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The supplementary material gives additional information to: 

1. Characterisation of the fracture network 10 

2. Kinematic analysis and estimation of the potential failure volume 

3. Fracture displacements at the study site 

4. Measuring setup and data acquisition of electrical resistivities in the laboratory and at the study site 

5. Near-surface rock temperature measurements at the study site 

6. Rock-mechanical laboratory tests 15 

6.1 Intact rock 

6.2 Rock joints 

7. Numerical stability analysis for a simplified permafrost rock slope with rising temperature 

 

 20 

The following figures and tables are included in the text: 

 Figure S1. Major structural features at the study site. 

 Figure S2. Intersecting main shear zones delineating the unstable rock mass with and without the potential failure 

volume. 

 Figure S3. Kinematic analysis of the unstable south-face of the Zugspitze summit crest for a potential plane or wedge 25 

failure. 

 Figure S4. Network of thermal and mechanical measurements at the study site with reference to geomorphic and 

anthropogenic features. 

 Figure S5. Near-surface fracture displacements at the study site between 09/2013 and 07/2019. 

 Figure S6. Laboratory-tested electrical resistivity of frozen and unfrozen Wetterstein limestone 30 
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 Table S1. Metadata on the instrumented temperature sensors at the Zugspitze summit ridge.  

 Figure S7. Near-surface rock temperatures at the Zugspitze summit crest between 08/2015 and 08/2019. 

 Figure S8. Warming behaviour of frozen dummy rock samples during simulated uniaxial compression, Brazil and 

ultrasonic tests.  

 Figure S9. Maximum model displacements versus slope angle for a warming rock slope above -2 °C. 35 

 Figure S10. Maximum model displacements versus slope angle for a warming permafrost rock slope and the twofold 

amount of numerical cycles for each warming step. 

 Figure S11. Maximum model displacements against slope angle for a warming permafrost rock slope with different 

levels of rock mass strength and deformability. 
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The following data sets are provided (as *.xlsx or *.txt files) in the zipped folder “Suppl. Material”: 

 Dataset S1. Geometrical joint properties 

 Dataset S2. Crack displacements at the field site 

 Dataset S3. Raw data of the electrical resistivity tomography in the field 45 

 Dataset S4: Laboratory electrical resistivity 

 Dataset S5. Topography of the Zugspitze summit crest (for the ERT) 

 Dataset S6. Near-surface rock temperature at the north-face and the south-face of the Zugspitze summit ridge 

 Dataset S7. Laboratory dilatational wave and Poisson´s ratio 

 Dataset S8. Laboratory uniaxial compressive strength 50 

 Dataset S9. Laboratory uniaxial tensile strength 

 Dataset S10. Laboratory joint wall compressive strength and joint basic friction angle 

 Dataset S11. Roughness coefficient of joints at the field site 

 Dataset S12. Size of samples for testing of intact rock properties 

 Dataset S13. Warming pattern of frozen dummy rock cylinders / discs during simulated uniaxial compression testing 55 

/ Brazil tests. 

 Dataset S14. Results of the numerical model: Maximum displacements and factors of safety 

 Dataset S15. Numerical codes for UDEC 
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1 Characterisation of the fracture network 60 

The fracture network was mapped systematically along five distinct scanlines distributed over the south-slope and at the top 

of the summit crest as working at the north-face requires rope safeguarding (Fig. S4). The studied joint characteristics involved 

dip and dip direction, spacing, aperture, joint frequency and joint roughness (Table 2). The entire data set contains 129 

discontinuities.  

The mean dip and dip direction of the joint sets were calculated with DIPS 7.0 (RocScience) defining main joint sets in pole 65 

density plots. Geometrical Terzaghi weighting was applied to correct potential bias which is introduced in favour of 

discontinuities perpendicular to the direction of the scanline. 

