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Abstract

In underground coal mines, the drilling process in roof bolting operation could generate excessive 

amount of respirable coal and quartz dusts. Improper drilling control might also pose safety hazard 

and interrupt production. Therefore, an automated, high-efficiency drilling control system with 

safety features can be beneficial to the bolter personnel. In this research, a comprehensive drilling 

control algorithm has been developed to reduce the generation of respirable dust and to increase 

the drilling energy efficiency based on laboratory drilling test results and safety considerations. 

Specific energy is used to evaluate the energy efficiency. In addition, the ratio between specific 

energy and rock uniaxial compressive strength can be used as a basis for determining the 

rational drilling bite depth—typically a determined high one permissible by the driller power 

and drill steel. The test results show that to achieve and maintain a desired drilling bite depth for 

good drilling performance, a combination of relatively low rotational rate and a rationally high 

penetration is preferred. By monitoring the drilling rate, the system is able to evaluate the bit wear 

condition and improve drilling safety. In this paper, the developed drilling control algorithm for 

achieving a rational drilling bite depth is demonstrated. By adapting this drilling control algorithm, 

the drilling efficiency and bit condition can be monitored in real time, so the system can maintain a 

relatively high energy efficiency, generate less respirable dust, and avoid drilling failure.
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1 Introduction

Roof bolting is the most cost-effective and widely adapted application to improve mine 

safety by preventing roof falls for underground coal mines. However, the drilling process 

involved in the bolting operation can exposure a high concentration of respirable coal and 
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crystalline silica dusts (size < 10 μm) to the operator [1]. The negative health effect of 

coal and quartz particles in the respirable size range can increase dramatically because of 

the elevated chance for such particles to deposit in the alveolar region of lung. Working 

under overexposure environment can cause coal workers’ pneumoconiosis (CWP), silicosis, 

and other chronic lung diseases; some of these illnesses are disabling, irreversible, and 

even fatal [2]. Overexposure of high-level quartz dust for a roof bolter operator can lead 

to development of silicosis in as little as 3 years [3]. Since quartz was commonly found 

from the roof strata, roof bolter drilling process could be the major quartz source for causing 

silicosis for bolter operators.

Investigations on the respirable coal and quartz dust hazards presented during underground 

roof bolting cycle were conducted by researchers [4]. The particle size distributions and 

quartz contents for 26 dust samples collected from different mine sites were analyzed. The 

results indicate a quartz content of more than 50% can be found from the total roof bolting 

dust. For the sub-5 μm fraction, the quartz content can be as much as 20%. These quantified 

results confirmed that roof bolting dust contains more percentage of quartz than other dust 

sources from mining activities.

Several dust control technologies, such as vacuum dust collection system and canopy air 

curtain, have been developed and implemented to address the exposure issue for roof bolter 

operator [5, 6]. However, new cases of CWP and silicosis were continued to be reported with 

a new younger-age trend. These can be caused by improved mining capability or new mining 

practices which elevated the generation of respirable coal and crystalline silica dust.

Based on the knowledge obtained from past research, the characteristics of respirable dust 

generation from drilling are not only rock property specific, but also drilling parameter 

specific [7, 8]. In this study, a drilling control algorithm is proposed, it is expected to 

reduce the generation of respirable dust while enhancing the energy efficiency. In addition, 

the drilling efficiency and bit condition can be evaluated while drilling based on the real-

time feedback parameters. This capability enables the algorithm to ensure the drilling is 

performed under a relatively high energy efficiency with less respirable dust generation, and 

avoid drilling with excessive worn bit that can cause bit clogging or steel buckling failure.

