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Abstract 9 

Rock slopes are dynamic geomorphic systems whose stability is influenced by an interplay between geological 10 
structures and environmental forcing. Among these, meteorological variables, particularly temperature and 11 
precipitation, are recognised as key drivers of both long-term slope evolution and short to medium-term joint 12 
deformation expressed through diurnal and annual displacement cycles. However, their influence on block scale 13 
displacement remains poorly explored.  14 

This study investigates meteorologically driven rock slope surficial dynamics using high-resolution crack meter 15 
measurements of blocks ranging in volume from 0.3 to 150 m3 and environmental monitoring data collected from 16 
four instrumented sites in Czechia, Central Europe. Each site comprises unique geological and morphological 17 
conditions and is equipped with joint displacement sensors, a weather station, and an in-depth thermal probe. A 18 
total of twelve representative rock blocks were monitored across the sites, capturing both thermally driven and 19 
potentially gravitationally induced displacements. 20 

We analysed multi-year time series data (≥2 years) to assess the relationships between joint movements and 21 
meteorological variables, including air temperature, in-depth rock temperature up to 3 m and rainfall. Statistical 22 
observations revealed distinct seasonal and diurnal cycles in joint dilation linked to thermal forcing. Moreover, 23 
several blocks exhibited signs of compound kinematics, with joint displacements influenced by thermal cycles, 24 
rainfall and irreversible gravitational destabilisation trends. 25 

This study provides new insights into the temporal dynamics of rock slope instability in temperate climates. The 26 
observed thermal sensitivity highlights the importance of temperature variations in driving short-term reversible 27 
joint deformation and potentially contributing to progressive rock-slope destabilization. This study demonstrates 28 
the value of long-term, high-frequency monitoring for quantifying weather–rock mass interactions and supports 29 
the integration of kinematical interpretations into future monitoring system designs. 30 

Keywords: thermal behaviour, rock slope stability, crack meter, joint displacement dynamics, rainfall 31 

1 Introduction 32 

Rock slope stability is governed by a complex interplay between internal factors, such as lithology, discontinuity 33 
geometry and rock-mass properties, and external forcing, including temperature variations, precipitation or seismic 34 
loading (Riebe et al., 2004). The evolution of the rock slope over time and its dynamics is determined by the slope's 35 
geological and morphological properties and their interactions with exogenous inputs (Morcioni et al., 2022; 36 
Rosser et al., 2007). Among the most important exogenous inputs are meteorological variables (Gariano and 37 
Guzzetti, 2016; Scaringi and Loche, 2022). The combination of slope internal properties and external factors means 38 
that every rock slope is unique and constantly changing (Pepe et al., 2014).  39 

Rock slope dynamics includes several processes, among which rockfalls are the most hazardous (Hungr et al., 40 
2013). Rockfall occurrence is also predisposed by the geological and morphological properties of the specific rock 41 
slope. Typically, the unstable part of the rock slope is predefined by the intersection of rock slope discontinuity 42 
systems (Priest and Hudson, 1981). Before a rockfall event occurs, often changes in joint opening can be observed. 43 
The exogenous inputs in the rock slope system affect both the rock mass and joints, thus acting as a rockfall 44 
preparatory and triggering factor (Collins and Stock, 2016; Lombardo et al., 2016).  45 
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Several studies have highlighted the importance of meteorological and thermal factors on rockfall activity and 46 
rock slope temporal evolution (Lombardo et al., 2014; Schneider et al., 2023). While the geological and 47 
morphological setting of a rock slope predisposes it to rockfall, meteorological variables can act as both 48 
preparatory and triggering factors (Leinauer et al., 2024), together with the effects of seismic waves propagation 49 
(Larose et al., 2015; Guillemot et al., 2022; Fei et al., 2025). The influence of meteorological factors on the rock 50 
slope stability is frequently mentioned, but still not fully understood (Scaringi and Loche, 2022). Recent 51 
monitoring in temperate environments has further shown that thermal forcing operates across multiple temporal 52 
scales, from short-term fluctuations to seasonal cycles, with its magnitude strongly dependent on local site 53 
conditions such as rock-wall orientation, shading, and fracture configuration (Gage et al., 2024). It is generally 54 
accepted that destabilisation is driven by several factors, such as thermal loading (Villarraga et al., 2018), 55 
precipitation (Sospedra-Alfonso et al., 2015), the action of ice (McCarthy et al., 2017), or rainfall (Krautblatter 56 
and Moser, 2009), among others. In high-mountain environments, thermal forcing is particularly important in 57 
relation to permafrost degradation and glacier retreat, where changes in the thermal and hydrological regime can 58 
promote both reversible thermoelastic deformation and progressive rock-slope destabilisation (Hartmeyer and 59 
Otto, 2024; Hugentobler et al., 2021).  60 

The relationship between rock slope stability, meteorological forcing, and morphological and geological properties 61 
is complex (Araya et al., 2016). Studying the variables that influence rock slope stability requires data about all of 62 
these factors. An opportunity is to study the influence of meteorological factors on rockfall occurrence from 63 
rockfall inventories using archive data (Bajni et al., 2021). However, such datasets generally have limited temporal 64 
resolution and no information about the size of the events. To study the rock slope activity in sub-day temporal 65 
resolution, an in situ placed monitoring system is needed (Willenberg et al., 2018). The design of such a system 66 
must be site-specific to capture a particular mode of rock slope destabilisation (Elmouttie and Dean, 2020). Many 67 
examples can be found in the literature, from very simple single block monitoring systems (Collins and Stock, 68 
2016; Lazar et al., 2018; Mulas et al., 2019) to state-of-the-art automated monitoring/warning systems, which can 69 
monitor a spatially large area (Janeras et al., 2017; Marmoni et al., 2020). A review of traditional and modern rock 70 
slope monitoring approaches is provided by Blahůt and Racek (2023) and Racek and Blahůt (2023) respectively. 71 
Rock slope dynamics, on the other hand, can be represented by various metrics, such as rockfall frequency (Hungr 72 
et al., 1999; Janeras et al., 2023), joint displacement change (Bakun-Mazor et al., 2013; Glawe et al., 1993), local 73 
seismic activity (D’Angiò et al., 2021; Liang et al., 2024) and more (Acharya and Kogure, 2022; Casagli et al., 74 
2023). Environmental seismology provides a complementary approach, as variations in seismic properties of 75 
unstable rock slopes have been related to temperature- and rainfall-driven changes in fracture conditions and crack 76 
opening (Bottelin et al., 2024; Bottelin and Baillet, 2024). Recent long-term monitoring has further demonstrated 77 
that repeated natural thermal cycles produce predominantly reversible thermoelastic joint deformation over short 78 
timescales, while progressive displacement may develop over multi-year periods, indicating a potential cumulative 79 
effect of thermal cycling on rock-slope evolution (Gasc-Barbier et al., 2024). When both rock slope dynamics and 80 
meteorological variables are monitored, the resulting time series statistical model that describes rock slope 81 
dynamics in relationship with exogenous variables can be constructed (D’Amato et al., 2016; Macciotta, 2019). 82 
Furthermore, crack meter data can be used for rock slope numerical model calibration and future prediction (Pasten 83 
et al., 2015; Racek et al., 2025). Indeed, monitoring may reveal accelerating displacement associated with 84 
progressive destabilisation and an increasing likelihood of failure, although the exact timing of collapse generally 85 
remains highly uncertain (Marjanovic et al., 2021; Zvelebill and Moser, 2001). 86 

As highlighted from the literature reviewed above, thermal forcing and other weather-related variables play an 87 
important role in the rock slope evolution. However, most existing studies are based on single-site observations or 88 
focus on monitoring of individual rock slope features. As a result, the possibility of identifying general 89 
relationships between rock slope dynamics and exogenous forcing remains limited. Broader multi-site studies 90 
across different geological and morphological settings are still largely missing.  91 

In this study, we analyse high-frequency crack meter data from four instrumented rock slopes in Czechia. These 92 
sites represent different lithologies, slope morphologies, aspects, and climatic regimes. By integrating crack meter 93 
monitoring with in-depth rock mass temperature measurements and meteorological observations, we investigate 94 
how these variables influence the dynamics of various partial rock blocks. 95 

The originality of this work lies in the comparative multi-site approach. The variety of environments and block 96 
dynamic regimes allows us to use a large dataset to identify how different block configurations respond to thermal 97 
and meteorological forcing. Our results show that the geometry and kinematics of monitored rock slope features 98 
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exert stronger control on joint displacement dynamics than lithology or local climatic regime, highlighting the 99 
importance of careful monitoring system design. 100 

2 Materials and Methods 101 

2.1 Study sites and instrumentation 102 

We used data collected using similar monitoring instrumentation at four rock slopes in Czechia, Central Europe 103 
over a period 2018–2024 (Fig. 1a). In this section, we introduce four monitored rock slopes in Czechia, Central 104 
Europe, together with their geological and geomorphological settings. The sites were selected to represent 105 
contrasting geological, morphological, and local climatic conditions, while their basic characteristics and thermal 106 
regimes together with monitoring period are summarized in Table 1. Occasional gaps in the time series occurred 107 
due to temporary sensor malfunction or battery discharge and were retained as missing data without interpolation. 108 
Pastýřská Rock is a blocky sandstone rock slope characterized by mutually perpendicular discontinuity sets, 109 
whereas Branická Rock is formed by Devonian limestones with bedding-controlled block geometries. Tašovice 110 
represents a highly fractured and weathered granitic rock slope with several potentially unstable blocks, while 111 
Labský důl is a high-elevation granitic rock slope characterized by a colder mountain climate and structurally 112 
controlled rockfall activity. Detailed descriptions of the individual sites and monitored rock-slope features are 113 
provided in Sections 2.1.1–2.1.4. 114 

 115 

Figure 1. Location of the four monitoring sites in Czechia: (a) Overview of the monitoring sites; monitored 116 
blocks are highlighted by dashed lines in different colours, together with the locations of environmental and 117 
thermal monitoring within the rock slopes. Basemap: Esri National Geographic Style Map. (b) Detail of the 118 
Pastýřská Rock site; (c) overview of the Branická Rock site; (d) overview of the Tašovice monitoring site; (e) 119 
overview of the Labský důl site. Pole-density plots represent the main discontinuity sets at each monitored site.  120 

  121 
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Table 1. Description of the sites. Coordinates of rock slopes, aspect, rock type and basic thermal regime at all 122 
sites. 123 

Site 
Pastýřská 

Rock 
Branická Rock Tašovice Labský důl 

Coordinates 
[lat/lon] 

50.7797606N / 

14.2048478E 

50.0408292N / 

14.4119519E 

50.2112244N / 

12.8085594E 

50.7589736N 

/ 

15.5473631E 

Altitude 
[m.a.s.l.] 

