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ABSTRACT

Weak roof conditions in underground coal mines are a common occurrence and
cause significant problems in delaying production. Thus, mine operators must look into
additional support methods that reinforce the commonly used bolting, trussing, and
cribbing methods. The work presented in this paper conceptualizes and models two
methods of pipe umbrella roof support methods intended for employment in the
underground coal mining environment. The first system is a pipe umbrella over a single
entry of a development section. Secondly, a double layered pipe umbrella mesh is
proposed as a reinforced roof over a longwall recovery room. Boreholes for such a
configuration as the second system require precision placement and current state of the
art technologies in horizontal directional drilling must be utilized.

The design methodology was evaluated by examining a case study of a western
U.S. coal mine and its specific geologic conditions. Geotechnical laboratory testing was
performed for a weak sandstone channel material that occurs in large extents at the mine
for input into numerical models. Two and three-dimensional finite difference models in
Fast Lagrangian Analysis of Continua (FLAC) were developed and used as tools in the
design of the pipe umbrella roof support methods proposed. One method utilizes beam
elements embedded in the continuum model, while the other uses an equivalent modulus
approach for modeling the reinforced zone. The effectiveness of a carefully designed pipe

umbrella system is controlled by the pipe spacing, strength of the steel, and the structural



geometry of the pipe. Numerical modeling of the reinforced roof shows that a reduction
in recovery room closure can be achieved for the safe extraction of longwall support

shields.
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1 INTRODUCTION

At an underground coal mine in the western U.S., ground control problems and
roof falls have occurred in areas where the geological formation in the mine roof consists
of a water saturated sandstone unit. This sandstone unit occurs in channels or washouts,
due to the depositional environment of the coal and strata beds. It is quite common for the
mine operation to encounter these sandstone channels during normal operation. Roof falls
are prone to occur in the development sections under the sandstone channel material;
however, the most problematic situation in the mine operation is when the longwall
recovery room is located directly beneath the sandstone channel.

Many coal mines have weak strata in the immediate roof that cause problems and
delay production. Sometimes the use of only the usual roof support methods such as roof
bolting and meshing is not enough to prevent major roof falls from occurring in an
uncontrollable fashion. Thus, mine operators must look into additional support methods
which reinforce current practices. Additional support methods include injection grouting,
steel sets, and variations of pipe umbrella systems as employed in tunneling operations.
These additional support methods would not, however, be widely used throughout the
normal coal mining process. Rather, reinforced ground and pre support methods, such as
pipe umbrella systems, would be installed in problem areas that have been targeted

through geological projections in advance of undermining.



The research presented in this paper discusses and proposes two systems of
supplementary roof control as a case study for a particular western U.S. coal mine.
System 1 is a single row of horizontal steel pipes installed perpendicular to a mine
headgate axis and above the current roof support. The proposed method of roof support
can be installed in such a way that it does not interfere with development operations from
an adjacent entry or travel way. System 2 is a method of roof support that adds additional
support measures for a longwall recovery room. A double layered pipe umbrella system
is proposed to be installed as pre-support, passive roof support that effectively stiffens the
immediate roof above, allowing the shield recovery process to occur under lessened
stress conditions over the excavation. Thus, displacements in the mine roof are
minimized, allowing for reduced squeezing action of the longwall shields during
recovery.

Laboratory tests were performed on a particular weak sandstone from a western
U.S. coal mine. Unconfined compressive strength (UCS), tensile strength, and Young’s
Modulus were found though testing performed at the University of Utah. Fourteen
samples were prepared and tested for the determination of the unconfined compressive
strength and Young’s Modulus. Thirty-two samples were prepared and tested for tensile
strength using the popular Brazilian test. Results of the laboratory testing showed
consistency with historical geotechnical data of the same formation.

