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Abstract: This article presents the results of more than 24 years of monitoring of displacements along a Šindliar  
fault plane using a high-resolution 3D extensometer (TM-71), which was installed in the Branisko highway tunnel.  
This significant fault, striking NNE–SSW, separates the pre-Cenozoic basement of the Branisko mountain range and 
Cenozoic sediments. The micro-movements indicate a contemporaneous oblique dextral strike-slip, which is consistent 
with regional transtension/extension proved by previous geological studies. Furthermore, obtained results show that  
the displacements are permanent, very slow, and reflect the changes in the stress field. An average speed of movement 
reaches 0.11 mm a year. Jump-like changes correspond well with weak earthquakes as well. Our results prove that cracks 
in the reinforcement of the Branisko highway tunnel occur as a result of recent tectonics. The long-term monitoring may 
contribute to the safe operation of the tunnel and represent a warning system in future.
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Introduction

The most important Quaternary geodynamic phenomena or 
processes in Slovakia encompass slope movements (in parti
cular landslides, less frequent falls, flows, creep), karstifi
cation, weathering, erosion, seismicity, and faulting. These 
reflect the geological structure, morphology, and climate of 
the Western Carpathians, covering the Slovak territory. Posing 
a threat to human life, the above phenomena also cause con-
siderable damage to engineering constructions and economic 
activities. One way of protecting people and their property 
from geological hazards is through prevention by monitoring 
the manifestations and parameters of these phenomena.  
An extensive monitoring network for the detection of very 
slow movements or displacements on recent tectonic faults, 
rock block failures, and historical objects was created in 
Slovakia.

The network, which currently includes 36 localities (Fig. 1), 
is run by the Institute of Rock Structure and Mechanics of  
the Czech Academy of Sciences and the State Geological 
Institute of Dionýz Štúr, Slovakia. Some monitoring works  
are carried out in collaboration with the Slovak Caves 
Administration (State Nature Conservancy of the Slovak 
Republic) and the Geophysical Division of the Earth Science 

Institute (Slovak Academy of Sciences). For 3D detection of 
fault slips, special TM-71 high-resolution 3D extensometers 
are primarily used (Fig. 2; Košťák 1969, 1991). The most 
interesting results from the sites in Slovakia were published  
by Petro et al. (1999, 2004a, 2011a, b, 2012); Wagner et al. 
(2000); Vlčko & Petro (2002); Vlčko (2004); Briestenský et 
al. (2007, 2018); Ondrejka et al. (2014). Detailed monitoring 
results from the monitoring network are presented in the form 
of annual reports and are available on the State Geological 
Institute of Dionýz Štúr website (https://dionysos.geology.sk/
cmsgf/ ).

This paper presents the results of long-term 3D monitoring 
of micro-movements along a significant fault, crossing the 
Branisko highway tunnel (Eastern Slovakia) and their compa
rison with the results of geological and geodetic observations 
in the surrounding region. A long-term prediction of the safe 
operation of the tunnel is also presented.

Geology of the Branisko region

The Branisko mountain range is located in the eastern part 
of the Internal Western Carpathians (Fig. 3; Hók et al. 2014). 
The geological structure includes the Paleo-Alpine tectonic 
units of Veporicum and Hronicum. The Veporicum comprises 
crystalline rocks (granites, migmatites, gneisses, amphibo-
lites) and autochthonous Mesozoic cover (quartzites, lime-
stones). The Hronicum is a cover nappe composed of Upper 
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Paleozoic sediments and volcanic and Mesozoic carbonate 
sequences (Polák et al. 1996). Rock complexes of both tec-
tonic units are unconformably and transgressively overlain  
by sediments of the Central Carpathian Paleogene Basin 
(Podtatranská – Sub-Tatric Group sensu Gross et al. 1984). 
The Branisko Mts. represents a morphologically prominent 
horst structure (Fig. 4), bounded by the Neo-Alpine Poľanovce 
fault on the west and the Šindiar fault on the east, which sepa-
rate it from the Central Carpathian Paleogene Basin (CCPB) 
sedimentary formations.