2 Laboratory Drilling Experiments

In order to investigate the relationship between respirable dust generation with drilling 

parameters, including bit condition and rock type, 52 laboratory drilling tests have been 

conducted on a drilling test platform, shown in Fig. 1. This platform is equipped with a 

drilling control system, a data acquisition system, and a dust collection system. The drilling 

control system consists of the drill string and a control unit. This system attains the pre-set 

penetration and rotational rates for each drill hole event, which then automatically operates 

the drill to maintain the pre-set parameters. The data acquisition system obtains and records 

the drill bit position, penetration and rotational rates, drilling torque (T), thrust (W), etc. The 

dust collection system includes a pre-cleaner cyclone intended for rejecting non-airborne 

cutting particles, and a collection box that collects the remanent fine dusts in the air.
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Since bolt-hole drilling in hard rock can produce more fine dust, faster bit wear, and unsafe 

working conditions than drilling in soft rocks, the drilling tests were performed on two 

rock blocks with different strengths. The uniaxial compressive strengths of the concrete and 

nonhomogeneous sandstone blocks are 55.16 and 132.13 MPa, respectively, to represent the 

medium and high strength rocks in the coal mine roof. The Kennametal® tungsten carbide 

spade bits, shown in Fig. 2, of 2.540 cm (1 inch) and 3.493 cm (1–3/8 inch) in diameter 

were used in the tests. For most of the tests, a new bit was used during drilling for each of 

the drill holes. For evaluating the effects of bit wear, a number of worn bits collected from 

the past drilling tests with varying weight losses were used in the tests, and a new bit was 

continuously used during drilling the holes until it was well worn.

The experiments were designed to drill the holes with a full range of bite depth according 

to the rock strengths, bit design, drilling safety, and available drilling power. The drilling 

system can be set at different penetration and rotation rates to achieve the pre-set bite depth 

for each test. The maximum allowable bite depth is limited by the available drilling thrust 

and the maximum allowable thrust on the drill steel to avoid it from bending failure [9–11]. 

In this study, drilling bite depth (b), defined as bit penetration depth per revolution, was 

introduced to describe the roof bolter drilling process. Drilling bite depth can be calculated 

from penetration (v) and rotational rate (w), expressed by Eq. (1).

b = 60v
w (1)

The detailed drilling parameters and conditions for the four groups are listed in Table 1. The 

first two groups were drilled with the larger bits (3.493 cm), while the smaller bits (2.540 

cm) were used for groups 3 and 4. Test groups 1, 2, and 4 were conducted on concrete block, 

and group 3 was drilled on sandstone. It should be noted that for tests in group 1, a new bit 

was used for the first test and it was used continuously until it was substantially worn out 

after test 9. For tests 10, 11, and 12, three worn bits from past tests were used with a weight 

loss of 1.62 g (1%), 25.31 g (12%), and 27.54 g (13%), respectively.

Prior to creating each drill hole, the dust collection system was cleaned. After each drill 

test, dust samples from the stages of the dust collection system were collected and their 

weights were measured and recorded. A specified quantity of dust representing each bulk 

sample is taken by the coning and quartering method so that the size distribution for the 

entire sample could be accurately determined [12, 13]. The main drilling test parameters 

and dust generation results are also listed in Table 1. The implementation rate in the table 

indicates the ratio of the achieved bite depth to the pre-set bite depth. It should be noted that 

an implementation ratio significantly smaller than 100% reflects a poor bit condition or the 

limitation of available drilling power.

The specific energy is used for evaluating the energy efficiency in this study. This parameter 

is widely used in drilling research for the evaluation of the drilling condition and bit 

selection [14, 15]. The drilling specific energy is the amount of energy consumed to break 

a unit volume of rock, expressed in the amount of input energy divided by the rock volume 

drilled [16]. Therefore, according to its definition, specific energy can be used as a drilling 
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energy efficiency indicator, as higher specific energy means more energy was consumed 

during drilling of a unit volume of rock, indicating a lower energy efficiency. The specific 

energy for rotary drilling can be expressed mathematically in terms of drilling bite depth, 

penetration rate, torque, and thrust, as shown in Eq. (2) [17].

