prospects (Qian and Li, 2008). Among them, the drilling parameters are correlated with the shape and properties of the drill bit (Sachetto et al., 2004). Meanwhile, the penetration processes using different drill bits exhibit distinct fracture characteristics. These differences in fracture behavior can bias the response between drilling characteristics and rock mass properties, affecting the characterization of drilling response.
[image: Figure 1]FIGURE 1 | Application principles of digital drilling technology.
With the advent of the information age, the rapid development of big data and the Internet of Things (IoT) has effectively addressed issues related to data storage and transmission (Wang et al., 2014), providing a new platform for the engineering application of digital drilling technology. Some researchers have applied artificial intelligence (AI) techniques to perform noise reduction on drilling data for optimizing the data acquisition. As shown in Figure 2, Yue (2014) applied time-series monitoring technology to the automatic monitoring of rotary impact drilling. He et al. (2019a) utilized a deep convolutional neural network (DCNN) architecture to optimize the estimation of the rock strength based on digital drilling technology. The trained DCNN model effectively reduced the rock strength estimation error by 10%.
[image: Figure 2]FIGURE 2 | Optimization of digital drilling technology using artificial intelligence techniques. (a) Drilling depth-time curve (b) Convolutional neural network architecture.
Herein, this paper reviews the development of digital drilling technology and its application in deep engineering in detail, with a special focus on the following three aspects: current research progress in digital drilling technology, machine-rock interaction and rock-breaking models, and engineering application of digital drilling technology. This paper initially reviews the progress of existing digital drilling technology, then the establishment of penetration, cutting, and rock-breaking models is discussed based on the mechanical interaction between the drilling equipment and rock during the drilling process. To obtain the improved machine-rock interaction, the practical application is tried to be confirmed, such as detection of structure distribution, acquisition of rock mass engineering parameters, enhancement of drilling rock-breaking efficiency and decreasing the test costs. The issues in current research on digital drilling technology was summarized to provide an outlook on future development trends. These aspects of reviews are together to provide reference for future researches of digital drilling technology and the engineering application of such onsite testing methods.
2 ADVANCES IN DIGITAL DRILLING TECHNOLOGY
Since the late 20th century, geological engineers have discovered a potential correlation between the mechanical properties of rock mass and the drilling parameters (Yasar et al., 2011). Engineers utilized this conventional geological exploration method to preliminarily determine stratigraphic distribution and obtain geological information (Li et al., 2014). Subsequently, this empirical method was refined and evolved into digital drilling technology (Wang Y. et al., 2020), which has been applied to identifying structural stratified rock mass (Cao et al., 2021) and conducting preliminary assessments of tunnel surrounding rock stability (Chen et al., 2020).
In the 1970s, the goal of measurement while drilling was initially achieved through modifications to drilling equipment. However, the huge amount of drilling data, the inability to record and analyze data simultaneously, and the increase in equipment failures caused by modifications ultimately reduced the efficiency of drilling monitoring (Nishimatsu, 1972). Recently, digital drilling technology has undergone significant advancements through continuous iterations and optimization, including updates in data processing and analysis methods, as well as new insights into machine-rock interaction mechanisms. Regarding laboratory-scale digital drilling equipment, Yasar et al. (2011) developed an indoor drilling rig capable of monitoring load and drilling speed and conducted the tests by using conventional core drill bits. Zhao et al. (2009) added a drilling system to a rock triaxial compression testing machine and performed cutting tests on granite under extreme geo-environmental conditions (temperature, geostress and water). Song et al. (2011) developed the “WCS-50″indoor rotary cutting penetrometer, which was used to conduct rotary cutting tests on soft rock-like materials (e.g., building blocks, gypsum) and loess with triangular drill bits. Wang Y. et al. (2020) manufactured a true triaxial rock mass digital drilling system capable of providing an axial thrust of up to 50 kN and a torque of up to 400 Nm. However, field drilling operations are subject to numerous interference factors, such as noise, mud, heat transfer, and friction. Effectively monitoring drilling data and optimizing machine-rock interaction