The joint roughness was recorded with a Barton comb / profilometer along 14 profiles not included in the five scanlines. Each 

profile consisted of between three and seven subsections of 26 cm. Data acquisition and analysis were performed according to 

Tse and Cruden (1979). The coefficient Z2 was determined by 70 

𝑍2 = [ 
1

𝑀(∆𝑥)2  ∑ (𝑦𝑖 + 1 −  𝑦𝑖)²𝑀
𝑖=1 ]1/2         (S1) 

where yi is the distance between the rock surface and a fixed reference line, x is a specified equal record interval and M is the 

number of measured intervals along the profile. The applied sampling interval x at the field site was 5 mm. To calculate the 

JRC, the following formula proposed by Yang et al. (2001) was used: 

𝐽𝑅𝐶 = 32.69 + 32.98 𝑙𝑜𝑔10 𝑍2          (S2) 75 

As Z2 is only valid for the range of 0.1 to 0.42, values < 0.1 were assigned a zero JRC.  
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Figure S1: Growing doline and prominent shear zones (SZ) filled with fine material at the crestline of the Zugspitze summit area. 

(a) and (b) Doline at the intersection of SZ1 and SZ2 (Fig. 2b) in 2009 and in 2018. (c) Shear zone filled with fine material. (d) Shear 80 
zone SZ1, visible at the inner wall of a doline. 

 

A very prominent and persistent shear zone was detected at the south-slope (SZ1 in Fig. 2b and Fig. S1d). According to 

geotechnical field mapping, SZ1 has a trace length of approximately 70 m and runs in a maximum depth of 10–15 m. At some 

places it opens to a decimetre wide, highly fractured zone filled with fine material ranging from clay-size to gravel-size. This 85 

type of infilling is observed in most of the bigger shear zones at the summit region (Fig. S1c). Four dolines develop along the 

major shear zones SZ1 and SZ2 (Fig. S4): Two of them form along SZ1, while the third one develops along SZ2. The fourth 

doline is located at the point of intersection between SZ1 and SZ2 (Fig. S1a and Fig. S1b).  

2 Kinematic analysis and estimation of the potential failure volume 

UAV-based photogrammetry was performed at the Zugspitze summit crest to compute a 3D point cloud providing information 90 

on the possible (i) shear zones delimiting the unstable rock mass, (ii) type of failure and (iii) failure volume. Data were acquired 
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with the drone Phantom 4 Pro (DJI). The included camera is equipped with a 1”CMOS sensor with 20 MP. The 3D point cloud 

was generated with Agisoft Photoscan v.1.4.5 and analysed with RISCAN PRO 2.7.1 64 bit. 

 

 95 

Figure S2: Intersecting main shear zones (SZ) which delineate the unstable rock mass at the south-face of the Zugspitze summit 

crest: (a) without and (b) with the potential failure volume. 

 

Shear zones SZ1, SZ2 and SZ3, which were identified as potential failure planes in the field (Fig. S2), were recognised in the 

3D point cloud by manually defining sections of points which lie on a common plane. These sections were extrapolated to 100 

mean failure planes and intersect with each other and the slope face. A fourth and fifth shear zone (SZ4 and SZ5) were 

determined to form the possible downslope boundary of the unstable rock mass (Fig. S2). The approximate total volume of the 

potentially failing rock mass was estimated to be 2.9 ∗ 104 m³. This was done by calculating the difference between the 

intersected failure planes and the terrain surface, both related to a lower reference plane. 

A simple kinematic analysis of a potential plane and wedge failure was conducted with DIPS 7.0 including the southern slope-105 

face (45/160) and the main shear zones, which were identified due to field mapping and the preceding analysis of the point 

cloud. The lateral limit for critical dip directions of the failure plane was set to the default of 20°. The friction angle was set to 

30°, based on direct shear tests of frozen and unfrozen Wetterstein limestone by Krautblatter et al. (2013). 
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 110 

Figure S3: Kinematic analysis of the unstable south-face of the Zugspitze summit crest for a potential plane or wedge failure. (a) 

Plane failure can occur for those shear zones whose poles lie within the critical red window. This is valid for SZ4 and SZ5, and 

marginally for SZ1. The friction cone in the centre has an angle of 30°. The lateral limit of the critical window is set to 20°. (b) Wedge 

failure is possible for intersections of planes which lie within the critical red window. This is the case for intersections of SZ3/SZ5, 

and marginally for SZ3/SZ4 or SZ3/SZ1. Sliding along SZ4 can occur for wedges constituted of SZ1/SZ4 or SZ5/SZ4 (yellow area). 115 
The friction cone at the margin has an angle of 30°. 

