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Abstract: The cutting heads currently used in longwall shearers, roadheaders, road milling machines
and excavators are equipped with cutting tools called picks. The most commonly applied are
conical picks, less frequently—radial picks or tangent picks. The picks are detachably mounted in
holders installed on the body of the cutting head, to which they are usually welded (shearers) or,
less frequently, form-connected (road milling machines). The arrangement of picks and holders
(positioning) on the body of the cutting head, according to a previously designed diagram (pick
arrangement), enables extraction of the mineral with a specific width (web) and diameter (height).
Ideally, the pick arrangement should generate the lowest cutting resistance, which loads the cutting
machine. The pick arrangement is characterized by design parameters (number of holders, pitch
in the line and between the cutting lines) and kinematic parameters (rotational speed and advance
speed). The values of these parameters result mainly from the properties of the mineral and the type
of mining machine. Therefore, the correct positioning of the holders on the cutting head and their
setting (cutting angles) are vitally important. This applies to both the design and implementation
stages. For this purpose, the authors first developed models of pick arrangements and, next, the
algorithm and software enabling the determination of cutting resistance, both in terms of the average
value and its variation. Then, based on the performed calculations and the obtained results, it can be
assessed whether the cutting head and the pick arrangement are properly designed. As a result of the
performed calculations and analysis of the test results, the average values of the cutting resistance
moment and the cutting machine advance forces were determined. It was found that the proposed
pick arrangements are characterized by similar values of moments and forces. The greatest differences
were found in the variability of these parameters, which translates into the dynamics of the cutting
machine operation.

Keywords: mining; mechanical mining; roadheaders; longwall shearers; cutting heads

1. Introduction

The first rock mining with the use of a shearer dates back to the second half of the 19th
century, when the roadheader was used in an attempt to drill a tunnel under the English
Channel from England to France in 1870. It was a Channel drilling rig, which drilled 2.4 km
of the tunnel in hard limestone rocks. The machine worked on a track chassis and was
moved hydraulically [1].

The first longwall shearers were equipped with a cutting head in the form of a cutter
gib and one or two poles with crushing discs. They mined the face by cutting a strip
over the entire surface of the longwall by means of cutter gibs. In 1932, Major Coulson
constructed a JaR longwall shearer based on the earlier design of the cutter. The shearer
had a horizontal chain cutter gib and a vertical pole cutter gib. The machine, powered by a
31 kW electric motor, cut a 1.6 m wide strip of coal [1].
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Currently, both selective cutting roadheaders (Figure 1a) [2,3] or continuous miners
(Figure 1b) [4,5] and longwall shearers (Figure 1c) [6,7] mine the face with cutting heads.
They are used not only in mining machines, but also in construction and road machinery,
such as road milling machines (Figure 1d) [8,9] or excavators [10–13].
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Figure 1. Examples of machines equipped with cutting heads: (a) selective cutting roadheader,
(b) continuous miner, (c) longwall shearer, (d) road milling machine [1,9,14].

Modern mining machines have cutting heads, which are usually equipped with conical
picks [15–19]. These picks are designed for mining hard or even very hard rocks [20–24].
However, they require maintenance of appropriate parameters of their work, hence it is
extremely important that the cutting head itself is properly designed [25].

The analysis of cutting heads is carried out due to the possibility of making changes in
the pick arrangement, allowing the power consumption, force in the direction of shearer
advance and their variations to be reduced.

A solution to a given problem is sought by assessing the parameters of the machines
and the excavation, as well as by selecting the cutting heads. Therefore, it is required
to analyse:

- the technical equipment used in the excavation,
- the parameters of the cutting machine (shearer),
- the cutting parameters of the cutting heads.

