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Abstract: The geological structure of the Belchatow area is very complicated as a result of tectonic and sedimentation processes.
The long-term exploitation of the Betchatow field influenced the development of horizontal displacements. The variety of factors
that have impact on the Betchatow western slope stability conditions, forced the necessity of complex geotechnical monitoring. The
geotechnical monitoring of the western slope was carried out with the use of slope inclinometers. From 2005 to 2013 fourteen slope
inclinometers were installed, however, currently seven of them are in operation. The present analysis depicts inclinometers situated
in the north part of the western slope, for which the largest deformations were registered. The results revealed that the horizontal dis-
placements and formation of slip surfaces are related to complicated geological structure and intensive tectonic deformations in the
area. Therefore, the influence of exploitation marked by changes in slope geometry was also noticeable.
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1. INTRODUCTION

The necessity of geotechnical monitoring in the
western slope of the Belchatow field was outlined
mainly by the long term exploitation, which had an
impact on slope stability conditions. The extension of
exploitation to the deeper levels, drainage processes as
well as complicated geological structure in the vicin-
ity of the Belchatow mining field contributed to the
development of deformations [1], [5], [8]. The obser-
vations were conducted to detect zones of deforma-
tions and determine if movement is constant or accel-
erating.

Geotechnical monitoring of the western slope was
carried out with the use of slope inclinometers. The
inclinometer device is designed to be applied for slope
deformation observation as well as dynamic control,
assessment and forecasting of landslides [3], [18],
[20]. The slope inclinometer device is used to deter-
mine the magnitude, rate, direction, depth and type of
landslide movement [22]. It measures deformation
normal to the axis of the borehole casing, which pro-
vides a profile of subsurface horizontal deformation.
Moreover, the depth at which shear movement is de-
tected by the slope inclinometer is the depth of the
failure surface [6], [9], [10], [22].

The aim of the borehole monitoring in the western
slope of Betchatow field was to measure the dis-
placement values and their increments as with the
function of the hole depth. The points movement tra-
jectory on selected levels, their velocities, the azimuth
of the inclinometer pipe rotation were also analysed.
All these measurements were designed to locate the
depth of the potential slip surface and examine the
direction of the deformation development [6], [7],
[15], [18], [19].

2. OUTLINE OF THE BELCHATOW FIELD
AND ITS WESTERN SLOPE GEOLOGY

The lignite (brown coal) deposit in the Betchatow
area was formed in a narrow 2.5-3 km long depres-
sion called the Kleszczéw Graben. The Kleszczow
Graben extends between Pilica and Warta rivers at
a distance of over 80 km. It is a segmented and sub-
sided tectonic structure limited by vertical faults dip-
ping at an angle of about 80-90°. The Kleszczow
Graben was formed as a result of faulting in Alpine
phase (Early Miocene) and filled with coal bearing
sediments [4], [12], [21].
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The Belchatow lignite deposit is naturally divided
into two parts by the presence of the Dgbina salt
dome: the Befchatow and the Szczercéw mining
fields. The Belchatéw mining field is situated in the
central part of the Kleszczoéw Graben (Fig. 1) between
the Debina salt dome (on the west) and Widawka fault
(on the east) [11], [16], [21], [25].

The oldest sediments in the Belchatow area are
represented by evaporates (Zechstein cyclothem PZ1)
that build the De¢bina salt dome. The coal formation is
underlaid by Mesozoic marls, sandstones, limestones,
muds and sands. The Tertiary strata was subdivided
into four lithostratigraphic complexes: subcoal, coal,
clay-coal and clay-sand [16]. The Quaternary sedi-
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Fig. 1. Geological structure of the Belchatéw coal deposit (after [13], [23])
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ments are represented by sands, muds and clays [11],
[16], [21], [24], [25].

The geological structure of the western slope is
connected with the presence of the salt dome. The
coal bearing formation was folded, dislocated and
brecciated as a result of compression, bending and
flowing connected with formation of the salt dome
[14]. The main structure in this area is an anticline
built of coal and subcoal complexes (Fig. 2). The axis
plane of the anticline is tilted at an angle of 30° on the
east [4].

