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Abstract: Friction coefficient, as a parameter of mechanical state, plays a crucial role in the shear failure of rocks in 

the field of Earth sciences. This paper investigates the frictional characteristics and anisotropy of rock by analyzing the 

coefficient of variation of the friction coefficient (f) and the anisotropy index of rock friction coefficients Af. Rotational 
friction tests were conducted using cylindrical granite against square samples of granite, sandstone, and andesite in 

three directions to analyze the relationship between the friction coefficient and various drilling parameters. This study 

reveals the variations in the friction coefficient and notable changes in the friction coefficient’s anisotropy. The results 

indicate a correlation between the alignment of turning points during the frictional stage and the rock strength. During 

the experiment, the friction coefficient undergoes cyclic variation before gradually stabilizing. The anisotropy of 

rotational friction follows the order: granite > andesite > sandstone, suggesting that the higher rock strength 

corresponds to greater frictional anisotropy. The rotational friction control coefficient C is derived and linked to the 

rotational friction stage. The duration of effective contact between rock surfaces and directional cutting efficiency are 
the primary factors contributing to anisotropy. The results offer practical implications for drilling design and seismic 

risk assessment in anisotropic rock formations. 
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1. Introduction 

Currently, research on rock sliding friction in petrology focuses on the 

micro medium and large based on the rock’s physical characteristics [1]. 

At the micro scale, research focuses on the rock’s internal cracks, 

including their formation, effects on friction, and underlying causes [2]. 

The medium scale is to study the rock as a macroscopic material, mainly 

to explore the friction mechanism of the rock and the size of the friction 

force, as well as the interaction mechanism between a single rock particle 

and the rock block [3]. When applied to actual production, its goal is to 

increase the favorable friction and eliminate the unfavorable friction. On a 

large scale, from a geographical perspective, the stability of geological 

structures is judged by analyzing the properties of rocks to explore the 

large-scale geographical faults, the movement and friction of continental 

plates, and the interaction forces between joints.  

The traditional tectonic model of rock masses postulates a lithosphere 

comprised of a robust, brittle upper layer and a weaker, ductile lower layer, 

resulting in two forms of deformation: brittle fracture in the upper layer, 

leading to earthquakes, and ductile flow in the lower layer [4,5]. The 

coefficient of friction is a crucial mechanical parameter that plays a pivotal 

role in the shear failure of rocks within the field of earth science. This is 

especially significant as most earthquakes are triggered by the frictional 

sliding along faults. Hence, understanding the frictional properties of rocks 

is essential for gaining insights into seismic mechanics [6]. The friction 

coefficient is the most critical parameter affecting rock friction, and since 

rocks are heterogeneous materials, studying the anisotropy of the friction 

coefficient is of significant importance in understanding rock friction [7]. 

Rock anisotropy is the outcome of numerous geological processes, 

including sedimentary stress conditions, historical background, and 

fabricational processes [8–10]. Investigating the anisotropy of frictional 

coefficients holds significant importance in understanding rock friction 

[11]. Furthermore, the frictional behavior related to the shear rate and 

normal stress of rock discontinuities can significantly influence the 

dynamic response of rock masses [12]. Therefore, utilizing advanced 

digital drilling technology to collect detailed data allows for a more 

comprehensive investigation of their dynamic response. 

However, no correlation model has yet been established linking this 

technology to rock friction. Given that friction plays a critical role in 

numerous rock engineering applications—such as fault slip, borehole 

stability, and excavation-induced deformation—this gap limits the broader 

applicability of digital drilling methods [13–15]. Rock friction is 

inherently complex, influenced by factors including lithology, mineral 

composition, surface roughness, and loading direction. Furthermore, the 

anisotropic nature of rock friction, which varies with drilling orientation, 

remains insufficiently explored through digital approaches [16]. To 

address this limitation, this study investigates the potential of digital 

drilling parameters to characterize frictional behavior and its anisotropy in 

different rock types. By integrating controlled friction experiments with 

real-time drilling data, we aim to establish a foundation for linking drilling 

parameters to rock friction coefficients [17–19]. This work provides a new 

perspective for extending digital drilling applications beyond strength 

assessment, enabling more comprehensive evaluations of rock mechanical 

behavior [1,16,20]. Yang et al. [21] developed a model for interparticle 

friction weakening during transport by conducting high-speed friction 

experiments simulating shear between adjacent particle surfaces. They 

found that the rapid increase in normal stress and shear velocity were the 

primary causes of the sharp decline in intergranular friction coefficients 

during the falling and collision stages [22]. In addition, they examined the 

frictional behavior of carbonate fracture surfaces and proposed two 

micromechanisms to explain the significant reduction in fault frictional 

resistance. These mechanisms account for the extremely low friction 

coefficients observed on carbonate fault surfaces. Qi et al. [23] estimated 

the impact of friction coefficient and crack density on the dynamic strength 

of specimens containing Mode I cracks by numerically solving dynamic 

equations for crack propagation, crack interaction, friction coefficient, and 

constitutive equations. Pirzada et al.[24] studied the relationship between 

rock joint friction behavior and contact surface area. They concluded that 

surface roughness (rock friction coefficient) cannot determine the shear 

behavior of rock joints when the actual contact area is not considered. 

Hellebrekers et al. [25] simulated the frictional characteristics of fault 

fissures to address the seismic behavior of long-English and mafic 

crystalline basement rocks from the Malawi Rift in the southern end of the 

East African Rift System (EARS). Ma et al. [26] established an analytical 

model for blocky rock systems, providing a profound analysis and study 

of their dynamic friction mechanisms. Chen et al. [27] analyzed the 

influence of roughness on the shear performance and acoustic emission 

characteristics of bonded rock-concrete interfaces. Guo et al. [28] 

conducted triaxial unloading tests on sandstone specimens using the 

RMT–150B rock mechanics testing system, analyzing the impact of end 
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friction on rock mechanics parameters under different end friction factors 

and confining pressure unloading rates. Sun et al. [29] conducted 

experimental research on the shear mechanical characteristics of rock 

joints under different constant normal stiffness using the direct shear 

testing system RDS-200. Guo et al. [30] used FLAC3D to analyze the 

effects of lithological parameters, softening methods, mesh division, and 

loading rates on the stress-strain curve of cylindrical rock samples under 

uniaxial compression. They also analyzed the impact of rock sample scale, 

pore channels, and end friction effects based on optimized parameters. Wu 

et al. [31] studied the spatial variations of transverse anisotropy and 

evaluated them using the coefficient of variation (Cv) and anisotropy index 

(Ai) through digital borehole testing. He et al. [32] analyzed the correlation 

between rock burst tendency and friction characteristics. They established 

a relationship between residual elastic energy indicators and strength ratio 

and friction coefficient, determining the susceptibility of rock mass 

materials to rock bursts.  

