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Abstract

Global energy demand has increased coal production in the last decades. Productivity improvement, cost-effective
production, and work safety are important factors in terms of underground coal mine design and planning. Generally,
coal production uses the longwall method to maximize production. This is done by extracting large panel blocks under-
ground. The longwall design requires specific technical parameters and constraints, such as knowing the correct panel
dimension, face and panel length. This study deals with the determination of the optimum face length, panel length and
their relations in mine planning. Longwall models with differing face and panel lengths are modelled using a numerical
analysis method. Stress distributions on different face and panel lengths are calculated. The ratio of panel length to face
length (PL/FL)is derived while considering mining losses and stress distribution for underground coal mine planning. If
the PL/FLrate decreases, mining loss decreases. For the proper panel dimension selection, an optimum zone is suggested
thataccounts for stresses occurring in the longwall. This zone provides more efficient and safer panel dimension planning
for longwall coal operations. Reducing mining losses increases productivity which leads to a reduction in fixed cost.

Keywords: Coal production; face length; longwall; panel length; panel optimization.

1. Introduction

The world’s total primary energy sources and elec-
tricity generation are supplied from coal. The world’s
electricity production has increased about four times
in the last 40 years. The major part of this advance is
based on coal consumption. Global coal production is
also increasing because of energy demand. The world
coal production in 1973 was 3074 Mt. By 2015, it was
7709 Mt (IEA, 2016). In the race to increase price
competitiveness, improvement of productivity has become
an important goal for today’s coal industry. The future
challenges for the coal industry are to identify areas of waste
generation, meet the market price, and maintain a
healthy profit. The only way to achieve this is to reduce
production costsby improving productivity, efficiency,and
the effectiveness of the equipment (Mishra et al., 2013).

The increase in coal production capacity also brings
with it some difficulty. More efficient, safe and cost-
effective productions can be realized with optimum
mine planning and design. Every mine site has a
dynamic and different structure depending on the
technic restrictions and geological conditions. Therefore,
mine planning becomes more complicated, so it must be
carried out according to the mine specifics considering
to economic criterion (Mall1, 2013; Ozfirat et al., 2017).

Longwall mining has  special conditions,
limits, and problems. These problems are related to rock
mechanics, operational safety, ventilation,

transportation, production capacity, and mechanization
possibilities. All these factors are influenced by coal panel
dimensions, panel length, and face length. Whereas

the panel length is chosen depending upon geological
conditions in most cases, face length is determined
by the capabilities of equipment used on the face
(Simsir, 1995). The most important factor in determin-
ing the optimum face length is geological conditions.
However, economical factors have gained significance,
too. Assuming certain geological conditions, face length
is now predominantly determined by economics and
the equipment available for longwall mechanization.

Determination of optimum face length is a
specific subject in underground coal mines. An
optimum face length determined for one mine is not
valid for another. In other words, regional sectors
cannot generalize data collected from one mine and
calculate face length for another (Yang et al., 2016;
Stocks and Sroka, 2000; Bai et al., 2014; Esterhuizen et
al.,2010; Mark and Whyatt, 2009; Bertuzzi et al., 2016).

In underground planning, the production costs
generally increase with mine depth. In addition, the
prediction of overall costs and unit production cost
are made taking into consideration factors such as the
geomechanical parameters of the rock and ore. These
directly affect the level of difficulty of the excavation and
its safety (Mall1, 2013). Even a small reduction in the unit
cost of produced coal will ever be of key importance, no
matter what the economic conditions are (Magda, 2012).
In coal mining, longwall mining is a preferred
method to maximize production. It is a high-volume
coal extraction method in which a rectangular panel in
the coalbed has been outlined with a set of development
entries. Increasing longwall panel size, while aiming to
increase coal production, may also increase methane
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emissions due to the exposure of the mining environment
to a larger area of fractured, gas-bearing strata. In ad-
dition, longwall mining creates large-scale disturbances
around the longwall face and in the overlying strata. The
immediate consequence is caving of the unsupported
immediate roof strata into the void left by the progressive
extraction of the coal bed. The height of caving is depen-
dent on mining height and the strength and stratigraphy
of the roof strata, which generally extends upwards 3 to 6
times the thickness of the mined coalbed (Karacan et al.,
2005). Caving of the roof causes an area of relieved stress
in the overlying strata, where rocks are fractured verticaly
and horizontally along bedding planes. The thickness of
the fractured zone can vary up to 100 times the height of
the mined coalbed depending on the rock layers, thick-
ness of the overburden, and the size of the panel (Palchik,
2003; Yin et al., 2010; Shabanimashcool and Li, 2012;
Zheng et al., 2012; Alvarez-Fernandez et al., 2011).

