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Introduction 

Hox anno (563) mons validus Tauretunensis, in territorio Vallensi, ita subito ruit, ut castrum cui vicinus erat et vicos 

cum omnibus ibitem habitantibus oppressisset, et lacum […], ita totum movit ut egressus utraqueripa, vicos 

antiquissimos cum hominibus et pecoribus vastasset … 

 

In this year (563), the imposing mountain of Tauretunum, in the Valais territory, plunged so suddenly that 

it engulfed a fort that was close, as well as villages with all their inhabitants, and stirred so much the lake 

[…], which, emerged from both banks, it devastated very old villages with men and herds … (Marius, 

Avenches Bishop, Marriaventicensis seu lausannensis episcopi Chronicon … usque ad annum vulgaris 

aerae, 581) 

 

In ipsa nocte, circa partem primam noctis […], mons quidam, durans in latum et longum per spatium leuce, translatus 

de loco suo  […], opprimens et atterens circa, villas et multas parrochias cum habitantibus … 

 

The same night, before it was midnight […] a mountain, which was no less than a league long and wide, 

moved and fell […], burying and crushing about sixteen villages and a large number of parishes with their 

inhabitants ... (Etienne de Bourbon, Tractatus de diversis materiis predicabilibus, XIIIe century)) 
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Rockfall hazard: processes and issues 
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1 Slopes dynamics and weathering  

1.1 Slope instability 
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Figure 1.1. Landslide classification proposed by the British Geological Survey, based on the study of 

Cruden and Varnes (1996)



1 Slopes dynamics and weathering 
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1.2 Rockfalls 

1.2.1 Rockfall failure and triggers 
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Figure 1.2. Variation of the ratio between resisting and driving forces through time (adapted from  

Popescu (2002)). In blue: preparatory factors, in red: triggering factor.
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27 

Figure 1.3. Rockfall failure mechanisms a) plane slide, b) wedge slide, c) slab failure, d) multiblock 

slide rotational slide, e) rotational slide, f) overhang topple, g) overhang failure, h) column topple, i) 

column foot failure. (adapted from Frayssines, 2005) 
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1.2.2 Failure precursors 
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1.2.3 Rockfall propagation 

Figure 1.4. Propagation modes according to the slope gradient. Adapted from Ritchie (1963)
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2 Rockfall hazard in the Alps 

2.1 Rockfall events in collective memory 

Figure 2.1. Reconstruction of the Mount Granier landslide deposit extent (Nicoud et al., 1999).
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2.2 Socio-economic impact of rockfall hazard 
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Figure 2.2. Slope movement susceptibility (Groupement d’intérêt scientifique sur les sols (France), 

2011). b) Municipalities classified as exposed to a mass-wasting hazard and subject to PPR Mass 

Wasting events
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2.3 Risk management 

Figure 2.3. Evolution of the urban area of Lumbin (Isère, France) between a) 1950 and b) 2016 

(according to aerial photographs). In black are represented cliffs likely releasing rockfalls. Red dot: 2002 

rockfall event. Dark blue line: protection embankments prior to the rockfall., ligth blue line: embankments 

built following the 2002 rockfall occurence. c) Photographs of the damage cause by the rockfall.
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𝐻 = 𝑃(𝐻). 𝑃(𝑆|𝐻)  

𝑅 = 𝑃(𝐻). 𝑃(𝑆|𝐻). 𝑉(𝑃|𝑆). 𝑉𝑒
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Figure 2.4. a) Schematic diagram of the risk analysis. b) Examples of mitigation measures: 1. blast of  

instables compartments, 2. protective net, 3. prohibition to build (PPRN, PLU), 4. protection 

embankments, 5. warning systems



37 

3 Rockfall monitoring techniques 

3.1 Field study and cartography 
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3.2 Displacement measurement methods 

3.3 Geophysical methods 
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3.4 Remote sensing techniques 
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Table 3.1. Rockfall monitoring methods 

Dimension Method 
Physical 
principle 

Range 
Accuracy

(a) 
Sampling 
period (b) 

Monitoring 
(c) 

Reference 

1D Extensometer Mechanical <100m 1cm <1s Nucleation Angeli et al., 2000 

1D Total stations Optical 2km 0.5cm 10s Nucleation 
Janeras et al., 

2017; Artese and 
Perrelli, 2018 

1D RFID Radio <100m 1cm <1s Nucleation 
Le Breton et al., 

2019 

2D 
Optical image 

correlation 
Optical 

500 m 

 
1-5 cm Hours 

Events 
occurrence 

Chanut et al., 
2011; Travelletti et 

al., 2012 

2D IR Optical < 1km 0.01-1m Hours Nucleation 
Mueller et al., 

2013 ;  Guerin et 
al., 2019 

3D GNSS Radio 1 km 0.1-1 cm <1s Nucleation 
Benoit et al 2015; 

Bellone et al. 
2016 

3D GB-SAR Radio 
0.03-5 

km 
< 0.1cm 1 min Nucleation 

Frodella et al., 
2016; Janeras et 
al., 2017; Carlà et 

al., 2019 

3D LiDAR Optical 1 km 1 cm 
10 min -

year 
Events 

occurrence 
Williams et al., 

2018 

3D Photogrammetry Optical 500m 1-5cm Daily 
Events 

occurrence 
Kromer et al., 

2019 

/ 
Active 

geophysics 
Seismic 
waves 

500m / Daily Nucleation 
Lebourg et al., 

2005; Krautblatter 
and Hauck, 2007 

/ 
Seismology 
monitoring 

Seismic 
waves 

1–100 
km (d) 

/ <1s 
Events 

occurrence 

Hibert et al., 2011; 
Dietze et al., 

2017;  Fuchs et 
al., 2018 

(a) and (b) value commonly found in literature data 

(c) Commonly monitored object using the listed methods 

(d) Detection range depends on the event magnitude 
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3.5 Limitations and challenges 

3.5.1 Widespread hazard monitoring using remote sensing techniques 
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3.5.2 Seismic monitoring of rockfall occurrence 
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3.5.3 Need for multi-method monitoring 
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using DEMs 
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4 Methodological biases on rockfall 
inventories and empirical volume distributions  

4.1 Introduction 
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𝑁 = 𝑎𝑉−𝑏

4.2 Study area 
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4.3 Distance measurement methods 

4.3.1 2D DEMs 

Figure 4.1. Photograph of the Mount Saint-Eynard cliffs. Red line: monitored area
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4.3.2 3D DEMs 

Figure 4.2. Distance calculation methods between two point clouds representing two surfaces S1 and 

S2. a) 2D distance calculation methods consisting of rasterizing S1 and S2. Distance is calculated along 

the projection direction between the two generated rasters. b) 3D distance calculation methods. These 

methods consist of measuring directly the distance between two 3D objects: point clouds or meshes. c) 

2.5D distance calculation methods involving the calculation of the distance between S1 and S2 in 3D. 

