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Fast and accurate prediction for mechanical parameters of rock mass is an
important prerequisite for guiding the safe construction of rock engineering. At
present, the rock strength parameters test requires well-prepared samples;
sample preparation is time consuming, costly, and difficult as well as
destructive, in particular the polishing and rectification of the sample ends. In
this paper, the mathematical model of the drilling process is established based on
the force characteristics of the drill bit and the principle of mechanical limit
equilibrium. The digital drilling tests are carried out on four types of rocks to drilling
characteristics using the digital drilling system. The concept of cutting strength
ratio is proposed to analyze the correlation between cutting strength ratio and
rock internal friction angle and cohesion. A new method is proposed for
determining the compressive and tensile strength of rock. The results show
that the cutting strength ratio increases with the increasing of internal friction
angle and cohesion. The uniaxial compressive strength and tensile strength of
rock increase linearly with the cutting strength ratio. The average error of rock
tensile strength is 12.29%, and the average error of uniaxial compressive strength is
20.44%. The internal friction angle of rock obtained based on the digital drilling
technology is consistent with the value measured by the laboratory standard test.
This method can provide a new way to determine rock strength parameters in
real time.
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1 Introduction

Accurate measurement of uniaxial compressive strength and tensile strength of rock is
the premise to ensure the safety and stability of engineering rock mass. Evaluation of rock
mass strength characteristics has practical significance in engineering design and
construction (Teymen et al., 2020; Chen et al., 2021; Liu et al., 2022; Liu et al., 2023a).
At present, the uniaxial compressive strength is often obtained by rock uniaxial compression
test and point load test (Wang et al., 2018; Hao et al., 2020; He et al., 2022). Representative
tensile strength testing methods for rock include direct tensile test, Brazilian splitting test,
three-point or four-point bending tensile test, hollow rock column test, etc. (Yue et al., 2014;
Wang C.-H. et al., 2020; Du et al., 2020; Du et al., 2023a; Du et al., 2023b; Qiu et al., 2020).
The determination of rock strength parameters requires an elaborate sample preparation
process. Samples are often polished and shape modified, a process that is time-consuming
and expensive. Therefore, some scholars use indirect methods such as point load method,
scratch method, and Schmidt hammer method to determine the uniaxial compressive

OPEN ACCESS

EDITED BY

Yubing Liu,
China University of Mining and
Technology, China

REVIEWED BY

Danqing Song,
South China University of Technology,
China
Chen Dongfang,
Wuhan University of Technology, China

*CORRESPONDENCE

Xudong Ma,
120303841@qq.com

RECEIVED 10 July 2023
ACCEPTED 05 September 2023
PUBLISHED 15 September 2023

CITATION

Qiang G, Ma X and Liu X (2023), A new
method for determining strength
parameters of rock using digital
drilling technology.
Front. Earth Sci. 11:1256150.
doi: 10.3389/feart.2023.1256150

COPYRIGHT

© 2023 Qiang, Ma and Liu. This is an
open-access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Earth Science frontiersin.org01

TYPE Original Research
PUBLISHED 15 September 2023
DOI 10.3389/feart.2023.1256150

https://www.frontiersin.org/articles/10.3389/feart.2023.1256150/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1256150/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1256150/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2023.1256150&domain=pdf&date_stamp=2023-09-15
mailto:120303841@qq.com
mailto:120303841@qq.com
https://doi.org/10.3389/feart.2023.1256150
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2023.1256150


strength of rock (Palassi and Emami, 2014; Naeimipoura et al., 2018;
He et al., 2019a). Some scholars also use laboratory and field
hydraulic fracturing tests to determine rock tensile strength
values (Wang Y.-J. et al., 2020). However, these methods have
limited information for obtaining in situ rocks, and cannot fully
reflect the properties of rocks in the field (Huang et al., 2019; Huang
et al., 2020; Huang et al., 2023; Jiang et al., 2021). These methods
provide limited information on rocks in the field. Bringing rock
samples into an indoor environment cannot fully capture the true
characteristics of wild rocks (Naeimipoura et al., 2018). For
convenience, empirical estimations of strength are usually
obtained from field test to evaluate mechanical properties of in
situ rock masse. Therefore, there is need to improve the accuracy of
field measurement method of rock strength.