The main focus of this paper is to establish a correlation between rock 

friction characteristics and anisotropy. This paper investigates the 

frictional characteristics and anisotropy of rock by analyzing the 

coefficient of variation of the friction coefficient (f) and the anisotropy 

index of rock friction coefficients Af. Rotational friction tests were 

conducted using cylindrical granite against square samples of granite, 

sandstone, and andesite in three directions to analyze the relationship 

between the friction coefficient and various drilling parameters. This study 

reveals the variations in the friction coefficient and notable changes in the 

friction coefficient’s anisotropy. 

2. Development of an analytical model 

During the rotation-induced friction of the rock, it generates both 

horizontal and vertical forces, namely, the horizontal cutting force Ft and 

the horizontal centripetal force Fn, along with the vertical drilling pressure 

N. All these forces are interconnected with the rotational penetration. The 

rotational friction process can be divided into four distinct stages. The 

initial stage represents incomplete contact rotational friction, followed by 

the compacted rotational friction stage, the full contact rotational friction 

stage, and ultimately the static friction stage. During the incomplete 

contact stage of rotational friction testing, the uneven surface of natural 

rock leads to rock particles on the surfaces cutting against each other, with 

the dominant force being the cutting action. The compaction effect comes 

into play as a supplementary force. Initially, a rotary cutting instrument 

applies a vertical drilling force (N) and a fixed power rotation to the 

cylindrical rock, causing its lower surface to come into contact with the 

upper surface of the cubic rock and commence rotating. During this phase, 

side friction of the cylindrical rock can be disregarded, and therefore, the 

friction coefficient corresponds to the friction coefficient of its bottom 

surface. 

With the ongoing increase in vertical drilling pressure, the surface 

particles on both rocks gradually become smoother. The cylindrical rock 

maintains its vertical rotation, and the test progresses into the compaction 

rotational friction stage. During this phase, compaction takes the lead, and 

the rocks break and experience rotating friction, allowing the cylindrical 

rock to continue moving forward. Simultaneously, the cut surface area of 

the square rock keeps expanding. The resulting friction, involving both the 

cylindrical rock's side and the square rock, cannot be overlooked. Thus, 

the friction coefficient becomes the sum of the friction coefficient f1 on the 

bottom surface and the friction coefficient f2 on the side wall. 

 

Figure 1. Rotational Friction Schematic 

As the compacting rotational friction phase continues, the vertical and 

tangential rotational speeds of the cylindrical rock decrease progressively. 

When the vertical depth remains relatively constant, the test transitions 

into the full-contact rotational friction stage. Despite the ongoing increase 

in drilling pressure, the tangential speed keeps decreasing. Eventually, at 

a certain point, the speed abruptly drops to zero, marking the shift from 

full-contact rotational friction to the static friction stage. During this stage, 

as the drilling pressure continues to rise, the ultimate static friction force 

increases continuously. However, the cutting force is no longer capable of 

providing the power needed to keep the cylindrical rock rotating. 

Consequently, the friction force is no longer equal to the cutting force. A 

schematic diagram of the rock rotational friction process is shown in Fig.1. 

Based on the drilling response model [14,33,34], the relationships 

between the following drilling parameters are introduced:the drilling 

pressure F (N), torque M (N·m),Speed of rotation ω (rpm), drilling speed 

v (mm/s) and depth s (mm) can be obtained, and ω can be converted to 

rad/s according to the test data. 

𝐹𝑡 =
𝑀

𝑟
(1) 

𝑓1 =
𝐹𝑡
𝑁

(2) 

Bringing Equation (1) into Equation (2) yields: 

𝑓1 =
𝑀

𝑟𝑁
(3) 

In this test, the main vertical force is vertical drilling pressure, which 

is much greater than the gravity of cylindrical rock, so only vertical drilling 

pressure is considered when calculating the horizontal centripetal force, 

and according to the centripetal force formula, it can be obtained: 

𝐹𝑁 =
𝑁𝜔2𝑟

𝑔
(4) 

In the above equation, g is the acceleration due to gravity, generally 

9.8 (g/cm2), and the sidewall friction coefficient is defined as f2, which 

yields: 

𝑓2 =
𝐹𝑡
𝐹𝑛

(5) 

Bringing equations (1) and (4) into equation (5) yields: 

𝑓2 =
𝑀𝑔

𝑁𝜔2𝑟
(6) 

Defining the total coefficient of friction of the model as f, we get: 

𝑓 = 𝑓1 + 𝑓2 (7) 

Bringing equations (3) and (6) into equation (7) yields: 

𝑓 =
𝑀

𝑟𝑁
+

𝑀𝑔

𝑁𝜔2𝑟
=
𝑀(𝜔2 + 𝑔)

𝑁𝜔2𝑟
(8) 

Due to the inconsistent elimination of anisotropy, the anisotropy of 

rocks manifests as directional responses in mechanical and physical 

behaviors [35–38]. The ratio of maximum to minimum strength, 

commonly used to represent strength anisotropy, fails to capture the 

influence of loading direction on rock strength [39]. Another method for 

calculating rock anisotropy is based on the variation in the longitudinal 

wave propagation velocity in rocks [40]. However, this method based on 

longitudinal wave velocity is only applicable to measuring the degree of 

anisotropy in dense rocks. In this study, the anisotropy of drilling 

characteristics is described as the directional deviation of friction 

coefficients between the X, Y, and Z directions, with the anisotropy index 

denoted as Af. The calculation formula is as follows: 