220 250 410 1300 

Aspect NE NW SE N 

Rock type Sandstone Limestone Granite Granite 

Average T 
[°C] 

12.49 12.69 9.22 4.59 

surface 
temperature 

span [°C] 
-2.28–41.38 -5.02–48.36 -4.97–46.68 -9.46–33.66 

No. of 
freeze–thaw 

cycles per 
year 

16 22 32 97 

Monitoring 
period 

X.18–VIII.25 V.19–VIII.25 XI.20–VIII.25 
XII.18–
VIII.25 

These rock slopes are instrumented with a modular monitoring system consisting of three components: 124 

• Joint dilatation monitoring is carried out on selected joints that define partial rock blocks. For this, 125 
induction crack meters with a measurement range of 200 mm, resolution of 0.05 mm, repeatability of 126 
0.01 mm, and accuracy better than 0.1% are used. With this instrumentation, we can capture both 127 
thermally driven joint opening/closure and possible trends represented by irreversible joint behaviour. 128 
The monitoring frequency is one hour. The characteristics of the monitored joints and crack-meter 129 
installations are summarized in Table 2.  130 

• Environmental monitoring of meteorological variables is performed by an automated weather station 131 
placed directly on the rock slopes ensuring that the recorded meteorological conditions are representative 132 
of the monitored site. To get information about the influence of meteorological variables, weather station 133 
monitoring should be placed as close to the monitored slope as possible (Macciotta et al., 2015; Matsuoka, 134 
2019). A weather station monitors air temperature, precipitation, atmospheric pressure, air humidity, and 135 
incoming/reflected solar radiation. Monitoring frequency is ten minutes. 136 

• Thermal monitoring is provided by a custom in-depth temperature probe placed in a 3 m deep horizontal 137 
borehole. The thermocouples are placed on the rock surface and at depths of 0.05, 0.1, 0.2, 0.3, 0.5, 1.0, 138 
1.5, 2.0, 2.5 and 3.0 m. With this instrumentation, we are able to observe short- (diurnal) and long-term 139 
(annual) temperature cycles in the shallow rock slope surficial zone with a monitoring frequency of 10 140 
minutes. 141 

  142 
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Table 2. Characteristics of monitored block, joints and crack-meter installation. The angle to joint represents the 143 
angle between the crack-meter axis and the joint plane; 90° indicates perpendicular installation. 144 

Site Block 
Block 

dimensions 
[m] 

Crack 
meter 

Joint 
aperture 

[mm] 

Mean CM 
position [mm] 

Angle to joint [°] 

PAS P1 
6.7 × 10.7 × 

2.5 

PS1_1 250 100.19 45 

PS1_2 210 57.12 90 

PS2_1 25 197.4 90 

PS2_2 50 99.04 90 

BRA 

B1 
0.8 × 1.4 × 

0.4 

BRA1_1 150 53.6 90 

BRA1_2 150 73.13 60 

B2 
0.9 × 4.5 × 

3.7 

BRA2_1 25 109.09 90 

BRA2_2 35 131.03 90 

BRA4_1 350 108.04 45 

B3 
2.5 × 1.6 × 

3.6 

BRA3_1 10 80.78 90 

BRA3_2 10 21.47 10 

TAS 

T1 1.7 × 1 × 2.1 TAS1_1 160 62.74 80 

T2 
0.9 × 0.8 × 

0.4 

TAS2_1 10 130.52 90 

TAS2_2 15 124.54 90 

T3 
0.5 × 1.2 × 

0.4 

TAS3_1 250 116.26 90 

TAS3_2 150 112.12 90 

T4 1 × 1.5 × 0.8 TAS1_2 180 90.55 90 

LAB 

L1 
1.4 × 0.7 × 

0.35 
LAB1_1 160 3.06 90 

L2 
0.9 × 1.1 × 

0.5 
LAB1_2 140 114.01 90 

L3 0.6 × 1 × 0.7 LAB3_1 200 89.34 80 

L4 
1.35 × 1.8 × 

0.65 
LAB3_2 10 123.21 10 

 145 
Thermal monitoring enabled the definition of surficial zone thermal metrics. From in-depth temperature data, the 146 
theoretical stable temperature depth (STD) and long-term stable temperature (LST) of the rock can be calculated. 147 
LST is determined by long-term air temperature at the site, whereas STD is defined as a depth of the rock where 148 
annual variations do not exceed 0.1 °C.  149 

Across four sites, a total of twelve rock blocks is instrumented with twenty-one crack meters. Based on their 150 
structural setting, the blocks can be categorized according to their anticipated temporal dynamics. Two blocks are 151 
classified as long-term stable, secured within the rock slope (P1, T1), with measured displacements expected to 152 
reflect only thermally driven expansion and contraction. Three blocks are arranged in a configuration prone to 153 
toppling instability (B1, T3, L1). Four blocks (B2, B3, T2, L2) are expected to slide along their basal surfaces, 154 
whereas three blocks are positioned in a wedge/ratchet setting (L3, L4, T4). This block classification represents 155 
the destabilization mechanism identified during the monitoring design phase. All monitored blocks are affected by 156 
meteorological forcing, such as rainfall, wind, and water phase changes, thus the overall destabilization patterns 157 
are complex.  158 

2.1.1 Pastýřská Rock 159 

The first monitoring site is Pastýřská Rock. The studied rock slope is situated in northern Bohemia on the left bank 160 
of the Labe River, within the town of Děčín (Fig. 1a), at an altitude of 220 m above sea level. The rock slope has 161 
a long history of rockfall activity, with larger rockfalls involving several cubic metres of material occurring 162 
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approximately once every 10–20 years during the first half of the 20th century. Small-scale rockfalls occur 163 
continuously, with increased activity particularly during spring and rainfall events. Mitigation measures were 164 
therefore implemented during the 1980s using anchoring of unstable blocks. The rock slope is over 50 m high, and 165 
it is formed by Cretaceous sandstone, with variable properties (Table 1). The nearly vertical rock wall, including 166 
overhanging sections, is oriented towards the SE. Three main discontinuity sets (Fig. 1b) (dip/dipdir: 80°/40°, 167 
86°/310°, 80°/275°) cut the rock slope into semi-rectangular blocks. 168 

From a geomorphological point of view, Pastýřská Rock is a typical representative of sandstone cuesta (Vařilová 169 
et al., 2022). The rock slope was formed by increased river erosion at the end of the Pleistocene. During this period, 170 
the Labe River, which originally flowed around the cuesta from the west, incised through and formed a water-gap 171 
valley. Pastýřská Rock is a steep bank of this valley. Subsequently, the rock slope was exposed to fluvial erosion 172 
as part of the outer cut bank. The increased fluvial erosion led to the destabilization and increase in the slope, 173 
inclination, and even the formation of overhanging parts of the rock slope (Engel and Kalvoda, 2001; Vařilová et 174 
al., 2022). 175 

Rock block monitoring with crack meters was established in 2018 and has since provided data at 1 h temporal 176 
resolution. At this site, one large block (P1) with dimensions 6.7 × 10.7 × 2.5 m is monitored, using four crack 177 
meters (Fig. 2). This monitored rock block was not anchored during the past mitigations, so we can expect its 178 
behaviour to be naturally driven. Although this block is relatively large and wedged within the rock slope, there is 179 
no expectation of sudden destabilisation. The four crack meters (PS1_1, PS1_2, PS2_1, PS2_2) are arranged to 180 
monitor thermally driven expansion and dilatation of the block in four directions (Fig. 2). The weather station, 181 
together with the compound borehole thermal probe, is located directly within the rock slope (Fig. 1b). 182 

 183 

Figure 2. Schematic presentation of the crack meter monitoring within the Pastýřská stěna site. Crack meter 184 
placement in relation with monitored block with expected movement is presented using front view (a) and side 185 
view (b). Rock face direction is marked by a solid pointer, and expected block movement is marked by dashed 186 
pointers. Grey background indicates rock mass behind monitored blocks. 187 

2.1.2 Branická Rock 188 

This rock slope in Prague central Czechia (Fig. 1c) was instrumented in the summer of 2019. The rock slope is 189 
formed by Devonian limestone layers and was artificially created by quarrying (including blasting), which was 190 
carried out on the site until the 1930s. The studied rock slope is situated on the right bank of the Vltava River and 191 
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has a general WSW-facing orientation, at an elevation of 250 m above sea level. The weather station is placed on 192 
a rock slab dipping 80° to the SW (235°). Three main discontinuity sets (dip/dip dir: 50°/325°, 64°/81°, and 193 
62°/210°) were identified (Fig. 1c); these represent the limestone layers and the rock face created by quarrying.  194 

The rock slope was initially created by river erosion of the Vltava River through the anticlinal structure of the 195 
eastern part of Barrandien, which continues to the southwest on the left Vltava riverbank. These erosional 196 
processes were active mainly during the Pleistocene, when the evolution of the rock slope took place in the last 197 
glacial period. The current morphology of the rock slope is caused by limestone quarrying. The current shape is 198 
the result of intensive mining operations, including blasting, which formed a rockfall-susceptible and often 199 
overhanging rock face. This setting has resulted in recurrent rockfall activity, including a major event in 1874 and 200 
continued activity after quarry closure. Small-scale rockfalls occur frequently (every year), particularly following 201 
freeze–thaw cycles and intense rainfall, while larger detachments of up to approximately 1–2 m³ occur at intervals 202 
of several years. Mitigation measures included removal of unstable material, anchoring of unstable blocks, and 203 
installation of protective nets and steel barriers to reduce rockfall hazard below the slope.  204 