evaluation impose more comprehensive requirements on field while-drilling monitoring equipment. In terms of field while-drilling monitoring equipment, Sacchetto et al. (2004) pioneered the integration of while-drilling rock mass detection technology with penetration tests, conducting field tests for obtaining on hard soil layers where sampling is difficult. Rai et al. (2015) successfully extracted effective data during drilling operations in mining and tunneling projects for analyzing machine-rock interaction mechanisms without compromising operational efficiency. Additionally, Reijonen (2011) found a high correlation among critical petroleum engineering parameters evaluated by while-drilling monitoring technology, such as resistivity and porosity. The drilling process monitoring (DPM) instrument modified by Yue et al. (2004), Yu (2014) obtains drilling parameters through pneumatic down-the-hole hammers and hydraulic rotary exploration rigs. Moreover, it provides specific calculation methods for rock mass quality evaluation indices such as RQD, Q, and RMR, and conducts a series of drilling experiments on weathered granite slopes. Based on the DPM instrument, Feng and Wang (2022) added a real-time monitoring system, including a laser displacement sensor, loading sensors, and a data transmission and processing system. The XCY-type rotary cutting probe developed by Li et al. (2014), Li et al. (2024) has a maximum overall size of 5 m and a maximum drilling inclination of 90°. The XCY-2 peeling machine consists of a drilling tower, a power unit, an electronic control box, a hydraulic system and a supporting structure. By conducting a series of field borehole tests on different types of surrounding rocks at the Sanhekou Hydraulic project, it accurately estimates rock mass quality, surrounding rock classification, and rock mechanical parameters. These digital drilling devices enable the measurement of key indices in various engineering environments, such as slopes, dam foundations, and tunnel surrounding rocks. However, the adaptability of the testing equipment to different working conditions is limited: for deep rock mass engineering, the equipment’s explosion-proof performance is a concern. Due to its large size, it is difficult to apply in narrow construction spaces. Therefore, in future research and development, down-the-hole monitoring equipment will be optimized and adapted for specific fields to improve operational efficiency.
Factors influencing the mechanical rock-drilling response in digital drilling can be summarized into three main categories: rock mass properties, equipment performance, and drill bit selection (Zhang and Gao, 2005). Rock mass properties primarily include mineral composition and mechanical parameters. Taking an example, quartz content in minerals directly affects the drill bit wear, while the compressive and tensile strength of the rock determines its characteristics during penetration or cutting failure in the drilling process. The equipment performance and drill bit selection are critical for analyzing rock-drilling interaction, improving drilling efficiency, reducing mechanical wear, and accurately obtaining rock mass information. According to the differences in rock breaking methods of geological drill bits and lithology, rock breaking methods can be divided into impact rock breaking, cutting rock breaking, grinding rock breaking and mixed rock breaking. Impact rock-breaking occurs under dynamic loading, where the drill bit invades the rock at high speed, causing instantaneous failure. This is commonly applied in hard rock drilling. Cutting rock-breaking is categorized into rolling cutting and crushing cutting, depending on the shape and motion of the cutting machine (Zhou and Lin, 2013). This cutting method is suitable for medium-hard rocks. Rolling cutting utilizes roller cone bits, where the teeth penetrate the rock surface under thrust and then crush the rock along the indentation under torque. This method is widely applied in resource extraction and exploration. Crushing cutting involves rotary rolling cutters that uniformly penetrate the rock along the axis, making it the primary rock-breaking method for tunnel boring machines (TBM) used in full-section hard rock construction such as tunnel faces. Grinding rock-breaking is often employed for soft rock excavation. The drill bit applies thrust to compress the rock into elastic state (Cheng et al., 2019), followed by continuous rotation of the cutting machine to achieve material removal (Liu et al., 2018). Due to their superior wear resistance, polycrystalline diamond compact (PDC) bits and alloy drill bits have become the mainstream choices for this method. Hybrid rock-breaking combines the advantages of PDC bits and roller cutters, promoting adaptability across various application scenarios. Table 1 summarizes the key features of major drilling monitoring devices currently used domestically and internationally.
TABLE 1 | Overview of digital drilling equipment and key monitoring indicators.
