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GEOMECHANICAL ASSESSMENTS OF LONGWALL WORKING STABILITY
—A CASE STUDY

The stability of longwall mining is one of the most important and the most difficult aspects of under-
ground coal mining. The loss of longwall stability can threaten lives, disrupt the continuity of the mining
operations, and it requires significant materials and labour costs associated with replacing the damages.
In fact, longwall mining stability is affected by many factors combined. Each case of longwall mining
has its own unique and complex geological and mining conditions. Therefore, any case study of longwall
stability requires an individual analysis.

In Poland, longwall mining has been applied in underground coal mining for years. The stability of
the longwall working is often examined using an empirical method. A regular longwall mining panel (F3)
operation was designed and conducted at the Borynia-Zofiéwka-Jastrzgbie (BZJ) coal mine. During its
advancement, roof failures were observed, causing a stoppage. This paper aims to identify and determine
the mechanisms of these failures that occurred in the F3 longwall. A numerical model was performed using
the finite difference method - code FLAC2D, representing the exact geological and mining conditions of
the F3 longwall working. Major factors that influenced the stability of the F3 longwall were taken into
account. Based on the obtained results from numerical analysis and the in-situ observations, the stability
of the F3 longwall was discussed and evaluated. Consequently, recommended practical actions regarding
roof control were put forward for continued operation in the F3 longwall panel.
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1. Introduction

Longwall stability is considered the most difficult and complex engineering problem in
underground mining. It determines the conditions of the mining operation and the safety level
for miners and has a significant impact on productivity and production costs. Several pieces of
research were carried out to analyse the factors affecting the longwall working stability. The
weak immediate roof, massive overburden strata, and coal seam thickness are major factors
that significantly impact the longwall stability[1-6]. In many cases, the presence of water and
dynamic load (seismicity), discontinuities (joints and faults), seam depth and seam inclination
were linked to longwall failures [1,2,7-10]. Except for these natural factors, studies also pointed
out the importance of human (operating) factors in roof control: canopy tip to face distance,
powered roof support capacity and control settings, panel width, extraction height and time
[1,2,4,7,11-13]. In fact, longwall mining stability is affected by many factors combined. Each
longwall mining case in a given region should be analysed individually due to the complex
geological and mining conditions.

In Poland, an empirical method developed by Bilinski [14] is commonly applied to assess
the stability of the roof in longwall panels whilst selecting the powered roof support for longwalls
[1,15-17]. The experience-based method relies on calculations of the roof bearing capacity index
‘Ibc’, illustrating the ability to maintain their geometric continuity during the longwall mining
operation. The value of the roof bearing capacity index is calculated by the following formula:

1
I, = 1
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where: R, — in-situ compressive strength in a given longwall panel, MPa; M — capacity moment
of a powered roof support, MNm, M, — load moment of the rock mass, MNm.

Values of the ‘Ibc’ below 0.7 indicate very poor roof maintenance, i.e. high risk of roof fall.
Values of ‘Ibc’ equal to or greater than 0.7 and less than 0.8 indicate the difficult roof mainte-
nance conditions. Values of ‘Ibc’ equal to or greater than 0.8 indicate proper roof maintenance.
According to Eq. (1), the higher the capacity moment of powered roof support is set the higher
the value of ‘Ibc’ is obtained as an outcome. In practice, an increase of pressure in hydraulic legs
is a common solution to improve roof conditions.

