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Abstract: A series of terrestrial laser scanner measurements were made at selected sites of the Rudna
mine. Using the method of differential images, the applicability of scanning was demonstrated for the recog-
nition of the deformations taking place and the destruction of post-mining voids in the rock mass. At the
same time, the usefulness of the technique used for the documentation of tectonic phenomena, practically
invisible with classical methods of geological documentation, was demonstrated. The structure discovered
by the authors, tectonic elongated-helicoidal asymmetric gouge (TEHAG), documents the process of
horizontal and parallel to layering tectonic dislocations of rocks.
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1. INTRODUCTION

The Rudna mine extracts copper-silver ore, which is hosted in rocks formed in the
European Permian Basin (Van Wees et al. 2000). Polymetallic mineralization was
formed as a result of a long and multi-stage process and is associated primarily with the
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Kupferschiefer, which forms an almost continuous layer not only in the area of the de-
posit, but also within the entire basin (Vaughan et al. 1989; Oszczepalski 1999; Piestrzyn-
ski (ed.) 2007). In recent years, the mining operations are being conducted deeper due
to the monoclinal inclination of the rocks towards the north, and currently reaches
about 1300 meters below ground level. The deposit is not strictly bounded to only cop-
per-bearing shale and also occurs in rocks under and above it. A typical tri-partite
deposit profile is formed by (from below): (1) sandstones of the Weissliegend, copper-
-bearing, (2) clayey-bituminous shale, and (3) the Zechstein dolomitic limestone (Pies-
trzynski, Wodzicki 2000; Piestrzynski (ed.) 2007). However, mine geologists distinguish
16 lithofacial varieties, which is important for production and technological processes
(Kaczmarek et al. 2017; Twardowski 2023).

Monitoring of active structures is an important part of the mine operations. Mine
geologists are tasked with documenting the structure of the deposit, including potential
geohazards, which is also very important for the safety of mining operations. In the
southern part of the mining area, the blocky structure of the rock mass caused signifi-
cant water hazards, making it difficult to proceed with mine openings. New type of dan-
ger emerged as the mining fields were going toward the north to greater depths. At pre-
sent, gas-geodynamic hazards are also appearing, resulting from, among other things,
the rock mass structure, and thus their prediction is becoming particularly important for
mining safety. Exploitation process makes local and regional tectonic deformation,
overlapped with non-tectonic damage. While the room-and-pillar mining system and
the maintenance of an appropriate geometry of pillars prevents the destruction of mine
workings due to convergence. The damage of pillars themselves is associated with the
formation of local fractures, including so-called induced fractures (sensu Ollier 1978;
Wojewoda, Ollier, 2012). Their formation, development, and geometry, most often
depend on the local shape of the pillar. In some pillars, their corners are the first to be
destroyed, and the propagation of fractures depends on the lithology of the rocks
building the pillars. The progress and monitoring of such non-tectonic processes, is
possible by measuring the deformation state of the rock mass at the time of measure-
ment in successive time epochs.

Previous studies have shown that terrestrial laser scanning is an excellent tool
for recording and identifying structural phenomena (Sokalski 2022, Sokalski et al.
2019, 2020). This method is particularly useful in the documentation of underground
mine workings, where conditions are difficult and a single visit to the site is limited
in time. The method has already been used for many years by mine surveyors for,
e.g., inventorying mining infrastructure, designing and modeling workings defor-
mation, or surveying hard-to-reach areas (Dusza-Pilarz, Kirej 2019; Kumosinski
Patykowski 2020; Marzec et al. 2016; Patykowski, Kumosinski 2014; Patykowski
et al. 2013). So far, it has not been applied to geological documentation and moni-
toring of geodynamic processes in the conditions of KGHM mines (see, e.g., Slaker
2015).
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2. RESEARCH THESIS

The main objective of the conducted research was to confirm the suitability of laser
scanning for documentation of structural phenomena and process inference. For that
purpose, tests of the device were performed on selected sites in order to select optimal
scanning parameters. In the two further presented sites, scanning was repeated several
times, which allowed precise mapping of the rock mass structure, including disconti-
nuity surfaces. Making such detailed documentation in mine workings would be diffi-
cult to achieve with observations made using traditional field methods.

3. OUTLINE OF THE GEOLOGICAL STRUCTURE OF THE DEPOSIT AREA

3.1. PALEOGEOGRAPHY AND LITHOGENESIS

KGHM’s deposit area is located within the Fore-Sudetic Monocline, although the cor-
rect name for a geological structural unit of this type should be Homocline (Neuendorf
et al. 2005; Zelazniewiecz et al. 2011). The unit is formed of Permian and Mesozoic
sedimentary rocks, the layering of which is inclined at an angle from 30 to 60 in
a northeasterly direction. Such an alignment of rocks is related to the geodynamic
remodeling of the area. The pelogeography and geological history of the deposit area
has been described by many authors (including Konstatynowicz (ed.) 1971; Klapcinski
et al. 1984; Piestrzynski (ed.), 1996; 2007).