ε = 2πT
Ab ⋅ b + W

Ab
(2)

In the equation, Ab is the borehole area in cm2, b is the drilling bite depth in cm/rev, and T 
and W are the torque and thrust in Nm and N, respectively. It should be noted that all these 

parameters were monitored and recorded in real time by the drilling control system.

3 Optimization of the Drilling Parameters

3.1 Rational Drilling Bite Depth Determination

The drilling inhalable and respirable dust weight, specific energy, and noise dose results 

were plotted against achieved bite depth in Fig. 3. It should be noted that only test 

results from 13 to 37 were included in this figure because these were all conducted with 

concrete block. For the noise dose data, these were obtained from a previous research 

project conducted under a same condition [18]. It was shown that specific energy reduced 

significantly while drilling with a larger bite depth, which also indicates a better energy 

efficiency with higher bite depth. Seventy percent reduction was achieved when increasing 

the bite depth from 0.152 to 0.732 cm/rev. The noise dose data show a rapid decrease as bite 

depth increases until bite depth reaches 0.541 cm/rev. After reaching the minimum value, no 

further remarkable decreases were found.

Both inhalable and respirable dust weight results show similar trends as noise dose data. 

Before bite depth reaches 0.551 cm/rev, dust generation decreases as the bite depth gets 

higher. However, after this point, the amount of inhalable dust becomes with further increase 

in bite depth. Meanwhile, the respirable dust shows an uptick after this operation point. 

Overall, the generated inhalable and respirable dust have reduced by 550 g and 200 g, 

respectively, within the tested drilling bite depth range.

This discussion reveals that drilling with a high bite depth has advantage in dust and noise 

control, as well as energy conservation. Since both dust and noise curves reach the turning 

point around a bite depth of 0.55 cm/rev and further reduction in energy efficiency is 

insignificant, the bite depth range of 0.50 to 0.60 cm/rev is recommended based on the 

particular condition for the purpose of dust reduction.

3.2 Drilling Performance Considerations

Drilling in different materials may encounter different operational and safety issues. Drilling 

hard materials normally requires a greater thrust, while an excessive thrust could bend 

the drill steel which can lead to its buckling failure and unsafe working environment. In 

addition, the excessive thrust, along with a high rotational rate, could accelerate the bit 

wear, which in turn prevents the bit from penetrating into the rock material but causing 

considerable rubbing action. When dealing with soft rocks with excessive bite depth, large 
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cuttings can be generated, and these cuttings could clog the drill bit and steel. The clogging 

could slow down the drilling cycle, and even worse, it can create a burst of dust backward 

out of the drilling hole. The dust burst exposes the operator to a high concentration of 

respirable dust and worsens the working environment.

The roof bolter drilling performance was analyzed using the field test data in four Central 

Appalachian coal mines with different roof conditions, as shown in Table 2 [19]. For each 

mine, two sets of drilling control parameters are listed. The upper row is the original 

operating parameter, while the lower row shows the adjusted parameter.

The frequency of clogging in drilling soft rocks in Mines A and C is significantly reduced 

after rationally increasing the bite depth. Drill stalling when drilling hard material in Mine A 

also was eliminated with lifted bite depth, and similar outcomes were shown from Mines C 

and D. Meanwhile, by applying a higher bite depth, bit life was extended significantly from 

the observations.

In addition, based on the soft material drilling performance from Mine A and C, it is found 

that reducing rotation rate is very effective in abating bit clogging problems. To avoid drill 

stalling, a higher penetration rate combined with a lower rotation rate is recommended, 

and performance improvements can be found from the tests in Mine C and D. To explain 

this phenomenon, a higher penetration rate with a lower rotational rate combination can 

achieve a higher cutting efficiency. Even though a higher penetration rate requires higher 

thrust input, the increase in effective thrust acting on rock reduces the thrust load on steel. 

Evidence of more efficient drilling in hard material can be found from the extended bit life 

in Mine D. Therefore, in order to provide a more efficient and safer drilling process, a higher 

torque and thrust combination is recommended to provide a rational high bite depth for the 

specific rock material.

