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Abstract 

The disappearance of permafrost being invisible to the naked eye, unlike the 

disappearance of glaciers, was never seriously considered until a few years ago. 

Permafrost was initially the object of research only in environments close to the Arctic 

Circle, in particular Scandinavia and North America; however, in recent years, even in 

the Alps there has been an awareness of how much this factor can affect the mountain 

ecosystem. An  ever increasing number of hazardous rockfalls and rockslides of all 

magnitudes has been observed in the alpine environment during the last decade . 

Detachment zones of these rock-ice avalanches indicate thermal disturbances caused 

by the interaction of  permafrost, glacial ice and climate changes. The permafrost 

degradation , driven by global warming,  could be correlated to the increased rockfall 

activity and slow rock wall deformation, leading to a serious increase in hazard and 

risk, especially in the alpine area, where the rise of temperatures is higher than that 

registered on the global scale.  

The Capanna Regina Margherita, located on the top of Punta Gnifetti in Monte Rosa 

massif, was selected as study case. This refuge indeed, located on an overhanging rock 

wall  and surrounded by the glacier , well reflects both the issues of the glacier retreat 

and of the rock wall instabilities.  

This thesis develops a methodology to improve the understanding and assessment of 

rock slope stability conditions in high mountain environments where access is difficult  

due to extreme environmental and climatic conditions . A detailed survey of the rock 

face is necessary, both in terms of topography and geological structure.  

The assessments concerning the rock mass characterization are based on the 

informatio n provided by IMAGEO, supplemented by  on-site observations and 

supported by  the study of scientific literature and documents published by 

GeoSITLab. These data constitute the basis for a numerical modelling  with the 

software 3DEC based on the method of distinct elements. The numerical simulations 

have made possible firstly  to reconstruct the current conditions of Punta Gnifetti  and 

then to define a series of evolutionary scenarios related to the deterioration of the 

mechanical properties of the joints, taking into account both the presence and the 

absence of ice in the rock mass.  

 

Key-words:  permafrost ; rock; ice; joint ; Capanna Margherita; Distinct Element 

Method ; high mountains ; Alps ; 3DEC; global warming; rock face; stability . 





 iii  

 

 

Sintesi 

La scomparsa del permafrost essendo invisibile a occhio nudo , a differenza della 

scomparsa dei ghiacciai, non è mai stata presa seriamente in considerazione sino a 

pochi anni fa. Il permafrost fu inizialmente oggetto di ricerche solo in ambienti 

prossimi al Circolo polare artico , in particolare Scandinavia e America settentrionale; 

tuttavia, negli ultimi anni, anche sulle Alpi si è giunti alla consapevolezza di quanto 

ØÜÌÚÛÖɯ ÍÈÛÛÖÙÌɯ ×ÖÚÚÈɯ ÐÕÊÐËÌÙÌɯ ÚÜÓÓɀÌÊÖÚÐÚÛÌÔÈɯ ÔÖÕÛÈÕÖȭ Un numero sempre più 

crescente di crolli e frane delle più svarÐÈÛÌɯÔÈÎÕÐÛÜËÐÕÐɯöɯÚÈÛÖɯÖÚÚÌÙÝÈÛÖɯÕÌÓÓɀÈÔÉÐÌÕÛÌɯ

ÈÓ×ÐÕÖɯËÜÙÈÕÛÌɯÓɀÜÓÛÐÔÖɯËÌÊÌÕÕÐÖȭ Le zone di distacco di queste valanghe di ghiaccio e 

roccia ÐÕËÐÊÈÕÖɯÈÕÖÔÈÓÐÌɯÛÌÙÔÐÊÏÌɯÊÈÜÚÈÛÌɯËÈÓÓɀÐÕÛÌÙÈáÐÖÕÌɯÛÙÈɯ×ÌÙÔÈÍÙÖÚÛȮɯÎÏÐÈÊÊÐÖɯ

glaciale e cambiamenti climatici. La degradazione del permafrost , causata dal 

riscaldamento globale, potrebbe essere correlata al crescente numero di crolli di roccia 

e alla lenta deformazione delle pareti rocciose, conducendo a un serio aumento del 

pericolo e del rischio, soprattutto nelle aÙÌÌɯÈÓ×ÐÕÌȮɯËÖÝÌɯÓɀÈÜÔÌÕÛÖɯËÐɯÛÌÔ×ÌÙÈÛÜÙÈɯöɯ

più alto rispetto a quello registrato su scala mondiale.  

La Capanna Regina Margherita, situata sulla Punta Gnifetti nel massiccio del Monte 

Rosa, è stata scelta come oggetto di studio. Questo rifugio, infatti, lo calizzato su una 

parete rocciosa a strapiombo e circondato dal ghiacciaio, riflette bene entrambe le 

problematiche del ritiro dei ghiacciai e delle instabilità delle pareti rocciose.  

Questa tesi sviluppa una metodologia atta a migliorare la conoscenza e la valutazione 

ËÌÓÓÈɯÚÛÈÉÐÓÐÛãɯËÌÐɯ×ÌÕËÐÐɯËÐɯÙÖÊÊÐÈɯÕÌÎÓÐɯÈÔÉÐÌÕÛÐɯËÐɯÈÓÛÈɯÔÖÕÛÈÎÕÈɯËÖÝÌɯÓɀÈÊÊÌÚÚÖɯöɯÙÌÚÖɯ

ostico dalle condizioni climatiche e ambientali estreme. Unɀindagine dettagliata della 

parete rocciosa è necessaria, sia in termini top ografici che geologici.   

Le valutazioni relative alla caratterizzazione dell'ammasso roccioso si basano sulle 

informazioni fornite da IMAGEO, integrate da osservazioni in sito e supportate dallo 

studio della letteratura scientifica e dei documenti pubblicati da GeoSITLab. Questi 

dati costituiscono la base per una modellazione numerica con il software 3DEC basato 

sul metodo degli elementi distinti. Le simulazioni numeriche hanno permesso 

dapprima di ricostruire le condizioni attuali d ell a Punta Gnifetti e poi di definire una 

serie di scenari evolutivi relativi al deterioramento delle proprietà meccaniche dei 

giunti, tenendo in considerazione sia la presenza che Óɀassenza di gh iaccio nei giunti . 

 

Parole chiave: permafrost ; roccia; ghiaccio; giunto ; Capanna Margherita; Metodo  degli 

Elementi Distinti ; alta montagna; Alpi ; 3DEC; riscaldamento globale; parete di roccia. 
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1 Introduction  

1.1. Motivation  

The general global climatic scenario indicates a rise in temperatures, particularly in the 

northern hemisphere and in the alpine area, where the temperature increase is higher 

(1.5 °C) than that registered on the global scale (0.74 °C) between 1906 and 2005 

(Curtaz, Ferrero, Roncella, Segalini, & Umili, 2014). 

Mountain glaciers and permafrost are key scientific indicators for global and  regional 

climate variation s: due to their proximity to melting temperatures under  terrestrial 

conditions, they are particularly sensitive to climate changes. Permafrost reacts in a 

much delayed and attenuated way to climatic changes compared to glaciers. Thus, 

both glaciers and permafrost together make up a key set of targets for monitoring 

climate change and its impact on terrestrial systems in cold regions. Glaciers constitute 

a straightforward and clearly  visible indicator, permafrost a long -term and invisible  

one. 

Alpine permafrost is warmer and closer to thawing. The  temperature of alpine 

permafrost in the upper tens of meters has increased by about 0.5-0.8 °C in the last 

century. This corresponds to an increase of the altitude of the lower permafrost line of  

100 m (Harris, et al., 2003).  

Climatically driven  permafrost degradation can lead to increased instability causing a 

serious increase in hazard and risk. Warming permafrost could be linked  to the 

destabilization of steep rock slopes by the fracture condition alterations,  which may 

provide a slip plane during thawing . During the last few years a considerable number 

of rock falls, debris flows and avalanches involving large volumes of rock, snow and 

ice, have been observed at altitudes above 3000 m a.s.l. of which: Brenva (2x106 m3) 

and the Punta Thurwieser (2x106 m3) rock/ice avalanche in the Italian Alps in 1997 and 

2004 (Krautblatter, 2009), the Val Pola rock avalanche (35x106 m3) occurred in 1987 in 

Valtellina, the rock/ice avalanche (3×106ɷm3) of 2017 at Bondo in Val Bregaglia, and last 

the ice/debris avalanche (3×106ɷm3) occurred in Marmolada in summer 2022 (Figure 

1.1). It  has also shown how rock fall phenomena occur more frequently  during warm 

summers, as in the case of 2003 and how they are concentrated on slopes with average 

elevations (3130 m a.s.l.) close to the lower modelled permafrost limits.  
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Figure 1.1: The Marmolada ice/debris avalanche (CNSAS, 2022). 

 

Krautblatter (2013) explained how permafrost dynamics influence rock slope  stability 

due to increasing shear stresses and reducing shear resistance. Slope stability is 

connected to ice melt and the consequent water seepage in the rocÒɯÔÈÚÚɀÚɯÍÙÈÊÛÜÙÌɯ

network or in soil deposits. Seepage determines the degree of saturation with different 

kinds of resulting  effects: an increase in water pressure due to the rise of water level 

but additionally, further  pressures due to changes of water phase when the 

temperature subsequently decreases, which determines water freezing. Moreover, 

thawing can reduce the strength of soil and rock and can destabilise slopes leading to 

failure (Curtaz, Ferrero, Roncella, Segalini, & Umili, 2014).  

Upward freezing due to ice segregation could cause propagating ice-filled  fractures, 

which may provide a slip plane during thawing . While frost wedging  (cf. Section 2.2) 

is postulated to operate in rock discontinuities close to the surface, ice segregation (cf. 