A lot of research studies have attempted to eval-
uate stress distribution around the longwall panel.
However, few studies have investigated model stress
distribution by numerical method and by using the pro-
ductivity of the coal panel reserve around the longwall
mining panel. This case study seeks to determine the
optimum face length, panel length and PL/FL rate for
panel dimension in mine planning. This work is nov-
el for handling the problem of proper sized longwall
panel selection using the proposed chart. Optimum
zone is determined considering PL/FL rates for effi-
cient production and presented to engineers who work
in decision-making position in underground coal mines.

2. Literature review

Several factors affect an underground coal mine. There
is always room for improvement regarding produc-
tivity and the overall effective use of resources (Mish-
ra et al., 2013). Production loss, which occurs because
of barriers and ribs in underground coal operations, is
important to investigate. Losses are calculated in mine
modeling in the first stage of study. Analytical methods
of modeling and optimization of longwall and exploita-
tion panels consist of deriving the formulas governing
and the time and spatial relationships between major
determinants of particular costs, face advance, net pro-
duction from a longwall and net coal reserves in the
panel (Magda, 1994). Shabanimashcool and Li (2012)
investigated the stability of gates and the loading pro-
cess to rock bolts in longwall mining using a novel
numerical approach. Shabanimashcool and Li (2013)
also used numerical modeling, but they investigated
the stress changes in barrier pillars in longwall mining.
The location of the maingate and tailgate together with
the rib pillar left between the old working and coal
panel in generally. (Yasith and Unver, 2005). Suchow-
erska et al. (2013) investigated the variables that affect

stress redistribution in the strata underneath super-
critical longwall panels by using numerical methods.
They showed that the maximum vertical abutment
stresses occur at a distance of 7 m in front of the face of a
longwall top coal caving. Najafi et al. (2017) proposed that
methodology couldprovideaconsistentand simple way for
determining the suitable distance between two faces and
can be used for ground subsidence control in underground
coal mining. The authors determined an appropriate
distance between two faces using the finite-difference
method (FDM) with FLAC3D software.

They further assessed the front abutment and side
abutment stress distributions and their influence on
the chain pillar. Hutchinson et al. (2002) proposed
techniques for stability assessment and crown pillar
failure using mechanistic, empirical, and numerical
simulation techniques. Singh et al. (2011) studied the
development-induced stress during depillaring under
varying geo-mining conditions. They developed an
empirical equation to predict induced stress over
coal pillars.

In this study, stress distribution in the long-
wall is modeled using a numerical analysis method
and by considering previous studies that are men-
tioned above. The aim is to create a safe mine site.
For this purpose, stresses and mining loss calculated
in coal mine are examined in this experimental study.

3. Mining model

The model comprises underground coal mine
structures, including main transportation and
ventilation roadways, the tailgate, maingate and

longwall panel. The maingate and tailgate of the coal
panel are formed as two entry galleries. In the model, the
longwall is modeled in actual dimensions of 5 m in width
and 3 m in height. The longwall mining geometry and
the sequence of excavation are considered in this study.
The working field has also been modeled, taking into
consideration the rock mass properties of the surrounding
rocks around the longwall face. The face advance angle is
0°, the working depth is 350 m and the extraction height
is set at 3 m. Panel lengths in the model are between
500 and 2000 m, and face lengths are between 50 and
300 m. Thus, 20 different longwalls having face lengths
of 50 m, 100 m, 150 m, 225 m and 300 m have been
modeled. The general view ofthemodelis giveninFigure 1.
One goal in coal extraction is to leave as few
pillars as possible without jeopardizing safe-
ty. All this must be accomplished under mini-
mum stress conditions and with less coal loss.