4 Development of a Comprehensive Drilling Control Algorithm

Based on the results from the drilling energy and dust generation analysis, the rational 

drilling bite depth should be in the range from 0.50 to 0.60 cm/rev for the tested concrete 

blocks or rocks with similar strengths. For safe and smooth drilling performance, the rational 

strategy is finding a rational bite depth by reducing the rotation rate first and then increasing 

the penetration rate.

The rational bite depth range is dependent on the rock strength, bit design, and machine 

power. Uniaxial compressive strength (UCS) is a key physical parameter for estimating 

rock mass strength and is useful in determining the penetration rate in drilling performance 

prognosis across the drilling industry [20]. Therefore, it is good to develop a normalized 

specific energy against bite depth graph based on the UCS of the rock to be drilled as 

shown in Fig. 4. In this chart, both the vertical axis (specific energy) and the horizontal axis 

(bite depth) are normalized by UCS. This chart can be referred to when determining the 

rational drilling bite depth, which is the optimum bite depth when the other limitations are 

considered as the strength of rock strata changes.
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In the chart in Fig. 4, the horizontal axis shows the UCS weighted drilling bite depth (b’) 

defined by Eq. (3). It takes into account both the UCS of the tested concrete block and of 

the rock to be drilled. On the vertical axis, the UCS normalized specific energy shows the 

potential for further reduction in drilling specific energy caused by increased bite depth. 

The rational bite depth is determined when the reduction of specific energy is no longer 

significant, while the further increase in bite depth will be limited by drill steel safety, 

available drilling power (stalling), or clogging condition.

b′ = b ⋅ UCSc UCSr (3)

In Eq. (3), b’ is the weighted drilling bite depth (cm/rev), UCSc is the UCS for concrete 

block used in this test (MPa), and UCSr is the UCS for the rock to be drilled (MPa).

The UCS normalized specific energy versus weighted bite depth from our drilling 

experiments shown in Fig. 3 can be well fitted with a negative power function. By 

substituting the ε and b’ into the resulting regression equation in the figure, the relationship 

between ε, USCr and b is expressed by Eq. (4). According to Eq. (2), ε could be affected 

by bit size, bit type, and drilling condition, so it should be noted that a drilling coefficient 

α needs to be applied in order to accurately calculate the ε when drilling under different 

conditions.

ε = 0.0444 ⋅ α ⋅ UCSr
1.76528 ⋅ b−0.76528 (4)

As stated before, the optimum bite depth is the one when the specific energy reaches the 

minimum. However, it is impractical to achieve the optimum bite depth due to the safety 

and power limitations. A rational bite depth is that for which the further increase in bite 

depth will only result in an insignificant reduction in drilling specific energy. The rate of ε 
reduction is the first derivative of ε with respect to b (Eq. 5). The percent reduction in ε per 

0.01 cm/rev bite depth increase is plotted in Fig. 4.

dε
db = − 0.03398 ⋅ α ⋅ UCSr

1.76528 ⋅ b−1.76528
(5)

Figure 4 shows that as the bite depth increases, the specific energy decreases, indicating a 

better energy efficiency. The less specific energy means less energy is used for over-breaking 

the rock and for generating noise. According to analyses on the experiments for drilling dust 

and noise research on concrete blocks, the recommended bite depth range is between 0.5 and 

0.6 cm/rev. The rate of ε reduction plotted in Fig. 2 also confirms that in the recommended 

rational bite depth range, the ε reduction per every 0.01 cm/rev bite depth increase is less 

than 1.5%. Therefore, the δ value is determined to be between 1.35 and 1.60. This range 

of δ value is applicable to all rock materials to be drilled other than wet and soft rocks 

with significant plastic behavior in which excessive bite depth can cause frequent clogging. 

A similar approach was used and proved to be effective in the optimization of the drilling 
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parameters for rotary downhole drilling [21]. Therefore, this ratio could provide an objective 

tool to determine whether the drilling was conducted in its rational performance range.