Distances measured in the previous step are then rasterized.
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4.3.3 2.5D DEMs 
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4.4 Rockfall inventories 

4.4.1 Distance measurement 

4.4.2 Erosion areas extraction 
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σ

4.4.3 Volume measurement 

Figure 4.3. Distribution of the distance between DEMs. Only 0.4% of the points correspond to distance 

superior to 0.3m.
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4.5 Results 

Figure 4.4. a) 2D representation of the rockfalls (in black) detected using the Cloud to Mesh (C2M) 

method. b) Influence of distance calculation methods on the magnitude of change detected. M2M 

method does not require rasterization. The outline of the rockfall compartment detected in 3D using 

M2M method (298.5 m3) is represented with a red line. The detection threshold adopted for this figure 

is 0.3m.
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Figure 4.5. Volume distribution of the rockfall inventories obtained using different methods for estimating 

distances. a) Using a 2D method, b) with the M2M 3D technic. 2.5D inventories were obtained using c) 

C2M, d) M3C2, e) C2C, f) C2CQ, g) C2CLSP, h) C2C2DT measuring methods in 3D. The distances 

measured in 3D were then rasterized in 2D. Several detection thresholds were used to generate these 

inventories: 0.3, 0.35, 0.4, 0.45 and 0.5. i) Power law exponent b obtained for the different inventories 

according to the 5 detection thresholds.
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𝑅 =  
∑ 𝑉  

𝑆 .𝑑

Figure 4.6. Influence of the view-angle during the rasterization process for the creation of a) 2D 

inventories and b) 2.5 (M3C2) inventories. c) Power law exponent b obtained for each inventory. 

Figure 4.7. Annual recession rate according to a) the method and detection threshold used or b) 

according to the view-angle of the rasterization process.
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4.6 Discussion 
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4.7 Conclusion 
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5 Morpho-structural analysis of rockfalls 

5.1 Mount Saint-Eynard cliffs monitoring 

5.2 Rockfalls distribution 
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Figure 5.1. a) Rockfall spatial distribution. Circle sizes indicate rockfall volumes. b) Volume distribution 

of the rockfall inventory. In black: total inventory, in color inventories corresponding to the sliding 

windows shown in (a). For clarity reasons power fits were not represented. The lower bound of the 

power-law fit varies depending on the window (from 1 to 6: 1.4, 4.2, 3.0, 0.6, 0.5, 0.5 m3). c) Exponents 

b of the power-law distributions according to the sliding window number (exponents b of the total 

inventory: 0.71, lower bound of the power-law: 1.40 m3). 



5 Morpho-structural analysis of rockfalls 

65 

5.3 Rockfall configurations 

 

 

 

 

 

Figure 5.2. Illustration of a) the compartment types b) the failure mechanisms. Red 

arrow: weight vector, blue arrow: movement direction.
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Figure 5.3. a) Representation of all rockfall events. Rockfall events according to their failure mode: b) 

free-fall and c) sliding. Colors represent compartment type, dark blue: subvertical slab, light blue: 

subhorizontal slab, yellow: column. Circle sizes are function of rockfall volumes. 
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Table 5.1. Repartition of compartment type and failure mode 

Compartment type Free-fall Sliding (%) 

Subvertical slab 108 96 79 

Subhorizontal slab 22 9 12 

Column 14 8 9 

(%) 56 44 100 
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5.4 Structural analysis 

Figure 5.5. Stereographic representation of the discontinuity sets of the upper and lower cliffs and 

variation of the main discontinuity sets along the cliff. Windows size: in average 500m. Dip directions 

are shown according to a color code. Pink: F1 discontinuity set, blue: F2 discontinuity set.

Figure 5.4. a) Structural diagram of the Chartreuse massif (adapted from Gidon, 1990). b) Main 

discontinuity sets present on the lower cliff. c) Stereographic representation of the main discontinuity 

sets.The color ramp represents the density of point normal vectors falling into each bin of dip and dip 

direction.
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Figure 5.6. a) Rockfall distribution along the dip directions of the cliffs discontinuities. Dip directions are 

shown according to a color code. b) Circle sizes represent rockfall volumes. c) Distribution of rockfall 

events >10 m3. Color represents the main discontinuity set of the rockfall scar: F1, F2 and S.
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Figure 5.7. Rockfall distribution according to their prevailing discontinuity set a) F1, b) F2, c) stratification 

S. Circle sizes are function of rockfall volumes. Colors represent the compartment type, dark blue: 

subvertical slab, light blue: subhorizontal slab, yellow: column
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5.5 Conclusions on rockfall monitoring using DEMs 

Figure 5.8. Volume distribution of the rockfall inventory. In blue: rockfalls characterized by prevailing 

discontinuity set F1 and in red F2. Rockfalls characterized by prevailing discontinuity set S where not 

represented due to their limited number. 
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6 Seismic analysis of free-falling rockfalls 

6.1 Introduction 
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6.2 Study site 

6.2.1 Chartreuse massif   
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6.2.2 Other sites 

Figure 6.1. a) DEM of the Chartreuse massif (France), with the location of the photographs shown as 

blue triangles. b) photograph of the north face of Mount Granier. c): photograph of Mount Saint-Eynard. 

Red diamonds indicate the location of seismic stations, green dot is the camera enabling a time lapse 

monitoring of the cliff. Dashed rectangle: area monitored by TLS survey and by a photographic time 

lapse survey. Yellow triangles: location of origin of rockfall detachment areas. Stage formations: Urg. 

Urgonian limestone, H. Hauterivian marls, Val. Valanginian limestone, Be.Berriasian marls, Ti. Tithonian 

limestone, Ki. Kimmeridgian marls, S. Sequanian limestone, O. Oxfordian marls.
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6.2.3 Instrumentation of the Chartreuse massif sites 

6.2.3.1 Mount-Saint-Eynard 
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6.2.3.2 Mount Granier  

6.3 Methods 

6.3.1 Topographic data analysis 
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Figure 6.2. Definition of the metrics used in this study using a), b) DEM of the cliff and c) rockfalls seismic 

signals of the 01.18.2015 event. a) Cliff profile of the 02.02.2015 event presenting a sliding failure 

mechanism, b) cliff profile of the 15.08.2014 event presenting a free-falling failure mechanism. The black 

arrow represents the weight vector w built from the gravity center. 
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𝐸𝑝𝐷𝐸𝑀 = 𝜌 𝑉𝐷𝐸𝑀 𝑔 𝐻𝐷𝐸𝑀

6.3.2 Detection and classification of seismic signals  
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6.3.3 Characterization of rockfalls from seismic signals 