Numerical modeling with the commercial finite difference software packages
FLAC 2D and FLAC 3D was performed for three separate models. The first model is a
two-dimensional model of System 1 and simulates the excavation of a typical three entry

gate road section in the western U.S. coal mine. Beam elements were installed in the



model above one of the mine entries and the spacing was varied in the out-of-plane
direction along with the geometric parameters. The purpose of this model was to
determine the bending stress in a pipe umbrella due to undermining. The second model is
a three-dimensional simulation of System 1 and is of a single entry with embedded beam
elements in the mine roof. Results for the safety factor of the beams in first and second
models are compared against an analytical calculation of a beam in bending with a
uniformly distributed load.

An analysis of a pipe umbrella roof support design was performed based on the
results of the numerical modeling. Beam elements in FLAC 2D and 3D undergo bending
due to undermining and develop moments. Using well-known beam bending formulae, a
factor of safety was determined for various configurations of an umbrella pipe system
over a single coal mine entry.

The third model is a three-dimensional simulation of a longwall recovery room as
mining approaches the end of a panel for System 2. A reinforced zone was installed in the
immediate roof above the recovery room and the stresses and displacements were
monitored. The results show that a relative increase in stiffness of about 185% for a
reinforced zone reduce the displacements in the longwall recovery room roof by
approximately 0.125 m. This is a substantial amount, as it pertains to such a small area in
a very large numerical model. A reduction in roof displacement after longwall shield
recovery is extremely beneficial to mine operators who struggle with delay during this
process.

Geotechnical conditions of a particular western U.S. mine are assumed in all of the

analyses. Material properties from laboratory testing performed at the University of Utah



and other sources were used in the numerical models. Although this research is focused
on a specific western U.S. mine, the methods proposed in this paper can be applied to
coal mines in general. The research in this paper shows that pipe umbrella systems can
be utilized in the coal mine setting where weak roof conditions exist. The effectiveness of
a carefully designed pipe umbrella system is controlled by the pipe spacing, strength of
the steel, and the structural geometry of the pipe. A series of design plots are provided
herin that show the factor of safety of the umbrella pipes in bending vs. their spacing

along the axis of the coal mine entry.



2 LITERATURE REVIEW

2.1 Geology of the Mine

The coal field of interest is located on the north-eastern flank of the Rock Springs
Uplift, which is a north-south trending asymmetrical anticline structure. This anticline
separated the Green River Basin, to the west, from the Great Divide and Washakie Basins
to the east. The coal deposits occur within the Deadman Coal Zone that lies in the
lowermost portion of the Fort Union Formation and is of Paleocene age (56-65 million
years). The Fort Union Formation has a widespread aerial distribution and is exposed in
portions of Colorado, Wyoming, Montana, North Dakota, and South Dakota. In the
immediate mine area, the major strata are composed of thin to massively bedded, fine-
grained, well-sorted sandstones interbedded with siltstones, claystones, thin
discontinuous carbon stringers, and sub-bituminous coals (NERCO 1981).

There are five identified economically mineable coal seams within the mine’s
coal deposit. They are designated in descending order, D-5 through D-1. The Deadman
Coal Zone is currently being mined with surface techniques and underground longwall
mining. Within the permitted mining area, the coal seams show a bifurcating geometry
which results in coal seam splitting, thin individual coal seams, and fluctuating inter-
burden thicknesses. The focus of this study will be on the underground longwall mine,
which is currently mining the D-41 seam. The D-41 seam is approximately 4 m thick and

is comprised of seams D-1 through D-4 joining together to form a mineable seam. The



strata associated with the coal deposit vary laterally and vertically. The strata are
relatively un-deformed and dip from 2° to 5° at approximately N 45° east. There are large
normal faults evident that have displacements ranging from 9 m to 76 m vertically.
Figure 2.1 shows a generalized cross section of the coal seam structure and orientation.
Sandstone channels exist periodically throughout the Deadman Coal Zone, which
are very weak and water saturated units. Normally, a sandstone channel unit extends from
the immediate roof contact to an overlying coal seam that is approximately 15 m to 20 m
above the mined coal seam. This sandstone is a very weak unit, where laboratory (intact
rock) compressive and tensile strengths are approximately 11 MPa and 0.52 MPa
respectively. A pre-support technique would be preferable in this type of situation as a
preventative method for major roof falls. Therefore, a methodology for the design and

installation of a pipe umbrella system is studied in this paper on a site specific basis.

