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Abstract: This paper presents a nomogram-based method for selecting rock-cutting parameters on a simulated
continuous miner. Four different bit geometry-related parameters were considered for the development of a no-
mogram/graphical model. The parameters were bit spacing, cutting depth, cutting drum rotational speed, and bit
tip angle. The experimental study was conducted on an Automated Rotary Coal/Rock Cutting Simulator (ARCCS)
in Rock Mechanics laboratories at the West Virginia University. An orthogonal fractional factorial experimental
plan was utilized to carry out the experiments. Indiana limestone was used as the test material. The model incor-
porated a normalized shear load factor, defined as a ratio of shear load component required for removing rock
lands/ridges to shear strength of the rock, and specific respirable dust generated during rock cutting. A brief
description of dynamic shear components in rock cutting process is provided. Details of dynamic shear strength
simulation in the laboratory and its effect on rock lands/ridges removal are discussed. The aids of this model to

the operators/owners of continuous miners in selecting optimum rock cutting parameters are also discussed.

INTRODUCTION

Coal deposits are often encapsulated in sedimen-
tary rocks such as shale, sandstone, or limestone. Dur-
ing extraction of coal, the roof and floor of the coal
seam often consist of one of these rock measures. There-
fore, it is a common occurrence to have cut these rock
materials in the process of coal cutting. Such a bit-coal/
rock interaction has directly caused “black lung” in coal
miners. Rock cutting also produces fine dust accretion,
resulting in “silicosis.” Finally, it ignites sparks, a po-
tential for face ignitions. Millions of dollars are spent
on compensation for respirable dust related diseases.
The rock/coal cutting also impacts the cutting tools.
The impact often results in the wear of the bits, requir-
ing quick replacement. Research suggests many of these
factors are directly attributable to improper bit design
[1]. Undesirable impacts may be minimized by a proper
bit design for continuous miners. The appropriate bit
design configuration is accomplished through a ma-
neuver of several bit-related parameters including ge-
ometry, mounting configuration on the cutting head,
matching tool spacing and cutting depth, etc. In essence,
the primary factors influencing the rock fragmentation
process by a continuous miner are bit spacing, bit ge-
ometry, depth of cut, and cutting drum rotational speed
and few other known and unknown parameters.

The mining community has centered its attention
on mastering two goals — the minimization of energy

required for performance cutting operations and to de-
crease the amount of respirable dust generated during
the cutting process. Unfortunately, these tasks have not
been met successfully. There is a need to investigate
bit design configuration in more depth in order to per-
form rock cutting efficiently. Essentially, a better un-
derstanding of the influence of several parameters in-
cluding both machine-controlled and operator con-
trolled during the rock cutting process is required.

The specific respirable dust during the rock cut-
ting process is dependent on various parameters that
inter-operate and it influences the performance of a
continuous miner [1, 2]. It can be expressed as a func-
tion of such parameters as given in Eq. (1.1)

Specific respirable dust = F(d, s, &, z, 1, C, S, i, t) (1.1)

where d is depth of cut, s is bit spacing, « is bit tip
angle, z is bit tip size, r is rotational speed of the cut-
ting drum, C, is the compressive strength, S is the shear
strength, p is the angle of internal friction, and t is the
tensile strength of the rock material.

METHODOLOGY

An experimental investigation was carried out in
the laboratory utilizing an Automated Rotary Coal/Rock
Cutting Simulator (ARCCS) [4] using the Indiana lime-
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stone rock material. Tables 1 and 2 show the details of
experimental parameters.

Table 1 categorizes the levels and factors involved
in the experimental program. The nomenclature x, x,,
x,, and x, in Table 2 shows the parameter description
of the Table 1.

The factor Xy is bit spacing in in., X4 is cutting
depth in in., x5 is tip angle in degrees, and x,, is drum
rotational speed in rpm.

Figure | depicts the sequence in which the cuts were
made in orthogonal experimental plan [3] on the
ARCCS. Bit #I first attacks the rock block, followed
by bit #2 and then bit #3 during one revolution of the
drum. R, and R,; are the ridges/lands between the
grooves made by bits 1 & 2 and 2 & 3 respectively.

EXPERIMENTAL RESULTS AND
ANALYSIS

A graphical mode! was developed based on the
experimental trials. This model considered all four of
the parameters. The model incorporated both the re-
spirable dust generated during rock ridge breakage and
the normalized shear load factor at each level.

Normalized Shear Load Factor

The indentation during the initial phase of rock
cutting causes rock fracture development underneath
the bit tip and ahead of the zone of impact. During the
indentation process, the force applied on the bit over-
comes the compressive strength of the rock. Beyond

Table 1. Description of parameters used in the orthogonal experimental study.

Serial Number Parameter Description Levels of Parameter
1 Bit spacing lin., 1.5in, and 2 in.
2 Cutting depth 0.4in.,0.8in., and 1.2 in.
3 Bit tip angle 60°, 75°, and 90°
4 Cutting drum rotational speed | 50 rpm, 70 rpm, and 90 rpm.

Table 2. Factors and levels used in the orthogonal experimental study.