𝐸𝑠 = 2𝜋𝑟𝑝ℎ𝑐 ∫ 𝑢𝑒𝑛𝑣
𝑡1
𝑡0

(𝑡)2𝑒𝛼𝑟𝜀 ⅆ𝑡

𝑢𝑒𝑛𝑣(𝑡) = √𝑢(𝑡)2 + 𝐻(𝑢(𝑡)2)

𝑢(𝑡) = √𝑢𝐸
2(𝑡) + 𝑢𝑁

2 (𝑡) + 𝑢𝑍
2(𝑡)

p

𝛼

ε
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ε

[
𝑎𝑖

𝑎𝑗
(

𝑟𝑖

𝑟𝑗
)
𝑛

]  = (
ɛ𝑖

ɛ𝑗
)  − 𝛼(𝑟𝑗 − 𝑟𝑖)

ɛi ɛj

ɛ

[
𝑎𝑖ɛ𝑗

ɛ𝑖𝑎𝑗
(

𝑟𝑖

𝑟𝑗
)
𝑛

]  = −𝛼(𝑟𝑗 − 𝑟𝑖)

Figure 6.3. a) Estimation of the seismic wave velocity. For each rockfall detected at Mount Saint Eynard 

and each couple of stations, we plot the difference in source-station distance dr as a function of the time 

delay between the impact time detected on each seismogram. b) Estimation of the attenuation factor 𝛼 

using equation (6.6) with n=0.5. 
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α

𝛼

𝛼

p α

𝐿𝑜𝑔𝐸𝑠 = 1.5𝑀 + 4.8

𝐻𝑠 =
𝐷𝑓𝑓 ² .  𝑔

2

6.4 Rockfall databases   
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6.4.1 Rockfall catalogs obtained by topographic data 

6.4.2 Rockfall catalogs obtained by seismic monitoring 

6.4.2.1 Mount Saint-Eynard 

6.4.2.2 Mount Granier 
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6.4.3 Association of topographic and seismic data 

6.4.3.1 Mount Saint-Eynard rockfalls 

6.4.3.2 Mount Granier rockfalls 
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Table 6.1. Rockfall characteristics. 

Site Event 
Dating 

interval (a) 
Failure 

mechanism(b) 
Volume VDEM Volume  VEsD

(c) Volume  VEsI 
Free-fall height 

DEM 
Free fall height 

    (m3) (m3)  (m3) (m) (m) 

Saint-
Eynard 

04.11.2013 – 19:35:36 1 day topple 1.4 ± 0.1 2.2 - 2.6 0.5 - 0.9 37 - 67 31 - 44 

16.11.2013 – 22:11:37 1 day topple 13.6 ± 0.1 3.8 - 5.0 3.0 - 14.8 6 - 11 12 - 19 

25.11.2013 – 06:44:54 10 min topple 3.2 ± 0.1 3.9 - 9.6 1.3 - 6.4 12 - 38 21 - 37 

06.12.2013 – 04:25:05 2 days topple 6.1 ± 0.1 3.2 - 4.9 4.5 -19.2 19 - 28 24 - 28 

30.12.2013 – 23:27:19 1 day topple 5.1 ± 0.1 2.9 - 3.9 2.2 - 9.0 12 - 38 36 - 48 

07.02.2014  – 22:00:40 2 days topple 1.9 ± 0.1 - - 0 - 1 - 

08.02.2014 – 19:48:44 10 min sliding 1546.5 ± 5 - - 0 - 

15.08.2014 – 01:08:33 1 day topple 5.3 ± 0.2 3.1 - 3.9 2.4 - 10.1 6 - 17 16 - 24 

07.01.2015 – 08:45:12 1 day topple 1.2 ± 0.1  - 0 - 1  

18.01.2015 – 08:20:13 1 day topple 100.4  ± 0.2 61.4 - 140.6 40.4 -182.4 79 - 82 65 - 88 

22.01.2015 – 21:01:31 1 day topple 1.9  ± 0.1 3.8 - 4.3 1.1 - 7.2 5 - 8 3 - 10 

02.02.2015 – 17:44:10 1 day sliding 14.7  ± 0.1 - - 0 - 

15.02.2015 – 20:54:28 1 day topple 8.0  ± 0.1 14.9 - 26.3 3.1 - 13.8 98 - 105 90 - 119 

05.03.2015 – 19:36:19 1 day topple 20.7  ± 0.1 - - 0 - 1 - 

18.04.2015 – 01:13:11 1 day sliding 2.0  ± 0.1 - - 0 - 

25.11.2015 – 03:54:39 27 days sliding 94.0  ± 5 38.1 - 79.4 35.6 - 216.5 20 - 36 23 - 44 

Granier 

17.01.2017- 21:38:12 (A1) 

6 days 

- 

4600  ± 50 

71.1 - 164.9 108.5 - 632.5 

100-160 

125-189 

17.01.2017 – 23:20:29 (A2) - 18.2 - 31.6 0.8 - 2.6 127-140 

18.01.2017 – 01:10:18 (A3) - 10.7 - 18.1 2.7 - 9.3 97-107 

18.01.2017 – 01:12:30 (A4a) - 256.5 - 828.2 
570.7 - 3533.1 

78-104 

18.01.2017 – 01:12:32 (A4b) - 534.5 - 1950.8 73-89 

01.02.2017 – 12:14:38 (B) 13 days sliding 11.5  ± 0.5 20.2 - 41.0 3.8 - 18.8 110-175 141-183 

(a) Dating interval is based on photographic surveys and field evidences.  

(b) Failure mechanism is described in section 6.3.1.  

(c) The detachment phase is not visible for 6 Mount Saint-Eynard rockfalls (empty cells). 
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6.4.4 Characteristics of selected rockfalls for Mount Saint Eynard and 
Mount Granier 

6.4.5 Other datasets: controlled releases of blocks and Yosemite park 
rockfalls 

Figure 6.4. a) Illustration of the set of events A1-4 (January 17th-18th 2017), photographs taken January 

19th, in grey: rockfall compartment, b) DEM of the event B (February 1st 2017), photographs taken 

February the 2nd, in red: rockfall compartment, c) cliff profile with the event location in red. Colored 

lines: calculated impact areas of events A and B obtained from the DEM.
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6.5 Analysis of seismic signals 

6.5.1 Rockfall seismic signals typology  
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Figure 6.5. Left: seismic signal (vertical ground velocity, filtered between 2 and 50 Hz) and corresponding 

spectrogram. The peak amplitude of each trace, Am, is indicated in m/s. The spectrograms are computed 

using a simple fast Fourier transform, using a hanning taper, with a window of 128 points and an overlap 

between successive windows of 64 points. Right: Cliff profile for each event, the red dot indicates the 

starting point of the rockfall. a) 05.03.2015 Mount Saint Eynard event, b) 17.01.2017 (A1)  Mount Granier 

event, c) Mount Saint Eynard 25.11.2015 event. Some propagation phases are identified on the seismic 

signal, on the spectrogram and on the cliff profile: D. rockfall detachment, R. rebound of blocks, I. impact 

of blocks after a free-fall, Mf. simultaneous propagation of fragmented blocks leading to mass flow.
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6.5.2 Detachment and free-fall 

