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Gravity field changes during deep exploitation of the
coal longwall and their relation to stress distribution
and seismic activity

Lukasz Kortas

Central Mining Institute (GIG), Department of Geology and Geophysics, Poland

Abstract

Mining operations cause volumetric deformations within the rock mass and changes in its density, to which the
gravimetric method is sensitive. These changes are particularly well seen in periodic measurements of the local gravity
field. The paper analyses the relationship between the movement of a longwall in a coal seam and the change in the
distribution of the gravity field in time and space observed on the ground surface. Relative gravimetric measurements
were carried out in six series between 2018 and 2020; before the start of coal extraction, with the progress of the longwall
and after the cessation of mining. Collected data allowed differential maps of changes in gravity to be plotted. Dif-
ferential anomalies between the subsequent measurement series, and the reference one were then analysed. The dis-
tribution and temporal variations of the anomalies suggest a relationship between changes in density distribution of the
rock medium in the longwall overburden, and the change in the stress state in the rock mass caused by the passage of the
longwall front. An attempt was made to relate the variability of the state of stresses in the longwall overburden to the
intensity of seismic tremors with energy >10E4 J accompanying longwall exploitation.

Keywords: gravity, mining, coal, seismicity, tremors

1. Introduction the state of stress in areas of high stress concentra-
tion and in the absence of the possibility of defor-

U nderground hard coal mining with longwall mation of the.rock mass. It is positive whep there is
system in Upper Silesian Coal Basin in Poland ~ 2 temporary increase in stress and‘nega’ave when
(USCB) causes rock mass tremors [1—3] and the there is a temporary state of relaxation.
surface hazard of continuous and discontinuous In the research and forecas'ting of the develop-
deformations [4—8]. The part of the rock mass sub- ment of dynamic phenomena in the exploited ro.ck
ject to exploitation and its overburden threatened by ~ Mass, the method of temporal changes of the gravity
the occurrence of dynamic phenomena generate anornaly g is successfully apphed.[9,16]. It consists in
their own gravitational field whose change in time = T€asuring the values of gravity at grid points
depends on the degree of threat [9]. Various geo- dlStr{bUtEd on the grou'nd. surface above .the lon'g-
dynamic phenomena, including mining exploita- wall in question at certain intervals. The dlfferent'lal
tion, cause volumetric deformations within the rock anomalies between ‘the next measu‘rement series
mass and changes in its density, to which the andthe reference? series, usually the ﬁr§t 8i+1— &1 01
microgravimetric method is sensitive. These between successive measurement series, are then
changes are observed by making periodic mea- ana.lysed. II:I th? latter case, the Yalu'e measured at
surements of the local gravity field and analysing @ 8iven point in the earlier series is a.lways sub-
a picture of their changes in space and time [10—15]. traFted from the Vallue. me.asured there. in the .later
In the overburden layers above the mine workings, ~ Seties, so that the distribution g;,1 — g; is examined.
particularly longwall workings, a dilatant change in Graylty measurements cal.‘ned out in time series
density occurs as a result of momentary changes in ~ ar€ aimed at the observation of changes in the

Received 7 July 2021; revised 26 August 2021; accepted 13 September 2021.
Available online 12 October 2021
E-mail address: 1.kortas@gig.eu.

https://doi.org/10.46873/2300-3960.1326
2300-3960/© Central Mining Institute, Katowice, Poland. This is an open-access article under the CC-BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/).


mailto:l.kortas@gig.eu
https://creativecommons.org/licenses/by/4.0/

JOURNAL OF SUSTAINABLE MINING 2021;XX:228—239 229

gravitational field under the influence of the exis-
tence of zones of compaction and dilution in the
rock medium in the overburden field. The appear-
ance of these zones is the result of volumetric
deformation of the rock mass occurring in the vi-
cinity of the excavation under the influence of the
mining activity. Centres with increased bulk density
— densities, can be identified with the accumulation
of elastic energy in their area, and dilatation zones
where the bulk density locally decreases with places
where the elastic energy has already been released
or where it does not accumulate [9].