𝐴𝑓 =
𝑓𝑥𝑓𝑦 + 𝑓𝑥𝑓𝑧 + 𝑓𝑦𝑓𝑧

𝑓𝑥2 + 𝑓𝑦2 + 𝑓𝑧2
(9) 

3. Experimental procedures 

3.1 Specimen preparation 

In a field exploration project near Shaanxi Province, China, rock 

samples were collected from different depths. Two rock samples were 

extracted from a borehole at a depth of approximately 700 meters (1st and 

3rd samples in Fig. 2). These rocks are classified into two categories based 

on their formation conditions: ejective rocks (andesite) and intrusive rocks 

(granite) [41,42]. Another rock sample (2nd in Fig. 2) was obtained from 

a borehole at a depth of around 350 meters and is identified as a 



Rock Mech. Lett. 2025, 2(2): 15 112 
 

 
https://doi.org/10.70425/rml.202502.15  www.journal-rml.com 

sedimentary rock [43]. This sedimentary rock is characterized as red 

sandstone, mainly based on the grain size. The granite primarily consists 

of minerals such as feldspar, quartz, and biotite, with quartz content 

ranging from 10% to 50%. Feldspar makes up about two-thirds of the total 

composition. Andesite has a composition similar to diorite and exhibits 

colors including dark gray, light pink, and dark brown, along with a 

speckled structure. Sandstone is predominantly formed by the cementation 

of sand grains, with the sand grain content exceeding 50%. Most of the 

sandstone is composed of quartz or feldspar. Conforming to the test 

procedures and precautions established by the International Society of 

Rock Mechanics (ISRM), cubic specimens of the three rock types were 

prepared, each measuring 50mm in length, width, and thickness. 

 

Figure 2. Specimens of three kinds of rocks 

3.2 Testing system 

In this testing process, an indoor friction experimental device was 

utilized, as illustrated in Fig. 3. This equipment is capable of precisely 

collecting key drilling parameters during the rock drilling process. These 

parameters include drilling pressure F in Newtons, torque M in Newton-

meters, rotational speed w in revolutions per minute (rpm), drilling 

velocity (v) in millimeters per second (mm/s), and vertical displacement (s) 

in millimeters (mm). The frequency of data recording is set at 0.05 seconds. 

For the testing procedure, a diamond hollow drill bit with a 15mm inner 

diameter, 17mm outer diameter, and an effective drilling length of 50mm 

was employed. This drill bit is used to drill the cylindrical rock samples in 

contact with cubic rock specimens. The indoor digital drilling equipment 

is capable of swiftly and accurately measuring drilling parameters for 

small-scale rock samples, making it an efficient and time-saving tool. 

Furthermore, this system provides valuable reference data for obtaining 

rock sample parameters at construction sites. The collected drilling 

parameters are of sufficient accuracy to calculate friction parameters and 

study the friction characteristics and anisotropy of various rock types. 

 

Figure 3. Schematic of Friction Experimental Equipment 

3.3 Loading process 

The frictional properties of rocks are influenced by numerous 

parameters. To simulate the rotational friction process between rocks, the 

following experimental steps are designed. Define three faces of the cube 

rock as 1, 2, and 3, as illustrated in Fig. 4. Perpendicular axes to these faces 

are designated as the X, Y, and Z axes, respectively. Conduct the 

experiment as follows:  

(a) Secure the cylindrical rock onto the rotation apparatus of the digital 

drilling experimental equipment shown in Fig.3.  

(b) Position the cube rock with the Z side facing upwards directly 

below the rotation apparatus. Adjust the position to ensure that the 

cylindrical rock is centered with respect to the cube rock.  

(c) Initiate the digital drilling equipment while maintaining a constant 

instrument speed. Gradually increase the vertical drilling pressure and 

observe the rotational friction process of the rocks. Record the relevant 

data.  

(d) When the rotation ceases, deactivate the rotation switch and 

remove the cube rock.  

(e) Repeat steps (b), (c), and (d) for the X and Y surfaces of the rock 

to record the data.  

(f) Replicate the above steps for cube rocks composed of other 

lithological materials. 

These steps are designed to recreate and analyze the frictional 

behavior between different rock types during the rotational friction process. 

The data processing of rock friction parameters is processed as follows： 

Let h be the depth of each revolution, and we get: 

ℎ =
2𝑣

60𝜔
(10) 

Let ε be the vertical strain rate, and we can get: 

𝜀 =
𝑣

𝑠
(11) 

Let η
 
be the tangential strain rate, yielding: 

𝜂 =
𝜔

𝑛
(12) 

Where v is the drilling speed, s is the vertical displacement, 𝜔 is the 

rotation speed, and n (rad) is the total rotation volume. h (mm / rad) is each 

turn deep. 𝜀 is the vertical strain rate. 𝜂 is the tangential strain rate. 

𝑠 = ∫ 𝑣𝑑𝑡, 𝑛 = ∫ 𝜔𝑑𝑡
𝑡

0

𝑡

0

(13) 

The vertical displacement s is calculated by integrating the drilling 

speed v, and the total horizontal rotation n is calculated by integrating the 

speed 𝜔. The rotational friction loading model is shown in Fig.4. 

 

Figure 4. Schematic diagram of rockburst simulation test 

4. Results 

4.1 Rock Friction Coefficient 

4.1.1 Three types of rock Ft-N curve analysis 

Fig.5 illustrates the correlation between cutting force Ft and drilling 

pressure N for three different rock types in various directions. According 

to equation (8), we can derive the relationship between the rock's friction 
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coefficient f and drilling pressure. As vertical drilling pressure intensifies, 

the rock undergoes continuous compression. It is evident from Fig. 5 that 

as vertical drilling pressure increases, horizontal cutting force Ft gradually 

rises. The friction coefficient f initially decreases and then begins to 

increase after reaching a critical point. The relationship curves between 

cutting force and drilling pressure show an upward trend for different rock 

types and directions throughout the entire rotary friction process. However, 

the rate of growth varies at different stages of rotary friction, as analyzed 

below: The drilling pressure loading ranges from 0 to 68 N in the Z-

direction for sandstone spans. When the experiment reaches a completion 

rate of 80.9%, a sudden change in the curve indicates a transformation in 

the rotary friction stage. Within the drilling pressure range of 0 to 55 N, 

the Ft-N curve is convex, and the friction coefficient f continuously 

decreases with increasing drilling pressure. During this phase, the rotary 

friction of rock evolves from incomplete contact friction in the initial 

stages to compacted rotary friction until the drilling pressure reaches 55 N. 