The methods based on underground measurements and observations can be supplemented
with numerical analyses that illustrate the interaction of rock layers in the rock mass and the
interaction of the powered roof support with the rock mass surrounding the longwall mining.
In recent years, numerical modelling has been increasingly used as an auxiliary tool in solving
geotechnical problems, such as assessment of longwall stability and determining the interaction
of the powered roof support with the rock mass [7,11,18-26]. By means of numerical model-
ling, a number of geological and mining factors can be simultaneously taken into consideration,
which is not possible in analytical and/or empirical analyses. The numerical calculation results
are useful for comparison with the results of laboratory tests and in-situ tests.
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During the longwall mining operation at the Borynia-Zofiéwka-Jastrzebie (BZJ) coal mine,
some roof failures occurred that caused the stoppage. To assess the stability of the F3 longwall
working, a numerical analysis was carried out using the finite difference method — code FLAC2D
[27]. A numerical model was performed representing the detailed geological and mining condi-
tions around the F3 longwall. Major influencing factors such as pressure in the hydraulic legs, the
thickness of weak and stratified roof rock layer, and tip to face distance were taken into account
and examined on the F3 longwall. Based on in-situ observations and the obtained results from
numerical modelling combined, the stability of the F3 longwall was evaluated, and then, practical
activities were proposed for improving the longwall roof conditions during its further mining
operation. As the most essential practical action, it is suggested to set the optimal low pressure
in the hydraulic legs instead increase the supply pressure acc. to Eq. (1) to improve the roof con-
ditions in the weak geological conditions around the longwall mining such as the F3 longwall.

2. Case study

2.1. Brief characteristics of geological and mining conditions
at the studied site

The F3 longwall panel is located in the 406/1 coal seam at the BZJ coal mine, and its outline
is defined by: F3 upcut, F3 headgate, F3 tailgate and longwall stop line (Fig. 1). The F3 longwall
panel lies at a depth of about 810+850 m, its longitudinal slope is 0+6° on N-E, and the thickness
is 1.08+1.40 m [28].

Longwall
panel F-3

Fig. 1. Outline of the F3 longwall panel in the 406/1 coal seam [28]
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According to the given description of geological and mining conditions, roof rocks consist
of shale with coal lamina (0.15+1.4 m), shale or sandy shale with a total thickness (2.0+~12.0 m),
shale (0.1+0.4 m) with coal lamina and a gob of the mined 405/2 coal seam (1.2+1.5 m). Above
the gob, there are layers of shale and sandstone. The vertical distance between the 406/1 and
405/2 seam ranges from 2.0 m (upcut) to 10.0 m (stop line) [28]. In the floor rock, there is shale
with coal laminas (0.0+0.35 m) and sandy shale (2.8+12.0 m).

The geological profile in the 406/1 coal seam is summarised in Table 1.

TABLE 1

Lithological structure of rock mass around the 406/1 coal seam

Type of rock Layer thickness, m Compres;;[\lrfastrength,
Shale — 88+97
Sandstone 14.0+19.0 80
Shale 0.15+1.65 88+97
Consolidated gobs (after the
Roof rocks 405/2 coal seagm ex(traction) 127135 1220
Shale with coal lamina 0.1+0.4 30-+50
Sandy shale 2.0+12.0 88+97
Shale with coal lamina 0.15+1.4 30+50
Coal seam 406/1 Coal 1.08+1.4 12.8
Shale with coal lamina 0.0+0.35 30+50
Floor rocks Sandy shale 2.8+12.0 45+84
Sandstone — 80
Shale — 4584

2.2. In-situ observations

The observations have been carried out regarding the roof maintenance conditions in the
F3 longwall for various values of the powered roof support capacity and the tip to face distance
(0.7+1.5 m). The observation results show that the improvement of roof maintenance conditions
was achieved by setting the optimal lower pressure values in the hydraulic legs (up to 25 MPa).
This reduced the rock falls from the immediate roof rock. According to the observation report,
during the powered roof support sections spragging, the canopy front tip “moved away” from
the roof due to excessive penetration of the canopy back tip into the immediate roof rock layer
with coal lamina. This situation caused an increase of tip to face distance and, in consequence,
rock falls occurred. Steel bars were applied to stop further rock falls (Fig. 2).

