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ABSTRACT

Collapse of the roof during mining is a constant threat to the lives of miners and equipment
performance. To predict it, different numerical and physical approaches are used. Physical modeling
of the massif region from -951 m to -841 m using equivalent materials were undertaken in this
investigation. Various options for mining the Vorkuta coal deposit were considered: mining only
the upper industrial seam, mining the lower coal seam as a protective layer to the upper one, and
assessing the impact on the collapse zone of the complex structure of the upper coal seam roof
while maintaining an upward order of mining. The main results were as follows: calculated collapse
zone is approximately 30% larger than theoretical; collapse zone decreased when using mining
with lower protective coal seam; the largest collapse zone was observed when pinching the rocks in
upward mining order. Therefore, the research has shown the need to adjust the project for a larger
Received Date: 29.06.2019 methane yield. Further large-scale modeling is needed for understanding the characteristics of the
Accepted Date: 16.09.2019  collapse zone.
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1. Introduction and the formation of microcracks in the rock mass,

gradually saturated with methane. At the moment of
The collapse of the roof in the conditions of coal

mines is a complex gas-dynamic and geomechanical

reaching the ultimate strength, the destruction begins

) with the subsequent splitting of the massif into micro
phenomenon, accompanied by the release of a large

amount of methane (Kazanin and Sidorenko, 2017a;
Sidorenko et al., 2018). At this time, the most common
emergencies occur during the underground mining of

blocks, and the roof caving occurs, under the influence
of rock pressure with the formation of methane
accumulations in the goaf, as well as in the face due to
minerals, the most severe of which is accompanied by the unloading of thé formation (Kazanin et al., 2017).
human and infrastructural losses (Gridina and Andreev, The cracks formed in the zone of collapse beyond the
2016). Most often, the collapse occurs in the intervals

between mine working and support, or between the

stope, penetrate the roof for a considerable distance
and due to them the flow of methane into the goaf

support racks, if the technological mode of their from the accompanying beds increases. In subsequent

installation is not observed (Sidorenko and Sishchuk,
2016). The collapse mechanism is a complex process.
As the face moves, the roof hangs behind the bottom,
which leads to a gradual stretching of the coal seam

collapses, this methane enters the face and increases
in concentration, which is fixed by the aerogas control
system and it stops the equipment in an emergency
(Kazanin and Sidorenko, 20175).
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Mathematical and computer modeling are widely
used in the mining industry (Gao et al., 2014; Sidorov
et al., 2018; Grigoriev et al., 2019). In order to predict
the formation of zones of collapse, various methods of
physical and computer modeling are applied (Andreev
and Gridina, 2016; Sidorenko et al., 2019). It is also
used computer modeling, e.g. 3D subsurface modeling
for prediction and visualization of ore extraction in
an optimal way (Akiska and Akiska, 2018). Finite
Element Method as a variation of numerical analyses
was successfully used for characterization of rock
masses in the tunnel (Kanik et al., 2015). Nevertheless,
both empirical and computational analyses should be
combined with each other for the best tunnel project
design (Kaya et al., 2011). Therefore, the virtue of
physical modeling in its visibility. One of the main
directions of physical modeling of such processes
is modeling on equivalent materials (Wang et al.,
2017; Gao et al., 2019; Pan et al., 2019). Having its
drawbacks, such as labor and material intensity, the
possibility of developing a small number of options,
this method is suitable for obtaining data on the
state of the simulated rock mass in a destroyed area,
with the stochastic nature of the development of
destruction processes. Physical modeling practices
also help to verify technics for hard roof treatment
(Bai et al., 2017). Physical field tests are used to find
changes in roof bolt loading, roof separation and
roadway deformation (Wang et al., 2019b). Physical
modeling also can be applied for estimation of the
backfilling strip mining method usage against surface
collapse (Wang et al., 20194a). Acoustic emission can
be used for monitoring rock bursts caused by hard roof
failure (Li et al., 2015). Therefore, physical modeling
was applied in simulation the processes of formation
of the collapse zone for the Vorkuta coal deposit
(Cherkai and Gridina, 2017). This method ensures the
reproduction of the physicomechanical properties and
structure of the rock mass, which plays a key role in
solving all simulated geomechanical processes (Kang
etal., 2018).

2. Materials and Methods

The relationship between full-scale materials and
equivalent materials (EM) is established through
linear scales o, and the ratio of the weights o, .

For a detailed reproduction of the structure of the
rock mass, the geometric scale of models no. 1, 2, and
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3, 0, = 1: 100 was chosen. Considering the parameters
of the mass, strength and deformation criteria - the
main design parameters of the EM in models no. 1, 2,
and 3, were determined (Table 1).