Beyond this critical point, the compacted stage during rotary friction ends, 

and then the stage of full-contact rotary friction begins. When the drilling 

pressure ranges from 55 to 67 N, the Ft-N curve becomes concave, and the 

friction coefficient f continuously increases with increasing drilling 

pressure. During this phase, the rock undergoes full-contact rotary friction 

until f approaches +∞, marking the end of rock rotary friction and the onset 

of static friction. The variations in the X and Y directions of sandstone are 

similar to the Z-direction. In the X-direction, the experimental drilling 

pressure loading range for sandstone is 0 to 72 N, and it enters the full-

contact rotary friction stage at 56 N of drilling pressure, with an 

experimental completion rate of 77.8%. In the Y-direction of sandstone, 

the experimental drilling pressure loading range is 0 to 59 N, and it enters 

the full-contact rotary friction stage at 52 N of drilling pressure, with an 

experimental completion rate of 88.1%. 

Throughout the entire process of rotary friction drilling in sandstone, 

the magnitude of f is as follows: Y surface > Z surface > X surface. The 

phase transitions in granite and andesite are similar to those in sandstone, 

with slight variations. The experimental completions at the inflection 

points for granite in the Z, X, and Y directions are 90.2%, 73.7%, and 

66.7%, respectively. During the rotary friction process in granite, the 

magnitude of the friction coefficient f is as follows: Y surface > Z surface > 

X surface. 

For andesite, the inflection points in the Z, Y, and X directions have 

experimental completions of 46.2%, 53.6%, and 60.4%, respectively. 

During the rotary friction process in andesite, the magnitude of the friction 

coefficient f is as follows: Z surface > Y surface > X surface. The dashed 

line in the figure is defined as curve "m." In Fig. 5, curve "m" represents 

the collection of inflection points for the individual rocks in various 

directions within this experiment. The slope of the collection line for 

sandstone is negative, indicating that the inflection points of cutting force 

and friction coefficient for different surfaces of sandstone are negatively 

correlated with the drilling pressure at the inflection points. In contrast, for 

granite and andesite, the collection line has a positive slope, which is the 

opposite of sandstone. Therefore, the inflection points of cutting force and 

friction coefficient for different surfaces in granite and andesite are 

positively correlated with the drilling pressure at the inflection points. 

From Fig. 5, it's also clear that during the rotary friction process, the 

friction coefficient f in andesite exhibits isotropy, meaning it shows similar 

behavior in all directions. This is because the slopes for X and Z directions 

in sandstone and granite are quite similar, resulting in f displaying 

transverse anisotropy. However, after the inflection points, the slopes of 

the three curves in all the graphs become quite similar, indicating that the 

friction f for all three types of rocks exhibits isotropy. 

4.1.2 Analysis of F-S curves of three types of rocks 

Fig. 6 illustrates the changing trends of the friction coefficient f in 

different directions for three types of rocks with respect to vertical 

displacements. In the rotary friction process in all three types of rocks and 

directions, when the two rocks initially come into contact, the friction 

coefficient f is initially high. As the vertical displacement s continues to 

increase, the friction coefficient f undergoes a sudden decrease, followed 

by a cyclical progression, and eventually stabilizes. Due to the fact that 

cubic rock formations result from the arrangement and combination of 

structural surfaces and bodies within the rock, expressing both the 

development and combination of structural surfaces within the rock and 

the size, geometric shape, and arrangement of structural bodies. During the 

process of rotary shearing, the uneven surfaces of the rock samples are 

continually smoothed by the shear action of the rock column, exposing 

new surfaces that continue to be smoothed by rotation. This process 

continues until the rock is compacted to a certain extent, at which point the 

internal arrangement and combination of the rock changes. The vertical 

drilling pressure remains relatively constant while the cutting force rapidly 

increases, gradually exceeding the realm of dynamic friction, causing the 

dynamic friction coefficient to begin to transition into the static friction 

coefficient. 
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Figure 5. Curves of Ft - N for Three Types of Rocks. (a) Sandstone; (b) 

Granite; (c) Andesite. 

 

In Fig. 6 (a), it shows the variation of the friction coefficient in three 

directions of sandstone with respect to vertical displacement. In the Z-

direction, the friction coefficient decreases to a minimum at a vertical 

displacement of 0.6 mm, and it becomes stable at a vertical displacement 

of 1.7 mm. This indicates that the rotary friction phase transitions from 

incomplete contact friction to compacted friction when the rotation friction 

has progressed 35.3%. Between vertical displacements of 0.6 mm to 1.7 

mm, the friction coefficient cyclically changes, and the rotary friction is in 

the compacted friction phase, with the experiment being 78.4% complete. 

When the vertical displacement exceeds 1.7 mm, the friction phase is in 
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the full-contact friction stage, and the friction coefficient becomes stable 

and slowly increases. The changes in the X and Y directions of sandstone 

are similar to the Z-direction, and the trends in granite and andesite are 

mostly similar to those of sandstone. 

Fig. 6 illustrates the relationship between the friction coefficient f and 

vertical displacement s in sandstone. This relationship is found to be 

entirely anisotropic during the incomplete contact and compacted friction 

phases. However, once it reaches the full-contact friction phase, it becomes 

isotropic, displaying similar behavior in all directions. In the case of 

granite, the f-s relationship exhibits transverse anisotropy throughout the 

entire rotary friction process. In contrast, for andesite, the f-s relationship 

demonstrates complete anisotropy throughout the entire rotary friction 

process, indicating distinct behavior in different directions, as opposed to 

uniform behavior in all directions. 
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Figure 6. Curves of f-s for Three Types of Rocks. (a) Sandstone; (b) 

Granite; (c) Andesite. 