[image: Table 1]3 MACHINE-ROCK INTERACTION AND ROCK-BREAKING MODELS
The process of drill bit penetration into rock is typically analyzed in two stages: circumferential cutting and axial compression, which are corresponding to the radial and axial components of the rock-breaking force. Under the axial force, the drilling bit contacts with the rock surface and rotary penetrates into the rock mass. Subsequently, the rock is cut under the influence of the radial force. Numerous studies have shown that the rate of penetration (ROP) is a crucial parameter of drilling efficiency (Rostamsowlat et al., 2018) and is also used to reflect tool wear, the shape of the cutting surface, and critical cutting forces (Amri et al., 2016). To provide predictions and assessments for engineering practices, researchers have analyzed the fracture modes in drilling processes for different rock types through field observations and laboratory experiments. These attempts can identify the impact of fracture modes under various rock types and drill bit structures on tool lifespan. The results indicate that rock breaking during drilling exhibits in shear failure, tensile failure, and spalling failure. Therefore, studying the stress distribution, the formation and propagation mechanisms of fracture surfaces during drilling is crucial for optimizing drill bit design, reducing damage and wear, and predicting rock properties. Based on the transformation of the dominant rock-breaking force during drilling, rock failure behavior can be categorized into compaction failure and cutting failure. The following section summarizes the research progress on different rock-breaking methods.
3.1 Compaction rock failure
Scholars have conducted numerous experiments on drill bit compaction into rock under simulated drilling conditions and collected data on the compaction breaking characteristics of rock. Currently, theoretical analysis and experimental methods are the mainstream method to reveal the mechanisms of the drill bit compaction breaking process. Due to the complex mechanism of compaction rock breaking, the elastic-plastic theory is widely employed to establish an analytical model under the limit equilibrium conditions. Based on Griffith’s fracture criterion, fractures always occur at the tips of microcracks triggered by tensile stress concentration. Marshall (1983) conducted compaction experiments on zinc sulfide with conical and spherical indenters and derived a stress intensity factor G. Based on that, the effect of the indenters on rock compaction characteristics was analyzed and found that the rock’s drillability K is directly proportional to the stress intensity factor G in Equation 1:
[image: image]
where, E is elastic modulus of rock, H is hardness of rock, C is the radial crack length (seen in Figure 3).
[image: Figure 3]FIGURE 3 | Schematic of the rock breaking mechanism by penetration.
The indentation test results show that the rock drilling process is similar to the rock indentation tests (Sachetto et al., 2004). As shown in Figure 3, the compaction rock failure process contains three regions: the core crushing zone, the plastic deformation zone, and the crack propagation zone. Once the drill bit penetrates the rock surface completely, the rapidly increasing axial load exceeds the uniaxial compressive strength (UCS) of rock mass. Due to the confinement effect between the rock mass sidewall and the cutter tip, the generated debris continues to fracture and forms smaller particles, which constitute the core crushing zone.
Based on fracture mechanics theory, Huang et al. (2019) proposed a spatial expansion model to describe rock compaction fracturing. The model allowed for the derivation of rock strength based on the size of the plastic deformation zone and crack length during the rock compaction process. Building upon the spatial expansion model, Chen and Labuz (2006) introduced the effects of lateral confinement and indenter shape. Through theoretical analysis and experimental validation, they obtained an indentation stress field that shows good consistency with the damage zone size. However, the spatial expansion model has many parameters, which limits its integration with the cutting part of rock breaking for a comprehensive study.
From the experimental prospectives, Fan et al. (2019) compared the indentation test results of different materials (silicon dioxide, ceramics, and shale) and obtained the crack propagation characteristics of indentation fractures for each material. To simplify the characterization parameters of compaction rock-breaking, Chiaia et al. (2013) conducted experiments to test the correlations between the parameters in the model and derived a linear function of drilling pressure and ROP. Although the spatial expansion model is applied to characterize the deformation behaviors of rock compaction fracturing, two issues remain. First, rock is a type of quasi-brittle material with discontinuous fracture characteristics, the application of elastoplastic theory for analyzing rock compaction failure is questionable. Second, the practicability of the parameters of the model is uncertain.
