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Abstract: In the mining and construction industry, the picks on an excavation machine often need to cut different rock types within the same
drum revolution. If a rock type is much stronger than others, cutting this type of rockwill often have a significant impact on the failure rates and
performance of the picks and excavation machine. Therefore, it is necessary to understand the maximum angular position for cutting this type
of rock, especially when it is hard rock. The accuracy of themaximum angular position for cutting the hard rock in a drum revolution affects the
accuracy of the analysis of the maximum depth of cut for cutting the hard rock. It also affects the drum balance. In this paper, a method is
developed to accurately calculate the maximum angular position for hard rock cutting based on the roof rock cutting in coal mining. In some
cases, a simple but approximate method can be used to estimate the maximum angular position. One such case is when the strength differences
between different rock types are not significant. The comparison of the influences of the accurate results on the pick performance analysis with
that of the results given by the approximate method is also conducted. It shows that when the ratio of the height of the roof rock being cut to the
tip-to-center cutting radius is 0.5, the maximum depth of cut in a drum revolution is less than 73 mm and the tip-to-center cutting radius is
greater than 700 mm, the relative analysis error caused by the approximate method is less than 6%.
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1. Introduction

Rock is a type of common material that needs to be cut in the
mining and construction industries. Rock has different compositions
with different hardness and other material properties. In industry,
picks are typically installed on a drum of an excavation machine
to cut tunnels and coal faces [1–5]. Therefore, many studies have
been conducted to understand the various aspects of pick
applications [2, 6–11]. A major goal of the studies is to reduce the
failure probability of picks during production [5, 10, 12–14].
Research showed that the working load on the pick is a major
factor affecting the failure rate of a pick [15]. The working load is
closely related to the rock strength and the depth of cut of the
pick [15–17]. An increase in rock strength will significantly
increase the cutting force on cutters or picks [17–20]. Research
also showed that the cutting force acting on the pick or other
types of cutting tools during rock cutting increases with the depth
of cut [4, 17, 21, 22]. As a result, an increase in the depth of cut
will generally increase the failure risk of a pick [15, 18].
Furthermore, the effect of the depth of cut on pick failure rate
becomes higher when the rock is harder [15]. For example,
tungsten carbide (WC) picks were used to cut granite rock with a
uniaxial compressive strength of 149 MPa in rock cutting tests
[10]. The test result showed that the WC picks were unable to
effectively cut the rock even at a depth of cut of only 5 mm [10].

To reduce the failure rate of picks and machines, it is better to
reduce the depth of cut. However, reduction in the depth of cut will

generally cause deduction in productivity. Therefore, it is important
to accurately calculate and control the depth of cut in the industry
applications, especially when hard rock cutting is involved. Many
studies have been conducted to analyze the variation of the depth of
cut and the cutting force during rock cutting using a drum [23, 24].
Research showed that the depth of cut of a pick in a drum
revolution (a cutting cycle) is a function of pick’s angular position.
The angular position of a pick is its angle of rotation used to
determine its position during a drum revolution. It is usually
measured from the vertical upward position of the drum. Various
formulas have been developed to calculate the depth of cut at a
given angular position approximately or accurately [11, 23]. Once
the depth of cut at a given angular position is known, the cutting
force on pick at this angular position can be estimated [11, 23, 25].

However, in existing studies, the influence of different rock
types being cut in the same drum revolution has not been
adequately considered. Most of the studies only considered a
single type of rock during a drum revolution. As a result, these
studies may not be able to meet the need of the industry
applications. In reality, a tunnel or a coal face panel often consists
of different rock types. For example, in coal mining, machines
typically need to cut two distinct rock types: the hard rock of the
roof and floor and the coal seam between the roof and floor. Coal
is usually much softer than the roof and floor rocks. In this case,
cutting hard roof and floor rock often plays a critical role in the
determination of the pick’s service life and machine productivity.
Therefore, to reduce pick failure risk and improve productivity, it
is necessary to estimate the range of the angular positions that
involves cutting the hardest rock part in a drum revolution. The
corresponding maximum depth of cut also needs to be calculated.
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Another important reason for calculating the range of the angular
positions is that angular position is a key parameter in drum design.
The angular positions of picks on a drum can affect the load
fluctuations of the drum [25]. Load fluctuations can cause unwanted
vibrations in the drum and machine structure, which will often
damage the pick and machine [26]. The load on a drum is the
combination of forces on all the picks at the same point in time on
the drum. One of major goals of drum design is to minimize load
fluctuations. However, existing studies generally assume that all
picks on a drum cut the same type of rock or coal. The effect of
rock changes on the forces on the individual picks is ignored in the
drum load fluctuation analysis. This simplification may result in a
poorly balanced drum if the strengths of the rocks cut in a drum
revolution are significantly different. Therefore, to optimize drum
design, accurate analysis of the range of the angular positions and
the depth of cut for cutting different rock types is also needed.