In the Early Permian, this part of the homocline was land, where plain-river sedimenta-
tion dominated, which transitioned to land-period-lake sedimentation towards the north.
That’s when today’s red-rock sediments and the Walchia shale were formed. In most of
the Polish part of the basin appeared dune areas — paleoergs. At the turn of the Early and
Late Permian, the area was flooded by a shallow sea (the Zechstein Sea). From this period
are preserved relics of paleodunes, partially eroded by the sea, which in present-day min-
ing practice are called elevations (see Fig. 1), and are built of sandstones of the Weiss-
liegend — a discolored part of the Rotliegend (Kiersnowski 1995; Kiersnowski et al. 2010;
Papiernik et al. 2010; Nemec, Porgbki 1977; Sliwinski 2000; Karnkowski 2007).

In the Late Permian, the basin deepened and pelagic clayey-marly sediments were
formed, highly enriched in organic matter (Oszczepalski 1999; cf. Kaczmarek 2006;
Sliwinski 2000). Later, cyclic changes in sea level resulted in the formation of evaporite
sediments — carbonates, anhydrites and salts (evaporite cyclothems). Seven such cycles
have been described in the European Permian Basin, although only four of them are
present in the deposit area — PZ1, PZ2, PZ3 and PZ4. Only the lowest of these (PZ1)
shows the most complete profile, and mineralized zone is associated with it. The Fore-
Sudetic the southern boundary between Fore-Sudetic Homocline and crystalline and
metamorphosed Precambrian and Old Paleozoic rocks of the Fore-Sudetic Block is
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formed by the Middle Odra Fault Zone oriented at ca. WNW-ESE (Konstantynowicz
(ed.) 1971; Oberc 1967; 1972).

3.2. STRUCTURAL CHARACTERISTICS

The southern part of the deposit area is dominated by faults of the same orientation as
in the Middle Odra Fault Zone (WNW-ESE). The faults form zones composed of
a series of parallel, oblique, and en echelon faults. Horsts, grabens and staircase systems
have been distinguished (e.g., Piestrzynski (ed.) 2007). In the central part of the deposit,
two, almost parallel, fault zones are marked — the Biedrzychowa and Rudna Gtéwna
Fault Zones, both normal-strike slip fault zones, which end in “horsetail” type structures
(Markiewicz et. al. 1995). The Trzebcz-Polkowice and Paulindw fault zones with the
WSW-ENE orientation of the main structures form a cross-cut system of NE-SW and
NW-SE intersecting faults with down-slip up to a dozens of meters (see Fig. 1).

Fig. 1. Overview map of the Rudna mining area against the background of the elevation zones
of the top of the Weissliegend (dashed blue), identified tectonic structures and the (red lines)
outline of the mine workings (black lines); explanations of abbreviations: ECR — Central Elevation
of Rudna, ENR — Northern Elevation of Rudna, ET — Tarnéwek Elevation, EZM — Zelazny Most
Elevation; RGFZ — Rudna Gtéwna Fault Zone, BFZ — Biedrzychova Fault Zone,
TPFZ — Trzebcz-Polkowice Fault Zone, PFZ — Paulinow Fault Zone; R-1X, R-XI — location of shafts)
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Observations from mine workings prove that most of the structures in the lower
part of the Zechstein were formed as mid-layer deformations (Piestrzynski (ed.) 2007).
Folds and detachments are most numerous within the copper-bearing shale. Displace-
ments with a large horizontal component are common in the bituminous shale (e.g.,
Dumicz, Don 1977). Slickenslides also occur on the surfaces of layering in dolomite
(Salski 1975). Commonly occurring deformations showing intralayer displacements
document a thrusting dislocation “upward toward NE”.

Lithology affects the shear susceptibility, hence the variation in the development of
structures (including faults, the arrangement and density of fractures and stylolithiza-
tion) within individual sandstone and carbonate lithofacies (cf. Piestrzynski (ed.)
2007). In the Rudna mine, the NNW-SSE direction of fractures in the carbonates is
dominant, and a common phenomenon in these formations is the occurrence of gently
sloping fractures (less than 30°) which are associated with layering parallel faults that
have formed as a result of horizontal displacement in the bottom part of Cal series
(Markiewicz et al. 1995). In the central part of the deposit, intensive faulting locally
lead to an increase in inclination of up to 20°.