As a new method, digital drilling technology can be used to
determine the strength parameters of rock (Tan et al., 2007; Munoz
et al., 2016;Wang et al., 2019). This method has the characteristics of
continuous measurement, no sampling and simple operation
(Naeimipoura et al., 2018). It can predict the strength of the rock
in the field through the drilling parameters recorded by the monitor.
For nearly 50 years, researchers have proposed analytical models for
the force and energy balances of various drill bits in operation. Based
on digital drilling technology, the prediction accuracy of rock
strength parameters is continuously improved. Among them,
Nakajima et al. (1979) established the relationship between
drilling data and rock in the rock fracture zone based on the
force balance model. Kalantari developed an analytical model
using a T-shaped drag bit to estimate rock strength parameters
(Kalantari et al., 2018). Based on the analytical model of energy
balance, Munoz established a linear relationship between the energy
ratio of rock and uniaxial compressive strength (Munoz et al., 2016;
Munoz et al., 2017; Wang et al., 2019). The tensile strength of rock is
also an important mechanical index to measure rock performance.
The predecessors have done a lot of research work on the
compressive strength characteristics of rocks based on digital
drilling technology. However, the tensile failure and shear failure
is can be observed in the process of drilling. The correlation between

the drilling mechanical properties and tensile strength is also
unclear, nor the method for determining tensile strength.

According to the mechanical balance of the drill bit, the analysis
model of the drill bit is established in this paper. Drilling tests were
performed on four rocks using a digital drilling system. By analyzing
the relationship between the bit parameters, a method is proposed
for predicting the rock internal friction angle. There is a correlation
between rock internal friction angle and uniaxial compressive and
tensile strength. The correlation between rock cutting strength ratio
and uniaxial compressive strength and tensile strength was analyzed
based on the analytical model. Finally, according to the fitting
formula of rock cutting strength ratio and two strengths, a new
method to determine rock strength is proposed. The reliability of the
method is verified by comparing the predicted strength with the
measured value of the laboratory test strength. The flowchart of the
research contents of the article is shown in Figure 1.

2 Analytical model

The drilling parameters, including drilling speed, thrust, rotational
speed and torque, are closely related to themechanical parameters of the
rock (He et al., 2020). Generally, the process of drilling into rock by a
drill bit is divided into a cutting stage and a friction stage. During these
two phases, thrust and torque forces play an important role in the
execution of the drilling process. These two forces occur continuously,
rapidly and simultaneously when the drill bit works. As shown in
Figure 2, the thrust force and the torque force each have two
components, one is the cutting force and the other is the friction
force (Munoz et al., 2016; Munoz et al., 2017; Kalantari et al., 2018):

Ft � Fc
t + Fw

t (1)
Fn � Fc

n + Fw
n (2)

where Fc
n and Fc

t are the normal and tangential components of the
cutting force, respectively. Fw

n and Fw
t are the normal and tangential

components of the frictional force, respectively. The torque force Fc
n

and the torque force Fc
t are calculated as

FIGURE 1
Flowchart of the research contents of the article.
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Fc
n � σoA tan a + σoA tanφ′ (3)

Fc
t � σoA + σoA tanφ′ tan a (4)

where σo is the normal stress of the clastic rock crushing zone. A is
the vertical cross-sectional area of the notch. a is the geometric
parameter of the drill bit, and φ′ is the friction angle of the clastic
rock crushing zone. The normal stress of the clastic rock crushing
zone σo is calculated as

σo � 2C cos φ′ − φ( )

1 + tanφ tanφ′( ) cos φ′ − φ( ) − sin 2 φ′ − φ( ) + sin φ′ − φ( )[ ]

(5)
where C is the cohesive force of the rock, and φ is the internal friction
angle of the intact rock. The relationship between Fc

n and Fc is
expressed as

Fc � Fc
n

sin a + θ( ) (6)

Where θ is the contact friction angle. Substitute Eq. 3 and Eq. 5
into Eq. 6, and obtain the ultimate cutting force as

Fc �A tan a + A tan φ′
sin a + θ( )

2C cos φ′ − φ( )

1 + tanφ tanφ′( ) cos φ′ − φ( ) − sin 2 φ′ − φ( ) + sin φ′ − φ( )[ ]

(7)
The parameter Sc � Fc/A is introduced as the ultimate cutting

strength of the rock

Sc �A tan a + A tan φ′
sin a + θ( )

2C cos φ′ − φ( )

1 + tanφ tanφ′( ) cos φ′ − φ( ) − sin 2 φ′ − φ( ) + sin φ′ − φ( )[ ]

(8)

Based on the Mohr-Coulomb criterion, the unconfined
compressive strength of the rock is calculated as (Munoz et al.,
2016; Munoz et al., 2017; Kalantari et al., 2018)

σc � 2C cosφ
1 − sinφ

(9)

By giving the geometric parameter a of the drill bit, a = 5° in this
paper, the ratio of the unconfined compressive strength of the rock
to the ultimate cutting strength can be calculated as