3. THE MONITORING
OF SUBSURFACE DISPLACEMENTS

3.1. SLOPE INCLINOMETER MEASUREMENTS

Generally, the measurements of the horizontal dis-
placement along various points on a borehole are exe-
cuted in three steps [6], [9]:

e the first step — the measurement with non-
instrumented probe, aimed to check the borehole
patency,

e the second step — the measurement with instru-
mented probe in the A-A reference direction (the
direction of probable maximum displacement),

e the third step — the measurement with instru-
mented probe in the B-B reference direction per-
pendicular to A-A.

a)

Guide casing

Section x-x

The inclinometer probe does not provide horizon-
tal movement of the casing directly. The probe meas-
ures the tilt of the casing which can be converted to
a horizontal movement (Fig. 3). The angle € is the
angle of tilt measured by the inclinometer probe, and
L is the measurement interval. The deviation from
vertical is determined by the sine function and ex-
pressed as follows [6], [9], [22]

deviation from vertical = L - sin 6. )]

Furthermore, the total horizontal displacement is
achieved by summing up the individual lateral de-
viations from the bottom of the casing to the top. The
summation process is described in Fig. 3 and could
be shown as

> Lsin6. 2)

3.2. THE SUBSURFACE
DEFORMATION ANALYSIS

The slope inclinometers were installed in 2005,
when Ist level of the Betchatow western slope was
made at the coordinate of +198/+176 m.a.s.l. Along
with the exploitation progress some of the incli-
nometers were abandoned and new were installed.
From 2005 to 2013 fourteen measuring positions
were located (Fig. 4, Table 1) on the western slope
— currently seven slope inclinometers are still active

[5].
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Fig. 3. Schematic of the slope inclinometer: (a) inclinometer device, (b) illustration of operation (based on [6], [22])
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Fig. 4. The slope inclinometers distribution and location of cross-sections
in the Belchatow western slope (based on [2])

Table 1. The basic information about inclinometers installed on the Belchatow western slope (based on [2])

Inclinometer No. Installation | Installation level | Depth | The hole bottom The latest
date [m.a.s.l.] [m] level [m.a.s.l.] | measurement date

1747B/IN-1W 22.09.2007 +147.9 112.0 +35.9 25.05.2011
1731B/IN-2W 17.07.2009 +176.0 110.0 +66.0 22.02.2010
1754BBis/IN-3W 03.09.2005 +176.1 92.0 84.1 05.06.2008
1754B/IN-3WBis 16.07.2009 +177.0 160.5 +16.5 16.01.2014
1737BBis/IN-4W 20.09.2007 +148.3 70.0 +78.3 18.05.2012
1759BBis/IN-5W 03.09.2005 +175.98 66.5 +109.48 20.12.2007
1744BBis/IN-6W 26.09.2007 +148.3 112.5 +35.8 17.01.2014
1745B/IN-7TW 16.07.2009 +122.5 49.5 +73.0 22.01.2014
1731BBis/IN-8W 02.08.2010 +148.4 117.5 +30.9 22.01.2014
1737BBis/IN-9W 27.07.2010 +88.4 102.0 -13.6 22.01.2014
1729BBis/IN-10W 26.07.2010 +74.0 101.0 -27.0 08.05.2013
1728BBis/IN-11W 23.07.2010 +109.1 80.5 +28.6 17.01.2014
1737BBis/IN-12 08.10.2013 +60.0 80.5 -20.5 09.11.2010
1739BBis/IN-38S 27.08.2008 +175.5 90.5 +85.0 17.01.2014

The analysis of measurements from three inclino-
meters (in gray in Table 1) is described below. The
inclinometers are situated in the north part of the we-
stern slope, for which the largest deformations were
registered. They were also installed on different mi-
ning levels, however arranged to form approximately
one line (Figs. 4, 5, 6). Consequently, it is possible to
evaluate the slip surface location across the entire
western slope from SW to NE direction.

Geological situation in the analysed region is out-
lined in cross-sections Ia’ and Ib’ (in green in Fig. 4
and Figs. 5, 6). The total horizontal displacement val-
ues as a function of the pipe depth for each incli-
nometer are presented in graphs (Figs. 7, 9, 11). Re-
sults shown in graphs were correlated with the
geological profiles. The aim of the analysis was to
identify the potential slip surface levels and the direc-
tion of the possible further movement.
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1747B/IN-1W — identification of the potential
slip surface

The inclinometer No. 1747B/IN-1W was installed
in September 2007 from IInd level of the western
slope +147.9 m.a.s.l. with initial depth of 112.0 me-
ters. The increase in values of the horizontal dis-
placement indicated six potential slip surfaces on the
following levels (Fig. 7):

e +146.4 m.as.l. — corresponds to the depth of
1.5 meters below the installation level and can be
connected with the presence of very thin clay layer
in coal complex as well as fault plane (Fig. 6),
+143.9 m.ass.l. — corresponds to the depth of
4.0 meters below the installation level and can be
connected with the presence of very thin clay layer
in coal complex,