In spite of long-wavelength folds with NW-SE oriented axes (Piestrzynski (ed.)
1996), over the faults some flexures were also formed. These structures are found in all
parts of the deposit area, including within the Paulinow, Rudna Gtéwna and Jakubow
fault zones (Fig. 1, Markiewicz et al. 1995). In the central part of the deposit, the most
significant zone is the Rudna Gtowna Fault Zone, which is responsible for many local
geodynamic phenomena. Associated with it are three parallel fault zones oblique to it:
the Biedrzychowa, Trzebcz-Polkowice and Paulinoéw fault zones (Fig. 1). The width of
these zones locally reaches up to about 500 m. The Pualinéw Fault Zone (also called
Paulinéw Syncline) is accompanied by numerous faults running obliquely, parallel or
perpendicular to the main strike of the structure. They have varying orientation, com-
ponent of movement and throw values (Selerowicz 2011). The entire structure is also
crossed by lower-order faults parallel to the Rudna Gtéwna Fault Zone. Some of the
faults parallel to the axis of the syncline have a sigmoidal shape, which relates to the
boundaries of the syncline. This allows us to assume that within the structure there
was a sliding movement with the direction: the NNW hanging wall towards the WSW
and the SSE footwall towards the ENE. Such an alignment is observed within the ele-
vation zones, while in the depressions the faults run in a direction parallel to the syn-
cline, which may suggest the influence of paleomorpholgy on the observed defor-
mation (op. cit.).

3.3. AREA COVERED BY THE EXPERIMENT

In this work, we present the results of scanning at two sites that are considerably
distant from each other and differ in the profile of the rocks observed in the mine
workings.
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The first site is located on the northern slope of the Northern Elevation of Rudna,
about 1 km to the NW of the R-I1X shaft (for location see Fig. 1). The profile of the
rocks found in the workings is similar to the typical one: in the bottom of the pit there
is a clayey sandstone overlying bituminous and dolomitic shale, with a total thickness of
0.5 m of the shale. The dolomitic shale transitions smoothly into a several-centimeter-
-thick clay dolomite, overlied by the banded dolomite, which reaches the roof of the
excavation. Within it were identified surfaces of curved, dipping at a slight angle of
less than 30° fractures forming a “trough” structure with an axis oriented in the NNE-
SSW direction. The structure is revealed on the opposing walls of the mine working
and in the opening perpendicular to it. The site is located approx. 150 m from the
northern boundary of the Paulinéw Fault Zone.

The second site is located within the Elevation of the Zelazny Most, about 1 km to
the W from the R-XI shaft (for location see Fig. 1). In the excavation, practically all
the height of the wall there is anhydritic sandstone, over which there is a thin layer of
bituminous shale of a thickness of 2 cm. Beneath the very roof is a thin layer of sandy
or banded dolomite, about 10 cm thick. Despite the relatively close proximity to the
southern boundary of the Paulinéw Fault Zone (about 220 m), no significant tectonic
structures were observed in the immediate vicinity of the site, except for isolated frac-
tures in the roof of the mine workings.

4. METHOD OF MEASUREMENT EXPERIMENT

The sites were initially accessed, documented and recognized in terms of both sedimen-
tological and structural-tectonic features of the rocks. The lithological profiles were de-
scribed, and oriented samples were additionally taken for petrographic and microstruc-
tural studies in the case of the second site. The marker surfaces of discontinuities were
measured with a geological compass. Photographic documentation was also made.

Before beginning their research in the mine workings, the authors had considered us-
ing photogrammetry to record structural damage to the rock mass, but this intent was
waived for logistical reasons. Proper (and repeatable in use) illumination of the site
would have required the involvement of additional staff and equipment, for which the
authors did not obtain permission. Due to the challenging conditions in the mine work-
ings of the Rudna mine and the resulting severely limited time underground, the au-
thors decided on a more resistant to difficult conditions and more time-efficient meth-
od of laser scanning.

Laser scanning is a non-invasive and very fast method of acquiring spatial data for
documentation and survey purposes, which is now used in a very wide range of appli-
cations: from underground and open-pit mining, construction and architecture, to for-
estry and forensics. The scanner measures distance using a laser beam that reflects off
the object and returns to the device. The parameters that are recorded are mainly the
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angles of the emitted laser beam, the distance to the object and the power of the re-
flected signal. They depend on a number of factors, e.g., atmospheric conditions, dust,
the nature of the scanned surfaces, their humidity, or position relative to the scanner.
As a result of the measurement, a cloud of points is generated, each having its own
spatial coordinates. Objects in the scanned space are analyzed, and information about
their geometry, color and reflection intensity is recorded for each point in the cloud
(Dronszczyk, Strach 2016).

