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Abstract: The results from two methods of structural analysis of the morphological rock escarpment are presented – a 
conventional technique, based on cartographic projection and set of structural measurements, and one based on pro-
cessed point cloud data obtained from terrestrial laser scanning of the site (TLS).
The results refer to one of the numerous sites located at the base of the nearly 40 km long vertical rock cliff (Radków 
Bluff) in Table Mountains, which locally reaches height of up to 50 m. The selected site in the area of so-called Rad-
ków Rocky Towers area is characterized by a complex and multi-stage structural pattern. A method of automatic and 
semi-automatic determination of discontinuity surfaces in the entire exposure was tested, with particular emphasis on 
zones of load induced fractures located at the base of the rock wall. The authors obtained a high convergence of the 
results generated from the point cloud analysis and those made by the traditional method using a geological compass. 
The paper suggests a correct and effective methodology for surveying and using data, as well as highlighting the benefits 
of documenting geological sites with the use of TLS. The analysis confirms the role and importance of fractures induced 
by a localized load in the process of destruction and retreat of morphological slopes.
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Introduction

The identification and measurement of structural 
phenomena are routine activities during the docu-
mentation of geological sites. In clastic sediments 
and sedimentary rocks, primary spatial phenomena 
include textures and sedimentary structures, both 
surficial and internal (e.g. lineation and imbrication 
of grains, trough, ridge or dome structures). Sec-
ondary spatial phenomena include post-depositional 
pre-consolidation deformation (e.g. load casts, folds 
and compaction structures) and post-consolida-
tion deformation caused by redeposition or tectonic 
processes (fractures, faults, shear zones, folds). All 
the previously mentioned phenomena are related 
to movement, i.e. movement of material, and more 
broadly to transport processes, so they can conven-
tionally be called geokinematic phenomena.

A separate group consists of phenomena related 
to the natural or forced geostatic situation in the 

rock. In natural conditions, the accumulation of stat-
ic stresses most often occurs at the base of walls and 
morphological bluffs, which usually mark the bound-
aries of a lithological cover or slab. This is when local 
damage systems (e.g. fractures) can form, with scale, 
density and orientation closely related to the geome-
try of the morphological forms (Ollier 1978, Wojew-
oda, Ollier 2013). Authors consider that such forced 
geostatic destruction, which forms new fracture pat-
terns, appears to play a fundamental role in the local 
destruction of the base of escarpment, and thus in 
the regional retrogradation of such landforms.

Table Mountains range in the Sudetes (Fig. 1), 
due to its platy geological structure, resulting directly 
from the distribution and migration of facial zones in 
the Cretaceous sea and thus from the primary sedi-
mentary architecture of the sediments (clinoforms, 
sandstone lithosomes) (Fig. 2), is distinguished by 
a large number of long and high rock cliffs on the 
one hand (e.g. Radków Bluff, Batorów Cliff) and iso-
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lated massifs and rock formations on the other (e.g. 
Szczeliniec Wielki, Rocky Mushrooms) (Wojewoda 
et al. 2011). Over 50 years of structural studies in 
the area and especially last 3 decades of mainly sed-
imentological and tectonic field work, have provid-
ed numerous examples of the occurrence of forced 

geostatic phenomena at various scales (Jerzykiewicz 
1968, Kosciak 2000, Cacoń et al. 2002, Wojewoda 
2007, 2009, 2019, Cacoń et al. 2009, Wojewoda et al. 
2010, Duszyński, Migoń 2015, 2017, Duszyński et al. 
2015, 2016, Duszyński 2018). They are particularly 
common at the base of Radków Bluff – an almost ver-

Fig. 1. The location of the study area and schematic geological structure of SE-part of Intra-Sudetic Synclinorium area. The 
post-Variscan sedimentary-volcanic cover: upper Cretaceous (1), lower Permian (2) and Carboniferous rocks constitut-
ing Intra-Sudetic Synclinorium (3)

Fig. 2. Chronology of various phenomena and processes in Intra-Sudetic Synclinorium, isf – Intra-Sudetic Fault, GSM – 
Góry Sowie Massif (modified after Wojewoda 2020a)
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tical morphological escarpment, locally more than 50 
m high and almost 40 km long, developed in Middle 
Jointed Sandstone (Inoceramus lamarcki zone) (Wo-
jewoda 2012, Wojewoda, Ollier 2013, Wojewoda, 
Kowalski 2016 (Figs 3, 4).