+127.9 m.ass.l. — corresponds to the depth of
20.0 meters below the installation level and the
presence of the 2.4 meter thick coal-bearing clay
which underlaid coal layer separating coal com-
plex from subcoal complex,

+104.9 m.a.s.l. — corresponds to the depth of
43.0 meters below the installation level and can be
connected with the presence of the 2.0 meter thick
coal-bearing clay which underlaid coal layer,
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e +81.9 m.a.s.l. — corresponds to the depth of
66.0 meters below the installation level and the
presence of the 2.8 meter thick coal layer under-
laid and overlaid by mud layers,

+51.9 m.a.s.l. — corresponds to the depth of
96.0 meters below the installation level and the
presence of the coal layer.

The last measurement for the inclinometer
No. 1747B/IN-1W was conducted in 25.05.2011,
when the guide casing was cut at a depth of 1.5 meter
below the installation level. During the measurement
period the largest deformations were observed on the
surface, where total displacements reached values of
c.a. 25.0 [cm] between September 2007 and April
2010. Moreover, the depth of the slip surface occur-
rence is related to fault plane location.

The analysis of the geology in the vicinity of the
inclinometer borehole was necessary in order to ex-
plain the possible mechanism of slip surface forma-
tion. The coal layer has a stiffness different from sur-
rounded sediments. It also has a low density (c.a.
1100-1600 kg/m®) and high moisture content (even
c.a. 120%). All of these factors give favourable con-
ditions to the occurrence of the slip surface. The pres-
ence of the clay and coal-bearing clay layers encour-
ages the most favorable conditions for slip surface

-115

Fig. 7. The total horizontal displacements measured in inclinometer 1747B/IN-1W
and the geological profile with potential slip surfaces levels (based on [2])
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formation. The internal texture of clay minerals made
them susceptible to effects of the soil dumping. Ow-
ing to this, the presence of clay layer should be identi-
fied with the high possibility of the potential slip sur-
face location.

The influence of the exploitation progress on the de-
formations observed in inclinometer No. 1747B/IN-1W
was noticed. A significant change of the slope geome-
try in the analysed region took place between September
2007 and April 2010. In this period north part of the IInd
mining level (from the depth of +176/+146 m.a.s.l.)
and the IIIrd mining level (from the depth of
+148/+120/+110 m.a.s.l.) as well as the IVth mining
level (from the depth of +110/+90/+76 m.a.s.1.) had been
excavated. The geometry change determined a signifi-
cant increase in value of the total horizontal displace-
ment measured by inclinometer No. 1747B/IN-1W, it
reached 25.0 cm on the ground surface level and at
a depth of 4.0 meters below the installation level
(Fig. 7). In addition, it can be noticed that all potential
slip surfaces were correlated with the mining activities
on certain levels (Figs. 5, 6, 8):

e +146.4 m.a.s.l. — [Ind/Illrd mining level +148 m.a.s.l.
e +127.9 m.a.s.l. — llIrd mining level +120 m.a.s.1.
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The western slope geometry in 2010

e +104.9 m.a.s.l. — lllrd mining level +120/+110 m.a.s.L.
e +81.9 m.a.s.l. — IVth mining level +90/+76 m.a.s.1.

1754B/IN-3WBis — identification of the potential
slip surface

Three potential slip surfaces, for the inclinometer
No. 1754B/IN-3WBis (installed in July 2009 from
Ith level of western slope +177.0 m.a.s.l. with initial
depth of 160.5 meters), were indicated (Fig. 9):

e +87.0 m.a.s.l. — corresponds to the depth of
90.0 meters below the installation level and the
presence of the bottom of the coal layer,

e +57.0 m.a.s.l. — corresponds to the depth of
120.0 meters below the installation level and the
presence of the sand layer,

e +37.0 m.a.s.l. — corresponds to the depth of
140.0 meters below the installation level and the
presence of the sand layer which is limited from
the eastern side by the 2nd fault of the Kleszczow
Graben.

Moreover, several less visible slip surfaces at the
contact between clay, coal and sand layers can be recog-
nised between the +87.0 m.a.s.l. and the installation

Fig. 8. The exploitation progress and western slope geometry changes between 2007 and 2010 (based on [2])
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level. The direction of layers dipping is determined
by the salt dome contour (from the SW direction)
and 2nd main fault of the Kleszczéw Graben (from
the NE direction). All layers reflect the shape of the
Cretaceous sediments, which aids the probability of
landslide occurrence. As a result of tectonic defor-
mations, sediments that filled Graben between 2nd
northern (UNB No. 2) and 3rd northern main fault
(UNB No. 3) are characterised by more horizontal
surface, which can limit the depth of potential slip
surfaces (Fig. 5).