==

SOUTH PROFILES

FIGURE 2.1 Coal seam structure at the western U.S. coal mine



2.2 Geotechnical Data

Current and historical analyses of the geotechnical properties of formations at the
mine were made available by the western U.S. coal mine. Core logging and geotechnical
testing report that the formations in the mining area are considered weak rock. However,
the sandstone channel material, which is the major material being studied, is a very
massive formation. The RQD of this rock mass has been approximated as 98. This
material would be considered a massive weak formation. A combined summary of the
rock properties from two geotechnical studies performed in 2001 and 2003 is presented
below in Table 2.1.

From a separate study focusing on the channel sandstone material in 2011, tensile
strength, unconfined compressive strength, and triaxial compressive strength tests were
performed. Samples in this sequence of testing were on depths (from surface elevation)
ranging from 102 m to 133 m. Note that samples in this depth interval were of the same
channel sand formation. The average results from the testing performed in 2011 are

shown in Table 2.2.

TABLE 2.1 Summary of rock properties from geotechnical studies performed in
2001 and 2003 (Maleki 2003)

Unconfined Angle of Internal
Material Compressive Strength Cohesion (MPa) ng!
Friction (degrees)
(MPa)

D41 Coal Seam 11.45 2.59 50
Mudstone 18.62 5.03 34
Siltstone 25.23 6.41 36
Sandstone 21.37 6.48 28




TABLE 2.2 Results of geotechnical testing performed on channel sandstone

(TerraTek 2011)
Test Type Result
Tensile Strength (MPa) 1.04
Unconfined Compressive Strength (MPa) 18.27
Elastic Modulus (MPa) 2,237.79
Confined, 3.45 MPa, Compressive Strength (MPa) 38.24
Poisson's Ratio 0.28

2.3 Rock Mass Strength

Following Hoek et al. (2002), the Hoek-Brown rock mass failure criterion can be
used to scale laboratory rock strength measurements and determine appropriate in-situ
rock mass strengths. The calculations for determining equivalent Mohr-Coulomb material
properties (¢ and c¢) are shown in this section. The Hoek-Brown (HB) failure criterion, in

its original form may be stated as:

0, = 03+ \Jaos + b? (2.2)

where, a and b are strength properties of the material; o; and o3 are major and minor
principal stresses, respectively. This criterion is nonlinear in terms of ¢; and o3. The
strength parameters of a and b can be expressed in terms of the unconfined compressive

strength and the tensile strength of the material as the following:

o= ST (2.2)

b= C, (2.3)



The above function for the HB failure criterion is representative of the strength of
intact rock under a controlled setting, such as, laboratory tests on strength. However, the
strength of a rock mass is only a fraction of the intact rock strength. This means that the
Hoek-Brown failure criterion must take into account the discontinuities and weathering
of the rock mass. This is typically taken into account based on the rock type and rock
mass quality, which is quantified by the Geological Strength Index (GSI). Thus, the

Hoek-Brown failure criterion for a rock mass can be written as:

a
0, = 03+ 0y (mb:—3+ s) (2.4)

ci

where o1 and o3 are the maximum and minimum principal stresses, respectively, my is the
value of the Hoek-Brown constant for the rock mass, s and a are constants that depend on
the characteristics of the rock mass, and o; is the unconfined compressive strength of the
intact rock pieces. Note that if s=1 and m is some variation of the intact rock tensile
strength and compressive strength, the original form of the HB failure criterion for the

intact rock can be written as:

0.5
01 = 03+ 0 (mi:—3+ 1) (2.5)

ci

where m; is the constant calculated from the intact rock strength. With respect to the GSI
value of the rock mass, the coefficients my, s, and a can be directly calculated with the

following equations (for GSI > 25):
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GSI-100

my, = m;e 28 (26)
GSI-100

sSs=e 9 (27)

a=05 (2.8)