However, the required estimation methods have not yet been
developed although some studies have considered cutting different
types of rocks in a drum revolution [24]. To address this issue, a
method to accurately calculate the maximum angular position and
the maximum depth of cut for a given thickness of hard rock is
developed in this paper. The method is developed based on the roof
rock cutting in the coal mine roadway development. The main
reason for choosing this cutting scenario is that it requires
consideration of not only the failure risk of picks and excavation
machine but also the risk of frictional ignition [14, 27]. Frictional
ignition is a significant hazard in coal mining. Cutting hard rock
generally requires more energy and produces higher temperatures
than cutting soft coal. Hence, cutting hard rock is more likely to
cause frictional ignition. Since only roof rock cutting is considered,
the minimum angular position for rock cutting is always zero. As a
result, the calculation of the range of the angular positions is
simplified to only calculate the maximum angular position.
Furthermore, to facilitate the on-site analysis, an approximate
method is also proposed to simplify the accurate calculation
method. To understand the suitability of the proposed approximate
method, the errors of the approximate method compared to the
accurate method are discussed based on various scenarios. Their
impact on pick performance is also investigated. Although the
calculation method is developed based on a scenario in the coal
mining industry, the analysis method can be applied to other scenarios.

2. Calculation of the Maximum Angular Position
for Cutting Roof Rock

In the coal mining industry, continuous miners are usually used
for roadway development and long shearers are typically used for
longwall mining. These machines are equipped with one or two
drums. Each drum is installed with a number of picks. During
production, the drum often needs to cut different rock types in a
drum revolution. As an example, Figure 1 shows a scenario where
the drum involves cutting hard rock on the roof and coal seam
under the roof rock. For simplicity, only one pick is shown in
Figure 1. In this figure, blue arrow represents a pick, R is the
radius of pick tip to the drum center (called the tip-to-center
cutting radius), and θr is the angular position of the pick which is
measured from the upright position (i.e., from Y axis).

When cutting into the tunnel face in coal mining roadway
development and cutting working face in longwall mining, the
drum will continue to rotate while advancing. Therefore, the
following analysis is carried out based on this type of drum
movement. However, the developed analysis method can also be
used to other types of drum movement.

When a drum continues to rotate while advancing, the locus of a
pick tip on the drum is affected by the drum advance speed va (m/min),
drum rotational speed n (RPM), and the tip-to-center cutting radius
R (mm). According to Liu and Roxborough [23], the coordinates of
the locus of the tip at time t (sec), (x,y), are given by:

x ¼ 50
3
vat þ Rsin

πnt
30

� �
(1)

y ¼ Rcos
πnt
30

� �
(2)

Figure 2 shows the trajectory of a pick tip during a rock cutting
process (red line). In Figure 2, the hatched area represents the roof
rock being cut, with a height of h (mm). Point a is the intersection
of the tip trajectory in the cutting cycle before the current one and
the bottom line of the roof rock. Point b is the intersection of the
extension line formed by point a and the drum center location O1

and the tip trajectory in the current cutting cycle. Point c is the point
where the tip just exits the roof rock in the cutting cycle before the
current one. Point d is the intersection of the extension line formed by
point c and the drum center location O2 and the tip trajectory in the
current cutting cycle. The line from b to O1 (or the line from d to O2)
is called tip-to-center line. The length of the tip-to-center line is the
tip-to-center cutting radius. During the rock cutting process, the
tip-to-center line rotates with the rotation of the pick. Therefore,
the angle between the tip-to-center line and Y axis is the angular

Figure 1
Continuous rock cutting process
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Trajectory of a pick tip during a rock cutting process
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position of the pick. In Figure 2, the angle θab (degrees) is the maxi-
mum angular position of the pick corresponding to the accurate
maximum depth of cut for cutting the roof rock (section ab). This
angle is referred to herein as the maximum angular position for hard
rock cutting, or simply the maximum angular position. The angle θm
(degrees) is the maximum angular position of the pick when its tip
can still touch the roof rock. The depth of cut corresponding to θm is
section cd. For simplicity, the rock surface is depicted as a straight
line. In reality, the rock surface is more likely to be uneven. In this
case, the height of the rock being cut is specified for each
cutting cycle. The maximum angular position for hard rock cutting
is calculated accordingly for each individual cutting cycle.