Figure 6.6. Detachment seismic signal, enlargement of the seismic signal and corresponding spectrogram 

of the a) 15/08/2014, b) 18/02/2017 (A4) event and of the c) 01/02/2017 (B) event recorded at station GRA 

located at the top of Mount Granier. Red dot: initial time of the detachment phase, blue cross: maximal 

amplitude of the detachment and impact phases.
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𝐸𝑠𝐷 = 𝑎𝑉𝐷𝐸𝑀
         𝑏

 

Figure 6.7. a) Duration of detachment phase and b) seismic energy of the detachment phase as a 

function of rockfall volume determined with DEMs. In a) and b), we consider only events A4b and B for 

Mount Granier and assume a volume VDEM=2850±1800 m3 for event A4b c) Free fall height calculated 

from the seismic signals as a function of the free fall height measured on the DEMs, Blue dots: Mount 

Saint-Eynard rockfalls; violet squares Mount Granier rockfalls. Straight lines are power-law fits obtained 

using only Mount Saint-Eynard rockfalls.
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6.5.3 Impact 

𝐸𝑠𝐼 = 𝑎𝐸𝑝
   𝑏

Figure 6.8. Seismic signal for  free-fall type rockfalls a) the 18/01/2015 event recorded at station FOR 

station located at the top of Mount Saint-Eynard. b) 17/01/2017 (A2) events recorded at station GRA 

located at the top of Mount Granier. Top: seismic signal of the detachment phase, middle: enlargement 

of the amplitude scale, bottom: corresponding spectrogram. Red dot: beginning of the detachment 

phase, orange line: beginning of a precursory phase, blue cross: maximal amplitude of the detachment 

and impact phases.
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𝑉𝐸𝑠𝐼 =
𝐸𝑝𝑠

𝑔 𝑝 𝐻𝑠
=

𝐸𝑠𝐼
    1/𝑏

𝑎 𝑔 𝑝 𝐻𝑠

α

6.6 Discussion 

6.6.1 Detachment phase 

Figure 6.9. a) seismic energy of the impact phase as a function of potential energy calculated with 

DEM metrics, b) rockfall volume calculated using seismic metrics as a function of rockfall volume 

measured on the DEMs. Blue dots: Mount Saint-Eynard rockfalls; violet squares: Mount Granier 

rockfalls: A4 and B; green diamond Yosemite rockfall (Morrissey et al., 1999; Wieczorek et al. 2000; 

Stock et al., 2013); yellow triangles controlled release block data of Hibert et al. (2017). Lines are linear 

fits using only the Mount Saint-Eynard rockfalls.



6 Seismic analysis of free-falling rockfalls 

99 

6.6.2 Relation between potential and seismic energy of the impact phase 



Part III Seismic monitoring of rockfalls 

100 

6.6.3  Estimation of rockfall volume from the seismic energy of the 
impact phase 
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6.6.4 Real-time characterization of rockfalls 

6.6.5 Comparison with other studies 
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Figure 6.10. Magnitude of the events versus their volume. Straight lines are linear relations between 
magnitude and logarithm of volume. This study (1): whole dataset of Mount Saint Eynard rockfalls, 
magnitude calculated over the entire seismic signal. This study (3): free-fall events, magnitude 
calculated over the impact seismic signal 
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Table 6.2. Scaling laws between rockfall seismic magnitude 

Study Scaling law (a) Nb events Volume (m3) R² 
Median relative 

error on V 

Fuchs et al. (2018) ML= -0.6+0.44log(V) 16 102-106 0.60 99% 

Hibert et al. (2017) ML = - 3.13+1.3log(V) 37 0.03-0.2 0.39 29% 

Hibert et al. (2017) ML = -1.69+0.92log(Ek) 37 0.03-0.2 0.60 28% 

Manconi el al. (2016) MD = 1.4+0.23log(V) 33 103-108 0.71 71% 

This study (1) ML = -2.1+1.01log(V) 18 1-103 0.89 56% 

This study (2) ML= -2.2+1.17log(V) 12 1-103 0.92 41% 

This study (3) ML= -2.6+1.21log(V) 12 1-104 0.91 33% 

This study (4) ML= -2.13+1.38log(Ep) 12 1-105 0.98 18% 

(a) M (ML: local magnitude, MD: duration magnitude), volume V, kinetic energy Ek (Hibert et al., 2017) and 
(last model) free-fall height H.  
(1) whole dataset of Mount Saint Eynard rockfalls, magnitude calculated over the entire seismic signal 
(2) free-fall events, magnitude calculated over the entire seismic signal 
(3) free-fall events, magnitude calculated over the impact seismic signal 
(4) free-fall events, relation between potential energy and impact seismic energy   
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6.7 Conclusions 
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7 Controlled block release experiment of 
free fall type events 

7.1 Introduction 
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7.2 Datasets 

7.2.1 Large-scale block release experiment 

Table 7.1. Overview of the large-scale experiment initial conditions. 

Impacted surface Granular platform Reinforced earth facing Concrete block facing 

Block volume (m3) 4.8 4.8 4.8 1.0 1.0 2.9 2.9 2.9 2.9 1.0 4.8 4.8 

Free-fall height (m) 1.6 1.6 2.5 7.7 19.2 13.8 27.5 6.9 6.9 7.7 16.5 16.5 
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7.2.2 Small-scale block release experiment 

Figure 7.1. a) Sketch and b) photograph of the large-scale block release experiment.
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7.2.3 Other datasets 

7.3 Methods 

7.3.1 Impacts characteristics 

𝑣 = √2𝑔𝐻𝑓𝑓 

Figure 7.2. Sketch of the small-scale block release experiment
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ρ