4.1.3 The relationship between the friction coefficient in the Z-direction 
of sandstone and different parameters. 

Fig. 7 depicts the relationship curves for the friction coefficient in the 

Z-direction of sandstone concerning each rotation depth, the correlation 

between the friction coefficient and the vertical strain rate, and the 

association between the friction coefficient and the tangential strain rate. 

These curves have been consolidated for clarity. Due to variations in the 

horizontal spans of these three curves, the horizontal axis of each curve 

has been adjusted, either enlarged or reduced, while maintaining a 

consistent vertical axis for a more intuitive representation. 
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Figure 7. The relationship curve of the friction coefficient in the Z-

direction of sandstone with three parameters 

In the Z-direction of sandstone, the friction coefficient f initially 

exhibits a gradual decrease, starting from a relatively high value of 3.46 at 

a significant rotation depth (0.6mm). As the rotation depth (h) decreases, 

the friction coefficient f reaches its minimum point at h=0.045mm, where 

it plateaus at 0.445. Subsequently, as the rotation depth h further decreases, 

the friction coefficient experiences a rapid increase. The vertical strain rate 

in the Z-direction of sandstone also decreases from an initial value of 0.275 

s-1. The friction coefficient starts to gradually decrease from its initial value 

of 1.2 and reaches 0.445 at the inflection point, corresponding to a vertical 

strain rate of approximately 0.07 s-1. As the vertical strain rate continues 

to decrease, the friction coefficient starts increasing at a higher rate. 

Similarly, the tangential strain rate in the Z-direction of sandstone 

decreases from its initial value of 0.595 s-1. The friction coefficient 

gradually decreases from an initial value of 2.89 to 0.445 at the inflection 

point, coinciding with a tangential strain rate of approximately 0.405 s-1. 

Subsequently, as the tangential strain rate continues to decrease, the 

friction coefficient begins to increase. 

In Fig. 5, the dashed line represents the set of inflection points shared 

by the three curves, described by the equation y=0.445. This indicates that, 

on the same rock surface, as the experiment progresses and various 

parameters change, the corresponding minimum friction coefficient values 

remain constant. This observation validates that during the rotary friction 

process the initial phase involves incomplete contact and compacted 

friction. Over time, the friction coefficient steadily decreases until it 

reaches its minimum value. Subsequently, as the experiment progresses 

into the full-contact friction phase, the sliding friction transitions into static 

friction. 

4.1.4 Analysis of f-h curves of three types of rocks 

As the experiment advances, the rotation depth (h) steadily decreases, 

and the friction coefficient (f) initially follows a descending trend before 

subsequently rising. As discussed in previous sections, when the friction 

coefficient has not yet reached its minimum value, the experiment is in the 

phase of incomplete contact friction and compacted friction. However, 

when the friction coefficient reaches its nadir and initiates an upward trend, 

the experiment progresses into the full-contact friction phase and 

undergoes a transition to the static friction phase. 

Fig. 8 (a) illustrates the behavior in the Z-direction of sandstone, where 

the friction coefficient f initiates a gradual decrease from a relatively high 

value of 0.63 at a significant rotation depth (0.0012 mm). As the rotation 

depth h decreases, at an experiment completion of 78.4%, the friction 

coefficient f reaches its nadir at h=0.00045mm (0.445). This signifies the 

conclusion of the incomplete contact friction and compacted contact 

friction phases. Subsequently, as the rotation depth h further decreases, the 

friction coefficient f experiences a rapid increase, continually deviating 

from the initial curve slope (tan135°). The experiment transitions into the 
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full-contact friction phase and progresses to the static friction phase. The 

X and Y directions exhibit a similar trend. Fig. 8 (b) and 8 (c) reveal that 

the relationship between the friction coefficient and rotation depth in 

granite and andesite mirrors the behavior observed in sandstone. 
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Figure 8. Curves of f -h for Three Types of Rock. (a) Sandstone; (b) 

Granite; (c) Andesite. 

For sandstone, the friction coefficients in all three directions display 

transverse anisotropy in their variations with rotation depth. Whether it's 

during the stages of abrupt decrease or increase, the curves for the X and 

Y directions exhibit steeper slopes compared to the Z direction. 

Consequently, during the dynamic friction stage, the order of dynamic 

friction coefficients for andesite is X≈Y > Z. In the case of granite, the 

friction coefficients in all three directions demonstrate complete 

anisotropy in their variations with rotation depth. Both during the stages 

of abrupt decrease and increase, the curve for the Z direction is the steepest, 

followed by the X direction, with the Y direction having the slowest 

change. Therefore, during the dynamic friction stage in granite, the order 

of dynamic friction coefficients is Z > X > Y. Similarly, in andesite, the 

friction coefficients in all three directions also exhibit complete anisotropy 

in their variations with rotation depth. In both the stages of abrupt decrease 

and increase, the curve for the Z direction is the steepest, followed by the 

X direction, while the Y direction exhibits the slowest change. 

Consequently, during the dynamic friction stage in andesite, the order of 

dynamic friction coefficients is Z > X > Y. 

4.1.5 Analysis of f-ε curves of three types of rocks 

Fig.9 illustrates the relationship between the friction coefficient and 

vertical strain rate during the rotary friction process for three different 

types of rocks. Vertical strain rate represents the amount of vertical strain 

change within a unit of time. Vertical strain change is also correlated with 

drilling speed, meaning that drilling speed and vertical strain rate are 

positively related. 
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Figure 9. Curves of f-ε for Three Types of Rock. (a) Sandstone; (b) Granite; 

(c) Andesite. 