The subject of this article is to analyse the rela-
tionship between the movement of a longwall in the
coal seam and the change in the distribution of the
gravity field observed on the ground surface and
caused by the extraction of coal by this longwall.
Densification centres, i.e. differential positive
anomalies, should be concentrated in the depleted
part of the longwall where elastic energy accumu-
lates after the longwall front passes through. The
displacement of dilatation zones caused by the
developing dilatancy process in the rock mass or
zones of no density change should occur in the face
of the longwall and near the plane of possible faults
in their drop shoulders (densities in their hanging
shoulders).

As the testing site the area directly above one of
the deeply extracted coal longwall in USCB was
selected. It is located in Rybnik-Niewiadom (Fig. 1)
within the Rybnicki Okreg Weglowy (Rybnik Coal
District — ROW) Coal Mine. In this part of the coal
district, mining works are carried out by Mining
Plant Ryduttowy.

In recent few years this particular area was one of
the observation sites of the European Union
research and development project called “European
Plate Observing System” (EPOS) [17, 18] realized by
Central Mining Institute (GIG) in Katowice, Poland.
The test sites within this project ware called Multi-
disciplinary Upper Silesian Episodes and this
particular one was designated as MUSE2.2.

The area of the chosen coal longwall called VIII —
E—E1 in seam 703/1 is of special interest due to the
expected high environmental impact of the mining
operations, including the forecasted high number of
strong seismic tremors and significant surface sub-
sidence in inhabited areas.

2. Geological structure, tectonics and
hydrogeological conditions

The geological documentation of the deposit
within the area of the Rydultowy-Anna mine —
Mining Area Ryduttowy-Anna [19] shows that the

rock mass in the area of the Gtowacki and
Kosciuszko shafts, where the MUSE2.2 surveying
range is located, is made of Carboniferous forma-
tions covered by 10m thick layer of Quaternary
formations (sands, loamy and silty sands). Below,
in the Kosciuszko shaft, there is a layer of hard
fine-grained sandstone with inserts of clay shale to
the depth of about 15m (Figs. 2 and 3). The
arrangement of Carboniferous strata is illustrated
by a fragment of hydrogeological section I from
deposit documentation (direction W—E), shown in
Fig. 3.

The layers collapse at a slight angle towards the
west. Stratigraphically, the productive Carbonif-
erous formations are represented by the Saddle-
stone (group 500), Porgba (group 600) and Jaktowiec
(group 700) strata. Saddle layers occur only in the
near-surface layer of the rock mass and there are no
economically significant coal seams in the area.
Figure 2 fragment of a map of overburden from the
area of the Glowacki and Kosciuszko shafts from
hydrogeological documentation of the Rydultowy-
Anna coal deposit [19].

The coal seams occurring within the Porgba strata
series are characterized by considerable variability
in terms of their formation and thickness (from
several cm to about 2.5m). The bedrock of the
Porgba strata is claystone, siltstone and fine-grained
sandstone. The coal beds within the Jaklowiec strata
also show large variability in thickness — from
several cm to about 4 m. The bedrock consists of
claystones and siltstones interlayered with
sandstones.

The Carboniferous formations in the subsoil of the
Gtowacki and Kosciuszko shaft area are not tecton-
ically disturbed. Further away from this point, the
dominant faults named Kolejowy and Ryduttowski
III are located. Both faults run approximately par-
allel in the W—E direction. The distance between
them oscillates around 2 km.

The Kolejowy fault has a variable discharge. Its
amplitude is the highest in the eastern part and
amounts to about 180 m. The fault throws Carbon-
iferous strata in a northerly direction. Towards the
east the amplitude of the fault throw decreases to
about 40—50m. In the area to the south of the
Kolejowy fault the Rydultowy III fault passes,
shedding Carboniferous strata to the south about
30—70 m. The Kolejowy fault (to the north) and
Ryduttowy III fault (to the south) cause that
Carboniferous formations lying between them form
a structure of a significantly varying degree of
elevation in relation to neighbouring areas. Within
this structure, the disturbance of the Carboniferous
strata is represented only by faults of small
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amplitude of discharge (< 10 m). All areas planned
for mining are located in the area of cut-off (be-
tween faults). This is also where longwall VIII —
E—E1 and the testing ground MUSE2.2 are located.