Accurate calculation of θab needs to accurately find out point a
and point b. To calculate the coordinates of point a, ðxa; yaÞ, and point
b, ðxb; ybÞ, the current cutting cycle (named as cycle 2) and the cutting
cycle before the current one (named as cycle 1) are considered. In the
following analysis, it is assumed that the change in the thickness of the
roof rock being cut in two consecutive cycles can be ignored.

According to Equations (1) and (2), the coordinate of the locus
of the tip at time t1 (s), (x1; y1), in cycle 1 (0→2π) is given by:

x1 ¼
50
3
vat1 þ Rsin

πnt1
30

� �
(3)

y1 ¼ Rcos
πnt1
30

� �
(4)

The coordinate of the locus of the tip at time t2 (s), (x2; y2), in cycle 2
(2π→4π) is given by:

x2 ¼
50
3
vat2 þ Rsin

πnt2
30

� �
(5)

y2 ¼ Rcos
πnt2
30

� �
(6)

In addition, the coordinate of drum center at time t2, ðxc; ycÞ, is:

xc ¼
50
3
vat2 (7)

yc ¼ 0 (8)

It is noted that time t1 changes from 0 to 60
n (s) and t2 from 60

n to 120
n (s).

When the tip trajectory in cycle 1 reaches point a,

ya ¼ R� h (9)

Substituting ya into Equation (4) gives the time t1a:

t1a ¼
30
πn

cos�1ð1� h
R
Þ (10)

Therefore,

xa ¼
50
3
vat1a þ Rsin

πnt1a
30

� �
(11)

Using the coordinates ðx2; y2Þ and ðxc; ycÞ, a family of linear
functions with t2 as a variable can be established to describe the posi-
tion of the tip-to-center line at different times in cycle 2. With the
coordinate ðxa; yaÞ, the specific time t2b when the tip-to-center line
passes point a can be calculated by solving the following equation:

cos
πnt2b
30

� �
½xa �

50
3
va

60
n
þ t2b

� �
� � R� hð Þsin πnt2b

30

� �
¼ 0

(12)

If the tip-to-center line never passes point a, time t2b = 0.
Once t2b is known, the exact angular position θab can be

calculated using the following equation:

θab ¼ 6nt2b (13)

Substituting t2b into Equations (5) and (6) gives the coordinate
ðxb; ybÞ. Then, a linear function of the tip-to-center line can be
obtained using the coordinates of points b and O1. Furthermore,
the coordinate ðxa1; ya1Þ of the intersection point of this linear
function and the bottom line of the roof rock can be obtained. In most
cases, the coordinate ðxa1; ya1Þ is the same as the coordinate ðxa; aÞ.
However, if t2b = 0, these two coordinates will be different. Once the
coordinates ðxa1; ya1Þ and ðxb; ybÞ are known, the exact maximum
depth of cut for cutting the hard roof rock, Drm (mm) can be
calculated as follows:

Drm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xb � xa1ð Þ2 þ yb � ya1ð Þ2

q
(14)

From the above analysis, it can be seen that accurately calculating the
angular position θab is complex. On the other hand, Figure 2 shows
that angular position θm is close to the angular position θab. If θm can
be used to replace θab, the calculation becomes much simpler. The
angle θm can be approximately calculated as follows:

θm ¼ cos�1 1� h
R

� �
(15)

The corresponding depth of cut Dm (mm) can then be approximately
calculated using the formula given in Hurt et al. [11]:

Dm ¼ Dmax sin θm (16)

where Dmax (mm) is the maximum depth of cut of the pick in a drum
revolution. It is dependent on the drum’s advance speed, drum
rotational speed, and drum design. When one pick cuts one line, the
following approximate formula is often used to estimate Dmax [11]:

Dmax ¼
1000Va

n
(17)

More studies on the calculation of the depth of cut can be found in
literature such as references [11, 23]. Existing studies show that the
depth of cut is also affected by other factors such as number of cutting
sequences [11] and the number of picks per line [23].