𝐸𝑘 =
1

2
𝜌𝑉𝐵𝑣2

β

𝑣𝑁 = 𝑣 𝑐𝑜𝑠 𝑐𝑜𝑠 𝛽 

𝑣𝑇 = 𝑣 𝑠𝑖𝑛 𝑠𝑖𝑛 𝛽 

𝐸𝑘𝑅 = 𝐸𝑘𝑅𝑡 + 𝐸𝑘𝑅𝑟

𝐸𝑘𝑅𝑟 =
1

2
𝐼𝑣𝑟

2

𝐼 =  
2

5
𝑚𝑅2

ⅆ𝐸𝑘 = 𝐸𝑘 − 𝐸𝑘𝑅

7.3.2 Seismic characterization 
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𝐻𝑠 =
𝐷𝑓𝑓 ² .  𝑔

2

𝐸𝑠 = 2𝜋𝑟𝑝ℎ𝑐 ∫ 𝑢𝑒𝑛𝑣
𝑡1
𝑡0

(𝑡)2𝑒𝛼𝑟 ⅆ𝑡

𝐸𝑠 = 4𝜋𝑟²𝑝𝑐 ∫ 𝑢𝑒𝑛𝑣
𝑡1
𝑡0

(𝑡)2𝑒𝛼𝑟 ⅆ𝑡

𝛼

 𝛼 

 𝛼 

𝛼 

7.4 Results 

7.4.1 Detachment and free-fall 
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𝐸𝑠𝐷 = 𝑎𝑉𝐵
𝑏

Figure 7.3. Seismic signal, enlargement of the seismic signal and corresponding spectrogram of a) a 

rockfall of 100 m3, distance source-station 750m (Mount Saint-Eynard, 2015.01.18 (Chapter 6)), b) a 

large-scale block release filtered between 0 and 300 Hz (4.8 m3 dropped of 1.6 m on the granular platform, 

distance source-station 20 m) and c) small-scale block release (2.9kg, drop height 1.5 m, tilt angle 30°, 

distance source-station 5m). Blue lines: initial time of the detachment phases, red lines: maximal 

amplitude of the detachment and impact phases. In the case of the large-scale experiment, the release 

system involves an electrohydraulic system clearing up the mechanical deformation energy. This system 

produces a high-frequency noise (150-1000Hz). Seismic signal of Figure 3.b was band-pass filtered 

between 1 and 300 Hz in order to reduce this noise.

Figure 7.4. a) free-fall height Hs calculated from the seismic signals as a function of the measured free 

fall height Hm. b) Seismic energy of the detachment phase EsD as a function of rockfall volume VB. Green 

diamonds: large-scale experiment, blue dots: Chartreuse rockfalls (Chapter 6). Straight lines are fits 

obtained using both data sets.  
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7.4.2 Impact 

Figure 7.5. a) Seismic energy of the impact phase as a function of kinetic energy for the large-scale 

experiment according to the impacted surface. The release sequence is indicated on the side of each 

symbol. b) Seismic energy of the impact phase as a function of kinetic energy for small-scale experiment 

(color scale represents the tilt angle of the impacted surface). c) Impact seismic energy as a function of 

the tilt angle of the impacted surface (drop height 1.5m).

Figure 7.6. a) Ratio between dissipated kinetic energy and kinetic energy as a function of the tilt angle of 

the impacted surface. b) Dissipated kinetic energy as a function of the normal component of the kinetic 

energy and c) d) the tangential component of the kinetic energy. Seismic energy of the impact as function 

of d) kinetic energy dissipated during the impact, e) the normal component of the kinetic energy, f) the 

tangential component of the kinetic energy. The color scale represents the tilt angle of the impacted surface.
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Table 7.2. Power-law fit between seismic energy and kinetic energy Ek, dissipated kinetic energy dEk, 

normal component of the kinetic energy EkN and the tangential component of the kinetic energy EkT 

α φ

 φ

Angle Ek dEk EkN EkT 

20 EsI = 3.10-8 x Ek0.93 

EsI = 6.10-8 x EkN
0.77 EsI = 6.10-8 x EkN

0.82 

EsI = 2.10-7 x Ek0.92 

30 EsI = 2.10-7 x Ek0.41 EsI = 4.10-7 x Ek0.39 

40 EsI = 5.10-8 x Ek0.75 EsI = 1.10-7 x Ek0.75 

50 EsI = 4.10-8 x Ek0.66 EsI = 5.10-8 x Ek0.66 

60 EsI = 5.10-8 x Ek0.48 EsI = 8.10-8 x Ek0.40 

Figure 7.7. Diagram of the force balance during an impact. 𝐹𝐼
⃗⃗  ⃗ impact force, 𝐹𝑅

⃗⃗⃗⃗  reaction force, T and N 

tangential and normal components of the force, α tilt angle, φ friction angle. 
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7.5 Discussion 
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Figure 7.9. Seismic energy of the impact phase as a function of the kinetic energy. 

Figure 7.8. Seismic energy of the impact phase of Chartreuse rockfalls (Chapter 6) as a function of a) 

kinetic energy, b) the normal component of the kinetic energy, c) the tangential component of the kinetic 

energy. The color scale represents the slope angle. 
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7.6 Conclusion 
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8 Seismic analysis of granular flow type 
rockfalls 

8.1 Introduction 
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8.2 Study sites 

Figure 8.1. a) DEM of the Chartreuse massif (France), with the location of the photographs b) and c) shown 

as green triangles. Photograph of the b) north face of Mount Granier and c) Mount Saint-Eynard. White 

diamonds indicate the location of seismic stations. Triangles: location of origin of rockfalls, in yellow: Mount 

Saint-Eynard rockfalls, in blue: 2016/01/09 Mount Granier rockfall, in red: Mount Granier rockfall series of 

April/May 2016. Stage formations: Urg. Urgonian limestone, H. Hauterivian marls, Val. Valanginian 

limestone, Be. Berriasian marls, Ti. Tithonian limestone, Ki. Kimmeridgian marls, S. Sequanian limestone, 

O. Oxfordian marls. Illustration of the Mount Granier rockfall sequence, rockfall compartments are 

represented in blue for d) 2016/01/09 event (65000 ± 10000 m3) and in red for e) 2016/04/28 to 2016/05/01 

(9000 ± 3000 m3), f) 2016/05/07 (2000 ± 250 m3 and 50500 ± 1000 m3)  and g) 2016/05/17 events (500 ± 

100 m3). 
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8.3 Instrumentation and methods 

8.3.1 Topographic data analysis 
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8.3.2 Seismic monitoring 



8.3.3 Association of topographic and seismic data 
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8.3.4 Seismic data analysis 

Es = 2πrphc ∫ uenv(t)
2eαrε𝑖 ⅆt

t1
t0
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8.4 Results 

8.4.1 Rockfall detection 

8.4.1.1 Mount Granier 
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Figure 8.2. Seismic signals of the Mount Granier rockfalls recorded by station FOR (North component 

of ground velocity) between April and May 2016. Each signal is band-pass filtered between 2 and 10 

Hz and normalized by peak amplitude A. The correlation C is computed between each event and the 

reference event (2016/04/29) for the North component of station FOR. 
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Table 8.1 : Rockfall characteristics.  

 (1) Method used for the DEM before (T1) and after (T2) the event. DEMs obtained by photogrammetry: ‘Ph’, obtained using LiDAR:  ‘Li’. Acquisition 
date is given for each model.  
(2) Volume estimated from equations (8.6), (8.7), (8.8). 
(3) We used a set of photographs obtained at various dates; these models are indicated as ‘Ar’. 
(4) Two photogrammetric data sets were acquired on 2016/5/3. Ph 2016/05/03_1 was acquired between 6 and 7 am, shortly before the 2016/5/3 
rockfall and Ph 2016/05/03_2 was acquired after the rockfall, between 7 and 8 am. 

