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In geotechnical engineering and geological survey, the stratum structure and its corresponding physical and mechanical
properties are the most concerned. 1e stratum structure not only affects the safety of the project but also plays a decisive role in
the constructionmethod and construction sequence. In this paper, a new type of stratum geological interface recognition system is
adopted, and an R-20 rotary drilling rig is used to conduct on-site drilling experiments for a granite site with no ventilation. 1e
research results show that the system can monitor and record the main parameters (axial pressure, drilling rate, rotation speed,
flushing fluid pressure, and torque) of the drilling rig during the drilling process.1e comparative analysis of monitoring data and
on-site survey results shows that different drilling parameters have different sensitivities to changes in the formation structure.
According to the prediction accuracy, the ranking from high to low is drilling rate, axial pressure, torque, rotation speed, and
flushing fluid pressure. In drilling engineering, by observing the change law of drilling rig parameters, not only can the position of
the special rock mass interlayer be predicted, but also the stratum structure and strength can be identified, and the prediction
formula is also given. Based on the established drilling specific energy formula, the energy analysis method is used to predict the
formation structure and compressive strength, and the corresponding prediction formula is given.1e research results show that,
compared with the single drilling parameter prediction method, the rock-soil structure and strength identification method based
on energy theory has higher prediction accuracy and can meet engineering needs.

1. Introduction

In geotechnical engineering, to ensure the rationality, safety,
and efficiency of the project, it is usually necessary to carry out a
geological survey before the start of the project, to determine
the stratum structure and the corresponding physical and
mechanical parameters of rock and soil. 1ere are three kinds
of common geotechnical engineering surveymethods: 1. in situ
testing technology: through various penetration tests or
drillability tests on the rock and soilmass in the engineering site
and then comparing the test results with the empirical values to
determine the geotechnical parameters. It mainly includes

static penetration test, cone dynamic penetration test, standard
penetration test, rock drillability test, and multifunction CPTU
test technology. 2. Geophysical exploration technology: this
method is an indirect exploration method to detect the geo-
logical structure of the stratum and the physical properties of
the corresponding rock and soil by detecting the changes of
various geophysical fields. It mainly includes the electrical
method, magnetic method, gravity method, seismic wave
method, and ultrasonic method. 3. Coring laboratory test: this
is the most commonly used method in geotechnical engi-
neering at present. 1e rock and soil samples to be measured
are obtained by coring drilling method and then cut by rock
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cutting machine according to the standard size formulated by
international rock mechanics society, and finally various forces
are carried out in the laboratory according to the requirements
of learning experiment. It mainly includes the test of common
physical and mechanical parameters such as rock and soil
strength, elastic modulus, and Poisson’s ratio [1–4]. Compared
with the traditional indoor test, in situ testing technology has
the advantages of being fast, economic, and continuous, and
the test environment is not separated from the original en-
vironment, so the test results are more in line with the actual
situation of the project, especially for the characteristics of rock
and soil before and after the disturbance has obvious advan-
tages. However, due to its test method, it is only applicable in
shallow soft rock and soil, but not in deep engineering or hard
rock environment [5, 6]. Geophysical prospecting is an in-
terdisciplinary subject based on geology and physics. Its basic
principle is to use the observed geophysical field to infer the
changing laws of physical parameters (speed, density, magnetic
susceptibility, resistivity, etc.) of the Earth’s medium. To an-
alyze and solve geological problems, initially, it was mainly to
find geothermal, oil, natural gas, and other prospecting engi-
neering services, with the advantages of wide application range,
easy access to parameters, and low cost [7]. However, the
geophysical prospecting method has always had the problems
of low data inversion accuracy, fewer detection parameters, and
diversified calculation results. It usually requires a combination
of different methods. 1e emergence of these problems brings
many uncertainties in geotechnical exploration [8, 9]. In terms
of technology maturity, data diversity, and accuracy, the
method based on drilling cores and testing in the laboratory is
the most reliable one for geotechnical engineering survey and
geological drilling engineering [10]. However, the entire op-
eration process is tedious and cumbersome, including drilling
and cataloging, sampling, classification and marking, trans-
portation, sample cutting, and instrumentmeasurement, which
faces problems such as large workload, time consumption, and
high cost. According to statistics, in the process of geological
drilling and investigation, the pure drilling time takes less than
30% of the time in drilling exploration, and the cost of drilling
investigation can reach 15%–28% of the total project cost [11].
Compared with in situ testing and geophysical exploration, the
coring test method is separated from the original environment
of the rock and soil body, and it is difficult to restore the
original environment of the rock and soil body in the labo-
ratory test process, so the laboratory will be a certain difference
between the result of the test and the value under the un-
disturbed state. In actual engineering, due to the diversity of
geologically developed structures, there may be a large number
of special structures such as weak interlayers and broken zones
during the survey process, which may lead to problems such as
borehole collapse and core failure, resulting in discontinuity of
results [12]. In geological drilling and reconnaissance engi-
neering, the borehole depth is usually up to several thousand
meters. One-third of the mining depth in China’s metal mines
has exceeded 1000m, and the maximummining depth is close
to 5000m. At the same time, the excavation depth of various
deep-buried tunnels, deep coal mines, scientific drilling, and
other projects is gradually increasing. According to statistics,
the world exceeds 4000m.1ere are more than ten deep wells,

and the depth of geoscience drilling has exceeded 10,000m. As
the drilling depth increases, the geological conditions will
become more complicated. 1e in situ test method in the
aforementioned method is no longer applicable, and the
geophysical exploration method suffers more interference
factors (high ground temperature, high ground pressure fac-
tors); it has a greater impact on many physical parameters,
resulting in a single method with low analytical accuracy and
multisolution problems which will become more prominent.
1e coring test method is currently the most used method in
deep drilling. However, due to the large depth, the drilling rig
needs to be frequently lifted for sampling, which will greatly
increase the nondrilling time.

Given the problems of the above methods, some scholars
have proposed a method of identifying the formation
structure and solving the geological parameters according to
the drilling parameters. 1is method is called measurement
while drilling (MWD) and also drilling process monitoring
(DPM). 1is is a type of intelligent drilling monitoring
system based on the collection, recording, and analysis of
drilling parameters. Its prototype is the instrumented dril-
ling system (IDS). 1e drilling process monitoring system
consists of a series of sensors integrated on the drilling rig,
including displacement sensors, pressure sensors, and
electromagnetic sensors.1rough various sensors connected
to the drilling rig and calibrated, a variety of drilling pa-
rameters can be monitored and recorded.1emain collected
drilling parameters include drilling depth, drilling speed,
axial pressure, speed, torque, vibration, drilling fluid pres-
sure, and water supply pressure[13]. As early as the 1930s, in
the exploration and development of oil and gas wells, in-
struments have been used to measure and record drilling
data to analyze the physical and chemical components of
drilling fluids. At present, logging while drilling (LWD),
which is widely used in the oil and gas field and ore mining
industry, is also a type of measurement while drilling
technology. In addition to analyzing the composition of the
drilling fluid, it is also used to monitor the working status of
the drilling tool, steering and optimizing drilling efficiency.
In the following decades, with the development of sensing
technology, microelectronics technology, and wireless
transmission technology, MWD technology has moved from
static monitoring mode to real-time monitoring mode and
has made great progress in both software and hardware [14].
Some intelligent detection and analysis systems have been
applied to different engineering fields, including Analogue
Drilling Parameters (ADP) [15], Enpasol system [16], Papero
system [17], and Automated Drill Monitor (ADM) system
[18].