In this study, the goals are to provide
maximum safety with much less mining loss,
much less panel preparation for production and the
minimization of cost. Governing equations which
are used in mining loss calculations are given below:
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Maximize Y, (Qi - Li), V&l........n (1)
where the coal reserve is R, the mine depth is H,
panel length is PL, and the face length is FL. The coal
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of longwalls. The examined sites were the currently
productive Cayirhan and Tungbilek coal basins. Coal
and surrounding rock geomechanical properties of
Tungbilek and Cayirhan basins are given in Table 3.

Fig. 1. Model layout of panel design for retreating longwall mining

Z=Subject to Min, Zn 2
Q=PLxFLxtxd ()
p=01xH @
n1=R/Q ()
Y l=2k PLxtxdxpw + YL FLxtxdxpw (0)

thickness is t, while coal density is d. The coal panel
number is denoted as n, and the panel coal quantity is Q.
Final panel coal loss and pillar width are | and pw, respec-
tively. Model parameters considered are given in Table 1.

Table 1. Model parameters and range.

Dimensions Range
Panel Length (PL) 500-2000 m
Face Length (FL) 50-300 m
PL/FL 2.22-30 m
Mining depth (H) 350 m
Coal seam thickness (face height) 3m
Face width 5m

Coal reserve 100 million ton

Pillar dimensions are determined by  work-
ing depth. Panel and face lengths used in the
models and PL/FL rates and mining losses are
given in Table 2. Mining losses are calculated
considering pillar dimensions at a working depth of 350

4. Determination of rock material and rock mass
properties

To determine rock mass properties, longwall mod-
eling was carried out considering the geomechan-
ical properties of the coal and surrounding rocks,
working depth, working height and working angle

Table 2. PL/FL ratios and mining loss.

Panel Face PL/FL Mining
Length Length Rate Loss
(PL) m (FL) m %

500 50 10.00 31.11
500 100 5.00 21.11
500 150 3.33 17.78
500 225 2.22 15.56
500 300 1.67 14.44
1000 50 20.00 26.11
1000 100 10.00 16.11
1000 150 6.67 12.78
1000 225 4.44 10.56
1000 300 3.33 9.44
1500 50 30.00 24.44
1500 100 15.00 14.44
1500 150 10.00 11.11
1500 225 6.67 8.89
1500 300 5.00 7.78
2000 50 40.00 23.61
2000 100 20.00 13.61
2000 150 13.33 10.28
2000 225 8.89 8.06
2000 300 6.67 6.94

By performing tests on specimens taken from the field,
geomechanical parameters of the rock material were
obtained (Table 3). The geomechanical parameters
of Tungbilek and Cayirhan coals were converted into
rock mass values by RocData software. The fractured
zone and the relaxation zone above the face tend to
fracture because of the effect of face advance. They
also have the propensity to cave behind the face. For
this reason, the rock mass properties of these zones were
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derived considering that these values had to be small-
er than the ones of the immediate roof and coal seam.

There are several hypothesizes in gob modeling. It is
hypothesized that the strain-hardening constitutive law
is the best simulation for compaction in the gob area.
Both Salamon and Terzaghi based their gob models on
strain-hardening behavior (in Badr, 2004). Salamon’s
theoretical gob model has been used as the governing
constitutive model in developing gob material behav-
ior in a shortwall environment. Therefore, after each
cut, the excavated area was replaced by a soft elastic
gob. Then the model runs to equilibrium. The property
of soft elastic gob has been considered according to the
caved roof properties (Li, 2014; Falaknaz et al., 2015).

—

Fig. 2. View of longwall 3D model and
stress distribution

Table 3. Summary of the coal and surrounding rocks geomechanical properties (Destanoglu et al.
2000; Ozfirat, 2007; Bilim, 2007; Varlibas, 2014).
Coal Hanging wall Footwall
Cayirhan Tungbilek Cayirhan Tungbilek Cayirhan Tungbilek

Tests

Uniaxial compressive 12.27 15.90
Tensile strength (MPa) 1.24 -
Internal friction angle (°), 15-25 15-25
Unit weight (gr/m?) 1.36 1.40
Cohesion ( ¢ ) MPa - -
Young’s modulus (MPa) 690.00 1733.00

8.73 14.40 75.00 26.50
0.89 2.30 6.19 3.50
34.18 32.00 - 40.00
2.12 2.10 2.16 2.40
5.31 3.18 - 2.90
1743.00 1480.00 1602.00 2085.00

In this study, the gob zone was modeled reflecting
the data in the study by Verma and Deb (2013). This is
becausethey definethe gob zone asthree zones, makingthis
approach more realistic than others. The rock mass
properties of these zones used in the model are given in
Table 4.