Site Event 
Method used for the DEM (1) Propagation 

mode 

Volume VDEM Volume VMD 
 (2) Volume   VML 

 (2) Volume   VMLff
 (2) 

T1 T2 (m3) (m3) (m3) (m3) 

Granier 

2016/01/09 – 03.57.17 Ph Ar 1 (3) Ph 2016/01/15 Flow 65000 ± 10000 51744 ± 36544 21667.7 ± 10240.7 141366.1 ± 78796.1 

2016/04/28 – 00.54.00 

Ph Ar 2 Ph 2016/05/03_1 

Flow 

9000 ± 3000 

2098 ± 735 23.9 ± 7.1 63.7 ± 27.7 

2016/04/28 – 01.03.47 Flow 354  ± 137 189.8 ± 67.8 665.1 ± 316.1 

2016/04/29 – 19.40.08 Flow 1549 ± 552 548.2 ± 211.2 2208.3 ± 1092.9 

2016/04/30 – 05.47.16 Flow 718  ± 267 333.2 ± 124.1 1257.4 ± 610.9 

2016/05/01 – 02.45.02 Flow 1027 ± 374 31.3 ± 9.6 86.5 ± 38.1 

2016/05/03 – 02.45.02 Ph 2016/05/03_1(4) Ph 2016/05/03_2 Free-fall/Flow 350 ± 50 / / / 

2016/05/07 – 07.10.57 Ph 2016/05/03_2 Ph 2016/05/07 Flow 2000 ± 250 4139 ± 1397 576.5 ± 222.9 2337.5 ± 1159 

2016/05/07 – 08.32.27   Flow 50500 ± 1000 20005 ± 6195 15982.2 ± 7446.1 100192.7 ± 55359.1 

2016/05/17 – 06.05.05 Ph 2016/05/17 Ph 2016/05/20 Flow 600 ± 100 2424 ± 843 35.4 ± 11 99.7 ± 44.1 

2016/05/23 – 23.51.06 - - Flow - 283  ± 111 20,3 ± 14,3 53,2 ± 30,2 

Saint-
Eynard 

2013/11/04 – 19:35:36 Li 2012/11/16 Li 2013/11/26 Free-fall 1.4 ± 0.1 44.8 ± 26.2 0.1 ± 0  

2013/11/16 – 22:11:37 Li 2012/11/16 Li 2013/11/26 Free-fall 13.6 ± 0.1 97718.4 ± 72894.4 24 ± 7.2  

2013/11/25 – 06:44:54 Li 2012/11/16 Li 2013/11/26 Free-fall 3.2 ± 0.1 7822.8 ± 5488.0 10.6 ± 2.9  

2013/12/06 – 04:25:05 Li 2013/11/26 Li 2014/07/15 Free-fall 6.1 ± 0.1 14240.9 ± 10149.9 7.8 ± 2.1  

2013/12/30 – 23:27:19 Li 2013/11/26 Li 2014/07/15 Free-fall 5.1 ± 0.1 66603.8 ± 49265.0 3.8 ± 0.9  

2014/02/07  – 22:00:40 Li 2013/11/26 Li 2014/07/15 Flow 2 ± 1 12830.9 ± 9120.4 0.4 ± 0.1 0.6 ± 0.2 

2014/08/02 – 19:48:44 Li 2013/11/26 Li 2014/07/15 Flow 1546.5 ± 5 148010.5 ± 111393.9 1714.4 ± 709.5 8019.5 ± 4131.5 

2014/08/15 – 01:08:33 Li 2014/07/15 Li 2015/04/22 Free-fall 5.3 ± 0.2 64192.2 ± 47441.7 2.2 ± 0.5  

2015/01/07 – 08:45:12 Li 2014/07/15 Li 2015/04/22 Free-fall 1.2 ± 0.1 17393.4 ± 12460.2 0.6 ± 0.1  

2015/01/18 – 08:20:13 Li 2014/07/15 Li 2015/04/22 Free-fall 100.4  ± 0.2 15009.0 ± 10711.8 1394.7 ± 570.1  

2015/01/22 – 21:01:31 Li 2014/07/15 Li 2015/04/22 Free-fall 1.9  ± 0.1 6154.5 ± 4289.3 0.2 ± 0  

2015/02/02 – 17:44:10 Li 2014/07/15 Li 2015/04/22 Flow 14.7  ± 0.1 6320.7 ± 4408.4 6.8 ± 1.8 15.3 ± 6.3 

2015/02/15 – 20:54:28 Li 2014/07/15 Li 2015/04/22 Free-fall 8.0  ± 0.1 61935.3 ± 45736.8 16.8 ± 4.9  

2015/03/05 – 19:36:19 Li 2014/07/15 Li 2015/04/22 Free-fall 20.7  ± 0.1 85324.5 ± 63460.5 8.8 ± 2.4  

2015/04/18 – 01:13:11 Li 2014/07/15 Li 2015/04/22 Flow 2.0  ± 0.1 49287.9 ± 36207.9 3.4 ± 0.8 7 ± 2.7 

2015/11/25 – 03:54:39 Ph 2015/11/05 Ph 2015/12/02 Free-fall 94.0  ± 5 139320.2 ± 104720.1 345 ± 128.8  

2017/12/30 – 13.28.48 Ph 2017/11/21 Ph 2018/01/11 Flow 105 ± 5 111503.2 ± 83414.9 12.8 ± 3.6 31.4 ± 13.3 

2018/10/28 – 01.35.42 Ph 2018/10/10 Ph 2018/12/05 Flow 1075 ± 25 55362.4 ± 40778.9 104.1 ± 35.5 337.1 ± 156.4 
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8.4.1.2 Mount Saint-Eynard 

Figure 8.3. Timeline of the Mount Granier rockfall series of April-May 2016. Yellow dots: events 

seismologically detected, red dots: events seismologically detected and characterized using DEMs. The 

size of the dots is proportional to the seismic energy of the event. Black triangles: video or photographs 

witnessing the occurrence of a rockfall.
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8.4.2 Characteristics of rockfall seismic signals  



8 Seismic analysis of mass-flow type rockfalls 

129 

8.4.3 Volume estimation using rockfall seismic signals 

Figure 8.4. Seismic signal (vertical ground velocity, band-pass filtered between 2 and 50 Hz) and 

corresponding spectrogram of the a) 2014/02/07, and b) 2014/02/08 Mount Saint-Eynard rockfalls and 

c) and d) 2016/05/07 Mount-Granier rockfalls.