Since the 1970s, scholars in different countries have
begun to pay attention to the parameter recording instru-
ment while drilling and hope to use this technology to solve
some difficulties in the division of strata in geotechnical
engineering drilling and develop the division of strata
structure based on drilling parameters, research on weak
interlayer identification, engineering rock mass quality
evaluation, blasting parameter optimization, etc. Many
scholars have made beneficial attempts on the identification
of stratum structure and the parameters of rock and soil
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based on drilling parameters. Tsoutrelis [19] once proposed a
drillingmethod to determine the compressive strength of the
rock in situ or on small-sized rocks by using a diamond
drilling rig and gave a prediction formula based on the
drilling rig’s propulsion force and drilling rate. Compared
with the coring test, the advantages of this method are the
following: (a) there is no need to cut the rock sample, and the
parameter acquisition is convenient and quick; (b) it is not
affected by the internal cracks or discontinuities of the rock;
(c) it is performed on the whole rock. 1e compressive
strength obtained by the test is more in line with the actual
situation. Howarth et al. [20] studied the relationship be-
tween the drilling parameters obtained during tunnel dril-
ling and the physical andmechanical properties of the tunnel
surrounding rock and found that there is a relationship
between the speed and other parameters obtained during
tunnel drilling and the rock mass strength. Certain response
used a rotary percussion drill equipped with an ADM au-
tomated drilling monitoring system to conduct drilling
experiments and mainly monitored the effective thrust and
drilling speed during the drilling process. 1e results show
that the changes in drilling parameters are related to the
lithology of the drilled rock mass and physical and me-
chanical parameters (compressive strength, tensile strength,
and elastic modulus), from the perspective of changes in
drilling parameters and drilling energy consumption ana-
lyzed. Schunnesson [22] established a rock quality (RQD)
prediction method based on drilling parameters by changing
the drilling rate and torque during the granite tunnel ex-
cavation. Gui et al. [23] used instruments in geotechnical
engineering surveys to classify formation quality based on
drilling parameters.1is method can be used for engineering
site surveys, identification of weak coal seams in hard rocks,
rock mass engineering grading, and foundation reinforce-
ment. However, in this study, it was found that the drilling
rig power changes will cause random changes in the drilling
rate and other parameters. At the same time, the drilling rig
vibration will cause a lot of invalid monitoring data.
1erefore, it is necessary to keep the drilling rig output
hydraulic power constant during the drilling process.
Variable and constant power reduce the impact of random
vibration of the drilling rig. Yue et al.’s [24–28] team at the
University of Hong Kong independently developed a drilling
process monitoring system (DPM), which can automatically
and continuously monitor and record various parameters of
the drilling rig. 1ere have been beneficial attempts in
geotechnical engineering such as layer identification, engi-
neering survey, and engineering quality rating, and fruitful
results have been achieved. S. S. Peng [29] et al. developed a
method to predict roof geological conditions based on
drilling parameters during roof bolt drilling. In this study, a
series of indoor and on-site underground tests were carried
out. 1e research results show that the thrust pressure is a
good indicator for identifying void and broken areas and
evaluating the strength of roof rocks. Zhou et al. [30]
proposed an automatic lithology identification method
based on spectral feature analysis and pointed out that
automatic lithology identification is a key link in the es-
tablishment of intelligent mines. When identifying lithology

by spectrum, the main challenge is that there is no clear one-
to-one correspondence between the two. 1e clustering
fusion method based on the Gaussian regression process can
improve the recognition rate of lithology. Kadkhodaie-
Ilkhchi et al. [31] used three methods: boosting algorithm,
neural network algorithm, and fuzzy algorithm to analyze
shale and iron ore according to the drilling parameters such
as bit pressure, torque, and drilling speed measured by the
measurement while drilling system. 1e lithology and
strength of the rock are identified, and the results show that
the drilling parameters can reflect the lithology and strength
information of the drilled formation and the boosting al-
gorithm is better than the other two algorithms. Zang [32]
used the Q2J200B percussion drill to carry out drilling tests
on the tunnel excavation site. 1rough the comparative
analysis of a large number of field measured data and
laboratory tests, the drilling speed and rock compressive
strength, surrounding rock category and rock BQ were
established. 1e statistical relationship. Tian et al. [33] and
other subsea tunnel cross section excavation processes found
that the drilling rig parameters monitored during the drilling
process were analyzed by energy theory, and it was found
that the response degree of digital drilling rig parameters and
surrounding rock lithology in tuff was high and the change
of drilling specific energy can be used to divide corre-
sponding rock mass sections and judge surrounding rock
grade. Patel [34] conducted drilling experiments on three
sites with different lithologies in Mauritius by monitoring
the drilling rate, torque, and axial pressure during the
drilling process of the down-the-hole hammer. 1e method
of advanced parameter analysis can accurately identify the
location of underground holes. Liu et al. [35] found that the
roof anchoring drilling device in coal roadways has different
dynamic responses to different rock types, which can in-
directly reflect the thickness and strength of the rock layer.
Leung and Scheding [36] et al. used a method based on the
power change of the drilling rig to predict the change law of
coal and rock formations, and this method can significantly
improve the efficiency of open-pit mining. Su et al. [37] et al.
found through laboratory experiments that the drilling rate
index (DRI) has a strong correlation with the uniaxial
compressive strength of rock, but it has a weak correlation
with the elastic modulus. Asadi et al. [38] and Fang et al. [39]
proposed a neural network-based intelligent analysis of
drilling test data and formation identification methods.1ey
conducted an in-depth analysis of advanced drilling test
data. 1e results showed that a single drilling parameter is
used for formation identification.1e error rate of the neural
network drilling test under the multiparameter combination
is significantly lower for the randomly sampled formation
recognition error rate. 1e drilling speed, torque, number of
revolutions, and propulsion are relatively more sensitive to
formation recognition. Gao et al. [40] conducted indoor
drilling tests on concrete and sandstone samples, and the
results showed that the torque, axial pressure, drilling speed,
and other parameters in the drilling process are consistent
with the change law of the uniaxial compressive strength of
the rock. A quantitative model (CDP-UCS model) between
drilling parameters and rock compressive strength was
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established according to the fracture characteristics of the
rock during the drilling process.

In addition to engineering field test methods and
statistical analysis methods based on drilling process
parameters, the analysis process based on energy prin-
ciples has also been used by some scholars in formation
identification and rock mechanics parameter acquisition.
As early as the 1960s, Teale [41] proposed the concept of
specific energy of chipping and established the me-
chanical expression of rock strength based on the drilling
parameters monitored in the indoor drilling test. 1e
principle of chipping specific energy is to classify the rock
drillability according to the energy required for the de-
struction of a unit volume of rock mass and then select a
reasonable drill bit and determine the production quota.
1is method is then used in the fields of geological survey,
drilling petroleum, and other fields. Karasawa et al. [42]
defined the effective axial force energy per revolution and
the effective rotational energy per revolution during the
drilling process and studied the relationship between
these two energy parameters and rock strength. 1e test
results show that the method can effectively estimate rock
strength and define rock drillability. Tan et al. [43–46]
used a drilling rig installed with a drilling monitoring
system to conduct a drilling survey test on a complex
weathered granite site, monitoring and recording drilling
parameters such as effective axial pressure, rotation
speed, and drilling rate, and, from the energy point of
view, the drilling parameters and formation change rules
and rock strength identification are analyzed. By com-
paring with the results of manual hole recording on-site,
it is found that the boundary division of the strata
structure based on drilling parameters and the prediction
of rock and soil mechanical parameters have high cred-
ibility, which can meet engineering needs. Based on the
energy analysis method, Wang et al. [11] proposed a
method for testing the uniaxial compressive strength of
rock based on digital drilling, deduced the relationship
between the unit cutting energy of rock and the pa-
rameters while drilling, and established the relationship
between the parameters while drilling and the rock. 1e
quantitative relationship model of uniaxial compressive
strength (DP-UCS model) was tested by a functional rock
drilling test system based on self-development, and the
test results showed that the error of the model was less
than 10%. Tian et al. [33] and Li et al. [47] established an
energy equation based on the drilling process and con-
ducted drilling tests in the tuff formation. 1e results
showed that the drilling rig parameters and drilling en-
ergy surrounding rock lithological response were high
and passed the analysis of the energy curve which found
that the drilling energy can be used to classify rock mass
sections, determine the grade of surrounding rock, and
predict faults. Chen et al. [48] et al. monitored the
pressure and flow rate of the hydraulic system of the
drilling rig and analyzed and calculated the change law of
the output power of the drilling rig based on this. 1ey
proposed a method to identify the roof rock formation
during the tunneling process and derived the strength of

the roof rock formation. 1e formula for calculating the
parameters while drilling is used to locate the position of
the rock formation interface and the weak interbed. At
present, energy analysis-based methods are mostly de-
termined by the method of impact crushing in the lab-
oratory, and most of them only consider a single drilling
type. At the same time, because the laboratory environ-
ment is separated from the natural formation environ-
ment, it lacks ground stress, pore water pressure,
temperature, acid corrosion [49, 50], and other influ-
encing factors; the obtained specific energy is difficult to
reflect the real situation of the project site. At the same
time, in actual drilling, a large amount of energy will be
dissipated in the form of sound, heat, and friction. 1is
part of energy is usually difficult to measure, which brings
some bottlenecks to the development of the specific en-
ergy method.