The devices available on the market differ primarily in the method of distance meas-
urement, which directly impacts the range, speed of operation and precision (resolution)
of measurement of a given device. There are pulsed scanners, which generally, are slightly
less accurate and slower in operation, but offer a greater range (up to several km), and
phase scanners, which are characterized by greater precision and speed, however, their
range is significantly smaller (up to several hundred m).

Spatial measurements were made with a Riegl VZ400i pulse type terrestrial laser
scanner. Several other devices of a similar class were tested prior to the measurements, but
the functionality of the chosen device (e.g., ability to work for a long time at relatively
high temperatures, dust resistance, high tolerance to moisture found in the mine atomo-
sphere and side walls), as well as visualization and interpretation features of the dedicat-
ed software demonstrated the best suitability for analyzing structural phenomena.

The two selected sites are located in mine workings of similar geometry. Measured
phenomena were observed at pillars’ corners or at the opposing walls of mine workings. In
order to obtain a dense point cloud, scanning was carried out at the maximum frequency of
the laser pulse (1200 kHz). Very high mapping accuracy along the entire length of the
object was achieved by scanning from several intermediate stations, spaced densely
enough (less than 5 m apart) so that the point cloud covers the object completely. Ref-
erence targets often used to combine scans were not used for registration. The registra-
tion process was performed in two stages: (1) automatic registration based on all pa-
rameters from the scanner sensors and stored in the data for each sub-station, as well
as on the basis of voxels created from the point clouds, the size of which was selected
automatically based on the analysis of the point cloud and the established characteris-
tics of the object (e.g., closed, irregular volume). The registration error (expressed in
standard deviation) measured few cm after this step for each site; (2) fitting plane
patches generated on the basis of given parameters (such as: minimum point count,
maximum standard deviation, maximum deviation, minimum reflectance) from indi-
vidual point clouds, which is then improved in an iterative process whose parameters
were changed step by step until the minimum error (expressed in standard deviation)
was achieved. After this step it measured 2-3 mm in both sites.

At the first test site, cyclic scanning was carried out to observe damage to techno-
logical pillars located outside the mining fields over time. Ten series of measurements
were made over a period of 18 months. Each series was performed with identical set-
tings of scanning parameters and with identical placement of intermediate stations.
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After recording of each measurement series, the data were filtered by the attributes of
the returning laser beam (reflectance, deviation) and to simplify the structure of the
point cloud (octree filter). Some parts of the point cloud were additionally filtered for
structural analysis purposes and to apply advanced 3D visualization effects (transpar-
ency of points), which allow, e.g., to observe the bottom of mine workings through
points corresponding to the roof and vice versa, but also allow for better visualization
of details in side walls. The raw and processed data after registration and basic filter-
ing take up more than 200 GB of storage space.

The registered point cloud from a single measurement series has 650 million points,
and after aligning all series into a single project for differential imagery, the complete
point cloud has almost 7 billion points. Registration of successive measurement series
was carried out using the same method as registering scans from sub-stations (iterative
process of alignment based on fitting of plane patches). The registration error (expressed
as standard deviation) for a project consisting of 10 measurement epochs reached 4 mm.

The mine workings at the Rudna mine are subject to continuous deformation of vary-
ing intensity and source. Deformations/displacements in the described objects are ana-
lyzed in an eminently local reference system. Algorithms used in the registration pro-
cess use plane patches generated from all point clouds (corresponding to each
measurement epochs), that have positions in the measurement space that fit throughout the
measurement period (i.e., 18 months). An iterative process that compares fitting plane
patches generally reduces the number of fitting planes (by narrowing, e.g., the radius of
search for plane patches and reducing the value of standard deviation), however, at the
end of the registration process, there were identified more than 50 000 fitting plane
patches for site no. 1 and over 20 000 for site no. 2. In underground mine workings,
alignment of clouds on the basis of such plane patches gives much better results than
alignment of clouds on reference targets. Also a control of iterative process parameters
guarantees that even if the entire excavation is subject to deformation, in a very locally
measured object the measured displacements are independent of the displacements of
the surrounding rock-mass.

5. MEASUREMENTS AND RESULTS

5.1. INDUCED FRACTURES

The entire crossing of the mine workings was scanned, while a section of the point cloud
with a fragment of a pillar corner, in which induced fractures have developed, was ana-
lyzed in detail. Two discontinuity surfaces with orientations approximately parallel to the
wall divide the corner built of anhydritic sandstone into three elongated blocks about
10 cm wide and up to 75 cm high, which are marked I, Il and 111 in Fig. 2. The illustration
juxtaposes a perpendicular view to the fracture surfaces in a photo taken with a traditional
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camera and the same section of the excavation recorded as a point cloud. The white out-
line indicates the section of the cloud that was compared on the differential scans.