 

The results showed that pure plane failure can occur for those sections of SZ1, SZ4 or SZ5 for which the dip is lower than the 

inclination of the slope-face (45°) and higher than the friction angle of the rock joints (30°) (Fig. S3a). Pure wedge failure is 

possible for intersections of SZ3/SZ5, and marginally for SZ3/SZ4 or SZ3/SZ1 (Fig. S3b).  120 
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Since pure plane or wedge failure are unlikely to be the controlling failure mechanism, we assume that the instability at the 

south-face is related to a complex combination of both a plane and a wedge failure (Fig. S2, Fig. S3). In the upper part of the 

unstable rock mass, wedge failure may occur along SZ1/SZ3 including a tension crack SZ2, while local planar sliding along 

SZ1 supports the displacement. At lower slope sections, wedge failure may occur along SZ3 and a stepped plane constituted 

of SZ4 and SZ5, while planar sliding along SZ4 or SZ5 potentially enhances the failure process. 125 

3 Fracture displacements at the study site 

We performed repeated recordings of crack displacements distributed over the most active parts of the rockslide at the 

Zugspitze summit crest to quantify mean displacement rates and assess seasonal patterns of movement. The upper part of the 

south-face was equipped with 32 sections for displacement measurements. Each section is delimited by two plugs fixed in the 

rock crossing one or more important joints or shear zones. Values were collected with a digital tape extensometer (Soil 130 

Instruments Ltd.) at the beginning (June/July) and at the end (September/October) of the accessible, snow-free summer season 

between 09/2013 and 07/2019. The tape extensometer measures with a maximum resolution of 0.01 mm. The locations of the 

sections are displayed in Fig. S4. 
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 135 

Figure S4: Network of geophysical and geotechnical measurements at the Zugspitze summit ridge including reference to 

geomorphologic and anthropogenic features. The digital elevation model was obtained from the Bavarian Agency for Digitisation, 

High-Speed Internet and Surveying. The orthofoto was computed with Agisoft Photoscan v 1.4.5. derived by UAV-based 

photogrammetry. 

 140 

The annual mean absolute displacement for the period 09/2013–07/2019 measures 2.1 mm y-1 (Fig. S5a). To study the 

evolution of displacements over time, absolute annual fracture displacement rates were calculated from early summer to early 

summer of the subsequent year. Here, the medians of annual displacements range between 0.3 and 4.8 mm y-1 and do not point 

to either an acceleration or a deceleration between 2013 and 2019. Recording crack displacements twice a year, at the beginning 

and at the end of the summer season, allowed us to compare summer displacement rates with those of the remaining year (Fig. 145 

S5b): The monthly mean displacement rate reduces by a factor of 6.4 when changing from summer to the remaining seasons 

(summer: 0.63 mm mo-1; remaining year: 0.10 mm mo-1). This corresponds to a decrease by 84.4 %. 
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Figure S5: Near-surface fracture displacements at the south-face of the Zugspitze summit crest between 09/2013 and 07/2019. (a) 150 
Boxplot of annual absolute displacement rates for the time period 2013-2019. (b) Monthly rates for summer (June to September) 

and the remaining year (October to May) since 2015. 

 

4 Measuring setup and data acquisition of electrical resistivities in the laboratory and at the study site 

ERT was applied along a transect of approximately 100 m, crossing the ridge and covering its north- and south-face (Fig. S4; 155 

Fig. 2b). In this way, we could assess more properly the effect of thermal differences induced by various expositions at the 

crest-topography. The transect for ERT consists of 41 electrodes (stainless steel nails) which were installed once and used for 

both surveys. The electrodes were separated from each other by a mean spacing of 2.5 m. To enhance electrode coupling, the 

steel nails were greased with an electrically conductive fluid and water was added to the contact between nails and ground just 

before the survey. Acquisition of geoelectrical data was performed with two distinct devices: an ABEM Terrameter SAS 1000 160 
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and a Terrameter LS with maximum input/output voltages of ± 400 and ± 600 V, respectively, and corresponding injected 

currents of 1 and 0.1 mA, respectively. The applied input/output voltage and the current were standardised for all surveys and 

were 500 V and 1 mA, respectively. The applied electrode configurations for the ER surveys were Wenner (in 2014) and 

Wenner-Schlumberger (in 2015). Two-dimensional data processing and inversions were performed with the commercial 

software package Res2Dinv. Data inversions were performed using robust inversion and model refinement with half the unit 165 

electrode spacing (Loke, 2019). 