Methodology

The TM-71 extensometer was chosen for the monitoring of 
micro-displacements on the Šindliar neotectonic fault inside 
the Branisko highway tunnel. The device can detect spatial 
(3D) changes, it has high measurement accuracy (rotations in 
the order of 8.7·10−5 rad, displacements better than 5 μm), 
weather resistance (temperature, humidity, stray currents), 
simple handling and maintenance. It has also shown good 
results from its practical use all over the world (e.g., Avramova-
Tacheva et al. 1984; Košťák & Avramova-Tacheva 1988; 
Košťák & Cruden 1990; Košťák et al. 2002, 2011; Štěpančíková 
et al. 2008; Gosar et al. 2009; Stemberk et al. 2010, 2015, 

2016, 2018; Briestenský et al. 2015; Baroň et al. 2019, 2024; 
Šebela et al. 2021).

The TM-71 extensometer is based on the moiré principle, 
which represents an optical interference effect (Fig. 2). When 
light passes through two specially prepared superposed glass 

2. Pieniny Klippen Belt region

1. Flysch Belt region

3. Western Slovakia region

6. Eastern Slovakia region

5. Central Slovakia region

4. Central Slovakia fault zone

Neotectonic regions (Hók :et al., 2000)

50 km010 km

Observation sites:

A. Recent tectonic faults
1.  Banská Hodruša Tunnel (2005)
2.  Beckov Cave (2008)
3.  Belianska Cave (2010)
4.  Branisko emergency adit (2000)

B. Rock block failures
1. Košický Klečenov (1990,1995)
2. Sokol (1990)
3. Spišská Cave (2007)
4. Steny (Parohy) (1973)
5. Štrochy abyss (1981)
6. Veľká Izra (1992)

C. Historical objects
1. Orava Castle (1983)
2. St. Antonius de Padua Church, Košice (2010)
3. Saint Elizabeth´s Cathedral (2010)
4. Spiš Castle (1980,1992,1997,2003)
5. Strečno Castle (1996)

13. Harmanec Cave (2011)
14. Ipeľ adit (2002)
15. Krásna Hôrka Cave (2011)
16. Landrovec (2000)
17. Lisková Cave (2010)
18. Ochtiná Cave (2010)
19. Plavecká Cave (2007)
20. Prekážka quarry (2007)
21. Sedmička Cave (2007)
22. Slopy Cave (2005)
23. Skalistý potok Cave (2011)
24. Vyhne Tunnel (2005)
25. Zbojnícka Cave (2005)

5.  Brestov Cave (2011)
6.  Bystrá Cave (2010)
7. Čachtice Cave (2007)
8.  Dead Bats Cave (2010)
9.  Demänová Cave of Liberty (2001)

10. Dobrá Voda fault (2004)
11. Drienovec Cave (2011)
12. Driny Cave (2005)

48°

17
°

18
°

49°

19
°

20
°

21
°

22
°

BratislavaBratislava

TrnavaTrnava

KomárnoKomárno

MichalovceMichalovce

NitraNitra

TrenčínTrenčín

ŽilinaŽilina

ZvolenZvolen

LučenecLučenec

Banská
Bystrica
Banská
Bystrica

PopradPoprad PrešovPrešov

KošiceKošice

RožňavaRožňava

Branisko emergency aditBranisko emergency adit

11

1818

55

33

44

22

66
1414

2424

11

55

1010

2121

1919
1212 2020

2525

2222

77

22

1616

44

1717

11

66

88

99

33
55

1313

44

22

332323

1111

1515

Rába fa
ult

Rába fa
ult

Hurbanovo - Diósjenő faultHurbanovo - Diósjenő fault

H
o

rn
á
d

 fa
u

lt

H
o

rn
á
d

 fa
u

lt

C
e
n

tr
a
l 
S

lo
v
a
k
ia

n
fa

u
lt

 s
y
s
te

m

C
e
n

tr
a
l 
S

lo
v
a
k
ia

n
fa

u
lt

 s
y
s
te

m

Fig. 1. Monitoring network for detecting micro-displacements on active tectonic structures, rock block faults, and historical objects using 
TM-71 extensometers in Slovakia, which is run by the Institute of Rock Structure and Mechanics of the Czech Academy of Sciences and  
the State Geological Institute of Dionýz Štúr, Slovakia. The figure shows the observation sites along with their respective years of 
installation.