Section 2.2.4) could physically operate in several meters depth, where permafrost is 

found in alpine environments.  
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1.2. Aim of the research 

The aim of this research has been to study the stability of the rock mass on which the 

Capanna Regina Margherita rests and the possible interactions that could arise from 

the presence of ice in the rock joints. 

In order t o do this, it was necessary to firstly  analyse the nature and behaviour  of the 

ice and frozen ground  (permafrost), a large literature review is thus presented in 

Section 2. In particular the attention has been focused on the alpine permafrost (cf. 

Section 2.2) and on the relation between permafrost and global warming (cf. Section 

2.2.2) that has been proven to be related with  the increase of observed rockfall events 

(cf. Section 2.2.3). 

To carry out this issue the Capanna Regina Margherita was chosen as the object of 

study,  this refuge indeed stands on an overhanging rock face and is located close to 

the Monte Rosa glacier, one of those that has been most affected by the rise in 

temperatures in the last century. In Section 3 the study case is analysed in a greater 

detail, after a general overview of the Capanna Margherita (Section 3.1), the attention 

is focused on the geological and geomechanical survey carried out in site by 

Politecnico di Milano and IMAGEO (cf. Section 3.3). 

The numerical analyses were carried out with the 3D Distinct Element Code (3DEC), 

in which the Distinct Element Method has been implemented (cf. Section  4.1), 

developed by Itasca based on the original formulation of Cundall  (1971). As concerns 

the jointed rock, various constitutive models are pr esented (cf. Section 4.2) and a new 

approach proposed by Calvetti & Wang  (2022) is assumed for modelling 

discontinuous ice-filled joints (cf. Section 4.3).  

The aim of these numerical analyses has been to design and set up a physical 

simulation of th e Punta Gnifetti through DEM (Distinct Element Method)  models (cf. 

Section 5). Due to the complexity of the problem  involved, various models have been 

necessary to test the methodology and to select the one that best fits the study object 

(cf. Section 5.1). These analyses are mainly divided in two main section s: numerical 

simul ations in which the joints are considered empty  (cf. Section 5.2) and numerical 

simulations  in which the presence of ice into the joints has been taken into account (cf. 

Section 5.3). The several simulations carried out are based on different assumptions 

and they consider the occurrence of different scenarios, one of them characterized by 

a rise of temperature in ice joints (cf. Section 5.3.3). 

Finally n umerical analyses have been perform ed in order to evaluate some prediction s 

(cf. Section 6). 
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2 Literature review  

 

2.1. Permafrost 

 

2.1.1. Definition   

The term permafrost  (Figure 2.1), also known as perennially frozen ground, was first  

defined by M uller (1947): ɁPermanently frozen ground or permafrost is  defined as a 

thickness of soil or other superficial deposit, or even of bedrock, at a variable depth 

beneath the surface of the earth, in which a temperature below freezing has existed 

continually for a long time (from two years to tens of thousands of years). Permanently 

frozen ground is defined exclusively on the basis of temperature, irrespective of 

texture, degree of induration, water content or  lithological characterɂ (Muller, 1947).  

 

 

Figure 2.1: Permafrost. 
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Since the definition is just based on temperature and time, moisture, in the form of 

frozen and unfrozen water may or may not be  present. If there is no ice in the 

permafrost body, frozen soil  is called dry permafrost  (Arenson, 2002). The difference 

to non-frozen ground and the  practical relevance of permafrost, however, comes with 

the ice contained in the underground (e.g., pore ice, ice-filled fractures, ice lenses), 

which can signific antly change its characteristics (geotechnical properties, water 

permeability, etc.)  (Noetzli, 2008). 

The formation and existence of this frozen condition in earth materials is  controlled by 

climate and various terrain facto rs. Temperature conditions required for the existence 

of permafrost are illustrated  in Figure 2.2 where a maximum and a minimum 

temperature profile in perennially frozen soil  are shown  above the depth of zero 

annual amplitude with a so -called trumpet curve due to its shape (Andersland & 

Ladanyi, 1994). 

 

 

Figure 2.2: Temperature profile in permafrost  (Andersland & Ladanyi, 1994) . 

 

The thickness of the frozen ground is determined by the mean annual surface 

ÛÌÔ×ÌÙÈÛÜÙÌɯȹ3ÔȺɯÈÕËɯÛÏÌɯÏÌÈÛɯÍÓÖÞɯÍÙÖÔɯÛÏÌɯÌÈÙÛÏɀÚɯÐÕÛÌÙÐÖÙɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯÛÖ the local 

geothermal gradient , which varies from 1  °C per 22 m to 1 °C per 160 m (Brown, 

Johnston, Mackay, Morgenstern, & Shilts, 1981).  

The top layer of the ground , in which temperature fluctuates above and below  0 °C 

during the year, is defined as the active layer and it extends downward to  the 
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permafrost table (Figure 2.2). Its thickness depends on many factors, including the 

severity of the winter temperatures (freezing index), soil and rock types, ground  

moisture content, snow cover, surface vegetation, drainage, and the degree and the 

orientation of the slopes (Andersland & Ladanyi, 2004) . In Figure 2.2, the active layer 

is shown at the surface and unfrozen soil exists below the permafrost base, where 

temperatures are equal or greater than 0 °C (Andersland & Ladanyi, 1994) . 

Seasonal frost penetration is associated with an annual thermal cycle where the heat 

extracted in the winter is large r than the one entering into  the ground in the summer.  

The freezing and thawing of the active layer occur either on diurnal basis, or on 

seasonal basis: the rate of the spring thaw influences the spring runoff while the  

autumn freeze-back controls the nature of frost heaving and ice segregation 

mechanisms (Figure 2.3). 

 

 

Figure 2.3: Seasonal changes in the active layer (French, 1988). 

 

Thawing is one sided (Figure 2.3 (d)), from surface downwards , usually the spring 

thaw occurs quickly during the first 4 -5 weeks in which air  temperatures are above 0 

°C. Ground thermal regimes are also closely related to snow thickness and density 

(French, 1988). Autumn freeze-back is an equally complex process: in regions 

underlain by  continuous permafrost, freezing is two -sided, occurring both 
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downwards from the  surface and upwards from the perennially frozen ground 

beneath (permafrost table) (Figure 2.3 (b)). Moreover,  the freezing period is much 

longer and may persist for 6-8 weeks. During most of this time the soil or the rock 

remain in a near isothermal condition, sometimes refeÙÙÌËɯÛÖɯÈÚɯÛÏÌɯɁáÌÙÖɯÊÜÙÛÈÐÕɂ (cf. 

Section 2.2.1). This phenomenon results from release of latent heat upon freezing, 

thereby retarding  the drop in temperature. Initially, freezing progresses at a slow rate 

from the  surface downwards, but t hen dramatically speeds up at depth because of the 

occurrence of upward freezing from the permafrost beneath ( Figure 2.3 (b)) and the 

fact that moisture decreases with depth since water is initially drawn  upwards to the 

freezing plane (Figure 2.3 (b)), thereby preferentially increasing  the latent heat effects 

in the surface layers (Duca, 2013). 

 

2.1.2. Distribution  

 ÉÖÜÛɯÖÕÌɯÍÐÍÛÏɯÛÖɯÖÕÌɯÍÖÜÙÛÏɯÖÍɯÛÏÌɯ$ÈÙÛÏɀÚɯÓÈÕËɯÈÙÌÈɯÐÚɯÊÜÙÙÌÕÛÓàɯÜÕËÌÙÓÈÐËɯÉà 

permafrost, according to the Circum -Arctic Map  (Figure 2.4) of Permafrost and 

Ground  Ice Conditions, which was prepared under the auspices of the International  

Permafrost Association (IPA) (Arenson, 2002).  

Permafrost occurs in ice-free areas of the Antarctic continent and in some of the sub-

Antarctic  islands in the Southern Hemisphere. Approximately 24% of the land surface 

in the Northern Hemisphere is occupied by permafrost regions  (Yamamoto, 2013). The 

map of permafrost distribution  (Figure 2.4) indicates permafrost occurrences as far 

north as 84 °N in northern Greenland, and as far south as 26 °N in the Himalayas. Most 

of the permafrost in the Northern Hemisphere occurs between latit udes of 60 °N and 

68 °N, but permafrost also exists in middle latitude mountain regions, such as the 

Rockies, Andes, Alps and Himalayas, Qinghai -Xizang (Tibet) Plateau. The climatic 

environments characterizing the periglacial areas are different: polar desert, tundra, 

cold continental climate and alpine areas of middle and lower latitudes.  

About 6-7% of the permafrost is mountain permafrost. Of that, however, only  about 

0.2% is in the European Alps, whereas the main part (80.4%) can be found in Asia  

(Arenson, 2002). Those percentages have to be applied with caution since they may 

change with the ongoing trend of global warming  (cf. Section 2.2.2). 

Depending on the model applied, a 25-44% reduction in total area is expected for the 

next century assuming a 2 °C increase in mean global temperature. In particular, this 

retreat happens in regions with small permafrost thicknesses and areas of 

discontinuous permafrost. As a consequence, the lower limit of  permafrost will move 

up to higher altitudes in regions of high -elevation or to more extreme latitudes mainly 

around the northern hemisphe re (Arenson, 2002). 
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Figure 2.4: Permafrost extent in the Northern Hemisphere  (IPA, 2018). 

