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)e geological condition is essential for mining design and disaster control in underground coal mines. )e present research
focuses on the real-time assessment method on rock mass condition during drilling boreholes. In situ comprehensive experiments
were carried out using three methods, which are measurement while drilling (MWD) system, vibration measurement while
drilling (VMWD) system, and borehole camera detecting system. In the MWD system, the operating parameters of the drilling
machine were recorded, and a dimensionless index Id based on the collected parameters was adopted to assess the geological
condition along the borehole.)e results show that the state of rockmass can be well classified using theMWD system for both the
cross-layer and in-seam boreholes. In the VMWD system, the vibration of the drilling bit was monitored, and the signal was
analyzed in both time domain and frequency domain. )e results indicate that the rock mass condition can be quantitatively
evaluated using the mean square value of the signal and qualitatively estimated using the energy of the spectrum. In the borehole
camera system, the photos of the rock mass along the borehole could be well captured, and the identified rock mass condition was
used to verify the results of the MWD and VMWD systems. Comprehensive compassion between the results from the three
systems shows that all the methods can give valuable information for the geological condition, and the outcomes of the different
methods are generally comparable. For practical purposes, the advantages of the involved three detecting systems are discussed.

1. Introduction

)e information of rock mass conditions is very important
for rock engineering.)ere are a lot of methods to detect the
rock conditions, such as geological radar [1–3] and electrical
survey system [4]. Data interpretation is the critical and
difficult work for these methods and the results are indirect.
As an alternative, detection via drilling boreholes may give
more reliable results. )erefore, in the underground coal
mines in China, a lot of boreholes are drilled to probe water
and methane distribution [5, 6] and control the failure of
rock layers [7]. During the excavation of roadways in the
coal mines, drilling advanced survey boreholes has been a

compulsive operating procedure to prevent geological
hazards.

)e response of the drilling machine relates closely with
the condition of rockmass; for example, in the hard rock, the
drilling rate will decrease while the vibration of the machine
will increase. )e skilled operators can always judge the
geological conditions based on the operating parameters of
the drilling machine. However, the judgment of the oper-
ators is subjective and may not be reliable. )erefore, it is of
great significance for the underground coal mine safety if the
information such as the state of surrounding rocks can be
interpreted automatically from the drilling process of
boreholes. )at is the objective of the present study.
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Currently, there are two methods to acquire information
during drilling boreholes, which are measurement while
drilling (MWD) system and logging while drilling (LWD)
system. In theMWD system, the operating parameters of the
drifter are recorded, such as drilling rate, rotate pressure,
and push force [8–16]. )en, the condition of the rock mass
and state of the drilling machine can be assessed based on
mechanical principles or data analysis algorithm. A lot of
researchers have studied MWD system by experiments,
numerical simulation, and mechanical models. In the ex-
periments, Capik et al. [17] and Kahraman [18] studied the
variation of drilling rate on different rock specimens in
laboratory tests. Patel [19] and Tan et al. [20] determined the
rock layers based on the monitored parameters of the rig in
situ.)e experimental results showed that the response of rig
has clear relation with the property of rock mass. In the
numerical simulation, some scholars simulated the drilling
process using Finite Element Method [21, 22] or Discrete
Element Method [23]. In the simulation, more complicated
conditions can be considered, such as the initial stress and
properties of the rock mass. In mechanical models, specific
energy is widely used to relate the parameters of rig to the
properties of rock; however, the specific energy is dependent
on the applied push force and may only give relative results
[24–29]. Zhang et al. [30] proposed an index for the rock
drillability based on dimension analysis method and iden-
tified different kinds of rock mass in the in situ tests. Some
researchers [31–34] use intelligent algorithms, such as Ar-
tificial Neural Network, to identify the state of rock mass.

)e LWD system is generally used for petroleum ex-
ploitation. In the system, logging instruments are used for
recording the physical parameters of rock mass, such as
gamma ray, resistivity, and volume density. )e acquired
information was used to evaluate the strata information and
distribution of oil resource [35–38]. However, the LWD
technology is rarely used in underground coal mines. )e
main reason is that the application of the system is time-
consuming and there is not enough room in the un-
derground to implement the testing. Most importantly, the
information provided by the LWD system is seldom used in
mining activities.