3.2 Cutting rock failure
Since 1950, the mechanism of cutting rock failure has been a key focus of research (Merchant, 1945a; Merchant, 1945b). Based on the shear force equilibrium equation, Merchant et al. (1945a), Merchant (1945b) established the first semi-empirical model for metal cutting. Nishimatsu (1972) proposed a cutting rock model that explains the formation of rock chips. The degree of rock fragmentation was characterized by the rock shear strength. However, the limitation of Nishimatsu’s model is that it cannot describe the ductile failure that occurs during rock cutting. According to the deformation characteristics of rock shear failure, the rock cutting process can be roughly classified into three stages: elastic shear deformation, micro-crack initiation and propagation, and the formation of macro-fractures (Nishimatsu, 1972). The cutting force decreases suddenly corresponding to the formation of macro-fractures. Under the action of axial thrust, the cutting rock failure enters the next complete cycle (Verhoef et al., 1996). Based on these three stages, researchers have summarized three rock failure modes: brittle tensile fracture, ideal plastic shear fracture, and brittle tensile-shear fracture (see Figure 4).
[image: Figure 4]FIGURE 4 | Typical failure modes of rock cutting and corresponding relationship between tension and compression stresses.
As shown in Figure 4, the initiation and propagation of cracks reveal the core of rock cutting fracture (Verhoef et al., 1996). However, the explanation of crack initiation and propagation is not unified. The factors controlling crack propagation are considered to be tensile and shear failure of the rock. The rock in front of the tool first undergoes shear failure during the cutting process. Then, tensile cracks initiate and propagate to form macro fractures eventually. The thrust force and cutting force exhibit periodic variations. The peaks of these forces correspond to the moment when cracks form. Based on this, Evans (1962) built a rock cutting fracture model (see Figure 5) by incorporating tensile strength into the metal cutting theory proposed by Merchant et al. (1945a), Merchant et al. (1945b). The cutting force Fc is defined as in Equation 2,
[image: image]
where d is the penetration depth per tool revolution, σt is the tensile strength, w is the tool width; θ is a shape parameter of the tool.
[image: Figure 5]FIGURE 5 | Determining the cutting crack path based on the improved Evans model. (a) Initial stage (b) Fracture generation (c) Mechanics diagram.
The equation of stress state in rock of the cutting process was calculated based on the maximum shear stress theory. An analytical model was developed to analyze the cutting force and rock failure surface (Cheng et al., 2019). The crack path is obtained as a curve. Liu et al. (2018) conducted a study on crack propagation behavior during rock cutting using the discrete element software PFC 2D (see Figure 6). When the penetration per revolution (d) is 11R, powder-like debris is formed. When d reaches 32R, a crushing zone is formed. Subsequently, based on the trend of the mechanical specific energy μb with cutting depth, the critical state of ductile-brittle failure in cutting rock was determined. At shallow cutting depths, the rock undergoes ductile failure, and μb remains constant. As the cutting depth increases, brittle failure occurs, and μb decreases. The transition model related to the μb can be expressed as,
[image: image]
where η is a constant which affected by the rake angle of cutter; Kb is influence coefficient which related to the geometry and properties of cutter material; Kp represents the cutting energy dissipated in the rock drilling process.
[image: Figure 6]FIGURE 6 | Validation of the crack propagation model and explanation of brittle-ductile failure characteristics.
When the cutting rock-breaking model considers few environmental factors, the rock mechanics parameters obtained from field experiments may have significant errors compared to actual parameters (Ouyang et al., 2021), so that the model necessitates modification by empirical coefficients. Rostami (1997) conducted rock cutting experiments and established the CSM (Colorado School of Mine) model to characterize the tool wear. Yagiz (2002) improved the CSM model to enhance its accuracy in describing hard rock cutting behavior. Subsequently, many researchers developed numerous cutting rock-breaking models and optimized them using advanced data processing techniques such as convolutional neural networks, discretization, and fuzzy mathematics (Yagiz, 2002).
3.3 Drilling rock failure
A drilling response model was established based on drilling balance conditions to evaluate the rock drillability (Detournay and Defourny, 1992). In fact, the output energy of the borehole machinery is not entirely used for breaking rock. Similarly, it is consumed by the complex frictional energy and the kinetic energy of the drilling fluid in the drilling process. As a result, the energy consumption for rock cutting is overestimated due to the ignoring of the in-situ factors (Wang et al., 2023). The influence of environmental factors is eliminated on the specific energy to establish accurate rock evaluation indicators. The models generally simplify the rock cutting stress state to a linear elastic state, which is not consistent with that during drilling process. Moreover, the rotary cutting process involves both penetration fracture and rotary crushing, accompanied by minor damage such as friction and grinding. The key mechanical parameters associated with these processes are still unclear. In conclusion, current research on rock fragmentation during drilling is necessary to focus on machine-rock interaction and rock-breaking mechanism (Rai et al., 2015; Reijonen, 2011; Yue et al., 2004). Moreover, the mainstream theoretical models of digital drilling process were listed in a summarized Table 2. These models provide the strength estimation of deep rock mass in accordance with the drilling process analysis through an index related to the rock-breaking behaviors during drilling process.