The above-mentioned analyses allow evaluation of the parameters of the machines
and equipment used, while taking into account the mining and geological conditions of the
excavation. Then it is possible to propose changes to the cutting heads (pick arrangement)
or to make new ones. This can be achieved by taking into account the requirements of the
mining process (cutting, loading) and the properties of the rock (susceptibility to crushing,
resistance to displacement) [26,27]. However, this requires appropriate calculations and
analyses, which have been presented in this article.
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2. Resistance to Mining with Cutting Picks

The general process of cutting involves applying a sufficiently large force P, that will
be able to overcome the resistance forces generated by the material being cut, which are
dependent on the depth of cut, design parameters and cutting tool angles. Force P can be
broken down into three perpendicular components: Ps—cutting force, which works in the
direction of the groove and has the greatest impact on the cutting process, Pd—pressure
force, which is perpendicular to the bottom of the groove and overcomes the friction
force and Pb—lateral force, which is perpendicular to the cutting force and pressure force
(Figure 2). It was assumed that the forces Pd and Pb were determined as products of the
force Ps and the proportionality coefficients kd (4) and kb (5) [26,27].
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Figure 2. Forces acting on the pick during the cutting process: Ps—cutting force (tangent),
Pd—pressure force (normal) and Pb—lateral force [28].

The tests of resistance to mining with cutting picks have revealed that the cutting
force Ps is the greatest force and it is proportional to the depth of cut. As a result of these
assumptions, the following forces were obtained: Ps, Pd and Pb [26,27].

Ps = A · gs(i, j) · (0.3 + 0.35 · Bn(i)) · t · 1
cos ξ

(1)

where:

t =

{
T(i)

Tmax(i,j)
T(i) < Tmax(i, j)

1 T(i) ≥ Tmax(i, j)
(2)

Tmax(i, j) = Bn(i) + gs(i, j) · tgβ (3)

ξ—pick deflection [o],
Bn(i)—pick width [cm],
A—cutting coefficient [N/cm],
gs(i, j)—cutting depth [cm],
β—side crushing angle [o],
T(i)—distance from the nearest pitch the picks of which are in the face [cm],
i—pick number,
j—number of the consecutive rotation by angle ϕ.

Pd(i, j) = kd · Ps(i, j) (4)
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Pb(i, j) = kb · Ps(i, j) (5)

where:

kd—Pd force proportionality index (kd = 0.4 ÷ 0.8),
kb—Pb force proportionality index (kb = 0.2 ÷ 0.4).

Knowing the values of the forces that act on a single pick (Figure 3) enables reduction
of these forces at the beginning of the shaft on which the cutting head is mounted [26,27].

Px(i, j) = Pb(i, j)
Py(i, j) = −K · Ps(i, j) · sin(ϕ(i, j)) + K · Pd(i, j) · cos(ϕ(i, j))
Pz(i, j) = −Ps(i, j) · cos(ϕ(i, j))− Pd(i, j) · sin(ϕ(i, j))

(6)

where:

K = −1 for undershot work,
K = 1 for overshot work.
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Figure 3. Diagram of the distribution of the components of cutting resistance forces on the ith
pick [29].

Apart from the forces Px, Py and Pz, the cutting head body is influenced by the
moments of forces, which can be determined from the following relationships [26,27].

Mx(i, j) = −K · 0.5 · Ds · Ps(i, j)
My(i, j) = −Px(i, j) · zw + Py(i, j) · X(i)
Mz(i, j) = −K · Px(i, j) · yw − Py(i, j) · X(i)

(7)

where:
zw = 0.5 · Ds · sinϕ(i, j)
yw = 0.5 · Ds · cosϕ(i, j)

(8)

X(i)—distance from the mine face [mm],
Ds—diameter of the drum with picks or discs [mm].
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The above dependences allow determination of the load of the cutting head as a
function of its structural and kinematic parameters and the pick arrangement, as well as
the cutting picks themselves. Of course, such calculations enabling the assessment of the
cutting head in terms of its minimum load and variability of cutting resistance forces and
moments require the use of appropriate software.

3. Software

Designing the shearer cutting head is a complex process, which requires multiple cal-
culations of the above dependencies, as well as adjustments of the input data assumptions
needed for calculations and the change of cutting tools positioning on the cutting head.
Manual recalculation of the above dependences is time-consuming and arduous. For this
reason, a computer program was developed to automate the computational process [29].
The program algorithm is shown in Figure 4.
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The input data for the program include: diameter of the cutting head drum, speed
of shearer advance, rotational speed of the cutting head, side crushing angle, workability
index, cutting height, pressure force and lateral force proportionality indexes, dimensions
of the holders, pick dimensions and position of picks on the cutting head.