To sum up, the MWD system has great potential to be
applied in underground coal mines and provides valuable
information on the geological condition. However, the
current research on the system is not sufficient, and the
application of the system in coal mines is limited. In the
present study, in situ comprehensive experiments are carried
out using a self-designed MWD system in an underground
coal mine, together with vibration measuring and borehole
camera detecting systems. Real-time classifying methods for
rock mass condition are proposed and discussed based on
the different systems. )e results can provide a basis for
obtaining geological conditions quickly and reliably in
underground coal mines.

2. Experimental Equipment

)ree pieces of equipment are used in the present research to
analyze the rock mass geological conditions along the

boreholes, which are measurement while drilling (MWD)
system, vibration measurement while drilling (VMWD)
system, and borehole camera system.

2.1. Structure of a Typical Underground Drilling Machine.
At present, the full hydro drilling machines are widely
used in underground coal mines in China. )e typical
structure of the machine is shown in Figure 1. )e power
of the full hydro drilling machine mainly comes from two
parts. )e first part is the power head composed of a
hydraulic motor and gearbox, which provides the rotary
torque for the drill bit. )e second part is a feed mech-
anism composed of a hydraulic cylinder under the guide
rail, which provides the feed pressure for the drill bit.
)ere is a pump station to provide high-pressure oil for
the hydraulic motor and cylinder. )e operation pro-
cedure of the drilling machine is as follows: (1) connect
water or compressed air pipe to the drill rods, until the
water or gas flows through the rods and comes out of the
borehole; (2) provide high-pressure oil to the hydraulic
motor and cylinder, and the drill bit will rotate and move
toward the bottom of the borehole.

2.2.MWDSystem. )eMWD system (Figure 2) is developed
by the authors, which composed of a recorder, a battery, and
four sensors. As for the application in underground coal
mines, the recorder and battery are explosion proof design.
)e sensors include two pressure sensors for monitoring the
pressure of hydraulic motor and cylinders, one hall element
for recording the rotation rate of the drilling rods and one
displacement sensor for logging the drilling rate. )e main
parameters of the MWD system are listed in Table 1.

2.3. VMWD System. )e VMWD system is composed of a
handheld computer and measuring component. )e two
parts connect through Wi-Fi. )e parameters of the mea-
suring component are configured by the handheld com-
puter. )e measuring component operates in the borehole
and should be installed just behind the drilling bit. )e
measuring component has two parts: sensors and specific
rods. )e sensors include a three-component acceleration
sensor for recording the vibration along and perpendicular
to the drilling rod, and a gradient meter for capturing the
borehole trajectory. )e sensors are packaged with battery
and memory and then installed inside the specific rods,
which are made of nonmagnetic materials to make the
sensors working properly. )e specific rods connect to the
drilling bit at one end and to the general drilling rod at the
other end. )e layout of the VMWD system is shown in
Figure 3.

During drilling the borehole, the sensors work un-
interruptedly. After the borehole is finished, the specific rods
are retreated and the data of the sensors are transferred to
the handheld computer through Wi-Fi.

)e main parameters of the VMWD system are listed in
Table 2.
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2.4. Borehole Camera System. )e borehole camera system
(Figure 4) is used to take photos of the surrounding rock of
the borehole. It gives visual information for assessing the
geological conditions, especially the integrity of rock mass
and distribution of faults. )e image resolution is 0.1mm.
)e implementing process of the camera system is as follows.
(1) After the borehole is finished, withdraw the drilling rods
from the borehole. (2) Push the camera into the borehole
using slender rods, during which the displacement of the

Pump station

Operation platform

Hydraulic motor Drilling bit

Hydraulic cylinder
(hide)

Figure 1: Full hydro drilling machine.

(a) (b)

(c) (d)

Figure 2: )e MWD system: (a) recorder; (b) displacement sensor; (c) hall sensor; (d) pressure sensor.

Table 1: Main parameters of the MWD system.

Item Value
Maximum channel number 5
Minimum sampling period 0.5 s
Overall power consumption 7.5watt
Data transfer mode USB or Wi-Fi
Battery life per recharging cycle 8 hours

Handheld computer 

Connecting rod Connecting rod

Nonmagnetic rod

Built-in measuring component

Figure 3: Layout of the VMWD system.
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camera and video are recorded. (3) Images at different depth
of the borehole are extracted from the video.