While the Hoek-Brown criterion is useful in its own nature, a methodology has
been developed to obtain equivalent Mohr-Coulomb parameters by fitting an average
linear relationship to the curve generated by the Hoek-Brown equation. This method is
particularly useful because most numerical modeling software packages operate on the
well accepted Mohr-Coulomb failure criterion. Unlike the Hoek-Brown failure criterion,
the Mohr-Coulomb criterion operates on an internal friction angle (¢) and cohesion (c).
The Mohr-Coulomb failure criterion may be expressed in terms of major and minor

principal stresses as the following (Pariseau 2006):

01—03
2

= (%) sing + ccos @ (2.9)

where o1 = major principal stress
o3 = minor principal stress
¢ = internal angle of friction

¢ = cohesion

Derivation of the Mohr-Coulomb fit parameters is unnecessary as it is quite

involved, so a simple presentation of the results will suffice. Although cumbersome
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equations, the equivalent friction angle (¢) and cohesion (c) can be found using the

following:

6amp(s+mpozn)? ! ] (2.10)

2(1+a)(2+a)+6amp(s+mpo3,)¢1

@ = sin7?! [

ocil(1+2a)s+(1—a)mposn](s+ mposp)®t

¢ = (2.11)

(eamy, Ugn)a_l
(1+a)(2+a) /1+—(1+a)(2+a)

where o3, = g3max/oci- All other parameters have been defined earlier.

2.4 In-Situ Stress at the Mine

From work performed by a geotechnical service company for the mine, in-situ
horizontal stresses and their directions were determined using the overcoring method.
This method involves the indirect measurement of the secondary principal stresses in the
horizontal plane perpendicular to a vertical core hole. For this method, a borehole is
drilled vertically to a predefined depth and counter-bored so that any extra core stump left
at the bottom of the hole is cleared out. Next a pilot hole is drilled an additional ~0.5 m
and a strain measurement device is lowered into the pilot hole and bonded to the borehole
wall. This assembly is then over-cored and removed from the bottom of the hole, which
causes a release of stress in the over-cored material; the strain magnitudes and directions
that this material undergoes are measured. From these data, the horizontal stresses can be

calculated (NSA Geotechnical Services Inc. 2003).
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The major and minor principal stresses in the horizontal plane can be expressed in

terms of the mean effective stress (om) and the deviatoric stress (og) as follows:

01 = Op+ 04 (2.12)

0, = Oy — 0y (2.13)

The vertical stress (oy) can be calculated based on the specific weight (y) of the

overburden and the depth (h) with the following formula:

oy = yh (2.14)

Assuming elasticity, and that the rock at depth is laterally constrained so that there
is no allowable strain in the horizontal direction, the horizontal stress due to self-loading

following Poisson’s effect is:

o, = 0, J—v (2.15)

where v = Poisson’s ratio.

The remaining component of the total horizontal stress is the stress caused by
tectonic forces in the earth. Horizontal stresses in a material at some depth in the earth
will vary by its elastic modulus, E. The major and minor principal stresses in the

horizontal plane (o1, and o2 are therefore represented by the following set of equations:
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O1p = oy + E ezt (2.16)
Oyp = O + E% (217)

where, e1ec and e are the strains measured by the over-coring method and E is the
elastic modulus of the material.

A series of seven over-cores were taken at the mine at depths close to the mining
level. The orientations of the principal stresses in the horizontal plane were calculated to
be N 40° W for the major principal stress and N 50° E for the minor principal stress. At
depth, the average magnitudes of the tectonic stress components were found to be 2.07
MPa and 1.31 MPa for major and minor tectonic stresses respectively (NSA Geotechnical
Services, Inc. 2003). Therefore, the total major and minor principal stresses at depth for

the mine can be calculated using the following formulas:

O1p = O-h+ 2.07 (MPa) (218)

Oyp = O-h+ 1.31 (MPa) (219)

Esterhuizen et al. (2009) recommend that pre-mining horizontal stress can be
calculated in each layer of rock based on its elastic modulus and the vertical stress due to
gravity loading. The following equations are suggested to be used to calculate the

maximum (on1) and minimum (on2) horizontal stress components in units of MPa:

Oh1 = 1.20, + 2.6 + 0.003E (2.20)

Ony = 1.26,, + 0.0015E (2.21)
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where E = elastic modulus

oy = vertical overburden stress.