TABLE 2 | Existing analytical model based on digital drilling method for rock-breaking analysis.
[image: Table 2]Based on the prospectives of energy release, physical mechanisms, and experimental experience. Teale (1965) first developed the energy evolution model, which defines the parameter MSE to describe the energy transfer as a drill bit penetrates rock. The model is often used to analyze the interaction between the drill bit and rock and to evaluate wellbore stability. The empirical model is constructed by summarizing existing data to provide qualitative or quantitative guidance, although their application might be limited by the scope and reliability of the data. The limit equilibrium model, based on stress field analysis, considers micro-damage and fracture processes within rock. The model accurately reflects the inelastic behavior, fracture processes of rock, stress distribution and steady behavior during drilling (Richard et al., 2012). On this basis, the classification of drilling rock-breaking models is determined by the researcher’s needs, and the combination of different model types can yield more comprehensive and accurate predictions.
As shown in Figure 7a, Nishimatsu (1972) established the first rock cutting model, which considered the formation of rock chips and the discontinuity of the rock mass. The model inspired subsequent scholars to develop cutting models based on various concepts of rock failure characteristics. However, the Nishimatsu model is unable to describe ductile failure and overlook the effects of the wear surface. Detournay and Defourny, 1992 introduced new assumptions into the model proposed by Nishimatsu (1972), which suggest that the rock-breaking processes of all cutter teeth on the drill bit are independent (see Figure 7b). The assumptions include pure cutting actions (affecting the front of the cutting face) and frictional contact (acting on the sliding surface), which have been validated by the results of rock cutting experiments conducted by many scholars (Liu et al., 2018; Teale, 1965). Rostamsowlat et al. (2018) confirmed that this typical cutting mode corresponds to ductile fracture through the analysis of drill cuttings of shallow sedimentary rocks. Kalantari et al. (2018) also analyzed the rock-cutting mechanisms of PDC drill bits. The concept of the tip crushing zone is defined to present the evolution of rock failure process and to establish a correlation between rock properties and tool wear.
[image: Figure 7]FIGURE 7 | Rock drilling failure analysis model. (a) Nishimatsu’s model (b) Detournay’s model.
In summary, the mechanical-rock response during drilling is described as an analytical relationship between the horizontal force and the axial thrust (Nishimatsu, 1972; Kalantari et al., 2018). Specifically, Detournay and Defourny (1992) defined the cutting force and thrust per unit area as drilling energy E and cutting strength S, respectively to eliminate the size influence of drill tool on characterizing the relationship between E and S. The mechanical-rock response is defined as,
[image: image]
where μ is the friction coefficient between cutting tool and rock, ε is the cutting energy required for a unit volume; ζ is the ratio of cutting force to thrust force.
Kalantari et al. (2018) calculated ζ as the tangent value of the relative contact angle tanθ between the drill bit and rock considering the crushed zone at the rake angle of the drilling bit. As shown in Figure 8a, a critical state exists to divide the drilling response into two independent stages: cutting and friction. The critical state is caused by the increased relative friction corresponding to chip accumulation during the drilling process. An increasing number of researchers have interpreted this critical state based on different drilling phenomena and characteristics. Fen and Wang (2022) described the critical point as the transition between normal drilling and bit jamming based on real-time monitoring data from resource extraction projects (see Figure 8b). Liu et al. (2018) interpreted the critical state of MSE variation with penetration depth as the turning point between brittle and ductile failure (see Figure 8c). The previous mainstream drilling-rock failure (response) models characterize the tool-rock interaction based on the force characteristics of rock drilling (Kalantari et al., 2018), which shows a certain applicability in representing rock failure for different cutting tools. However, the stress-based models tend to overlook tool wear and its underlying causes.
[image: Figure 8]FIGURE 8 | Different explanations of the critical state in drilling response. (a) Cutting-friction transition (b) Critical stuck-drilling state (c) Brittle-ductile failure.