Three unanchored blocks (Fig. 3) are monitored using a total of seven crack meters at this site. Three blocks (B1–205 
B3) are monitored at Branická Rock. Block B1 is the smallest monitored block (0.8 × 1.4 × 0.4 m) and is located 206 
in a highly weathered part of the rock slope. It is monitored by two crack meters (BRA1_1 and BRA1_2) oriented 207 
in the direction of expected toppling destabilisation (Fig. 3a). Block B2, located in the upper part of the rock slope, 208 
is the largest monitored block (0.9 × 4.5 × 3.7 m) and consists of a 1.6-m-thick limestone layer. The block is 209 
expected to slide along the underlying surface, and its movement is monitored by three crack meters (BRA2_1, 210 
BRA2_2 and BRA4_1) (Fig. 3c, d). Block B3 is located at the bottom of the rock slope, partly shaded by 211 
vegetation, and has dimensions of 2.5 × 1.6 × 3.6 m. It lies between limestone layers and is expected to undergo 212 
sliding, which is monitored by two crack meters (BRA3_1 and BRA3_2) (Fig. 3e). The weather station and thermal 213 
probe are located in the upper part of the rock slope. 214 
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 215 

Figure 3. Schematic sketch of 3 monitored rock blocks within the Branická rock site. Block 1 side view (a) and 216 
top view (b), block 2 side view (c) and top view (d), block 3 side view (e). Rock face direction is marked by 217 
solid pointers, and expected block movements are marked by dashed pointers. Grey background indicates rock 218 
mass behind monitored blocks. 219 
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2.1.3 Tašovice 220 

The third instrumented site is a rock slope (Fig. 1d) located above a local road on the left bank of the Ohře River, 221 
in western Czechia (Fig. 1a). The rock slope is formed by granite with varying degrees of weathering. It faces SSE 222 
and reaches an altitude of 410 m a.s.l. The slab where the weather station with the borehole probe is placed is 223 
dipping 88° to the south. Three relatively poorly developed discontinuity sets (dip/dipdir: 50°/85°, 50°/320°, 224 
88°/272°) were identified (Fig. 1d). At this site, small rockfalls, typically involving fragments with dimensions of 225 
up to approximately 10 cm, occur frequently. Based on observations of fresh debris accumulations below the rock 226 
face, particularly following major rainfall events, their recurrence is estimated to range from several days to several 227 
months. 228 

Both the rock slope and the associated river valley are structurally controlled by a tectonic fault, which is reflected 229 
in the rock face aspect. The evolution of the steep slope is controlled by fluvial erosion, owing to its position on 230 
the outer bank of the river meander.  Four relatively small blocks are monitored at this site (Fig. 4). Block T1 (1.7 231 
× 1 × 2.1 m), Block T2 (0.9 × 0.8 × 0.4 m), Block T3 (0.5 × 1.2 × 0.4 m), and Block T4 (1 × 1.5 × 0.8m). The 232 
largest block at this site (T1) is monitored by one crack meter, TAS1_1. The measurement setup is designed to 233 
capture the thermal expansion and contraction of the partial block. Nevertheless, the crack meter TAS1_1 234 
simultaneously reflects the dynamics of block T2, potentially affecting the recorded temporal displacement. Block 235 
T2 is monitored by two crack meters: one is placed vertically (TAS2_1), the second one, TAS2_2, is placed 236 
horizontally, measuring possible destabilization in the rock face direction. The dynamic of the block T2 is expected 237 
to be a combination of gravitationally driven destabilisation and thermally induced volumetric changes, with 238 
possible influence of the wedge (block T4). In the case of the block T3, a toppling movement is expected and 239 
monitored by two crack meters. The first one (TAS3_1) is monitoring the expected upper joint opening, while the 240 
second one is monitoring consequential lower joint closure (TAS3_2). Block T4, where we expect a combination 241 
of gravitational wedging combined with thermally induced volumetric changes, is monitored by one crack meter 242 
(TAS1_2). 243 

 244 

Figure 4. Schematic sketch of four monitored rock blocks within Tašovice site. Front view of all monitored 245 
blocks (a) and side view of blocks 2 and 3 (b). Rock face direction is marked by solid pointers, expected block 246 
movements are marked by dashed pointers. Grey background indicates rock mass behind monitored blocks. 247 
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2.1.4 Labský důl 248 

The last monitoring site, established in 2020, is Labský důl. The site is located in the Krkonoše mountains (Fig. 249 
1a) at an altitude of 1300 m a.s.l. on the edge of a glacially shaped valley (Fig. 1e).  The rock slope is formed by 250 
granite and faces north. The weather station is located at the upper edge of the rock slope, and the temperature 251 
probe is placed within the slab facing NW. In the field, four discontinuity sets (dip/dipdir: 67°/32°, 86°/290°, 252 
80°/5°, 24°/198°) were identified (Fig. 1e). Geodynamic processes remain highly active in this area due to the 253 
young glacially formed relief. Small-scale rockfalls (<1 m³) occur regularly, with the highest activity during spring 254 
snowmelt in April and May, as indicated by field observations during monitoring inspections and by Krause and 255 
Pilous (2020). Larger rockfalls (>1 m³) are less frequent, with estimated recurrence intervals of 10–30 years, 256 
typically associated with intense rainfall or rapid snowmelt. Large Holocene rock-slope failures (>1,000 m³) have 257 
also been documented, although no such event has occurred in modern history (Krause and Pilous, 2020). 258 

The valley of Labský důl was carved by glaciers during the late Pleistocene, when the thickness of the glacier was 259 
estimated at over 200 m. After deglaciation, the slopes became naturally unstable as they lost glacial ice support 260 
(Engel et al., 2010; Krause, 2021). The rock slope is located directly on the edge of the cirque, where the altitude 261 
difference between the cirque floor and mountain plateau is over 300 m. The valley was glacially overdeepened 262 
by more than 150 m. Following deglaciation, the rock slope became exposed to severe subalpine conditions 263 
associated with its northern orientation. Repeated freeze–thaw cycles, reaching up to 97 cycles per year, contribute 264 
to the destabilization of partially detached blocks and increase overall rockfall susceptibility. During winter, the 265 
upper parts of the slope are also characterized by substantial snow accumulation, including the formation of 266 
snowdrifts and local ice accumulation. 267 

On this site, four blocks are monitored using 4 crack meters (Fig. 5). Block L1 (1.4 × 0.7 × 0.35 m) is located 268 
within the rock face, and the crack meter LAB1_1 monitors the expected toppling destabilisation. Block L2 (0.9 269 
× 1.1 × 0.5 m) lies freely within the rock face; its destabilisation is monitored by crack meter LAB1_2. Block L3 270 
(0.6 × 1 × 0.7 m) forms a wedge between stable rock and block L4 (1.35 × 1.8 × 0.65 m). The wedging/ratcheting 271 
setting formed by these two blocks is monitored by two crack meters, LAB3_1 (wedge) and LAB3_2 (wedged 272 
block). Block L3 is expected to act as a wedge, pushing block L4 in the rock face direction. In the case of the 273 
wedge block, we expect the closing of the crack meter, whereas in the case of block L4, the crack meter should be 274 
gradually elongated when the block is pushed by the wedge in the rock face direction. 275 
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 276 

Figure 5. Schematic presentation of the monitored partial blocks within the Labský důl site. (a) Block L1 side 277 
view. (b) Blocks L1 and L2 top views. (c) Blocks L3 and L4 side view. Rock face direction is marked by solid 278 
pointers and expected block movements are marked by dashed pointers. Grey background indicates rock mass 279 
behind monitored blocks.  280 

2.2 Methods 281 

Blocks and crack meters were categorised according to their expected failure modes (e.g., toppling, sliding, 282 
wedging/ratcheting) and by local structural settings. This methodological framework enabled comparative analysis 283 
across different lithologies, structures, and block configurations, yielding insight into the mechanistic links 284 
between external meteorological forcing and response of the rock slope surficial zone formed by partial blocks. 285 

2.2.1 Influence of temperature 286 

Data processing focused mainly on identifying the influence of temperature and rainfall on crack meter positions. 287 
The main aim was to identify thermally and rainfall-driven joint opening and closure dynamics. To do this, we 288 
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analysed hourly time series of crack meter positions together with environmental monitoring data, which are air 289 
temperature (weather station), air temperature measured by crack-meter datalogger, rock mass surface 290 
temperature, and rock temperature at depths of 150 and 300 cm and hourly rainfall totals. To investigate the 291 
relationship between the above-mentioned variables and rock slope dynamics, we employed a data-driven 292 
approach, where we analysed a minimum of two years of continuous data per site (max 5 years), allowing seasonal 293 
and interannual variability to be captured. Time series were processed to evaluate thermally driven components 294 
using correlation analysis with surface and subsurface temperatures, while descriptive statistics were applied to 295 
identify and quantify the influence of environmental variables on crack meter dynamics. Furthermore, for all 296 
deployed crack meters average annual and diurnal displacement amplitudes and irreversible displacement trends 297 
in mm/year were calculated. This allowed us to explore kinematic modes of all deployed crack meters.  298 

2.2.2 Influence of rainfall 299 

For rainfall influence, we additionally explored longer-lasting precipitation periods, not only correlations with 300 
measured rainfall intensity in mm/h. Rainfall and temperature show covariation at different temporal scales: 301 
seasonally, most precipitation occurs during the warmer part of the year, while individual rainfall events are often 302 
accompanied by rapid decreases in air and rock-surface temperature. As a first step, both annual and diurnal 303 
seasonality were removed from the displacement data using multi-seasonal STL (Bandara et al., 2025; Cleveland 304 
et al., 1990), to obtain seasonally adjusted displacement residuals. Afterwards, the rainfall effect was analysed 305 
using event-based analysis of position-residual responses (Nava et al., 2024). This analysis was used to uncover 306 
rainfall-related responses that could not be captured by direct correlation analysis, particularly delayed and 307 
cumulative responses following precipitation events. The data were processed in R, similarly to what was proposed 308 
by Leinauer et al. (2024). Descriptive statistics helped in summarising and presenting the main features of the large 309 
time series quantitatively, providing a clear overview.  310 

To evaluate the influence of extreme precipitation on residual crack-meter deformation, we applied an event-based, 311 
non-parametric response analysis. This approach was adopted to identify delayed and cumulative crack-meter 312 
responses following rainfall events that may not be captured by direct correlations with hourly rainfall totals. 313 
Extreme precipitation events were defined using a quantile-based threshold (Q90) of rolling precipitation sums 314 
calculated over multiple accumulation windows (24–96 h). For each event, cumulative residual displacement was 315 
evaluated within fixed post-event response windows (72–240 h). Namely, the combinations of Q90 rainfall 316 
extremes and response windows were: 317 