After the input data have been entered into the program (Figure 5) and calculations
have been made, the program graphically presents the layout of the cutting tools on the
diagram of pick arrangement on the cutting head (Figure 6) and the arrangement of cuts
generated by the designed cutting head (Figure 7). In the event that any irregularities
related to the positioning of the pick or the cut are visible in any of the drawings, it is
possible to correct the input data and/or the cutting tools’ layout. The third basis for
corrections are tabular results of the calculations (average values and their variations), the
waveforms of forces and moments acting on a single cutting tool, as well as the resultant
forces and moments of all the tools (Figure 8). It is possible to analyse forces, moments
and the power and depth of cut for each pick separately, as well as for parts of picks
and resultants of all the picks. Determination of the minimum cutting resistance for the
analysed cutting heads is of key importance. The process of corrections is repeated until
satisfactory results are obtained.
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4. Example of Application

The data required for this analysis are summarised in Tables 1 and 2. Table 1 contains
the mining and geological data of the longwall, whereas Table 2 presents the technical data
of its equipment (parameters of the longwall shearer system).

Table 1. Summary of mining-geological data and hazards in the longwall.

Seam

Level 350 ÷ 500

Slope, ◦ 4.4 ÷ 5.2

Thickness, m 3.5 ÷ 3.7

Type of coal 31.2

Average compressive strength Rc, MPa 31.3

Mean Protodyakov index f 0.72

Average cutting coefficient A, N/cm -

Longwall system: transverse and caving

Faults: none

Longwall parameters

Height, m 3.2

Length, m 240

Panel length, m 810

Transverse slope, ◦ 3.1

Longitudinal slope, ◦ 3.6

Location in relation to cleavage planes, ◦ 40

Interlayers none

Mining system Two-way shearer

Roof

Type of rocks shale

Thickness, m 1.1

Category -

Roof caving

Floor

Type of rocks shale

Table 1 shows that the longwall has a length of 240 m and a height of 3.2 m. The
longitudinal slope of the longwall is 3.6◦ and the transverse slope 3.1◦. This seam contains
energy coal with the symbol 31.2. Coal mining is carried out in a longwall caving system,
with two-way operation of a longwall shearer equipped with cutting heads without cover
loaders. The technical equipment of the longwall (Table 2) consists of a mining machine
(longwall shearer), a longwall powered support and an armoured face conveyor. The
excavated material is collected from the face conveyor using a beam stage loader.

The longwall shearer is equipped with two arm heads with a 300 kW motor each,
forcing the rotation of the cutting heads. The mining machine movement along the longwall
is carried out by means of a chainless haulage drive equipped with two motors; each of
them has a power of 60 kW and allows obtaining of the maximum working speed of
advance vpmax ≤ 10.0 m/min.
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Table 2. Technical data of the longwall complex.

Powered support data

Support pitch, m 1.5

Support shift time, s ≈9

Face conveyor data

Speed, m/s 0.72/1.44

Efficiency, Mg/h 1500

Beam stage loader data

Speed, m/s 1.15

Efficiency, Mg/h 3000

Longwall shearer data

Mining height, m 3.996

Head motors power, kW 2 × 300

Advance motors power, kW 2 × 60

Working speed, m/min 0 ÷ 10

Manoeuvring speed/m/min do 20

Applied speed m/min -

Height, m 2.138

Length, m 12.083

Width, m 2.271

Max. longitudinal slope, ◦ 12

Max. transverse slope, ◦ 15

Type of cutting head—worm-type without loaders

Diameter, mm 2030

Body diameter, mm 1700

Hub diameter, mm 900

Web, mm 800

Number of blades, pcs. 3

Revolutions, rpm 37

Direction of front head revolutions undershot

Direction of rear head revolutions overshot

Type of pick (height) conical

The longwall shearer is equipped with heads with a diameter of 2030 mm and a web
of 800 mm which work at 37 revolutions per minute.