In summary, the study of rock failure characteristics during drilling is in a phase of continuous advancement and development. Existing research focuses on accurately characterizing the rock-breaking process, including analyzing the evolution of rock fracture and cutting-induced failure characteristics. By integrating experimental studies, numerical simulations, and field observations, researchers are steadily improving the understanding of rock failure mechanisms during drilling, thereby driving progress in rock engineering and drilling technologies.
4 THE ENGINEERING APPLICATION OF DIGITAL DRILLING TECHNOLOGY
Significant progress has been made in laboratory experiment, theoretical and numerical studies on drilling-based rock-breaking methods, which demonstrates the great potential for addressing practical engineering challenges. These advances are particularly beneficial in enhancing engineering efficiency, optimizing design, improving decision-making support, increasing safety and reliability, and promoting innovation and sustainability. The application of digital drilling technology provides critical support for the successful implementation of projects.
4.1 Detection of structure distribution
Typically, geological surveys are performed by using core drilling and theoretical methods to detect structural plane distribution and to evaluate rock mass quality. Since drilling parameters exhibit a specific fluctuation to the properties of subsurface rock, geologists can realize the integrity of the rock mass based on variations of the parameters. To obtain the characteristics of subsurface structures, a geophysical exploration technique has garnered significant attention in the field of geotechnical engineering (Shi et al., 2020). The technique enables the rapid acquisition of abnormal physical characteristics in the target area, even under the harsh environmental condition. Some researchers have conducted detailed stratigraphic division and boundary identification by analyzing formation data using methods such as gamma-ray spectrometry (Zhang, 2003), acoustic transmission time difference (Cao et al., 2003) and resistivity measurement (Chen et al., 2005). However, geophysical exploration face challenges such as low detection accuracy and susceptibility to geomagnetic interference. These issues require extensive noise reduction processing of the data, which can lead to data distortion in turn.
Tan et al. (2007) conducted borehole drilling tests by using an impact drill equipped with a real-time monitoring system. The relationship between the degree of weathering in granite and drilling energy consumption was investigated through the analysis of axial pressure, rotational speed, and penetration rate, thereby providing a basis for rock strata identification. Yan et al. (2008) established a drilling rock-breaking model based on fractal theory by analyzing the relationship between the particle size of cuttings and the mechanical work of the drilling machine. Based on the analytical relationship between uniaxial compressive strength, ultimate cutting strength and friction angle of rock, He et al. (2021) established the residual elastic energy index to evaluate rock burst proneness. Yang et al. (2019) employed a while drilling monitoring system to rapidly and quantitatively evaluate the rock block index (RBI) of core samples, which provides a basis for assessing the integrity of engineering rock masses. Leung and Scheding (2015) developed a neural network model for formation identification based a large amount of while drilling data. The model can significantly improve the operational efficiency of coal recovery. Based on the drilling response, the digital drilling method shows potentials in detection of rock structural characteristics, where exists some issues related to the detection accuracy and environmental adaptability.
4.2 Prediction of rock engineering performances
In geotechnical engineering, conventional testing methods obtain the physical and mechanical parameters of rock masses through field sampling and laboratory experiments. However, laboratory tests often fail to accurately replicate the in-situ stress and environmental conditions of rock masses. Digital drilling technology offers a solution to this issue. Researchers have used this technology to establish models relating rock strength to drilling parameters, enabling the evaluation of rock mass properties. Some studies have introduced rock strength criteria (Kalantari et al., 2018) and energy dissipation principles to describe rock cutting and fracturing characteristics during drilling, which provides a basis for assessing engineering parameters (Wang et al., 2023). However, such research limits in the combination of drilling response and failure criterion of rock. The discussion for the failure patterns and rock cutting debris generation is lack.