It can be seen from the above analysis that there have
been many studies on the division of stratum structure,
the identification of special structures, and the prediction
of mechanical parameters of rock and soil based on
drilling parameters, and related scholars have also de-
veloped monitoring systems suitable for different geo-
logical environments. However, most of these systems
currently collect data according to the drilling depth, but,
since the actual drilling process involves a large amount of
auxiliary work such as drilling preparations and drill tool
adjustments, these nondrilling processes will also be
recorded in the data collection, resulting in a large amount
of invalid data; how to identify the pure drilling process
still needs a lot of work [27]. At present, relevant re-
searches mostly focus on the use of a single parameter for
analysis. However, due to a large amount of calculation,
the complex underground environment, and the nu-
merous interference factors, the drilling parameters of the
drilling rig are greatly affected by the operating habits of
the operator and the single parameter is directly used for
geotechnical analysis. 1e prediction of body parameters
is quite random. Reasonable use of effective drilling pa-
rameters, to quickly and accurately predict the strength of
stratum and rock-soil mass and to provide a reasonable
basis for geotechnical engineering survey, mine safety,
tunnel surrounding rock support [51–53], etc., is still
important for the future development of geotechnical
engineering as one of the directions. In this paper, based
on the geological identification while drilling system
(GWID) independently developed by the research group,
the five parameters of axial pressure, drilling rate, rotation
speed, flushing fluid pressure, and torque will be moni-
tored in real time during the drilling process and re-
cording. By comparing the monitoring data with the field
test results, the corresponding relationship between the
drilling parameters and the weathering degree of granite
and the compressive strength of the rock mass is deter-
mined. Finally, through the energy analysis angle of the
multiparameter fusion algorithm, the lithology classifi-
cation and the compressive strength of the rock and soil
are predicted, and the corresponding regression equation
is given to provide a reference for future related research.
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2. Introduction of Geological Identification
While Drilling System (GWID)

2.1. Composition andWorking Principle of the System. In the
construction of high-energy geological environment tun-
nels, the surrounding rock often releases much energy after
being disturbed. MWD technology is an automated tech-
nology that installs monitoring instruments on a drilling rig
to collect data during the drilling process. Its prototype is an
instrument drilling system. At first, these systems were
mainly used to measure basic physical quantities such as
temperature and pressure in boreholes. With the develop-
ment of intelligent geotechnical engineering, scientific re-
searchers and commercial companies in different countries
and regions have developed many intelligent identification
systems based on drilling process monitoring [15–18]. 1ese
MWD systems are dedicated to the measurement of drilling
rig parameters such as drilling trajectory, drilling depth,
axial pressure, torque, and drilling speed and perform
corresponding intelligent geotechnical surveys accordingly.
However, in deep geotechnical engineering, drilling is
limited by three tenors: one disturbance geological me-
chanics environment (high ground temperature, high
ground stress, high permeability pressure, and mining
disturbance), sensor and hole wall contact stability, and the
accuracy of the obtained parameters and signal transmission
problems. Further research is needed.

To accurately describe the geological environment
through drilling rig parameters, the drilling process needs
to be as close to the ideal state as possible. If there is no
sticking or blowout accident, the drill cuttings should be
discharged from the bottom of the hole in time, the drill
bit should not be excessively worn, and the power of the
drill should not change too much [23]. In practical ap-
plications, these situations cannot be completely avoided,
and the operator will adjust the drilling rig in real time
according to the on-site situation. 1ere are many drilling
subprocesses or auxiliary actions, which makes a lot of
invalid data in the drilling parameters. Based on the above
situation, this section will introduce a geological identi-
fication while drilling (GIWD) based on the traditional
drilling process monitoring system. Different from the
traditional monitoring system, this system can collect and
record parameters according to time series. It can filter
auxiliary actions such as drilling rig adjustments during
drilling. Combining process identification commands, it
can perform reasonable screening and identification of
pure drilling processes. 1e GIWD system is mainly
composed of three parts: (1) sensing system (SS), (2) data
logging (DL), and (3) data analysis (DA). 1e design
layout is shown in Figure 1.

1e sensing system (SS) is mainly used to monitor the
physical parameters of the borehole through sensors in-
stalled on the console or drill stand. 1ese sensors include
displacement sensors, rotation sensors, pressure sensors,
flow sensors, temperature sensors, vibration sensors, stress
sensors, and other components used to record the drilling
depth, displacement, drilling speed, rotational speed,

various working pressures, flushing fluid pressure and flow,
fuel consumption, temperature, vibration acceleration, and
drill pipe stress waves during drilling. 1e data acquisition
system (DL) is installed on the ground workbench for data
conversion and transmission. 1is part includes the con-
version box, digital strain gauge, and data integration box.
1e main function is to convert the data collected by the
sensor system by the conversion box. 1en, a digital strain
gauge is converted into a digital signal and put into the data
integration box and finally uploaded to the terminal
equipment of the data analysis system.1e data analysis unit
(DA) is generally installed in the test site, construction office,
etc. 1e terminal is generally composed of a computer,
printer, modem, rangefinder, and external display instru-
ment and performs data analysis and output through wired
or wireless transmission.

2.2. Extraction Principle of Drilling Rig Parameters. 1e
working parameters in the drilling process are mainly
pressure, speed, displacement, etc., all of which are vectors.
Work pressure is mainly divided into push pressure and
feedback pressure. For the vertical oil cylinder, the thrust
pressure is to generate axial pressure on the drilling tool to
make the drilling tool move downward; for the horizontal oil
cylinder, its function is to generate a horizontal thrust on the
drilling tool, so that the drilling rig moves along the hori-
zontal guide rail on its base. 1e adjustment force is applied
to the drilling tool during forwarding movement or during
drilling to adjust the drilling direction. 1e effect of the
feedback force is opposite to the above. 1e displacement of
the drilling tool will be realized through pressure adjust-
ment, and its vector is determined by the positive and
negative identification of the sensor data. 1ere are two
directions of rotation: clockwise and counterclockwise. 1e
rotation speed sensor is based on the pulse signal generated
by the electromagnetic principle to record data. 1e rotation
vector can be recognized through the combination of two
sensors and the time difference. 1e drilling displacement is
reflected by the piston movement, which is divided into
upward and downward displacement. 1e laser sensor is
used to calibrate the change in the measured displacement of
the piston rod when it moves. An increase in displacement
indicates that the piston rod moves downward, and a de-
crease in displacement indicates that the piston rod moves
upward.

2.3. Drilling Process Division and Coding Principles. In
geotechnical engineering and geological prospecting, dril-
ling rigs with PDC or cone bits are often used for rotary
drilling and drilling. To complete a drilling task, many ac-
tions of the drilling rig are required to be achieved.1emain
processes include the following: (1) loading the drill rod, (2)
moving the drill rig forward horizontally, (3) connecting the
drill rod, (4) drilling, (5) raising the extension rod, (6) in-
stalling the extension rod, (7) making horizontal backward
movement of the drilling rig, (8) unloading the drill rod, (9)
having original position test, such as standard penetration
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test, and (10) idling. 1ese main processes also include a
series of secondary actions. To better identify these primary
and secondary actions, it is necessary to determine the status
of each drilling action. Taking the first four movements
involving the movement of the drilling rig as an example, the
description of the process state switches is shown in Tables 1
to 4 . Number 1 in the table represents the “on” state, and 0
represents the “off” state; that is, on� 1/off� 0.

After the drilling process is divided, if you want to
realize the automatic identification of the target process,
you need to analyze the main process and the secondary
process in the drilling process. From the above table, it can
be seen that any drilling action is controlled by a series of
parameter states. According to the different state param-
eters, the drilling action can be monitored, so that the
computer system can automatically identify. 1ese state
parameters will correspond to a multidigit character string.
1rough the computer binary processing mode, an 8-digit
character string can be formed. 1e missing state of the
process is filled with 0. Take the pure drilling process
identification code 10100101 in Table 4 as an example; the
first digit “1” indicates that the pressure is “on,” that is, the
state of applying axial pressure at this time; the second digit
“0” indicates that the feedback pressure is “off” state; that is,
there is no intervention of regulating pressure at this time;
the third digit “1” indicates that the flushing fluid pressure
is “on;” that is, the flushing fluid is sprayed into the working
state at this time; the fourth digit “0” indicates the back
movement is in the “on” state, indicating that the drill rod
is in the backward movement state at this time; the
meaning of the subsequent parameters can be deduced by
analogy. It is worth noting that the same process may
correspond to different identification codes. For example, it
is also a pure drilling process. When the drilling depth is

large and the drilling speed exceeds a reasonable value, the
system will apply feedback pressure (pressure adjustment).
1e code will be 01100101 (the other state is 10100101).
Taking the pure drilling process as an example, the system
identification code is shown in Table 5.

Besides, for each parameter, a threshold value under
working conditions needs to be set.1e drilling rig can be set
to the working state corresponding to a certain parameter
that needs to be calibrated. When the monitored parameter
reaches a stable state, record this value and then stop the
drilling rig. At this time, the parameter will gradually be
converted to a nonworking state and eventually returns the
initial value.1e stable value of the working state recorded in
this process is the threshold value of this parameter. 1e
threshold value of different drilling rig systems will vary
slightly. Taking the R-20 drilling rig as an example, Table 6
gives the recommended threshold values of each state pa-
rameter, 1bar� 0.102MPa.