σc
Sc

� sin a + θ( ) cosφ
tan a + tanφ′( ) 1 − sinφ( )

1 + tanφ tanφ′( ) cos φ′ − φ( ) − sin 2 φ′ − φ( ) + sin φ′ − φ( )[ ]
cos φ′ − φ( )

(10)
The value of Ft/Fn mainly depends on the contact friction angle

θ and the geometric parameter a (Kalantari, 2018), which is
calculated as follows

Ft

Fn
� 1
tan a + θ( ) (11)

The friction angle coefficient of clastic rock during drilling can
be calculated as (Kalantari, 2018)

tanφ′ � tan a + θ( ) − tan a
1 − tan a + θ( ) tan a (12)

The analytical relationship between rocks φ′ and φ is expressed
as (Kalantari, 2018)

tanφ′ � π

2
tanφ (13)

According to Eq. 12 and Eq. 13, the rock internal friction angle is
calculated as

FIGURE 2
The geometry and mechanism of the force in the analysis model.
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φ � arctan
2 tan a + θ( ) − 2 tan a
π − π tan a tan a + θ( ) (14)

3 Test plan and prediction idea

3.1 Test equipment

The XCY-1 rock mechanics parameter drilling system developed
by Xi’an University of Technology was used in this digital drilling test
(Figure 3A). The instrument comes with a crawler hub, which can
meet most field drilling operations. The instrument consists of six
parts. Including: electrical control system, hydraulic system, oil pump
transmission system, real-time monitoring system, data acquisition
control system and diamond drill bit. The inner diameter of the drill is
50 mm and the outer diameter is 60 mm. The instrument is divided
into two modes: ordinary drilling and parameter acquisition. Among
them, the ordinary drilling mode is suitable for the pre-drilling stage
before the test depth. The parameter acquisition mode is suitable for
the accurate acquisition of digital drilling parameters. The operating
parameters of the instrument are set according to the geological
exploration report data. The digital drilling system runs
intelligently according to the operating parameters. During the
drilling process, the system records the thrust, torque, rotational
speed and drilling speed at different depths. During the drilling
process, the loading servo motor and the torque servo motor
operate independently. The two motors provide a maximum thrust
of 18 kN and a maximum torque of 2458 Nm respectively. The
instrument can accurately measure thrust, torque and drilling
depth through self-control. In the test, the ROP (w) and ROP (v)
are used as control parameters, and the thrust and torque can be
obtained at the same time. As the drilling depth increases, it can
automatically save the job data in an Excel file. The maximum
acquisition capability of 500 pieces of data per second enables the
device to accurately store hundreds of sets of data.

The test equipment used for uniaxial compression test and
Brazilian splitting test is WDT-1500 multifunctional material
testing machine. The instrument control system adopts DOLI full
digital servo controller imported from Germany. The testing
machine is mainly a rigid dynamic mechanical equipment
developed for high-strength materials such as rock and concrete.
The tests are carried out entirely under computer control. Real-time
data recording can be achieved by adopting advanced adaptive
control methods and post-processing software Test. The system

directly displays the stress-strain curve of the rock, accurately
reflecting the change of its mechanical properties.

3.2 Field drilling, rock sample processing,
indoor testing

The digital drilling test site is located in Qinling Mountains,
Shaanxi Province, which is rich in rock species. Four kinds of rock
samples, sandstone, marble, shale and diorite, were obtained by
drilling sampling at the same site (Figure 3B). The depth of the
borehole is above the water table, which allows the rock sample to
retain its natural water content. The marble at the sampling point
mainly contains two minerals, dolomite and calcite, with a particle
size distribution of 0.4–1.4 mm. The clastic structure of the
sandstone is sub-circular, with a clastic content of 86% and an
interstitial content of 14%. Its mineral composition is mainly clay
minerals (kaolinite, hydromica, etc.), and has an obvious thin
bedding structure. Diorite is mainly composed of plagioclase and
several dark minerals, of which the total amount of dark minerals is
about 20%–35%. To reduce the effect of rock discontinuities on the
results, the rock was collected on a homogeneous, coherent rock
formation. For the rock of the same lithology, the number of drilling
tests using the drill bit is more than 5 times. In addition, all drilled
holes are quickly tested to avoid environmental factors such as
humidity, temperature, etc. affecting the test results. The samples
were processed according to the “Standards for Engineering Rock
Mass Test Methods” (GB/T50266-2013). After cutting and grinding,
cylindrical standard samples ofV 50 × 100 mm andV 25 × 50 mm
were made. The height-diameter ratio of the sample is 1:2. Among
them, the V50 × 100 size specimen was used for the uniaxial
compression test. The V50 × 25 size specimen was used for the
Brazilian splitting test. The non-parallel error of the end face of the
sample is not more than 0.005 mm. The unevenness error of its
section is not more than 0.02 mm. The vertical diameter error of the
side surface of the sample is not more than 0.30 mm.