Fig. 2. View of the pillar corner with identified induced fractures (I, I1, I11) in site 1; comparison
of the view in the photographic image (on the left) and the point cloud from laser scanning (on the right);

both taken at the time of recording the first measurement series (T1). Despite not using a flash,

the use of which flattens three-dimensional objects in the photograph, the differences in the depth
of the image and the detail of the documentation of the site taken through digital photography

and laser scanning are clearly visible. The scale was precisely measured in the point cloud
and then duplicated in the digital photograph, it is for illustrative purposes only to show the size
of the analyzed object. The image on the left was taken in a position perpendicular to the study object.
The image on the right was shown in orthogonal projection

The differential scan formed by combining series of ten measurement was ana-
lyzed. Displacement kinematics was analyzed in two cross sections perpendicular to
the fracture surfaces, corresponding to projections of the point cloud on two planes.
Figure 3 presents the front projections, corresponding to the projection on a plane
parallel to the face of the pillar corner.

Figure 4, on the other hand, presents top projections on a plane that intersects the zone
of fractures horizontally. To increase the number of visualized points, the plane cutting the
cloud was assumed to be 5 mm thick. Therefore, the plane established was moved across
the entire height of the wall with particular attention to the analyzed fracture zone. The
initial state represents a section from the first measurement series (T1) recorded in March
2020. Overlaying the subsequent measurement series T2 and T3 on the T1 scan in the
front view reveals the distinction of the individual blocks (Figs. 3a, 3b), but no manifesta-
tion of movement is observed in the top view. With each successive measurement series,
a general movement of the wall into the interior of the mine working is observed, which is
visible not only in the fragment with the corner, but within the entire northwestern wall.
In the next measurement series (T4), the progressive inward movement of the wall is
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made apparent (Fig. 3c), but the first differentiation in the movement of individual
blocks is also indicated in the top view, with Blocks Il and 11l moving to the SE, and

T1 T1_T2 T1.T2_T3_T4_TS5 T1_T4_T5 T1_T5

T1.T2_T3 T1_T3

T1_T2_T3_T4 T1.T4 T1_T6_T7 T6_T7 T1_T7

Fig. 3. Comparison of differential images documenting subsequent stages of development
of induced fractures (for explanation, see subsection Measurements and results — induced fractures).
The individual colors represent individual measurement epochs, which, when superimposed,
produce differential images created by detaching and attaching selected measurement epochs.
The selected measurement epochs have been superimposed in order to best visualize
the destruction process. The selected measurement epochs were superimposed so as to best visualize
the destruction process. The colors correspond to each measurement epoch:
T1 - orange, T2 —blue, T3 — beige, T4 — yellow, T5 — fuchsia, T6 —aqua, T7 — green
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a crack opening between them (Fig. 4a). In the front view, the lowering of Block 1l
and 111 relative to Block I and the rock mass is evident. A noticeable differentiation
becomes apparent on a differential scan consisting of five measurement series. A dis-
tinct displacement of Block 1l towards the SE and a widening of the fracture between
Block | and Blocks Il and Il are marked, as well as a few milimeters lowering of
Blocks Il and Il towards the bottom of the excavation (Fig. 3d). The juxtaposition
of the differential scan from T1 to T6 in the front view reveals a distinct lowering of
Blocks Il and 111 toward the bottom and an enlargement of the fractures between the
rock mass and Block | and between Blocks Il and Il (Fig. 3e). The top view shows
the process of fracture opening between Block | and Block I1, as well as the displace-
ment of Block Il towards the SE, and Block Il in the opposite direction towards the
NW (Fig. 4b). In the differential image for the seven series from T1 to T7, the key
moment is recorded, when the failure occurred by breaking Block Il and Block IlI
from Block | (Fig. 3f). A new wall surface was created along the fracture between
Block I and Block 11 (Fig. 4c). At the same time, the expansion of the fracture between
the rock mass and Block | is recorded in the top view on the differential scan for con-
secutive measurement series (from T7 to T10) (Fig. 4d).