Fig. 2. TM-71 high resolution 3D moiré extensometer constructed by 
Košťák (1969). The vertical segment of the device displays the result 
of the movement recorded through optical interference – the number 
of stripes within the circle indicates displacement, while the number 
of stripes within the rectangles indicates rotation; the same applies to 
the horizontal segment.
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plates, it creates a pattern of black and white fringes. The rela-
tive displacement of the plates causes a change in the number 
of fringes. The size of the movement is directly proportional to 
the number of stripes. The construction of the TM-71 allows 
not only displacements to be recorded, but also rotations in 
two mutually perpendicular planes. If the device is installed 
between two fault or crack walls, it is possible to obtain data in 
three Cartesian coordinates (X – crack width, Y – horizontal 
shift, Z – vertical displacement) from the recorded interfe
rence patterns. The recorded data may be taken visually; 
however, the use of photographic paper or digital cameras and 
images is more appropriate for the collection of data. In recent 
years, records from some extensometers have been captured 
continuously and computed automatically at a very high reso-
lution (Marti et al. 2013; Rowberry et al. 2016; Stemberk et al. 
2019; Briestenský et al. 2021).

The Branisko monitoring site and data collection

The Branisko site was selected for long-term monitoring 
using the TM-71 extensometer for several reasons, most nota-
bly due to the Neo-Alpine tectonic activity of the Šindliar 
fault, as confirmed by geological evidence. The mountain 
range is part of an elevated horst structure characterised by 
significant relative uplift on a regional scale (Maglay et al. 
1999). The second reason was the penetration of the Branisko 
mountain range by a tunnel construction (1997–2003), which 
represents one of the most significant road constructions in 
Slovakia. The third reason was the launching of the multi
lateral international project COST Action 625 “3D monitoring 
of active tectonic structures” (02/2000–02/2006; https://www.
cost.eu/actions/625/).
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(adopted according to Lexa et al. 2000 and Hók et al. 2014).
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At present, the Branisko Tunnel is a one-tube-two-way 
design, almost 5 km long, and was constructed after the exca-
vation of a parallel exploration gallery, which serves as an 
emergency adit in the event of a traffic accident inside the tun-
nel. The TM-71 extensometer was installed on 12 December 
2000 directly between the footwall and the hanging wall of  
the Šindliar fault, approximately 300 m from the mouth of  
the emergency adit on the eastern side (Fig. 5). Data collection 
began immediately after its installation, e.g., before the com-
pletion and opening of the adjacent tunnel tube. Data were and 
are still being collected visually and/or photographically with 
a frequency of 3–6 times per year.

Data processing and interpretation of results

All data acquired from the TM-71 extensometer, i.e., dis-
placements along all three axes XYZ in both horizontal and 
vertical planes as well as rotations in the horizontal (XY) and 
vertical (XZ) planes, external temperatures, accurate date, and 
Central European Time (UTC+1), are processed using a spe-
cial MSDilat computer program (MSDilat – application for 
computer processing of the TM71 3D measurements prepared 
by M. Stercz in Delphi language for MS Windows platform). 
The initial version of the software was developed in 2004 
(Petro et al. 2004b), with a subsequently improved version 
employed in later stages. Mutual displacement and rotation of 
the tectonic blocks were determined based on the spatial rela-
tionship between the TM-71 extensometer and the fault plane, 

taking into account both coordinate systems. A schematic rep-
resentation of the resulting motion vector, illustrated as a 3D 
model, is presented in Fig. 6.

Preliminary monitoring results and fresh cracks in the con-
crete reinforcement on both sides of the fault plane within the 
tunnel and the emergency adit (Fig. 5), suggest potential recent 
tectonic activity (Petro et al. 2004a). Almost twenty-four years 
of observations (from December 2000 to September 2024) 
have confirmed micro-displacements and relative rotations 
between the two tectonic blocks (Fig. 7). From a geotechnical 
perspective, the most significant finding is the long-term and 
progressive trend of shear displacements along the fault plane. 
The total displacement vector observed across the fault 
reached a magnitude of 2.64 mm, corresponding to an average 
displacement rate of 0.11 mm.year−1. Analysis of the original 
XYZ data recorded by the TM-71 extensometer indicates that 
the Y-component accounts for approximately 83 % of the total 
movement. The remaining components of the displacement 
vector are nearly an order of magnitude smaller, with the 
X-component measuring 0.342 mm and the Z-component 
0.178 mm.