2.4. GIWD System Process Identification Logic Diagram.
1e process identification of the GIWD system includes the
following steps: (1) set the sensor to collect data; (2)
according to the calibration equation, convert the collected
raw data into readable physical parameters; (3) compare the
physical parameters with the threshold value and the status
of the subprocess, making a judgment and generating the
state number “0” or “1”; (4) generate the subprocess in-
formation chain from the state number, that is, the iden-
tification code of the su-process; (5) read the subprocess
verification code to verify the subprocess; (6) generate
process code; (7) read the process verification code to check
the main process; (8) generate process curve. Figure 2 is a
logical flowchart of the entire recognition process.

Sensing system

Pressure
sensor

Speed sensor

Displacement sensor

S2

S3

S4

S5

S1

Conversion box

Digital strain gauge

Remote device

Data logging Data analysis

Other terminals

Computer

Printer

DC
6V

D I B

DC
12V

DC
12V

On/off
Probe

Ranging standard target 12DV output

Interface

Figure 1: Structural design of geological identification while drilling system.
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3. Test Engineering Background and Typical
Rig Parameters

According to the preliminary survey, the drilling test site is
mainly composed of multilayered ordinary weathered
granite strata and complex weathered granite strata. 1e

corresponding rock masses are mainly fine to medium-
grained granites from the Jurassic to Cretaceous. 1e main
structure of the stratum is the overlying fill, slightly
weathered to fully weathered granite layer, and loose body.
1e thickness of each layer is different.1e weathering grade
of granite is IV-II. A total of more than 30 exploration

Table 1: 1e status of each working parameter in the process of loading the drill pipe.

Subprocess Feed
pressure

Feedback
pressure

Flushing
pressure

Back
movement

Move
forward

Drill
rotation

Electric hoist
rotation

Bit
displacement

Lower sling 0 0 0 0 0 0 0 01
Connect the drill
pipe 0 0 0 0 0 0 0 01

Lift the drill pipe 0 0 0 0 0 0 0 01 1
Lower the drill
pipe 0 0 0 0 0 0 0 01
Connect cable 0 0 0 0 0 0 0 0
Tighten the
chuck 0 0 0 0 0 0 0 01 1
Stop the drill
pipe 0 0 0 0 0 0 0 0

Table 2: 1e status of each working parameter during the forward movement of the rig.

Feed
pressure

Feedback
pressure

Flushing
pressure

Back
movement

Move
forward

Drill
rotation

Electric hoist
rotation

Bit
displacement

0 0 0 0 0 0 01
1 0

Table 3: 1e status of each working parameter of the drill pipe connection process.

Subprocess Feed
pressure

Feedback
pressure

Flushing
pressure

Back
movement

Move
forward

Drill
rotation

Electric hoist
rotation

Bit
displacement

Lower the drill
pipe 1 0 0 0 0 0 0 11 1 1

Positioning 1 0 0 1 1 0 0 00 1 0 0
Connect the drill
bit 0 0 0 0 0 1 1 10 0

Table 4: 1e status of each working parameter of the drill pipe drilling process.

Subprocess Feed
pressure

Feedback
pressure

Flushing
pressure

Back
movement

Move
forward

Drill
rotation

Electric hoist
rotation

Bit
displacement

Pure
drilling

Apply shaft
thrust 1 0 1 0 0 1 1 11 1 1 0 0

Apply torque 1 0 1 0 0 1 1 10 1 1 1 0 0

Rinse 1 0 1 0 0 1 0 1
0 1 0 0

Piston
stroke

Release the
chuck 0 0 1 0 0 0 0 0

Lift the
rotating head 0 1 1 0 0 0 0 1

Tighten the
chuck 0 1 1 0 0 0 0 0
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boreholes were arranged on-site. Some boreholes were
drilled using the installed GWID drilling process monitoring
system. 1rough real-time monitoring of drilling process

parameters, the pure drilling subprocess was obtained. At
the same time, combined with field tests such as on-site hole
recording and in-situ testing, the rock formations are
measured on-site to obtain rock mass classification and
uniaxial compressive strength indicators, and the corre-
sponding numerical correspondences are established
through the combined analysis with the drilling process
parameters.

1e drilling rig adopts R-20 hydraulic rotary drilling rig.
1e drilling rig adopts diamond drill bits. 1e inner di-
ameter of the drill bit is 84mm, the outer diameter is
115mm, the diameter of the drill rod is 100mm, and the
quality of the drill rod is about 60 kg/m. 1e drilling fluid
uses clean natural water. 1e main monitoring parameters
are axial pressure Fe, drill bit speed rv, drill bit displacement
h, flushing fluid pressure Fw, drilling rate vp, and torque Md.
Figures 3 to 8 are schematic diagrams of the main process
parameters of the typical borehole 2 changing with the
drilling depth. At the same time, according to the field
survey results, the strata of different depths were graded
according to the strength index (see Table 7 for the specific
classification basis). 1e relationship between the classifi-
cation results and the depth is shown on the right side of the
figure.

According to on-site geological data, the borehole is
located approximately 4.1m below the average elevation of
the site. According to the on-site stratum grading results, the
rock-soil strength of the corresponding stratum of the
borehole ranges from grade VI to grades II/I (grade VI is
filling soil and grade II/I is rock vein). As the drilling depth
increases, the formation classification results show a certain
regularity; that is, the strength gradually increases with the
increase of depth. Based on the on-site monitoring data map
corresponding to the drilling hole, it is found that the
formation of different rock grades has a significant impact
on the drilling rig axial pressure, drilling rate, and other

Table 6: 1reshold value of each state of drilling subprocess.

Process parameters Status symbol Number of states 1reshold Max
Feed pressure On 1 ≥0.40 bar 100 bar
Feedback pressure On 1 ≥1.25 bar 150 bar
Flushing pressure On 1 ≥0.20 bar 20 bar
Move forward On 1 ≥10 bar 50 bar
Back movement On 1 ≥10 bar 50 bar
Drill rotation On 1 ≥10 r/m 500 r/m
Electric hoist rotation On 1 ≥5 r/m 300 r/m
Bit displacement On 1 ≥248mm 886mm

Table 5: Identification code of the drilling process.

Main process Subprocess Identification code

Drilling

Pure drilling
Apply shaft thrust 1x1x xx01

Apply torque xx1x xx01
Rinse xx10 0x0x

Piston stroke
Release the chuck 0010 0000

Lift the rotating head 0110 0001
Tighten the chuck 0110 0000

Setting the sensor

Reading by dimension

Enter the threshold

Generate the number
of states “0”

Generate the number
of states “1”

Yes

No

Number of storage states

Generate substate identifier

Storage status

Data collection and conversion

Assignment: n = 1; K = 8; I = 0/let n = 0

Assignment: n = n + 1/ let
n = n + 1

n < N?

Assignment: I = I + 1/ let I = I + 1

I < K?

Record and identify code digits

Read subprocess ID

Read main process ID

Main process

Is the monitoring data
greater than the threshold?

Yes

No

No

Yes

Figure 2: Logic flowchart of procedure identification for GIWD.
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parameters. It is feasible to use the variation law of drilling
process parameters to distinguish the formation. From the
diagram of bit displacement and drilling time (Figure 5) and
the diagram of drilling rate (Figure 7), it can be seen that the

drilling speed of the drill bit at different depths and different
times has obvious differences. Generally speaking, it can be
divided into three sections: the drilling rate is faster in the
depth range above −13.2m, the drilling rate is moderate in
the depth range from −13.2m to −30.2m, and the drilling
rate is slower in the depth range below −30.2m. From the
field survey data, it can be seen that the rock mass strength of
the formation with a faster drilling rate is lower and the rock
mass strength of the formation with a slower drilling rate is
greater. 1is shows that the drilling parameters are closely
related to the formation structure and strength. From the
variation law of axial pressure with drilling depth (Figure 3),
it can be seen that the axial pressure is smaller in the area
where the drilling rate is faster and the axial pressure is larger
in the area where the drilling rate is slow. At the same time,
the rotation speed, flushing fluid pressure, and torque also
showed similar changes with the increase in depth, indi-
cating that there is a strong correlation between different
parameters. Among them, the rotation speed, axial pressure,
and torque all increase with the decrease of the drilling rate,
while the flushing fluid pressure increases with the increase
of the drilling rate.

It is worth noting that there is a concrete interlayer at
−5.5m to −6.2m in the borehole, which is classified as
grade IV according to the strength grade. 1e rock veins
from −33.6 m to −34.7m are classified as II/I according to
the strength grade. 1e two strata did not satisfy the law
that the strength increases with the increase of depth; that
is, the phenomenon of stratigraphic interlacing occurred.
Within the depth of the concrete interlayer, there are
obvious data mutations in the axial pressure, flushing fluid
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Figure 3: Axial pressure change graph.
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Bi
t d

isp
la

ce
m

en
t (

m
)

Drilling rate (cm·min–1)
14012010080604020

–40
–35
–30
–25
–20
–15
–10

–5
0

VI fill
IV concrete

V/IV

IV

IV/III
III/II
II/I vein
II

V

Figure 7: Grilling rate change graph.