 

In Italy, permafrost may be present from elevations of about 2100 m a.s.l., depending 

on the exposure of the location. Recent modeling of the permafrost distribution ha s 

allowed  the creation of empirical maps of the cryosphere, as shown in Figure 2.5. The 

permafrost thickness is also variable and depends crucially on the thermal properties 

of the substrate, as well as the surface temperature of course: in Italy the thickness 

varies from few meters to an average of 20-30m, although in the Stelvio Pass at 3000 m 

a.s.l. (the only site investigated by deep drilling) it should exceed 230 m (Guglielmin, 

2004). 
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Figure 2.5: Permafrost distribution in the Alps (Boeckli, Brenning, Gruber, & Noetzli, 2012). 

 

2.2. Alpine permafrost  

In contrast to the so called arctic, antarctic or polar permafrost, mountain  permafrost 

can be found under moderate climatic conditions at higher  elevations. Mountain 

permafrost, or alpine permafrost, simply is permafrost in  high-mountain areas and is 

characterized by the influence of mountain  topography on its properties  (Duca, 2013). 

Due to the steep slopes, weathered rocks and warmer mean annual air temperatures, 

mountain permafrost shows different geomorphological features  with respect  to arctic 

permafrost. In particular, gravity driven forms, such as (creeping) rock glaciers or  

solifluct ion processes are much more common for this environment (Arenson, 2002).  

Alpine permafrost often exists far below the altitudes to which glaciers extend, and 

even below the tree line in continental areas. At high elevations in mid -latitude 

mountains, permafrost is widespread where  the mean annual air temperature is below 

-3 °C (Duca, 2013). In mountain regions m ean annual ground temperatures can vary 

by 5-8 °C over distances as small as 100m (Figure 2.6) since topography causes large 

variability in local  climate, snow cover, solar radiation , and ground and surface 

properties through the processes of erosion, transport and deposition  (Romanovsky & 

Osterkamp, 1995).  

 



 19 

 

 

 

 

Figure 2.6: Temperature range in a mountain containing  alpine permafrost (Duca, 2013). 

 

Steep terrain and strong variability in surface temperatures are typical of  alpine 

permafrost. The cross section in the foreground of Figure 2.6 shows the complex 

distribution of subsurface temperatures characteristic of mountains, with the  

isotherms (lines linking points of equal temperature) nearly vertical in the  ridge of the 

mount ain. In the background  of Figure 2.6, the colours on the mountain surface 

illustrate the strong variability in ground temperatures caused by differences  in 

elevation, exposure to the sun, snow cover and ground properties. In the far  

background, one can only guess at this complex pattern of permafrost distribution 

because permafrost is invisible at the ground surface (Romanovsky & Osterkamp, 

1995). For this reason, the distribution  (horizontal  and vertical)  and characteristics of 

permafrost in  mountain regions are very patchy . Furthermore, alpine permafrost is 

more susceptible of climatic changes because temperature are often only a few degrees 

below 0 °C and the substratum (active layer) melts the ice more deeply, with respect 

to a flat terrain, due to the lateral heating operated on the sides of the mountains (e.g., 

solar radiation  on south-facing slopes) (Noetzli & Gruber, 2009). 
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Mountain permafrost may be present  in various materials - rock mass, glacial 

moraines, alluvial cone, debris and vegetal terrain ɬ and it can contain different 

amounts of ice (Noetzli, 2008). In alpine permafrost, particular r elevance comes with 

ice contained in rocks where ice can occur in the form of pore ice, ice-filled fractures , 

ice lenses or less continuous lenses of varying thickness (Figure 2.8), interspersed with 

rocky layers and filling the discontinuities ( Figure 2.7 left ). 

 

 

Figure 2.7: Frost wedging caused by ice filling the rock joints.  

 

Rock permafrost is generally not synonymous with perennially frozen rock as rock  

often only freezes significantly below the datum freezing point.  The systemic 

difference between non-permafrost rocks and permafrost rocks is, thus, the perennial 

presence of ice, that has several serious implications on  the rock mass system 

(Krautblatter, 2009): 

i. Mechanical properties of the rock undergo significant alterations due to the 

presence of ice in joints (Figure 2.8). A positive effect is trigger ed by cohesion 

mechanical properties of ice (cf. Section 2.3.2) that creates cohesive connections 

in rock discontinuities  increasing the overall cohesion and resistance on the 

whole rock mass system. On the other side deformation and cracking become 

increasingly important  with the presence of ice inside the fractures (Figure 2.7 

left ). Frost wedging  (also known as ice wedging) occurs when water gets inside 

cracks and joints within rocks and subsequently expands and contracts upon 

freezing and thawing, respectively. This process causes these fissures to widen 

overtime  (Figure 2.7 right) . Ice segregation may play an important role due to 

the dilatation and dislocation of shear surfaces. Compressive and tensile rock 

mass strength in frozen rocks strongly decreases with increasing temperature 



 21 

 

 

 

close to thawing point , however  brittle  failure occurs with decreasing 

temperatures. 

ii.  Hydraulic properties of permafrost rocks are affected by the sealing of  rock 

discontinuities and decreased permeability of the intact rock mass. Perched 

water-tables result in enormous hydrostatic pressures that significantly alter 

rock stability. Ice effectively stores water in permafrost  rocks and dispenses 

water in summer and autumn with implications for  weathering, ice segregation 

and rock stability.  

iii.  Ice significantly a ffects thermal properties of permafrost rocks at the surface 

and at depth (cf. Section 2.2.1). On the rock surface, ice - combined with snow, 

unfrozen ice and glacier ice - significantly alters heat exchange due to long-

wave and short-wave radiation and due to sensible and latent heat fluxes 

(Figure 2.9). Inside the rock mass, the good thermal conduction of ice in pores 

and rock discontinuities increases heat flux especially across, otherwise air-

filled, discontinuities. The enormous latent melting energy buffers frozen rock 

systems at the surface and at depth and can result in persistent high thermal 

gradients between frozen rock and the atmosphere with effective heat 

conduction.   

iv.  The geomorphological systems of permafrost rocks are significantly different 

from other rock environments. Temperate rocks are affected by changing 

climate mostly at the surface due to alterations in weathering  while mechanical 

and hydraulic properties of  permafrost rocks undergo permanent changes in all 

depths due to thermal signals of climatic fluctuatio ns. The interplay of slow and 

reversible heat conduction processes and the rapid, irreversible heat transfers 

evoked by cleft water in an anisotropic medium causes complex behaviour  in 

permafrost rocks (Figure 2.9). 

 

 

Figure 2.8: Ice-filled  discontinuity  (Duca, 2013). 
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2.2.1. Alpine p ermafrost thermal regime  

Since permafrost is a thermal state, determination of the energy balance to the ground 

is very important for its model ling and prediction of future changes.  Many different 

factors and effects have major influence on the thermal regime in the ground. The 

complexity of the interactions between the atmosphere and the active layer, and their 

influences on the permafrost are shown in Figure 2.9. A central factor in high mountain 

permafrost is the effect between the snow cover and the active layer (Arenson, 2002): 

i. First major snowfall: a thin snow cover at the beginning of the winter allows the 

cold air to penetrate into the ground, and rapid heat loss from the ground can 

be observed. On the other hand, thick snow cover acts as an insulating layer 

and the heat will be retained. 

ii.  Duration of positive or negative temperatures: as long as snow covers the 

ground, the temperature at the ground surface is below or at zero centigrade 

and the heat penetration is impeded. 

iii.  Zero-curtain effect: a zero curtain in autumn shortens the duration  in which 

temperatures are negative in the following winter, and in spring, the zero 

curtain causes a shorter period of positive temperatures in the following 

summer. 

However, several other processes are important for the thermal regime of alpine 

permafrost (Arenson, 2002). Kraublatter proposes a conceptual approach (Figure 2.9) 

to major sources of heterogeneity on active layer dynamics and permafrost 

distribution on a meter to decametre scale, based on the following assumptions 

(Krautblatter, 2009): 

i. Active layer thickness at the surface decreases with altitude. 

ii.  Cold glaciers (frozen or on freezing) are situated directly on perennially  frozen 

rocks. 

iii.  Warm glaciers conduct massive advective heat transfer with adjacent rocks. 

iv.  3ÏÌɯ ÈÊÛÐÝÌɯ ÓÈàÌÙɯ ÊÈÕɯ ÉÌɯ ÊÖÕÚÐËÌÙÌËɯ ÈÚɯ ɁÚÌÔÐÊÖÕËÜÊÛÐÝÌɂɯ ÚÐÕÊÌɯ ÛÏÌÙÔÈÓɯ

conduction in the frozen intact rock mass and across ice-filled rock 

discontinuities performs better than in unfrozen rock and across air -filled rock.  

In addition, there are effects of unfrozen water on the active layer and the permafrost, 

which have to be considered when modellin g thermal effects (Romanovsky & 

Osterkamp, 1995). The unfrozen water brings in a spatially distributed latent heat and 

therefore changes the thermal properties of the active layer and, if the water has the 

possibility to flow through the permafrost body, a lso of the frozen soil. In rock mass 

systems this role is attributed to the cleft water flowing into the rock discontinuities to 

which it is associated a significant advective heat transfer (Figure 2.9). 
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Figure 2.9: Thermal conduction  in rock permafrost (Krautblatter, 2009). 

 

Due to the formation  of a strong thermal gradient at the permafrost table, the heat flux 

out of the ground increases. Despite the heat flux, effective stresses within the active 

layer are reduced due to an increase in the porewater pressure and therefore, stability 

problems of the thawing slope, usually known as  gelifluction or solifluction, occur  

(Arenson, 2002).  