- 24 h/72 h: rainfall event Q90 24 h, with response window 72 h 318 
- 24 h/168 h: rainfall event Q90 24 h, with response window 168 h 319 
- 24 h/240 h: rainfall event Q90 24 h, with response window 240 h 320 
- 48 h/72 h: rainfall event Q90 48 h, with response window 72 h 321 
- 48 h/168 h: rainfall event Q90 48 h, with response window 168 h 322 
- 48 h/240 h: rainfall event Q90 48 h, with response window 240 h 323 
- 72 h/168 h: rainfall event Q90 72 h, with response window 168 h 324 
- 72 h/240 h: rainfall event Q90 72 h, with response window 240 h 325 
- 96 h/168 h: rainfall event Q90 96 h, with response window 168 h 326 
- 96 h/240 h: rainfall event Q90 96 h, with response window 240 h 327 

The distribution of post-event responses was compared against a control (placebo) distribution sampled from non-328 
event periods using the Mann–Whitney U test (MacFarland and Yates, 2016). This approach allows detection of 329 
delayed and cumulative deformation responses while remaining robust to non-Gaussian residual noise. Using this 330 
approach, statistically significant effects of rainfall events on crack meter displacement residuals were identified 331 
for different rainfall-event and response-window combinations.  332 

2.2.3 Cluster analyses 333 

The final analytical step involved hierarchical, process-oriented clustering of crack meters based on dominant 334 
environmental forcing (Fig. 6). The objective was to group the crack meters into clusters representing physically 335 
interpretable deformation mechanisms. Both temperature and rainfall relationships were analysed for all crack 336 
meters. The hierarchical structure applies only to their subsequent classification: crack meters showing a dominant 337 
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relationship with temperature were classified first, whereas rainfall-event responses were subsequently used to 338 
classify those not assigned to the temperature-driven groups. In the first step, temperature-driven crack meters 339 
were identified using the Pearson correlation coefficient between absolute crack displacement and temperature 340 
measured by the data logger. Absolute values rather than derivatives or seasonally adjusted data were used because 341 
the analysis aimed to identify the dominant temperature-related cyclic response, including its seasonal component. 342 
Crack meters with an absolute correlation coefficient exceeding 0.4 were classified as temperature-driven. This 343 
temperature-controlled group was further subdivided into two clusters: Cluster 1 (CL1) consisted of crack meters 344 
exhibiting negative correlations with temperature, whereas Cluster 2 (CL2) comprised crack meters with positive 345 
temperature correlations. The remaining crack meters were subsequently classified based on the results of rainfall 346 
event-response analysis of seasonally adjusted displacement residuals. Cluster 3 (CL3) includes crack meters 347 
showing a statistically significant response to extreme rainfall events in more than one event/response 348 
combination. Finally, Cluster 4 (CL4) consists of crack meters exhibiting complex behaviour, with no statistically 349 
significant relationship to either temperature or rainfall forcing. 350 

 351 

Figure 6. Hierarchical clustering based on thermal and rainfall response of crack meters.  352 

Finally, the interrelationships among block failure mode, crack meter configuration, and external deformation 353 
drivers were investigated to establish more generally applicable insights into the response of different 354 
destabilization mechanisms to external forcings. From this analysis, we were able to define general patterns for 355 
how crack meters monitoring different rock slope features respond to temperature and rainfall forcing. 356 

   357 
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3 Results 358 

The results are presented at both site-specific and cross-site levels. First, the thermal regime and crack-meter 359 
displacement characteristics, including responses to extreme rainfall events, are described separately for each 360 
monitoring site. Subsequently, temperature- and rainfall-related displacement dynamics are evaluated across the 361 
complete dataset. Finally, hierarchical clustering is used to identify groups of crack meters with similar responses 362 
to the monitored environmental variables. 363 

3.1 Site specific thermal and displacement characteristics 364 

The thermal regime and crack-meter displacement characteristics were evaluated separately for each monitoring 365 
site. The site-specific results include thermal conditions, diurnal and annual crack-meter displacement patterns, 366 
long-term displacement trends, and relationships between crack-meter position and temperature. In addition, the 367 
response of crack-meter displacement residuals to extreme rainfall events was evaluated at each site to identify 368 
statistically significant rainfall-related responses. The long-term thermal characteristics, including stable 369 
temperature depth (STD), long-term stable temperature (LST), and the attenuation of daily temperature amplitudes 370 
with depth, are displayed in Fig. 7. These averages were calculated from all data within monitoring periods 371 
presented in Table 1. 372 

 373 

Figure 7. Basic long-term variables of the monitored rock slopes. On the left are rock temperature profiles from 374 
the surface to 3 m depth showing mean annual temperature, temperature of the coldest and warmest month 375 
within the period of 12/2020–11/2023, and calculated STD and LST. On the right side, mean daily temperature 376 
amplitudes on the different sites are shown. 377 
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3.1.1 Pastýřská Rock 378 

Pastýřská Rock reaches a mean annual temperature of 12.49 °C, with a long-term stable temperature (LST) of 12.2 379 
°C and stable temperature depth (STD) of 23.9 m. The site exhibits lower daily temperature amplitudes in the near-380 
surface zone compared with Branická Rock and Tašovice. Daily temperature amplitudes decrease exponentially 381 
with depth and are observable to approximately 75 cm during the warm period and 50 cm during the cold period. 382 

The Pastýřská Rock site consists of one large block (P1) monitored by four crack meters. The data show a strong 383 
and consistent diurnal signal in joint aperture, closely coupled with the measured temperatures (Table 3; Fig. 8). 384 
All deployed crack meters show both diurnal and annual displacement amplitudes. The measured displacement 385 
pattern is largely reversible: during colder periods, the crack meters elongate, whereas during warmer periods they 386 
contract. Relatively high annual and diurnal amplitudes are observed, while all four sensors show slight long-term 387 
closing trends (Table 3). The relationship between crack-meter position and temperature is consistent across all 388 
sensors, with negative linear regression coefficients ranging from −0.012 to −0.0199 mm/°C. 389 
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 390 

Figure 8. Analysed data from Pastýřská Rock between 2020 and 2024, aggregated to 1 h resolution. (a) 391 
Displacement PS1_1 (mm); (b) Displacement PS1_2 (mm); (c) temperature PS1 (°C); (d) Displacement PS2_1 392 
(mm); (e) Displacement PS2_2 (mm); (f)  temperature PS1 (°C); (g) rainfall intensity (mm/h); (h) air 393 
temperature weather station; (i) rock slope surface temperature; (j) temperature 150 cm; (k) temperature 300 cm. 394 
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Statistically significant rainfall-related responses were detected for PAS1_2 and PAS2_2, each for only one 395 
rainfall/response-window combination (Table 4). No significant responses were detected for PAS1_1 and PAS2_1. 396 
Thus, no systematic rainfall response was observed at Pastýřská Rock. 397 

3.1.2 Branická Rock 398 

Branická Rock is the warmest monitored site, with an average annual temperature of 12.69 °C. The long-term 399 
stable temperature (LST) reaches 13.1 °C, while the stable temperature depth (STD) is 12.4 m. The site shows 400 
relatively high daily temperature amplitudes in the near-surface zone, which decrease exponentially with depth. 401 

Branická Rock shows variable crack-meter displacement patterns across the three monitored blocks (B1–B3) 402 
(Table 3; Fig. 9). Block B1, monitored by two crack meters (BRA1_1 and BRA1_2), shows diurnal and seasonal 403 
displacement signals superimposed on progressive opening of both crack meters, with an acceleration during the 404 
winter period of 2023/2024. The linear regression coefficients between crack-meter position and temperature are 405 
low, while the progressive opening is more pronounced for BRA1_1. Block B2 is monitored by three crack meters 406 
(BRA2_1, BRA2_2 and BRA4_1), which show relatively stable and reversible displacement patterns. Both annual 407 
and diurnal amplitudes are present, with the highest diurnal amplitudes measured during the spring season, while 408 
the linear regression coefficients with temperature are low. No significant joint-opening trend is observed for 409 
BRA2_1 and BRA2_2, whereas BRA4_1 shows a slow closing trend. Block B3, monitored by BRA3_1 and 410 
BRA3_2, shows highly variable displacement, with both crack meters exhibiting similar patterns, low negative 411 
long-term trends, and a relatively low but measurable relationship with temperature. The highest diurnal 412 
amplitudes for both crack meters were measured in October. 413 
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 414 

Figure 9. Analysed data from Branická Rock between 2020 and 2023, aggregated to 1 h resolution. (a) 415 
Displacement BRA1_1 (mm); (b) Displacement BRA1_2 (mm); (c) temperature BRA1 (°C); (d) Displacement 416 
BRA2_1 (mm); (e) Displacement BRA2_2 (mm); (f) temperature BRA2 (°C); (g) Displacement BRA3_1 (mm); 417 
(h) Displacement BRA3_2 (mm); (i) temperature BRA_3; (j) Displacement BRA4_1 (mm); (k) temperature 418 
BRA4; (l) rainfall intensity (mm/h); (m) air temperature weather station; (n) rock slope surface temperature; (o) 419 
temperature 150 cm; (p) temperature 300 cm. 420 
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Statistically significant rainfall-related responses were detected for BRA1_1, BRA1_2, and BRA2_2 (Table 4). 421 
BRA2_2 showed significant responses for five rainfall/response-window combinations and BRA1_1 for three 422 
combinations, whereas BRA1_2 showed a significant response for only one combination. No significant responses 423 
were detected for the remaining crack meters. 424 

3.1.3 Tašovice 425 
Tašovice Rock has an average annual temperature of 9.22 °C. The long-term stable temperature (LST) reaches 426 
13.6 °C, while the stable temperature depth (STD) is 18.1 m. Relatively high daily temperature amplitudes are 427 
observed in the near-surface zone and decrease exponentially with depth. 428 

Tašovice Rock shows variable crack-meter displacement patterns across the four monitored blocks (T1–T4) 429 
(Table 3; Fig. 10). Block T1, monitored by TAS1_1, shows mostly reversible displacement, with both diurnal and 430 
annual amplitudes and higher diurnal amplitudes during the warm period of the year. The linear regression between 431 
crack-meter position and temperature is low. Block T2, monitored by TAS2_1 and TAS2_2, shows low diurnal 432 
and annual amplitudes, with the highest daily amplitudes measured during the spring months. No significant long-433 
term trends were observed, and both crack meters show low linear regression values with temperature. Block T3, 434 
monitored by TAS3_1 and TAS3_2, shows relatively high diurnal and annual amplitudes, with the highest diurnal 435 
amplitudes measured in autumn. TAS3_1 shows gradual elongation, whereas TAS3_2 shows gradual shortening, 436 
representing the highest irreversible trends within the dataset. Block T4, monitored by TAS1_2, shows low annual 437 
and diurnal amplitudes, with the highest diurnal amplitudes measured during the summer months. A positive linear 438 
relationship between crack-meter position and temperature is present, while no significant long-term trend was 439 
recorded. 440 
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 441 