The laboratory ER by Krautblatter et al. (2010) was supplemented by a further laboratory study with two samples of Zugspitze 

limestone collected at the study site. For this purpose, we followed the test procedure by Krautblatter et al. (2010). The rock 

samples (both with a size of 0.02 m³) were kept in a self-built, temperature-controlled cooling box for the duration of the tests. 

They were exposed to a single cooling and subsequent freezing trajectory from 10 down to -6 °C. Rock temperature was 170 

measured simultaneous to resistivity with two Pt100 sensors (Greisinger GMH3750, with a 0.03 °C precision) inserted in the 

rock samples (Fig. S6). Measurements were performed along 3-4 different Wenner arrays installed parallel to each other. 

 

 

Figure S6: Laboratory-tested electrical resistivity of frozen and unfrozen Wetterstein limestone collected at the study site. (a)-(b) 175 
Definition of frozen (blue symbols), unfrozen (red symbols) and possibly frozen (orange symbols) electrical resistivity based on the 

freezing-trajectories of two rock samples. Measurements were performed along 3 or 4 different Wenner arrays (i.e., A1-A4 or B2-

B4) installed parallel to each other. (c) Test setup in the laboratory cooling box.  
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5 Near-surface rock temperature at the study site  180 

Rock temperature sensors (Maxim Integrated, iButton model DS1922L-F5) were instrumented in the direct surroundings of 

the geophysical survey lines in depths of 10 and 80 cm (locations are displayed in Fig. S4). So far, iButtons have been applied 

successfully to measure ground surface or bedrock temperatures in alpine terrain (Gubler et al., 2011; Keuschnig, 2016). The 

preparation of the sensors and the installation technique in solid rock were taken from Keuschnig (2016). The sensors measured 

the rock temperature every two hours between August of 2015 to August of 2019 with an accuracy of ± 0.5 °C. Five iButtons 185 

were installed at the north-face and five iButtons at the south-face, whilst two of them were located within the shear zone SZ1 

(Table S1). 

 

Table S1: Metadata on the instrumented temperature sensors at the Zugspitze summit ridge. Locations are given in Fig. S4. 

 190 

 

The recordings of the thermistors demonstrate that the surficial rock layer (< 1 m) thaws during the summer months. This is 

valid for both slope-faces of the summit ridge (Fig. S7).  
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 195 

Figure S7: Near-surface rock temperatures measured in a depth of 10-80 cm at the Zugspitze summit crest between 08/2015 and 

08/2019: (a) north-face, (b) south-face. 

 

6 Rock-mechanical laboratory tests 

6.1 Intact rock 200 

6.1.1 Preparation of the rock samples 

The rock samples for the laboratory tests were cored from Wetterstein limestone blocks with a mean side length of 0.4 ± 0.1 m 

that were picked from the study site (Fig. 2) and the lower Zugspitzplatt (2590 m a.s.l.). Uniaxial compression and Brazil tests 



13 

 

were conducted in accordance with the recommendations of the Commission on Rock Testing of the German Geotechnical 

Society (Lepique, 2008; Mutschler, 2004). Ultrasonic tests were performed in accordance with the norm on Non-destructive 205 

testing of the European Committee for Standardization (DIN EN ISO 16810, 2014). The rock cores of 51 ± 0.1 mm diameter 

were cut with a diamond saw into 103 ± 1 mm thick cylinders for the uniaxial compression and ultrasonic tests and into 

25 ± 1 mm thick discs for the Brazil tests. The high structural isotropy of the Wetterstein limestone allowed us to ignore any 

specific drilling orientation dependent on bedding or foliation. 

The rock specimens were tested under saturated unfrozen and saturated frozen conditions. Frozen conditions were provided 210 

by freezing saturated rock cores at -28 °C in a cooling box for at least 48 h. For full saturation, rock samples were kept in a 

water bath for at least 48 h (DIN EN ISO 13755, 2002). The samples were regarded as nearly saturated when successive mass 

determinations yielded values varying less than 0.1 %. As we assume the rock mass of a real-world rock slope to be usually 

saturated, the frozen and unfrozen rock samples were tested close to a saturated state. However, previous laboratory studies 

by Inada and Yokota (1984), Kodama et al. (2013), Mellor (1973) and others have demonstrated that the uniaxial compressive 215 

and the tensile strength of frozen and unfrozen intact rock depend on the saturation degree of the rock. According to the 

mentioned publications, a higher saturation degree in frozen samples can increase strength due to enhanced ice adhesion or a 

reduced stress concentration in ice-plugged pores within the rock. On the other hand, a higher saturation degree in frozen 

samples can reduce strength due to promoted micro-cracking caused by volume expansion of the ice. These phenomena may 

be more pronounced in rocks with high porosity, but less important for the tested limestone with a porosity of 0.9 ± 0.4 %.  220 