Another interaction was noted by  Wegmann (Wegmann, Gudmundsson, & Haeberli, 

1998) between glaciers and permafrost in adjacent rock walls. Nu merical calculations 

showed that permafrost is penetrating into the rock wall as a consequence of glacier 

retreat. The response at the permafrost base, however, may be delayed by the order of 

millennia.  
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2.2.2. Permafrost and global warming  

An increasing number of hazardous rockfalls and rockslides of all magnitudes  

observed in the alpine environment during the last decade, is one of the events 

recognized as consequences of the climate change (Harris, Davies, & Etzelmuller, 

2001). Mountain permafrost contains valuable information on climate change: it  

influences the evolution of mountain landscape and affects human infrastructure and 

safety.  

Warming of winter temperatures at high elevations  systematically corresponds to an 

increased NAO (North Atlantic Oscillation)  Index and is, therefore, believed to 

proceed with global warming. In the  twentieth century, global temperatures have risen 

by 0.74 °C. In the Alps, the increase was much greater, amounting to +1.2 °C from 1890 

(Brunetti, Maugeri, Monti, & Nanni, 2006) . The trend is especially pronounced for 

winter minimum  temperatures, which are a key factor for rock permafrost 

development.  For the next century, present climate change scenarios for Alpine areas 

herald a rise in temperature between 1.9 °C and 3.3 °C in the best case scenario and 

between 3.4 °C and 5.7 °C in the worst case scenario, with possibly increased 

precipitation in winter and substantial decr eased in summer  (ISPRA, 2015). This points 

towards an increase in factors (minimum temperatures, maximum temperatures, 

summer radiation) to which  rock permafrost degradation is very susceptible  

(Krautblatter, 2009). 

Mountain glaciers and permafrost are key scientific indicators for global and  regional 

climate variation: due to their proximity to melting conditions under  terrestrial 

conditions, they are particularly sensitive to climate changes. In fact, the 

Intergovernmental Panel on Climate Change (IPCC) recognizes glaciers as the best 

terrestrial indicator of climate change, due to their  sensitivity to climatic variations. 

Mountain and lowland permafrost are  similarly sensitive to clim ate changes because 

of their strong dependency on  climatic conditions at the ground -atmosphere interface 

and at the ice subsurface (Duca, 2013). However, much less is known about the 

response of permafrost to changes in boundary conditions due to the wide variety of 

surface and ground conditions,  and the complex interplay of the processes involved. 

Permafrost reacts in a much delayed and attenuated way to climatic changes 

compared to glaciers. Thus, both glaciers and permafrost together make up a key set 

of targets for monitoring climate change and its impact on terrestrial systems in cold 

regions. Glaciers constitute a straightforward and clearly  visible indicator, permafrost 

a long-term and invisible one.  
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Figure 2.10:  The Batagaika crater in Siberia triggered by permafrost thaw. 

 

While extreme responses to the warm last two decades were reported for all 

permafrost environments  (Figure 2.10), permafrost decay in high-alpine environments 

is more difficult to predict for a number of reasons  (Figure 2.11). These include the 

high  importance of local topography, aspect, shading, microclimate, local wind  

patterns, glacier-permafrost interconnectivity and human interaction. In  addition, 

there is certain evidence that alpine permafrost systems react more sensitive than 

Nordic permafrost systems: observed permafrost temperature  changes are more 

variable in the Alps than in the Nordic permafrost boreholes  due to the effects of 

topography, aspect and local heat transfer (Harris, et al., 2003). In addition, Alpine 

permafrost is warmer and closer to thawing. The  temperature of alpine permafrost in 

the upper tens of meters has increased by about 0.5-0.8 °C in the last century. This 

corresponds to an increase of the altitude of the lower permafrost line of 100 m  (Harris, 

et al., 2003). 
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Figure 2.11: (Left): Changes in ground temperatures over a period of 200 years assuming +3 

°C warming per century. (Right): Schematic representation of the changes in permafrost 

distribution in mountain slopes containing ground ice  (Arenson, Harrington, Koenig, & 

Wainstein, 2022). 

 

2.2.3. The role of alpine permafrost in the initiation of rockfall events  

The stability of rock faces and slopes in high mountains is becoming of increasing 

concern in the general framework of global warming. In recent years during  summer 

maximum daily temperatures close to 10 °C were commonly registered  even at 

altitudes above 4000 m. The effects of this environmental situation are under 

investigation, in particular with reference to degradation of permafrost  and the 

mechanisms, extent and consequences of thawing/freezing cycles on porous rocks and 

rock masses. 

Atmospheric and ground temperatures are strongly coupled on  steep mountain 

bedrock slopes due to the absence of an insulating interface of snow, vegetation and 

soil material. Climatically  driven  permafrost degradation can lead to increased 

instability leading to a  serious increase in hazard and risk. A large number of rock fall 

events that most likely  originated in permafrost areas have been inventoried for the 
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Alps  (Noetzli, Hoelzle, & Haeberli, 2003). At least four large events involving rock  

volumes over 1 million m 3 took place in the Alps during the last decade  (Romanovsky 

& Osterkamp, 1995). Ice-rock avalanches were documented e.g. at the Brenva (2x106 

m3) and the Punta Thurwieser (2x106 m3) in the Italian Alps in 1997 and 2004 

(Krautblatter, 2009). Also in the Val Pola rock avalanche (35x106 m3) occurred in 1987 

in Valtellina, which caused 27 fatalities, were found enormous b locks of debris 

cemented with ice. In glacial environments in  particular, rock falls have the potential 

to trigger down -slope cascades of hazardous events with especially long runout  

distances (Harris & al., 2009). An example that illustrates the potential scale of such 

events was the rock/ice avalanche of 2017 at Bondo, Val Bregaglia (South-eastern 

Switzerland ), where around 3×106ɷm3 of granitoid rock broke off from the eastern face 

of Piz Cengalo. The initial rockslid eɬrockfall entrained 6×105 m3 of a glacier and 

continued as a rockɬice avalanche before evolving into a channelized debris flow that 

reached the village of Bondo causing 8 fatalities (Figure 2.12) (Mergili, Jaboyedoff, 

Pullarello, & Pudasaini, 2020). 
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Figure 2.12: The 2017 Piz CengaloɬBondo landslide cascade (Mergili, Jaboyedoff, Pullarello, 

& Pudasaini, 2020). 

 

Permafrost warming or thaw  reduces the stability of permafrost in steep areas and 

thus increases the potential for  natural hazards such as rock falls, debris flows and 

secondary events triggered  by them and also affects the topography itself in steep 

terrain.  Accordingly, enhanced activity of cliff falls (10 4 - 106 m3), block falls (102 - 104 

m3), boulder falls (101 - 102 m3) and debris falls (<10 m3) was observed from permafrost -

affected rock faces (Fischer & Huggel, 2008). Statistically, permafrost rock falls face 

northerly directions  (Gruber, et al., 2004), and they are mainly caused by increases in 

air temperatures which play a vital role in  permafrost degradation.  
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In recent years, mountain permafrost studies focused more and more on steep rock 

slopes. On the one hand this was motivated by an increase in rock fall observations 

from permafrost areas and risi ng scientific as well as public awareness of the relation 

of permafrost degradation and slope stability  of Alpine rock faces. On the other hand, 

corresponding measurement strategies and modelling tools have been developed (e.g., 

photogrammetrical investigations  with digital image analyses, higher resolutions of  

various geophysical techniques, new tomographic inversion methods ), which made 

permafrost research in steep bedrock slopes possible in the first place. 

The extreme summer in 2003, when the months of June, July and August were the 

hottest ones recorded in the Alps, led to significantly deeper active layers than normal 

(Figure 2.14) and greatly increased rock fall activity. Measurements and model 

experiments confirmed the extraordinary response in active  layer thickening during 

2003 (Harris & al., 2009).  

Careful observation of detachment surfaces located within the permafrost zone 

immediately following  failure often revealed the presence of ice that formerly 

occupied, and probably cemented, the discontinuities along which failure occurred  

(Figure 2.13). 
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Figure 2.13: Ice-covered detachment surface exposed by release of a rock fall in 2003 on the 

Matterhorn Lion ridg e (Harris & al., 2009). 
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In steep, cold mountain ranges such as the European Alps, where permafrost in 

bedrock slopes makes up a large proportion of the total permafrost area, the presence 

of ice-bonded discontinuities is likely to  be a decisive factor in the stability of rock 

faces. Unlike slope geometry, structure and rock mass properties, the presence of 

permafrost constitutes a transient element that responds rapidly to climate change or 

human disturb ance (Harris & al., 2009).  

Gruber and Haeberli  (Gruber & Haeberli, 2007) have provided an overview of 

warming -induced  destabilization in steep bedrock and highlighted the following  

evidence for the importance of permafrost:  

i. The high proportion of rock fall events originating in permafrost  areas. 

ii.  Ice observed on fresh detachment surfaces immediately after several events. 

iii.  The presence of wide ice-filled fissures in bedrock . 

iv.  The potential temperature -dependent loss of stability in permafrost . 

v. Recent research demonstrating physical processes that actively widen frozen 

rock joints. 

vi.  Observed warming of both atmospheric and rock temperatures.  