Figure 10. Analysed data from Tašovice between 2020 and 2024, aggregated to 1 h resolution. (a) Displacement 442 
TAS1_1 (mm); (b) Displacement TAS1_2 (mm); (c) temperature TAS1 (°C); (d) Displacement TAS2_1 (mm); 443 
(e) Displacement TAS2_2 (mm); (f) temperature TAS2 (°C); (g) Displacement TAS3_1 (mm); (h) Displacement 444 
TAS3_2 (mm); (i) temperature TAS3 (°C); (j) rainfall intensity (mm/h); (k) air temperature weather station; (l) 445 
rock slope surface temperature; (m) temperature 150 cm; (n) temperature 300 cm. 446 
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Statistically significant rainfall-related responses were detected for TAS1_1, TAS3_1, and TAS3_2 (Table 4). 447 
TAS1_1 showed a positive response for three rainfall/response-window combinations. For block T3, TAS3_1 448 
showed positive responses for six combinations, whereas TAS3_2 showed negative responses for nine 449 
combinations. 450 

3.1.4 Labský důl 451 
Labský důl is the coldest monitored site, with an average annual temperature of 4.59 °C. The long-term stable 452 
temperature (LST) reaches 4.8 °C, while the stable temperature depth (STD) is 16.6 m. The site exhibits relatively 453 
low daily temperature amplitudes in the near-surface zone, which decrease exponentially with depth. 454 

Labský důl shows variable crack-meter displacement patterns across the four monitored blocks (L1–L4) (Table 455 
3; Fig. 11). Block L1, monitored by LAB1_1, shows both annual and diurnal displacement amplitudes, with the 456 
highest diurnal amplitudes measured during the spring season. No significant irreversible trend was recorded, 457 
while a relatively strong negative relationship between crack-meter position and temperature was observed. Block 458 
L2, monitored by LAB1_2, also shows annual and diurnal amplitudes, with the highest diurnal amplitudes during 459 
spring, together with a slow closing trend and a weak relationship with temperature. Blocks L3 and L4, monitored 460 
by LAB3_1 and LAB3_2, show highly irregular displacement patterns with seasonal dilation and contraction. 461 
LAB3_1 shows both diurnal and annual amplitudes and rapid reversible displacement changes, whereas LAB3_2 462 
shows an overall positive displacement trend. A positive relationship between crack-meter position and 463 
temperature was also recorded for LAB3_2. 464 
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 465 

Figure 11. Analysed data from Labský důl aggregated to 1 h resolution. (a) Displacement LAB1_1 (mm); (b) 466 
Displacement LAB1_2 (mm); (c) temperature LAB1 (°C); (d) Displacement LAB3_1 (mm); (e) Displacement 467 
LAB3_2 (mm); (f) temperature LAB3 (°C); (g) rainfall intensity (mm/h); (h) air temperature weather station; (i) 468 
rock slope surface temperature; (j) temperature 150 cm; (k) temperature 300 cm. 469 
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Statistically significant rainfall-related responses were detected for LAB3_1 and LAB3_2 (Table 4). LAB3_1 470 
showed a significant response for only one rainfall/response-window combination, whereas LAB3_2 showed 471 
significant responses for four combinations. No significant rainfall-related responses were detected for LAB1_1 472 
and LAB1_2. 473 

3.2 Meteorologically induced crack meter dynamics 474 

To identify common patterns across the monitoring sites, the relationships between crack-meter displacement and 475 
meteorological forcing were evaluated across the complete dataset. The following sections separately summarize 476 
temperature-related displacement dynamics and crack-meter responses to extreme rainfall events, including their 477 
relationship with long-term irreversible displacement trends (Tables 3 and 4; Fig. 12). 478 

3.2.1 Temperature 479 
Both diurnal and annual displacement cycles are present across the monitored crack meters, although their 480 
magnitude and temporal behaviour vary considerably between individual sensors (Table 3). Annual amplitudes 481 
range from low values recorded for several sensors at Branická Rock, Tašovice and Labský důl to amplitudes 482 
exceeding 1 mm at Pastýřská Rock and for block T3 at Tašovice. Diurnal displacement amplitudes also vary among 483 
sensors, and their seasonal maxima occur at different times of the year. Spring maxima are common for several 484 
sensors at Branická Rock and Labský důl, while summer maxima are recorded for TAS1_1 and TAS1_2 and 485 
autumn maxima for PAS2_1, PAS2_2, BRA3_1, BRA3_2, TAS3_1, TAS3_2 and LAB3_2 (Table 3). 486 

The relationship between crack-meter position and temperature varies substantially across the dataset (Table 3; 487 
Fig. 12). Negative relationships predominate, with all four crack meters at Pastýřská Rock showing consistent 488 
negative linear regression coefficients between position and temperature. Negative relationships are also recorded 489 
for several crack meters at Branická Rock and Labský důl. In contrast, positive relationships are less frequent and 490 
are most clearly represented by TAS1_2 at Tašovice and LAB3_2 at Labský důl. Several other sensors, particularly 491 
at Branická Rock and Tašovice, show relatively low linear regression coefficients, indicating only a weak linear 492 
relationship between crack-meter position and temperature (Table 3). 493 

Pearson correlation analysis further shows that crack-meter displacement is generally more strongly related to air 494 
and near-surface rock temperatures than to temperatures measured deeper within the rock mass (Fig. 12). 495 
Correlations generally decrease for temperature records at depths of 150 and 300 cm, and no systematic increase 496 
in correlation with deeper rock temperature was observed across the monitoring sites. The strength and direction 497 
of these correlations nevertheless vary between individual crack meters. 498 

Temperature relationships also differ according to the presence of long-term displacement trends (Table 3; Fig. 499 
12). Crack meters with strong negative temperature relationships generally show low or no irreversible 500 
displacement trends. In contrast, several sensors with relatively weak temperature relationships show pronounced 501 
long-term opening or closing trends. This is particularly evident for BRA1_1 and BRA1_2 at Branická Rock and 502 
TAS3_1 and TAS3_2 at Tašovice. TAS3_1 records the strongest positive displacement trend within the dataset, 503 
whereas TAS3_2 records the strongest negative trend. LAB3_2 differs from this general pattern by combining a 504 
positive relationship with temperature with a pronounced positive long-term displacement trend. 505 

  506 
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Table 3. Results of crack meter measurements across all four monitoring sites. YA: average annual amplitude, 507 
DA: average diurnal amplitude, DAmax: maximal measured diurnal amplitude, DAm: month of maximal 508 
measured diurnal amplitude, LR pos/T: linear regression coefficient between crack meter position and 509 
temperature, trend: irreversible trend of crack meter displacement.  510 

Site Block Crack meter 
YA 

[mm] 
DA 

[mm] 
DAmax 
[mm] 

DAm 
[month] 

LR pos/T 
Trend [mm 

yr⁻¹] 

Pastýřská  
Rock 

P1 

PAS1_1 0.71 0.034 0.128 April -0.012 -0.077 

PAS1_2 0.78 0.037 0.139 April -0.015 -0.134 

PAS2_1 1.12 0.051 0.171 October -0.0199 -0.062 

PAS2_2 0.97 0.047 0.163 October -0.015 -0.077 

Branická  
Rock 

B1 
BRA1_1 0.53 0.028 0.103 March -0.0019 0.214 

BRA1_2 0.61 0.03 0.108 April -0.0049 0.103 

B2 
BRA2_1 0.48 0.026 0.095 March -0.0027 -0.007 

BRA2_2 0.56 0.029 0.102 April -0.00001 -0.033 

B3 
BRA3_1 0.64 0.033 0.117 October -0.0087 -0.01 

BRA3_2 0.7 0.035 0.123 October -0.0076 -0.041 

B2 BRA4_1 0.5 0.027 0.098 March -0.0033 -0.074 

Tašovice 

T1 TAS1_1 0.44 0.023 0.084 July -0.0041 0.093 

T4 TAS1_2 0.48 0.025 0.089 July 0.0049 0.02 

T2 
TAS2_1 0.6 0.032 0.113 April -0.0023 0.023 

TAS2_2 0.63 0.034 0.119 April -0.00082 -0.004 

T3 
TAS3_1 0.88 0.052 0.176 October 0.004 0.308 

TAS3_2 0.81 0.048 0.167 October -0.0046 -0.226 

Labský 
důl 

L1 LAB1_1 0.55 0.022 0.081 April -0.019 0.021 

L2 LAB1_2 0.35 0.019 0.069 April -0.0039 -0.03 

L3 LAB3_1 0.46 0.028 0.102 October 0.011 0.005 

L4 LAB3_2 0.64 0.036 0.129 October 0.019 0.228 

 511 

3.2.2 Rainfall 512 
Direct correlations between hourly rainfall intensity and crack-meter position were weak across the dataset and 513 
did not reveal a systematic relationship between rainfall and crack-meter displacement (Fig. 12). The response of 514 
crack-meter position residuals to extreme rainfall events varies considerably across the dataset, with statistically 515 
significant responses (p < 0.05) restricted to a subset of the monitored crack meters (Table 4). At Pastýřská Rock, 516 
significant responses were detected for PAS1_2 and PAS2_2, each for only one rainfall/response-window 517 
combination. At Branická Rock, the most frequent significant responses were recorded for BRA1_1 and BRA2_2, 518 
with three and five significant combinations, respectively, while BRA1_2 showed a significant response for only 519 
one combination. The highest number of significant rainfall responses was observed at Tašovice, particularly for 520 
block T3. TAS1_1 responded significantly to three rainfall/response-window combinations, TAS3_1 to six 521 
combinations, and TAS3_2 to nine combinations (Table 4). At Labský důl, the rainfall response differed between 522 
the monitored crack meters. LAB3_1 showed a significant response for only one rainfall/response-window 523 
combination, whereas LAB3_2 showed significant responses for four combinations (Table 4). No significant 524 
rainfall-related responses were detected for LAB1_1 and LAB1_2. Overall, isolated significant responses were 525 
therefore recorded at Pastýřská Rock, while multiple significant rainfall/response-window combinations occurred 526 
for individual crack meters at Branická Rock, Tašovice, and Labský důl. 527 

  528 

https://doi.org/10.5194/egusphere-2026-5565
Preprint. Discussion started: 25 September 2026
c© Author(s) 2026. CC BY 4.0 License.