3. Analysis on Experiments of MWD System

3.1. Test Site and Scenario. )e comprehensive experiments
are carried out in Yangliu underground coal mine, which is
located in Huaibei City, Anhui Province, China. )e mine
exploits gas and coking coal. )e coal mine is a gas outburst
mine and also has a water disaster threat. )erefore, a lot of
boreholes are drilled in the roadways and around the
working faces for extracting methane gas and detecting
water distribution.

1075 working faces were selected as the test site. )e
average thickness of the coal seam is 5.74m. )e roof and
floor of the coal seam are composed of sandstone, siltstone,
and mudstone. Two kinds of boreholes are tested, which are
cross-layer boreholes and in-seam boreholes (Figure 5). Both
kinds of boreholes are used to extract methane gas. )e
cross-layer boreholes are drilled from the roadway in the
floor of the coal seam to the roof of the coal seam.)erefore,
the cross-layer boreholes will go through different kinds of
rock and coal. )e in-seam boreholes are drilled in the gate
roadway, and the surrounding rock of the boreholes is only
coal.

All the boreholes are drilled using the drilling machines
with a model number of ZDY3200s. )e PDC bits (Figure 6)
with a diameter of 73mm are used. )e drilling process of
over 130 boreholes is monitored. Due to the limited space,
the results of four boreholes are analyzed in the following.
)e information of the boreholes is listed in Table 3.

3.2. Typical Testing Results of MWD. Four parameters of the
full hydro underground drilling machine were monitored,
i.e., rotation pressure (import oil pressure of the rotary

motor), feed pressure (import oil pressure of the feed hy-
draulic cylinder), rotation rate of the rods, and drilling
depth. )e drilling rate can be calculated using the recorded
drilling depth. )e layout of the sensors of the MWD system
is shown in Figure 7.

A typical monitoring result is shown in Figure 8. In each
drilling cycle, the drilling depth is 2m. As the maximum
stock of the oil cylinder is 0.6m, there are at least four push
and return actions in each drilling cycle. In Figure 8, the
displacement of the feed hydraulic cylinder decreases during
the drilling action.

During the drilling, the operator can adjust the rotation
and feed pressure according to the geological condition.
When the rock is hard, the rotation and feed pressure will be
increased to speed up the drilling rate. However, the pressure
should not be increased too high, as the drilling rods may
deform and fail. In the present tests, to make it simple, both
pressures were not adjusted during the drilling progress.)e
pressure varies spontaneously as the geological condition
changes (Figure 8). At the same time, new drilling bits are
used for each borehole. )erefore, the effect of wear of the
drilling bit is not involved in the present study.

In order to investigate the sensibility of the monitored
parameters, drilling parameters of the two in-seam bore-
holes (No. 21 and No. 22 in Table 3) are first analyzed. )e
drilling sites of the two boreholes are approximately 50m
apart. )e drilling machine for borehole No. 22 has a longer
service life and lower power than that for borehole No. 21.

Figure 9 shows the parameters of the two boreholes
starting from the depth of 21m for a duration of 50 s. It can
be seen that as the drilling machine has higher power, the
rotation and feed pressure are higher in borehole No. 21, as
well as the drilling rate. )erefore, it is not suitable to de-
termine the geological condition only based on the values of
pressure parameters or drilling rate, when the drilling
machines are different.

)emonitored parameters of the borehole No. 22 during
the entire process are shown in Figure 10. Without any
manual intervention, the rotation and feed pressure, as well
as the drilling rate, vary greatly as the coal and methane gas
condition changes. )e variation of the parameters seems to
be quite complicated. )en, even for the same drilling
machine, it is also difficult to determine the state of rock
mass using a single parameter.

3.3. Assessment on Geological Condition of Rock Mass via
MWD. Generally speaking, the most reliable method for
geological exploration is drilling core. However, the method
is quite time-consuming and seldom carried out in the
underground coal mines. As an alternative, Zhang et al. [30]
proposed a method to determine the state of rock mass by
using the operating parameters of the drilling machine.
Using the method, the geological condition can be assessed
in real time, and the amount of the information is abundant
as the distribution of the boreholes almost covers the entire
range of the mining space. In the method, the authors
proposed the rock drillability index Id based on dimensional
analysis theory as follows:

Table 2: Main parameters of the VMWD system.

