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Deep underground mining commonly causes land subsidence and mining tremors. The
occurrence of Earth fissures induced by deep underground mining operations is a rare
phenomenon. The development of Earth fissures is a rapid and unexpected process causing
a particular hazard to the developed areas. The presented research focuses on the investigation of
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Earth fissure propagation in the light of geotechnical and geological condition. The presented
approach can be used for establishing most significant risk factors influencing Earth fissure
development in the areas induced by deep mining.

Earth fissure

Risk assessment
Horizontal strain
Underground coal mining

1. INTRODUCTION

Deformations of rock mass which cause
discontinuities on the surface are usually accompanied
by high stress zones of geological origin or are the
result of mining activities (Cmiel, 2012; Jochymczyk
et al., 2006). Technical literature describes many of
these types of transformation (Bateson et al., 2015;
Blachowski and Ellefmo, 2012; Gao et al., 2012;
Griin, 1995; Kowalski, 2005; Lee et al., 1996; Li et
al., 2009; Liu et al., 2015; Kuznetsov and Trofimov,
1992; Sroka, 2008). Earth fissures occurs
unexpectedly and may create hazard to infrastructure
and developed areas These hazards are much more
difficult to predict than continuous deformations
therefore it is very important to describe their causes
and analyze the risk factors. The main hazard
associated with the formation of discontionous
deformations is the small depth of mining and the
remains of shallow, historical coal basins. They can be
found in old coal mining regions, coal bed outcrop
areas, and in areas of shallow mining of zinc, and
lead, iron ore, rock salt, etc.

In the deep mining areas discontinuities occur
much less frequently (Griin, 1995; Sroka, 2008). This
phenomenon has been relatively poorly investigated
and rarely reported in the deep-seated deposits. The
discontinuous deformation frequently reaches deep
mining areas and no sufficient information is available
on the surface displacement measurements, details of

geological structure of the rock mass, and timing of
fissure or threshold occurrence. This limits the
possibilities for separating relevant factors and their
analysis. The only work containing large amount of
data is a study by Griin (Griin, 1995), who made an
attempt at capturing statistical causes of fissures
formation in the Ruhr basin.

A relatively detailed analysis was performed in
this paper on the basis of available data. The
performed study can be wused for developing
a procedural algorithm for this type of analysis. It
shed light on the significance of the individual factors
which could have been the cause of the fissures
formation.

2. STUDY AREA

Studies were carried out in the mining area of
one of the Polish underground, hard coal mines.
Extraction in that area has been a subject of analyses
carried out since 2000.

2.1. STRATIGRAPHY AND LITHOLOGICAL SETTING

The discussed area is part of one of the European
coal mining basins. The most thoroughly examined
part of the deposit is the central region covering an
area of approximately 250 km’. Carboniferous
sediments forming the coal bed are dominated by
Lublin's Westphalian strata and younger Westphalian
cells. These layers are deposited directly below the
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Fig.1 Geological Cross-Section (Pokrzycki et al., 1974).

Mesozoic-Cenozoic overburden. The thickness of
Lublin's layers fluctuate around 35 to 460 m, with the
predominance of mudstone-clay stone sediments. The
central coal region is located within the two large
tectonic units. The north-eastern section is located on
the Lukow-Hrubieszow elevation, while south-
western section of CRW is located within the Lublin
Graben.

The deposit in the central region is criss-crossed
by numerous fault lines, intersecting deposits in the
south-western and north-eastern direction. The
amplitudes of the stratigraphic throw range from 5 to
80 meters. In study area there was one significant fault
located with the throw of 450 m (Fig. 1).

The study area contained 13 geological holes,
based on which the spatial arrangement of geological
layers system was made. The carbon layer is overlain
by Mesozoic-Cenozoic strata, mainly consisting of
chalk and marl. The thickness of these layers varies
from 600 to 720 m. The sub-surface layer of soil is
composed mainly of clay, silt, and varied granularity
sand. Clay dominates at the western border of the
mining area, while the northern part is dominated by
sands.

2.2. MINING

Extraction (mining operations) in the area was
conducted using the longwall caving method. The
average speed of extraction in the area ranged from
860 to 900 m and the extraction thickness amounted
to an average of 1.8 to 2.5 m. Extraction was
conducted in two coal seams lying horizontally. The
average extraction rate was about 5-6 m/day.
Extraction in study area was conducted in the period
2002-2010 (Fig. 2).