Fig. 4. Cross-sections through the zone of induced fractures made on the basis
of differential images from scanning indicating the kinematics of displacements
(see explanation in the subsection Measurements and results — induced fractures)
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5.2. TECTONIC ELONGATED-HELICOIDAL ASYMMETRIC GOUGE (TEHAG)

In the second site (Fig. 5), due to scanning, a “channel shape” tectonic structure within
banded dolomite was identified and documented. Analysis of the point cloud made possi-
ble to determined and trace its course on the adjacent sidewalls, as well as to approximate
orientation of its axis and edges, and measure its width. The measurements of the fracture
surfaces within the gouge and its vicinity were made with geological compass first. Scan-
ning was carried out in two measurement series with time frame of two months apart.
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Fig. 5. Location of here described tectonic elongated-helicoidal asymmetric gogue (TEHAG)
within the banded dolomites. Inclination of the top surface of the Weissliegend
against the background of mine workings and the location of documented and presumed faults (A);
geological cross-section of the exploitation level with marked lithology and location of TEHAG (B)
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No significant differences between the measurements were observed within the analyzed
surfaces produced from the point clouds. The name tectonic elongated-helicoidal asym-
metric gouge (TEHAG) used here is a working name (for extensive discussion see Doblas
etal. 1997; Doblas 1998; Dzutynski and Kotlarczyk 1965; Tjia 1964; 2014).

The structure occurs in the lower part of the banded dolomite, but the defor-
mation phenomenon also includes the adjacent rocks. Its size is determined by great-
est thickness in the axial section H = 69 cm, the greatest width perpendicularly to the
axis — W = 465 cm. The structure is elongated and follows in NNE-SSW direction. In
the first description of the geometry gouge shape seemed to be cylindrical, however,
a detailed assessment of its extent and measurement of this structure with a laser scan-
ner allows it to be distinguished as a surface composed of two, almost symmetrical
segments of a helicoid (Fig. 6).

The internal infill of the TEHAG is complex and consists of smaller units — rock
fragments with a shape similar to the shape of whole gouge itself, but much smaller in
size (H = 5-12 cm, W = 16-41 cm, respectively) and their axes are parallel to the axis
of the entire structure. Locally parallel tectonic striation occurs both on the gouge
walls and on the walls of the minor internal blocks. In the close vicinity of the gouge,
there are low-angle Riedel cracks, suggesting the relative direction of sinistral move
on the north-western wall and, on the contrary, dextral ones on the south-eastern wall
of the gouge. Oriented thin sections were made in perpendicular cut to the axis of the
gouge structure. Unfortunately, the microscopic image turned out to be unreadable in
reference to its use to estimate the direction of rock displacement.

6. DISCUSSION

6.1. INDUCED FRACTURES

The stages of the development of induced fractures damaging the corner of the pillar,
presented in successive measurement series, allowed observation of the failure pro-
cess. The authors’ observations clearly indicate that in the KGHM mines this process
is dependent on the lithology. For mine workings built of homogeneous lithological
sections, as is the case of the analyzed site (Site 1), built predominantly of anhydrite
sandstone, which is a hard, firm and consolidated rock, the failure caused by the de-
velopment of induced fractures is of a slightly different nature (e.g. than in rocks with
argillaceous cement). The fracture surface between Blocks | and Il as well as Il and 11|
is characteristically concave in the upper part. This corresponds to the geometry of the
fracture surfaces observed within the anhydrite sandstone at this site. The destruction
probably occurs as a result of rockfall, sometimes induced by natural or artificial
seismic events. Ollier (1978) was first, who described this type of fracture in granitic
rocks found in South Australia, in which a much wider, upper part of the object is
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pressed against the base of the rock formations. At the base, there is a break-off of the
rock fragment along the concave surface of the fracture. The rounded shape of this
surface is a result of the spherical form that the object rock had. In the case of the ana-
lyzed site, the shape of the surface of the fractures also results from the form in which
they occur — they follow the shape of the mine workings’ wall.

On the other hand, the geometry and density of the fracture surfaces varies depending
on which profile of the ore zone they occur in. Moreover, within a single profile, these
features are mostly variable, especially if a thick shale layer (characterized by additional
internal anisotropy) is present in the profile between the dolomite and sandstone. Due to
its relatively small thickness and clear distinctiveness from higher and lower lithological
horizons, fractures do not continue from the sandstone through the shale into the dolo-
mite. While in the case of a pillar corner at the analyzed site the fracture surfaces devel-
op along one of the walls of the corner, for workings with a typical profile of the ore
zone the fracture surfaces often cut the pillar corners obliquely.

Sedimentological determinants affecting the development of induced fractures and
the damage to pillars are further effected by mining conditions. The rate of development
of induced fractures is definitely different within mining fields, where pillars are cut to
small dimensions and the convergence of workings is very high (even up to 0.5 m per
week). These workings, however, are relatively quickly liquidated and closed off from
use, i.e., the presence of people and mining equipment within them. However, there
are many other types of mine workings, e.g., transport, haulage, ventilation, or provid-
ing access to new areas of the deposit, which must be maintained over a long, often
multi-year time frame. Different rates of development of induced fractures should be
expected in pillars located within the excavations running along goafs (mined out and
liquidated fields) and different in mine openings, which run far into the rock mass and
are not yet adjacent to the mining fields. The authors collected data from sites located
in several different geologic-mining situations, which require further works of analysis
and interpretation.