Item Value
Maximum range of acceleration sensor ±16 g
Resolution of acceleration sensor 3.9mg
Sampling frequency 3200Hz
Battery life per recharging cycle 72 hours

Control system

Camera

Figure 4: Borehole camera system.
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Id � cπα
1π

β
2 , (1)

where c, α, and β are parameters which should be de-
termined by fitting experimental results. Following Zhang
et al. [30] research, the values of c, α, and β are 1, 1, and 0.4,
respectively. π1 and π2 are two dimensionless parameters
defined as follows:

π1 �
DFP

M
,

π2 �
v

Dω
,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(2)

where D is the diameter of the drilling bit, FP is the feeding
pressure, M is the torque on the drilling bit, which can be

Rock layer

Rock layer

Cross-layer
borehole

Gas drainage
roadway

Coal seam

Return airway

(a)

Rock layer
In-seam borehole

Rock layer

Return airwayCoal seam

(b)

Figure 5: Layout of the boreholes: (a) cross-layer boreholes; (b) in-seam borehole.

(a) (b)

Figure 6: PDC bit.

Table 3: Borehole information.

Borehole ID Orientation (°) Dip angle (°) Borehole type Borehole depth (m)
No. 11 49 17 Cross-layer 33
No. 12 58 19 Cross-layer 41
No. 21 139 7 In-seam 24
No. 22 225 5 In-seam 56
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Hall element

Feed pressure
sensor

Displacement sensor

Rotation pressure
sensor

Figure 7: Installation of the sensors in MWD system.
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Figure 9: Continued.
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Figure 9: Variation of parameters of different boreholes in 50 seconds at the depth of 21m.
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Figure 10: Monitored curves in No. 22 borehole.
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calculated based on the rotation pressure, v is the drilling
rate, and ω is the angular rate of the bit.

)e torque of the drilling bit M can be determined as
follows. Because of the resistance of hydraulic motor and the
friction from the wall of borehole, etc., there is resistance
torque when the rods are rotating without cutting the rock. If
the resistance torque is denoted by Mr, then we get

M � M0 − Mr, (3)

whereM0 is the output torque of the hydraulic motor, which
has a proportional relation with the import pressure of the
hydraulic motor P1. )at is,

M0 � kP1, (4)

where k is a constant and for the hydraulic motor used here
is 60, when the unit of M0 is N·m and P1 is MPa.

)en, the resistance torqueMr may be determined by the
import pressure of the hydraulic motor P0, which is
monitored when the bit rotates but without cutting the rock.
)e equation is as follows:

Mr � kP0. (5)

From the equations (3)–(5), the torque of the drilling bit
M can be determined:

M � k P1 − P0( . (6)

)e advantage of equation (2) is that it comprehensively
considers all the operating parameters of the drilling ma-
chine and may be independent of the machine and geo-
logical condition. We applied the method to analyze all of
the tested boreholes. Due to the limited space, only the
results of boreholes Nos. 11, 12, and 22 (Table 3) are il-
lustrated here. )e monitored parameters and the index Id
are shown in Figure 11. From the figures, we can see that as
the rotation pressure and feed pressure were not adjusted, if
the rock is hard, both pressures increased automatically,
while the drilling rate decreased. In Figure 11, the higher
value of index Id represents weaker rock mass or coal.

For the cross-layer borehole No. 11, judged from the
rock fragment during drilling, the borehole gets into the coal
seam at the depth of approximately 26m and gets out of the
coal seam at the depth of 32.5m. As shown in Figure 11(a),
before the borehole gets into the coal seam, the value of
index Id increases gradually, which shows that the rock mass
around the coal seam floor is weaker. When the borehole is
within the coal seam, the value of the index Id increases to
over 3. )ereafter, the index Id decreases to approximately
2.5 when the borehole is in the coal seam roof.

For the cross-layer borehole No. 12, the borehole gets
into the coal seam at the depth of approximately 28m. As
shown in Figure 11(b), before the borehole enters the coal
seam, the index Id varies slightly, which shows relatively
homogeneous rock mass along the borehole in the floor.
However, at the depth between 20 and 24m, the rock mass is
quite weak and the Id values are comparable to those of coal.

For the in-seam borehole No. 22 (Figure 11(c)), the
monitored pressure is lower than those in the cross-layer
boreholes and the Id values are all over 3. Compared to those

of the cross-layer boreholes, the variation of index Id is less.
It should be noted that at the depth between 10 and 20m, the
Id values are obviously high. It indicates that the coal in this
area may be loose, and the sealing depth should be larger
than 20m in this borehole.)is is consistent with the finding
of other researches. By comparing the Id values with the field
record, such as rock fragment and images from the camera
system, the surrounding rocks of the tested drilling site can
be roughly divided into four categories:

2.0> Id, I,

2.5> Id ≥ 2.0, II,

3.0> Id ≥ 2.5, III,

Id ≥ 3.0, IV,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(7)

where Class I is for hard rock such as sandstone, Class II is
for the rock with strength between sandstone and mudstone,
Class III is generally mudstone, and Class IV is for coal or
low strength rock mass.