25 
 

Table 4. Summary of statistically significant crack-meter responses to extreme rainfall events. Significant 529 
rainfall/response windows indicate combinations of rainfall accumulation periods (24, 48, 72, and 96 h) and 530 
subsequent crack-meter response periods (72, 168, and 240 h) for which a statistically significant response (p < 531 
0.05) was detected. The number of significant combinations summarizes the total number of significant 532 
rainfall/response-window combinations identified for each crack meter. 533 

Site 
Crack 
meter 

Significant 
rainfall 

response 

Significant rainfall/response 
windows 

No. significant 
combinations 

Pastýřská 
Rock 

PAS1_P1 No – 0 

PAS1_P2 Yes (<2) 48/240 1 

PAS2_P1 No – 0 

PAS2_P2 Yes (<2) 48/72 1 

Branická 
Rock 

BRA1_P1 Yes 48/72; 48/240; 96/240 3 

BRA1_P2 Yes (<2) 48/72 1 

BRA2_P1 No – 0 

BRA2_P2 Yes 
24/168; 24/240; 48/72; 48/168; 
48/240 5 

BRA3_P1 No – 0 

BRA3_P2 No – 0 

BRA4_P1 No – 0 

Tašovice 

TAS1_P1 Yes 48/168; 96/168; 96/240 3 

TAS1_P2 No – 0 

TAS2_P1 No – 0 

TAS2_P2 Yes (<2) 24/72 1 

TAS3_P1 Yes 24/72; 24/168; 48/72; 48/168; 
72/168; 96/168 6 

TAS3_P2 Yes 
24/72; 24/168; 24/240; 48/72; 
48/168; 48/240; 72/168; 72/240; 
96/240 9 

Labský důl 

LAB1_P1 No – 0 

LAB1_P2 No – 0 

LAB3_P1 Yes (<2) 96/240 1 

LAB3_P2 Yes 24/72; 48/72; 48/168; 96/240 4 

The significant responses differ not only in their frequency among individual crack meters but also in the rainfall 534 
accumulation and subsequent response windows in which they occur (Table 4). Significant responses are 535 
frequently associated with response windows extending beyond the duration of the rainfall accumulation period, 536 
including 168- and 240-h response windows. Consequently, significant changes in crack-meter position residuals 537 
are not restricted to the period immediately following the rainfall event but are also detected over longer response 538 
periods. 539 

Across the dataset, crack meters with multiple significant rainfall responses frequently differ from those showing 540 
strong negative relationships with temperature (Tables 3 and 4; Fig. 12). This pattern is particularly evident for 541 
BRA1_1, TAS3_1, and TAS3_2, which combine multiple significant rainfall responses with pronounced 542 
irreversible displacement trends. In contrast, most crack meters characterized by strong negative temperature 543 
relationships and predominantly reversible displacement patterns show few or no significant rainfall responses. 544 
Rainfall sensitivity is nevertheless restricted to a subset of the monitored crack meters and varies substantially 545 
between individual sensors. 546 
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3.3 Cluster analyses 547 

Hierarchical clustering based on temperature and rainfall sensitivity separated the 21 monitored crack meters into 548 
four distinct groups (CL1–CL4), following the classification procedure described in Section 2.2.3. CL1 comprises 549 
crack meters characterized predominantly by negative relationships with temperature, whereas CL2 represents 550 
sensors with positive temperature relationships. CL3 includes crack meters with weak temperature relationships 551 
but significant rainfall sensitivity, while CL4 comprises sensors showing weak relationships with both temperature 552 
and rainfall. Nine crack meters were classified as CL1, two as CL2, five as CL3, and the remaining five as CL4. 553 
The resulting cluster classification, together with the relationships between crack-meter displacement and the 554 
monitored environmental variables, is summarized in Fig. 12. The clusters also differ in the magnitude and 555 
direction of irreversible displacement trends. 556 

 557 
Figure 12. Values of the correlation for the different crack meters and monitored variables. The red colour scale 558 
corresponds to negative correlations, indicating dynamic mechanisms with consistent variable behaviour. The 559 
blue colour indicates positive correlations. Orange, green, magenta, and grey indicate clusters 1, 2, 3, and 4, 560 
respectively. The behaviour of sensors classified as CL4 represents complex crack-meter responses without a 561 
clearly resolved dominant meteorological control; therefore, these data are presented with a grey mask.  562 

CL1 represents the largest group and includes PAS1_1, PAS1_2, PAS2_1, PAS2_2, BRA2_1, BRA3_1, BRA3_2, 563 
LAB1_1, and LAB1_2. These crack meters are characterized by negative correlations between position and 564 
temperature (Fig. 12). Both annual and diurnal displacement cycles are present, while long-term irreversible 565 
displacement trends are generally low. Rainfall sensitivity is also low, with no systematic response to extreme 566 
rainfall events identified for the CL1 sensors. This cluster occurs at Pastýřská Rock, Branická Rock, and Labský 567 
důl, but is absent at Tašovice. 568 

CL2 contains only two crack meters, TAS1_2 and LAB3_2, and is distinguished from CL1 by a positive 569 
relationship between crack-meter position and temperature. Both sensors show positive correlations with air and 570 
rock-surface temperatures (Fig. 12). TAS1_2 shows only a minor long-term displacement trend, whereas LAB3_2 571 
exhibits a pronounced positive trend. Thus, despite their similar positive temperature relationships, the magnitude 572 
of irreversible displacement differs between the two CL2 sensors. 573 

CL3 comprises BRA1_1, BRA2_2, TAS1_1, TAS3_1, and TAS3_2. In contrast to CL1 and CL2, these crack 574 
meters show weak correlations with temperature but systematic responses to extreme rainfall events (Fig. 12). The 575 
group also contains several of the strongest irreversible displacement trends in the dataset. BRA1_1, TAS1_1, and 576 
TAS3_1 show positive long-term trends, whereas TAS3_2 shows a pronounced negative trend. BRA2_2 differs 577 
from the other CL3 sensors by showing only a weak negative long-term trend. 578 

The remaining five crack meters are classified as CL4 and show weak relationships with both temperature and 579 
rainfall. This group includes BRA1_2, BRA4_1, TAS2_1, TAS2_2, and LAB3_1. Temperature correlations are 580 
generally low, and no systematic rainfall response is identified. Most CL4 crack meters also show relatively low 581 
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long-term displacement trends, although BRA1_2 exhibits a more pronounced positive trend. CL4 sensors occur 582 
at Branická Rock, Tašovice, and Labský důl. 583 

4 Discussion 584 

The observed crack-meter dynamics reflect the interaction between meteorological forcing and the structural and 585 
geometrical configuration of individual rock-slope features. The following discussion therefore evaluates the 586 
effects of temperature and rainfall, the role of block geometry and kinematic setting, and the resulting thermo-587 
mechanical regimes identified by cluster analysis. Finally, the main limitations and implications for rock-slope 588 
monitoring are discussed. 589 

4.1 Meteorological controls on crack meter dynamics 590 

Meteorological forcing is reflected in the crack-meter displacement records through both temperature-related 591 
cycles and responses to extreme rainfall events. However, the magnitude, direction, and temporal characteristics 592 
of these responses vary considerably among individual monitored features. The effects of temperature and rainfall 593 
are therefore discussed separately in the following sections. 594 

4.1.1 Temperature 595 
The monitored crack-meter time series demonstrate that temperature variations are closely linked with joint 596 
displacement dynamics across all four sites, although the magnitude and direction of the response differ between 597 
individual sensors (Fig. 12). The predominantly negative relationships between crack-meter position and air or 598 
rock-surface temperature are consistent with thermally induced volumetric changes of the monitored rock mass. 599 
This behaviour is particularly clear at Pastýřská Rock, where all four crack meters show similar reversible 600 
displacement patterns and only minor long-term closing trends. The observed joint closing tendency may reflect 601 
slow rock-mass relaxation in combination with long-term temperature changes during the monitoring period. 602 
Similar reversible temperature-related displacement was also recorded for several crack meters at Branická Rock 603 
and Labský důl. Such short- and medium-term thermally induced joint displacement has been widely documented 604 
in previous studies (Bakun-Mazor et al., 2013; Collins and Stock, 2016; Gasc-Barbier et al., 2021; Merrien-605 
Soukatchoff and Gasc-Barbier, 2023). 606 

The stronger relationships of crack-meter displacement with air and rock-surface temperatures than with 607 
temperatures measured at greater depth indicate that the observed thermal response is primarily associated with 608 
temperature changes within the shallow rock-slope zone (Fig. 12). This is consistent with the rapid attenuation of 609 
diurnal temperature amplitudes with depth observed at all monitoring sites. Surface thermal conditions are 610 
additionally affected by slope aspect and direct solar radiation, as indicated by the higher near-surface temperature 611 
amplitudes at the south-exposed Branická Rock and Tašovice sites. The timing of maximum diurnal crack-meter 612 
amplitudes also differs between monitored blocks, ranging from spring maxima at several Branická Rock and 613 
Labský důl sensors to summer or autumn maxima at Tašovice and Pastýřská Rock. These differences indicate that 614 
the response of individual monitored features to thermal forcing is not uniform. 615 

In two cases, TAS1_2 and LAB3_2, the relationship with temperature is positive rather than negative (Fig. 12), 616 
demonstrating that thermal forcing can also produce displacement patterns opposite to those expected from simple 617 
rock-mass contraction and expansion. A similar effect of temperature was previously observed by Bakun-Mazor 618 
et al. (2013) and Guerin et al. (2021). This distinction is also reflected in the cluster analysis, where crack meters 619 
characterized predominantly by negative and positive temperature relationships are separated into CL1 and CL2, 620 
respectively. The occurrence of different temperature-related displacement patterns indicates that the measured 621 
response is modified by the geometry and kinematic configuration of individual monitored features. These 622 
geometrical and kinematic controls are discussed further in Section 4.2, while the resulting cluster classification 623 
is evaluated in Section 4.3.  624 

4.1.2 Rainfall 625 

In contrast to temperature, the influence of rainfall on crack-meter displacement is not clearly expressed by the 626 
direct correlation analysis (Fig. 12). A simple correlation between rainfall and crack-meter position does not 627 
account for the potentially delayed response of the rock mass to precipitation. The additional event-response 628 
analysis, in which different rainfall accumulation and subsequent displacement-response windows were evaluated, 629 
revealed statistically significant rainfall-related responses for a subset of the monitored crack meters (Table 4). 630 
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This approach therefore identified rainfall-related displacement patterns that were not evident from the direct 631 
correlations alone. 632 