6.1.2 Test setups 

As the testing instruments were not located in a cooled room, the frozen rock samples warmed during the tests. However, for 

determination of frozen mechanical properties, the rock specimens had to remain frozen during the whole experiments. Thus, 

the rock discs during Brazil tests were isolated with a polystyrene box which did not affect the progress of the tests (Fig. S8d). 

Isolation of the rock cylinders could not be realised as the box would prevent the measurement of axial and diametric strain 225 

during uniaxial compression and the measurement of dilatational waves during ultrasonic testing.  

Hence, we additionally simulated a series of pretests to carefully observe the warming behaviour of dummy rock samples 

during typical uniaxial compression and Brazilian tests. The warming of rock cylinders during ultrasonic testing was assumed 

to behave in the same way as in uniaxial compression. As a result, the pretests of the latter were taken as representative for 

warming during ultrasonic tests. Warming was monitored by Pt100 temperature sensors (Greisinger GMH3750, with a 0.03 °C 230 

precision) inserted in the centre and close to the end of the rock sample (Fig. S8b and Fig. S8d). A pretest consisted in fitting 

the dummy sample into the apparatus and monitor the progress of warming inside the rock specimens until they were thawed. 

A negligible load was applied to the samples to prevent the destruction of the thermistors or a potential weakening of the 

sample due to the drilled holes.  

 235 
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Figure S8: (a) Warming pattern for frozen dummy rock cylinders with two thermistors during simulated uniaxial compression 

testing. (b) Rock cylinder mounted between loading plates that are used in a typical uniaxial compression test. (c) Warming curves 

for frozen dummy rock discs with one central thermistor during simulated Brazil tests. (d) Isolation of a rock disc during pretests 

with temperature logging (left) and a typical Brazil test (right). Black lines = Maximum duration of mechanical tests. Black line with 240 
grey area = Mean duration of compression tests with standard deviation. Red thick line = Mean rock temperature during pretests. 

Red area = Range of variation of warming curves during pretests. 

 

6.1.3 Testing conditions 

Overall, we performed 28 uniaxial compression tests (14 unfrozen, 14 frozen), 60 Brazil tests (30 unfrozen, 30 frozen), 60 245 

ultrasonic tests (30 unfrozen, 30 frozen) and 90 density tests (60 with the discs and 30 with the cylinders).  

The test durations, provided by the black lines in Fig. S8a and Fig. S8c, also include the mounting of the samples into the 

apparatus: uniaxial compression tests had a mean duration of 6.5 ± 0.8 min, while Brazil tests and ultrasonic tests did not 
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exceed 8 and 5 min, respectively. Hereafter, rock temperatures in the centre of the samples lay below -5 °C during Brazil tests, 

below -15 °C during uniaxial compression tests and below -20 °C during ultrasonic tests. As such, we could guarantee frozen 250 

conditions for the Brazil and the ultrasonic tests, while the major central part of the cylinders in the uniaxial compression tests 

were frozen, too. Unfrozen mechanical properties were studied at room temperature.  

Uniaxial compression tests were performed to provide data on the uniaxial compressive stress at failure. Tests were run with 

a ToniNorm compression testing machine (DIN EN ISO 7500-1, 2018). A constant strain of 0.6 mm / (m ∗ min) was applied 

to the samples provoking failure within 8 min.  255 

Brazil tests were conducted to collect data on the indirect tensile stress at failure which is the tensile stress normal to the 

uniaxially loaded areas of the specimen. A ToniNorm tension testing machine according to the (DIN EN ISO 7500-1, 2018) 

was used to apply a load at a constant rate of 70 N/s, leading to failure within 6 min.  