The collection of such a large amount of diverse data would not have been possible
without the use of terrestrial laser scanning, which has proven to be a very effective
tool for acquiring high-quality, extremely precise spatial data. The advantages of these
devices are appreciated and used in many fields, including mining, as they allow not only
precise measurements of objects and structures, but also to mapping and visualization of
these structures in three-dimensional space. Also in geological applications, laser scanning
has played an important role for many years (e.g., Buckley et al. 2008). It is impossible to
imagine modern geologic mapping without lidar images (e.g., Jagodnik et al. 2020;
Kowalski and Wojewoda 2016; Lo et al. 2021), nor is monitoring of areas most threat-
ened of landslides (e.g., Jaboyedoff et al. 2012, Sikora and Wojciechowski 2019; Waga
and Fajer 2021). However, the use of laser scanners for geological documentation in
underground mines offers new possibilities for data analysis and visualisation. In many
districts of the Rudna mine, underground workings have difficult working conditions.
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Laser scanning makes it possible, first of all, to quickly and efficiently record entire
lines of mine workings, and then analyze the acquired material in safe office condi-
tions. The tests carried out in the second site indicate that properly prepared data allows
documentation of structural phenomena, especially in hard-to-reach parts of the work-
ings. This is supported by the authors’ observations based on the analysis of scanning data
from other sites in the Rudna mine (Sokalski et al. 2019; 2020). With appropriate filtering
and visualization of the data, it is also possible to distinguish some lithological sections.
In addition, the sites can be conveniently viewed in full three-dimensional space from
different perspectives and in a wide spectrum of colors, which makes it possible to
discover details that would be very difficult to see when documenting the sites in the
conventional way. The analysis of differential images (scans) used by the authors to
observe the development of induced fractures further supports the interpretation of
phenomena developing over time. It should be noted that aligning scans from sub-
stations is subject to error, which is about 2-3 mm in both sites. In addition, aligning
scans from individual measurement series into a differential scan also has a registra-
tion error. For the second site, the registration error (expressed as standard deviation)
is 4 mm. Some measured displacement values (Fig. 4) are more than 10 mm (even up
to 15 mm). Thus, it can be assumed that the recorded displacements exceed the calcu-
lated error, but indicating unambiguous values requires analysis of more data.

Before conducting measurements, the authors performed tests to select the optimal
scanning parameters for structural analysis. The goal was to achieve the highest possi-
ble measurement accuracy for which the scanning time of one several-meter-long sec-
tion of mine working took an average of about 45 minutes (with moving and setting
up the equipment between sub-stations). Depending on the needs of the surveyor, this
time could be reduced at the expense of data quality (density). The authors’ experience
shows that for the purpose of preliminary documentation of the state of the mine workings
for subsequent geological analysis (not involving analysis of sub-millimeter displace-
ments), the measurement time can be reduced by up to three times, allowing a signifi-
cant improvement in work efficiency. Such an approach was applied to site no. 2 by
reducing the frequency of the laser beam from 1200 kHz to 600 kHz, and the results
were sufficient to obtain high enough quality documentation of the site.

The amount of data collected by the authors is a result of the goal of the measure-
ments, which was to record changes occurring on a sub-millimeter scale. The authors
made a compromise on the measurement time, which directly reflects on the resolu-
tion of the scans, in order to record the destruction process caused by the development
of non-tectonic induced fractures as accurately as possible. The authors agree that an
experienced geologist is necessary to analyze such specific structural features and
their geokinematics. However, they see the possibility of simplifying the measurement
and analytical-interpretation process for more general characterization of mine work-
ings deformation on a more regional scale, where high precision/resolution is not cru-
cial to indicate trends.
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Interpretation of structural features of the rock mass can also be developed from
the point cloud in a more automated manner. Algorithms for automatic and semi-
automatic detection of discontinuity surfaces have been successfully used for several
years now for large outcrops that are difficult to access or pose a danger to the person
taking the measurements. This type of automation is increasingly being conducted in
geotechnical documentation, e.g., for structures or infrastructure objects prone to geo-
hazards (e.g., Sturzenegger and Stead 2009; Lato et al. 2009; Voge et al. 2013; Chen et
al. 2018; Riquelme et al. 2019; Pan et al. 2019; Kumar Singh et al. 2023). Due to the
different purpose of the authors’ research, the tools enabling automation of interpretation
procedures were not used in this paper.