Unfortunately, the accuracy of the earlier conven-
tional measurement methods and the photographic 
documentation proved to be insufficient for the eval-
uation/measurement of possible displacements at 
specific sites and thus for a satisfactory explanation 
of the influence of the destruction of the escarpment 
base on its evolution over time. In order to test the 
previously postulated cause-and-effect relationship 
of induced fractures with the cliff geometry and its 
possible destruction and retrogradation processes, a 
field-documentation experiment was performed. For 
the purposes of this article, the results for the site 

located at the base of Radków Bluff (Radków Towers 
area) are further presented (Fig. 5). This area, apart 
from the spectacular zones of induced destruction, is 
characterised by a very distinct system of orthogonal 
joints, which further enhances the separation of both 
in the measurement plan.

Over many years of field work, the authors have 
collected a large amount of structural data from 
many sites located within Radków Bluff (Wojewoda, 
Kowalski 2016, 2017). However, the juxtaposition of 
even a large number of measurements obtained by 
traditional measurement methods with the use of a 
geological compass, does not allow the observation 
of the destruction process. Spectacular examples of 
phenomena initiated by the development of specific 
fractures, which authors describe in the outcrops at 
the base of Radków Bluff, are located in a site where 

Fig. 3. Development of induced fractures in sandstone rock forms due to lithologically controlled selective erosion and, 
subsequently, overloading on the rock form bed. The fracture lines are symbolic, but most likely they represent P shears 
and conjugate Riedel shears R’(synthetic and antithetic, respectively, which are oriented orthogonally to each other (Da-
vis et al. 2012). One of Rocky Mushrooms on the plateau above Radków Towers, BLSpt-tr – bioturbated, homogenous 
sandstones at the top of Radków Bluff Sandstone, LSpt – large-scale cross-bedded sandstones t-f – tension fracturing, 
s-f – shear fracturing (after Wojewoda, Ollier 2013, Wojewoda et al. 2022)
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Fig. 4. The orientation of induced fractures at the base of Radków Bluff, at Radków Towers locality. A – the location of 
outcrops within Radków Bluff, B – results of structural analysis carried out conventionally. Aggregate projection dia-
grams were created based on at least 10 measurements, a total of more than 100 measurements at 5 sites. A total of 58 
measurements were made with the compass at site no. 1, which were then compared with the results obtained from the 
point cloud. Colours explanation on the stereoplots: red lines show inclination of great circles of measured fractures; 
red spots refer to normal to fractures planes, black dashed lines refer to local topography, light blue show inclination of 
great circles of joints, blue is for background (modified after Wojewoda et al. 2022)

Fig. 5. Radków Towers site (Radków Bluff, Table Mountains), A – an example of traditional documentation of structural 
phenomena – faulting, layering, joints and induced fractures, B – photograph view of the outcrop. A and B show a view 
of the outcrop from the same spot
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it was possible to use modern measurement tech-
niques based on terrestrial laser scanning (Sokalski, 
Wojewoda 2022).

The aim of the authors’ research was primarily to 
compare the consistency of traditional measurement 
methods with modern tools based on terrestrial laser 
scanning (TLS). The authors also tested the possi-
bility of capturing the process of destruction, tak-
ing place at the base of Radków Bluff on differential 
scans over an observation period of almost two years.

Terrestrial Laser Scanning in Geological 
Applications

Terrestrial Laser Scanning (TLS) is a quick and accu-
rate, optical measurement method (e.g. Pfeifer, Briese 
2007) that allows detailed documentation and inven-
tory of objects in three-dimensional (3D) space. The 
scanner measures angles and distances with help of 
a laser beam that travels from the device to objects, 
where it reflects and goes back to the scanner. The 
coordinates (XYZ) and other information (e.g. the 
reflectance of the laser beam) are acquired from mul-
tiple points on the scanned objects (or terrain sur-
face) and a point cloud, based on the collected infor-
mation, is created (Vosselman, Maas 2010). TLS also 
allows measurement in the fourth dimension. Proper 
survey methodology allows monitoring and captur-
ing processes that change over time (e.g. Vos et al. 
2022). TLS is used in many fields, ranging from civil 
engineering, forestry, forensics, to open-pit and un-
derground mining (e.g. Pagounis et al. 2006, Dassot 
et al. 2011, Kankare 2015, Lipecki, Thi Thu Huong 
2020, Kekeç et al. 2021, Wu et al. 2022, Kumar Sin-
gh et al. 2023). It also finds applications in geology, 
where it offers much broader possibilities than just 
structural characterization of geological sites.