Permafrost rock walls in general only pres ent a hazard when they are jointed. Loss of 

strength of ice-bonded joints during warming or  thaw is likely to be related to changes 

in ice/rock interlocking, ice -rock adhesion, pore water pressure, ice crystal geometry 

and presence of impurities (Harris & al., 2009). It is well known that the shear strength 

of ice is usually higher at lower  temperatures and decreases toward the bulk-melting 

temperature (cf. Section 2.3.2). This has been demonstrated in laboratory direct shear 

tests and centrifuge experiments where the shearing resistance of a frozen ice bonded 

bedrock slope was shown to fall during warming. Direct shear  tests and centrifuge 

modelling of ice -filled joints in an instrumented  model rock slope imply that where 

the direction of dip of the joint  planes is appropriate, the stability of a steep, jointed 

rock slope may be maintained by the ice (Harris & al., 2009). In all  cases, the factor of 

safety reduces when the temperature increases. Thus, many processes (operating at 

different temperatures and  time scales) may translate warming or thaw of permafrost 

into  reduced rock slope stability. In view of current understanding and  results of 

laboratory experiments, it appears plausible  that very slow growth of segregation ice 

over a long period during  permafrost aggradation and stability might actively widen 

joints in  their frozen state and thus contribute to a reduction in stability when  

permafrost subsequently warms and thaws. Warming  that, as seen before, may result 

from changes in snow and ice cover ice during the retreat of glaciers, as well as the 

direct effects of atmospheric temperatures (Harris & al., 2009). 
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2.2.4. Frost wedging  as a mechanism for rock fracture  

Slope stability is connected to ice melt and the consequent water seepage in the rock 

ÔÈÚÚɀÚɯ ÍÙÈÊÛÜÙÌɯ ÕÌÛÞÖÙÒɯ ÖÙɯ ÐÕɯ ÚÖÐÓɯ ËÌ×ÖÚÐÛÚȭɯ 2ÌÌ×ÈÎÌɯdetermines the degree of 

saturation with different kinds of resulting effects; an increase in water pressure due 

to the increased water level but additionally, further pressures due to changes of water 

phase when the temperature subsequently decreases, which determines water 

freezing. In the case of rock masses, the formation of ice in confined situations can 

induce high pressure due to increases in volume. The discontinuity persistence is often 

below 100% and rock bridges have a remarkable influence on the stability evolution of 

rock blocks. Rock bridge failure, induced by water/ice pressure, determines 

progressive failure that can be monitored over time. Rock fracture propagation due to 

ice segregation growth in water saturated rocks with interconnected cr acks shows 

considerable damage. Both rock mass structure and climatic conditions determine the 

instability phenomena, whereas the freeze-thaw penetration controls the maximum 

dimension of detachable blocks and joint spacing on the rock face affects the size 

distribution of rock fall debris  (Curtaz, Ferrero, Roncella, Segalini, & Umili, 2014). 

From the analysis in the preceding paragraphs, it stands out the role of ice wedging  

mechanism in high mountain bedrock degradation.  The fracture of bedrock is 

fundamental to debris production and landscape  development. Rock fracture in alpine 

regions has often been attributed to the freezing and volumetric expansion of water 

trapped within pores and cracks  (Figure 2.7). An alternative process of bedrock 

fracture, involving ice segregation, remains  poorly characterized despite a number of 

theoretical and experimental studies over the past two decades (Duca, 2013).  

Pore water influences rock damage through three mechanisms: 

i. Volumetric expansion of nine per cent occurs as liquid water turns to ice.  If the 

water completely fills spaces in rock and freezes in situ, then, theoretically, at a 

temperature of -22 °C ice growth can generate pressures up to 207 MPa inside 

cracks in a rock strong enough to withstand it. This ice -induced stress is easily 

enough to fracture any rock because the maximum tensile strength of rock is 

one to two orders of magnitude lower than 207 MPa; and even at warmer sub-

zero temperatures the maximum stress is still substantial. However, the 

conditions necessary for frost weathering by volumetric expansion are unusual: 

the rock must be water-saturated, or nearly so (to avoid compression of air), 

and frozen rapidly from all sides (to freeze the water in situ). Thus the dominant 

role in frost weathering often attributed to volumetric expansion has been 

questioned. Where this process does appear to operate is within a few 

centimetres of the surface of rocks whose pores or cracks are water filled (or 

nearly so) and subject to rapid freezing; this results in prying away of mineral  

grains and rock flakes. At a larger scale of bedrock outcrops, volumetric  
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expansion within existing, water -filled joints can widen joints and heave  

bedrock. 

ii.  A second way in which volumetric expansion breaks up rock is by 

hydrofracture. The high pore -water pressures needed for hydrofracture may 

arise from pore-water expulsion in wate r-saturated rock with large,  

interconnected pores or where large hydraulic gradients exist. If the water  

cannot drain away as quickly as it is expelled, pore-water pressure may 

sometimes rise sufficiently to deform or hydrofracture the rock.  Potentially, 

therefore, intact rock may hydrofracture during rapid inward  freezing of 

boulders, causing the rock to burst or, perhaps, during bidirectional freezing of 

an active layer. Hydrofracture  may also cause widening of pre-existing cracks 

during rapid freezing of  the surface centimetres of moist mountain rock walls .  

iii.  Ice segregation: temperature gradient-induced suction in freezing or  frozen 

ground or rock drives unfrozen water, held in capillaries and  adsorbed on the 

surfaces of mineral particles, through a porous medium  toward freezing sites 

where lenses or layers of ice grow. Ice lenses are formed when moisture, 

diffused within soil or rock, accumulates in a localized zone. The ice initially 

accumulates within small collocated pores or pre -existing crack, and, as long as 

the conditions remain favourable, continues to collect in the ice layer or ice lens, 

wedging the soil or rock apart. Ice lenses grow parallel to the surface and from 

several centimetres to several decimetres deep in the soil or rock, which m ay 

provide slip planes during thawing.  

At subfreezing temperatures microfractures are progressively wedged in  domains that 

are cold enough to permit sufficient ice -generated pressure to cause progressive 

microcrack growth, and yet not so cold as to inhibit  the water migration required to 

sustain crack growth. The migration of water in rocks at subfreezing temperatures 

decreases rapidly with temperature, because the flux of unfrozen water scales 

approximately  with the cube of the thickness of unfrozen films and the film thickness 

in turn  decrease with temperature. The increase in water viscosity with decreasing 

temperature further decreases its mobility at low temperatures.  Anyway these 

conditions needed for ice segregation (slow rates of freezing or sustained sub-zero 

temperatures in moist, porous, fine -grained rock) are common in natural bedrock . 

Volumetric expansion and ice segregation are considered to be the two main reasons 

for the deterioration of jointed rock.  

 

2.2.5. Alpine permafrost  research and engineering  

The issues of the effect of climate warming on infrastructure have been addressed by 

many researchers. Permafrost degradation and warming affect  the stability of 

infrastructure in cold regions, such as buildings, roads, pipelines, airports, tailings 
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dams, etc., because the temperature change in frozen ground causes a major change in 

strength and deformation properties, even without considering any thawing 

phenomena. For instance, the warming of permafrost body causes an increased creep 

rate around the existing piles and footings. In case of thawing of permafrost  (e.g. 

Figure 2.10), settlement occurs because ice changes form into water and drains away 

creating volume loss, and the soil skeleton must adapt itself to a new structure. This 

may cause uneven settlement and damage to the structures. Furthermore, the bearing 

capacity of piles, which are widely used in construction in permafrost areas, may 

decrease as permafrost warms due to an increase of the amount of unfrozen water in 

frozen soil (cf. Section 2.3) and loss of adhesion forces. Moreover, development of talik 

zones (Figure 2.14), which are a layer or body of unfrozen ground within permafrost 

layer, causes a decrease of effective length of piling in permafrost body and 

progressive surface settlements. Progressive landslide movements due to warming 

permafrost and development of taliks is also a severe problem.  

Also the effect of avalanche-defence snow supporting structures on the ground 

temperature has been studied related to steep alpine slopes, focusing on the 

temperature penetration through the structure and the influence of the accumulated 

snow above, and less snow below, the construction . They concluded that no significant 

geotechnical problems have to be expected due to artificial modification of the snow 

cover (Arenson, 2002). 
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Figure 2.14: Schematic on how temperature trumpets and permafrost thicknesses change in 

response to warmer atmospheric conditions. With increasing warming, a supra -permafrost 

talik may form as the annual frost penetration no longer rea ches the permafrost table 

(Arenson, Harrington, Koenig, & Wainstein, 2022) . 
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2.3. Frozen soil 

 

2.3.1. Frozen soil composition 

Frozen soil is a very complex geomaterial, whose mechanical and thermal properties 

are coupled and dependent on numerous factors. Generally, it is a composite of four 

different constituents: (i) solid grains (mineral or organic) of  different size and shape 

(cf. Section 2.3.1.1), (ii) ice, of different grain size and orientation  (cf. Section 2.3.1.2), 

(iii) unfrozen water  and (iv) gas or air (cf. Section 2.3.1.4). The voids of the frozen soil  

(Figure 2.15) are filled with ice, unfrozen water and air, and the relative fraction of 

each component dominates the general characteristics of the frozen soil.  

 

 

Figure 2.15: Two-dimensional  schematic of the structure of frozen soils (Ting, Martin, & 

Ladd, 1983). 

 

Ting & al. (1983) proposed a conceptual structure for frozen sand (Figure 2.15), based 

on an extensive literature review, describing the following features:  

i. Solid contacts exist between soil particles, especially for coarse grained 

materials. 
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ii.  Continuous unfrozen water e xists at the ice to soil interface and grain 

boundaries in  the ice, depending upon certain conditions, such as temperature 

and the sand mineral. 

iii.  Direct ice-to-soil contact is rare due to a thin film of unfrozen water coating fine 

soil grains. 

iv.  When the soil grains are coarse enough and the temperature is cold (typically 

below -1 °C for sand), strong tensile and significant shear adhesion strength can 

develop between silicates surfaces and ice. 

 

2.3.1.1. Solid grains  

Mineral solid grains in frozen soil originate from  existing soil at the specific location 

and from a supply  coming from  erosion processes of surrounding landforms. The size 

and shape of the solid grains and physicochemical nature of their surfaces, which is 

determined  by the mineralogical composition of the particles, weathering and 

transportation, influence the mechanical behaviour (cf. Section 2.3.3). 