It can be seen that using Equation (15) to calculate the
maximum angular position is much simpler than solving
Equations (12) and (13). Therefore, if Equation (15) could be
used as an approximate formula to calculate the maximum angular
position for hard rock cutting, it will be beneficial to on-site
analysis. Using Equations (15) and (16) to calculate the maximum
angular position and the corresponding depth of cut is an
approximate method. To investigate the situations where the
errors caused by using the approximate method are acceptable,
what-if analyses are performed in the next section.
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3. What-If Analysis and Discussions

In Equation (15), the angular position θm is only a function of
the ratio of h and R (i.e., h=R), but from Equations (12) and (13), it
can be seen that the exact maximum angular position of roof hard
rock cutting is affected not only by the ratio h=R, but also by R
and drum operating parameters. To understand the influences of
these factors on the maximum angular position and the errors could
be caused by using the approximate method, what-if analyses are
conducted. Since the drum rotational speed is rarely adjusted, the
investigation focuses on three factors: R, the h=R ratio, and the drum
advance speed.

As an example, Figure 3 shows the effect of R on the calculated
maximum angular position with four different ratios (h=R= 0, 0.05,
0.5, and 1), drum advance speed of 3.1 m/min, and drum rotational
speed of 42 RPM. Figure 4 shows the effect of the h=R ratio on the
calculated maximum angular position for R= 500 mm. Figure 5
shows the effect of the drum advance speed on the calculated maxi-
mum angular position with R= 500 mm, a drum rotational speed of
42 RPM, and a h=R ratio of 0.2. In all figures, “Approx” indicates the
approximate method. “Accurate” indicates the accurate method.

From Figure 3, it can be seen that at the two extreme conditions
(h ¼ 0 and h ¼ R), bothmethods give the same results. Neither of the

results are affected by the tip-to-center cutting radius. When
h=R ¼ 0:05 and 0:5, the approximate result is still not affected by
the tip-to-center cutting radius, but the exact result is. Moreover, it
can be seen that the exact result is generally lower than the approxi-
mate result. The difference between the two results decreases with
the increase of h=R ratio. It also decreases with the increase of the
tip-to-center cutting radius. When h=R ratio equals to 0.5 and
R> 700 mm, the increase in the maximum angular position becomes
very small. Therefore, the increase in the maximum angular position
in this case can usually be ignored. In addition, the relative error
between the approximate result and the exact result in this case is less
than 6%, so the approximate method can be used to calculate the
maximum angular position.

On the other hand, when R ¼ 200 mm and h=R ¼ 0:05, the
approximate method gives an angle of 18.2 degrees, but the exact
maximum angular position is 0 degrees. This large error of the
approximate result may affect the drum balance design. Further
analysis shows that the maximum depth of cut of the pick for cutting
the roof rock given by the approximate method is 23 mm, while the
exact value is 10 mm. The approximate method resulted in an over-
estimation of the maximum depth of cut by 13 mm. When cutting
hard rock, increasing the depth of cut by 13 mm will significantly
increase the cutting force. The increased cutting force can signifi-
cantly affect performance and increase pick failure rates. In order
to quantitatively illustrate the influence of the overestimated depth
of cut on the predicted cutting force, the formula given by Goktan
and Gunes [16] is used for quantitative analyses. According to
Goktan and Gunes [16], when the depth of cut is D (mm), the mean
cutting force acting on a pick, Fc (kN), is:

Fc ¼ 4πσBtD2 sin 0:5 90� αrð Þ þ αfr
� �

tan 0:5 90� αrð Þ þ αfr

	 

=1000

(18)

where σBt is the tensile strength of rock (MPa), αr is rake angle
(degree), and αfr is angle of friction between the rock and the cutting
tip of the pick (degree).

Then, the cutting force estimated using the approximate depth
of cut Fap and the force estimated using the exact depth of cut, Fac, are
as follows:

Fap ¼ 4πσBt232 sin 0:5 90� αrð Þ þ αfr
� �

tan 0:5 90� αrð Þ þ αfr

	 

=1000

(19)

and

Figure 4
The effect of the h=R ratio on the calculated

maximum angular position

Figure 5
The effect of the drum advance speed on the

calculated maximum angular position

Figure 3
The effect of the tip-to-center cutting radius R on the

calculated maximum angular position
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Fac ¼ 4πσBt102 sin 0:5 90� αrð Þ þ αfr

� �
tan 0:5 90� αrð Þ þ αfr

	 

=1000

(20)

Since the calculation of cutting force is beyond the scope of this
paper, the specific cutting forces are not calculated here. Instead,
only the relative error of the cutting force estimated by the
approximate method is analyzed as follows:

ðFap � FacÞ
Fac

� 100% ¼ 429% (21)

The relative error caused by the approximate method in this case is
huge. Further analysis shows that when R increases to 400 mm,
600 mm, 800 mm, and 1000 mm, the exact values of the maximum
depth of cut become 16.3 mm, 18.5 mm, 19.7 mm, and 20.3 mm,
respectively. Despite the increase in the exact values, the relative errors
of the cutting forces estimated by the approximate method are still
large, reaching 99.1%, 54.6%, 36.3%, and 28.4%, respectively.