Terrestrial laser scanning makes it possible to ex-
tend the scope of geological documentation with ad-
ditional elements, especially in large sites, with vari-
ous metric measurement possibilities (e.g. Buckley et 
al. 2008, Telling et al. 2017, Bistacchi et al. 2022). For 
example, in sediments and sedimentary rocks, de-
pending on the lithology and resolution of the scan, 
it is possible to measure the thickness of, e.g. sets 
of layers (sometimes individual layers), or the size of 
characteristic rock elements such as the size of peb-
bles or rock voids. It is possible to measure any cho-
sen/set distance and thus surface area and volume. 
The point cloud can be fitted into a local geodetic ref-
erence system, including a numerical terrain model. 
Based on the scanning data, a characterization of a 
specific geological phenomenon in the scan space or 
an overall structural analysis of the site (object) can 
be performed/established.

Over the past two decades, in parallel with the 
development and fast improvement of laser scan-
ning techniques and digital photography, significant 
progress has been made in the use of advanced algo-
rithms for the analysis of point clouds obtained from 
laser scanning and photogrammetry. A large num-
ber of methodological studies have been published 
on the structural characterization of rock masses 
based on automatic or semi-automatic methods for 
the determination of surfaces (planes), fractures and 
linear structures (e.g. Kemeny, Donovan 2005, Ke-
meny et al. 2007, Ferrero et al. 2009, Lato et al. 2009, 
Sturzenegger, Stead 2009, Gigli, Casagli 2011, Lato, 
Vöge 2012, Vöge et al. 2013). The vast majority of 
studies and methods have been developed for applied 
purposes – for geotechnical needs in relation to geo-
hazards causing damage to the rock mass at public 
utility sites such as railways and roads.

The development of laser scanners in the last few 
years has made it possible for these devices to re-
flect geological objects in the form of a very dense, 
high-resolution point cloud with much shorter meas-
urement times than even 10 years ago. In addition, 
more and more new functionalities of existing soft-
ware are being made available. For geologists work-
ing in the field, but also for specialists dealing with 
rock mass mechanics and geohazards, tools have 
been developed to acquire structural data from hard-
to-reach or hazardous exposed sites in a way that en-
sures relatively high convergence of results obtained 
from conventional geological compass measurements 
and the processed and analysed point cloud data (cf. 
Assali et al. 2014, 2016, Dewez et al. 2016, Thiele et 
al. 2017, Chen et al. 2018, Riquelme et al. 2018, Pan 
et al. 2019, Wu et al. 2021).

Study site – geological structure and 
evolution

Radków Bluff reflects the exhumation and inversion 
of the relief during the post-basin phase in Central 
Sudetes. While the area located north and northeast 
of the current Table Mountains, i.e. today’s massifs 
of Sowie and Bardo Mountains, but also most of 
Fore-Sudetic Block, supplied Cretaceous Intra-Sudet-
ic Basin with material, since the Cenomanian to the 
Coniacian (see, among others: Jerzykiewicz, Woje-
woda 1981, 1986, 1997, 2020a, b, Biernacka, Józefiak 
2009, Biernacka 2012, Wojewoda et al. 2022). Cur-
rently, the relatively elevated Table Mountains supply 
material to Ścinawa River valley in the northeast. It 
is worth noting that the oldest sediments containing 
Cretaceous material are of late Pliocene age (lower 
part of so-called Gozdnica Formation), which dates 
the beginning of Cretaceous denudation in the Ne-
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ogene. It is also worth emphasizing that Cretaceous 
sandstones have undergone deep residual chemical 
weathering, as evidenced by common kaolinization 
of feldspars. Such material could not have been pre-
served as a primary substance in the high-energy, 
mainly beach-coastal sediments of Cretaceous sea 
(cf. Wojewoda et al. 2022). Relics of residual weath-
ering that occurred during the Oligocene and Mio-
cene in Sudetes and Carpathians are widely distrib-
uted, among others in the form of saprolites covering 
extensive etchplain, but also as redeposited weath-
ered material (cf. August et al. 1995, Wojewoda et al. 
1995, Migoń 2001, 2002). These facts quite clearly 
indicate a radical landscape inversion and exposition 
of the Cretaceous sedimentary succession at the ear-
liest in the Pliocene, and the process initiated then 
most likely continues to this day.