After determining the rock mass properties of zones,
the longwall was modeled using Phase2D software. The
longwall model is shown in Figure 2. In order to measure
the stresses in different panel lengths and face lengths, 3D
modeling is needed. For this purpose, the models created
in Phase2D software in two dimensions according to dif-
ferent panel lengths were converted to 3D ones using RS3
software and modeled according to different face lengths.

Coalloss increases in short face length, and it depends
on coal seam thickness and pillar width. The amount
of this loss gradually decreases when the face and

panel lengths have large designs. According to the
values given in Table 5, the stress levels in the panel and
on the face are usually low when the short face length
is chosen. But as panel length increases, the stress
level rises after a maximum point, and then it falls.
Pillars such as barrier and rib designed considering
the mining operation loss in panel layout are crucial.
Therefore, low rates of PL/FL will reduce coal
mining losses. Subsequently, operation
efficiency increases. On the other hand, higher
productivity will also reduce fixed cost. With this
approach, it is fore seen that more efficient coal

Table 4. Input parameters used in the model

Unit Young’s Poisson’s Tensile Internal Cohesion
Formation weight modulus ratio strength friction (©)

MN/m3 (MPa) (MPa) angle (°) (MPa)
Coal 0.0135 1607.00 0.25 0.0160 21.90 0.569
Relaxation zone 0.0220 800.00 0.30 0.0136 17.00 0.228
Gob 0.0140 120.00 0.40 0.0000 15.00 0.100
Immediate roof 0.0220 1612.30 0.30 0.0275 19.40 0.555
Footwall 0.0220 1612.30 0.30 0.0275 19.40 0.555
Hanging wall 0.0220 1612.30 0.30 0.0275 19.40 0.555

5. Evaluation of numerical model results

The stresses in panel and on the face were cal-
culated for different coal panel dimensions.
Mining loss, maximum, minimum and mean
stresses in different PL/FL ratio are given in Table 5.

production is possible.

Data suggest that a short panel length is not
suitable. This is due to pillar loss that reached
approximately 30%.Therefore,apanel length of 500 m was
notconsideredinevaluations.Inaddition,the facelength of
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50 m was not considered because it did not allow for
mechanization. According to Table 5, when panel
length is 1000 m, the minimum stress levels are formed
in face lengths of 225 m and 300 m, and the rates of
PL/FL in these face lengths are 3.33 and 4 .44, respectively.

When panel length is designed to a specification
of 1500 m, the minimum stress levels form in face
lengths of 150 m and 300 m, and the rates of PL/FL
in these face lengths are 11.11 and 7.78, respectively.
Similarly, with a 2000 m panel length, minimum stress
levels are formed in face lengths of 225 m and 300 m,
and the rates of PL/FL in these face lengths are 8.89
and 6.67, respectively. Changes in maximum stresses
in face according to PL/FL ratios are given in Figure 3.

14.00
13.00
12.00
11.00
10.00

9.00

Max. Stress in Longwall Face (MPa)
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6. Results and discussion

Generally, barrier and rib pillars protect the panel and
face in underground coal mining. It is necessary to
provide safe working conditions in the longwall according
to the maximum stress level and roof control on the face.
Figure 4 was graphed using modeling results. The figure
shows that the stress level starts to exceed the primary
stress level by acting on the coal seam about 50 m from the
longwall face. These stresses increase rapidly towards the
longwall face from 8-10 meters. They reach a maximum
value of 12 MPa on the face. In addition, stresses in the
gob area just behind the longwall increase with distance
and reach the primary level of 60 m behind the longwall.
The stresses are maximum stresses. They are measured
on a coal seam and gob at intervals of 5 m and 50 m.