As the experiment progresses, the drilling speed consistently decreases, 

resulting in a continuous decline in the vertical strain rate. As depicted in 

Figure 9 (a), when the vertical strain rate in the X-direction of sandstone 

decreases from its initial value of 0.095 s-1, the friction coefficient 

experiences a sharp decrease from its initial value of 9 to 0.32, marking 

the inflection point. At this juncture, the vertical strain rate is 

approximately 0.04 s-1, signifying the end of the incomplete contact and 

compacted friction phases. With further reduction in the vertical strain rate, 

the friction coefficient sharply increases with an almost vertical slope, 
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indicating the onset of the full-contact friction phase. The patterns in the 

relationships for the Y and Z directions of sandstone resemble that of the 

X-direction. Fig. 9 (b) and 9 (c) reveal that the changes in the f -ε curves 

for granite and andesite also exhibit similarities to those of sandstone. 

Sandstone is a sedimentary rock, whereas granite and andesite are both 

igneous rocks. Analyzing Fig. 9, it becomes evident that the friction 

coefficient vs. vertical strain rate relationship curves for the X and Y 

directions of sandstone remain quite similar across all stages of friction, 

but the curve for the Z direction significantly deviates from the other 

directions. Consequently, the curves for this rock exhibit transverse 

anisotropy throughout the entire experiment. In the cases of andesite and 

granite, the friction coefficient. vertical strain rate relationship curves for 

all three directions notably differ in the incomplete contact and compacted 

friction phases. However, during the transition from full-contact friction 

to static friction, the curves for two directions generally overlap. 

Consequently, the curves for these two types of rocks display complete 

anisotropy during the incomplete and compacted friction stages, but they 

demonstrate transverse anisotropy as they transition into static friction. 

4.2 Analysis of f-η curves of three types of rocks 

Fig. 10 illustrates the correlation between the friction coefficient and 

the tangential strain rate for the three rock types throughout the rotary shear 

process. The tangential strain rate signifies the amount of tangential strain 

occurring within a specific time interval. Furthermore, the tangential strain 

is associated with the rotation speed, as demonstrated by Eq. (13), which 

establishes a positive relationship between rotation speed and the 

tangential strain rate. 

From Fig.10 (a), it can be observed that as the experiment progresses, 

the tangential strain rate in the X-direction of sandstone continuously 

decreases from an initial value of 0.054 s-1. The friction coefficient starts 

decreasing from the initial value of 9.4 to 1.32, reaching the inflection 

point. This marks the end of incomplete contact friction and compacted 

friction. At this point, the tangential strain rate is approximately 0.0485 s-

1. As the tangential strain rate continues to decrease, the friction coefficient 

starts to increase, signifying the beginning of the full-contact friction phase. 

The changes for the Y and Z directions of sandstone are similar to 

those of the X-direction. Fig.10 (b) and Fig.10 (c) demonstrate that the 

trends in the f-η curves for granite and andesite are also similar to those of 

sandstone. 

Analysis of Fig. 10 reveals that the relationship between the friction 

coefficient and the tangential strain rate for the three directions of 

sandstone is consistently inconsistent throughout the entire experiment. 

Consequently, the curves for this type of rock exhibit complete anisotropy 

across the entire experimental duration.For granite, the f-η curves for all 

three directions maintain a striking similarity throughout the experiment, 

indicating that the tangential strain rate of granite displays complete 

isotropy in relation to the variation in the friction coefficient.In the case of 

andesite, notable discrepancies are observed in the f-η curves for all three 

directions during the dynamic friction phase. However, during the 

transition from full-contact friction to static friction, the curves for two 

directions tend to overlap. As a result, the curves for these two rock types 

exhibit complete anisotropy during the incomplete and compacted friction 

stages but display transverse anisotropy during the transition to static 

friction.  

4.3 Anisotropy index of rock rotation friction 

Prolonged contact time between the rock surface and the rotating 

cutter in a specific direction allows more extensive interaction between 

surface asperities. This extended interaction promotes increased micro-

asperity deformation, grain interlocking, and localized compaction along 

that direction [44]. As a result, the frictional resistance becomes higher due 

to the accumulated microscopic damage and contact bonding, leading to 

directional dependency in the measured friction coefficient. 

Fig.11 shows the anisotropy index of the friction coefficient for the 

three types of rocks as a function of drilling depth. In Fig.11 (a), for 

sandstone, the anisotropy index Af of the friction coefficient is 

approximately 0.92 when the drill bit first contact with the rock sample. 

As the vertical drilling pressure advances, the anisotropy index Af sharply 

decreases at a vertical displacement of 0.2 mm. At a vertical displacement 

of 0.5 mm, Af reaches its minimum value (0.32). As the vertical 

displacement continues to increase, Af starts to rise, reaching around 0.9 

when the vertical displacement reaches 0.8 mm. Afterward, Af stabilizes 

at values between 0.95 and 1. The anisotropy is most significant for the 

sandstone used in this experiment at vertical displacements between 0.2 

mm and 0.7 mm. 
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Figure 10. Curves of f-η for Three Types of Rock. (a) Sandstone; (b) 

Granite; (c) Andesite. 

Fig.11 (b) reveals that the anisotropy index Af of the friction 

coefficient for granite is approximately 0.92 when the drill bit initially 

engages with the rock sample during the rotational shear process. With 

increasing vertical drilling pressure and vertical displacement, Af remains 

relatively stable at values between 0.8 and 0.9 for vertical displacements 

ranging from 0mm to 0.7 mm. However, once the vertical displacement 

surpasses 0.7 mm, the anisotropy index Af begins to exhibit a cyclic 

decrease. This indicates that the anisotropy of the friction coefficient for 

the granite used in this experiment becomes more pronounced as the 

vertical displacement exceeds 0.7 mm. 

Fig.11 (c) clearly shows that the anisotropy index Af of the friction 

coefficient for andesite is approximately 0.98 when the drill bit first makes 

contact with the rock sample during the rotational shear process. As the 

vertical drilling pressure increases and vertical displacement grows, Af 

begins to decrease around a vertical displacement of 0.25 mm. At a vertical 

displacement of 1.0 mm, the anisotropy index Af reaches its minimum 

value (0.7). With further increases in vertical displacement, Af starts to rise 

again, reaching approximately 0.98 at a vertical displacement of 1.2 mm, 

after which it stabilizes at values between 0.9 and 1. This illustrates that 

the anisotropy of the friction coefficient for the andesite used in this 
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experiment is most prominent for vertical displacements between 0.2 mm 

and 1.2 mm. In summary, the anisotropy of rock rotational friction is 

observed as follows: granite > andesite > sandstone. 
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Figure 11. Curves of Af -s for Three Types of Rock. (a) Sandstone; (b) 

Granite; (c) Andesite. 