4. Analysis on Experiments of VMWD

)e VMWD system was installed right behind the drilling
bit, as shown in Figure 12. )e signals collected by the
VMWD system can reflect the working state of the drilling
bit. To our knowledge, very few works have been done on the
real-time vibration of the drilling bits, especially in un-
derground coal mines. )e recorded signals are analyzed in
both time domain and frequency domain to study the
correlation between the vibration of the bit and geological
condition.

4.1. Typical Testing Results of VMWD. )e typical recorded
vibration signals are shown in Figure 13. In the figure, the
directions x and z are in the plane perpendicular to the axes
of the drilling rods, and the direction y is the axes of the
drilling rods. )e purpose of this paper is to study the rock
breaking process without considering the friction between
drilling rods and the borehole. )erefore, only the signal in
the y direction (Figure 13(b)) is analyzed in the following
content.

As shown in Figure 13(b), the original vibration signal
can be divided into three distinct segments. )e first one is
the preparation period, i.e., assembling and installation of
VMWD. )e second one is the drilling period, and the last
one is the period of withdrawing drill rods after the com-
pletion of the borehole. In the drilling period (segment II),
the signal is composed of many groups separated by time
intervals. Each signal group represents a drilling cycle as
shown in Figure 8 for theMWD system. An algorithmwith a
threshold can be used to eliminate the time intervals.

4.2. Assessment on Geological Condition of Rock
Mass via VMWD

4.2.1. Time-Domain Signal Analysis. As the sampling fre-
quency is high in the VMWD system, the amount of the
recorded date is huge. )e root mean square (RMS) method
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Figure 12: Field installation of the VMWD system.
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Figure 11: Curves of index Id of different boreholes: (a) results of cross-layer borehole No. 11; (b) results of cross-layer borehole No. 12;
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is adopted here to analyze the vibration signal in the time
domain. )e mean square value of the signal represents its
strength and energy. )e average energy of a continuous
signal is also called the average power, with a discrete ex-
pression on a given time interval as follows:

ψ2
x �

1
T


T

0
x
2
(t)dt, (8)

where ψx is the root mean square value, t is the time, x(t) is
the vibration signal, and T is the time interval, which is 5
seconds here.

)e distribution of RMS values for the cross-layer
boreholes is shown in Figure 14. )e RMS values present a
trend of gradual decrease along the depth of the borehole.
According to the experience of the operator, the drilling
machine vibrates more intensely while drilling the hard rock.
Compared with the results of the MWD system (Figure 11),
the RMS values also have a strong correlation with the
geological condition. )at is, the harder the rock, the higher
the RMS value. For the borehole No. 12, within the depth
from 20 to 24m, the RMS values are quite low, which may
indicate the existence of broken rock mass. )e result is
consistent with that from the MWD system.

)e distribution of RMS values for the in-seam borehole
No. 22 is shown in Figure 15. )e RMS values vary from 0.7
to 2.0, which are much lower than those in the cross-layer
boreholes. )e reason is that the coal is much weaker than
the rock mass in the floor and roof. In the broken part
inferred from the results of the MWD system, i.e., from 10 to
20m, the RMS has lower values.

By comparing the results of VMWD system with those of
MWD system and the field observation, the condition of
rock mass in the testing site is classified into four categories
based on the RMS values of the vibration signal as follows:

RMS≥ 5.7, I,

5.7>RMS≥ 4.0, II,

4.0>RMS≥ 3.0, III,

3.0>RMS, IV,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(9)

where Class I is for hard rock such as sandstone, Class II is
for the rock with strength between sandstone and mudstone,
Class III is generally mudstone, and Class IV is for coal or
low strength rock mass.