The study area is located in the drainage basin of
the Niedobczyce stream, a tributary of the Nacyna
River, and further on the Ruda River and the Odra
River. The Quaternary aquifer is associated with
failing sand and gravel formations. The water table
ranges in depth from 0.2 to 20 m. The waters flow
freely. In the area of the Glowacki shaft, the Quater-
nary aquifer does not occur due to the Carboniferous
elevation and rainwater, apart from surface runoff
into the Niedobczyce stream (Nacyna River) valley,
infiltrates into the Carboniferous formations. The
Carboniferous aquifer is associated with permeable
sandstones within the Saddlestone, Porecba and
Jaklowiec strata. These layers are dewatered by mine
workings due to the mining activity. There are hy-
draulic contacts between individual aquifers of the
Carbonifer due to, among other things, the presence
of faults and mining activities.

3. Mining — ROW coal mine, mining plant
Rydultowy

The beginnings of hard coal mining in the Rybnik
area date back to the end of the 18th century. Origi-
nally, there were several mines operating in the area
of the town, including Hoym, Sylwester, Laura or
Carolus. In 1936, as a result of a temporary consoli-
dation of smaller mines, the Ignacy mine was estab-
lished, named after Ignacy Moscicki. In 1968 the
Ignacy mine was merged with the neighbouring
Rydultowy mine to the south. The mine has been
producing coal for nearly 30 years. In 1995 the liqui-
dation of this part of the Ryduttowy mine began.

In the area of the “Glowacki” shaft and the
MUSE2.2 polygon mining was carried out from
about 1880. The shaft accessed the Poreba strata
(group 600) — from seam 602 to seam 620 at a depth
of approximately 594 m below sea level.

Until 1995/6 the following seams were in opera-
tion: 602, 604, 606, 607, 608, 613/2, 613/3, 615/1, 615/
1-2, 615/2, 620/1, 620/1—2 and 624. The depth of
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Fig. 1. Location of the MUSE2.2 training ground (longwall VIII E—E1) on the topographic map with location of active mining areas (1) of the ROW

Coal Mine Mining Plants — orientation.
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exploitation ranged from approx. 143 to approx. 590
m below sea level. The exploitation was carried out
with a protective pillar around the “Gtowacki” and
“Kosciuszko” shafts. After the liquidation of part of
the mine (Ignacy mine) the Glowacki shaft changed
its function to ventilation and the Kosciuszko shaft
was finally liquidated in 2006. After 2000, mining
began on the deeper layers of the Jaklowiec strata:
703/1, 705/2—3, 706 707/1, 707/2, 708, 713/1-2 lying
in this area at a depth of up to approximately
1140 m. In 2016—2019, ROW Coal Mine, Mining
Plant Rydultowy conducted mining operations
south-east of the “Glowacki” shaft using the long-
walls: II — E1 seam 713/1—2 2017, III — E1 seam 713/
1-2 2018, IV —E1 seam 713/1—-2 2019, IV — E1 seam
706 2017, V — E1 seam 706 2018, VI — E1 seam 706
2019, VIII — E1 seam 703/1 2016, IX — E1 seam 703/1
2017, X — E1 seam 703/1 2018, XI — E1 seam 703/1
2019 and on the eastern side of the shaft with the
longwall VII — E—E1 seam 703/1 2016—2017 and the
longwall VIII — E—E1 seam 703/1 2019—2020 being
surveyed.

Exploitation of longwall VIII — E—E1 commenced
on February 20th, 2019 at a depth of approximately

900 m below ground level in the northern part of the
study area. The average mining depth oscillated
around 1000 m. The longwall progressed in a south-
westerly direction with a 200m wide front until
January 1st 2020. The time progression of the long-
wall is illustrated in Fig. 4. After the coal seam had
been extracted at a distance of approximately 780 m,
the longwall progress was terminated due to the
designated zone of extreme rockburst hazard. The
thickness of the mined coal seam 703/1 increased
from north to south and ranged from about 1.20 m to
nearly 2.0m. The 703/1 seam with SW—NE exten-
sion collapsed approximately NW at a slight angle
varying between 3 and 12°.