o

10.00 15.00

20.00 25.00 30.00 35.00 40.00

PL/FL Ratio

-&—Panel Length 500 m

o-Panel Length 1000 m -@-Panel Length 1500 m —o—Panel Length 2000 m

Fig. 3. Relationship of maximum stress and PL/FL ratio

Table 5. Maximum, minimum and mean stresses in different PL/FL Ratios

Panel Length Face Length PL/FL Mining Maximum Mean Stress

(PL) (FL) Rate Loss Stress

% MPa Panel Face

m m (MPa) (MPa)

50 10.00 31.11 10.94 8.24 7.59

100 5.00 21.11 8.44 8.03 7.43

500 150 3.33 17.78 12.84 8.51 7.89

225 2.22 15.56 10.30 8.26 7.71

300 1.67 14.44 12.46 8.51 7.93

50 20.00 26.11 8.21 7.96 7.25

100 10.00 16.11 11.87 8.38 7.71

1000 150 6.67 12.78 12.30 8.46 7.86

225 4.44 10.56 11.73 8.41 7.76

300 3.33 9.44 9.85 8.24 7.61

50 30.00 24.44 9.35 8.08 7.39

100 15.00 14.44 10.73 8.25 7.60

1500 150 10.00 11.11 9.37 8.15 7.54

225 6.67 8.89 11.87 8.45 7.77

300 5.00 7.78 9.65 8.22 7.58

50 40.00 23.61 11.37 8.28 7.57

100 20.00 13.61 13.21 8.52 7.83

2000 150 13.33 10.28 12.75 8.50 7.89

225 8.89 8.06 10.71 8.31 7.70

300 6.67 6.94 11.82 8.43 7.79
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Fig. 4. Panel stress distribution in longwall

Mining loss decreases operable reserves in an
underground mine. Hence, the optimum zone is described
using newly derived data (Figure 5). Thanks to this
zone, production loss will be static in actual limits. The
lower limit for this determined zone is set at 7.5% and the
upper limit is 15%. This zone provides panel design
and dimension planning that is more efficient and safer
for longwall coal operations. Within this optimum zone,
500-m panel length is not suitable for mining operations.

In the proper panel dimension selection, preferable
face lengths are 225 m and 300 m depending on lower PL/
FL rates. These rates lower mining loss and stress levels
in the longwall. In Figure 5 shows that face lengths from
225-300 m and 1000 m and above panel lengths in the
optimum zone are ideal panel dimensions. The relationship
between mining loss and PF/FL ratio is given in Figure 5

this study, future work can include additional advances.
7. Conclusion

Maximum stresses occur over primary stresses on the coal
seam during longwall coal production. Maximum stress
on the face of a longwall is restricted to panel dimensions.
Proper dimensions lead to safer and more efficient
mining operations. Therefore, it is necessary to
control stress.

In this study, stresses in the longwall were
calculated using numerical analysis methods.
According to the obtained results, concept of panel
dimension design in underground coal mines which are
operated with longwall method is handled considering
mining loss that is based on PL/FL ratio. Data results were

35.00
30.00 =
A « 11 > G
= 25.00 // o aan B 2301
2 20.00 17.78 ~ 23.21 o e —
= 1 - — ~ -~ .
Yas.00 w220 Sl e — s JEPerSmit of mining loes
=
= 10.00 1o .,,,/ T e e Optimum zone
750 e —— R i e e ——— —
S.00 ’ 6.94
Lower limit of mining loss
0.00
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
PL/FL Ratio
«-=S00 M panel length == 1000 m panel length LSOO m panel length —=2000 m panel length
Fig. 5. Optimum zones according to mining loss and PL/FL ratio
Considering stresses and mining losses, this compiledintoachartusing mininglossesand PL/FLratios.
research pinpoints an optimum zone. By means The data show that the most appropriate
of this zone, it is foreseen that mining loss will be optimum zone in terms of loss for mining

within actual limits when panel dimension selection is
appropriate. This zone data provides more efficient
and safer panel dimension planning for longwall coal
operations. It should be utilized in order to design
effective and efficient panel dimensions. On the basis of
the understanding of results and mechanisms gained from

companies is between 7.5% and 15%. It is predicted
that coal losses can be best reduced in 225 and 300 m
face lengths and at 1000 m and above for panel designs.
Thus, technically speaking, more efficient
planning and higher coal recovery can be achieved.
Mining engineers wish to improve cost performance,
safety and efficiency should use this research data.
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