The issue of the joints penetrating the whole creta-
ceous sandstone massif has not been clearly resolved, 
although many facts prove that it was an early pro-
cess, already during the sedimentation of the oldest 
members of the Cretaceous succession. This is evi-
denced, for example, by phenomena such as the com-
mon occurrence of complementary shears of the kink 
band type which penetrate Turonian and Coniacian 
sediments (e.g. Solecki 2011), but also by helicoidal 
fracture zones that are penetrated by Dominichnia 
type trace fossils, as for example Ophiomorpha (e.g. 
Wojewoda 2020a, Wojewoda et al. 2022). In turn, a 
high seismotectonic activity is already evidenced dur-
ing the deposition of Cretaceous sediments, e.g. by 
numerous seismite structures, including some of the 
first ones described in the Sudetes (Wojewoda 1987). 
The youngest tectonic activity is documented by nu-
merous and significant regional shear zones. These 
are sets of fractures with meso-structural features 
typical of strike slip zones, which range in width up 
to over 200 m and a length of over 5 km (see Wojew-
oda 2020a, 2020b, Leszczyński et al. 2022, Wojewo-
da et al. 2022). The formation of the latter is associ-
ated with the tectonic activity of the most important 
tectonic zone in Sudetes – Intra-Sudetic Shear Zone 
(Wojewoda 2007).

Another phenomenon common in Table Moun-
tains are epigenetically forced fractures, referred to 
induced fractures. The term was originally intro-
duced by Ollier (1978), and then by Wojewoda (2012) 
and Wojewoda, Ollier (2013). These fractures occur 
locally on the plateaus of rock massifs disintegrating 
due to selective weathering. They often accompany 
rock mushrooms and towers (cf. Fig. 3).

At the foot of the escarpment under Radków Tow-
ers, at the end of the rock headland, a damage zone 
in the sandstone of Radków Bluff is observed (Fig. 
5). These recently discovered and described frac-
tures show how the basal rock breaks down when 
it is isolated from the rest of the rock massif. This 

dense fracture network is created under the pres-
sure of hundreds of tons of weight, illustrating how 
a block of rock, isolated from the main massif, de-
stroys its own base. These fractures are considered 
non-tectonic induced fractures. Their spatial orien-
tation almost exactly aligns with the outline of the 
rock headland of Radków Towers (cf. Fig. 5) (Wo-
jewoda, Kowalski 2017, Sokalski, Wojewoda 2022). 
Studied outcrop constitutes an example of how dam-
age caused by load arises and evolves at the base of 
high morphological escarpments, mainly within rock 
blocks separated from the main rock massif.

Methods

Geological documentation of the outcrops located at 
the base of Radków Bluff was carried out in the tra-
ditional manner – sketches of the outcrop including 
a structural sketch were made and delineated zones 
of discontinuities were measured with a geological 
compass. Photographic documentation was also car-
ried out (cf. Figs 4, 5).

For the spatial measurements a Riegl VZ400i 
pulse terrestrial laser scanner was employed. The 
device features a pulse repetition rate of up to 
1200 kHz, which results in an effective measurement 
rate of 500,000 points/s. The laser beam operates in 
the near infrared (1550 nm wavelength). The 3D po-
sitioning accuracy is 3 mm at a distance of 50 m and 
5 mm at a distance of 100 m. The minimum distance 
from the measured object is 0.5 m. Data was pro-
cessed and analysed in Riegl’s dedicated RiScan Pro 
software (v. 2.14.1), which can be extended with an 
additional LIS GeoTec Plug-In tool for the analysis 
of structural phenomena (Riegl Laser Measurement 
Systems 2022).

The primary aim of the measurement was to doc-
ument the zones of induced fractures that are devel-
oped at the base of the rock headland that builds up 
a section of Radków Towers. At the base of Radków 
Towers there is a footpath, which is severely limited 
by the steep slope, resulting in relatively little field 
to position the scanner. For this reason, measure-
ments were taken at a distance of 3–5 m from the 
rock face. Such a short distance from the scanned 
object ensures minimal divergence of the laser beam 
that allow for increased resolution and a finer de-
tailed image of the irregularities of the outcrop. The 
key lower part of the outcrop (up to 3–5 m) of total 
length of about 50 m was captured on the scan. In 
order to obtain a dense point cloud, scanning was 
carried out at the maximum frequency of the laser 
pulse (1200 kHz). For the first measurement epoch 
a very high mapping accuracy along the entire length 
of the outcrop was achieved by scanning from 13 
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scan sub-stations spaced at maximum 5 m intervals 
to minimize the effect of occlusion (as much as possi-
ble). Reference targets were used for the registration 
of the first measurement epoch. The registration pro-
cess was performed in two stages:
1. the coarse registration carried out by the function 