T s e
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2.3. EARTH FISSURE

In the area subjected to the impact of
underground mining operations, four zones were
separated, where Earth fissures of land surface were
observed (Fig. 2).

Two zones were located at the northern border of
the mining area. The first fissures began to appear on
the surface in November 2006 (zone 2). These fissures
were observed on the farmland, and they ran parallel
to the direction of extraction in this area. The length of
individual fissures was about 250 m while the width
of the fissures ranged from 2 cm to 8§ cm (Fig. 2,
Fig. 3a). In many places it was impossible to
determine what their actual width is. At the northern
border of the mining area another fissure was formed
in January 2007. Its length reached 680 meters and
width about 5 cm (Fig. 2, Fig. 3b). The depth of
fissures in the second zone was difficult to determine.
In October 2010, north of the border of the mining
area another discontinuous deformation of 500 meters
long and width 5 cm has appeared (zone 1, Fig. 2).
Two other zones were located at the western border of
the mining area. In January 2005 three fissures were
observed, which ran in a north-south direction, their
length ranged from 150 to 180 m, and their width
reached 6 cm (Fig. 2, Fig. 4). Fissures were located
approximately 100 meters from the edge of the
extraction field. The fissure appeared in a developed
area, causing significant structural damage to
buildings located within. The last area in which the
fissures were observed was located near the south-
west area (zone 4, Fig. 2). The fissure generated in
2008 was 580 m long and 7 cm wide (Fig. 3c).

Earth fissures occurred in an area of 19 km?, in
four zones. In light of these observations an attempt
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Fig.3 Fissures that have occurred on the surface sequentially in zones 1, 2 and 4.
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Fig. 4 Fissures that have occurred on the surface sequentially in zone 3.

was undertaken to analyse the geological and mining
factors which may have contributed to the formation
of Earth fissures on the surface.

3. DISTRIBUTION OF STRESSES IN THE MINE

AREA

So far the most common criterion taken into
account when analysing the risk of discontinuous
ground surface deformations was the depth of the
seam and void geometry. In the case of discontinuous
deformations of a linear type formed above mining
areas where production is realized at a considerable
depth, it is necessary to conduct in-depth analysis of
additional mining - geological factors. It was
concluded that the process of formation of the
discontinuous phenomenon on the land surface may
be affected by additional factors such as:

e tectonics,

e type of overburden and stratum layers above
extracted seam,

e  status of stresses generated by extraction.

Based on the available data a cause and effect
analysis was carried out for the spatial distribution of
these factors and the places where Earth fissures
appeared.

3.1. TECTONICS

One large fault was in the study area; its layer
direction azimuth was about 135 [°], and throw
amplitude was about 450 m (Fig. 1 fault is located
between GP-2 and GP-3 boreholes). The angle of dip
of the layer is approx. 70 [°], and its dip azimuth
45 [°] (Fig. 5).

This fault in the horizontal projection was
located at a distance of 280 m from the fissure in zone
3, and 700 m from the fissures in the zone 4.

The fault had not had any direct contact with
surface area, and its outcrop was lying at a depth of
about 550 meters below the surface. The minimum
distance between the edge of the operated walls and
the fault in zone 3 was 500 m. However, in zone 4,
this distance was shorter and amounted to 340 m
(Fig. 6). The fault outcrop was so deep that the
extraction operations conducted in the area had no
effect on its activation. Therefore, it must be
presumed that the Earth fissures observed in zones 3
and 4 were not initiated by the fault dislocations.

3.2. LITHOSTRATIGRAPHY OF SUPERIMPOSED
STRATA LAYERS ABOVE CARBONIFEROUS
FORMATION

The following layers of the analyzed area that
may affect the process of the formation of Earth
fissures on the land surface were split into different
categories:

e geology of overburden, with particular attention
paid to the presence of units susceptible to the
influence of water (clay and silt layers) and solid
mass,

e geology of layers lying above carbon layers,
characterized by high stiffness.

Based on information gained from 13 boreholes,
an attempt was made to determine the spatial
distribution of shallow and deep geological layers

(Fig. 7).
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Fig. 7 The thickness of clay and silt layers, in meters a), the thickness of marl located at small depths b),

the thickness of Cretaceous formations c).