Wang Q. et al. (2020) conducted drilling tests on rocks and rock-like materials with different strength grades using a self-developed digital drilling system and derived a model linking drilling parameters to energy consumption per unit volume of rock grinding. Wang et al. (2022) incorporated the Hoek-Brown strength criterion into the drilling response model to analyze rock fracturing, where the material constant mi was expressed as a function of the internal friction angle of the rock. He et al. (2023) found anisotropic consistency between rock strength and drilling characteristics through digital drilling experiments. He et al. (2020) further evaluated rock mass quality based on energy evolution trends in engineering boreholes and their response to fracture distribution, as shown in Figure 9. Moreover, the rock anisotropy was assessed according to the drilling response by proposal of an index calculated as the ratio of different drilling direction (Wu et al., 2022). This discovery confirms the potential of digital drilling in application of deep rock engineering. Song et al. (2011) conducted rotary penetration, compression, and shear tests on masonry and gypsum samples by using blade and twist drill bits and identified the correlation between mechanical parameters and the drilling parameters of soft rock during the volumetric failure and grinding stages, as shown in Figure 10. Over the past 2 decades, many researchers have explored the relationship between rock engineering parameters and drilling parameters. However, further studies are needed to accurately determine rock mass engineering performance based on drilling-induced rock fragmentation.
[image: Figure 9]FIGURE 9 | RQD determination method based on drilling method.
[image: Figure 10]FIGURE 10 | Relationship between torque and compressive strength.
4.3 Evaluation of drilling efficiency
To enhance rock-breaking efficiency, drilling engineers meticulously analyze the rock-breaking mechanism during drilling to optimize tool selection, determine the optimal drilling path, and avoid operational risks. Wear resistance, as a critical factor in cutter design, plays a crucial role in reducing mechanical wear during excavation. Alloy materials effectively improve drill bit wear resistance and extends its service life. However, the heterogeneous characteristics of rock masse become increasingly pronounced with excavation depth, posing significant challenges to tool durability. Maintaining high rock-breaking efficiency remains a core issue in improving drilling engineering designs. Engineers monitor key parameters during the drilling process, such as mechanical parameters, vibration frequency, and motor input power, in real time during the process. Based on the monitoring results, the control models are developed to quantitatively characterize bit deformation throughout the drilling cycle.
Glowka (1989) is the first to incorporate the effect of tool wear into rock-breaking models for drilling, observing a significant thermally accelerated wear effect. This wear effect arises from mechanical abrasion caused by crack propagation at the interfaces of abrasive minerals in hard rock, influenced by temperature, humidity, and stress conditions. Supported by theoretical derivation and experimental data, the relationship between motion parameters and load indicators was studied during the drilling process. Babaei and Hall (2016) discussed the monitoring information extracted from rotary blasthole drills, such as penetration rate, rotary speed, rotary torque, and pulldown force. The results indicated that specific energy of drilling can be accurately estimated using the electrical responses of the drill’s main drive system, compared to values determined based on mechanical inputs. Shankar et al. (2020) monitored the wear rate of tungsten carbide drill bits and its relationship with temperature using a fully instrumented laboratory CNC drilling setup. A linear regression analysis was employed to establish the correlation between temperature and wear rate. The results showed that the wear rate of drill bits increases with rising temperature, and the heat generated by machine-rock friction is the primary cause of tool wear. Liang et al. (2012) conducted numerical simulations of rock-breaking processes using tools of different shapes and identified a critical state in the effect of tool arrangement on specific energy consumption, which indicates that selecting appropriate drilling tools and setting optimal mechanical parameters based on varying formation properties is key to improving rock-breaking efficiency. For characterizing formation properties, intelligent data analysis models are necessary to process and summarize extensive drilling monitoring data. Therefore, developing accurate drilling process monitoring systems integrated with efficient intelligent data analysis capabilities is essential for enhancing the effectiveness of rock-breaking through real-time monitoring technology.
5 CONCLUSIONS AND OUTLOOK
5.1 Problems in existing research
By summarizing relevant studies, the challenges in current research on digital drilling technologies can be outlined as follows:
(1) Mechanism of rotary cutting and characterization of rock-machine interaction
Current research primarily focuses on analyzing the influencing factors of rotary cutting rock-breaking characteristics, but the underlying mechanisms are not well explored. Destruction criteria tailored to different lithological features should be established, analytical models of rotary cutting rock-breaking should be derived, and evaluation parameters should be proposed. Combining micro- and macro-level approaches can provide a detailed explanation of the rock-breaking evolution process. Additionally, the characterization of rock-machine interaction suffers from low accuracy and unclear mechanisms.