The process of such a failure can be illustrated in Fig. 3. In the case of weak and stratified
immediate roof rock, the canopy tends to break the roof rock, with rock falls occurring at the
beginning in the unsupported part on a small scale (Fig. 3a). If no prevention actions are taken to
stop rock falls, then roof rock will fall layer by layer (Fig. 3b), forming a void above the canopy
of different sizes (Fig. 3¢ and Fig. 3d). This leads to a change in the geometry of the powered
support where roof maintenance is considered poor.
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Fig. 2. A rock fall event in the F3 longwall face

e p e

Fig. 3. Graphical interpretation of roof fall in case of setting higher pressure in the hydraulic legs
(in sequence: a+d)
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3. Numerical modelling

3.1. Model description

In the model, in accordance with the geological and mining conditions, the F3 longwall
with a mining height of 2.0 m lies at an average depth of 830 m. The distance between the 406/1
seam and the 405/2 seam (or its gob) was 2 m. Fig. 5 shows the outline of the two-dimensional
numerical model and the location of the rock layers surrounding the F3 longwall. In all of the
considered models, the exact block was cut out from the rock mass, which is a two-dimensional
deformation state. The model was divided into over 10,000 elements and had dimensions of
80 m by 40 m (Fig. 4).
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Fig. 4. Model geometry and location of individual rock layers in FLAC2D

The initial horizontal stress is assumed to be equal to the vertical stress. The initial stress
value was calculated by the formula presented by Bilinski [29] that described the geological and
mining conditions in Poland:

q=0.02-H- -m.-cosa 2)

where g the primary pressure, MPa; H the mining depth, m; m,. is a factor with a calculated value
of 1.0 for region of the BZJ coal mine (Upper Silesian Coal Basin, Poland) and a the coal seam
inclination, °

According to the reconsolidation tests carried out for gob formed after the exploitation of
longwall panels located in the 405/2 coal seam, the degree of gob reconsolidation can be deter-
mined as the optimal and equivalent compressive strength of consolidated gob was determined at
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12.25 MPa. Thus, it is reviewed that the gob was consolidated and became a load-bearing layer. The
structure of consolidated gob behaves like such a structure of solid rocks (PROSAFECOAL) [30].

The rock mass is modelled as a Mohr-Coulomb material using the built-in constitutive model
available in FLAC2D. A summary of the material properties used in this model is presented in
Table 2.

TABLE 2
Mechanical parameters of intact rocks at the BZJ coal mine
Bulk Shear ) Angle (.)f ) Cohesion Tensile Density

Type of rocks modulus | modulus | internal friction strength 3

K (GPa) | G(GPa) 0 (deg.) ¢cMPa) | o (MPpay | # (ke/m)
Sandstone 8.0 5.6 30 7.8 4.0 2600
Shale 4.8 3.0 28 4.0 2.0 2700
Sandy shale 6.0 3.5 28 6.4 2.4 2700
Shale with coal lamina 3.6 2.0 26 3.6 1.2 2500
Coal 2.5 1.15 25 3.2 1.0 1300
Consolidated gobs 2.0 1.1 20 2.0 0.7 2200

3.2. Modelling of caved zone induced by longwall mining

Determining the geometry of the caved zone was the subject of a number of studies that
were later used to develop various empirical formulas (Table 3).

TABLE 3

Hypotheses for calculating thickness of caved zone

Author, year Peng and Bai et al.,, | Mazurkiewicz | Heasley, | Bilinski, 2005 | Wang et al.,
’ Chaing, 1984 [31] | 1995 [32] | et al., 1997 [33] | 2004 [34] | (simplified) [29] | 2017 [35]

Thickness of =5 . 19)s 190 d (10+18)1| ——mel | (3..4);

caved zone aqg+e, k, -1 0.05R.” +0.02

t — thickness of coal seam,

¢, ¢ — constants dependent on the compressive strength of roof rocks [32],

k. — 1.15+1.5 for geological and mining conditions in Polish mines,

n — coefficient of intensity of movements in the area of destressed rock mass, n =2 in the case of

full caved longwall mining,
ky — compressibility factor of gob, k; = 0.8 for caved zone,
R. — weighted average compressive strength of roof rocks

The height of the caved zone tends to be proportional to the thickness of the exploited
seam. The variety of hypotheses is considerable due to the different mining conditions in which
the research was conducted. However, only Bilinski [29] and Bai et al., [32] considered the
compressive strength of roof rocks to estimate the height of the caved zone. Therefore, these
hypotheses are considered the most reliable for determining the geometry of a caved zone induced
by longwall mining.