For further research, EM with a filler of fine-grained
quartz sand (0.1-0.6 mm) and a binder based on DEG-
1 and ED-20 resin was chosen as base materials. The
main idea of selecting the required formulation of EM
was to vary the percentage of the binder for ensuring
the required strength parameters of EM in accordance
with table 1.

EM manufacturing technology and testing

consisted of 9 steps:

1. Evaluation of the particle size distribution of
the filler.

2. Dosing and weighing of the filler and the
binder were carried out on standard scales with
an accuracy not exceeding 1-2%.

3. Mixing the mixture of filler and binder. Laying
in a timbering.

4. Rolling was carried out in layers after leveling
the surface of the mixture. The weight of the
roller corresponded to the optimum specific
load of 2.35 N/cm?.

5. Storage for stabilizing the properties of EM.
Storage time - 3 days, until full solidification.

6. Production of EM samples. The dimensions of
the samples for testing on the press - 5x5x10
cm.

7. Testing the samples on the press was carried
out on uniaxial compression to determine
compressive strength. Comparison of obtained
data with their desired values, the adjustment
of the formulation. Predictive assessment of
the influence of the percentage composition of
the binder in accordance with the developed
methodology was made.

8. The repetition of the technological cycle (steps
2-8) was carried out according to the next
predictive adjustment. The cycles were ended
after overlapping with the actual values of the
required strength parameters.

As a result of the implementation of this
technological research program, the following types



Bull. Min. Res. Exp. (2020) 162: 225-234

Table 1- Physical and mechanical properties in nature and model.

Stzitll)lm Layer(tr};i)c kness Rocks composition | Strength full-scale (Mpa) Strength EM (Mpa) Notice

110

103 7 sandstone 80 0.44

98 5 sandstone 80 0.44

91 7 sandstone 90 0.50

87 4 aleurolite 80 0.44

84 3 sandstone 90 0.50

80 4 aleurolite 60 0.33

78 2 argillite 39 0.22

76 2 aleurolite 55 0.31

68 8 sandstone 90 0.50

61 7 sandstone 97 0.54

56 5 sandstone 96 0.53

51 5 sandstone 85 0.47

49 2 aleurolite 61 0.34

47 2 sandstone 70 0.39

44 3 aleurolite 60 0.33

40 4 coal 15 0.08 pr"d‘giv_‘;g%“;a“"“
37 3 aleurolite 40 0.22

33 4 sandstone 100 0.56

30 3 aleurolite 60 0.33

26 4 aleurolite 50 0.28

23 3 sandstone 90 0.50

18 5 aleurolite 50 0.28

15 3 sandstone 100 0.56

10 5 aleurolite 50 0.28

9 1 coal 15 0.08 pr"d‘ﬁivf;g%“;a“o“
6 3 aleurolite 60 0.33

0 6 sandstone 90 0.50

of equivalent materials and recipes were established:
1 - reproduction of coal based on DEG-1 resin (the
condensation product of epichlorohydrin with
diethylene glycol, contains at least 26% of epoxy
groups), 2 - reproduction of sandstones based on ED-20
resin (oligomeric product based on diphenylolpropane

diglycidyl ether, contains 20% of epoxy groups),
3 - reproduction of argillite and aleurolites based on
ED-20 resin, providing reproduction of physical and
mechanical characteristics of the massif (Table 1),
presented in table 2.
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Table 2- Characteristics of the EM main types and binder formulations.

Name Parameter Layer thickness (cm) Strength (Mpa) EM type
Coal 1.5-4 0.08 DEG-1 Cs=0.7
Sandstone 2-12 0.39-0.68 ED-20 Cs=0.72-0.81
Argillite 1-2 0.22 ED-20 Cs=0.64
Aleurolite 2-12 0.22-0.36 ED-20 Cs=0.64-0.7

*Cs — resin content in EM

The physical model is manufactured on a stand
with a simulated area of 5000x1100x200 mm, the
scheme of which is shown in figure 1.

The physical model reproduced the region of massif
from -951 m to -841 m. In this case, geomechanical
processes depend on gravitational forces, the vertical
components of which are determined by the weight of
the overlying mass of the massif, and the horizontal
ones - by passive lateral repulsion (according to
Dinnik), which is provided by rigid stand side walls
(Figure 1).

The loading of the model provides reproduction
of the overlying mass of the massif on the simulated
area, using a loading device with a pneumatic cushion.

The parameters of vertical and horizontal
displacements were determined using reference marks
of the “quadrant” type, installed on the front surface of
models No. 1, 2, 3 on various horizons. Displacement

parameters were determined using a Hasselblad H5D-
200MS high-resolution photographic recorder with an
accuracy of 15-33 mm on location. Low error rates
were achieved due to the high-resolution shooting of
200 or 50 megapixels.