4.4 Curves m for three types of rocks. 

The Fig. 12 illustrates the relationship between angle P and the rock’s 

compressive strength Q. 

Table 1. The values of k, P, Q of the three types of rocks 

Rock types Granite Andisite Sandstone 

k 0.93 2.42 -10.74 

P (°) 42.9 67.5 95.3 

Q (MPa) 126 82 27 
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Figure 12. Graph depicting the relationship between P and Q 

As shown in Fig. 12, angle P and compressive strength Q exhibit an 

inverse relationship. The fitted line has a slope of −1.9 and a y-intercept of 

208. This indicates that as rock strength decreases, the slope of the 

frictional turning point trend line 𝑚 becomes steeper. 

4.5 The control parameters for the rock rotational friction process 

Under a constant rotational speed setting, Eq. (8) implies that as 

drilling pressure increases, the rock continues to rotate and becomes 

increasingly compacted. This compaction increases the contact area along 

the borehole sidewalls, which in turn reduces the actual rotational speed. 

The rotational friction control coefficient C is defined as follows: 

𝐶 =
𝑔

𝜔2
(14) 

When C < 1, 

𝑀𝑔

𝑁𝜔2𝑟
<

𝑀𝜔2

𝑁𝜔2𝑟
(15) 

This is when the rock friction is primarily dominated by bottom 

friction. 

When C > 1,  

𝑀𝑔

𝑁𝜔2𝑟
>

𝑀𝜔2

𝑁𝜔2𝑟
(16) 

and this is when the rock friction is primarily dominated by sidewall 

friction.  

5. Discussion 

This paper investigates the frictional characteristics and anisotropy of 

three types of rocks based on digital drilling technology. A rock rotational 

friction model is established according to the drilling response model. 

Mizoguchi et al. [40] conducted laboratory measurements of rock friction 

under seismic slip rates using a high-speed rotational shear friction device. 

Due to the variation of slip rates along the sample radius from zero at the 

center to a maximum at the circumference on the fault plane, they 

introduced the concept of "equivalent slip rate" (V) instead of slip rate. The 

relationship between the friction coefficient and equivalent slip rate under 

both wet and dry conditions was determined. The transitional phase plays 

a crucial role in promoting the instability of seismic or landslide fault slip. 

The experiment demonstrated an equivalent relationship between the 

friction coefficient during the rotational shear process and the slip friction 

coefficient. However, as rocks are heterogeneous materials, this 

experiment delves deeper into the rotational friction stage and the 

anisotropy of friction coefficients on this basis. 

5.1 The stage of rock friction in the process of rotating friction 

Xia et al., Baumberger and Ben-Davide [45–47] have demonstrated 

that the transition from static friction to sliding friction is mediated by 

rapid interface rupture. Building upon this, Passelègue et al. [48] 

established a connection between fracture mechanics and frictional motion. 

In this study, the frictional process of the model is subdivided into four 

distinct yet interrelated stages, based on principles of fracture mechanics 

[49]. These include: (1) the incomplete contact rotational friction stage, (2) 

the densification stage, (3) the full contact rotational friction stage, and (4) 
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the static friction stage. These stages are identifiable through variations in 

the friction coefficient observed during the experiment. 
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Figure 13. Curves of f-C for Three Types of Rock. (a) Sandstone; (b) 

Granite; (c) Andesite. 

The friction coefficient of the rock in the experiment, denoted as 

=[Ft(w2+g)]/(Nw2), undergoes continuous compaction throughout the 

entire experimental process. As the drilling pressure increases and the 

rotation speed w decreases, the friction coefficient f exhibits a trend of 

initially decreasing and then increasing with the progression of the 

rotational friction process. In other words, in the stages of incomplete 

contact and densification friction Ft , the growth rate is smaller than the 

growth rate of the vertical force N, while in the fully contact friction stage 

Ft , the growth rate is larger than the growth rate of N. This occurs because 

the transition from static to sliding friction requires an external force 

sufficient to alter the frictional state. When the rate of horizontal force 

increase gradually decreases while the frequency of vertical force 

increases rises, and the initial state is static friction, the static friction 

coefficient will gradually decline until it falls below the critical value, 

triggering a transition to sliding friction. Conversely, when the horizontal 

force increase rate accelerates and the vertical force frequency decreases, 

and the initial state is sliding friction, the sliding friction coefficient 

gradually increases until it exceeds the critical value, resulting in a 

transition back to static friction. 

From the f – h curves of the three types of rocks, it is evident that as 

the drilling depth h decreases, the friction coefficient f initially decreases 

until reaching a turning point, after which it increases. Analyzing the f –

εand f – η curves for the three types of rocks reveals that as the vertical 

strain rate and tangential strain rate decrease, the friction coefficient 

initially decreases until a turning point and then increases.Through 

multiple verifications, it can be concluded that in the incomplete contact 

and densification friction stage, the initial dynamic friction, where the 

friction coefficient continuously decreases, transforms into dynamic 

friction where the coefficient starts to increase after reaching a minimum 

value at some point. This transition continues with the friction coefficient 

gradually increasing while the rate decreases, entering the fully contact 

friction stage. Ultimately, the rock specimen ceases rotation and enters the 

static friction stage. Analyzing the f – s curves for the three types of rocks 

indicates that as the vertical displacement increases, the friction coefficient 

f exhibits a cyclic forward trend. The peak values of the cycles 

continuously decrease, ultimately stabilizing. This suggests that the 

transition between friction stages is most apparent when the two rocks first 

come into contact. As the compaction level of the rocks increases, the 

transformation of the friction coefficient becomes less pronounced, 

resulting in numerous friction cycles throughout the entire experimental 

process.The square rock specimen, characterized by the arrangement and 

combination of structural surfaces and bodies, represents the structural 

features of the rock mass, expressing both the development and 

combination of structural surfaces and the size, geometry, and arrangement 

of structural bodies. During the experiment, the uneven surface of the rock 

specimen is continuously sheared and ground by the rock column, 

exposing new surfaces. This process continues until the compaction 

reaches a certain level, causing a change in the arrangement and 

combination of the rock's interior. The growth of the vertical drilling 

pressure becomes significantly greater than the growth of cutting force, 

gradually exceeding the scope of dynamic friction. Internal features such 

as structural surfaces, fractures, and joints persist within the rock. However, 

as the number of friction cycles increases, the impact on the internal 

structure decreases, leading to smoother and more stable friction cycles. 