Field digital drilling test parameters include drilling speed,
torque, rotational speed and drilling thrust. The drilling speed of
the drill was set at 0.10–1.20 mm/min, and the rotation speed of the
drill was set at 200–600 rpm. In order to protect the test system,
when the drilling speed exceeds 1 mm/min, the rotation speed is
controlled above 200 r/min. After several sets of drilling tests, the
propulsion force and torque required for the drilling process of the
drill bit are finally obtained. The indoor uniaxial compression test

FIGURE 3
XCY-1 digital drilling system and Photographs illustrating the sample.
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and the Brazilian splitting test were performed using the
displacement-controlled loading method. The test loading rate
was 0.5 mm/min until the specimen failed. By analyzing the
stress-strain curve, the peak strength is taken as the ultimate
strength of compression test and splitting test. The peak strength
obtained from the uniaxial compressive test is the uniaxial
compressive strength of the rock. The peak strength obtained by
Brazilian splitting is the tensile strength of the rock. Through
multiple sets of parallel tests, the average compressive strength
and average tensile strength of the four kinds of rocks were obtained.

3.3 Prediction ideas

The idea of rock strength prediction in this paper is shown in
Figure 4. First, the digital drilling experiment was carried out on four
kinds of rocks using the digital drilling system. The drilling
parameters Fn and Ft were monitored and recorded. Based on
the analytical model, substitute Fn and Ft into the theoretical Eqs.
(11 to 14), obtain the internal friction angle of each rock under the
drilling test. The rock internal friction angle obtained from the
drilling test was compared with the internal friction angle measured

by the laboratory standard test. Second, the internal friction angle
obtained from the drilling test is substituted into Eq. 10. By
calculating the cutting strength ratio of each rock, the
relationship between rock strength and cutting strength ratio is
studied. The uniaxial compressive strength and tensile strength of
the four kinds of rocks were linearly fitted with the cutting strength
ratio, respectively, and the empirical formula was obtained. Finally,
the internal friction angle of rock obtained in other’s laboratory is
substituted into Eq. 10 to obtain the cutting strength ratio.
According to the empirical formulas of the ratio of uniaxial
compressive strength and tensile strength to cutting strength, the
predicted value of rock strength is obtained. Then, the predicted
value of rock strength is compared with the measured value to verify
the reliability of the method.

4 Result

4.1 Digital drill parameters

During the digital drill test, the drill bit gradually intrudes into
the rock from the rock surface, and the thrust and torque required by

FIGURE 4
Flow chart of rock strength prediction.
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the drill bit are changing. The digital drilling system controls the
drilling speed and rotation speed, and records the thrust and torque
of the drill bit under different drilling depths in real time. In order to
accurately reflect the mechanical properties of the rock, 18 sets of
drilling parameters were recorded for the four types of rocks.
According to the monitoring results of the torque and thrust
corresponding to the four kinds of rocks, the mathematical
relationship between them is established. Taking the x-axis as the
propulsion force and the y-axis as the torque force, draw a scatter
diagram of the relationship between the two, and the results are
shown in Figures 5A–D.

According to Figure 5, due to the different particle size and
degree of cementation of the rock, the torque and thrust of the
drill bit into different rocks are also different. Fitting the
relationship between torque and thrust, the fitting equation is
different for different rocks. Sandstone is a sedimentary rock
composed of various sand grains tightly cemented. When the bit
drills into the sandstone, the torsion force is close to the thrust
force, and the slope of the fitting equation of the two is the largest
(Figure 5A). Diorite is a representative rock of holocrystalline
neutral plutonic rock and one of the types of granite. The crystal
diameter of diorite is small, the rock structure is dense, and the
hardness is high. When the drill bit drills into the rock, the thrust
force is much greater than the torque force, and the slope of the
fitting equation of the two is the smallest (Figure 5D). When the

bit first enters the rock, the torque and thrust are zero, so the
intercept of the fitted equation is considered negligible. The slope
of each fitting equation is considered to be the ratio of torque and
thrust, namely, Ft/Fn.