The shallowest Quaternary strata were made of
clay, silt and sand. In zones 1 and 2, layers of
subsurface soil were built mainly of light grey sands,
varying in granularity, in places with a touch of
gravel. The thickness of sand reached up to 50 m.
Sand layers forming the overburden in the northern
part of the mining area were progressively
disappearing in its western part, then to transform into
loam and sands and subsequently into clay and silt
layers. In the area of zones 3 and 4 the sub-surface
layer of soil was built mainly of clay, and greenish
grey, dark grey dusty silts. The thickness of these
formations reached up 17 meters (zone 3, Fig. 7a). In
region 4, the clay formations thickness ranged from 6
to 8 m. The Cretaceous formations created by the
thick layers of carbonate rocks underlied the
Quaternary strata. The shallowest layers of the
Cretaceous formations were built mostly of grey marl.
Marl thickness varied from 0 m to 180 m in the fourth
zone (Fig. 7b). In places where the grey marl
formations disappeared, the layers of marl limestone
and Cretaceous came directly to the Quaternary
formations. The total thickness of carbonate rocks
oscillated between 600 and 720 m (Fig. 7c).

Discontinuous deformations were generated in
areas where the overburden was built of both plastic
formations (zones 1, 2) and solid formations (zones 3,
4). It can be assumed that the process of generation of
discontinuous deformation on the surface was
influenced by a significant thickness of clay and silt
formations located in the area of zone 3. In the case of
other areas, the relationship between lithostratigraphy
of the remaining layers and the process of the
formation of Earth fissures cannot be confirmed.

3.3. STRESSES ON THE SURFACE CAUSED BY
MINING OPERATIONS
Land subsidence measurements were carried out
only in zone 3 of the analyzed area. On this basis it
was possible to set the parameters of the influence
function model, which was applied to predict the land

surface deformation. The Knothe model was used in
the calculations (Knothe, 1954). Sequentially based on
model parameterized to local conditions, the
simulation of continuous deformations, which
appeared on the surface of the four zones was
performed. Continuous deformations of the land
surface caused by the impact of underground mining
are characterized by deformation indicators. Among
them are, e.g. horizontal strainswhich describe the
state of stresses in the rock mass. The Earth fissures
that appeared on the surface could have been
generated by tensile stresses, therefore the studies
focused on the analysis of maximum and directional
horizontal strains, as well as the dynamics of their
appearance on the ground surface.

a) Directional Strains Perpendicular to the Earth
Fissure Plane

Spatial distribution of horizontal directional
strains, which had an impact on the ground surface in
a function of time in the four analysed areas, was
defined for each Earth fissure. The path of the strains
was analysed perpendicular to the Earth fissures
plane. The distribution of this indicator ata selected
point of the Earth fissure is presented in graphs
(Fig. 8).

The correlation between the distribution of
horizontal strains over time, and the inconsistent
occurrence of the discontinuous deformations, can be
only observed in the third and fourth zone (Figs. 8c
and 8d)), when the directional horizontal strains
reaching a value of about 2.0 mm/m have occurred on
the surface.

b) Maximum Tensile Strains in Surface Terms

The field of deformation on the ground surface
was related to the expanding field of mining
operations. In each area, mining operations were
carried out on pristine rock mass, affecting its balance
for the first time. The stresses in the upper layers,
when mining operations were carried out for the first




THE IMPACT OF DEEP UNDERGROUND COAL MINING ON EARTH FISSURE OCCURRENCE

327

3 4 1 I
"""""""""""""" Earth fissure e
Lot 35 e
25 - Fem occurenece L
I” ’f’
l, 3 ’I
2 + /
— i _. 25 i
£ ! E /
= 1 -~ I
E 1.5 + g 9 !
= ! Earth fissure % ’/
© 1 i occurenece || 15 -
i i
H 1
I
0.5 ]
! 05
1
’l
0 L e s s s s s s s N S 0 T
2003 2004 2005 2006 2007 2008 2009 2010 2006 2007 2008
a) zone | b) zone 2
3 25
25 Sl
) A 2 =
) -
______ ’ P
2 B R BRI mee et N O I A [ -
E 15 / £ .
E 7 / E A
8 { g 1 -
1 ," ) i Earth fissure
| Earth fissure /
/ y occurenece
/ occurenece 05 u
0.5 —~ ;
ll l’
4 'l
] e
0 T T I s B S B T T 1 0 T T T T T T
2003 2004 2005 2006 2007 2008 2006 2007 2008
¢) zone 3 d) zone 4