Access to the caved zone is limited. Therefore, it is very difficult to find the equivalent
mechanical properties that are reliable to express the heterogeneity of these materials. Various
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studies were carried out to determine the equivalent mechanical properties of the caved zone.
The elastic modulus of this zone can be calculated as a function of the compressive strength of
undisturbed roof rocks and the bulking factor [34]. Tajdus [37] used the back analysis method
to determine the value of parameters of a disturbed rock mass caused by mining. He found that
the elastic modulus in the horizontal and vertical directions is very low and ranges from 50 MPa
to 150 MPa. Cheng et al., [38] and Jiang et al., [39] assumed that the elastic modulus and Pois-
son’s ratio in the caved zone are 190 MPa and 0.25. Ahmed et al., [40] suggested that the elastic
modulus of the caved zone is about 2.1% of the elastic modulus of roof rocks. In this manuscript,
the caved zone was modelled as an elastic material with the adopted elastic modulus (Young’s
modulus) and Poisson’s ratio is 200 MPa and 0.4, relatively.

3.3. Modelling of powered roof support

The force values occurring in nodes of the powered roof support affect the stress values
and determine the entire structure with the change of the support’s resistance. Calculation of the
distribution of load along the powered roof support canopy and base was carried out for forces
caused by the rock mass pressure. These forces are dependent on the pressure set in the hydrau-
lic legs and the geometry of powered roof support [41]. The methodology for the powered roof
support modelling in longwall mining relies on applying the computed distribution of forces
[6,42-46]. The powered roof support was simulated in FLAC2D using a beam profile modelled,
including the load with values and distribution on the powered roof support canopy and base.

3.4. Model validation

The abutment pressure distribution around the F3 longwall face is shown in Fig. 5. In the
caved zone, the vertical stress gradually increases to a value close to the initial vertical stress
(16.6 MPa). The maximum value of the vertical stress (approx. 26 MPa) is approx. 1.5 times

w
=1

25.685

17.951 v
4 16.6

15 16.252
T

——FLAC2D results

~——Initial stress

Vertical stress, MPa

— |

-46 -36 -26 -16 -6 4 14 24 34
Distance from the longwall face, m

Fig. 5. Vertical stress distribution around the F3 longwall face
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the value of the initial vertical stress. It is located approx. 4 m in front of the longwall face.
Then, the vertical stress gradually reduces to the value of the initial vertical stress in front of the
longwall face. The simulation results are in good agreement with the results presented by other
authors [47-51]. Thus, the modelling methodology, the adopted mechanical rock parameters
and material models can be considered appropriate for further numerical calculations in this
manuscript.

3.5. Variants of numerical calculation

To assess the stability of the F3 longwall working, the following major influencing factors
include powered roof support capacity and control settings (pressure in the hydraulic legs), the
thickness of weak and stratified roof rock layer, and the tip to face distance were taken into
account. Based on the actual geological and mining conditions in the F3 longwall panel, the
thickness of weak and stratified roof rock layer with a value of 0.3, 0.6 and 1.0 m, tip to face
distance with a value of 0.5, 1.0 and 1.5 m were taken into numerical calculations. The selected
powered roof support for the F3 longwall is equipped with two legs with an internal diameter of
350 mm; canopy length is 3.820 m; coefficient of friction between the rock mass and powered
support: 4 = 0.3; operating height range is 1.1+2.2 m; width is 1.75 m. Pressure in the hydraulic
legs with values of 11.5 MPa, 25 MPa and 38 MPa were taken into numerical consideration. For
such pressure in the hydraulic legs, appropriate models were created to determine the values and
distribution of load-bearing capacity along with the support canopy and base. The distribution
of load-bearing capacity and its values are shown in Fig. 6.

. 490 MPa
1P1=1252 Z3356

473 574 3820

gooo

2,091 MPa

Fig. 6. The value and distribution of load-bearing capacity of the powered roof support for an example of 25
MPa pressure set in the hydraulic legs

The roof rocks of the 406/1 coal seam could be fractured or even caved by the longwall
operation in the 405/2 coal seam above. Therefore, calculations were conducted for two main
scenarios (considerations):

(I) the immediate roof layers above the 406/1 coal seam are undisturbed.