The data summarized in Tables 1 and 2 enable evaluation of the cooperation of
machines and devices of the longwall system in terms of obtaining the assumed daily pro-
duction, proper implementation of the mining process and determination of the permissible
speed of the longwall shearer advance (cutting, loading) so as to avoid secondary crushing
of the excavated material, and, in consequence, a reduction in the speed of the cutting
machine and increased dustiness. The data also allows development of assumptions and
guidelines for the selection of the cutting parameters of worm-type cutting heads for the
longwall shearer.



Energies 2022, 15, 6886 10 of 22

4.1. Assessment of the Cooperation of Longwall System Machines

The machines and equipment included in the longwall complex should have appro-
priate technical and operational parameters. Due to the fact that the only operational
parameter that can be changed and regulated at any time is the longwall shearer advance
speed, the value of this speed must be adjusted to the capabilities of other machines.

The applied support with a 1.5 m pitch should move behind the shearer within
a time of up to 9 s (roof support) to prevent its fall, for the working advance speed
vpmax = 10 m/min, whereas for the manoeuvring advance speed vpm = 20 m/min, the
support shift time should not exceed 4.5 s.

The face conveyor’s ability to take over the excavated material is an important factor
that enables achievement of the assumed efficiency of the mining machine and grain
size distribution of the excavated material. For a longwall conveyor with a capacity of
Qt = 1500 Mg/h, chain speed vt = 1.44 m/s, with two-way mining, the permissible advance
speed cannot exceed vpz = 4.50 m/min for the compatible movement of the roadheader
and the chain, and for the opposite movement vpp = 5.02 m/min, when the longwall height
is H = 3.2 m.

The shearer’s operational parameters vpmax = 10 m/min and n = 37 rpm allow determi-
nation of the maximum cutting depth, gsmax = 270 mm. This depth should be smaller than
the sum of the heights of picks in the cutting line so as to prevent cutting with holders and
their covers. Based on the above information, the following comments, recommendations
and conclusions can be formulated:

- the permissible advance speed of the shearer in two-way mining, in a longwall with
a height H = 3.2 m, resulting from the conveyor’s ability to take over the excavated
material, cannot exceed the value of vpz = 4.5 m/min in the case of compatible direction
(shearer, conveyor) and vpp = 5.02 m/min in the case of opposite direction,

- maximum cutting depth per one rotation of the head for n = 37 rpm and vpmax = 10 m/min
is gsmax = 270 mm,

- the support shift time should not exceed 9 s (tob = 1.5 m, vpmax = 10 m/min),
- if the mining machine exceeds the advance speed resulting from the conveyor’s

capacity to take over the excavated material, the excavated material circulation in the
cutting heads, its degradation and dustiness increase,

- in order to reduce the excavated material degradation, it is recommended that the
advance speeds resulting from the conveyor’s ability to take over the excavated
material be used,

- the beam stage loader should have a capacity greater than that of the face conveyor
or equal to it; also, the chain speed should be greater than or equal to that of the face
conveyor, which is fulfilled in this case.

4.2. Evaluation of the Cutting Parameters of the Cutting Heads

The above comments and conclusions, as well as the requirements set by the user,
provide a basis for assessing the design and kinematic parameters of the cutting heads of
the longwall shearer subjected to analysis. It should be noted, however, that the assessment
of the selection of cutting tools in this case involves determining their appropriate design
parameters so that they can perform the cutting and loading process in a correct way [26,27].