Fig. 8 Distribution of horizontal strains perpendicular to the Earth fissure plane.

time, are much higher than in the case of a rock
affected by earlier mining activities. Based on the
projections of horizontal strains, it was possible to
trace the process of the horizontal strains formation on
the ground surface. The forecast was made in
quarterly intervals. For the needs of the analysis, the
maps of maximum tensile strains which occurred on
the surface in the period 2002- 2010 were used.

In the first zone area, mining operations were
carried out south of this zone. Extraction from the
walls was conducted from east to west. Tensile strains
which occurred to the north of the operation field
amounted to a maximum of 2.8 mm/m. In the area
where the Earth fissure was observed the horizontal
strains were the most significant (Fig. 9). The second
zone is located south of the lots used for mining.
Mining operations were carried out in south-westerly
direction. Maximum horizontal strains that occurred
in this region amounted to 3.6 mm/m.

Mining operations in the area of the third zone
were carried out from north to south (Fig. 10a). The
maximum tension which occurred on the ground
surface initiated the formation of discontinuous
deformation. Tensile strains in the area reached
a maximum of 2.8 mm/m. In the fourth region mining
was conducted from north-west to south-east
(Fig. 10b). Discontinuous deformation of the linear
type was initiated by tensile strains of 2.0 mm/m.

The impact of the speed of occurrence of
horizontal strains on the surface was also assessed.
Obtained results confirmed a spatial correlation
between the zones where the dynamics of strains
occurrence was the greatest and places where Earth
fissures emerged (Fig. 11). The monthly increase in
horizontal strains at which Earth fissures appeared on
the surface ranges from 0.20 to 0.36 mm/m per month.

RESULTS AND DISCUSSION

The study allowed for answering the question of
what factors play a decisive role in the formation of
Earth fissures on the ground surface in the area
subjected to the influence of deep underground coal
mining. The factors that determined the formation of
Earth fissures in the presented case were as follows:

4.

Horizontal strains of tensile type, with values

°
greater than 2.5 mm/m;

e The land built of clay layer of considerable
thickness;

e A significant thickness of marl layers of in the
overburden;

e No prior impact on rock mass by mining
activities.

It seems that one of the deciding factors was the
fact that mining was conducted in a pristine rock
mass. No previous stress relief in the rock mass could
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contribute to the formation of Earth fissures with
significant tensile forces. It appears that not only the
existence of appropriate field of tensile strains, but
also the geotechnical conditions in shallow soil layers
determine - in the case of extractions carried out in
a single coal seam - the occurrence of surface Earth
fissures. The analysis of factors does not give
a universal message, and the presented methodology
can be used in other areas where the threat of
discontinuous deformation of the linear type exists.
Based on the results of this study, the following
spatial - attribute analysis algorithm can be proposed

b)
Fig. 10 Distribution of the maximum horizontal tensile strains in the period 2002-2010 (zones 3, 4).

to determine the potential risk in the form of Earth
fissure occurrence on the surface. The first step should
lie in defining logical variables for the following
attributes (conceptual categories):

® o earlier impact from extracting other reserves /
deposits in the given area exists? (truth / false)

e the extraction rate greater than 5 m/day? (truth /
false)

e the size of the extraction field similar or slightly
greater than 80 % of the radius of the main
impacts? (truth / false).
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Fig. 11 Distribution of the speed of change of the maximum horizontal tensile strains in the period 2002-2010,
mm/m per month (zones 1, 2 a); zone 3, b); zone 4 c)).

In the case of positive answers to all above  probability of occurrence of Earth fissures or
questions, the layers of marl of significant thickness  thresholds in maximum strains zones extending along
(tens of meters) in the overburden, and layers of clay  the course of the longwall coal caving.
with a thickness of 2-6 m in the ground should be The proposed algorithm will be tested in other
examined. If such conditions exist, there is a high  coal basins.
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