Automatic Registration 2; the registration error (ex-
pressed in standard deviation) measured few cm 
after this step,

2. fitting plane patches generated on the basis of 
given parameters from sub-station point clouds 
(such as: minimum point count, maximum stand-
ard deviation, maximum deviation, minimum re-
flectance) was conducted by the function Multi 
Station Adjustment; fitting of plane patches was 
then improved in an iterative process whose pa-
rameters were changed step by step until the min-
imum error (expressed in standard deviation) was 
achieved; after this step it measured 2.1 mm.
The authors conducted three measurement se-

ries performed at 10-month intervals. The purpose 
of such a procedure was to try to capture the de-
struction process in the zone of induced fractures on 
differential images (scans). In the second measure-
ment epoch, the entire outcrop was captured from 23 
scan sub-stations, and the third was recorded using 
17 scan sub-stations. However, for the second and 
third measurement epochs, the scanning resolution 
was decreased by reducing the frequency of the laser 
beam to 600 kHz. The procedure for registering the 
scans of the second and third measurement epochs 
was similar to that of the first measurement epoch, 
except that reference targets were not used for reg-
istration. For the second and third measurement 
epochs, the error of Automatic Registration 2 did not 
exceed a few cm in both cases. In the next step (Mul-
ti Station Adjustment) in both epochs, it was possible 
to align the scans in such a way that the registra-
tion error (expressed as a standard deviation) was in 
the range of 2 to 3 mm. Subsequently, the registered 
scans from each measurement epoch were combined 
into a single point cloud, and were then aligned using 
the Multi Station Adjustment tool. The alignment error 
(expressed as standard deviation) totalled 3.9 mm.

The next step was to remove vegetation from the 
point cloud. Due to the vertical rock walls and dense 
tree cover, the RiScan Pro built-in vegetation removal 
filter proved to be unusable, as it also removed parts 
of the rock surfaces from the point cloud. Conse-
quently, all vegetation was removed manually by ed-
iting the point cloud in RiScan Pro. In the next step, 
the data were filtered by the attributes of the return-
ing laser beam (reflectance, deviation) and to sim-
plify the structure of the point cloud (octree filter). 
Some parts of the point cloud were further filtered to 
apply advanced 3D visualization effects. The struc-
tural analysis tool requires additional filtering to give 

each point of the point cloud coordinates that define 
the position of the scanner. The processed data af-
ter registration, basic filtering and combining into a 
project consisting of three point clouds representing 
three measurement epochs has approximately 250 
million points.

The LIS GeoTec structural analysis software tool 
is a RiScan Pro Plugin for geotechnical analysis of 
scanned rock surfaces. The tool classifies the point 
cloud in terms of dip and dip direction angles to cre-
ate contour diagrams for the dominant sets of discon-
tinuity surfaces. The analysis is performed in 2 steps. 
Step 1 consists of extracting the normal surfaces for 
each point and then segmenting areas with the same 
surface orientation. Step 2 is the analysis of surfaces 
for a cluster with a specific orientation and the calcu-
lation of dip and dip direction angles with respect to 
the selected target coordinate system. The result of 
the analysis is then plotted onto the contour diagram 
(Riegl Laser Measurement Systems 2022). The tool 
allows for automatic surface detection and/or addi-
tional parameter definition, which an experienced 
field geologist can modify in order to obtain the most 
reliable measurement results.

Results

The study carried out by the authors confirmed good 
consistency between the results obtained by tradi-
tional geological compass measurements and by us-
ing a semi-automatic algorithm to determine the ori-
entation of the discontinuity surfaces based on point 
cloud analysis.

Zone of induced fractures is clearly manifested on 
a structural sketch and a photograph shown in Fig. 
5. The white line shows the slope angle, while the 
yellow lines show the interval in which the horizon-
tally overlying sandstone layers are cut by a fracture 
system. A projection diagram that summarizes the 
collective results of 58 measurements taken with a 
geological compass (Fig. 5B) shows an averaged ori-
entation of induced fractures at 106/72. The meas-
ured dip direction angle of the fracture plane is co-
incident and closely related to the slope direction in 
this part of the outcrop.