Due to the technical parameters of the longwall, in particular its height H ≤ 3.2 m,
as well as the parameters of the mining machine and the powered support, the use of
worm-type cutting heads with a diameter of more than 2000 mm and a web of 800 mm is
preferred. Cutting heads with such diameters have four blades on the cutting-loading part,
inclined at an angle of 19 ÷ 23◦ (Polish hard coals). However, the analysed heads with a
diameter of 2030 mm and a web of 800 mm have only three blades, inclined at an angle
of 15◦. Hence, there are limitations related to the total number of picks on the head in the
cutting line (maximum three picks), the pitch between the cutting lines, the types of cuts
(compatible, alternate) and the shearer advance speed.
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In order to make sure that the cutting and loading processes are carried out in a correct
way, the ∅2030 × 800 heads with three blades on the cutting-loading part allow the maxi-
mum speed of the shearer vpmax ≤ 10 m/min in the event there are three picks in the cutting
line (cutting, gsmaxi = gsmax/3 picks = 270/3 = 90 mm). The internal volume of the cutting
head (loading) limits this speed to 4 m/min to prevent the excavated material degradation
(comminution) [26,27]. Naturally, in practice this speed can be higher (vpmax ≤ 10 m/min),
but this results in increased cutting resistance and dustiness.

Additionally, the analysed cutting heads were characterized by the following parame-
ters (cutting, loading):

- head revolutions n = 37 rpm,
- body diameter Db = 1700 mm,
- inclination of blades αp = 15◦,
- number of blades i = 3,
- hub diameter dp = 900 mm,
- blade thickness bp ≤ 60 mm,
- disc thickness bt ≤ 90 mm,
- body width B ≥ 740 mm.

Each head is equipped with 38 pick holders with sleeves (14 on the cut-off disc, 24 on
the blades), without spraying nozzles (Figure 9), welded into sockets located in the body
(Figure 10). The holders, on the other hand, have been equipped with picks whose working
part length is Ln = 102 mm (Figure 11). The height of a pick with a holder is Hn = 167 mm.
By subtracting the height of the sheet metal covering the holders (90 mm) from the height
Hn = 167 mm, the height that can be used in the cutting process is obtained. Hence,
the maximum advance speed reached vpmax ≤ 8.55 m/min (cutting, gsmaxi = 167 − 90,
n = 37 rpm).
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Figure 10. Diagram of the pick arrangement of the ∅2030 × 800 cutting head with 38 holders.
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The above information allowed formulation of the following comments, recommenda-
tions and conclusions:

- the achievable speed of the shearer advance vpmax = 20.0 m/min is a manoeuvring
speed and cannot be used for mining,

- due to cutting, the maximum advance speed for these cutting heads (three picks in
the cutting line, holder covering) cannot be higher than vpmax ≤ 8.55 m/min,

- due to the loading process, the maximum advance speed for these heads is
vpmax ≤ 4 m/min,

- due to the face conveyor’s ability to take over the excavated material, the maximum
advance speed for H = 3.2 m, vpz ≤ 4.5 m/min, vpp = 5.02 m/min,

- the time of support (control and power supply system) shift should be adapted to the
remaining machines, in this case—to the longwall shearer,

- it is recommended that the advance speed applied during cutting should not exceed
4.0 m/min,

- it is proposed to equip the renovated cutting heads with picks and holders character-
ized by the following parameters (Figure 3):

• conical pick: Ln ≥ 90 mm, 2β = 90◦,
• holder: Hu = 90 mm, bu1 = 58 mm, b = 20 mm, δu = 45◦.

4.3. Proposal of New Pick Arrangements Based on Calculations

For the ∅2030 × 800 heads (arrangement 1) subjected to analysis, four alternative
locations of the holders with picks on the lateral surface of the head were proposed, i.e., the
so-called pick arrangements (arrangements 1a ÷ 1d). The proprietary software was used to
make calculations for four new variants and compared to the previously analysed solution.
An appropriate cutting head for this height of the longwall, i.e., the one with a diameter of
2300 mm and a web of 800 mm (arrangement 2), was also proposed. The calculations in
question were also carried out for this cutting head.

The 1a arrangement was characterized by a variable pitch between the cutting lines,
where 15 holders were placed on the disc and 21 on the blades, for a total of 36 holders,
while the 1b ÷ 1d arrangements differed in the positioning of the holders and the sequence
of entering the cut. In the case of the new four-inlet cutting head (arrangement 2), the same
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holders and picks were used; however, the diameter of the holders’ positioning reached
2000 mm.