The influence of the exploitation progress on the
deformations observed in inclinometer No. 1754B/
IN-3WBis was also indicated. The significant change
of the slope geometry in the north part of the west-
ern slope took place between July 2009 and October
2013. It was caused by progressing mining works
on the Illrd level and on the IVth level as well
(from the depth of +110/+90/+76/+66 m.a.s.l.). The
geometry change revealed the increase in value of
the total horizontal displacement measured by incli-
nometer No. 1754B/IN-3WBis. The displacement
reached 17.0 cm on the ground surface level and
was constant to the depth of +87.0 m.a.s.l., where
potential slip surface was examined (Fig. 9). Fur-
thermore, two potential slip surfaces for which the
highest increase in displacement was noticed can be
correlated with the mining activities on certain lev-
els (Figs. 5, 6, 10):

e +87.0 m.a.s.l. — I[Vth mining level +90/+76 m.a.s.1.
e +57.0 m.a.s.l. — IVth mining level +66 m.a.s.L.
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1737BBis/IN-9W — identification of the potential
slip surface

The inclinometer No. 1737BBis/IN-9W installed
in July 2010 from IVth level of the western slope
+88.4 m.a.s.l. with initial depth of 102.0 meters, re-
vealed four potential slip surfaces on following levels
(Fig. 11):

e +83.4 m.a.s.l. — corresponds to the depth of
5.0 meters below the installation level and the
presence of the contact surface between clay
overlaid by coal-bearing clay,

e +68.4 m.a.sl. — corresponds to the depth of
20.0 meters below the installation level and the pres-
ence of the contact surface between coal and clay,

e +53.4 m.a.sl. — corresponds to the depth of
35.0 meters below the installation level and the
presence of the clay layer which separates coal
from subcoal complex,

e +43.4/+38.4 m.a.s.l. — corresponds to the depth of
45.0/50.0 meters below the installation level and the
presence of the coal layer overlaid by mud layer.

The first measurement (17.09.2010) on +43.4 m.a.s.1.
registered the borehole failure and since then the incli-
nometer is active till the depth of about 45.0 meters be-
low the surface. Total displacements reached values of
c.a. 13.0 [cm] but the highest values were observed at
c.a. 5.0 meters below the installation level, which indi-
cates the rotational character of displacements. The rota-
tion was caused by the downward direction of the coal
layers and its rapid change near the fault surface (Fig. 6).
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For the inclinometer No. 1737BBis/IN-9W the
largest deformations were observed between July
2010 and October 2013, when total horizontal dis-
placement reached value c.a. 13.0 cm on the ground
surface level and at a depth of 5.0 meters below the
installation level, where potential slip surface was
examined (Fig. 11). Moreover, between May 2011
and October 2013 the total horizontal displacement
reached value 6.0 cm on the ground surface level.
Furthermore, it should be pointed out that two poten-
tial slip surfaces for which the highest increase in
displacement was noticed are correlated with the
mining activities on certain levels (Figs. 5, 6, 10):

e +83.4 m.a.s.l. — IVth mining level +90/+76 m.a.s.1.
e +68.4 m.a.s.l. — IVth mining level +66 m.a.s.l.

4. CONCLUSIONS

The data examined showed that horizontal dis-
placements are strongly associated with the compli-
cated geological structure and intensive tectonic de-
formations in the area of the Betchatéw mining field.
The maximum value of the total displacement regis-
tered in the western slope area between 2007 and
2010 reached c.a. 25 cm and was related to the occur-
rence of the fault plane. The analysis of measurement
results revealed that fault zones are more prone to
formation of slip surfaces. Moreover, the potential slip
surfaces were mainly registered in coal, coal-bearing
clay and clay layers. The formation of slip surfaces is
connected with the difference in density and stiffness
between coal layers and surrounded sediments. Nev-
ertheless, the influence of exploitation displayed by
changes in the slope geometry was also noticeable.

Factors described above have impact on the west-
ern slope stability conditions. Conducted observations
enabled detection of movements and determination of
the movement activity. Therefore, further geotechni-
cal monitoring of the western slope in the Betchatow
mining field is recommended, particularly in the light
of plans connected with the extension of exploitation
to the deeper levels.
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