2.5 Pipe Umbrella System in Tunneling

The pipe umbrella support system, also known as the fore pole or spiling method,
is commonly used in tunneling operations where ground conditions are very poor and
ground settlement above the tunnel needs to be minimized. Pipe umbrellas serve as a
method of pre-support in underground excavations to increase stability in the working
area and decrease the deformations due to construction. In tunneling, a pipe umbrella
support system consists of steel pipes that are installed from the current working face out
to a distance on the range of 12 m to 15 m in front of the face advance. The pattern of
pipes is arranged in a manner so that it outlines the tunnel extents. Diameters of the pipes
range from 70 mm to 200 mm (Volkman et al. 2008). Figure 2.2 depicts an installed pipe
umbrella support system installed for a single tunnel. The effectiveness of the umbrella
pipes comes from the redistribution of face stresses in the longitudinal direction. Each
pipe transfers the loads from the supported areas to the less critical areas, which are used
as abutments (Volkman et al. 2008).

There are two available installation methods for pipe umbrellas: predrilling
method and cased drilling method. The predrilling method is characterized by a three-
step installation process. First, a horizontal borehole is drilled to the desired location and
then in a second step, the pipe is pushed into the predrilled hole. The borehole is then

often pumped full of grout.
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FIGURE 2.2. Depiction of pipe umbrella support system as used in tunneling

The predrilling method is often employed by operations that do not have drilling
equipment specifically made for the installation of pipe umbrellas. The pre-drilled
method is generally not the desired choice, because of the instability of an open borehole
under high stress conditions. The borehole also must be drilled to a larger diameter than
the installed casing so that it can easily be installed. Thus, the annulus between the pipe
and the borehole wall must be filled with more grout, relative to the other installation
method.

The cased-drilling method involves using only two steps for final installation.
Using this method, the umbrella pipe follows directly behind the drill bit and stays in
place after completing the borehole. Drilling crews can install this type of system by
using conventional jumbos. Time is decreased from the predrilled method and the

borehole is never left open.
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In a methodology proposed by Hoek (2000), the analysis of this type of support
can be numerically modeled though the use of an equivalent strength of the reinforced
zone. This assumes that a process of weighted averages can be used to estimate the
strength and deformation of the zone of reinforced rock. Figure 2.3 depicts this approach
and how an equivalent elastic modulus may be calculated for a ‘three phase’ composite
reinforced area of rock. It is also possible to use numerical tools to model a pipe umbrella
system using structural beam elements within a finite element or finite difference grid.
Elements can be coupled to grid points within the model, become subject to loads due to
excavation, and simulate bending resistance and develop moments within the structure.
This type of embedded beam analysis would allow a finite element or finite difference
grid to deform the beams within it (Yeo et al. 2009). One could then look at the bending
moments that develop in the beam elements and analyze various beam configurations

based on pipe geometry, steel strength, and bending stresses.
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FIGURE 2.3 Equivalent modulus for a reinforced zone of umbrella pipes
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This methodology of pre support is applicable in the coal mining industry, when
areas of weak ground are encountered. One challenge of implementing this type of
reinforcement in a coal mine is the geometry at which the boreholes for pipe installation
must be drilled. This would be a type of pre-support that is only utilized in problem areas
of a mine opening or where problem areas are predicted. Excavation methods differ from
tunneling, so boreholes would need to be drilled from an adjacent entry with a much
greater borehole length. This would make navigation of the borehole more difficult, but
still very possible if directional drilling capabilities are utilized.

Another challenge is determining acceptable design criteria, especially when most
coal mine excavations are temporary and need not be stable for long periods of time,
relatively speaking. The research discussed further in this paper utilizes both methods
(equivalent reinforced zone strength and embedded beam elements) for modeling a

reinforced rock zone with umbrella pipes.