(IT) the immediate roof layers above the 406/1 coal seam are disturbed. This means the

strength parameters of the immediate roof rocks above the F3 longwall will be reduced.
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Variants of numerical calculation are summarised in Fig. 7.

Pressure in the
hydraulic legs, MPa

Thickness of weak and
stratified rock layer, m

Fig. 7. Calculation variants for assessing the stability of the F3 longwall for 2 scenarios

4. Results analysis

The results of the numerical calculations were presented in the form of maps of plastic-
ity indicators and maps of displacements around the longwall face. Due to a large number of
obtained results, only selected maps for certain calculation variations are shown in this manu-
script.

4.1. The immediate roof layers above the 406/1 coal seam
are undisturbed

The thickness of shale with coal lamina of 1 m was modelled. An example of results is shown
in Figures 6 and 7. With the distance of'tip to the face of 0.5 m, the vertical displacement decreased
with the increase of pressure in the hydraulic legs from 11.5 MPa to 38 MPa (Fig. 8-displace-
ment), and the size of the failure zone around the longwall face is reduced (Fig. 8-plasticity).
In the case of pressure in the hydraulic legs set at 25 MPa, the vertical displacement increased
with the increase of tip to face distance (Fig. 9-displacement), while the size of the failure zone
around the longwall face was also larger (Fig. 9-plasticity). Maps of plasticity indicators confirm
the same tendency of rock mass behaviour that vertical displacements do.

A comparison of vertical displacements around the longwall face in the case of 1.0 m thick
shale with coal lamina is presented in Fig. 10.

Vertical displacements (Fig. 10) indicate the influence of tip to face distance and load-
bearing capacity of the powered roof support on rock mass behaviour around the longwall face.
The more pressure set in the hydraulic legs, the less vertical displacement of roof and floor ob-
tained. The more distance of tip to face set, the more vertical displacement of roof and floor
obtained.

Thickness of shale with coal lamina of 0.6 m and 0.3 m were also modelled. Summary of
results is shown in Figs. 11 and 12.
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Fig. 8. Map of vertical displacement around the longwall face with different values of pressure
in the hydraulic legs (tip to face distance of 0.5 m)
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Fig. 9. Map of vertical displacement around the longwall face with different tip to face distance
(pressure in the hydraulic legs was set at 25 MPa)
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Fig. 10. Vertical displacement around the longwall face in the case of 1.0 m thick shale with coal lamina:

a) roof; b) floor

The obtained results indicate that:
— Displacements around the longwall facet tend to reduce with the increase of load-bearing
support capacity (pressure in the hydraulic legs) and the decrease of the tip to face dis-

tance, which have a positive effect on the longwall stability.

— Displacements on the roof slightly increased with the increase of thickness of the shale
layer with coal lamina (Fig. 10a, 11a, 12a). On the other hand, displacements on the floor
decreased with the increase of thickness of the shale layer with coal lamina (Fig. 10b,

11b, 12b).
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Fig. 11. Vertical displacement around the longwall face in the case of 0.6 m thick of shale with coal lamina:
a) roof; b) floor

The obtained results, in this case, have confirmed the tendency of the impact of tip to face
distance and load-bearing capacity of support on roof rock behaviour as presented in many other
studies and mining practices, i.e. short tip to face distance and high pressure in the hydraulic
legs tend to improve the roof maintenance conditions of the longwall mining. However, they
did not show the actual events (failures) that were observed in the F3 longwall face during its
operation.
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Fig. 12. Vertical displacement around the longwall face in the case of 0.3 m thick of shale with coal lamina:

a) roof; b) floor

4.2. The immediate roof layers above the 406/1 coal seam
are disturbed

The further calculations were carried out by considering the fractured immediate roof rocks
located above the F3 longwall as a result of the longwall mining operation in the 405/2 coal seam.
As an example, the mechanical parameters of shale with coal lamina were reduced by 50%. All

variations were recalculated. The summary of the results is shown in Figs. 13, 14, and 15.