The rainfall-related response varies considerably among sites and individual sensors. The most pronounced 633 
responses are recorded for BRA1_1, BRA2_2, TAS3_1, TAS3_2 and LAB3_2, whereas the predominantly 634 
reversible crack meters at Pastýřská Rock show only isolated significant responses (Table 4). Several rainfall-635 
sensitive crack meters also exhibit irreversible opening or closing trends, particularly BRA1_1 and 636 
TAS3_1/TAS3_2. Significant responses are commonly associated with longer response windows rather than only 637 
with the period immediately following rainfall, indicating that rainfall-related displacement may develop over 638 
several days. Similar medium-term effects of precipitation on rock-slope kinematics and rockfall activity have 639 
been reported by Krautblatter and Moser (2009), Wei et al. (2014) and Leinauer et al. (2024). 640 

The delayed rainfall response may reflect several processes related to water infiltration into the rock mass and 641 
discontinuities, including increasing groundwater levels, progressive rock-mass saturation, and changes in pore 642 
pressure within joints. Similar mechanisms have been described by Hugentobler et al. (2022) and Oestreicher et 643 
al. (2023) at the rock-slope scale. These processes may require time to develop after the onset of precipitation and 644 
can therefore produce displacement responses extending beyond the duration of the rainfall event itself. However, 645 
the present monitoring does not directly measure groundwater conditions or pore pressure, and these mechanisms 646 
therefore remain possible explanations rather than directly observed processes. The occurrence of both positive 647 
and negative crack-meter responses further indicates that rainfall-related deformation depends on the displacement 648 
direction recorded by the individual sensor and the kinematic behaviour of the monitored block. 649 

Overall, both temperature variations and extreme rainfall events are associated with measurable changes in crack-650 
meter displacement, but their expression varies substantially among individual monitored features. Temperature-651 
related displacement is widespread across the dataset and is commonly expressed as reversible diurnal and annual 652 
cycles, whereas systematic rainfall responses occur only for a subset of crack meters and are frequently associated 653 
with longer response windows and irreversible displacement trends. The absence of a uniform meteorological 654 
response across sensors exposed to comparable environmental conditions indicates that meteorological forcing 655 
alone cannot explain the observed displacement patterns. The influence of block geometry and kinematic setting 656 
on the measured response is therefore considered in the following section. 657 

4.2 Block geometry and kinematic setting 658 

The substantial variability in crack-meter displacement magnitude and temporal behaviour indicates that the 659 
response to meteorological forcing is strongly modified by the geometry and kinematic setting of individual 660 
monitored rock-slope features (Cifeca Recinella et al., 2026; Gischig et al., 2011). The strength and direction of 661 
the relationship between temperature and crack-meter position vary among sensors, as do irreversible displacement 662 
trends and sensitivity to rainfall (Fig. 12). These differences occur not only between sites but also between 663 
neighbouring blocks exposed to similar meteorological conditions. This indicates the influence of individual block 664 
geometry, volume, kinematic regime, and the orientation of the monitored discontinuity on the measured 665 
displacement response. 666 

The simplest behaviour is observed where crack meters monitor relatively stable blocks and the measured 667 
displacement predominantly reflects thermally induced volumetric changes. Pastýřská Rock provides the clearest 668 
example, where all four crack meters installed on the same large block show similar reversible displacement 669 
patterns and negative relationships with temperature. Comparable behaviour is observed for several blocks at 670 
Branická Rock and Labský důl (Fig. 12). In these configurations, expansion of the monitored rock mass during 671 
warm periods results in joint closure, whereas cooling produces joint opening. The absence of pronounced 672 
irreversible displacement indicates that these cyclic movements do not necessarily represent progressive 673 
destabilization, despite relatively large annual and diurnal displacement amplitudes. Similar large-amplitude cyclic 674 
joint movements driven predominantly by seasonal and diurnal temperature variations have been observed in other 675 
monitored rock slopes (Bakun-Mazor et al., 2013; Weber et al., 2017). 676 

More complex geometrical configurations can substantially modify this simple relationship. Only two crack 677 
meters, TAS1_2 and LAB3_2, show a clear positive relationship with temperature (Fig. 12). At Tašovice, TAS1_2 678 
monitors the weathered wedge-shaped block T4. Its positive temperature relationship can be explained by 679 
interaction with the surrounding rock mass, where thermal expansion of neighbouring blocks during warm periods 680 
may push the wedge-shaped block upwards and consequently elongate the crack meter. A similar but more 681 
pronounced configuration occurs at Labský důl, where blocks L3 and L4 form a wedge-ratchet system. Expansion 682 
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of both the monitored block and the wedging block L3 can produce increasing displacement measured by LAB3_2 683 
during warm periods. Such wedging-ratcheting configurations have previously been described as geometrical 684 
settings in which thermal expansion of neighbouring rock blocks can generate progressive displacement (Bakun-685 
Mazor et al., 2020; Pasten et al., 2015). The thermally induced strain field can therefore be strongly modified by 686 
the geometry of a specific block and its interaction with the surrounding rock mass (Bakun-Mazor, 2022). 687 

Kinematic setting is also important for blocks undergoing gravitationally driven displacement. At Branická Rock, 688 
block B1 represents a toppling configuration, with progressive opening measured by BRA1_1 and BRA1_2 689 
superimposed on cyclic displacement. At Tašovice, the opposite long-term trends recorded by TAS3_1 and 690 
TAS3_2 on the same toppling block T3 provide another example of how the measured displacement depends on 691 
sensor position relative to block movement. Elongation of the upper crack meter and shortening of the lower crack 692 
meter represent different components of the same block-scale kinematic process rather than contradictory 693 
deformation patterns. Both blocks also show rainfall-related responses, demonstrating that meteorological forcing 694 
can be superimposed on ongoing gravitational displacement rather than producing a uniform displacement signal. 695 
The importance of geometrical constraints is also illustrated by blocks for which the expected destabilization mode 696 
is not clearly reflected in the crack-meter time series. Branická block B2 is structurally predisposed to sliding along 697 
an inclined bedding plane, yet BRA2_1 and BRA2_2 show no pronounced long-term opening trend. The 698 
mechanical support provided by the stable rock mass at the base of the block may constrain displacement in the 699 
expected sliding direction. Similarly, some small and geometrically complex blocks at Tašovice and Labský důl 700 
show weak or irregular relationships with the monitored meteorological variables despite being located in 701 
potentially unstable configurations. In such cases, interactions with neighbouring blocks can modify the local strain 702 
field and the displacement component recorded by an individual crack meter. Such geometrical controls have also 703 
been demonstrated by thermo-mechanical modelling and field monitoring by Cifeca Recinella et al. (2026) or 704 
Morcioni et al. (2022). 705 

Block volume may represent an additional control, although its influence cannot be isolated from geometry and 706 
kinematic setting in the present dataset. The monitored features differ substantially in size and shape, and directly 707 
comparable blocks are not available across the four lithological and climatic settings. No systematic differences in 708 
crack-meter behaviour attributable to lithology were identified. Differences in the coefficient of thermal expansion 709 
between rock types may be relatively small (Waples and Waples, 2004) and, at the scale of the monitored features, 710 
may be overshadowed by differences in block geometry and kinematic configuration. Therefore, the similarity of 711 
displacement patterns between sites should not be interpreted as evidence that lithology has no influence, but rather 712 
that its effect cannot be separated from the substantial geometrical variability of the monitored blocks in the present 713 
dataset. 714 

Overall, the observations demonstrate that block geometry and kinematic setting strongly control how 715 
meteorological forcing is translated into the displacement recorded by individual crack meters. Reversible negative 716 
temperature relationships, positive temperature responses associated with interacting blocks, irreversible toppling-717 
related trends, and more complex displacement patterns can occur under comparable meteorological forcing 718 
depending on the configuration of the monitored feature. The resulting variability is reflected in the four groups 719 
identified by the cluster analysis (Fig. 12), which integrates temperature and rainfall sensitivity with the observed 720 
displacement behaviour and is discussed in the following section. 721 

4.3 Cluster analyses and TM regimes 722 

The cluster analysis integrates the variability in temperature and rainfall sensitivity described above and provides 723 
a framework for comparing crack-meter dynamics across different sites and kinematic settings (Fig. 12). Rather 724 
than representing individual monitoring sites or lithologies, the four resulting clusters reflect different 725 
combinations of meteorological response, block geometry, kinematic configuration, and monitoring setup. 726 
Individual clusters occur across multiple sites, indicating that similar displacement regimes can develop under 727 
different climatic and lithological conditions when the monitored blocks have comparable dynamic characteristics. 728 

Cluster CL1 represents the most consistent temperature-related displacement regime. Crack meters within this 729 
group show negative relationships between position and temperature and typically record reversible joint 730 
deformation, with both diurnal and annual displacement cycles, caused by rock mass volumetric changes. 731 
Irreversible displacement trends are generally low, and no systematic rainfall response is observed. CL1 includes 732 
crack meters from Pastýřská Rock, Branická Rock, and Labský důl, supporting the observation that this type of 733 
displacement is not restricted to a particular lithology or climatic setting. In the present dataset, CL1 therefore 734 
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represents predominantly stable blocks for which cyclic thermal deformation constitutes the main component of 735 
the measured joint displacement. 736 

Cluster CL2 represents a distinctly different thermal response. Only TAS1_2 and LAB3_2 belong to this group, 737 
and both show a positive relationship between crack-meter position and temperature (Fig. 12). As discussed in 738 
Section 4.2, this behaviour is associated with specific block geometries in which thermal expansion of 739 
neighbouring rock blocks modifies the local strain field and produces displacement in the opposite direction to 740 
that expected from simple joint closure during warming. CL2 therefore demonstrates that a positive temperature 741 
relationship does not imply an absence of thermal control, but rather a different geometrical translation of thermal 742 
expansion into the displacement recorded by the sensor. In the present dataset, this behaviour is associated with 743 
wedging-ratcheting configurations. 744 