Part III Seismic monitoring of rockfalls 

130 

8.4.3.1 Duration magnitude 

Figure 8.5. Equivalent magnitude as a function of rockfall volume for duration magnitude (a, c) or 

local magnitude (b, d). Graphs (c) and (d) presents the same data as respectively (a) and (b) with 

events color-coded according to their propagation type: in blue, events that experienced free-falls 

during their propagation; in red, events sliding along the cliff or experiencing a flow like 

propagation; in grey, undefined. Lines are linear relations between magnitude and logarithm of 

volume using (a) the dataset of Manconi et al., (2016), (b) all datasets, (d) in blue rockfalls having 

experienced a free-fall (>5 m) during their propagation and in red events sliding or having 

experienced a flow like propagation. 
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8.4.3.2 Local magnitude 
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Table 8.2 Relation between the magnitude of the rockfall seismic signal (Ml or MD) and the observed 

volume V for different datasets using a linear relation between magnitude and log(V). 

8.5 Discussion 

Eq. Dataset 
Number 
of events 

Volume 
range (1) 

Variable 
Average 
error (2) 

R² (3) P (3) 

5 Manconi (2016) 29 103 - 107 MD 0.55 0.84 3.2x10-8 

5 Granier 11 102 – 104 MD 0.32 / / 

5 Saint Eynard 18 1 – 103 MD 3.24 / / 

6 All datasets (4) 70 1 – 106 ML 0.62 0.92 2.0x10-25 

6 Granier 11 102 – 104 ML 0.73 / / 

6 Saint Eynard 18 1 – 103 ML 0.53 / / 

8 
Mass flow events, St-

Eynard/Granier 
10 1-104 MLmf 0.51 0.94 1.1x10-5 

8 Granier 4 102 – 104 MLmf 0.36 / / 

8 Saint Eynard 6 1 – 103 MLmf 0.64 / / 

(1) Minimum and maximum rockfall volumes in each dataset. 
(2) Average error on log(V) = log(VDEM)-log(VM) 
(3) R and p are the values of the correlation coefficient between M and log(V) and the associated 
probability p of observing a larger correlation by chance. 
(4) Datasets: Wieczorek et al., 2000; Deparis et al., 2008; Dammeier et al., 2011; Fuchs et al., 2018, 
Mount Granier and Mount Saint-Eynard). 
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8.6 Conclusion 
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9 Thermography of block impacts 

9.1 Thermographic monitoring of slope instabilities  
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9.2 Fundamentals of infrared Thermography  

μ μ

μ

ε.τ.

ε).τ.

τ

𝑊𝑡𝑜𝑡 = ε. τ.𝑊𝑜𝑏𝑗 + (1 − ε)𝑊𝑟𝑒𝑓 + (1 −  τ)𝑊𝑎𝑡𝑚

𝑊𝑖 = 𝜎𝑇𝑖
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ε τ
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9.3 Thermography of impact prints 

9.3.1 Impacts characteristics 

β 

Figure 9.1. Principle of infrared radiation received by an IR camera.
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∫ ∆𝑇
 

𝑆

𝛥𝑇𝑖𝑚𝑝𝑎𝑐𝑡 = 𝑇𝑚𝑒𝑎𝑠 − 𝑇𝑖𝑛𝑖

𝑇𝑚𝑎𝑥 =  𝑚𝑎𝑥 (𝛥𝑇𝑖𝑚𝑝𝑎𝑐𝑡)

𝑇𝑎 =  𝑚𝑒𝑎𝑛 (𝛥𝑇𝑖𝑚𝑝𝑎𝑐𝑡)

Δ

Δ

𝑚𝑇 =  𝛥𝑉. 𝑝

𝑄 = 𝛥𝑉. 𝑝. 𝑐. 𝛥𝑇

∫ ∆𝑇
 

𝑆
= ∑    𝑎𝑝𝑖𝑥. 𝑇𝑖𝑚𝑝𝑎𝑐𝑡

9.3.2 Results 
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∫ ∆𝑇
 

𝑆

 

∫ ∆𝑇
 

𝑆
 

 

 

 

𝐸𝑘𝑖 = 𝐸𝑘𝑟 + 𝐸𝑠 + 𝐸𝑘𝑡ℎ + 𝐸𝑜        

Figure 9.3. Impacts thermography of impact print for various free-fall height: 0.5 m, 1 m, 1.5 m, 2 m.

Figure 9.2. a) Mean temperature, b) maximal temperature and c) integral of temperature change over 

the impacted area as a function of kinetic energy. Color scale represents the tilt angle of the impacted 

surface.
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9.4 Trajectography benchmark 

Figure 9.4. Respectively mean temperature, maximal temperature and integral of temperature change 

of the impacted area as a function of a, d, g) the normal component of the velocity 0.5m |vN
2|, b, e, h) 

the tangential component of the velocity 0.5m |vT
2|and c, f, i) the kinetic energy dissipated during the 

impact dE. Color scale represents the tilt angle of the impacted surface. 
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≈  

 

9.4.1 Blocks dynamics and seismic monitoring 

Figure 9.5. Aerial view of the test site. Blue areas: propagation paths, yellow square: video cameras 

locations, red diamonds: seismometers and geophones location, green triangles: infrared camera.
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Figure 9.6. a) Photograph of the test site. The propagation paths are represented by the blue lines. b) 

Photographs of a block release. A video camera can be seen at the forefront and the infrared camera 

is indicated by the red arrow.
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9.4.2 Thermography of blocks propagation 

Figure 9.7. Seismic signals recorded by two geophones located on the upper part of the slope and of 

the lower part of the slope, and corresponding spectrogram of a) an event rolling/sliding (P1), b) an 

event rolling/sliding before free-falling when passing the rock walls (P1), c) an event bouncing along the 

slope (P2). 
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Figure 9.8. Thermography of blocks impacts. a) Photograph of the monitored area. The dashed frame 

respresents the area covered by the thermographic images (b-g). A berm is highlighted by a black line 

to provide a landmark on the thermographic images of the blocks propagations b-d). e-g) represent 

thermographic images of the temperature changes with respect to a referent thermographic image 

taken before the arrival of the blocks in b-d). Blue arrows represent impacts which remodeled the 

slope, red arrows: impacts on hard or compacted soil leading to an increase of temperature, green 

arrows: blocks sliding leading to an increase of temperature.
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9.5 Preliminary conclusions 