4. Observation field and testing methodology

The MUSE2.2 training ground is a rectangular area
of 400 x 1200 m in size covering the area approxi-
mately bounded by Miyniska and Bolestawa Smiatego
Streets in the south and Ractawicka and Zygmunta
Starego Streets in Rybnik-Niewiadom in the north
(Fig. 5). The 100 x 100 m gravimetric grid included 56
fixed, invariant points. The points were set and
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Fig. 2. Fragment of the map of the overburden (Quaternary) from the area of the Glowacki and Kosciuszko shafts from the hydrogeological docu-
mentation of the Ryduttowy-Anna coal deposit [15], with the marked longwall VIII — E—E1 and measurement points of the MUSE2.2 polygon.
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stabilised in the field so that they overlapped with
wall VIII — E—E1 and extended beyond its projection
for an area of approximately 100—200 m in each di-
rection. On the western side, the first two lines of
points are located over the eastern part of longwall
VII — E—E1, which was exploited in 2016—2017.

A total of six series of measurements of the rela-
tive value of the gravity ¢ were performed on the
MUSE2.2 testing ground. The measurement series
were performed at approximately semi-annual in-
tervals — in spring and autumn in the years
2018—2020. The exact timing of the measurements
with reference to the progress of longwall VIII is
summarised in Table 1.

The gravimetric field measurements were carried
out using the intermediate point method, in which
daily measurement sequences were tied to a local
base point located about 700 m south-west of the
centre of the training ground. This point (No. 905) is
located in the area of the historic Ignacy mine and is
stabilised on the foundation of the hoisting ma-
chinery of the Glowacki shaft.

The gravimetric observations were made with
a modern gravimeter from the Canadian company
Scintrex CG-6 Autograv with serial number
18040086. The CG-6 gravimeter is characterised by
a very small yet linear residual drift (< 0.020 mGal/

EsE P w
[

SZ. GLOWACKI  SZ. KOSCIUSZKO
(A 2722

coal seam 703/1

day), which was eliminated during data processing.
This instrument enables measurements with
a reading resolution of 0.0001 mGal and a repeat-
ability of results of +0.005 mGal. The average error
of a single measurement defined as the quotient of
the standard deviation of a series of samples and the
root of the number of samples N in the series:
SErr =SDev/4/N in the individual measurement
series are summarised in Table 2.

5. Analysis of the results of time-dependent
changes in the gravity field over longwall VIII
— E—E1 and their interpretation

The results of gravimetric measurements in indi-
vidual series are presented in the form of time-dif-
ference maps of g superimposed on the progress
map of longwall VIII — E—E1 (Fig. 6). In the maps of
changes in the distribution of g, cold colours (violet
and blue) mark places of negative changes in the
field values and warm colours (from yellow to red)
mark regions where g values increased. The green
colour indicates approximately no change in the
relative gravity value between the considered mea-
surement series and the bold, dashed, shaded line
indicates the zero isoline of the change in the rela-
tive gravity value. Areas so marked may account for

MUSE2.2 longwall
test site Vil - E-E1
1
' ' ! 5
' ' !
' '

Fig. 3. Fragment of hydrogeological cross-section 1-1 from the area of the Glowacki and Koéciuszko shafts from hydrogeological documentation of the
Ryduttowy-Anna coal deposit [15], with marked range of the MUSE2.2 polygon and longwall VIII — E—E1.
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the relatively stable (showing no density changes)
state of the rock mass in the area.

After studying the collected data, the series
marked II was adopted as the initial reference series,
the measurements of which were carried out in
autumn 2018, i.e. four months before the start of the
longwall operation. Series I (spring 2018) should be
considered as an initial reconnaissance series, in
which an older measuring instrument, the Scintrex
CG-5 gravimeter (no. 40643) operated at Central
Mining Institute (GIG) since 2009, was used to carry
out the measurements. In order to avoid a possible
influence on the results caused by the change of the
measuring instrument into dedicated gravimeter of
the EPOS-PL project — Scintrex CG-6, in the further
differential analysis series I was omitted.