Based on the installation parameters of the TM-71 device, 
the calculated azimuth of the movement vector of the hanging 
wall is 186°, indicating a general geographic movement in  
the NNE–SSW direction. From an interpretative standpoint, 
the spatial displacement can be characterised as a slightly 
oblique dextral slip of the SE block (hanging wall; Madarás et 
al. 2012).
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Moreover, in this work we used the approximate P-/T-axis 
method calculated and visualized by FaultKin7 software  
(cf. Marrett & Allmendinger 1990; Allmendinger et al. 2011). 
This method calculates the orientation of the principal axes as 
the mean of the clustered axes. The method had been adapted 
for use with a specific data input used for measurements with 
TM-71 extensometers, in contrast to the usual use of the struc-
ture geological method, where the orientations of the slicken-
sides and the striae are used (see e.g., Stemberk et al. 2018, 
2019, for further details). The 1-year XYZ displacement data-
set adjusted to the fault plane was used as input data for the 
analysis. In this paper, the orientation of the main principal 
axes, individual 1-year fault slip data and were visualized as 
stereoplot.

Although the tectonic activity observed during the monito
ring period can generally be described as relatively uniform, 
the entire timeframe may nonetheless be divided into several 
shorter intervals (Fig. 7), based on the characteristics of the 
measured components of the displacement vector and the 
recorded rotational values in the XY and XZ planes. This indi-
cates the nature and manner in which the accumulated stress 
within the rock massif is progressively released over time.

Characteristics of the curves

The X-component of the motion vector represents a hori-
zontal displacement in a direction close to the fault dip direc-
tion (the difference between the direction of the X-axis of  

the instrument and the fault dip direction is approximately 
10°). Usually, according to the geometry of the device instal-
lation, the X-component represents the widening or narro
wing of the gap between the measured blocks. In the case of 
the device installation in the emergency adit, the curve has  
a slightly decreasing character, which indicates the dilation of 
the fault. However, the total movement in this direction is 
relatively small (in the range of 0.34 mm over the entire moni
toring period), and may therefore be considered negligible in 
comparison to the overall resultant movement. In terms of  
the temporal progression, the displacement curve exhibits  
a periodic component with an apparent annual cycle. This 
indicates a regularly occurring deformation of the rock massif, 
influenced by seasonal variations in the average outdoor tem-
perature. A notable change in the trend was observed in the 
second half of 2011, marked by a slight shift in the displace-
ment curve followed by a gradual deceleration of the move-
ment. This trend change was also reflected in other measure-
ment curves.

The Y-component represents the horizontal movement 
perpendicular to the dip direction of the monitored tectonic 
fault. This component exhibits a visually smoother trend with 
a clearly negative progression, indicating a right-lateral (dex-
tral) sense of displacement. Notably, the periodic component 
with an annual cycle is completely absent from this time 
series. In the initial phase of the measurements (until the end 
of 2005), the course of the curve is restless, and the values 
oscillate significantly around the imaginary line of the trend. 
Later, this oscillation is less pronounced and certain periods 
with a change like a trend may be recognised. This indicates 
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that the Y-component of the displacement exhibits a disconti
nuous, step-like character, with intervals of minimal or no 
movement alternating with periods of more rapid, and in some 
cases abrupt, displacement. The total amplitude of this compo-
nent exceeds 2.6 mm over the monitoring period, representing 
the dominant portion of the overall motion vector.

The Z-component of the movement vector represents dis-
placement in the vertical direction. The measured values for 
the entire measurement period represent only a tenth of  
a millimetre and indicate subsidence of the hanging wall, 
although the magnitude of the movement is almost negligible. 