The recommended drilling control algorithm is shown in Fig. 5. In a real-time drilling 

process, the drilling parameters (i.e., penetration and rotational rates, thrust, and torque) 

acquired are used with bite design and wear condition to determine rock strengths. The rock 

strength is then used to determine the rational bite depth. Since a higher rotation rate (RPM) 

would accelerate bit wear, a lower RPM combined with a correlated penetration rate (ROP) 

is preferable to reach a targeted drilling bite depth. In addition, an excessively worn drill bit 

prevents the system in achieving the targeted bite depth and can increase the respirable and 

inhalable dust generation rate by as much as 61.5% (respirable) and 43.6% (inhalable). The 

overall drilling specific energy using a worn bit is higher than a new bit due to the increased 

rubbing area and friction between the drill bit and the rock. Therefore, a bit wear condition 

check is included in the algorithm according to the implementation rate (achieved versus 

targeted bite depth).

When the drill penetrates a different rock layer with its determined strength significantly 

different from the previous layer, a rational bite depth is determined based on the rock 

UCS and bit wear condition and implementation rate. As the drilling progresses, the 

specific energy is monitored, and the ratio can be calculated simultaneously. If the ratio 

is within 10% off the efficiency index, then the system will continue drilling with the 

initial bite depth. However, the algorithm still needs to evaluate the bit condition using the 

implementation rate. If the implementation rate is lower than the bit condition index, the 

system will stop, and a new bit needs to be installed to continue drilling.

If the ratio between specific energy and material UCS is higher than 110% δ when start 

drilling, the algorithm will reduce the rotational rate or increase the penetration rate to lift 

the bite depth in order to lower the specific energy to meet the criteria. However, if the 

system input increased to its cap power and the ratio is still off the range. This can indicate 

a low effective thrust, which was caused by excessive bit wear. Therefore, a bit replacement 

can be triggered to avoid steel buckling event.

By adapting this drilling control algorithm, the drilling efficiency and bit condition can 

be monitored in real time, so that at any point of the drilling, the system can stay in a 

relatively high energy efficiency with less respirable dust production and also reduce the 

chance to encounter bit clogging and steel buckling event, which can expose a tremendous 

safety and health hazard to the operator. Due to the limitation of data source, to improve 

the algorithm’s prediction accuracy for respirable dust and noise production rate, more dust 

and noise results from drilling different types of rock need to be collected for the calibration 

process.

5 Conclusions

Fifty-two laboratory drilling tests with two different bit sizes and rock types were conducted 

in this study. The particles generated from each drilling were sampled and analyzed. The 

energy input was analyzed for the efficiency evaluation and used to determine the optimal 
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drilling parameters. Regardless of bit size, on average, from one concrete drilling with a new 

bit, 20.9% of the total generated particles can be respirable and 56.5% can be inhalable. 

For sandstone drilling, the respirable and inhalable dust generation percentage is 20.9 and 

74.4%, respectively.

By analyzing the effect of drilling bite depth on energy and dust generation rate, decreasing 

trends were observed for each parameter when increasing the bite depth. Based on the 

drilling safety performance, in order to provide a more efficient and safer drilling process, 

a higher torque and thrust combination to provide a rational high bite depth for the specific 

rock material are recommended.

An integrated drilling control algorithm was developed to improve the drilling efficiency and 

reduction of respirable dust. The ratio between specific energy and rock UCS was used as 

the index to identify rational drilling parameters for different materials.

This algorithm can monitor the drilling efficiency as well as the bit wear condition. 