Structural analysis based on the point cloud (Fig. 
6A) was performed by manually selecting the input 
parameters for the algorithm responsible for identify-
ing the planes. This is a necessary procedure for ex-
posures with highly complex fracture systems. It was 
possible to confirm the effectiveness of the method 
by comparing the results of the measurements with 
those made conventionally (with a geological com-
pass). Fig. 6B, showing the above discussed fragment 
of the rock headland in a slightly vertically rotated 
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side view, confirms the quality of the point cloud 
measurements by obtaining coincident results for 
the two sets of joints marked in red (40/85) and yel-
low (140/85), as well as for the surfaces of induced 

fractures marked in blue (118/68) (Fig. 6C). The 
remaining colours (green, orange and purple) high-
light less significant sets of surfaces with identical 
orientations.

Fig. 6. Semi-automatic algorithm was applied to the point cloud data of an outcrop with the zone of induced fractures: six 
sets of discontinuities marked with different colours were distinguished. A: side view of the part of the outcrop with 
clearly manifested zone of induced fractures (cf. Figs 5B and 7B), B: rotated side view of the outcrop to visualize the 
course of the fractured planes in the induced fractures zone, C: structural analysis of more than 12.5 M of points, which 
distinguished 6 sets of discontinuities and put them onto the contour diagram
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Despite a detailed analysis of point clouds ob-
tained from three measurement epochs over a period 
of about 20 months, it was not possible to observe 
the destruction process in the most predisposed 
zones, i.e. in the zones of induced fracturing.

Disscussion

During the fieldwork, the authors made dozens of 
conventional measurements throughout the ana-
lysed outcrop. Compass measurements require some 
knowledge and experience from the operator and 
sometimes even intuition to correctly assess wheth-
er the measured orientation of the surface is due to 
its real orientation in geological space or whether it 
is a falsified intersection image. This is particular-
ly important especially when measuring structures 
such as induced fractures, where orientation of the 
fracture plane is variable even within a single (large) 
outcrop and depends on the geometric form and ori-
entation relative to the slope of a given rock headland 
part. In addition, induced fractures zones manifest 
themselves as a dense network of parallel but also 
irregularly aligned fracture planes that do not form 
clearly distinguishable planes from the rock face – in 
contrast, for example, to joint sets that form clear 
and unambiguously easily identifiable, flat, vertical, 
regular surfaces.

The point cloud view (Fig. 7A) in the side view 
analogous to Fig. 5B, shows an almost photograph-
ic image of the object. The fracture surfaces are just 
as clearly visible as in the photograph, and with the 
appropriate filtering and display it is possible to high-
light and emphasise the most interesting parts of 
the object. Furthermore, because this section of the 
point cloud consists of more than 15 million points, 
very accurate metric and angular measurements are 
possible. Because objects are scanned from multiple 
perspectives (i.e. from aligning scans captured at 
sub-stations), it is possible to freely rotate and view 
objects in 3D space. Positioning a section of the rock 
headland in a more vertically rotated view (Fig. 7B) 
allows even better imaging of induced fracture sur-
faces. In this case, filtering was applied to identify 
planes with similar orientations. For this section of 
the point cloud, surfaces with orientations corre-
sponding to the joint system are highlighted in light 
red, while those corresponding to induced fractures 
are highlighted in light green. Analysis of the point 
cloud in terms of the structural setting of the object 
is undoubtedly a very valuable addition to the geolog-
ical documentation of the exposure.

In the case of structural analysis performed on a 
point cloud, using tools for automatic or semi-auto-
matic determination of sets of discontinuities with 

the same (and similar) orientation, the risk of incor-
rect measurement as a result of compass application 
according to the subjective, not always accurate, as-
sessment of the operator is practically eliminated. 
The algorithm for automatic determination of surfac-
es identifies them very well in the case of regular and 
homogeneous fracture surfaces or layering (e.g. joint 
sets). If the surfaces are more irregular, additional 
smoothing of the point cloud is sometimes needed. 
This results in a uniformity of the surface that al-
lows it to be more clearly assigned to a set of surfaces 
with a specific orientation. However, it is important 
to bear in mind that the iterative application of the 
smoothing algorithm results in the loss of an increas-
ing amount of detail, so if its application is necessary, 
its effect on the discontinuities sets determination 
algorithm should be checked in steps (Vöge et al. 
2013).