(2) Development and improvement of rotary cutting monitoring equipment
Traditional testing equipment generally involves a simple assembly of sensor devices with standard drilling tools, which can lead to measurement errors. Many responses of drilling signals to rock structure features, such as joints, faults, tool wear, and drilling blockages or drops, manifest as changes in drilling parameters. These effective signals can be misinterpreted as measurement errors and overlooked, thereby reducing the practical effectiveness of rotary cutting detection technologies. Establishing corresponding testing standards and standardized procedures is necessary, including requirements for equipment maintenance, management, and operation.
(3) Feedback control based on digital technology
During the drilling process, the massive volume of data makes it critical to extract useful information related to rotary cutting rock-breaking characteristics. Leveraging digital technologies such as artificial intelligence and machine learning to optimize data processing can help build precise rock parameter inversion models. Using the evolution trends of drilling parameters for feedback control in the drilling process is beneficial for reducing drill bit wear and saving costs.
5.2 Challenges and issues in engineering practice
Notably, the digital drilling and logging while drilling have something in common in terms of equipment, but their application scenarios and technical focuses make them play an indispensable role in their respective professional fields. High-precision sensors are used to collect rock mechanics information such as pressure and stress during the drilling process in real time. Basically, analytical models are used to analyze data and infer the mechanical properties of rocks (such as hardness, toughness, etc.). The advantage is that the data is real-time and accurate, and can reflect the dynamic changes in the drilling process in a timely manner. Therefore, digital drilling technology focuses on deep rock engineering, ensuring accuracy and safety by precisely controlling the drilling process. Real-time rock mechanical information helps to avoid well deviation and collapse and improve construction quality. Nevertheless, digital drilling technology still faces many challenges and problems in engineering practice, including:
(1) Integration and compatibility issues: The lack of unified technical standards and platforms between different manufacturers and equipment leads to poor integration and compatibility of digital drilling systems, affecting their collaborative operation and data sharing.
(2) Complex data processing and analysis: The massive amount of real-time data collected requires powerful computing power and advanced algorithms. However, in practice, data processing and real-time analysis are often delayed or inaccurate, affecting the accuracy and efficiency of decision-making.
(3) Equipment maintenance and fault diagnosis: Although digital drilling technology can monitor equipment status in real time, the diagnosis and maintenance of complex faults are still challenging, especially in extreme environments where equipment is prone to failure, resulting in increased downtime.
(4) High initial investment and technical investment: The implementation of digital drilling technology requires a large initial investment in hardware, software and personnel training, which is a challenge for small and medium-sized mining companies.
(5) Security and data privacy issues: With the use of remote operation and cloud computing, data transmission and storage security have become a major concern. Problems such as cyber attacks and data leaks may pose a threat to operational safety and corporate interests.
5.3 Outlook
The continuous development of digital drilling technology promises more precise and comprehensive data acquisition capabilities for the construction engineering field. Future research directions include, but are not limited to:
(1) Development of high-performance sensors and equipment
Future studies can focus on designing smaller, more sensitive sensors to enhance the resolution and accuracy of monitoring data. Innovations in nanotechnology and advanced material science may provide significant opportunities for developing cutting-edge monitoring equipment.
(2) Comprehensive multi-parameter monitoring
To address the complex and dynamic environments in rock engineering, research can aim to develop monitoring devices capable of integrating multiple parameters, such as temperature, humidity, strain, and vibration, to gain a more holistic understanding of rock behavior.
(3) Artificial intelligence and big data analysis
By combining artificial intelligence and machine learning technologies, intelligent analysis of large-scale monitoring data can uncover deeper and subtler patterns, enhancing the prediction and identification of rock behavior.
(4) Real-time monitoring and feedback systems
The construction of real-time monitoring and feedback systems can allow the timely detection of potential issues during rock engineering projects and facilitate immediate adjustments. This will significantly improve the efficiency and safety of engineering operations.
(5) Integration of rock engineering and geological exploration
Strengthening interdisciplinary collaboration with fields such as geology and geophysics can maximize the utilization of data obtained through digital drilling monitoring. This can lead to a deeper understanding of rock structures and geological features, laying a more robust foundation for accurately identifying rock mass parameters.
Advancing these research directions will drive breakthroughs in rotary cutting monitoring technology, enabling more reliable, efficient, and sustainable solutions for geotechnical engineering applications.
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