In the initial period of measurements (until the end of 2001), 
the measured values had a significant positive direction (pro
bably a settling of the apparatus at the beginning of the mea-
surement), but from the beginning of 2002 the movement in 
this direction slowed down and there was a change in orien
tation of the trend to a negative one.

Figures 8 to 10 show the procedure for calculating the 
movements of geographic parameters from the measured  
XYZ data, i.e., direction of movement in the horizontal plane 
= azimuth (Fig. 8) and direction of movement in the vertical 
plane = magnitude of slope (Fig. 9 – XZ plane and Fig. 10 
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– YZ plane). The input data for the movement parameter 
calculations have been simplified to 1-year periods and have 
the character of a movement vector for the specified period. 
The projections of the individual movement vectors onto the 
respective plane of the device are shown in red in the images. 
The horizontal direction, i.e., the azimuth of individual vec-
tors, was calculated using goniometric functions (the formula 
for the calculation is shown in Fig. 8). The angle α for each 
motion vector represents the angle between the projection of 
this motion vector into the XY plane and the X-axis of the 
TM-71 coordinate system. The resulting azimuth δ is then the 
sum of angle α and angle β, which represents the horizontal 
deviation of the instrument’s axis from the geographic north.

Calculation of the real direction of movement in the vertical 
plane is a little more complicated, as it is displayed in two 
mutually perpendicular vertical planes XY and XZ (Figs. 9 
and 10). The actual size of the inclination angle λ for the 
general case may be calculated by combining the data for both 
planes:

In addition to measuring displacements, the TM-71 device 
also records rotations, i.e., the rotation of the measured blocks 
relative to each other in the horizontal (XY) and vertical (XZ) 
planes with an accuracy of hundredths of a grade (Rowberry et 
al. 2016). The measured values reflect the tension state of the 
rock massif on the fault and react quite sensitively to changes 

in tension but also indicate short geodynamic pulses and seis-
mic events. According to the change in the course of curves at 
the Branisko site, it is possible to single out individual periods 
with similar characteristics within the measurement period 
(Fig. 7). From the beginning of the measurement to approxi-
mately the end of 2008, there is a slight increase in the angle 
of rotation on both curves, which may indicate a low tension 
increase in the massif. During the following period until the 
beginning of 2017, the rotation values remained relatively 
stable, exhibiting only minor short-term fluctuations in both 
positive and negative directions. In 2017 and 2018, the XY 
rotation curve experienced a significant increase. However, 
since 2019, the trend reversed, and the curve demonstrated  
a consistent decline through the end of the observation period. 
These variations were not significantly reflected in the XZ 
curve.

Correlation of the TM-71 measurements with 
seismic events

Seismic phenomena are observed and recorded in Slovakia 
by the National Network of Seismic Stations (NNSS), which 
was established and is operated by the Institute of Earth 
Sciences of the Slovak Academy of Sciences (ÚVoZ SAV) in 
Bratislava. Currently, NNSS consists of 14 seismic stations 
(https://www.seismology.sk/National_Network/national_net-
work_A.html).
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During the measurement period using the TM-71 device at 
the Branisko site, over 1600 earthquakes of varying magni-
tudes and with diverse epicentral locations were recorded in 
Slovakia and its immediate surroundings (https://dionysos.
geology.sk/cmsgf/).

In this case, it would not be practical to search for temporal 
connections between the results of micro-displacement mea
surements at the Branisko site and all observed seismic events. 
Since the subject of these measurements is the Šindliar fault, 
monitored by the TM-71 device in the emergency adit of  
the Branisko Tunnel, only approximatelly 50 seismic events 
(earthquakes) since the year 2000, with a calculated epicenters 
close to this fault, were selected for the correlation analysis 
(Fig. 11). Although these earthquakes were of low intensity 
(local magnitude ML ≤ 2.0), their relation to changes in the 
displacement and rotations curves is obvious (Fig. 7). A nota-
ble example is a cluster of earthquakes that occurred in late 
December 2011, with epicentres situated along the course of 
the Šindliar fault, approximately 10 km north of the monitored 
site. The observed changes are characterised either by abrupt 
shifts in the movement trajectory or by alternations in its 
overall trend. The entire monitoring period at this site may  
be subdivided into distinct time intervals, labelled A through 
H, based on seismic episodes and the nature of the measured 
data, within which the character of the movement generally 
exhibits consistent patterns (Fig. 7; https://dionysos.geology.
sk/cmsgf/).