From the point of view of comparative analysis of
the obtained distributions of gravity field from
particular measurement series, the most significant
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Fig. 5. Location of gravimetric survey points on the MUSE2.2 training
ground together with the projection of longwall VIII — E—E1 on the
ground surface.

seems to be the comparison of series III-II,
i.e. analysis of the condition after two months from
the commencement of the longwall exploitation
(Table 1), as well as IV—II and possibly IV-III. The
latter two cases allowed comparison of the state of
the rock mass during mining 8 months after the start
of mining and two months before the end. Because
of the possible influence of seasonal fluctuations of
the groundwater table surface (hydrology), it would
be appropriate to compare series IV-II (autumn
2019 minus autumn 2018) and VI-II (autumn 2020
minus autumn 2018) and possibly IV-III (autumn
minus spring 2019) expecting the possibility of some
perturbation of the results in the latter case.

The image of differential anomalies of the gravity
field observed approximately four months after the
commencement of longwall exploitation, after the III
series of measurements (g - gn Fig. 6a) is quite
homogenous and the changes of values in compar-
ison with the reference series (II) are very slight. The
difference level oscillates in the range from —0.014
to 0.033 mGal (amplitude 0.047 mGal) and indicates
a relatively stable — undisturbed state of the rock
mass. The rock formation which forms the over-
burden and surrounds the exploited seam has not
yet fully responded to the longwall front
condensation.

Starting from the IV series of measurements made
about 10 months after the commencement of the
longwall exploitation, a density disturbance of the
medium is observed, which is revealed in the form
of negative and positive anomalies of differential
distribution of gravity in relation to series II
(Fig. 6b). The general nature of the changes in the
distribution of the gravity field at this stage of the
longwall progression is similar but the stronger
density variation is slightly more evident in the
differential anomaly map of series IV related to se-
ries III (Fig. 6¢).

The differential anomaly values reach extreme
values from —0.101 to 0.054 mGal (amplitude 0.154
mGal) with a clear shift towards negative values.
Negative anomalous zones are concentrated near
the Kolejowy fault plane to the north and just in
front of the longwall front to the south, as well as
slightly further away to the S. The zone of elevated
differential g values lies practically exactly in the
range of depleted goafs of longwall VIII at the time
of the IV measurement series (Fig. 6b,c). The
maximum values of changes are concentrated
around points M2242, M2236, M2237 and for series
III they continue in a belt further east to point
M2243 and M2244 reaching point M2240.

The picture of differential changes deepens
strongly in the next V measurement series (Fig. 6d)
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Table 1. MUSE2.2 measurement series data.

Megsunng LDEES @it Reference to progress of longwall VIII — E-E1
series no. measurements
I May 16-28, < nine months after the start of operation
2018
I Oct 15-18, < four months after the start of operation
2018
I Apr 24-26, during operation: two months after commencement
2019
Oct 15-28, during operation: eight months after commencement and two
v " 5
2019 months until completion
\Y June 24-29, > six months after completion of operation
2020
VI Nov 5-13, > 11 months after completion of operation
2020

made six months after the end of longwall exploi-
tation. The anomaly values in the density growth
zone from Fig. 6b and c¢ have strengthened signifi-
cantly and expanded in the eastern and southern
directions. The range of variation of g is between
—0.017 and 0.094 mGal (amplitude 0.111 mGal) and
is significantly shifted in the positive direction.
Positive maximum values occur at points M2236,
M2237, M2241, M2242 and oscillate between 0.083
and 0.094 mGal. The extremity of this zone at point
M2236 lies directly above the fire field in seam 703/1
detected in May 2016 during mining of the seam
with the previous longwall VII — E—E1 (Fig. 4). The
area of compaction of the rock mass above the
longwall, marked in red, corresponds to the increase
of stresses and their persistence at a high level in the
rock mass after the longwall has passed. An isoline
of zero change in g relative to the initial series is now
visible in the north and southern corners of the
map. This means that the impact of mining on
longwall VIII already extends far (200—250 m in the
N-S axis) beyond its projection on the ground
surface. The zone of stress increase does not include
the extreme northern (initial) and southern (final)
part of the longwall. This may be related to
a different deformation response of the rock mass to
the passage of the longwall due to different
geological-mining conditions in the central part of
the longwall as compared to the outer parts (mining
carried out within a tectonic rift — Section 2.
Geological structure, tectonics and hydrogeological
conditions).