The above analysis shows that themaximumdepth of cut given by
the approximate method in all five cases is much larger than the exact
values. Since the overestimated depth of cut will usually result in a
significant overestimation of the cutting force acting on the pick,
such overestimation needs to be avoided in production. A significant
overestimation of the cutting forces usually leads to a significant
overestimation of the failure risk of the pick and the machine. To
reduce the overestimated failure risk, the actual depth of cut may be
unnecessarily reduced, resulting in considerable productivity losses.
Therefore, the approximate result should not be used to determine
drum operating parameters when h=R ¼ 0:05 and R < 1000 mm.

From Figure 4, it can be seen that as the h=R ratio increases, the
difference between the approximate and accurate results first
increases rapidly from zero to a maximum value and then gradually
decreases to zero. From Figure 5, it can be seen that an increase in
drum advance speed decreases the exact maximum angular position
but does not affect the approximate result. According to Equation
(16), when drum rotational speed remains unchanged, increasing
drum advance speed means increasing Dmax (the maximum depth
of cut of the pick in a drum revolution). For better understanding,
Figure 6 shows the relationships between the calculated maximum
angular position and Dmax for two different drum rotational speeds
n42 (n ¼ 42 RPM) and n52 (n ¼ 52 RPM).

Figure 6 shows that the maximum angular position for roof rock
cutting decreases proportionally with the increase of Dmax, but the
approximate results are not affected by Dmax. As a result, the error
caused by the approximate method increases with the increase of
Dmax. As can be seen in Figure 6, the lines with a drum rotational
speed of 42 RPM completely overlap with the lines with a drum rota-
tional speed of 52 RPM. This phenomenon indicates that as long as
the maximum depth of cut in a revolution remains the same, changes
in the combination of drum rotational speed and drum advance speed
will not affect the maximum angular position results. This means that
the maximum depth of cut in a revolution can be used as a single
variable in place of drum rotational speed and drum advance speed
for the maximum angular position analysis.

4. Conclusion

In the mining and construction industry, an excavation machine
often needs to cut different rock types with different strengths in a
drum revolution. In this case, accurate analysis of the range of
angular positions for cutting each type of rock, especially the
strongest rock, is important for accurately controlling the depth of cut
of the picks. The accurate control of the depth of cut is imperative
for reducing the failure rate and improving the production safety and
productivity of the machine and the picks on the machine.

A method for the accurate calculation of the maximum angular
position for cutting roof rock is developed based on the coal mining
scenario. An approximate method is also proposed to simplify the
calculation. Analysis shows that the maximum angular position
for roof hard rock cutting is affected by the ratio of the height of
the roof rock being cut to the tip-to-center cutting radius (h/R
ratio), tip-to-center cutting radius, and drum operating parameters.
Drum rotational speed and drum advance speed can be combined
into a single variable – the maximum depth of cut in a drum
revolution, for the maximum angular position analysis.

An increase in the h/R ratio and drum tip-to-center cutting radius
increases the maximum angular position. The effect of the tip-to-
center cutting radius on the maximum angular position is greatly
affected by the h/R ratio. This effect can be ignored when the h/R
ratio equals to 0.5, the maximum depth of cut in a drum
revolution is less than 73 mm and the tip-to-center cutting radius
is greater than 700 mm. On the other hand, an increase in the
maximum depth of cut in a drum revolution decreases the
maximum angular position nearly in a linear relationship.

The calculation errors caused by the approximate method vary
depending on h/R ratio, drum tip-to-center cutting radius, and drum
operating parameters. When h/R ratio is less than 0.2, the rock is
very hard, or the maximum depth of cut in a drum revolution is
greater than 90 mm, the approximate method should not be used
due to large errors.

Although the accurate method in this paper was developed
based on roof rock cutting in coal mining, the analysis method
can be applied to other scenarios straightforwardly, for example,
floor rock cutting in coal mining.
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