The algorithm for distinguishing surfaces with 
the same orientation also makes it possible to identi-
fy surfaces in complex fracture zones where:
1. the surface orientation is not unambiguous or dif-

ficult to identify due to the separation of only an 
edge or a small part of the fracture surface from 
the rock face, or additionally

2. there are fracture systems from different stages of 
development of a given structure/object next to 
each other.
In such cases, it may be necessary to assign ap-

propriate parameters to the algorithm determining 
the discontinuity surfaces. In the case of (1), it may 
be important to match a sufficient number of neigh-
bouring points to determine surfaces with similar 
orientation. In contrast, in case (2) it is important to 
set appropriate:
a) tolerance angles for normal points identified 

within a single surface,
b) tolerance angles for identified planes assigned to 

a set of surfaces with same orientation, and
c) the search radius for the Kernel Density Estima-

tor.
Such an initial procedure also requires an experi-

enced geologist to select the appropriate parameters 
depending on the complexity of the site or test ap-
proach by selecting parameters until the results are 
satisfactory, i.e. coincide with those obtained from 
conventional measurements.

An important aspect of the point cloud-based 
structural analysis process is to perform the meas-
urements in accordance and consistently with the 
approved methodology (e.g. Kemeny et al. 2007), i.e. 
by selecting the appropriate scanning resolution, lo-
cation and number of sub-stations, so as to exclude 
or minimise dead zones and occlusion effects on the 
surfaces targeted by the scan. The point cloud must 
be also properly prepared before structural analysis. 
It is crucial to remove vegetation and weathering cov-
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er, which strongly bias the image when automatically 
identifying discontinuity surfaces. This is also impor-
tant for semi-automatic delineation of discontinuity 
surfaces in large sites located on slopes, (Lukačić et 
al. 2023), where there may be fractures with surfac-
es oriented parallel to the slope. The population of 
measurements may then be falsely augmented by 
measurements from point cloud fragments repre-
senting weathered cover.

An undoubted advantage of structural analysis 
carried out on a point cloud is the identification of 

additional sets of discontinuities. This adds value to 
the documentation of the site, as some of the less 
important structures are omitted in the description 
when structural analysis is carried out convention-
ally. In addition, structural analysis based on the 
point cloud can help to select sites for more detailed 
field investigation. Fig. 6B shows a side view of the 
section of the rocky headland, where the blue colour 
(corresponding to induced fractures) also indicates a 
section in the higher part of the headland than the 
zone of clearly visible induced fractures occurring in 

Fig. 7. A: Side view of site no. 1 (cf. Fig. 5B), B: vertically rotated view of a part of exposure with zone of induced fractures. 
Green colour marks induced fractures surfaces, while with red colour one of joint set is marked. The positioning of the 
object in Fig. 7A is intended to be the same as in Fig. 5B. The slight rotation of the object in Fig. 7B is intended to better 
visualize the induced fractures zone. For better visualization of the damage zone, semi-transparency of the points in the 
cloud (controlled by the operator) was used, which in this case gives better results than shading the point cloud from a 
certain direction (hillshading), however, it may cause some loss of image depth
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its lower part (at the base). This part of the head-
land is in contact with the rock mass and may also 
be the zone where the initial development of induced 
fractures takes place. Point cloud data analysis allows 
this hypothesis to be verified in the field work.

Summary

With a database of measurements taken convention-
ally using a geological compass in their disposal, the 
authors were able to test a structural analysis pro-
cedure using a point cloud to determine sets of sur-
faces with similar orientation in both the automatic 
and semi-automatic approaches discussed above. The 
conducted experiment confirmed the relatively high 
efficiency of the used tool. At the same time, the test-
ed method still requires the involvement of an ex-
perienced geologist, who is necessary for the correct 
setting of parameters in the case of sites character-
ised by complex and multi-stage structure. Neverthe-
less, the method is very much in development and it 
is very likely that, in the coming years, tools in ser-
vice will make use of artificial intelligence and ma-
chine learning algorithms to identify discontinuities 
surfaces more unambiguously (cf. Mammoliti et al. 
2022). It is already quite common to combine struc-
tural analysis on the basis of clouds acquired from 
various sources, e.g. terrestrial laser scanning and 
modern photogrammetric techniques of the SfM type 
(eng. Structure-from-Motion, cf. Pagano et al. 2020), or 
even using images taken with modern smartphones 
(cf. Riquelme et al. 2021). The presented method has 
another important advantage which is the safety of 
surveying. This is crucial in the case of hard-to-reach 
parts of the rock mass and dangerous sites, where 
there is a risk of mass movements phenomena. It is to 
be expected that in the future, automation processes 
will aim to reduce the role of man even further in 
data acquisition for structural analyses.