Therefore, the algorithm can help to keep the drilling operation under a high efficiency 

while maintaining the dust generation rate at a lower level and reducing the chances of bit 

clogging and steel buckling events.
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Fig. 1. 
Fletcher® drilling test platform
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Fig. 2. 
The tungsten carbide spade bits with 1″ (left) and 1–3/8″ (right) diameter used

Jiang and Luo Page 11

Min Metall Explor. Author manuscript; available in PMC 2023 May 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
The relationship of drilling bite depth with noise dose, dust weight, and specific energy
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Fig. 4. 
The relationship between weighted drilling bite depth with two different parameters
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Fig. 5. 
Schematic diagram of the drilling control algorithm

Jiang and Luo Page 14

Min Metall Explor. Author manuscript; available in PMC 2023 May 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jiang and Luo Page 15

Ta
b

le
 1

D
ri

lli
ng

 p
ar

am
et

er
s 

an
d 

fe
ed

ba
ck

 r
es

ul
ts

 f
or

 e
ac

h 
dr

ill
 h

ol
e*

G
ro

up
Te

st
 #

C
on

di
ti

on
P

re
-s

et
A

ch
ie

ve
d

Im
pl

em
. R

at
e

To
ta

l i
nh

al
ab

le
 d

us
t

To
ta

l r
es

pi
ra

bl
e 

du
st

Sp
ec

if
ic

 e
ne

rg
y

b
v

w
b

cm
/r

ev
cm

/s
re

v/
m

in
cm

/r
ev

%
g

g
M

P
a

1
1

C
on

cr
et

e;
 1

–3
/8

”
0.

15
2

0.
83

29
9

0.
16

7
10

9.
6

18
03

.3
75

7.
3

24
8.

0

2
0.

10
2

0.
85

43
4

0.
11

7
11

6.
0

19
53

.0
75

7.
8

41
4.

7

3
0.

09
1

0.
83

45
4

0.
11

0
12

0.
3

21
36

.1
83

7.
7

44
3.

0

4
0.

12
2

1.
06

50
7

0.
12

6
10

2.
5

22
07

.4
92

5.
8

42
0.

6

5
0.

15
2

1.
05

52
2

0.
12

1
79

.2
19

95
.0

80
3.

6
46

7.
4

6
0.

39
6

2.
05

51
7

0.
23

8
60

.1
22

93
.0

91
0.

4
24

9.
2

7
0.

42
7

1.
54

50
0

0.
18

5
43

.3
22

97
.3

85
6.

2
30

0.
8

8
0.

45
7

1.
60

49
9

0.
19

3
42

.1
20

32
.6

80
4.

2
27

6.
1

9
0.

40
6

1.
00

30
1

0.
20

0
49

.1
24

30
.9

10
83

.3
20

2.
4

10
0.

21
3

1.
71

49
7

0.
20

6
96

.6
17

38
.0

60
7.

1
22

9.
5

11
0.

21
3

1.
31

49
7

0.
15

8
74

.0
25

93
.5

11
26

.1
33

3.
0

12
0.

21
3

1.
19

50
0

0.
14

3
66

.9
26

70
.5

13
56

.1
34

9.
1

2
13

C
on

cr
et

e;
 1

–3
/8

”
0.

12
2

1.
15

46
2

0.
15

0
12

2.
0

22
68

.6
83

9.
6

29
2.

6

14
0.

15
2

1.
09

39
2

0.
16

7
10

9.
0

20
23

.2
71

0.
3

28
8.

2

15
0.

18
3

1.
61

47
0

0.
20

5
11

2.
7

20
68

.3
75

3.
0

21
5.

9

16
0.

21
3

1.
78

50
2

0.
21

3
99

.6
19

02
.2

67
7.

4
21

3.
6

17
0.

21
8

1.
58

40
9

0.
23

2
10

6.
7

19
70

.6
70

3.
7

21
4.

2

18
0.

24
4

2.
06

50
3

0.
24

6
10

0.
9

18
20

.4
61

9.
0

18
3.

2

19
0.

24
4

2.
14

50
0

0.
25

7
10

5.
4

19
0.

8

20
0.

24
4

2.
14

50
3

0.
25

5
10

4.
8

26
5.

3

21
0.

24
4

2.
11

49
1

0.
25

7
10

5.
8

19
84

.7
70

9.
0

18
4.