 

2.3.1.2. Ice 

Ice, formed within t he pores of frozen soil in nature, is polycrystalline with a random 

crystal orientation  depending on the temperature and pressure. There are different 

forms of stable ice (Figure 2.17), the ice phase Ih is the form of ice that is usually found 

in frozen soils where ȿÏɀɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯÏÌßÈÎÖÕÈÓɯÙÐÕÎÚɯÖÍɯÛÏÌɯÊÙàÚÛÈÓÚɯȹFigure 2.16). 

This ice phase Ih is formed under normal conditions, with temperatures above  -100 °C 

and atmospheric pressure (Arenson, 2002).  
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Figure 2.16: Crystal structure of ice Ih. (a) Hexagonal rings along c-axis; (b) close-up of the 

tetrahedral structure (Arenson, 2002). 

 

The particles within the soil are also influencing the growth of t he crystals, irrespective 

of temperature, temperature gradient or pressure. Usually, the crystals start freezing 

from a solid particle until reaching the next ice crystal. Therefore, crystals within a 

frozen soil are usually smaller than in a pure ice sample. In addition, the freezing 

process attracts free water from below the ice fringe and therefore also additional 

water freezes within the soil matrix, resulting in a volume increase which can be larger 

than the standard 9% caused by the phase change of the water. This segregation is also 

the reason for the formation of ice lenses (Figure 2.13, cf. Section 2.2.4). 

 



 39 

 

 

 

 

Figure 2.17: Phase diagram of water (Wagner, Riethmann, Feistel, & Harvey, 2011). 

 

2.3.1.3. Unfrozen water  

An amount of water remains unfrozen in nominally frozen soil (unfrozen water) even 

though the temperature is below 0  °C. There are two states in which unfrozen water 

exists: as strongly bonded and as weakly bonded water. The former is the water film 

around the solid particles and is held to it by high intermolecular forces that suppress 

freezing, even at low temperatures. As a result of this strongly adsorbed water film,  

probably no direct ice ɬ sand grain contact exists (Ting, Martin, & Ladd, 1983) . The rest 

of the water is weakly bonded to the particles and can freeze more easily. The unfrozen 

water content depends on the kind of  soil minerals present, the specific surface of the 

soil grains, the concentration of salinity, the arrangement of the soil par ticles, the 

applied pressure, the density and the temperature (Yamamoto, 2013). 

The amount of unfrozen water increases with increasing temperature and confining 

pressure. Higher unfrozen water contents lower the strength  and increase the creep 



40 Literature review  

 

 

rate since the unfrozen water within the frozen soil  decreases the effective stresses due 

to increase of the porewater pressure. However, the unfrozen water within the frozen 

soil, influences the effective stresses not only in a negative sense (decrease of effective 

stresses due to increase of the porewater pressure), but also vice versa. As the 

formation of ice progresses, the water is confined in smaller spaces, which results in 

an increase of suction (negative pore water pressure). Suction (negative porewater 

pressure) developed during the freezing can strengthen the soil due to an increase in 

effective stresses (Arenson, 2002). 

 

2.3.1.4. Air  

The amount of air and its effect on the thermo-mechanical response have not been 

studied  much for frozen soil and permafrost.  Arenson (2002) measured the volumetric 

air content of approximately up to 35% in undisturbed samples of alpine permafrost, 

obtained from two rock glaciers, Muragl and Murtèl  Corvatsch. The effect of a 

volumetric ice content, ranging between 4 ɬ 32% as cored from the Murtèl-Corvatsch 

rock glacier, was investigated mechanically in a triaxial stress path apparatus, and the 

results were summarised by Arenson et al. (2003). The presence of air voids influenced 

whether the ice would dilate strongly under shearing or lose volume and mobilise 

lower peak strength  (Arenson, Almasi, & Springman, 2003). 

 

2.3.2. Mechanical behaviour of polycrystalline ice  

Mechanical behaviour of pore ice is one of the most important factors affecting the 

behaviour of frozen soil since ice normally binds soil grains together and fills most of 

the pore spaces.  

Polycrystalline or granular ice is composed of randomly oriented crystals of ice, with 

typical grain size of 1-3 mm, and if the crystal orientations are truly random, then 

mechanical properties of the ice are isotropic. Ice is a quasi-brittle material with 

obvious characteristics of heterogeneity and discontinuity. The changeable 

meteorological condition s and disturbance of waves could result in chaotic 

microstructures of ice in nature. There is a very large variation in the grain size and 

shape even over small distances. Meanwhile, lots of voids and discontinuous 

interfaces exist within the ice material. Thus, the mechanical property and behaviour  

of ice could be quite complex (Zhanga & Zhou, 2021). 

There have been a large number of tests performed to research the material properties  

and failure process of ice.  However, the tests show a wide range of scatter for the 

mechanical parameters. The tensile strength in the published investigations is ranging 

from 0.7 to 3.1 MPa while  the average tensile strength of ice is about 1.43 MPa at the 

temperature from -10 °C to -20 °C. Typical value of the compressive strength ranges 
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from 0.5 MPa to over 5 MPa, and is a strong function of loading strain rate and less 

dependent on the temperature until close to the melting point  (Zhanga & Zhou, 2021). 

According to Gold (1977), the maximum unconfined compression strength of  

polycrystalline ice with randomly oriented grains of about 1 mm grain size at a  

temperature of -10 °C is reached at a strain rate between 10-3 s-1 and 10-4 s-1 and is about 

10 MPa. The typical measured values of elastic modulus are from 1 GPa to 10 GPa. The 

/ÖÐÚÚÖÕɀɯÙÈÛÐÖɯÙÈÕÎÌÚɯÍÙÖÔɯƔȭƗƗɯÛÖɯƔȭƘƖȭ Sinha (1989) ËÌÛÌÙÔÐÕÌËɯ8ÖÜÕÎɀÚɯÔÖËÜÓÐɯÈÕËɯ

/ÖÐÚÚÖÕɀÚɯÙÈÛÐÖÚɯÖÍɯƜȭƝɯÛÖ 9.4 GPa and about 0.31 respectively, for granular ice at 

temperatures from 0 to -38° C. The internal friction coefficient (ice to ice) is about  0.05 

to 0.2 (Zhanga & Zhou, 2021). Many of the above-mentioned studies showed that the 

microstructure and  therefore the type of the ice has a major influence on the 

mechanical properties. 

The strength of ice is affected by the loading rate and the size of the grain relative to 

the specimen, which is called strain rate effect and size effect respectively (Zhanga & 

Zhou, 2021). Schulson (2001) shows two kinds of inelastic behaviour of ice under 

compression (Figure 2.18). At low loading rate, i.e. lower than 10Ǹ6 ɬ 10Ǹ5 ÚǸ1, the ice 

material is relatively ductile. The strength  increases with the increase of the strain rate 

(Figure 2.18), which exhibits little dependence upon the grain size. However, at  higher 

loading rate, i.e. above 10Ǹ4 ɬ 10Ǹ3 sǸ1, ice exhibits brittle behaviour , and the strength 

decreases with the increase of the strain rate (Figure 2.18) and the grain size (Zhanga 

& Zhou, 2021).  

 

 

Figure 2.18: Effect of strain rate on the compressive stress-strain behavior of ice (Schulson, 

2001). 
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The peak strength of ice occurs at the transition between ductile and brittle fracture 

(Figure 2.18), but investigation of the transition peak is challenging because it involves 

both fracture and creep theory (Yamamoto, 2013). Uniaxial compression without 

confinement will result in longitudinal splitting, while compression with confinement 

would  lead to inclined shear fault  (Zhanga & Zhou, 2021). The brittle failure envelope 

of ice is different depending upon the loading condition.  Brittle failure is generally 

characterized by a predominantly linear increase of stress with strain, followed by a 

sudden stress drop or formation of a single predominant shear fracture, which is also 

a clear feature of a brittle failure  (Yamamoto, 2013). Rist & Murrell  (1994)  reported the 

brittle failure shear surface under triaxial compression stress conditions had an angle 

of 45 ± 5° to the maximum principal stress. 

 

2.3.2.1. Creep of ice 

When ice is subjected to a constant load, it will respond with an instantaneous 

deformation, and a time -dependent deformation; if the load has sufficiently high shear 

components, a failure, i.e. limit of strength, will be observed. A typical creep curve is 

shown in  Figure 2.19. A primary creep phase (I) shows gradual reduction of strain rate 

until a secondary phase (II) is reached where the strain rate is constant (assuming all 

external perturbations remain unchanged ). A subsequent increase of strain rate (III) is 

assumed to describe the onset of failure (Andersland & Anderson, 1978).  
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Figure 2.19: Schematic creep curve of a constant stress creep test (CSC); (a) strain versus time;  

(b) true strain rate versus time (Andersland & Anderson, 1978). 

 

2.3.2.2. Strength and stiffness of ice 

Numerous Constant Rate of Strain (CRS) axial compression tests have been conducted 

under uniaxial or tr iaxial stress conditions in order to investigate the failure processes 

of polycrystalline ice as a function of temperature, strain rate, confining stress and 

grain size.  

Mellor & Cole (1982) presented an idealized stress-strain curve for a CRS test on fine-

grained isotropic  iceȮɯÈÕËɯÚÏÖÞÌËɯÛÏÈÛɯÈɯɁÐÕÐÛÐÈÓɯàÐÌÓËɯ×ÖÐÕÛɂɯÈÕËɯɁÚÌÊÖÕËÈÙàɯàÐÌÓËɯ

point (peak shear  ÚÛÙÌÕÎÛÏȺɂɯÊÖÜÓËɯÉÌɯÐËÌÕÛÐÍÐÌËɯȹFigure 2.20). Internal cracks began to 

form  at the initial yield point  before a peak stress was reached. Mellor & Cole (1982) 

mentioned that the strain determined at the initial yield p oint increased with strain 

rate, and the yield stress at the initial yield point became dominant, which was then 

accompanied by the disappearance of the secondary yield point at the strain rate above 

10-4 sǸ1 as both were subsumed into one point at fast strains.  
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Figure 2.20: Idealized axial stress-strain curve of uniaxial CRS compression test on 

polycrystalline ice  (Mellor & Cole, 1982). 