4.2.2. Frequency Domain Signal Analysis. )e short-time
Fourier transform (STFT) is adopted here to conduct fre-
quency domain analysis. In the STFTmethod, not only the
distribution of frequencies but also the amplitude of the
specific frequency can be deduced. )e amplitude of specific
frequency represents the energy occupied by the frequency.
Based on a sliding time window, the time-variant charac-
teristic of the signal can be analyzed. )e equation of the
STFT is as follows:

S(f, t) � 
∞

− ∞
e

− 2πjfτ
f(τ)ω(τ − t)dτ, (10)

where S(f, t) is the time-frequency function after trans-
formation, f(τ) is the amplitude of vibration signal, and
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Figure 13: Typical recorded vibration signal: (a) signal in x-axis; (b) signal in y-axis; (c) signal in z-axis.
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ω(τ − t) is the short-time analysis window, where τ is finite
time.

STFT is carried out on the vibration signals. )e spec-
trum distribution of the cross-layer boreholes is shown in
Figure 16. At different depths, the frequency bands of the
spectrum show different features. In Figure 16(a), in the
range I, where the rock is sandstone with high strength, the
vibration signal has both the most abundant spectrum and
high energy intensity in the whole range of 0–1600Hz, while
in the range IV, where the coal or weak rock is drilled, the
energy mainly distributes in the low-frequency band (within
0–200Hz).

)e spectrum distribution of the in-seam borehole is
shown in Figure 17. It can be seen that the energy con-
centrates in quite narrow frequency bands around 200 and
600Hz. In particular, in the zone marked with dashed line in
Figures 16(b) and 17, there is much less energy distributing
in all the frequency, which indicates that the drilled rock
mass or coal is loose. )e results are consistent with those in
the literature [39, 40].

From the spectrum distribution, it is difficult to give
quantitative evaluation for the geological condition. How-
ever, based on the observation of all the tested signals, a
primary standard for classifying the rock mass is proposed
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Figure 14: Distribution of RMS values for cross-layer boreholes: (a) borehole No. 11; (b) borehole No. 12.
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Figure 16: Spectrum distribution of the cross-layer boreholes: (a) borehole No. 11; (b) borehole No. 12.
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Table 4: Rock mass classification based on the spectrum energy distribution.

Rock mass
classification

Frequency range
0–400Hz 400–800Hz 800–1600Hz

I High energy distributes in the entire
frequency range

High energy distributes in the entire
frequency range

High energy distributes in the entire
frequency range

II Energy is weaker than Class I and
mainly distributes within 250–350Hz

Energy is weaker than Class I and
mainly distributes within 500–700Hz

Energy is weaker than Class I and
mainly distributes within

1100–1300Hz

III Energy is weak and mainly distributes
within 0–200Hz

)ere is no obvious spectrum
distribution

Energy is weak and mainly distributes
within 1200–1600Hz

IV Energy is weak and mainly distributes
within 0–200Hz

)ere is no obvious spectrum
distribution

)ere is no obvious spectrum
distribution

8m

34m 36m 38m 40m

0m 2m 4m 6m

10m12m14m16m

18m 20m 22m 24m

26m28m30m32m

I
II & III
IV

Figure 18: Photos of borehole No. 12 at different depths.
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and listed in Table 4. )e information in Table 4 can be a
supplement for the MWD system or the time-domain
analysis in the VMWD system.

5. Results of Borehole Camera Detecting

5.1. Cross-Layer Borehole. As the borehole camera testing is
time-consuming and difficult to be carried out in deep
boreholes, only portion of the tested boreholes was detected
using the camera system. )e photos of borehole No. 12 at
different depths are shown in Figure 18. )e state of rock

mass can be distinguished based on the photos. For example,
around the depths of 0 to 4m, the rock appears quite intact,
while around the depth of 22m, the rock shows clearly
broken characteristic. However, limited by the resolution of
the photos, it is difficult to classify the state of rock mass into
four categories, as in the MWD and VMWD systems. After
some attempts, the rockmass along the cross-layer boreholes
is classified into three categories, which is intact, less intact,
and broken. For the intact zone, the wall of the borehole is
smooth and with little fracture. For the less intact zone, the
wall of the borehole has thread-shaped texture and some

42m44m46m48m

50m 52m 54m 56m

8m0m 2m 4m 6m

10m12m14m16m

18m 20m 22m 24m

26m28m30m32m

34m 36m 38m 40m

Intact
Broken

Figure 19: Photos of borehole No. 22 at different depths.
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Figure 20: Comparison of the results of MWD and VMWD systems. (a) Cross-layer borehole No. 12. (b) In-seam borehole No. 22.

Table 5: Rock mass classification results of MWD and VMWD systems of cross-layer borehole No. 12.