Figure 7a summarizes the differential map of two-
year changes in gravity between the VI series of

gravity measurements taken in November 2020 and
the November 2018 reference series II, together with
the location of 466 seismic tremors with energy
> 10*] from the period Feb 26th, 2019—Oct 14th,
2019. This series of measurements was taken
approximately 11 months after the longwall was
completed. The interval of variability of gy — g is
determined by the values —0.012 and 0.093 mGal
(amplitude 0.093 mGal) and thus very close to the
V—II series, which translates into a relatively small
correction in the picture of the anomaly distribution
in Fig. 7a. The values of positive anomalies are
almost identical with those of gy — g, which may
indicate a still high state of stress in the rock mass in
this part of the longwall, but at the same time a halt
in its strongly increasing tendency.

In series VI-II, with respect to V, differential
values in relation to the reference series increase
only in the southern part of the region and the
extreme of the positive anomaly near point M2236
was displaced ca. 170 m southwards towards the
longwall face. In the north, the zone of densities
(positive anomalies) did not change and at the very
northern end of the gravimetric monitoring area, the
negative anomalies strengthened. The negative
anomaly near point M2218, which had been forming
since the IV measurement series, also intensified.
The presence of these two disturbed zones close
together led to the formation of a significant
gradient of differential ¢ values between points
M2227 and M2218. It indicates the presence of
a zone of step change in the density of the medium
and the danger of stress accumulation. There was
a risk of their sudden discharge in the form of

Table 2. Mean value of the measurement error in gravimetric measurement series I-VI.

series 1 I v A\ VI
date May 2018 Oct 2018 Apr 2019 Oct 2019 June 2020 Nov 2020
SErr av. [mGal] 0.00476 0.00489 0.00479 0.00350 0.00374 0.00541
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seismic tremors in the area. On the progress map of
longwall VIII (Fig. 4), an area of significant rockburst
hazard was marked here and mining was
discontinued.

The positive anomalous area (isoline +0.04
mGal) extends on the differential map between
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series VI and II much further south reaching here
the front of the longwall stopped in January 2020
and in the south-east overtaking it by about 200 m.
The whole zone of positive differential anomalies
covers almost the entire extent of the exploited
seam with longwall VIII with a shift to the south in
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Fig. 6. Differential maps of changes in the gravity field over the exploited longwall VIII — E—E1 at the MUSE2.2 training ground in the periods:
a) Oct 2018—Apr 2019; b) Oct 2018—Oct 2019; c) Apr 2019—Oct 2019; d) Oct 2018—June 2020.



JOURNAL OF SUSTAINABLE MINING 2021;XX:228—239 237

relation to the previous series. The exception is
a strong negative anomaly around point M2218, the
origin of which may be related to the density
dilution of the overburden of the longwall (zone of
the forming collapse debris within the overburden)
caused by the relaxation of the rock mass after
a series of seismic tremors which took place here
during the longwall exploitation and are visible on
Fig. 7a.
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Analysing Fig. 7a, it can be further noted that, with
a few exceptions, the epicentres of almost all of the
466 tremors with energies > 10*J recorded during
the longwall operation (Feb 26th, 2019—Oct 14th,
2019) lie within the positive zone of differential
anomalies, which is marked by the isoline of the
change gyi — gn +0.04 mGal. Thus, the tremors
occurred in the zone where, in series VI, a pro-
gressive compaction of the rock mass from series IV
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Fig. 7. Seismic tremors (466) with energy > 10*] from the period Feb 26th, 2019—Oct 14th, 2019 on the background of the map a) — differential
changes of the gravity field over the exploited longwall VIII — E—E1 at the MUSE2.2 training ground in the period Oct 2018—Nov 2020 (11 months