2.6 Modeling Pipe Umbrella System

Following Yeo et al. (2009), a pipe umbrella system was modeled in the finite
element software ABAQUS in three dimensions. This was a site specific investigation on
the Fort Canning Tunnel in Singapore. The tunnel length, width, and height are
approximately 350 m, 15 m, and 11 m, respectively. The depth of cover is very shallow,
varying from 3 m to 9 m of soil. Therefore, surface settlement needed to be minimized at
a high level and a pipe umbrella system was chosen as a method of additional support.
The steel pipes were modeled as beam elements tied to nodes in the finite element mesh
and aligned horizontally. The beam elements were fully tied to the solid elements, so any

sliding between beam and solid elements was not modeled.
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There is a noticeable difference in the surface settlement in the numerical modeling
results between the model with and without the embedded beam element umbrella.
Vertical displacement on the surface is shown to be approximately -0.08 m and -0.10 m
for beam elements and no beam elements, respectively. Yeo et al. noted that this is a
striking difference given that the unsupported length is only 1 m between the tunnel

lining and the working face.

2.7 Why Simple Models Geomechanics

Hammah et al. (2009) describe that in the field of geomechanics and geotechnical
engineering, numerical models are used increasingly to aid in the design and for decision
making of underground excavations in mining. With increased computing power,
modelers have been able to increase the size and complexity of models to better simulate
what is happening in the real world. However, the more complex a model becomes, the
more likely that the solution to the model becomes more exact and in mining
geomechanics, exactness is generally not achievable. By definition, models are
incomplete representations of the real world, and if a model were to incorporate every
aspect of the real world, it would no longer be a model (Hammah et al. 2009).

Mining is performed in the geological environment, which provides a large
amount of uncertainty. Therefore, approximate inputs in a model will yield approximate
outputs; it is better to be approximately correct than be precisely incorrect. According to
Hammah et al. (2009), we can accomplish the following with a numerical model:

1. Development of understanding of the phenomena

2. Formulate the proper questions
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3. Reasonable approximation of the behavior of a geological system and make

meaningful predictions of an outcome under various conditions.

4. Aid in the design of solutions and decision making.

The important first step of any geomechanical model is the careful consideration
of the overall goals of the modeling exercise. The next step is to define overall model
boundaries, material properties, and the simplicity of the model. Depending on the
modeling goal, it is worthwhile to simplify the model as much as possible. This may be
something such as only modeling half of a circular tunnel due to symmetry, selecting a
representative cross section and moving from three dimensions to two dimensions, or
assuming a single material property that accurately represents a group of materials. If a
numerical stress analysis design tool is used properly, the model will demonstrate the
ability to accurately capture key elements of the geologic site model. The model must
accurately simulate how these elements interact with a mine design (Larson and Wyatt
2009). A model is only valid if the results can be compared to its real world situation and

the key aspects of the actual situation are evident in the numerical model.

2.8 Strain Hardening Gob Model

During the longwall mining process, the caved material behind the longwall face
(gob) forms a rubble zone. As the face advances farther, the overburden subsides and re-
stresses the gob material, causing it to compact. This compaction essentially is an
increase in the overall stiffness of the material. The re-compaction of the gob after
undermining is an important process since it can alter the pillar and abutment loads by

acting as an additional support for the static system (Esterhuizen et al. 2009).
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In a so-called “modulus updating” method, Badr et al. (2003) proposed that the
gob compaction process can be numerically modeled as a nonlinear elastic material. The
bulk modulus of the gob continually increases as a function of its vertical strain. The

algorithm for this process is shown in the following formula:

1.75
05_ SU

(MPa) (2.22)

where K = bulk modulus

&y = vertical strain

The height of the cave of the roof stratum in a longwall mine and the compaction
characteristics of the broken rock within the gob have a large impact on the stresses and
strains in a rock mass as the result of longwall mining. A recent study performed by
Whittles et al. (2005) suggested that the height of the rubble zone in a longwall gob can

be characterized by the following equation:

100h

H. =
Cih+ C;

(2.23)

where H. = caving height (m)
h = mining height (m)

C; and C, = empirically derived coefficients depending on stratum lithology
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2.9 Longwall Mining

It is important to those reading this paper that the longwall mining process be
understood in detail. The following description of the longwall mining process is in
reference to the SME Mining Engineering Handbook 2™ Edition. In longwall mining,
coal or other stratified materials are removed in large underground blocks or panels.
These panels are on the scale of 3,000 m long, 300 m wide, and 3 m in height and can
take months to mine depending on conditions. In order to be mined with this technique, a
panel of coal needs to be developed using continuous mining techniques. Continuous
mining allows the coal to be mined, collected, and hauled out of the mine with minimal
amounts of delay.