It is worth emphasizing the common occurrence 
of the induced fractures at the foot of almost verti-
cal walls of jointed sandstone in Radków Bluff. This 
indicates their important role in the destruction of 
the bluff and sheds new light on the mechanism of 
destruction of the rocky walls and thus the frontal 
retrogradation of the Cretaceous plate in the area of 
Table Mountains. This may also indicate a slightly 
different mechanism of destruction and denudation 
of these rocks than the one proposed in recent years 
by Duszyński et al. (2015, 2016), Duszyński, Migoń 
(2015, 2017), Duszyński (2018). Certainly, long-term 
monitoring of the damage described above using a 
terrestrial laser scanner has a chance to bring us clos-
er to a better understanding of the physical side of 
this process in the future.

Conclusions

The authors present the phenomenon of non-tecton-
ic, epigenetic induced fractures that can be observed 
at the base of several tens of meters high rock walls 
of Radków Bluff. Over couple of years of field work, a 
detailed documentation of several sites at the base of 
the bluff was carried out, supported by a set of struc-
tural data acquired by the traditional survey method 
using a geological compass. The results of this work 
can be summarized in the following conclusions:
1. The possibility of using TLS as a method that al-

lows very detailed documentation of geological 
exposures is presented, which can furthermore 
be supplemented by characterization of structural 
features of the rock mass.

2. Comparison of measurements made in the tradi-
tional way and using semi-automatic algorithms 
to identify sets of different surfaces with the same 
orientation (e.g. discontinuities, layering) gives 
consistent results.

3. The accuracy of the TLS measurements at the res-
olutions and time interval applied by the authors 
is insufficient to capture significant changes in the 
surveyed sites over the two-year measurement 
period and thus confirm the rate of the destruc-
tion process, which was also one of the objectives 
of the study.
Moreover, the authors think that at the current 

stage of validity and reliability of applications to iden-
tify and especially interpret the results obtained by 
the TLS method, it is still advisable at least to consult 
an experienced structural geologist who will have the 
ability to control the input parameters to the algo-
rithms currently used to process point cloud data.
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given as should be

Fig. 4. The orientation of induced fractures at the base 
of Radków Bluff, at Radków Towers locality. A – the 
location of outcrops within Radków Bluff, B – results 
of structural analysis carried out conventionally. Aggre-
gate projection diagrams were created based on at least 
10 measurements, a total of more than 100 measure-
ments at 5 sites. A total of 58 measurements were made 
with the compass at site no. 1, which were then com-
pared with the results obtained from the point cloud. 
Colours explanation on the stereoplots: red lines show 
inclination of great circles of measured fractures; red 
spots refer to normal to fractures planes, black dashed 
lines refer to local topography, light blue show incli-
nation of great circles of joints, blue is for background 
(modified after Wojewoda et al. 2022)

Fig. 4. The orientation of induced fractures at the base 
of Radków Bluff, at Radków Towers locality. A – the 
location of outcrops within Radków Bluff, B – results 
of structural analysis carried out conventionally. The 
figure 4B uses measurements taken by A. Kowalski 
(Wojewoda, Kowalski 2017). Aggregate projection 
diagrams were created based on at least 10 measure-
ments, a total of more than 100 measurements at 5 
sites. A total of 58 measurements were made with the 
compass at site no. 1, which were then compared with 
the results obtained from the point cloud. Colours ex-
planation on the stereoplots: red lines show inclination 
of great circles of measured fractures; red spots refer to 
normal to fractures planes, black dashed lines refer to 
local topography, light blue show inclination of great 
circles of joints, blue is for background (modified after 
Wojewoda et al. 2022)

Fig. 5. Radków Towers site (Radków Bluff, Table Moun-
tains), A – an example of traditional documentation of 
structural phenomena – faulting, layering, joints and 
induced fractures, B – photograph view of the outcrop. 
A and B show a view of the outcrop from the same spot

Fig. 5. Radków Towers site (Radków Bluff, Table Moun-
tains), A – an example of traditional documentation of 
structural phenomena – faulting, layering, joints and 
induced fractures, B – photograph view of the outcrop. 
The figure 5B uses photo and measurements taken 
by A. Kowalski (Wojewoda, Kowalski 2017). A and 
B show a view of the outcrop from the same spot
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