Ultrasonic tests were run to determine the velocity of the dilatational wave propagating through the specimen. The apparatus 

consisted of a signal generator USG40, a transmitter type UPG 250, a receiver type UPE and a preamplifier VV41 by Geotron 260 

Electronics. The rock samples were fixed between the piezoelectric transducer pair at the centres of the flat contact surfaces. 

Any water film at the contact surfaces of the rock cylinders was removed before testing with an absorbent cloth. Measurements 

were run with a frequency of 20kHz.  

The rock density ρ was defined due to weighing in an immersion bath following the standard procedure of the (DIN EN ISO 

1097-6, 2005).  265 

6.2 Rock joints 

The residual friction angle ϕr was estimated according to (Barton and Choubey, 1977), using the basic friction angle ϕb as well 

as the Schmidt hammer rebound hardness R and r for unweathered, sawn surfaces and weathered surfaces, respectively.  

6.2.1 Preparation of the rock samples 

For the basic friction angle of the rock joints, we performed tilt tests with unweathered sawn rock surfaces of frozen and 270 

unfrozen Wetterstein limestone following the procedure suggested by Barton and Choubey (1977) and Barton (2013). For the 

Schmidt hammer rebound hardnesses R and r, we conducted a series of Schmidt hammer tests in the laboratory with dry 

unweathered sawn and wet weathered rock surfaces of frozen and unfrozen Wetterstein limestone. The tests were prepared 

and realised following the proposed procedure of the International Society for Rock Mechanics (ISRM; Ulusay, 2015) and 

Aydin et al. (2005). 275 

The rock samples were cored from Wetterstein limestone blocks with a mean side length of 0.4 ± 0.1 m that were picked from 

the study site (Fig. 2) or the lower Zugspitzplatt (2590 m a.s.l.). The rock cores were cut with a diamond saw into 10 cylinders 

for the tilt tests, while two of them were taken for testing the Schmidt hammer rebound hardness R. The samples for the tilt 

tests had a mean height of 83.1 ± 2.6 mm and the samples for the Schmidt hammer tests on unweathered joint surfaces had a 

mean height of 84.1 mm. The corresponding mean diameters ranged between 148.5 ± 0.2 and 148.6 mm, respectively. The 280 



16 

 

wet weathered joint surfaces (for determining r) were tested at a single Wetterstein limestone block with a volume of 0.02 m³, 

collected from the Zugspitze summit ridge. 

6.2.2 Test setups and procedures 

Unfrozen conditions corresponded to ambient room temperature. Frozen conditions for the tilt tests and the Schmidt hammer 

tests on unweathered joint surfaces were achieved by storing the rock specimens in a cooling box at -28 °C for 48 h. The bigger 285 

block for the Schmidt hammer tests on wet weathered joint surfaces were stored for 48 h in a bigger, self-constructed and 

isolated cooling box at -10 °C. The samples were tested directly after taking them out of the cooling box. As the experiments 

did not exceed 2-4 min, we could guarantee the rock samples to be frozen during the tests. Isolation of the specimens during 

the tests was technically not feasible. Any ice layer that could have developed at the rock surfaces during freezing was carefully 

removed before testing to prevent a potential influence on the results.  290 

According to the ISRM (Ulusay, 2015), samples for Schmidt hammer tests have to be firmly fixed to a heavy steel base or a 

firm and flat ground to avoid a potential loss of impact energy. The big rock block was too heavy to move during the tests. 

However, the smaller and lighter rock cylinders (for determining R) were mounted with their flat ends between two load platens 

of a ToniNorm uniaxial compression machine (with a maximum applicable load of 250 kN). After that, the samples were 

firmly fixed by applying an axial load of 60 N.  295 

A Schmidt hammer of the N-type was used for testing the rebound hardness. For the unweathered surfaces, the impacts by the 

plunger tip of the hammer were applied to the rounded smooth sides of the cylinders. The impacts were distributed along the 

cylinder sides by rotating it on the flat ends in steps of 90°. The weathered surface of the bigger rock block was sampled on 

two faces of the specimen. We collected at least 20 impact readings per specimen and averaged the upper 50 %. Rebound 

values collected in down- or upward direction were normalised in accordance with the ISRM standard (Ulusay, 2015).  300 

The weathered surface of the rock block was characterised by a higher roughness and small asperities which got partly 

destroyed by the hammer impacts. This led to a higher variation in the data.  