Discussion

The long-term monitoring results were compared with the 
results of geological research and geodetic measurements con-
ducted within the Branisko Mts. and the eastern part of the 
Western Carpathians (Slovakia).

Neo-Alpine Tectonics

The compressional phase of the Paleo-Alpine tectonics 
within the Internal Western Carpathians region (IWECA) is 
characterised by Cretaceous nappe stacking. Subsequent Neo-
Alpine nappe emplacement culminated during the Neogene in 
the accretionary wedge of the External Western Carpathians 
(EWECA), while the back-arc extension dominated in the 
IWECA (Nemčok et al. 1998). In the IWECA area, back-arc 
extension persisted during the Pliocene and early Pleistocene, 
but in the IWECA area, parallel orogen extension has been 
defined at several sites for the Late Pleistocene–Holocene 
(Littva et al. 2015; Hók et al. 2016; Bóna et al. 2024). Pliocene 
and Pleistocene stress orientation is characterised by extension 
to transtension, with the minimum stress component oscilla
ting from WSW–ENE to WNW–ESE (Vojtko et al. 2010, 
2012). 

The Neo-Alpine tectonic evolution of the Branisko area 
may be traced back to the Miocene. The exhumation of the 
Branisko crystalline rocks occurred during the Early Miocene 
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(14.2 ± 0.9 ‒ 17.4 ± 1.3 Ma) according to apatite fission track 
data (Danišík et al. 2012). The Badenian to Pannonian stress 
field in Eastern Slovakia is characterised by a stable orienta-
tion of the compressional component of the stress in the NNE‒
SSW to NE‒SW direction and a perpendicularly oriented exten-
sion (Kováč et al. 1995; Nemčok et al. 1998; Jacko et al. 2021).

One way of determining the orientation of the stress field in 
the Holocene is by the presence of travertine to the west of  
the Branisko Mts. at the Dreveník site. The age of the traver-
tine is considered to be Pliocene–Pleistocene (Nĕmejc 1944; 
Holec 1992; Tóth & Krempaská 2008). The orientation of  
the Dreveník travertine ridge aligns with an NNW–SSE-
striking fault in the underlying basement rocks. Consequently, 
the extension associated with the travertine formation was 
predominantly oriented in an ENE–WSW direction, i.e., per-
pendicular to the inferred extensional faults in the basement, 
which were active at least during the Pleistocene (Brogi et al. 
2021). Similarly, the data obtained from the TM-71 high-
resolution 3-D extensometer installed along the Šindliar fault 
reflect the prevailing stress regime within the rock mass.  
By processing these measurements using appropriate struc
tural-geological software, it is possible to analyse the stress 
field, including the directional components of extension and 
compression. The results indicate a persistent orientation of 
the extensional stress component in a SSE–NNW direction 
(Fig. 12), characteristic of the ongoing transtensional to exten-
sional tectonic regime.

Geodetic measurements

The latest research on active tectonics of the Circum-
Pannonian region, supported by updated GNSS network data, 
has confirmed the presence of slow positive dilatation (appro
ximately 1 nanostrain a year) and ongoing transtensional defor
mation across much of the Western Carpathians (Porkoláb et 
al. 2023). Regional analyses indicate that geodetically derived 
strain rates cannot fully be explained by seismic deformation 
alone (Bus et al. 2009), thereby reinforcing the hypothesis that 
aseismic creep constitutes a significant deformation mecha-
nism within the Pannonian Basin and its adjacent areas (Gerner 
et al. 1999).

Geodetically verified temporal variations in the terrain ele-
vation, depending on the specific location of the measured 
points, are illustrated on the map of recent vertical movements 
(Majkráková & Janák 2019). At this study site, these changes 
exhibit a negative gradient oriented WSW–ENE (Fig. 13 – 
blue arrow), which aligns with the observed trend of subsi
dence on the eastern side, or conversely, uplift on the western 
side, of the tectonic line. This pattern is corroborated by mea-
surements obtained using the TM-71 extensometer (Fig. 6).