As the depth of penetration of the drill into the rock continues to
increase, the thrust and torque forces of the drill also increase. After
linear fitting, the fitting degrees of thrust and torsion of the four
kinds of rocks are all above 90%, reflecting the good correlation
between the two. The Ft/Fn during the drilling process of the four
rocks corresponding to sandstone, marble, shale and diorite is 0.96,
0.71, 0.75 and 0.58, respectively. According to Eq. 11, where a=5°,
combined with Eqs 10–14, the internal friction angles of marble,
sandstone, shale and diorite under the digital drilling test can be
obtained. The internal friction angles are 33.6°, 41.9°, 43.6° and 50.8°,
respectively.

FIGURE 5
Tangential force and thrust of different rocks during drilling.

TABLE 1 Basic physical and mechanical parameters of rock.

Nature of rock φ/° C/MPa UCS/MPa TS/MPa

Marble 45.2 5.85 93.6 12.7

Sandstone 34.1 2.41 36.2 6.89

Shale 41.5 4.33 65.1 9.41

Diorite 51.4 6.88 112 18.9
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4.2 Relationship between internal friction
angle and cohesion

Through laboratory tests, the physical properties and
mechanical indexes of four kinds of rocks were measured. The
basic physical and mechanical parameters of rocks are shown in
Table 1. According to the data in Table 1, the relationship
between rock strength, internal friction angle, and cohesion is
analyzed, as shown in Figures 6A, B. It can be seen from
Figure 6A that with the increase of the internal friction angle,
the uniaxial compressive strength and tensile strength of the rock
both increase. The compressive and tensile strengths and the
internal friction angle of the four kinds of rocks are linearly fitted,
and the fitting equations are obtained. The fitting degrees are
R2=0.96 and R2=0.90, respectively, indicating that the rock
strength has a good linear correlation with the internal
friction angle. Among them, the uniaxial compressive strength
of the rock is much greater than the tensile strength. The slope of
uniaxial compressive strength as a function of internal friction
angle is also greater than that of tensile strength. After
relationship fitting, the fitting equations of rock compressive
strength, tensile strength and cohesive force are obtained. The

fitting degrees are R2 = 0.99 and R2 = 0.88, respectively, indicating
that the rock strength and cohesion are linearly related
(Figure 6B).

As shown in Figures 7A, B, the ratio of uniaxial compressive
strength and tensile strength of rock with internal friction angle
(Figure 7A) and cohesive force (Figure 7B) first increases and then
decreases. The value of the internal friction angle and cohesion of
sandstone is the smallest, and the corresponding strength ratio is
also the smallest. Diorite has the largest internal friction angle and
cohesion value, as well as its uniaxial compressive strength and
tensile strength. But the ratio of uniaxial compressive strength to
tensile strength of diorite is not the largest. The ratio of uniaxial
compressive strength to tensile strength of marble is the largest.

4.3 Comparative analysis of rock internal
friction angle under different tests

The internal friction angles of marble, sandstone, shale and
diorite were obtained through digital drilling tests. This is compared
with the rock internal friction angle measured in a standard
laboratory, as shown in Table 2.

FIGURE 6
The relationship between rock strength, internal friction angle and cohesion.

FIGURE 7
The relationship between the ratio of uniaxial compressive strength and tensile strength, internal friction angle and cohesion.
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The error analysis of the rock internal friction angle value
obtained from the drilling test and the measured value of the
laboratory test is carried out, as shown in Figure 7. The rock
internal friction angle measured by the laboratory test is the X
axis, and the rock internal friction angle obtained by the drilling test
is the Y axis. The 45° oblique line on the coordinate axis is the
reference line. The closer the point determined by the X and Y axis
coordinates is to the reference line, the closer the rock internal
friction angle obtained by the two test methods. In Figure 8, the
coordinate points of the four rocks are close to the reference line, but
not in contact. The errors of the four kinds of rocks are between 1.2%
and 3.5%, all less than 10%. The results show that the value of the
rock internal friction angle obtained by the digital drilling test is
relatively accurate.

4.4 Relationship between rock cutting
strength ratio and internal friction angle and
cohesion

According to the above, the ratio of rock uniaxial compressive
strength to tensile strength has no obvious correlation with rock
internal friction angle and cohesion. The rock internal friction angle
obtained by the digital drilling test is close to the measured value of
the laboratory test. The mechanical analysis model of the drill bit is
reliable. Therefore, the article further analyzes the relationship

between cutting strength ratio and internal friction angle, cutting
strength ratio and cohesion.