S \ o T iz {
“Zectonic elongated-helicoidal as

AN
dolomitic shale |

[clayey-bituminous
shale

yey
sandstone

Fig. 6. Tectonic Elongated-Helicoid Asymmetric Gouge (TEHAG) within banded dolomites.
Laser scan image (background), lithological profile (left) and spatially oriented model
of formation of the TEHAG

6.2. TECTONIC ELONGATED-HELICOIDAL ASYMMETRIC GOUGE (TEHAG)

Laser scanning also reveals its usefulness in documenting structures formed long be-
fore the rock mass was cut by excavations and mining operations. The gouge structure
was identified in the three-dimensional image created from the point cloud by apply-
ing the effect of point transparency and using an appropriate color gradient to color the
point cloud according to reflectance value. In this particular case, the experience of
the geologist analyzing the cloud image was equally important to correctly identify the
boundaries of the structure and the shape of the fracture planes within it. This may
be an important premise for further paleotectonic considerations. No displacements were
recorded in the differential image. This corresponds to authors’ observations, which
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indicate that the analyzed structure is old and reactivated in the sidewall as a result of
the exploitation process. The authors find it unlikely that recent geodynamic phenom-
ena are associated with this structure. In order to confirm these observations, however,
several additional measurement series should be made over longer time interval. The
gouge structure most probably documents a mechanism of “chipping off”” and rebuilding
a fragment of the subsoil during horizontal overthrusts in the rock mass. Considering its
position in relation to other elements of local and supra-local tectonics (cf. Fig. 5),
a working thesis can be put forward that it is part of the fractal nature of many structural
phenomena. Further microstructural studies are required, because those carried out by
the authors have been limited to only few oriented microscopic preparations, unfortu-
nately without success.

The EHAG structure in its present orientation does not directly refer to the Middle
Odra Fault Zone. The scanning results show that it is a dead (frozen?) structure, which
was formed much earlier than the recent and contemporary geokinematic activity of this
area. This may indicate, for example, a significant structural reconstruction of this part
of the Fore-Sudetic Homocline. It can be postulated that the present orientation and
spatial position of the currently observed tectonic phenomena should be corrected
backwards, and interpreted in a paleogeographic context rather than in a present day
rock architecture.

7. FINAL REMARKS AND CONCLUSIONS

Recognizing structural phenomena observed in mine workings is among the tasks car-
ried out by mine geologists. Not only data on the structure of the rock mass, but most of
the information and data provided by geologists often constitutes the basis for other
mine services. The results obtained by the authors prove that the data acquisition process
can be assisted using modern methods as terrestrial laser scanning. Especially since the
laser scanner acquires data that can be independently used in many other fields, by ge-
ologists, mining engineers and mine surveyors. The development of a suitable method-
ology for data acquisition can significantly facilitate and improve the work of various
mine services.

The authors present analysis of the development of induced fractures and unique
tectonic phenomena within the mine workings, which is a preliminary step to the con-
struction of a model that allows the prediction of geodynamic behavior of the rock mass.
The ongoing progress of laser scanning technology already makes it possible to state
that presented methods for structural documentation can be further improved and take
a step further — towards consistent and full-scale monitoring of mine geohazards.

Mine trucks are covering tens of kilometers every day through hundreds of kilome-
ters of workings located in the Rudna mine. Combined with mobile scanning technolo-
gy, it is possible to scan entire lines of crucial mine workings. Developing an appropri-
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ate monitoring methodology, especially in terms of optimal management of the huge
amount of data obtained from scanning (order of terabytes), can improve the safety of
mining, not only in terms of geohazards, but also allows to record phenomena “invisi-
ble” to classical field methods of documentation of the mine workings.

However, even despite the use, or adapting, of new technologies to assist in the min-
ing process, the conceptual work of geologists is essential to solve today’s encountered
risks. Geodynamic, gas, or hydrogeological hazards will appear and intensify as the
mining front progresses. Recognizing the structure of the rock mass and providing cor-
rect description of the phenomena are essential for recognizing the processes driving
them and possibly counteracting the harmful effects. Particularly important for safety
and correct decisions on planning the progress of mining work is the recognition of the
structure of the rock mass made just after it has been preliminarily explored and opened
for exploitation. Currently, the preliminary reconnaissance, so typical in the first years of
opening the deposit, “weakened” after the mining front passed through the mining fields
located within and adjacent to the main tectonic structures. As mining work progresses,
new mining fields are being accessed, currently in the central and northern parts of the
mining area, where the nature of previously identified structures is changing or new,
previously unknown structures are being revealed, such as the TEHAG structure de-
scribed in this paper. Over the past several years, many new concepts of geologic space
and surfaces have emerged that can change the understanding of structural phenomena.
The use of laser scanning offers new quality and possibilities in documenting geological
sites, but also makes it possible to view geologic space in three dimensions, enabling
perception that the planes of fractures or faults are 3D structures.
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