7 Numerical stability analysis for a simplified permafrost rock slope with rising temperature 

All numerical stability analyses for progressive warming were started with a frozen rock slope at a temperature of -4 °C. The 

stability calculations of the universal model were additionally run with a start temperature of -2 °C to be able to estimate the 305 

effect of a higher start temperature on the model results as material parameters with a lower strength have been assigned for 

the calculation of the initial equilibrium. 

However, the additional model runs led to similar displacement magnitudes as for a modelling start at -4 °C (Fig. S9): the 

slope-dependent pattern is generally the same with two onsets of initiating instability at slope gradients of above 50 or 55° 

(transition to Domain 2) and a slope gradient above 62° (transition to Domain 3).  310 
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Figure S9: Maximum block and zone model displacements versus slope gradient for a permafrost rock slope at -2, -1 and -0.5 °C. 

Solid lines with circles represent numerical results of calculations started at -2 °C, while dashed lines represent numerical results of 

calculations started at -4 °C (according to Fig. 8). The three domains relate to a distinct displacement behaviour and are in 315 
accordance with the domains presented in Fig. 8a.  

 

The progressive warming steps for the universal rock slope were remodeled with twice the amount of cycles to assess the effect 

of longer numerical computation on the mechanical response of the system. Overall, the slope-dependent pattern remains 

generally the same with two onsets of initiating slope instability at 50 and at 62° (Fig. S10). For warming steps between -4 and 320 

-2 °C the rock slope responded similar to the previous calculations with 3000 cycles (dashed lines). However, a warming to -

1 or -0.5 °C in rock slopes with an inclination of higher than 60° resulted in displacements 10–111 % higher than in the model 

runs with 3000 cycles. However, the displacements remained within the same order of magnitude. 
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 325 

Figure S10: Maximum displacements against slope angle for a permafrost rock slope at temperatures between -4 and -0.5 °C. Dashed 

lines represent warming steps with 3000 cycles (according to Fig. 8), while solid lines with circles represent warming steps with the 

twofold amount of numerical cycles (6000). The three domains relate to a distinct displacement behaviour and are in accordance 

with the domains presented in Fig. 8a.  

 330 

The results of the sensitivity analysis with input data from the Zugspitze summit ridge (Sect. 4.2) are valid for warming 

permafrost rock slopes which consist of limestone, with strength and deformability similar to the Wetterstein limestone tested 

in this study. A transfer to permafrost rock slopes with a different lithology requires more modelling, as the mechanical 

parameters of the rock mass vary among different rock types and may lead to different model results. To get an impression of 

this effect, we performed a couple of model test runs with varying values of the mechanical rock mass properties ranging from 335 

very low to unrealistically high. However, the selected range of the implemented mechanical properties also covers typical 

values of a wide range of different rock types (Clauser and Huenges, 1995; Kulatilake et al., 1992; Schön, 2015). We defined 

four fictitious levels of rock mass strength and deformability which are lower than the one of the Wetterstein limestone used 

for the simplified model (Sect. 4.2), and six fictitious levels which are higher (Fig. S11b). Modelling was performed for a rock 

slope with an inclination of 60° and a mean temperature of -4 °C. In a second step, we examined the pattern of displacements 340 

over the full range of slope gradients (30-66°) and temperatures (-0.5 to -4 °C) of the simplified model using a further specific 

level of high strength (Level 5) for a new set of model runs (Fig. S11a).  
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Figure S11: (a) Maximum block and zone model displacements versus slope angle for different fictitious levels of rock mass strength 345 
and deformability and for temperatures between -4 and -0.5 °C. Dashed lines represent calculations with Wetterstein limestone 

(according to Fig. 8), while solid lines with circles represent calculations with a rock type that has a strength and deformability one 

order of magnitude higher. The dashed blue box defines the range of displacements for all rock mass levels presented in (b), at -4 °C 

and for a slope gradient of 60°. (b) Mechanical parameters for the distinct rock masses with varying strength and deformability. 

 350 

The results of the analysis showed that the displacements mostly remained within the same order of magnitude (Fig. S11a). 

This is valid for the model runs with (i) varying strength and deformability at a slope angle of 60° and a temperature of -4 °C 

(results lie within the dashed blue box), and (ii) the specific strength and deformability level 5 over the entire range of slope 

angles and temperatures of the simplified model.  
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