Cluster CL3 differs from the temperature-related CL1 and CL2 regimes by combining weak relationships with 745 
temperature with systematic responses to extreme rainfall events (Fig. 12; Table 4). The group includes BRA1_1, 746 
BRA2_2, TAS1_1, TAS3_1, and TAS3_2 and contains several crack meters with pronounced irreversible 747 
displacement trends. In particular, BRA1_1 and TAS3_1/TAS3_2 monitor blocks undergoing toppling-related 748 
displacement. Their cyclic thermal signal is less pronounced than for CL1 sensors, while the event-response 749 
analysis reveals displacement associated with extreme rainfall events. The occurrence of CL3 at both Branická 750 
Rock and Tašovice indicates that this response is not site-specific but occurs in different structural settings where 751 
ongoing block displacement is present. Importantly, CL3 should not be interpreted as demonstrating that rainfall 752 
is necessarily subordinate to gravitational or thermal forcing. Rather, CL3 identifies a regime in which rainfall 753 
sensitivity occurs together with progressive displacement. Whether individual rainfall events act as preparatory 754 
processes, accelerators of ongoing movement, or potentially contribute to final triggering cannot be distinguished 755 
from the present monitoring data.  756 

Cluster CL4 comprises crack meters showing weak relationships with both temperature and rainfall (Fig. 12). 757 
Most CL4 sensors monitor relatively small or geometrically complex blocks, for which interactions with 758 
neighbouring rock-slope elements may modify the local strain field. CL4 should therefore be regarded as a 759 
complex-response group for which no clear meteorological control could be resolved from the available crack-760 
meter data, rather than as evidence for the absence of environmentally driven deformation. 761 

The distribution of clusters among the four monitoring sites further demonstrates the importance of local block-762 
scale conditions. Pastýřská Rock is represented entirely by CL1 and therefore shows the most homogeneous 763 
displacement regime, consistent with the four crack meters monitoring the same large and relatively stable block. 764 
Branická Rock contains CL1, CL3, and CL4 sensors, reflecting the contrasting behaviour of its stable, sliding, and 765 
toppling blocks. Tašovice contains CL2, CL3, and CL4 and lacks CL1, consistent with the greater geometrical 766 
complexity and variability of the monitored features at this site. Labský důl contains CL1, CL2, and CL4, including 767 
both negatively temperature-related blocks and the positive temperature response associated with the L3–L4 768 
wedge-ratchet configuration. Thus, cluster membership does not follow monitoring site alone but varies according 769 
to the characteristics of individual monitored features. 770 

Overall, the cluster analysis provides a useful synthesis of the different crack-meter displacement regimes observed 771 
across the dataset. The occurrence of different clusters within individual monitoring sites, together with similar 772 
clusters across different lithological and climatic settings, supports the interpretation that block geometry, 773 
kinematic configuration, and monitoring setup strongly influence how meteorological forcing is expressed in 774 
crack-meter displacement records. At the same time, the classification is based on the environmental variables and 775 
monitoring configuration available in this study and should therefore be considered in the context of the 776 
methodological limitations discussed in Section 4.4. 777 

4.4 Limitations and implications for rock-slope monitoring 778 

Occasional gaps in the monitoring time series occurred due to sensor malfunction or battery discharge. Despite 779 
these interruptions, the multi-year records provided sufficient temporal coverage for the statistical analyses applied 780 
in this study. 781 

The interpretation of crack-meter displacement is inherently influenced by the monitoring configuration. Crack 782 
meters record displacement only along a single measurement axis, whereas the actual movement of a rock block 783 
may be three-dimensional and can deviate from the direction expected during the monitoring design phase. This 784 
limitation is particularly important for structurally complex blocks, where interaction with neighbouring rock-785 
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slope elements modifies the local strain field. Consequently, the magnitude of irreversible displacement and the 786 
strength of relationships with environmental variables depend partly on sensor orientation relative to the actual 787 
movement direction. The comparison between neighbouring crack meters monitoring the same block, such as 788 
BRA1_1 and BRA1_2, illustrates that different sensor orientations may capture different components of the same 789 
block-scale deformation. The slow shortening recorded by LAB1_2 may similarly be influenced by sensor 790 
orientation relative to the actual movement of the block. 791 

The structural and geometrical complexity of the monitored features also limits direct comparison between sites. 792 
The investigated blocks differ considerably in volume, shape, discontinuity configuration, and expected kinematic 793 
setting. Because directly comparable blocks are not available across the four sites, the effects of individual controls 794 
such as lithology, block volume, or climatic setting cannot be isolated independently.  795 

The monitored environmental variables represent another limitation. Temperature was measured in detail both at 796 
the surface and within the rock mass, whereas the hydrological processes potentially associated with rainfall-797 
related displacement were not directly monitored. Groundwater level, water content, joint-water pressure, and 798 
pore-pressure changes were not measured, and the mechanisms proposed for the delayed rainfall response therefore 799 
remain interpretative. Additional hydrological monitoring would be required to distinguish between possible 800 
infiltration-related processes and to determine how they contribute to the observed crack-meter response. 801 
Similarly, at Labský důl, snow accumulation, ice formation, frost action, and wind may contribute to the highly 802 
variable displacement of individual blocks, but these variables are not directly represented in the present dataset. 803 

The hierarchical clustering provides a useful framework for comparing crack-meter behaviour, but the resulting 804 
regimes should therefore not be considered universal classifications of rock-slope dynamics. The clusters are based 805 
on the environmental variables, statistical thresholds, and sensor configurations available in this study, and 806 
unresolved responses may reflect environmental forcing not included in the analysis or limitations of the 807 
monitoring configuration. Cluster assignment should therefore be interpreted together with field observations of 808 
block geometry and kinematic setting rather than independently from the structural context. 809 

Despite these limitations, the results demonstrate the value of combining long-term crack-meter monitoring with 810 
detailed temperature measurements, rainfall analysis, and structural characterization of individual rock-slope 811 
features. Monitoring design should consider not only the expected direction of destabilization but also possible 812 
interactions between neighbouring blocks and the potential for the displacement direction to evolve over time. 813 
Where complex movement is expected, multiple sensors with different orientations or three-dimensional 814 
displacement monitoring may provide a more complete representation of block dynamics than a single crack meter. 815 

The results also highlight the importance of separating reversible meteorologically related deformation from 816 
irreversible displacement trends when interpreting rock-slope monitoring data. Large diurnal or annual 817 
displacement amplitudes do not necessarily indicate progressive destabilization, while relatively small cyclic 818 
signals may occur together with pronounced long-term trends. Likewise, the absence of a strong direct correlation 819 
with rainfall does not exclude rainfall-related displacement when the response is delayed. Combining long-term 820 
trends, temperature relationships, event-response rainfall analysis, and field-based kinematic interpretation 821 
therefore provides a more robust basis for evaluating the state and evolution of monitored rock-slope features. 822 

Overall, the monitoring strategy should be adapted to the geometry and expected kinematics of the investigated 823 
feature rather than relying on a uniform sensor configuration. 824 

5 Conclusions 825 

This study presents a multi-year monitoring dataset from four sites in Czechia. Within these sites, twenty-one 826 
monitoring points were established. The dataset represents diverse lithological, morphological, geometrical, and 827 
kinematic settings. The multi-site monitoring approach allowed us to compare how different partial rock slope 828 
features respond to thermal and precipitation forcing.  829 

The results demonstrate that temperature cycles and connected thermal expansion of the rock mass represent a 830 
dominant driver of joint short-term reversible dynamics across all sites. However, the magnitude, symmetry, and 831 
reversibility of these displacements vary significantly depending on monitored block geometry and kinematic 832 
regime, and they vary considerably between sites and individual monitoring points. A systematic response to 833 
extreme rainfall events was detected only for a subset of crack meters, predominantly monitoring blocks 834 
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undergoing ongoing destabilisation. In contrast, no systematic rainfall effect was observed for stable blocks 835 
dominated by reversible thermally induced dynamics. 836 

To address this variability, hierarchical clustering analysis revealed three characteristic crack meter regimes, while 837 
the last cluster comprises crack meters with complex responses, including sensors with suboptimal installation 838 
geometry. These regimes reflect the interaction between joint dynamics and meteorological forcing. Stable, larger 839 
blocks are mainly controlled by the thermally driven volumetric changes, while smaller, more complex unstable 840 
features are in the combined regime in which both temperature and rainfall affect the joint dynamics. In specific 841 
cases (wedging-ratcheting), thermal cycles can also lead to progressive irreversible joint opening, while rainfall-842 
related responses may further accelerate the ongoing gravitationally driven destabilization. 843 

The observations also indicate that the geometry of the monitored feature and the monitoring configuration have 844 
stronger control on the observed joint dynamics than lithology or local climatic conditions. The specific geometry 845 
of the monitored feature can modify the temperature-induced strain field and produce displacement patterns that 846 
differ significantly from the expected gravitationally driven kinematics. The analyses of in-depth temperatures 847 
showed a lower influence on the joint dynamics. This indicates that the shallow temperature cycles play the main 848 
role in the thermally induced surficial rock slope dynamics.  849 

These results suggest that the thermal cycles are important in the temporal rock slope evolution within the surficial 850 
zone up to 3 m deep. Thermally driven deformation, together with other external forcing, can lead to progressive 851 
rock slope destabilization, even in the relatively short time frame of several years. The effects of temperature and 852 
rainfall modify the destabilization regime, which is defined by the specific geometry of the monitored feature. This 853 
is crucial when designing monitoring systems, where it is important to place sensors according to the expected 854 
destabilization direction, which can be specifically modified by a specific rock slope geometry. Temperature and 855 
rainfall act as preparatory factors in rock slope destabilization, with their effects strongly modified by the geometry 856 
of the unstable feature. Under extreme conditions, these factors may also act as triggers; however, such triggering 857 
was not captured during the monitoring period.  858 

Importantly, the combination of long-term monitoring and statistical analyses allowed us to identify not only short-859 
term responses to meteorological forcing but also subtle, long-term displacement trends indicative of ongoing 860 
block destabilization. These findings underline the importance of thermally induced rock slope dynamics in both 861 
temperate and cold climates and suggest that progressive warming may influence slope evolution within ongoing 862 
climate change (Racek et al., 2025). 863 

The presented multi-site monitoring demonstrates that meteorological processes acting at the scale of individual 864 
rock blocks are an important component of rock slope evolution. Temperature controls short- to medium-term 865 
joint dynamics across a wide range of monitored settings, whereas significant rainfall-related responses were 866 
observed in blocks exhibiting irreversible displacement trends. These processes and their interaction with block 867 
geometry and kinematics should therefore be considered in future studies of rock slope stability. 868 
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