The analysis of the pick arrangements in question was conducted with respect to
cutting resistance values (power N, cutting head impact force in the direction of shearer’s
advance Pz) and their variations. The only variables were the pick arrangement parameters.
The waveforms of the power value N for one rotation of the head and the impact force of
the head in the direction of shearer’s advance Pz, at the mining machine advance speed
vp = 4 m/min, have been shown in Figures 12–17, where the dashed line shows average
value. The computer simulation results are presented in Table 3.
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shearer’s advance Pz for pick arrangement 1c.
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Table 3. Summary of average values of power N and force Pz for various pick arrangements.

No. Arrangement
Average Values Cutting Head Diameter

DS [mm]
Coefficient of Variation [%]

gs [mm] Pz [kN] N [kW] gs Pz N

1 1 480.97 −23.73 301.28 2017 8.9 −23.30 4.75

2 1a 412.90 −24.60 311.35 2017 0.36 −8.26 1.30

3 1b 447.29 −25.84 325.73 2017 0.55 −17.46 0.62

4 1c 447.23 −25.83 325.70 2017 0.69 −6.56 0.83

5 1d 447.28 −25.81 325.72 2017 0.68 −43.55 0.68

6 2 447.04 −25.28 369.79 2316 4.01 −13.90 2.65
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For each pick arrangement, average values of the total depth of cut gs, the force of
the cutting head impact in the direction of shearer’s advance Pz power consumption N,
as well as the ranges of their variations for one rotation of the cutting head and advance
vp = 4 m/min, have been determined.

It turned out that the proposed four alternative pick arrangements have similar mean
values of force Pz and power N, but different ranges of variations of these values. The 1c
and 1a pick arrangements are characterized by the smallest ranges of variation of average
force Pz and power N.

Given the smallest number of changes to the cutting head body, arrangement 1a should
be applied first. It is worth noting that the new pick arrangements have a larger number of
picks (39), which should translate into greater reliability while maintaining almost identical
cutting resistance. In the future, it is proposed to use a cutting head with pick arrangement
2, characterized by four blades and an alternate arrangement of cuts and a larger diameter,
in these mining-geological and technical conditions of the longwall working.

5. Conclusions

The cutting process with the use of a worm-type cutting head is associated with the
simultaneous cutting and loading processes. The cutting head parameters that affect the
quality of the cutting process can be divided into the following:

- design parameters and the resulting pick arrangement, as well as the type of
cutting tools,

- shearer operational parameters influencing the cutting process.

Both groups of factors affect the shearer load and the cutting machine durability,
as well as the size grade of excavated material and dustiness [26–28]. The cutting head
parameters that have an impact on the loading process quality can be divided into:

- cutting head design parameters and the resulting shape of the loading elements,
- shearer operational parameters influencing the process of loading with the

cutting head.

Additional factors influencing the work of the cutting heads and the longwall shearer
are the parameters of the remaining components of the longwall complex. The capacity and
the speed of chain of the face conveyor should allow it to take over the excavated material
from the shearer at different speeds of the mining machine, whereas the support shift time
should prevent a roof fall.

The above remarks and recommendations should be taken into account when formu-
lating assumptions for the selection of the parameters of worm-type cutting heads, as well
as their pick arrangements (the type of cutting tools and their arrangement on the cut-off
disc and the cutting-loading part).

The presented software supporting the selection of the design parameters of the
cutting head and the pick arrangement automates the calculation process, shortening
the time of design. The presented software potentially allows not only selection of the
optimal construction and kinematic parameters of the cutting head to minimize the energy
expenditure on the cutting process, but also takes into account the operating parameters
of the cutting head to minimize cutting machine vibrations as well as dust and noise.
Therefore, it is recommended to use the software to design and select milling heads. The
only limitation, in this case, is the reliability of the data related to the parameters of
the mined mineral, which is obtained through empirical tests (workability index, side
crushing angle).

It is possible to print a complete design report with tables of calculation results and
charts, as well as the pick arrangement and the diagram of cuts. The results of calculations
can be exported to a spreadsheet, where additional force and moment graphs can be
prepared. The data from the spreadsheet can also be sent to the Matlab package, where the
diagrams for the needs of this article were prepared.
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