3.002.502.001.501.00

Bi
t d

isp
la

ce
m

en
t (

m
)

Torque (kN·m)
0.50

–40
–35
–30
–25
–20
–15
–10

–5
0

VI fill
IV concrete

V/IV

IV

IV/III
III/II
II/I vein
II

V

Figure 8: Torque change graph.

Shock and Vibration 9



pressure, perforation rate, and torque. Within the depth of
the rock vein, the axial pressure, rotation speed, and
torque showed obvious data mutation phenomenon, but
the flushing fluid pressure did not appear in this place.
1rough the above analysis, it can be seen that the drilling
data not only can predict the stratum structure and
strength within a certain range but also can predict the
special rock structure or interlayer in the stratum struc-
ture. 1e monitoring results of the changes of various
parameters in the remaining boreholes show that the
change law is the same as that of borehole 2, indicating
that the above analysis results apply to the weathered
granite formation in this experiment. Due to the length of
the paper, the process curves of other boreholes are not
shown here.

4. Statistics of Field Test Results

4.1. Statistical Results of Rock Classification and Compressive
Strength. 1rough in-situ tests and coring tests on several
typical boreholes on-site, the compressive strength values of
different strength grades of rock and soil are recorded, and
corresponding rock classifications are made according to the
degree of weathering of the rock and soil. 1e geotechnical
classification results and compressive strength results of rock
and soil masses with different weathering degrees are sta-
tistically calculated. 1e statistical results are shown in
Table 7.

According to on-site test results, the stratigraphic se-
quence corresponding to different boreholes is slightly
different. Some boreholes include overlying alluvial fill,
artificial concrete interlayer, and rock veins. According to
the field test results and the standard classification of rock
strength, it can be classified into grade VI, grade IV, and
grades II/I.

4.2. Statistic Results of Drilling Rig Parameters for Different
Holes. 1e field drilling results show that the weathering
degree of granite in the stratum with different depths is not
used, but the stratum staggered phenomenon is less.
1rough the five main monitoring parameters of axial
pressure, rotation speed, flushing pressure, drilling rate, and
torque, combined with the uniaxial compressive strength

and rock classification results obtained from field tests, a
total of five typical drilling data are selected for analysis.

From the monitoring results in Figures 3 to 8, the
variation amplitude and frequency of the perforation rate,
axial pressure, rotation speed, and other curves with dis-
placement are relatively large, which shows that the system
parameters are highly sensitive to formation recognition.
However, it is worth noting that, for rocks of the same
strength level, there are still data jumps in the drilling rig
parameters. If only the instantaneous parameters at a certain
time point are used for analysis, this will easily lead to data
irrationality. In fact, in geotechnical engineering, the divi-
sion of engineering rock mass pays more attention to
timeliness and operability, and it is unnecessary and im-
possible to divide too finely. 1erefore, in the following
analysis, the method of averaging the borehole parameters is
used for statistics, and the segmentation is based on the
stratum classification results (this can be seen in Table 7). For
example, in a certain section of the stratum, the rock grading
standard is of grade IV, and the corresponding core range is
−15.8m to −17.2m; then the axial pressure shall be the
average value of the drilling rig in this displacement range.
1e statistical calculation results of different boreholes are
shown in Tables 8 to 12.

Drill hole 1 is a typical granite formation, which does not
contain fills, artificial concrete, and other formations, but
there is a rock vein interlayer at the bottom of the drill hole.
Drilling data statistics show that the axial pressure is sig-
nificantly positively correlated with the rock classification
results (i.e., it increases with the increase of rock strength
grade), while the drilling rate is negatively correlated, and
the flushing fluid pressure overall shows a weaker positive
correlation. 1e rotation speed and torque show a positive
correlation when the rock strength grade is low, and there is
no obvious law when the rock classification result is high.

1e part of borehole 2 above −5.5m has a 1.4m thick fill,
which can be classified into grade VI according to the rock
strength classification standard. 1ere is a concrete inter-
layer at −5.5m to −6.2m, which is divided into grade IV
according to the strength grade. From −33.6m to −34.7m,
there is a rock dike interlayer, which is divided into levels II/I
according to the strength level. Also, there is no grade III
rock mass in the borehole, and the other parameters are
roughly the same as borehole 1.

Table 7: Classification and compressive strength of weathered granite.

Rock classification Degree of weathering Compressive strength (MPa)
VI (fill) Fill soil 0.06
V Fully weathered 0.7
V/VI Fully weathered-highly weathered 12.92
IV (concrete) Reference height weathering 28.44
IV Highly weathered 35.85
IV/III Highly weathered-medium weathered 52.76
III Moderate weathering 67.62
III/II Medium weathering-light weathering 86.81
II Light weathering 100.36
II/I (vein) Slightly weathered-unweathered 115.78
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Table 11: Drilling parameters of hole 4.

Rock
classification

Compressive strength
(MPa)

Axial pressure
(kN)

Rotation speed
(rad)

Flushing fluid pressure
(MPa)

Drilling rate
(cm·min−1)

Torque
(kN·m)

VI (fill) — — — — — —
V 0.648 1.269 102 0.098 42.6 0.7156
V/IV 14.29 1.624 116 0.134 29.8 0.7958
IV (concrete) — — — — — —
IV 30.68 2.968 126 0.219 15.6 1.1789
IV/III 51.52 2.189 158 0.394 18.6 0.9136
III 64.98 4.267 263 0.289 17.1 1.5136
III/II 88.263 3.489 215 0.269 9.2 1.3512
II 105.265 6.152 324 0.327 3.6 2.1893
II/I (vein) — — — — — —

Table 8: Drilling parameters of hole 1.

Rock
classification

Compressive strength
(MPa)

Axial pressure
(kN)

Rotation speed
(rad)

Flushing fluid pressure
(MPa)

Drilling rate
(cm·min−1)

Torque
(kN·m)

VI (fill) — — — — — —
V 0.629 0.982 95 0.062 35.2 0.3125
V/IV 13.76 1.168 130 0.076 28.6 0.3759
IV (concrete) — — — — — —
IV 31.65 2.615 145 0.181 12.5 0.8126
IV/III 48.16 3.268 287 0.384 11.2 1.3591
III 56.53 3.892 230 0.297 15.4 1.3486
III/II 79.635 4.165 245 0.364 10.3 1.5267
II 97.653 4.325 310 0.341 4.6 1.6015
II/I (vein) 114.6 3.894 278 0.433 3.3 1.4569

Table 9: Drilling parameters of hole 2.

Rock
classification

Compressive strength
(MPa)

Axial pressure
(kN)

Rotation speed
(rad)

Flushing fluid pressure
(MPa)

Drilling rate
(cm·min−1)

Torque
(kN·m)

VI (fill) 0.089 1.231 88 0.115 45.5 0.4026
V 0.758 1.593 122 0.088 39.8 0.5136
V/IV 13.37 2.136 96 0.169 22.9 0.8416
IV (concrete) 28.47 1.873 132 0.196 19.6 0.8106
IV 38.65 2.395 71 0.245 11.9 0.9687
IV/III 52.54 2.486 78 0.336 17.3 1.0312
III — — — — —
III/II 76.369 2.893 165 0.268 10.3 1.13621
II 99.163 5.425 278 0.361 4.9 1.4896
II/I (vein) 117.8 4.962 225 0.268 2.8 1.7169

Table 10: Drilling parameters of hole 3.

Rock
classification

Compressive strength
(MPa)

Axial pressure
(kN)

Rotation speed
(rad)

Flushing fluid pressure
(MPa)

Drilling rate
(cm·min−1)

Torque
(kN·m)

VI (fill) — — — — —
V 0.626 2.665 79 0.106 35.3 0.715
V/IV 16.37 3.063 122 0.156 29.6 0.8975
IV (concrete) — — — — —
IV 28.75 2.689 99 0.264 17.5 1.0548
IV/III 56.28 3.706 158 0.367 19.8 1.2354
III 67.27 4.612 216 0.348 12.5 1.3679
III/II 82.781 5.216 179 0.374 9.8 1.4685
II — — — — — —
II/I (vein) — — — — — —
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1e survey results of borehole 3 show that the corre-
sponding stratum structure of the borehole is relatively
simple.1e weathering grade of granite ranges from grade V
to grades III/II, and there is no special formation such as fill,
concrete, and rock veins. However, compared with other
boreholes, the axial pressure in this borehole has obvious
characteristics of larger value and weaker regularity. 1e
perforation rate is generally and negatively correlated with
the results of rock mass classification, but some strata with
higher rock classification have faster perforation rates. Based
on the analysis of these two data, the stratum drilled by the
borehole should belong to the more complicated weathered
granite stratum.