Rock classification )e Id value divides the result )e RMS value divides the result
I 0∼4.2m 0∼4.1m
II 4.2m∼13.2m 4.1m∼13.3m
III 13.2m∼18.1m 13.3m∼18m
II 18.1m∼20.7m 18m∼20.7m
IV 20.7m∼23.1m 20.7m∼23m
III 23.1m∼36.6m 23m∼36.5m
IV 36.6m∼41m 36.5m∼41m

Table 6: Rock mass classification results of MWD and VMWD systems of in-seam borehole No. 22.

Rock classification )e Id value divides the result )e RMS value divides the result
Intact 0∼10m 0∼10.2m
Broken 10m∼15.4m 10.2m∼15.1m
Intact 15.4m∼17.5m 15.1m∼17.3m
Broken 17.5m∼19.6m 17.3m∼20m
Intact 19.6m∼56m 20m∼56m
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fractures. For the broken rock, there are considerable
fractures. In order to compare the results with those of
MWD and VMWD systems, the intact zone is considered to
be I category, while the less intact zone is considered to be II
and III categories. )e classification results are shown in
Figure 18.

5.2. In-SeamBorehole. Figure 19 shows the borehole camera
detecting results of the in-seam borehole No. 22. It can be
seen that the failure of the surrounding rock is more serious
and the integrity is weaker than that in the cross-layer
boreholes. )is is due to the low hardness of the coal in
Yangliu coal mine. Based on the photos at different depths,
the coal is distinguished into two categories, i.e., intact and
broken. For the intact coal, the wall of the borehole is smooth

with some fractures, while, for the broken coal, there are
many fractures and the deformation of the wall is consid-
erable. )e classification results are shown in Figure 19.

It should be pointed out that when drilling to the depth
of approximately 54m in borehole No. 22, the cinder in the
hole could not be completely discharged as for the large
deformation of the coal. )en, the camera was blocked and
the geological condition of rock mass inside the borehole
could not be properly photographed.

6. Comprehensive Analysis and
Comparison between Different Methods

Comparison between different methods is carried out.
Taking the cross-layer borehole No. 12 and in-seam borehole
No. 22 for an example, we give the curves of the index Id

Borehole camera
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RMS value classification

Id value classification
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Figure 21: Comprehensive analysis and comparison between different methods.
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from the MWD system and the RMS from the VMWD
system in Figure 20 for the cross-layer and in-seam bore-
holes. )e classification criterions are shown in the figure.
Due to the different definitions of the variables, the Id values
increase along the depth of the borehole, while the RMS
values decrease. )e two variables show a remarkable
negative correlation. )erefore, the rock mass classification
results from the two systems (listed in Tables 5 and 6) are
generally consistent.

In Figure 21, the classification of the rock mass along the
cross-layer borehole No. 12 and in-seam borehole No. 22 is
visualized. It can be seen that the results from the four
methods are comparable. In practice, the MWD system is
the most feasible method to be implemented, while the
VMWD system can provide the information on the borehole
trajectory simultaneously. As for the borehole camera sys-
tem, direct information about the rock lithology can be
captured. )erefore, according to the requirement of the
engineering, part or all of the methods involved in the
present study can be adopted to give specific geological
conditions.

7. Conclusions

To determine the geological condition in the underground
coal mines, comprehensive real-time methods are tested in
the present study, which are MWD system, VMWD system,
and borehole camera system. )e drilling process of cross-
layer and in-seam boreholes is monitored. )e main con-
clusions are as follows:

(1) In the MWD system, the operating parameters of the
drilling machine are recorded. Based on the collected
parameters, a rock drillability index Id is used to
classify the rock mass condition. For the monitored
cross-layer boreholes, the states of rock mass and
coal are divided into four categories, while, for the
in-seam borehole, the state of coal is divided into two
types.

(2) In the VMWD system, the vibration of the drilling
bit is monitored. )e signals are analyzed in both
time domain and frequency domain. In the time
domain, a quantitative classification criterion for
rock mass condition is proposed based on the root
mean square value of the signal, while, in the fre-
quency domain, a qualitative estimate on the rock
mass condition is put forward based on the energy of
the spectrum.

(3) Comprehensive compassion between the results from
MWD, VMWD, and borehole camera system is
carried out. )e results show that both the MWD
system and the VMWD system can provide valuable
information for geological conditions, and the out-
comes of different methods are generally comparable.
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