4

22
0.

27
4

2.
32

50
1

0.
27

7
10

1.
1

19
17

.6
76

8.
1

17
6.

5

23
0.

27
4

2.
40

50
1

0.
28

7
10

4.
6

16
7.

8

24
0.

29
0

2.
04

42
5

0.
28

8
99

.3
19

27
.2

67
2.

6
17

3.
2

25
0.

30
5

2.
51

51
5

0.
29

2
95

.9
19

30
.2

69
6.

5
17

1.
3

26
0.

30
5

2.
70

51
0

0.
31

8
10

4.
2

18
59

.7
66

5.
7

15
8.

3

Min Metall Explor. Author manuscript; available in PMC 2023 May 11.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jiang and Luo Page 16

G
ro

up
Te

st
 #

C
on

di
ti

on
P

re
-s

et
A

ch
ie

ve
d

Im
pl

em
. R

at
e

To
ta

l i
nh

al
ab

le
 d

us
t

To
ta

l r
es

pi
ra

bl
e 

du
st

Sp
ec

if
ic

 e
ne

rg
y

b
v

w
b

cm
/r

ev
cm

/s
re

v/
m

in
cm

/r
ev

%
g

g
M

P
a

27
0.

36
6

3.
33

50
3

0.
39

8
10

8.
5

18
57

.5
68

1.
9

13
3.

4

28
0.

40
6

2.
91

45
3

0.
38

6
94

.8
16

48
.5

64
8.

1
11

7.
6

29
0.

45
7

3.
06

44
1

0.
41

6
91

.0
16

51
.8

55
8.

0
12

9.
2

30
0.

42
7

3.
67

50
4

0.
43

7
10

2.
3

18
30

.1
66

6.
9

12
1.

8

31
0.

42
7

3.
53

49
9

0.
42

5
99

.4
17

42
.7

67
2.

8
12

5.
8

32
0.

48
8

4.
24

45
8

0.
55

6
11

4.
0

17
75

.7
64

9.
8

11
0.

6

33
0.

53
3

3.
73

39
8

0.
56

2
10

5.
3

17
19

.8
61

6.
3

98
.0

34
0.

57
9

5.
07

50
5

0.
60

2
10

3.
9

17
57

.6
64

5.
3

10
1.

6

35
0.

61
0

4.
25

39
9

0.
64

0
10

4.
7

17
24

.2
64

4.
7

90
.5

36
0.

76
2

5.
46

42
7

0.
76

7
10

0.
8

17
30

.9
65

3.
2

84
.0

37
0.

68
6

5.
06

39
7

0.
76

5
11

1.
6

17
85

.7
65

6.
7

83
.2

3
38

Sa
nd

st
on

e;
 1

–3
/8

”
0.

30
5

1.
67

48
5

0.
20

6
67

.8
36

5.
9

97
.4

28
2.

0

39
0.

30
5

1.
78

48
5

0.
22

0
72

.2
36

9.
7

97
.3

25
2.

3

40
0.

30
5

2.
05

48
8

0.
25

2
82

.7
35

4.
8

96
.5

22
3.

8

41
0.

38
1

2.
28

39
9

0.
34

3
90

.0
35

3.
9

10
3.

1
14

3.
8

42
0.

61
0

3.
14

48
2

0.
39

1
64

.1
36

2.
7

10
0.

6
15

4.
5

43
0.

50
8

4.
09

58
3

0.
42

1
82

.9
36

6.
4

10
1.

7
15

2.
2

44
0.

50
8

4.
16

57
4

0.
43

4
85

.6
36

4.
2

98
.4

14
4.

6

45
0.

61
0

3.
74

48
2

0.
46

5
76

.4
34

7.
3

95
.7

13
2.

4

46
0.

76
2

3.
20

38
7

0.
49

6
65

.1
67

5.
4

20
0.

9
12

0.
1

47
0.