The influence of tectonic activity on the operation of  
the Branisko Highway Tunnel

The confirmed progressive movement along the fault has 
resulted in deformations affecting not only of the internal 

reinforcement of the emergency adit but also the structure of 
the highway tunnel, manifested in the form of open cracks  
(Fig. 14). The initial appearance of such cracks at the moni-
tored fault location was recorded in 2004 (Petro et al. 2004a), 
occurring on the sidewall of both the emergency adit and the 
motorway tunnel. The nature and number of cracks required 
the company overseeing the operation and maintenance of  
the tunnel to not only fill the cracks with a sealant but also to 
establish a local levelling network to monitor deformations in 
the internal reinforcement of the tunnel.

Based on almost 24 years of measurements, it is possible  
to assume that the current trend of block movement will con-
tinue in the future, encompassing further expansion of existing 
cracks or an increase in their number. Damage to or even dis-
ruption of the waterproof insulating sealing between the rock 
massif and the internal concrete reinforcement in the next 15 
to 20 years cannot be excluded. The situation in the future may 
also be complicated by the planned construction of the second 
tunnel tube, which will certainly be required due to the increase 
in traffic density in the given section of the D1 highway.

Conclusions

The results of long-term monitoring (since the end of 2000) 
of the Šindliar fault using a special TM-71 3D extensometer 
indicate a continuing trend of relative movement between two 
tectonic blocks. To date, the total displacement of 2.64 mm  
has been recorded, interpreted as a dextral strike-slip displace-
ment accompanied by a very slight oblique dip of the hanging 
wall. While the measured block rotations reflect variations  
in the tension state of the rock mass, the recorded values do 
not exceed 0.3 π/200 and are thus considered negligible from 
a practical engineering perspective.

Fig. 12. Results of the P-/T-axis method applied displacement records 
detected by the TM-71 extensometer.
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Due to the absence of real-time measurements of micro-dis-
placements, it is not possible to establish a precise causal rela-
tionship between seismic events (earthquakes) and movements 
on the Šindliar fault. It is more likely that the stress within the 
rocks massif, accumulated under the influence of regional tec-
tonic processes, is released through micromovements along 
the fault, thereby generating seismic shocks, rather than seis-
mic events unrelated to the Šindliar fault, including displace-
ment along this tectonic zone. An illustrative example is the 
relatively strong earthquake that occurred on 9 October 2023, 
with epicentre near the village of Ďapalovce in eastern 
Slovakia, approximately 63 km from the monitored site, with 
a magnitude of ML=4.9. This event exhibited no observable 
impact on the measured data. A more detailed analysis reveals 
that fault movement typically does not occur continuously, but 
rather in a series of abrupt shifts. These are characterised by 
alternating phases of increased and decreased activity, with 
transitions between these phases frequently accompanied by 
seismic events.

From the approximate P-/T-axis method we can roughly 
conclude that the long-term orientations of the main princi-
pal axes are σ1 = 246°/22° (ENE–WSW compression), σ2 = 
100°/64° and σ3 = 341°/13° (NNW–SSE extension). The slight 
variations in the orientation of the movements indicate that  
the stress field is evolving over time, and the year-to-year 
comparison shows slight changes in the orientation of the 
stress (see the positions of the P-axes and T-axes in Fig. 12).

Stress orientation calculated from the slickensides of brittle 
deformed geological objects in the eastern part of Slovakia 
indicates a transtensional to extensional tectonic regime with  
a generally E‒W oriented extension for the Pliocene to 
Pleistocene. The results of long-term monitoring of fault slip 
confirm the persistence of this trend to the present day.

In the light of the aforementioned findings, it is necessary  
to continue monitoring at the Branisko site (tunnel) and to 
continuously inform the tunnel administrator about the 

measurement results. However, a reliable correlation with 
seismic events and to facilitate timely responses to extraordi-
nary events (e.g., larger movements on the fault) will require 
an increase in the frequency of measurements to a daily basis 
or even continuous measurements.
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