4.4.1 Relationship between cutting strength ratio
and internal friction angle

Based on the analytical model, the rock internal friction
angles obtained from laboratory tests and digital drilling tests
are substituted into Eqs 10–14. The cutting strength ratios of the
four kinds of rocks were obtained, as shown in Table 3. The
cutting strength ratios of marble, sandstone, shale and diorite
obtained by the laboratory test are 3.65, 2.41, 3.14 and 4.78,
respectively. The cutting strength ratios obtained by the digital
drilling test are 3.41, 2.36, 3.19 and 4.73, respectively. The results
show that the strength ratios of rocks corresponding to different
lithologies are different. Among them, the cutting strength ratio
of sandstone is the smallest. The cutting strength ratio of diorite
is the largest. The cutting strength ratios obtained by the
laboratory standard test and the digital drill test for the four
kinds of rocks are close. The error is between 1.60% and 6.80%,
less than 10.0%.

According to the data in Table 3, the rock cutting strength ratio
obtained by the laboratory test is the x-axis, the rock cutting strength
ratio obtained by the digital drilling test is the y-axis. The 45° oblique
line is the reference line. The closer the points determined by the x
and y axis coordinates are to the reference line, the closer the rock
cutting strength ratios obtained from the two experiments are. It can
be seen from Figure 9 that the cutting strength ratios of the four
rocks obtained from the two tests are very close. Different types of
rocks have different cutting strength ratios. Diorite has the highest
cutting strength ratio, shale and marble are in the middle, and
sandstone is the smallest.

According to the laws of mechanical parameters of rocks in
practical engineering, the value of the internal friction angle ranges
from 30° to 70°. According to Eqs 10–14, the change of the strength
ratio under different internal friction angles is further analyzed. As
shown in Figure 10, when the rock internal friction angle is 30°, the
cutting strength ratio is 2.10. when the internal friction angle is 70°,
the cutting strength ratio is 17.5. The rock strength ratio increases
with the increase of the internal friction angle, and the increasing
range keeps increasing.

4.4.2 Relationship between cutting strength ratio
and cohesion

As shown in Figure 11, there are differences in the mechanical
properties of rocks due to different lithologies. Among them, sandstone
and shale are sedimentary rocks. Marble is a metamorphic rock. Diorite

TABLE 2 Analysis of the rock internal friction angle between the digital drill test and the laboratory test.

Nature of rock φφ (Indoor test) φφ (Digital drill test) Error

/° /° /%

Marble 45.2 43.6 3.50

Sandstone 34.1 33.6 1.50

Shale 41.5 41.9 1.90

Diorite 51.4 50.8 1.20

FIGURE 8
Analysis of the deviation of the rock internal friction angle
between the digital drill test and the laboratory test.
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is an igneous rock. The cohesiveness of diorite is the largest, followed by
shale and marble, while sandstone is the smallest. With the increase of
rock cohesion, the strength ratio also tends to increase, and the increase
gradually increases.

4.5 Relationship between rock strength and
cutting strength ratio

According to the above, the rock cutting strength ratio has a
good positive correlation with the internal friction angle and
cohesion. In order to further study the relationship between rock
strength and internal friction angle, try to analyze the relationship
between rock strength and cutting strength ratio. Taking the cutting
strength ratio of the rock as the abscissa and the rock strength as the
ordinate, draw a scatter diagram and fit the relationship, as shown in
Figures 12A, B. It can be seen that the tensile strength and uniaxial
compressive strength of the four kinds of rocks all increase with the
increase of the cutting strength ratio. The fitting equation of the ratio
of rock tensile strength to cutting strength is y = 4.98x-5.52, R2 =
0.99 (Figure 12B). The fitting equation of rock uniaxial compressive
strength to cutting strength ratio is y = 31.2x-32.6, R2 = 0.93 (Figure
12A). The tensile strength and uniaxial compressive strength of the
four kinds of rocks have a positive linear relationship with the
cutting strength ratio.

5 Discussion

The basic physical and mechanical parameters of rock in the
published articles such as internal friction angle, uniaxial
compressive strength, and tensile strength are collected. For
example, Zou et al. (2020) performed uniaxial compressive

TABLE 3 Comparison and analysis of the intensity ratio between digital drill test and indoor test.

Nature of rock σc/Sc (Indoor test) φσc/Sc (Digital drill test) Error/%

Marble 3.65 3.41 6.8

Sandstone 2.41 2.36 2.1

Shale 3.14 3.19 1.6

Diorite 4.87 4.73 2.9

FIGURE 9
Comparison and analysis of the intensity ratio between digital
drill test and indoor test.

FIGURE 10
The relationship between rock strength ratio and internal friction
angle.