76
2

3.
22

38
8

0.
49

7
65

.3
67

5.
1

21
7.

2
11

8.
7

4
48

C
on

cr
et

e;
 1

”
0.

12
7

1.
20

59
1

0.
12

1
95

.7
12

11
.3

45
9.

3
38

7.
8

49
0.

41
6

3.
68

55
4

0.
39

9
96

.0
10

12
.2

39
8.

6
14

0.
5

50
0.

41
6

3.
86

55
3

0.
41

8
10

0.
7

98
7.

6
37

4.
8

13
6.

1

51
0.

45
7

4.
74

58
9

0.
48

3
10

5.
6

91
7.

9
34

4.
0

11
6.

5

52
0.

57
2

3.
99

39
1

0.
61

1
10

7.
0

10
49

.9
44

1.
8

82
.6

* D
ri

lli
ng

 te
st

s 
19

, 2
0,

 a
nd

 2
3 

en
co

un
te

re
d 

th
e 

st
ee

l r
op

e 
im

be
dd

ed
 in

 th
e 

re
in

fo
rc

ed
 c

on
cr

et
e 

bl
oc

k;
 n

o 
du

st
 s

am
pl

e 
w

as
 c

ol
le

ct
ed

Min Metall Explor. Author manuscript; available in PMC 2023 May 11.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jiang and Luo Page 17

Ta
b

le
 2

R
oo

f 
bo

lte
r 

dr
ill

in
g 

pe
rf

or
m

an
ce

 in
 d

if
fe

re
nt

 r
oo

f 
co

nd
iti

on
s

St
ra

ta
R

ot
at

io
n 

ra
te

, r
pm

P
en

et
ra

ti
on

 r
at

e,
 c

m
/s

b,
 c

m
/r

ev
C

lo
gg

in
g

St
al

lin
g

B
it

 li
fe

, c
m

/b
it

M
in

e 
A

29
%

 s
of

t s
ha

le
64

5
4.

32
 s

of
t

0.
40

2
A

lw
ay

s
So

m
et

im
es

25
1

71
%

 h
ar

d 
sh

al
e

2.
03

 h
ar

d
0.

18
9

48
7

4.
45

 s
of

t
0.

54
8

R
ar

el
y

N
ev

er
31

5

4.
06

 h
ar

d
0.

50
0

M
in

e 
B

M
ed

iu
m

 h
ar

d
58

0
5.

08
0.

52
6

N
ev

er
N

ev
er

1 
ro

w
/b

it

47
5

4.
45

0.
56

2
N

ev
er

N
ev

er
3 

ro
w

/b
it

M
in

e 
C

42
%

 s
of

t s
ha

le
67

0
6.

10
0.

54
6

Fr
eq

ue
nt

ly
Fr

eq
ue

nt
ly

15
85

58
%

 m
ed

. h
ar

d
50

0
6.

10
0.

73
2

R
ar

el
y

R
ar

el
y

15
85

M
in

e 
D

E
xt

re
m

el
y 

ha
rd

 m
at

er
ia

l
65

0
3.

30
0.

30
5

R
ar

el
y

A
lw

ay
s

91

65
0

4.
06

0.
37

5
N

ev
er

R
ar

el
y

36
6

* Fr
eq

ue
nc

y 
ex

pr
es

si
on

s 
fo

r 
cl

og
gi

ng
 a

nd
 s

ta
lli

ng
 e

ve
nt

 f
ro

m
 h

ig
h 

to
 lo

w
: A

lw
ay

s,
 f

re
qu

en
tly

, s
om

et
im

es
, r

ar
el

y,
 n

ev
er

Min Metall Explor. Author manuscript; available in PMC 2023 May 11.


	Abstract
	Introduction
	Laboratory Drilling Experiments
	Optimization of the Drilling Parameters
	Rational Drilling Bite Depth Determination
	Drilling Performance Considerations

	Development of a Comprehensive Drilling Control Algorithm
	Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Table 1
	Table 2