after completion) and b) — distribution of the gravity field according to measurements of the VI series from November 2020.
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and an increase and persistence of increased
stresses were revealed. Those tremors that lie
outside the compaction zone are in the region of the
strong gradient of g values mentioned earlier.
Figure 7b shows as a supplement to the analysis —
the distribution of the gravity value g itself as of
November 2020. It can be noted that the seismic
tremors occurred in the zone of the lowest g values,
i.e. where there are locally formations with the
lowest volumetric density in the ground. This does
not contradict the previous considerations because
so far the analysis has concerned maps of the dis-
tribution of differential anomalies — independent of
the measured values of gravity in a single series.
The analysis of comparison of the distribution of foci
and tremors energy with the distribution of the
g field (Fig. 7b) leads to the conclusion that seismic
events occurred in the region of locally lowest
values of g caused by reduced density of the me-
dium. It may be due to the transformation of the
overburden of the coal seam by earlier exploitation
of longwall VII as a result of the fires of May and
October 2017. The fire fields from the seam map
(Fig. 4) coincide approximately with the range of the
lowest g values marked in green in Fig. 7b. These
transformed zones became denser during the
progress of wall VIII and in the subsequent series of
gravimetric measurements, under the influence of
the pressure of the overlying layers, and thus the
differential g values in this previously loosened re-
gion increased. This trend is likely to continue until
the rock mass stabilises and the trend of subsidence
and deformation of the medium slows down.
Returning to the differential analyses, it should be
noted that during the gravimetric measurements of
the VI series, 11 months after the end of mining, the
zone of positive g changes continues to expand its
range while moving southwards “following the
longwall front”. This movement is considerably
delayed relative to the progress of the longwall
because it is likely to take that long for the rock mass
to respond to the change in mass distribution due to
the extraction of the coal seam. The isoline of zero
differential change of g is again visible from the
north, which suggests that the rock mass is striving
to normalise the stress state and in some time it will
undergo relative stabilisation, i.e. reach the state of
stress equilibrium which should result in gradual
disappearance of seismic activity in this region.

6. Conclusions

Underground mining of longwall VIII — E—E1
carried out in the period 2019—2020 has caused
volumetric changes in the rock mass. As the

longwall progressed, there was a gradual increase in
stresses in the overburden, leading to an increase in
the density of this part of the rock mass in relation to
its surroundings. Densification of the rock medium
leads to an increase in positive values of differential
anomaly ¢ in subsequent measurement series six
and 11 months after the end of exploitation in
comparison with the series made four months
before its beginning.

The research confirms that the area of the rock
mass where the accumulation of stresses takes place
(the density of the medium increases) generates its
own gravitational field. Its intensity depends on the
degree of seismic hazard. The intensity of this field
is five to 20 times greater than the measurement
error in the tests carried out.

The occurrence of positive anomalous regions
indicates the accumulation of stresses at this loca-
tion (Fig. 6d). In the subsequent measurement se-
ries, it should be expected that in those places
(provided that factors leading to stress discharge, i.e.
tremors, rock bursts, etc. occur) the polarity of
anomalies will change to negative in relation to the
measurement series revealing accumulation of
stresses. This is particularly well visible in the
southern part of longwall VIII in the VI-II series of
measurements (Fig. 7a). The increase in negative
anomalies and the accompanying tremors lead to
the formation of density relaxation zones, i.e. areas
where the rock mass is expanded.

The studies show that the centres of density
changes of differential gravity anomalies shift with
time in the overburden of longwall VIII towards: old
mining goafs, the edge of longwall VIII and partially
towards the plane of the Kolejowy fault in the north
of the study area.

In conclusion, it should be stated that the gravi-
metric method of searching for areas of increased
and decreased density in the differential variant is
completely objective — independent of the subjec-
tive attitude of the analyst. The results obtained are
interesting especially because the zones of strong
density changes correlate with the locations of
strong seismic tremors. Since an increase in the
differential value corresponds to stress concentra-
tion and may precede seismic energy emission from
the rock mass in the vicinity of the longwall, the
results of the differential analysis could contribute
to the prediction of seismic tremors and rock bursts
during mining operations. However, this would
only become achievable if the measurement series
could be performed with a significant time density
(i.e. at least every one—three months).

The methodology used in the study made it
possible to observe density changes within the
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longwall overburden, which are linked to the evo-
lution of the stress state in the rock mass. An
analogous research methodology will be used in
the near future on the training ground above the
protective pillars of the Marcel coal mine, where
multi-seam mining is carried out. The research will
be focused on the analysis of the distribution and
changes in the state of stresses by means of dif-
ferential g-anomaly analysis obtained in measure-
ment series performed every three months over
a period of three years within the EPOS-PL PLUS
project.
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