1e survey results of the stratum corresponding to
borehole 4 show that the corresponding rock classification
and compressive strength of the stratum have obvious
regularities and do not include concrete interlayers and rock
vein interlayers. It is especially worth noting that the drill bit
speed is positively correlated with the rock classification law
and compressive strength, which is not obvious in another
drilling. 1e compressive strength of rock mass has a strong
correlation with drilling rate and axial pressure, and the
correlation between flushing fluid pressure is not obvious.

1e stratum statistics of drill hole 5 are similar to drill
hole 1. 1e rock mass classification results range from grade
V to II/I.1e big difference is that the central axis pressure of
the drill hole is generally higher, which may be related to the
working habits of the drill rig operator.

5. The Relationship between Drilling Rig
Parameters and Rock Classification and
Compressive Strength

It can be seen from the law of the above chart analysis that
there is a certain degree of correlation between the field-
based drilling monitoring parameters and the formation
classification results and compressive strength. 1is part will
analyze the axial pressure, rotation speed, flushing fluid
pressure, drilling rate, and torque obtained on-site and use
regression analysis to establish the regression equation be-
tween drilling parameters and strata classification and
compressive strength.

According to the monitoring results of different bore-
holes, the rock grade, compressive strength, and

corresponding drilling monitoring parameters are analyzed
separately, the origin software is used for fitting, and the
result with the best fitting effect is selected. 1e relationship
between rock classification results and uniaxial compressive
strength distribution is shown in Figure 9. It can be seen
from the figure that, as the grade of the rock increases, the
uniaxial compressive strength gradually increases. 1e
correlation between the two is obvious and the classification
result is reasonable. Figures 10 to 14 are the scattered di-
agrams of axial pressure, drill bit speed, flushing pressure,
perforation rate, and torque, rock classification, and com-
pressive strength, respectively, and the corresponding fitting
formulas are marked in the figure.

6. Rock Classification and Compressive
Strength Prediction Based on
Drilling Parameters

From the scattered plots and fitting equations of different
parameters and rock classification and uniaxial compressive
strength in the five boreholes, it can be seen that the axial
pressure, rotation speed, flushing fluid pressure, drilling rate,
and torque are all equal to the rock strength. 1ere is a
certain functional relationship. Among them, the four pa-
rameters other than the drilling rate are all positively related
to the rock grading and uniaxial compressive strength; that is
to say, they all increase with the increase of the rock strength
grade, and the drilling rate shows an increase and decrease.
1e perforation rate is the most intuitive indicator reflecting
the difficulty of rock drilling in engineering. Generally
speaking, the stronger the rock and soil, the slower the
drilling speed. 1is is consistent with the results of this field
test. In this experiment, it is found that the perforation rate
has an approximately exponential function relationship with
the rock strength classification result and an approximately
linear function relationship with the compressive strength.

It is worth noting that, in the formation where the rock
classification result is IV, the penetration rate has a more
obvious numerical sudden change (jump point). 1e main
reason is that the concrete interlayer appeared in some
drilling holes, which were classified into grade IV rocks
according to the classification standards, which resulted in
different perforation speeds of rocks of the same strength
grade. 1is phenomenon also appears in the scattered plots

Table 12: Drilling parameters of hole 5.

Rock
classification

Compressive strength
(MPa)

Axial pressure
(kN)

Rotation speed
(rad)

Flushing fluid pressure
(MPa)

Drilling rate
(cm·min−1)

Torque
(kN·m)

VI (fill) — — — — — —
V 0.598 2.016 101 0.071 33.1 0.9487
V/IV 15.478 2.614 113 0.092 26.8 1.0346
IV (concrete) — — — — — —
IV 33.145 3.186 91 0.179 13.9 1.3485
IV/III 53.487 4.135 213 0.317 15.8 1.5036
III 66.142 3.549 271 0.327 11.1 1.3948
III/II 87.457 3.918 243 0.297 9.3 1.4362
II 102.435 5.487 304 0.384 5.1 1.8956
II/I (vein) 109.469 4.156 269 0.415 2.9 1.6012
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of other parameters. For example, in the flushing pressure of
grades IV/III rock (compressive strength about 50–60MPa),
the scattered diagram of perforation rate, and compressive
strength of fill (compressive strength about 0.06MPa), a
similar “jump point” also appears. 1is will bring certain
difficulties to the classification of rock grades, which should
be paid attention to in future research.

According to the previous analysis, it is feasible to realize
the identification of different weathered granite formations
through drilling parameters in this test. Perform statistical
analysis on 5 drilling data parameters and get the regression
relationship between rock classification, compressive

strength index, and different drilling parameters. 1e spe-
cific regression equation is shown in Table 13.

In the table, RMC represents the result of rock classi-
fication. 1e values 1–6 in this formula correspond to I-VI,
respectively; σc represents the uniaxial compressive strength.

1e coefficient of determination R2 is a relative indicator
of the goodness of fit between the regression line and the
sample observations, reflecting the proportion of the de-
pendent variable that can be explained by the independent
variable, 0<R2< 1. Generally, when the coefficient of de-
termination is closer to 1, the majority of the uncertainty of
the dependent variable can be explained by the regression
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Figure 9: 1e relationship between uniaxial compressive strength and rock classification.
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Figure 10: Relationship between rock classification, compressive strength, and axial pressure.
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equation. 1e goodness of the regression equation is better.
Otherwise, the effect is not good and should be modified. It
can be seen from the above fitting relationship that the
degree of correlation between the five drilling parameters
and the rock grade in descending order is the drilling rate
(vp), axial pressure (Fe), torque (Md), rotation speed (rv),
and flushing pressure (Fw). Among them, the perforation
rate has the highest correlation with the rock classification
and compressive strength (greater than 0.8), the axial

pressure, torque, and rotation speed which have a close
correlation (about 0.7), and the flushing fluid pressure has a
low correlation (about 0.6).

It is worth noting that, from Figures 10 to 14, some
parameters have reached a fairly high accuracy in the pre-
diction of a certain borehole. For example, the correlation
coefficient R2 of torque and compressive strength in bore-
hole 2 is 0.94, which can fully meet the rock mass classifi-
cation standard in engineering investigation. However,
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Figure 11: Relationship between rock classification, compressive strength, and bit rotation speed.
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Figure 12: Relationship between rock classification, compressive strength, and flushing fluid pressure.
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Figure 13: Relationship between rock classification, compressive strength, and drilling rate.
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Figure 14: Relationship between rock classification, compressive strength, and torque.

Table 13: Rock classification and strength prediction model based on drilling parameters.

Drilling parameters
Rock classification Compressive strength (MPa)

Formula R2 Formula R2

Axial pressure RMC � 5.90834 − 0.75419Fe 0.75 σc � −26.83255 + 24.25226 0.74
Rotation speed RMC � 5.78303 − 0.01242rv 0.69 σc � 0.39781rv − 19.32303 0.71
Flushing fluid pressure RMC � 5.68366 − 8.70658Fw 0.53 σc � 0.12256 − 0.00255Fw 0.59
Drilling rate RMC � 1.00694v0.45044

p 0.87 σc � 102.34787 − 2.87877vp 0.83
Torque RMC � 1.57232 − 3.78795 × 0.10763Ed 0.74 σc � −35.4704 + 72.15778Md 0.72
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when comprehensively analyzing the data of five boreholes,
it is found that the correlation coefficients of torque and rock
strength classification and compressive strength are only
0.74 and 0.71, respectively. 1is shows that the geological
environment of different boreholes is quite different and
reflects the complexity of the underground environment.
1e factors that affect drilling rig parameters are not only the
shear strength of the rock and soil, but also the modulus of
elasticity, Poisson’s ratio, and coefficient of friction. For the
same drilling, the habits of different operators will also affect
the drilling rig parameters. 1erefore, a prediction model
that only considers a drilling parameter will have a large
discrete problem, and it is difficult to reflect the real situation
of the formation. To solve this problem, the method of
calculating multiple parameters together will be used to
provide analyzsis from the perspective of drilling specific
energy.