 

The complete stress-strain curve displays linear -elastic deformation and non -elastic 

strain hardening up to a peak stress (failure) followed by a strain softening, which 

tends towards a steady-state value of stress at higher strains (Yamamoto, 2013). 

The shear strength of polycrystalline ice, when tested at a constant temperature, is 

highly dependent on the strain rate applied. Cole  (1987) reported the shear strength 

continued to increase with strain rates from 10 -7 up to 10-3 s-1 under uniaxial CRS 

compression tests on polycrystalline ice at a constant test temperature of -5 ± 0.1 °C. 

Thereafter, the shear strength dropped slightly and reached an apparently strain-rate 

independent regime, which corresponded to the brittle failure  (Figure 2.18). Peak shear 

strength was reached at a strain rate between 10-3 and 10-4 s-1 for polycrystalline ice at 

a temperature of -9.5 ± 0.5 °C (Yamamoto, 2013).  

The effects of strain rate and ice grain size on shear strength have been also 

investigated. Cole (1987) mentioned that the peak shear strength increased with 

increasing grain-size from 1.5 to 5 mm at strain rates below 4×10-6 s-1, and the reverse 

was true at strain rates above 4×10-6 s-1 at a constant temperature of -5 °C. In contrast, 

no significant dependence of compressive shear strength on grain size was confirmed 

within the grain -size range of 0.6 to 2.0 mm at a strain rate of 5.5×10-4 s-1, and a constant 

temperature of -10 °C (Yamamoto, 2013).  
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Applying confining stress in triaxial CRS tests has little effect on strength at the strain 

rates below 10-5 s-1, but it prevents cracking at higher strain rates, which results in 

reaching a higher shear strength than under uniaxial conditions  (Jones, 1982). Jones 

(1982) showed that the shear strength increases as confining stress increases up to 34 

MPa, and it decreased with a continued increase of confining stress up to 80 MPa. This 

decrease of strength with increasing confining stress occurred due to an increase in the 

amount of liquid at the grain -boundary junctions, i.e. pressure melting (see  

Figure 2.17).  

Fish & Zaretsky (1997) describe a simple parabolic yield criterion  for ice in a multiaxial 

stress state under high hydrostatic pressures (Figure 2.21). Only three parameters, 

which have a defined physical meaning, are required. With those  temperature 

dependent parameters, the octahedral ice shear stress ϧi can be calculated: 

 

2.1 

†Ὥ ὧ ὦὴ ὧ ὦὴᶻ
ὴ

ὴz
 

 

where ϧi is the shear strength, c is the cohesion, b is tanϩ , ϩ is the angle of internal 

friction of ice on the octahedral plane, p is the mean normal stress = ȹϦ1 ǶɯϦ2 ǶϦ3 / 3), p* 

is the ice melting pressure. 

 

 

Figure 2.21: Parabolic yield criterion of ice at various temperatures T (Fish & Zaretsky, 1997). 
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The air bubbles effect on the strength of ice under triaxial conditions was also 

investigated by  Gagnon & Gammon (1995). They showed that the uniaxial strength at 

a constant temperature and constant strain rate correlates with the mean number of air 

bubbles per unit volume. The strength increases with increasing bubble density for the 

glacial ice that has been investigated by Gagnon & Gammon (1995), which is in 

contrast to studies performed on laboratory ice where the presence of bubbles at grain 

boundaries weakens the ice. Gagnon & Gammon (1995) conclude that intragranular  

bubbles, which were found in the ice berg samples, have a strengthening effect since 

they can accommodate more strain for a given stress, whereas intergranular bubbles, 

i.e. bubbles at grain boundaries, have a weakening effect and this may explain why 

uniaxial compressive strength of iceberg and glacial ice is generally greater than 

laboratory -grown ice of similar grain size. Andrews  (1985) also partly attributes the 

low fracture toughness of glacier ice recorded during his  investigations to the presence 

of air bubbles. 

 

2.3.2.3. Fracture of ice 

Higher -rate deformation causes fracture in ice, as shown schematically in Figure 2.18. 

Cracking becomes significant in ice at a strain rate two orders of magnitude lower than 

the transition rate between ductile and brittle failure (Cole, 1987), whi ch means 

internal cracking is not the only element that governs the brittle behavior of ice, but 

that it is an essential element (Yamamoto, 2013).  

There are two necessary conditions for tensile fracture;  i) crack nucleation and ii) crack 

propagation. Different types of fracture occur, depending on the stress level required 

to nucleate and propagate the cracks. Very brittle failure is observed when the failure  

is dominated by the propagation of cracks. In contrast, pseudo-ducti le failures and 

many cracks are observed when the failure is dominated by the nucleation of cracks. 

Nature of the failure process for brittle material is the growth and coalescence of 

internal micro cracks and micro defects until macro structural failure t akes place. The 

complex macro mechanical behavior of the brittle material is originated from the 

internal fractures, and the macroscopic nonlinear stress-strain relationship can be 

naturally obtained though elastic deformation of the intact parts and the  mesoscopic 

interactions of discontinuities within the material body . 

 

2.3.3. Mechanical behaviour of frozen soil  

The mechanical behaviour of frozen soil depends on a highly complex interaction 

between the skeleton of soil grains and the pore matrix (composed of ice, unfrozen 

water and air), which changes continuously with time as a function of temperature 

and stress-strain level  (Andersen, Swan, Ladd, & Germaine, 1995). Frozen material, on 
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the other hand, exhibits pronounced time depend ency, which is mostly due to creep 

within the ice component . However, it is not so easy to separate the strength and 

deformation  processes. Frozen soil with low solid grain concentration, i.e. ice -rich 

frozen soil, exhibits similar rheological behaviour to  ice and is particularly susceptible 

to time-dependent deformation under unchanging applied loads. Since the soil grains 

are almost completely separated from each other by ice, the properties of ice are 

responsible for many aspects of mechanical behaviour of frozen soils (Ladanyi, 1981). 

Arenson et al. (2003) investigated an effect of volumetric ice contents on the shear 

strength, and observed minimum strength at volumetric ice contents of 80 ɬ 90%, i.e. 

the pure ice exhibited higher strength. They mentioned that the distributed solid 

particles might change the failure mechanisms of the ice and had a weakening effect. 

In contrast, inter -particle friction and dilatancy between solid grains plays important 

role in determining the behaviour of the ice poor (dense) frozen soil  (Ting, Martin, & 

Ladd, 1983).  

Numerous studies have confirmed the effect of temperature on the strength and 

stiffness of frozen soil, in a similar manner to that of research on ice. Three main effects 

of temperature change can be derived from the behaviour  (Williams & Smith, 1989). 

Firstly, temperature determines the amount and effects of unfrozen water present in 

the matrix. Secondly, the strength of the ice bonds decreases as a result of the 

increasing temperature, wh ich leads to less resistance to deformation. Thirdly, the rate 

of water migration will be much slower under lower temperatures, which is important 

to the process of stress redistribution. Williams & Smith  (1989) mentioned that the 

strength characteristics change greatly for temperature change of less than a degree 

within the temperature range for significant phase transformation, i.e. -2 °C to 0 °C. 

This behaviour is more related to the rapid change in the unfrozen water content, 

rather than the temperature dependent behaviour of ice.  

 

2.3.3.1. Strength and stiffness of frozen soil  

Frozen soil is a complex geomaterial containing solid grains, ice, air, and unfrozen 

water around the solid soil particles, therefore the percentage of each component 

largely controls the strength and stress-strain behaviour of the frozen soil. It should 

always be noted that the composite behaviour of a frozen soil may not be a simple sum 

of the structural components.  

The strength of frozen soil is highly dependent on the volumetric fraction of solid 

grains and ice. It has been observed that the strength increases as the percentage of 

solid grains increase (with respect to the relative percentages of ice and soil), except 

for the case of very small quantities of solid grain particles (1 to 3% by volume).  Ting 

& al. (1983) proposed four physical mechanisms that control the strength of frozen 
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sands (Figure 2.22), based on earlier investigations on the shear behaviour of frozen 

soils:  

i. ice strength and strengthening due to interaction with soil grains , 

ii.  soil strength,  

iii.  structural hindrance between the soil and the ice matrix,  

iv.  dilatancy effects.  

 

 

Figure 2.22: Mechanism map for unconfined strength of frozen sand  (Ting, Martin, & Ladd, 

1983). 

 

Figure 2.22 indicates that different mechanisms play different roles  with increasing 

volume fraction of sand . The frozen soil behaviour is governed by the pore ice when 

the volumetric solid grain fractio n is less than 0.4, and frictional resistance and 

interlocking effects add significant components of shear strength when the volumetric 

solid grain fraction is more than 0.4.  

The shear behaviour of frozen sand, however, is strain rate, temperature and normal 

pressure dependent. Chamberlain & al. (1972) conducted triaxial compression tests on 

ice-saturated frozen soils at -10 °C with a confining stress up to 2000 kPa, and found 

that the increase in unfrozen water content due to increasing confining stress, i.e. 
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pressure melting, also resulted in lower strength.  Chamberlain & al. (1972) have shown 

also that for a constant temperature, the frozen mixture starts to behave similarly to a 

saturated sand for high confining pressures, when the pore ice melts under high 

stresses. This general behaviour was summarised by Ladanyi  (1981) and is presented 

as a schematic plot of the failure envelope for frozen sand at various normal pressures 

(Figure 2.23). 