A typical longwall coal mine is separated into the following sections: mains, gate-
roads (development sections), bleeders, and longwall panels. The mains are a series of
parallel entries or tunnels separated by strings of coal pillars that create cross-cuts
between the entries. In large mines, there may be as many as 12 parallel entries.
Depending on the extent of the mine plan, the mains are continuously being mined so that
the next panel is developed before the previous panel has been completed, minimizing
chance for major delay. The mains are excavated with continuous mining techniques
developed from an outcrop, shaft bottom, or slope bottom and serve as access to the
development the rest of the mine. The mains also serve as the main haulage way for
miners, coal, power, water, and supplies.

The gate-road sections are a series of parallel entries, typically two to four in the
U.S., that are mined with the continuous mining method generally perpendicular to the
mains. Like the mains, the gate-road sections are separated by strings of coal pillars that

create cross-cuts between the entries. Gate-road sections can be called development
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sections and they are mined to establish the extent of the length and width of a longwall
panel. Typically, the headgate is the side of the longwall panel that acts as the haulage
way and fresh air intake to the face of the longwall. The tailgate is the side of the
longwall panel that ventilates methane and coal dust produced along the mining face to
the mains and out of the mine. Since longwall panels are typically mined parallel to each
other, the headgate of the current panel will normally become the tailgate section of the
next panel, unless ground conditions require that a barrier pillar between longwall panels
be created.

Bleeder entry development is created in a coal mine to ventilate the “gob”, or
caved area behind the direction of mining. These are developed so a controlled flow of air
can ventilate the gob so that gases, such as methane, will not flood the fresh air of the
mine. If the mine uses progressive sealing with longwall face advance, the bleeder entries
are not used. The bleeder entries establish the extent of the length of a longwall panel.

Once the panel of coal has been created, a mining machine is used to shear coal
from the face starting at an entry developed across the width of the panel farthest away
from the mains. As the coal is sheared from the face, it falls on to a conveyor system that
stretches the entire width of the panel that moves the coal to a staging system and out of
the mine. With each pass along the face, the material above the mined coal panel is left
unsupported and is allowed to cave behind the mining equipment. The mine roof above
the mining equipment and workers is temporarily supported by a series of hydraulic
support shields that move in the direction of mining with each pass. It is ideal for the roof
behind the shields to cave as quickly as possible so that the shields and immediate mining

face support the least amount of abutment load generated by the extraction of material.
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This method is typically referred to as retreat mining, since mining is commencing from

the farthest point of the development sections inward.

2.10 Longwall Shield Recovery

Mining for coal and other minerals beneath the earth’s surface can present a
variety of problematic ground conditions. In longwall mining, it is necessary to move the
equipment from the end of a mined out panel to the next area of mining so that the
mineral can be continuously produced. In practice, this can take a significant amount of
time while costing a mining company considerable amounts of money in lost production
and man-hours. Much of the lost production time in a longwall move can be due to poor
ground conditions and inadequately planned roof support in the longwall recovery room
that does not allow for easy extraction of the support shields.

The longwall recovery room is a mined single entry developed along the width of
the panel. It normally facilitates mine workers with enough space to support the mine
roof and ribs with conventional methods such as bolting, cribbing, and meshing then
remove the pan-line, shearing machine, and support shields. The recovery room can
either be mined with a continuous miner before the longwall face reaches the location or
mined with the longwall shearing machine once the specified location (end of panel) has
been reached.

Conventional methods for developing a recovery room require that a pre-
determined location be established and ground control preparations be made between 12
to 14 shear cuts from the extraction point. With each pass of the shearing machine,
welded wire roof mesh, chain link material, or nylon woven geo-textile material is placed

against the roof along the length of the panel and the shields are advanced. The last 3 m
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to 4 m is then mined and the shields are not advanced so that there is sufficient area to
remove the equipment and prepare the mine roof and coal face with bolting and meshing
(Tadolini 2003).