3. Results and Discussion

In model No. 1, the collapse zone was formed
due to mining only the upper productive layer (H =
-930 m). In this case, a clear dynamic nature of the
collapse is observed - rock bump (Figure 2). This is
confirmed by a similar characteristic of these layers in
different mines of the Vorkuta coal basin. Such mining
technique is unsafe.

In model No. 2, the lower coal seam was mined
as protective to the upper one. Such mining technique
reduces the rock-bump hazard of the layer, unloading
it with cracks from the collapse of the roof of the lower
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Figure 1- Schematic diagram of the stand (1 - loading device; 2 — model; 3 - side wall; 4 — stand base,

5 - sliding formwork).
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Figure 2- Formation of the collapse zone in model no. 1.

layer. However, in this case, the flow of methane, into
the bottom of the upper coal seam from the interlayer
thickness and the emerging zone of collapse of the
lower coal seam in the roof of the upper coal seam,
increases (Figure 3).

In model no. 3, the impact on the collapse zone
of the complex structure of the roof of the upper coal

seam was estimated, while maintaining the ascending
order of mining. This worsens the geomechanical state
of mining of the upper coal seam (Figure 4).

The results of the distribution of vertical
displacements of the rock layers at different horizons
are presented in figures 5-9.

Figure 3- Formation of the collapse zone in model no. 2.
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Figure 4- Formation of the collapse zone in model no. 3.
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Figure 5- Vertical displacements in model No. 1 on horizons from -859 m to -969 m with a distance of the stope of 155 m.
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Figure 6- Vertical displacements in model no. 2, when mining the lower industrial formation at horizons from -921 m to -966 m

with a span of 130 m.
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Figure 7- Vertical displacements in model no. 2, when mining the upper industrial formation at horizons from -893 m to -950 m

with a span of 50 m.
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Figure 8- Vertical displacements at different horizons in model no. 3 in the horizon range from -969 to -919 m with a span of 160 m.
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Figure 9- Vertical displacements in model No. 3 at the level of the immediate roof of the upper coal seam when wedging out a layer

of sandstone in the rocks of the main roof at horizons -923 m -919 m.
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Figures 5-8 show the displacements of different
horizons during the collapse according to the reference
marks on the surface. Displacements were recorded in
each horizon above the developed layers, and their
magnitude shows that the rock layers move together
almost without decompaction. This means that these
horizons are unstable and destroyed in reality. Sharp
edges of the graphs reflect the roof caving behind the
stope with a small step (10-30 m), and almost complete
elimination of the voids of the goaf. Therefore,
methane from there, except for small leaks, all goes to
the bottom during the collapse.

Figure 9 shows the first roof caving, when mining
the upper coal seam; initial displacements were formed
after the lower seam was mined. The step size is 35 m.
The collapse pattern corresponds to that in previous
figures (sharp edges - without hanging the roof, the
value corresponds to the thickness of the seam - no
decompaction) was evident:

— When mining only the upper coal seam, the
zone of the first collapse is 155 m.

— When mining sequentially, first the lower
coal seam, then the upper coal seam, without
considering the pinching-out of rocks, the
collapse zone is 130 m.

— When mining sequentially, first the lower coal
seam, then the upper coal seam, considering
the pinching-out of rocks, the zone of collapse
is 160 m.

In all models, the main width of the collapse zone
is formed due to the mining of the upper coal seam
and follows the stope. This is due to the thickness of
the upper coal seam (4 m). A slightly smaller zone of
collapse in model No. 2 shows the effectiveness of
mining the lower coal seam as a protective one:

— The largest zone of collapse is observed when
the rocks are pinching out. The nature of
cracking and the width of cracks in model No.
3 indicates a positive effect of pinching on the
expansion of the collapse zone. This is due to
the large depth of mining, when even minor
irregularities and bedding angles can lead to
a change in the nature of the loading, from
compression to tension and bending, reducing
the strength and stability of rocks.

- The zone of collapse covers all simulated
horizons and practically does not change along
the mining width. The angle a showing the
rock cavity is almost 90°. Without additional
studies covering the simulated zone of not less
than 100 layer thicknesses, it is not possible to
predict the zone of influence.

4. Conclusions

The calculated collapse zone is approximately 30%
larger than the project. This is due to the imperfection
of computational techniques that do not consider a
number of factors affecting the methane release from
guiding beds. These factors include — the layers mining
order, increased depth of mining, and the presence of
violations in the roof of the developed seam.

The simulation confirmed the correctness of the
design solution for mining the lower coal seam as
a protective one. The collapse zone in this case has
decreased. However, studies have shown the need to
adjust the project for a larger methane yield. To clarify
the characteristics of the collapse zone, it is necessary
to conduct additional studies on a large scale modeling.
The results of further research can be used to adjust the
method for predicting methane inflow, into the stope
from guiding beds; use of advance and preliminary
degassing; the speed of the face movement and the
required air volume.
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