7. Rock Classification and Strength Prediction
Based on Drilling Specific Energy

1e chipping specific energy was first proposed by Teale [41],
and its meaning is the energy required to break a unit
volume of rock, which is usually measured by the chipping
method in the laboratory. Crushing specific energy can be
used to classify rock drillability, and some scholars have also
extended this method to the prediction of rock strength and
the prediction of special underground structures
[11, 33, 45–48]. 1eoretically, the drilling speed, axial
pressure, torque, and other drilling parameters of the same
type of drill and bit should be a constant [24]. 1e energy
equation established by this method can be well verified in
the laboratory under the ideal state. However, compared
with the laboratory, due to more complex and changeable
geological environment, it is difficult to keep the force and
power exerted by the drilling rig on the rock mass constant
during the drilling process, which will also lead to the
jumping phenomenon of drilling parameters. Some scholars
changed their thinking and directly used the method of
drilling rig output power for calculation, that is, calculating
according to the work done by the drilling rig hydraulic
motor and hydraulic pressure, and achieved certain results
[48]. However, the output power of the drilling rig includes
not only the energy used for rock crushing but also the
energy consumed by the displacement and friction of the
drilling rig itself. As the drilling depth increases, the pro-
portion of this energy in the output energy of the drilling rig
will gradually increase. 1is part of the content changes
ideas, adopts the principle of energy conservation and
transformation, and regards the drilling rig system as a mass
point system, avoiding the limitations of the above problems
and exploring the law of energy distribution of the drilling
rig during the drilling process and the relationship with the
formation information.

1ere are two common forms of drilling damage, one is
percussion drilling, and the other is rotary drilling. 1e
mechanism of percussion drilling is that the hammer carries
the drill bit down from a certain height and uses kinetic
energy to break the rock mass. For rotary drilling, the energy

of rock breaking mainly comes from the effective axial
pressure exerted by the drill bit on the rock mass and the
torque generated by the rotation of the drill bit. Effective
axial pressure can ensure that the drill bit is always in contact
with the rock mass and can press the bit into a certain depth
of rock mass. At the same time, the low shear strength of the
rock mass is used to make the rock mass cut under the action
of torque to achieve rock breaking.1ese two parts of energy
are used for not only rock crushing, but also frictional heat
generation, crushing, and sound generation during drilling.
Regarding the drilling system as a mass point system,
according to the principle of conservation of energy, the
power system of the drilling rig has the following energy
conversion relationship [54]:

Pe � Pk + Pd + Pf, (1)

where Pe is the total energy output by the power system of
the drilling rig; Pk is the kinetic energy generated by the
rotary motion of the drill pipe and the drill bit; Pd is the work
done by the drill pipe and the drill bit to overcome the
gravity displacement and press into the rock; Pf is the
internal friction during the rotation or energy output of the
drill or the energy consumed by vibration.

Obviously, the energy used for drilling rock fragmen-
tation mainly comes from the kinetic energy Pk generated by
the rotation of the drilling tool, and the work Pd done by the
effective shaft pressure; Pf does not directly affect the
process of rock breaking, so the total energy Pw consumed in
the drilling process is

Pw � Pk + Pd. (2)

1e kinetic energy Pk generated by the rotary motion of
the drilling tool and the work Pd done to overcome the
gravity is related to the quality of the drilling tool. As the
drilling depth increases, its size will also increase; then,

Pk �
1
2

 m V
2
1 �

1
2

 m  π Drv( 
2
, (3)

Pd � Ft +  mg − Fa S sin α � Fevp sin α, (4)

where  m is the sum of the quality of the drilling system,
which is related to the depth of the hole; V1 is the instan-
taneous linear velocity of the drilling system; D is the gy-
ration radius of the drilling system; rv is the rotation speed of
the drill bit; Fe is the effective axis on the drill pipe pressure,
and Fa are the forces of the pressurizing system and the
pressure regulating system of the drilling tool system; S is the
displacement of the drill bit per unit time; vp is the per-
foration rate; α is the angle between the central axis of the
drill pipe system and the horizontal plane. 1e range is 0°≤
α ≤ 90°; when it is vertical drilling, take α � 90°.

1e main form of Pk broken rock in the above analysis is
the rock friction effect between the drill bit and the bottom of
the borehole and the hole wall, which generates heat while
achieving the purpose of rock crushing. In unit time, the
energy Pf,d consumed by the friction between the drill bit
and the hole bottom and the energy Pf,c consumed by the
lateral friction with the hole wall are
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Pf,d �
1
4


θ

0
rvτfDbdθ �

1
4
rvμbπDbFe, (5)

Pf,c � πDbμcKcFerv, (6)

where τf is the friction stress at the bottom of the hole; μb is
the coefficient of friction between the drill bit and the rock at
the bottom of the hole; Db is the outer diameter of the drill
bit. When drilling with a coring bit, take the average of the
inner and outer diameters; when drilling with a destructive
bit, take half of the outer diameter of the bit; μc is the friction
coefficient between the drill tool and the hole wall rock; Kc is
the lateral pressure coefficient, which is related to Poisson’s
ratio of the rock.

It is not difficult to find that the total energy in (5) and (6)
is the energy mainly used to break the rock during the
rotation of the drill bit. However, there are some parameters
that are difficult to measure and will change with the
characteristics of rock, such as the friction coefficient at the
bottom of hole, the friction coefficient at the wall of hole, and
the Poisson’s ratio. 1erefore, it is necessary to convert this
energy into a calculable value. In this test, a torque-based
energy calculation method can be used for conversion. 1e
torque work Pm per unit time is

Pm � 2πMdrv, (7)

where Md is the torque during drilling; rv is the speed during
drilling.

Torque work and axial force work are used for rock
breaking, and part of the energy is used for the hoop and
axial friction between drill pipes (including drill pipes and
connecting rods) and drilling fluid.1e energy consumption
of hoop friction between the drill pipe and drilling fluid per
unit time Ph and axial friction energy consumption Pa is,
respectively,

Ph � μhNhπDrrv, (8)

Pa � μaNaπvp, (9)

where μh is the friction factor between the drill pipe and the
drilling fluid when the drill pipe is rotating; μa is the friction
factor between the drill pipe and the drilling fluid when the
drill pipe moves in the axial direction; Nh is the viscosity
between the drill pipe and the drilling fluid when the drill
pipe moves in the circumferential direction. Stagnation
force: Na is the viscous force between the drill pipe and the
drilling fluid when the drill pipe moves axially, and
Nh � Na; Dr is the drill pipe’s outer diameter.

It can be seen from the above analysis that these two
parts of energy are not used for rock breaking but are
mainly used to overcome the resistance of the drilling fluid
and convert it into kinetic energy and heat energy of the
drilling fluid. 1e measurement of energy conversion be-
tween the drill pipe and drilling fluid is very complicated
and cannot be accurately obtained through theoretical or
experimental analysis. Because the distance between the
drill pipe and the hole wall is small, the liquid particles

between the pores can be considered to move at the same
linear velocity as the drill pipe rotation speed. 1erefore, it
can be considered that the hoop friction energy con-
sumption Ph of the drill pipe is completely transformed
into the kinetic energy Pl of the drilling fluid; then formula
(8) can be transformed into

Ph � Pl �
1
2
m1V
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r  · Db + Dr( 

2
r
2
v,

(10)

where ρ is the density of the drilling fluid; De is the
equivalent diameter of the annular column of the drilling
fluid, taking the position from the midpoint of the distance
between the drill bit and the drill pipe to the center of the
hole.

For drill pipe and hoop direction, in actual drilling
engineering, the drilling speed is very small, so the viscous
force of drilling fluid on the drill pipe is also very small, so
the energy in (9) can be ignored.

Based on the principle of energy conservation, the en-
ergy Prf used to drill into the broken rock is

Prf � Pw − Ph − Pa ≈ Pm + Pd − Ph � Pm + Pd − Pl.

(11)

According to the physical meaning of crushing specific
energy, the drilling specific energy Ed required in this test is
defined as

Ed �
Pe

V
. (12)

In this formula, Pe is the energy required for rock
breaking per unit time, which is equivalent to Prf in value; V
is the volume of rock broken per unit time.

Substituting formulas (4), (7), (10), and (11) into formula
(12), then

Ed �
216πMdrv + 108Fevp − ρvpπ

3
D
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b − D

2
r  · Db + Dr( 

2
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2
v

54π D
2
b − D

2
i vp

,

(13)

where Md is the torque; rv is the rotation speed; Fe is the
effective shaft pressure; vp is the drilling rate; Db is the outer
diameter of the drill bit; Di is the inner diameter of the drill
bit; ρ is the drill pipe diameter; H is the drilling fluid density.
1e middle is pure water, 103 kg/m3.

After the above analysis and transformation, the param-
eters required for the calculation of the energy consumed in the
drilling process have all been transformed into fixed parameters
and drilling monitoring parameters. 1e specific energy value
of drilling can be obtained according to the field test results.

According to calculation formula (13) of drilling specific
energy established according to the energy principle, the
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specific energy of the strata with different strength levels in
the 5 boreholes is calculated and the average value is cal-
culated.1e statistical results are shown in Table 14. It can be
seen from the table that, as the rock grade or compressive
strength increases, the specific energy value of drilling also
increases. 1e same law appeared in the 5 boreholes, which
also shows the rationality of the formula. Corresponding
with the results of rock grade and uniaxial compressive
strength with the calculated specific energy value of drilling,
respectively, we draw a scattered diagram as shown in
Figure 15. It can be seen from Figure 15 that the drilling
specific energy has an exponential function relationship with
the rock grade and uniaxial compressive strength and the
scattered diagram in the figure shows that the dispersion is
small and the prediction accuracy is better.