One major problem that a mine faces is the large abutment stress applied to the
support shields and the barrier pillar after mining has been completed. This is the main
reason for the extensive roof support in the recovery room. The weight of overburden
directly behind the support shields is no longer supported by the coal, since it has been
removed. Therefore, this load is distributed on to the longwall shields and the adjacent
barrier pillar. Although the ground is allowed to cave behind the shields and relieve some
of this pressure, a significant amount of weight is placed on the longwall support shields
and the barrier pillar. This condition can worsen if the surrounding rock is water saturated
and very weak, or if the immediate roof does not cave easily. In certain cases,
conventional methods such as bolting, cribbing, and meshing are not enough to support
the roof. Conventional methods are only capable of supporting an abutment load to a
certain extent up into the mine roof. If supplemental methods are used, such as a hybrid
approach of the pipe umbrella support system, an increased level in the stability longwall

recovery room can be achieved.

2.11 Horizontal Directional Drilling

Directional drilling is the science and art of deviating a borehole along a planned
course to a subsurface target, where the location has a given lateral and/or vertical
distance and direction from the collar. In the mining industry, directional drilling is used
in a variety of ways. The most common uses of directional drilling in the mining industry

are for delineation of old mine workings, defining geologic structure ahead of mining,



25

methane drainage applications, water drainage of adjacent workings, geotechnical and
exploration coring, and utility purposes. Careful measurement while drilling allows for
accurate placement of the drill path. Directional steering capabilities are achievable due
to a bent sub located behind the drill bit. The orientation of the bent sub controls the
direction of force exerted on the borehole wall, and in turn the direction of the force on
the drill bit. Figure 2.4 depicts this concept.

Directional drilling motors are commonly run on the energy produced by fluid
flow (drilling mud). As drilling mud is pumped at high pressures, the fluid energy is
converted into rotational mechanical energy on the rotor, which in turn provides a high
amount of torque and rotation speed to the drill bit. This means that the drill rods do not
rotate in the borehole. Instead, drilling footage is generated by a rotation of the bit at the
end of the drill string and a “sliding” of the drill rods along the borehole wall. The torque

is supplied by water or drilling fluid being passed through the drill string and a helical

DOWNHOLE MOTOR SIDE FORCE DIAGRAM
Side Force Diagram
Downhole Motor (top) and Side Force Schematic (bottom)

Side force

FIGURE 2.4 Downhole motor force diagram (REI Drilling 2008)
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rotor system (motor) at high pressure. Depending on geological conditions, it may be
desirable to have either more torque or more RPM’s. These factors are dependent on the
configuration of the rotor system in the motor housing and the amount of lobes and twists
on the rotor. Figure 2.5 shows a cutaway photograph of the configuration of a downhole
motor as used in directional drilling.

It is very important that a directional borehole is surveyed accurately during the
drilling process. This gives the ability of the drill operator to steer and control the
borehole along a predetermined path and identify structures or anomalies at a specific
location along the drill path. In common practice, directional sensors are located down-
hole, behind and in series with the drill bit and drilling motor. The sensor will commonly
consist of three axes of accelerometers and three axes of magnetometers. Accelerometers
measure the direction of pull of the gravity, which in turn is an indirect measure of the
sensor inclination and bit roll. Magnetometers measure the strength of the earth’s local
magnetic field. Knowledge of the roll and inclination angles enables determination of the
horizontal components of the earth's local magnetic field; this information defines the

azimuth angle. Sensor data are sent to the surface with a method that is suitable for the

FIGURE 2.5 Configuration of a down-hole motor assembly
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formation conditions. This could be electromagnetic data transmission through the
geologic formation, or some type of fluid pulse telemetry through the annular drilling
fluid.

In horizontal directional drilling as used in the coal industry, data from the
directional sensor package are collected via a wire-line through the drill string. This data
transmission method is commonly practiced in underbalanced drilling, where the pr