FIGURE 11
Relationship between strength ratio and cohesion.
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strength test and Brazilian splitting test on granite to obtain the basic
mechanical property parameters of the rock. Xu et al. (2017)
obtained the mechanical parameters of the rock by conducting
indoor physical tests on Jinping marble. Peng et al. (2012) used
the Anqing Copper Mine as the sampling site to measure the
mechanical parameters of hard rocks such as diorite and granite.
Li et al. (2003) conducted an indoor rock mechanical performance
test on schist, and obtained the basic mechanical parameters of the
rock. Yin et al. (2003) conducted laboratory experiments on the
mechanical properties of crystalline limestone, and obtained a series
of mechanical parameters. Huang et al. (2019) obtained the basic
physical and mechanical parameters of various rocks such as quartz
porphyry, quartz sandstone, ore rock, and silicified limestone
through indoor rock mechanics experiments. Yang et al. (2010)
obtained the physical and mechanical parameters of granite through
laboratory experiments. Sun et al. (2011) obtained the rock
mechanics parameters of the ore rock in the Sanchahe mining
area through laboratory test research on the rock mass of the
mining area. Liu et al. (2015) sampled the gabbro in the Bijigou
open-pit mine and conducted laboratory tests to determine its rock
mechanical parameters. The mechanical parameters of various rocks
in the literature are shown in Table 4 and Table 5. Based on the
analytical model, the digital drilling test can obtain the rock internal
friction angle close to that of the laboratory test. By substituting the
predicted internal friction angle into Eqs 10–14, the cutting strength

ratio of each rock can be obtained. Further research found that the
strength of each rock increases linearly with the cutting strength
ratio. Therefore, an attempt can be made to predict rock strength
through the indirect relationship between rock internal friction
angle and rock strength. In order to test the reliability of this
prediction idea, the rock internal friction angle measured by
other scholars was substituted into the analysis model to obtain
the cutting strength ratio. Based on the fitting formula of cutting
strength ratio and strength, the predicted value of rock strength is
obtained. The predicted values were compared with the measured
values of the intensity in the published paper. The rake angle of the
diamond particles in this paper is a = 5°. The cutting strength ratio of
each rock was obtained from the internal friction angle of the rock in
Table 3 according to Eqs 10–14. According to the fitting equation of
the ratio of strength and cutting strength, the strength prediction
values of each rock are obtained, as shown in Table 6 and Table 7.
The error is compared between the predicted value and the
measured strength value in the scholar’s paper, as shown in
Figures 13A, B. In the fourth part, although the used fitting
method is simple, the fitting method has good performance in
the predicted strength values of different rocks in Figures 13A, B.
The predicted values for both intensities are close to the laboratory
test values. The error between the predicted value of the rock tensile
test and the measured value of the laboratory test is between 3.07%
and 28.1%, and the average value is 12.2% (Figure 13A). The error

FIGURE 12
The relationship between rock tensile and compressive strength and strength ratio.

TABLE 4 Parameters of basic physical and mechanical properties of rocks (1).

Nature of rock TS/MPa φ/° References

Marble1 4.89 27.9 (Yang et al., 2010)

Marble2 3.87 27.9 (Xu et al., 2017)

Marble4 5.20 31.2 (Xu et al., 2017)

Schist 5.30 35.0 (Li et al., 2003)

Marble5 6.57 33.5 (Xu et al., 2017)

Quartz Porphyry 6.56 36.3 (Huang et al., 2019)

Granite1 9.17 38.0 (Yang et al., 2010)

Granite2 10.5 39.0 (Zou et al., 2020)

TABLE 5 Parameters of basic physical and mechanical properties of rocks (2).

Nature of rock UCS/MPa φ/° References

Quartz Sandstone 72.4 38.2 (Huang et al., 2019)

Granite 70.6 38.5 (Huang et al., 2019)

ore rock1 71.0 39.4 (Sun et al., 2011)

ore rock2 89.2 42.6 (Huang et al., 2019)

Silicified limestone 91.0 46.9 (Huang et al., 2019)

Diorite 67.9 47.2 (Peng et al., 2012)

Crystalline limestone 121 55.6 (Yin et al., 2003)

Gabbro 144 55.6 (Liu et al., 2015)
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between the predicted value of rock uniaxial compressive strength
and the measured value of laboratory test is between 1.01% and
35.0%, and the average value is 20.4% (Figure 13B). The rock
strength prediction method proposed in this paper is more
accurate for rock tensile strength prediction, and the error is
controlled within 20.0%. The average error of this method for
predicting the uniaxial compressive strength of each rock is

slightly more than 20.0%. In this paper, a drilling-based
measuring method is established for the strength parameters of
rock. The drilling test system is used to conduct laboratory tests on
sandstone, marble, shale and diorite with a strength range of
20–120 MPa. It is unnecessary to take samples and transport
them to the laboratory for testing using the proposed method. It
is capable of acquiring the strength parameters of the surrounding
rock in situ and continuously. On the basis of this study, the drilling
tests of different rock types will be widely carried out to further
improve the proposed method. In addition, it is crucial to take into
account the influence of structure characteristics on rock strength
parameters and adapt this measurement method to different
engineering conditions. Overall, the method is able to reasonably
predict rock strength, proving the validity of the analytical model.