Figure 9.9. Thermography of blocks impacts. a) Photograph of the monitored area. b) Thermographic 

images of a block rebounds. c) Temperature changes with respect to a thermographic image of 

reference, taken before the arrival of the blocks in b). 
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Figure 9.10. Block (red dotted circle) dropped on a loose slope. When impacting the slope, the block 

dislodged another block already in place (blue dotted circle). The thermic print of the cicatrice left by the 

removed block (blue circle) can be seen on the thermographic images. a) Photographs of the block 

release. b) Thermographic images of a the block propagation, c) temperature changes with respect to 

a thermographic image of reference taken before the arrival of the block. 
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Figure 9.11. Evolution of thermography of block impact on a hard/compact surface. The thermic print 

left by this impact can be observed for more than 2 minutes. Left: thermographic images of a block 

propagation, right: temperature changes with respect to a thermographic image of reference taken 

before the arrival of the blocks. Blue arrows: locations of the block. Red arrows: impacts of the block.
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Figure 9.12. Evolution of thermography of block impact on a soft/loose surface. The thermic print left by 

this impact can be observed for more than 4 minutes. Left: thermographic images of a block propagation, 

right: temperature changes with respect to a thermographic image of reference taken before the arrival 

of the blocks. Blue arrows: locations of the block. Red arrows: impacts of the block.
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Supplementary A 

A.1 Equipment 

Table A.1 : Surveys equipment 

A.2 Survey design 

Camera Canon 7D Mark II 

Sensor 22.4 x 15 mm CMOS 

Lens 24-105 mm, f/4L IS USM 

Picture size 5472x3648 
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A.3 SfM processing 

Table A.2: Surveys characteritics 

A.4 Point clouds processing 

A.5 Split data tests 

σ

σ

Tie Points 138 228 

RMS reprojection error 1.2 pix 

Mean key point size 4.3 pix 

Average tie points multiplicity 8.1 
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Supplementary B 

B.1 Rockfalls catalogs 

Table A. 1. Mount Saint-Eynard events detected using TLS data 

(1) Events which were dated using continuous photographic monitoring. If several events detected by 
TLS occurred within a pair of photographs, it is impossible to associate unambiguously events detected 
by TLS and by the seismic network. In order to avoid any mismatch, these events were ruled out. 

Catalog Sub-categories Number of events 

TLS 

total 508 

volume > 0.5 m3 
total 51 

dated(1) 31 

volume > 2m3 
total 15 

dated(1) 12 
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Table A. 2 Mount Saint-Eynard events detected using the seismic network. 

B.2 Sensitivity analysis of parameters 

𝐸𝑠 = 2𝜋𝑟𝑝ℎ𝑐 ∫ 𝑢𝑒𝑛𝑣(𝑡)
2𝑒𝛼𝑟 ⅆ𝑡

𝑡1
𝑡0

𝛼

B.2.1 Distance error 

Catalog Sub-categories Number of events 

Seismic 
network 

Total 926 

Rockfalls 

Total 87 

Inside Area 41 

Inside area, 
detected by at 
least two stations 

Total 34 

Associated 
with TLS 

Total 15 

Free-fall 13 

Free-fall > Dff (1) 10 

(1) Events for which the duration of free fall is larger than the duration of the detachment 
seismic signal. 
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Figure A.1 . a) variation of the estimated seismic energy (J) for the 04.11.2013 event as a function 

of the estimated source location, assuming random locations up to 200 m away from the true 

location. b) relative error on the seismic energy ΔEs/Es as a function of the distance r around the 

location determined using DEM data for the 04.11.2013 event and c) 18.01.2014 event. 
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B.2.2 Seismic wave velocity error 

B.2.3 Frequency-dependence of the attenuation factor 

α

loge [
aiεj

ajεi
(
Δi

Δj
)
n

] = −α(rj − ri)

ɛi ɛ

Table A.3. Error on the estimated seismic energy for a location error of 20 m around the location 

determined by TLS. 

Site Event Nb station ΔEs (%) 

Saint-Eynard 

04.11.2013 – 19:35:36 2 3.47 

16.11.2013 – 22:11:37 2 5.82 

25.11.2013 – 06:44:54 2 3.80 

06.12.2013 – 04:25:05 4 0.68 

30.12.2013 – 23:27:19 2 3.40 

15.08.2014 – 01:08:33 4 1.85 

18.01.2015 – 08:20:13 4 1.37 

22.01.2015 – 21:01:31 2 5.73 

15.02.2015 – 20:54:28 3 1.15 

25.11.2015 – 03:54:39 3 1.74 

Granier 

17.01.2017 – 21:38:12 (A1) 1 3.07 

17.01.2017 – 23:20:29 (A2) 1 3.07 

18.01.2017 – 01:12:30 (A3) 1 3.07 

18.01.2017 – 01:12:32 (A4) 1 3.07 

01.02.2017 – 12:14:38 (B) 1 3.07 
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Table A.4. Frequency centroid of the detachment and impact phases seismic signals detected at stations 

FOR (Saint-Eynard) and GRA (Granier). 

Site Event 
Volume  VDEM 

(m3) 

Frequency of 
detachment phase (Hz) 

Frequency of impact 
phase (Hz) 

Saint-
Eynard 

04.11.2013 – 19:35:36 1.4 ± 0.1 9.09 7.16 

16.11.2013 – 22:11:37 13.6 ± 0.1 6.82 8.65 

25.11.2013 – 06:44:54 3.2 ± 0.1 8.9 9 

06.12.2013 – 04:25:05 6.1 ± 0.1 13.95 9.17 

30.12.2013 – 23:27:19 5.1 ± 0.1 10.16 10.1 

15.08.2014 – 01:08:33 5.3 ± 0.2 8.08 7.33 

18.01.2015 – 08:20:13 100.4  ± 0.2 9.5 13.13 

22.01.2015 – 21:01:31 1.9  ± 0.1 14.14 13.04 

15.02.2015 – 20:54:28 8.0  ± 0.1 9.47 8.08 

25.11.2015 – 03:54:39 94.0  ± 5 6.88 9.46 

Granier 

17.01.2017 – 21:38:12 (A1) 

4600  ± 50 

5.7 4 

17.01.2017 – 23:20:29 (A2) 15.7 11.7 

18.01.2017 – 01:12:30 (A3) 7.52 9.31 

18.01.2017 – 01:12:32 (A4) (a) 4.15 / (b) 4.64 5.11 

01.02.2017 – 12:14:38 (B) 11.5  ± 0.5 11.04 5.5 

Figure A.2. Damping factor α as a function of the centroid frequency. The color scale represents the 

correlation coefficient between the two sides of equation (A.2). 
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B.2.4 Body waves hypothesis 

𝐸𝑠 = 4𝜋𝑟²𝑝𝑐 ∫ 𝑢𝑒𝑛𝑣(𝑡)
2𝑒𝛼𝑟 ⅆ𝑡

𝑡1
𝑡0

Figure A.3. a) and c) Seismic energy of the impact phase as a function of potential energy. 

Seismic energy is calculated from equation (1) using a) frequencies of 5, 10, 15 and 20 Hz and 

c) velocities of 1000, 2000, 3000 and 4000 m.s-1. b) and d) Rockfall volumes calculated as a 

function of measured volumes. The calculated volumes are obtained using the power-law 

relations between Es and Ep presented in the plots a) and c). Power laws are fitted for each 

value of frequency or velocity and the correlation coefficients are indicated on each plot.
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