In general, these results show the same tendency of the impact of tip to face distance on rock
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Fig. 13. Vertical displacement around the longwall face in the case of 1.0 m thick of shale with coal lamina:
a) roof; b) floor

roof behaviour as shown in Chapter 4.1, i.e. the vertical displacements around the F3 longwall
face increased with the increase of the tip to face distance (Figs. 13-15). The thickness of the
shale layer with coal lamina has no significant impact on roof rock behaviour, i.e. the vertical
displacements on roof rock and floor rock slightly increased with the increase of thickness of
the shale layer (Figs. 13-15). However, the tendency of the impact regarding pressure in the hy-
draulic legs is opposite the case presented in Chapter 4.1, i.e. vertical displacements on the floor
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Fig. 14. Vertical displacement around the longwall face in the case of 0.6 m thick of shale with coal lamina:
a) roof; b) floor

in case of higher pressure (38 MPa) are greater than the vertical displacements on the floor in
the case of 11.5 MPa and 25 MPa, apparently in case of long tip to face (1.0+1.5 m) (Figs. 13b,
14b, 15b). Moreover, despite the vertical displacements on the roof rock reduced with the in-
crease of pressure on the hydraulic legs, the back part of the roof rock has ‘moved up’— with the
positive values of vertical displacements on roof rock in case of higher pressure (Figs. 13a, 14a,
15a). It means that the canopy’s back tip penetrated into the roof rock and the canopy’s front tip
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Fig. 15. Vertical displacement around the longwall face in the case of 0.3 m thick of shale with coal lamina:
a) roof; b) floor

moved down. In other words, the powered support does not sufficiently interact with roof rock,
and it leads to improper dimensions and geometrical parameters of the powered support, which
significantly impacts the further longwall mining operation. Such an event was observed and
reported as the observation results introduced in Chapter 2.2. Hence, in the case of weak roof
rock, it is suggested to maintain the small distance of tip to face as possible (e.g. 0.5 m) and the
optimal low pressure in hydraulic legs such as 25 MPa.
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Conclusions and practical recommendations

From assessing the longwall face stability, a numerical analysis was carried out using the

finite difference method code — FLAC2D for the F3 longwall at the BJZ coal mine. The actual
geological and mining conditions and various influencing factors were taken into account, i.e.
the tip to face distance, the thickness of the weak roof rock layer, as well as the shield resistance
force. Based on the numerical calculations and the in-situ observations, the following conclusions
and recommendations can be drawn:

(1

(2]

[3]

[4]

 the obtained results confirm the impact of the major influencing factors such as weak
immediate roof, canopy tip to face distance, powered roof support capacity and control
settings on roof rock behaviour in longwall face,

* in the case of undisturbed immediate roof rock, numerical modelling results indicate that
increasing pressure in the hydraulic legs tends to improve roof condition. It is matched
with the tendency of Bilinski’s method (Eq. 1). However, in the case of weak immediate
roof rock (disturbed), increasing pressure in the hydraulic legs does not improve roof
condition because the canopy tends to cut off and penetrate into the weak immediate
roof rocks and lead to a change in the required geometry of the powered roof support
sections, resulting in rock falls above the canopy. Therefore, the given method is not
a proper method for such a case of longwall design and powered roof support selection.

» since the immediate roof of the F3 longwall in the 406/1 seam consists of thin layers
of shale with coal lamina, which has fractured and stratified as a result of the exploita-
tion of the 405/2 coal seam (about 2.0 m above), it is crucial to focus particular atten-
tion on the method of the powered roof support spragging and shifting during longwall
operation. It is suggested to maintain the proper geometry of the powered roof support
section by limiting the tip to face distance (to 0.5 m) and setting the optimal low pressure
in hydraulic legs (up to 25 MPa).

» numerical calculations, together with in-situ observations and measurements, allowed
determining and a better understanding of the mechanisms regarding the interaction of
powered support with the rock mass surrounding longwall mining,

* in general, a 2D model managed to assess the longwall working stability in this case
study. However, as the rock mass is a spatial and complex structure, three-dimensional
numerical modelling should be applied in future work.
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