The mechanical properties of rockmass is generally influenced by
all kinds of structural plane, tectonic fracture and complex stress state,
where engineering behavior shows strong inhomogeneity, anisotropy
and heterogeneity and discontinuity, resulting the uncertainty of
mechanics characteristics for rock mass. Rock mass discontinuity is
mainly affected by block and the structure, which leads to the
discontinuity of the mechanical properties of rock mass in space.
In recent years, many scholars (Yue et al., 2014; He et al., 2019b) use
the drilling method to obtain the characteristics of rock mass
structural plane distribution and mechanics parameters. Yue et al.
(2014) use monitoring while drilling technology tomeasure effectively
the uniaxial compressive strength of rocky, and the rock mass
discontinuity. He et al. (2019a) use the rotary penetration to
obtain mechanical parameters of rock mass methods, degree of
soft rock and structure identification methods. The monitoring
while drilling technology has been used to qualitative and
quantitative analyze the distribution characteristics of rock joints,
and provided the data source to achieve the modeling of rock mass.
The test results for rock mass discontinuities in the laboratory is
different with those in situ, which is very difficult to test the properties
of rock mass in laboratory. Therefore, the future research focuses on
the influence of rock mass discontinuities in situ and laboratory tests.

6 Conclusion

(1) Based on the working principle of the rock-breaking process of
the diamond bit, a mathematical model of its force balance is

TABLE 6 Predicted values of rock tensile strength.

Nature of rock σσc/Sc φφ TS Error

/° /MPa /%

Marble1 1.98 27.9 4.33 11.4

Marble2 1.99 27.9 4.35 12.4

Marble4 2.19 31.2 5.36 3.07

Schist 2.36 33.5 6.36 3.19

Marble5 2.47 35.0 6.79 28.1

Quartz Porphyry 2.59 36.3 7.38 12.5

Granite1 2.76 38.0 8.20 10.5

Granite2 2.86 39.0 8.71 17.0

TABLE 7 Predicted values of rock uniaxial compressive strength.

Nature of rock σσc/Sc φφ UCS Error

/° /MPa /%

Quartz Sandstone 2.77 38.2 53.8 25.6

Granite 2.81 38.5 54.8 22.3

ore rock1 2.90 39.4 57.8 18.5

ore rock2 3.28 42.6 69.6 21.9

Silicified limestone 3.94 46.9 90.1 1.01

Diorite 3.99 47.2 91.8 35.0

Crystalline limestone 6.10 55.6 157 29.6

Gabbro 6.12 55.6 157 9.32

FIGURE 13
Comparison and analysis of the predicted intensity of digital drill test and laboratory test intensity.
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proposed. According to the drilling parameters recorded by the
digital drilling system, the internal friction angles of the four
kinds of rocks are predicted. The results show that the internal
friction angle of the rock obtained by digital drilling technology
is close to the standard test data. The error is within the
acceptable range of 10%.

(2) Through the laboratory test, the relationship between the
strength of four kinds of rocks, the angle of internal friction
and the angle of condensation is analyzed. The results show that
there is a positive linear correlation between the rock strength
value and the internal friction angle value. The relationship
between the ratio of uniaxial compressive strength to tensile
strength and the angle of internal friction and cohesion of the
four kinds of rocks was analyzed. The results show that the ratio
of rock uniaxial compressive strength to tensile strength is not
positively correlated with the angle of internal friction and
cohesion.

(3) Based on the analytical model, the concept of rock cutting
strength ratio is proposed. The relationship between the rock
cutting strength ratio and the internal friction angle is
analyzed. The cutting strength ratio increases with the
increase of the internal friction angle. The relationship
between the uniaxial compressive strength, tensile strength
and cutting strength ratio of rock was studied. An empirical
formula for the ratio of rock strength to cutting strength is
obtained. According to the relationship among rock internal
friction angle, strength ratio, uniaxial compressive strength
and tensile strength, a method for predicting rock strength is
proposed.

(4) The results show that the predicted value is close to the
measured value. The average error of rock tensile strength
is 12.29%, and the average error of uniaxial compressive
strength is 20.44%. This method can effectively estimate
rock strength. By improving the measurement efficiency of
rock strength, the purpose of saving construction period is
achieved.
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