At the same time, it can be seen from Figure 15 that the
drilling specific energy values of different grades of rocks
have obvious segmentation rules, which can be divided into
four segments in total: when the rock grade is from VI to V/
IV, the drilling specific energy ranges from 0.0214 to
0.1215 kN·m·cm−3, with an average value of
0.0626 kN·m·cm−3. When the rock grade is IV to III, the
drilling specific energy ranges from 0.2212 to
0.4009 kN·m·cm−3, with an average value of
0.2952 kN·m·cm−3. When the rock grade is III/II, the drilling
specific energy ranges from 0.6145 to 0.7032 kN·m·cm−3,
with an average value of 0.6592 kN·m·cm−3. When the rock
grade is from II to II/I, the drilling specific energy ranges
from 1.1256 to 1.4896 kN·m·cm−3, and the average value is
1.2915 kN·m·cm−3. It is worth noting that the above data is
the result of averaging the formations. However, due to
factors such as rig operator habits and formation crossing,
there will be a certain overlap area in the drilling specific
work values of different formations. According to the rock
classification of the formation and the calculation result of
drilling specific work, the classification result of the granite
strata structure is shown in Table 15.

In the prediction of drilling specific energy and rock
grade, the highest prediction accuracy of a single borehole is
borehole 4, its prediction accuracy is R2 � 0.97, the lowest is
borehole 3, its prediction accuracy is R2 � 0.88, and its
comprehensive prediction accuracy is R2 � 0.93. In the
prediction of drilling specific energy and rock compressive
strength, borehole 2 has the highest prediction accuracy,
which has reached R2 � 0.99, and borehole 3 has the lowest
prediction accuracy, with prediction accuracy of R2 � 0.84
and comprehensive prediction accuracy of R2 � 0.92.
Nonlinear regression will be carried out based on the cal-
culation results of specific drilling work and the results of
field measured rock grade and compressive strength. 1e
prediction formula is shown in Table 16.

From the calculation results in Table 16, it can be seen
that the rock classification and compressive strength pre-
diction model based on drilling specific work has high
accuracy and its R2 value is greater than 0.9, which can be
used as a quick and effective method for identification of
stratum structure in geotechnical engineering investiga-
tion. 1rough comparison with a single parameter, the
rock-soil strength prediction model based on drilling

specific work combines multiple parameters for analysis,
improving the prediction accuracy, and the result is more
reasonable, which is more suitable for practical engineering
applications.

8. Discussion

Due to the complexity and variability of underground
structures, no matter which method is adopted, it is difficult
to describe the composition of the stratum structure per-
fectly. In previous research, many scholars used simulated
drilling in the laboratory, but, due to the existence of
natural geological environmental factors such as ground
stress, pore water pressure, and temperature, the results
obtained in the laboratory are compared with the field
engineering where there will be large errors. 1e current
research based on the engineering site mostly focuses on
the qualitative description of the stratum structure, such as
the positioning of underground chambers and weak layers.
Judging from the results of parameter monitoring in the
whole process of drilling in this article, different parameters
have different recognition degrees of stratigraphic struc-
ture. For example, the value of axial pressure increases
obviously at the concrete interlayer and dike interlayer,
which indicates that the axial pressure is more sensitive to
the rock with higher hardness, but the variation law is not
obvious for the strata with grade IV to III/II. 1e flushing
fluid pressure is more sensitive to the changes in the
stratum structure from grade VI to grades IV/III. For the
strata with grades III/II or higher strength grade, the
regularity of its numerical value is not obvious. Rotation
speed has a better recognition effect on formations with
lower or higher strength grades and poor recognition effect
on rock masses with grade V to III/II. 1ere are many
reasons for these uncertainties and differences, and it is
difficult to eliminate them by simple technical means.
1erefore, it is necessary to consider the combined effect of
multiple factors when using drilling parameters to identify
the formation structure.

From the analysis of this article, the accuracy of the
recognition of the formation structure and strength based
on the drilling specific energy is higher than that of a single
drilling parameter.1is is because more drilling parameters
are considered in the calculation formula of drilling specific
energy. When a certain parameter has an error within a
certain range, other parameters can be appropriately cor-
rected. On the other hand, because the drilling rig pa-
rameters are easily affected by the operating habits of
different drilling rig operators, from the energy point of
view, the errors caused by the different operating methods
of the drilling rig operators can be reduced. At the same
time, it is worth noting that the specific energy value of
drilling in the method based on energy analysis is obtained
by taking the average value according to the calculation
results of different strength formations. Although the
drilling specific energy has the obvious numerical dis-
tinction in different weathered formations, its variation
range is large. 1e upper and lower bounds of the drilling
specific energy of adjacent strength grades of rock mass will
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have overlapping areas. However, such phenomena are
rarely seen in the results of tests in the laboratory. 1is is
because natural rock masses, especially those with varying
degrees of weathering, contain heterogeneous structures
such as various natural cracks, joints, and weak interlayers,

which will cause the specific energy of the drilling rig to
jump. However, for the rock mass of the mechanical test,
there are fewer structural planes and the integrity of the
rock mass is better, so the range of the numerical statistical
results is relatively small. 1erefore, in actual engineering,

Table 14: Rock classification and compressive strength statistics based on drilling specific energy.

Rock classification Compressive strength (MPa)
Drilling specific energy (kN·m·cm−3)

Drill hole 1 Drill hole 2 Drill hole 3 Drill hole 4 Drill hole 5
VI (fill) 0.06 — 0.0214 — — —
V 0.7 0.0365 0.0297 0.0208 0.0245 0.0285
V/IV 12.92 0.1056 0.0942 0.1215 0.1105 0.0956
IV (concrete) 28.44 — 0.2798/ — — —
IV 35.85 0.2212 0.2564 0.2487 0.2858 0.2452
IV/III 52.76 0.2469 0.3124 0.3345 0.2726 0.2744
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Figure 15: 1e relationship between rock classification, compressive strength, and drilling specific energy.

Table 15: Statistics of rock structure types based on drilling specific energy.

Rock classification VI-V/IV IV-III III/II II-II/I
Rock structure Soil and soft rock Fragmented hard rock Medium hard rock Hard rock
Average drilling specific energy (kN·m·cm−3) 0.0626 0.2952 0.6592 1.2915
Range of drilling specific energy (kN·m·cm−3) 0.0116–0.5785 0.0685–0.7496 0.2598–1.1268 0.7635–2.6951

Table 16: Rock strength prediction model based on drilling specific energy.

Parameter
Rock classification Compressive strength/MPa

Formula R 2 Formula R 2

Drilling specific energy RMC � 3.4323E−1.8859
d 0.93 σc � 94.97757E0.60556

d 0.92
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when recognizing formation results by drilling specific
energy methods, a more reasonable data processing method
should be selected to make the calculation results more
recognizable.

9. Conclusions

(1) A rotary drilling rig was used to conduct field drilling
experiments on the weathered granite site, and the
drilling process was monitored in real time through
the geological identification while drilling system
(GIWD), and five main drilling parameters of the
drilling process were obtained. By setting the
threshold value of each drilling subprocess, com-
bined with the computer coding identification
method, compared with the traditional drilling
monitoring system, the identification system can
more effectively remove invalid data and extract the
true drilling parameters.

(2) 1rough the analysis of axial pressure, rotation
speed, flushing fluid pressure, drilling rate, and
torque during the drilling process, the geological
structure composition of the typical granite forma-
tion was predicted. By comparing with the field
survey results, the formation structure prediction
based on drilling parameters is feasible, and there is a
certain response relationship between different pa-
rameters, and the rock strength prediction formula
based on drilling parameters is given. According to
the accuracy of the prediction results from high to
low, the ranking is in order of drilling rate, axial
pressure, torque, rotation speed, and flushing fluid
pressure.

(3) 1rough the calculation formula of drilling specific
energy established based on the principle of energy
conservation, the energy consumption of forma-
tions with different strengths during the drilling
process is calculated, and the prediction formula of
rock and soil strength is based on the drilling
specific energy method given. 1e analysis results
show that, compared with the single drilling pa-
rameter identification method of the formation
structure, the prediction accuracy of the formation
structure and strength prediction method based on
the drilling specific energy is higher, which can
meet the needs of practical engineering applica-
tions. From the analysis of the text, we can see that,
for the formation of the same strength level, the
drilling specific energy has a larger range of var-
iation. 1is will lead to adjacent formations with
different strengths, and there will be overlapping
areas of drilling specific energy. 1erefore, how to
narrow the range of drilling specific energy in the
same formation and further improve the predic-
tion accuracy will be a key research topic in the
future.
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