Factor Level
0 1 2
X 1.0 1.5 2.0
Xz 04 0.8 1.2
X3 60° 75° 90°
X4 50 70 90

Ridge/Land

Indiana limestone rock block

Figure 1. Sequence of cuts used in orthogonal experimental plan.
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this stage, adjacent cuts interconnect when fractures
extend from the crushed zone. As the cuts deepen, ridges
are narrowed and chipped away. The cutting pressure
applied on the cutting bit is partially expended on cre-
ating a crushed zone underneath the bit tip. It is par-
tially used in exerting shear load on the ridges/lands
between the grooves. The shear component of the ap-
plied pressure removes the ridges/lands off the rock
surface. Figure 2 describes the shear components of the
applied force on a cutting bit in a typical rock cutting
process. A particular instance of this dynamic process
[2] can be considered as a static case and analyzed for
force components and break out angle. A part of the shear
load exerted on the rock ridge/land is absorbed in over-
coming the cohesive strength of the rock. However, a
major part of the shear Joad is expended on removing the
failed rock; hence, over-coming the friction between the
failed rock material and the unaffected rock block.

A normalized shear load factor [1] was defined as
a function of the shear load component. It typically
represented the ratio of shear load component of the
applied load on the bit to the shear strength of the rock.
This factor was calculated for all the experimental tri-
als in the orthogonal experimental plan. Finally, a

N

graphical model was developed using the normalized
shear Joad factor and specific respirable dust. All four
of the parameters of interest were plotted against the
normalized shear load factor and the specific respirable
dust in this model.

Breakage of rock ridges/lands between the grooves
occurs when cutting advances. Rock chips are formed
during this process. Ridge removal also results in fine
dust generation. In order to understand the dust gen-
eration process, a comprehensive analysis of the forces
that cause rock ridge/land removal is necessary. The
ridge breakage process is mainly due to the shear com-
ponent of the applied force on the cutting bit. The spac-
ing to depth ratio was monitored during the ridge break-
age process.

Figures 2 — 5 show the Normalized Shear Load
Factor (NSLF) as a function of spacing to depth (s/d)
ratio. It is observed that the NSLF increased with de-
crease in s/d ratio for all different levels of spacing used.
At larger spacing, the shear force component required
to inflict ridge breakage is higher if the cutting depth is
smaller. However, as the cutting depth increases for
the same level of bit spacing, the shear force effort re-
quired to inflict breakage has drastically plumped.

___——Cutting Load/Pressure

-
Cutting Bit ~—a A
Failed Rock D Failed Rock
/
i s et e

fractures \

bit tip

Figure 2. Force components shearing the rock ridges/lands during the cutting process.
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Figure 3. Normalized Shear Load Factor as a function of s/d ratio at 1.0 in. spacing.
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Figure 4. Normalized Shear Load Factor as a function of s/d ratio at 1.5 in. spacing.
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Figure 5. Normalized Shear Load Factor as a function of s/d ratio at 2.0in. spacing.
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Development of a Graphical Model

Using the test results obtained in orthogonal ex-
perimental study, a direct estimation of each parameter
was conducted. Besides, the rock breakage process
under dynamic conditions was analyzed, Based on these
results, a graphical model/nomogram was developed
10 better represent the effects of various parameters that
were investigated. Figure 6 shows the details of the
graphical model. The normalized shear load factor
{NSLF) is represented on primary vertical axis where
as the specific respirable dus! {srd) is represented on
secondary vertical axis. The effects of four of the pri-
mary parameters are shown on the horizontal axis as
levels 0, 1, and 2. The levels of parameters are described
in Tables 1 and 2. For a chosen NSLF, required levels
of parameters and expected specific respirable dust can
be estimated using this model.

The NSLF increased significantly with increasing
levels of cutting depth and bit spacing. 1t decreased
with the increasing drum speed of cutting head. A mar-
ginal reduction in NSLF required to inflict rock ridge
breakage was visible when the bit tip angle increased
from 75%to 90°. The effects of bit geometry parameters
on specific respirable dust were directly estimated us-
ing variance analysis {1.3].

For example. in order to select a suitable level of
cutting depth trace a point or 2 Jevel of this parameter

on the nomogram that would produce acceptable lev-
els of specific respirable dust and would require a low
NSLF. Approximation is necessary when the accept-
able levels of NSLF and specific respirable dust do nol
fall on a specific level of a parameter in the model. A
similar criterion can be applied when choosing levels
for the other bit geometry parameters as well.

CONCLUSIONS

Analysis of the results in the orthogonal experi-
mental plan indicaled that the average specific respi-
rable dust increased with increase in bit spacing, de-
creased with increase in cufting depth, increased with
the increase in drum speed of the cutting head. A rota-
tional speed of 70rpm resulted in low specific respi-
rable dust generation.

A nomeogram/graphical model was developed us-
ing the results from orthogonal fracticnal factorial ex-
periments and shear force compenent analysis during
ridge breakage. The model incorporated the effect of
all four of the primary parameters (e.g., bit spacing.
curting depth, drum seed of cutling head, and bit lip
angle). A normalized shear load factor (NSLF), defined
for the purpose of interpreting shear breakage nature
of rock material, was represented on the primary verti-
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Figure 6. Graphical model showing the effects of primary parameters.
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cal axis of the model. The specific respirable dust was
represented on the secondary vertical axis of the model.
For a chosen NSLF, the model will provide insights
into expected levels of specific respirable dust and a
comprehensive knowledge of the effect of four of the
primary parameters.
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