5.2. Three kinds of rock friction coefficient anisotropy 

Anisotropy refers to the directional variation of a material’s chemical, 

physical, or other properties. It results in distinct material behaviors along 

different directions. It is a common characteristic in materials and media, 

exhibiting significant variations across multiple scales. Anisotropy is 

prevalent in systems ranging from crystalline structures and everyday 

materials to geological formations. This study focuses on the anisotropy of 

rock friction coefficients during rotational friction, investigating how it 

varies with changes in key parameters. 

During the rotational friction process, prior to reaching the turning 

point, the friction coefficient of sandstone exhibits transverse isotropy with 

variations in drilling pressure. After the turning point, the friction 

coefficient demonstrates complete isotropy. The friction coefficient also 

displays transverse isotropy with changes in each drilling depth. 

Additionally, the relationship between the friction coefficient of sandstone 

and the vertical strain rate, as well as the tangential strain rate, exhibits 

transverse isotropy. As shown in Fig. 12, the anisotropy index of the 

sandstone friction coefficient varies with vertical displacement. Initially, 

the index changes sharply before stabilizing at approximately . The friction 

coefficient f , as a function of vertical displacement s, exhibits pronounced 

anisotropy during the initial cycling stage and transitions to isotropy 

during the stable stage. 

Throughout the entire rotational shear process of granite, the friction 

coefficient consistently exhibits complete anisotropy with variations in 

drilling pressure. The friction coefficient also displays complete 

anisotropy with each drilling depth. During the dynamic friction stage, it 

shows complete anisotropy, transitioning to transverse isotropy during the 

transformation from dynamic to static friction. From Fig. 12, it can be 

observed that the anisotropy index of the friction coefficient for granite 

undergoes significant variations with vertical displacement, ultimately 

stabilizing at around 0.85. Considering the comprehensive curves, the 

friction coefficient f in relation to vertical displacement s demonstrates 

transverse isotropy in all cycling stages. The drastic fluctuations in the 

friction coefficient anisotropy index throughout the entire process can be 

attributed to the significant variations in the friction coefficient on the Y 

surface. 
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Andesite and granite both belong to igneous rocks and share many 

similarities. The friction coefficient, with variations in drilling pressure, 

initially exhibits transverse isotropy in the initial stage, transitioning to 

complete isotropy after the turning point. The friction coefficient also 

demonstrates complete anisotropy with each drilling depth. During the 

dynamic friction stage, it shows complete anisotropy, transitioning to 

transverse isotropy during the transformation from dynamic to static 

friction. For andesite, the anisotropy index of the friction coefficient 

changes significantly during the initial stage of vertical displacement. It 

first decreases to a minimum, then increases and stabilizes at 

approximately 0.95. Based on the overall trend, the friction coefficient f as 

a function of vertical displacement s, exhibits pronounced anisotropy 

throughout all cycling stages, ultimately stabilizing with transverse 

isotropy. 

In a comprehensive analysis, during the incomplete contact and 

densification friction stage, the friction coefficients of the three types of 

rocks in this experiment exhibit pronounced anisotropy with variations in 

various parameters. In the fully contact friction stage, the three types of 

rocks used in this experiment demonstrate stable anisotropy. Moreover, as 

the compressive strength of the rocks increases, the anisotropy of the 

friction coefficients becomes more pronounced. 

5.3. Discussion on the turning point of friction coefficient 

In Section 4.1, the collective lines of turning points for each direction 

of an individual rock are summarized, with x representing drilling pressure 

N and y representing horizontal cutting force Ft. This indicates that the 

turning points of the friction coefficients in each direction of the rock are 

inversely proportional to the drilling pressure. As drilling pressure 

increases, the friction coefficients of the turning points in each direction of 

the rock show a trend of inversely proportional decrease. 

From Section 4.3, it can be concluded that there is a correlation 

between the collective lines of turning points for the friction stages in the 

three directions of the square rock and the compressive strength of the rock. 

In this study, square rock samples were used, and the friction locations 

were all at the centers of the rock faces. From Fig. 5, there is a correlation 

between the turning points of friction coefficients in the three 

perpendicular directions. Considering that the friction coefficient is 

primarily related to the roughness of the rock surface, and surface 

roughness is mainly influenced by the rock's cementation degree, jointing, 

and fissures, which are in turn influenced by structural surfaces, it is 

hypothesized that the turning points of friction coefficients in each 

direction of the rock have a geometric relationship with the angle between 

that direction and the structural surface. 

6. Conclusions 

This study, based on digital drilling technology, conducted rotational 

friction tests on square rock samples in various directions, established a 

theoretical model, and analyzed the experimental data. The conclusions 

drawn from the analysis are summarized as follows: 

Rotational friction in rocks progresses through distinct stages—from 

incomplete contact to static friction—and exhibits cyclic behavior with 

peak friction occurring in the early stages. A theoretical model was 

established to describe these stages and their transitions. 

Significant anisotropy in friction coefficients was observed, 

correlating with rock type and compressive strength (Granite > Andesite > 

Sandstone). An anisotropy index was introduced to quantify this behavior 

and its implications for geological processes. 

The rotational friction control coefficient was proposed to characterize 

the transition of dominant friction from bottom to sidewall. This 

coefficient, along with observed turning points, provides insight into how 

rock properties affect frictional behavior under drilling conditions. 
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