 

 

Figure 2.23: Schematic representation of the whole failure envelope for frozen Ottawa sand 

(Ladanyi, 1981). 

 

Ladanyi also presented stress transfer mechanisms in frozen soils. He concluded that 

stress will be transferred mainly through  the pore ice due to increasing hydrostatic 

pressure, if the soil is ice-rich. However, within a soil that also contains unfrozen 

water, the ice will carry more load  initially than the water, which may enhan ce the 

pressure melting considerably. 

The strength of the frozen soil is highly dependent on the temperature, because 

temperature affects the strength of intergranular ice  (cf. Section 2.3.2.2) and the amount 

of unfrozen water  (cf. Section 2.3.1.3) (Andersland & Ladanyi, 1994) . The temperature 

effect has been investigated by many researchers showing that a decrease in 

temperature results in an increase in strength of frozen soil. Temperature change 

affects frozen soil behaviour  in several ways and with differe nt mechanisms: 

i. temperature determines the amount and effects of unfrozen water present in 

the matrix  (c.f. Section 2.3.1.3); 
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ii.  the strength of the ice bonds decreases due to the increasing temperature, which 

leads to less resistance to deformation (c.f. Section 2.3.2.2 & Section 2.3.4);  

iii.  the rate of water migration will be much slower under lower temperatures , 

which is important to the process of stress redistribution ; 

iv.  the strength characteristics change greatly for a temperature change of less than 

a degree within the temperature range for significant phase transformation, i.e. 

-2 °C to 0 °C.  

 

 

Figure 2.24: Temperature dependency of unconfined (uniaxial) short term compression 

strength for various frozen materials (Arenson, 2002). 

 

There are also numerous studies, which confirm the high sensitivity of the strength of 

frozen soils to temperature (Figure 2.24). The decrease, which is more significant for 

compression tests than for tensile tests, is primarily attributed to the increasing amo unt 

of water and decreasing strength of the ice matrix with increasing temperature 

(Arenson, 2002). Anyway, as said before, it seems that strength and stiffness reduction 

in frozen soils is more related to the rapid change in the unfrozen water content rather 

than the temperature-dependent behaviour of ice. As the temperature decreases 
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indeed, the formation of ice progresses, the adsorption layer around the soil particles 

becomes thinner and the water is confined in smaller spaces which results in an 

increase of suction (cf. Section 2.3.1.3). The negative pore water pressure contributes 

to increasing both the strength and stiffness of frozen soil (Yamamoto, 2013). On the 

other hand, any increase of pore water pressure results in a decrease of effective stress 

in the soil matrix, which would reduce the available shear streng th and could lead to 

possible slope instability under some conditions. Moreover, such a response was 

found to be more critical for ice filled rock joints at temperatures around -1 °C rather 

than when the ice had melted at 0 °C (Davies, Hamza, & Harris, 2001).  

The strain rate affects the strength of frozen soil, since the ice component exhibits time 

dependent behaviour. Baker (1979) reported that the uniaxial compressive strength of 

saturated frozen sand at a temperature of -5.5 °C increased uniformly with strain rate 

in the range of 10-7 to 10-2 /s. Arenson et al. (2004) reported that an increase in strain 

rate to typical laboratory values resulted in an increase in strength, as well as causing 

brittle behaviour. It is clear that selection of the strain rate during the tests should 

match those measured in the field to represent the field conditions.  

Early research confirmed that the shear strength increases with increasing confining 

stress (e.g. Chamberlain & al. (1972), Jones & Parameswaran (1983)). The shear 

strength increased with increasing confining stress up to around 25 MPa and 

decreased for a further increase of confining stress up to 80 MPa due to pressure 

melting around the sand grains  (Jones & Parameswaran, 1983). Arenson et al. (2004) 

showed little effect on the strength within the range of confining stress tested in their 

triaxial tests (50 ɬ 400 kPa), which corresponded to the low mean stresses tested by 

Chamberlain & al. (1972). 

3ÏÌɯÝÈÓÜÌɯÖÍɯ8ÖÜÕÎɀÚɯÔÖËÜÓÜÚɯÖÍɯÍÙÖáÌÕɯÚÖÐÓɯÐÚɯÔÜÊÏɯÔÖÙÌɯÚÊÈÛÛÌÙÌËɯÛÏÈÕɯÛÏÈÛɯÖÍɯÐÊÌȭ 

The mineralogy of the solid particles, the density of the material and, in particular, the  

bond strength of the ice-silicate interface are the most significant factors that affect the 

8ÖÜÕÎɀÚɯÔÖËÜÓÜÚ. Arenson & al. (2003) ÙÌ×ÖÙÛÌËɯÛÏÈÛɯÛÏÌɯ8ÖÜÕÎɀÚɯÔÖËÜÓÜÚɯÖÍɯÐÊÌ-rich 

frozen soil decreased with increasing volumetric air content.  

Although detailed analysis of the influence of air conten t in frozen soil is still limited, 

shearing response of cored alpine permafrost samples containing a marked percentage 

of air (4 ɬ 32%) was investigated by Arenson & al. (2003). An increase of strength was 

observed with decreasing volumetric air contents, and a clear difference in volumetric 

change between large and low air contents was distinguished; dilation was only 

observed for specimens with less than 10% air voids. Determination of the strength 

parameters showed that any cohesion derived from fitting a Mohr -Coulomb criterion 

to the peak strength parameters was independent of volumetric air content, whereas 

the friction angle was dependent on the volumetric air contents, whi ch is coincident 

with the experimental data on ice shown by Gagnon & Gammon (1995).  
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2.3.3.2. Creep of frozen soil  

The creep behaviour of frozen soil is attributed to the time -dependent deformation of 

intergranular ice and the interaction between the components of the frozen sand. 

Concentrated stress develops between the soil particles and ice in frozen soil creeping 

under constant load, which causes pressure-melting of ice, whereas the melted ice is 

moved to regions at the lower stress and refreezes again (Figure 2.23). This process is 

accompanied by a breakdown of the ice and the structural bonds between the soils 

grains, by a plastic deformation of the pore ice and  by a readjustment in the 

arrangement of the soil grains, which results in a denser packing of the soil particles, 

in a weakening of the structural cohesion (ice) and in an increase in the amount of 

unfrozen water  (Yamamoto, 2013).  

The creep behaviour of frozen soil is strongly affected by the temperature, since 

temperature changes the behaviour of the intergranular ice and amount of unfrozen 

water. Higher unfrozen water contents result i n higher creep rate.  

 

2.3.3.3. Fracture of frozen soil  

Creep of frozen soil described in the previous section is lower-rate deformation 

behaviour. In contrast, higher -rate deformation causes fracture (c.f. Section 2.3.2.3). 

Cracks are caused by the presence of tensile stresses. Tensile failure occurs when the 

tensile stress in soil exceeds the tensile strength of the soil. Three variables have been 

distinguished so far that affect the tensile strength and behaviour of frozen soil: strain 

rate, temperature and unfrozen water content. It was found that the peak tensile 

strength increased with decreasing temperature, and it inc reased more rapidly when 

the temperature was lower than -5°C. The tensile strength is shown as a function of 

temperature in Figure 2.25 and exhibits a steep decrease in tensile strength at 

temperatures close to 0°C (Yamamoto, 2013).  

The stress-strain behaviour for frozen soils is similar to the that of ice, showing ductile 

behaviour when experiencing lower -rate deformations and brittle beha viour when 

experiencing higher -rate deformations (Yamamoto, 2013).  

The rapid crack formation and propagation may cause destruction of the soil matrix 

and sudden loss of strength. Furthermore, cracks play a role as a macro flow path for 

water, which led to progressive erosion in fine grain soils.  Besides this, the infiltration 

of precipitation through the cracked surface may cause rapid increase of pore water 

pressure in previously unsaturated soil, which would result in increas e of the 

saturation degree, and possible initiation of slope instability subsequently.  
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Figure 2.25: Tensile strength of frozen Fairbanks silt as a function of temperature 

(Yamamoto, 2013). 

 

Fractures also play important roles in frozen rock mechanics. The frost heave process, 

for example, starts from rupture in the partially frozen soil, i.e. at the frozen fringe, 

and then segregation of an ice lens follows during the rupture. This rupture of the 

frozen fringe is believed to govern the initial conditions of ice lens growth  (Yamamoto, 

2013). 

 

2.3.4. Geotechnical parameters in Alpine permafrost soils 

Many types of laboratory tests have been performed on frozen soils or arctic 

permafrost (c.f. Section 2.3.3.1). However, only a few tests have been conducted on 

alpine permafrost which differs from these other forms of frozen soils, which have 

been well investigated, from a structural point of vie w (e.g. alpine permafrost contains 

coarser solid particles than those generally found in permafrost in polar regions). 

Research has observed that the frozen soil behaviour is governed by the pore ice when 

the volumetric ice fraction is larger than 0.6  (Ting, Martin, & Ladd, 1983) . Moreover, 

the strength of frozen soils may be affected by the unfrozen water content, which may 

be relevant within the temperature range slightly below  zero (Wang, 2022). Arenson 

(2002) investigated the temperature dependency of the creep behaviour  of alpine 

permafrost and reported that axial creep strain rates increase with increasing 

temperature close to -1°C. Temperature dependency is central to describing the 

response of alpine permafrost, especially when considering the thermal warming 

regime close to 0°C in mountain permafrost. 



54 Literature review  

 

 

Geotechnical laboratory investigations carried out  by Arenson (2002) on alpine 

permafrost in Switzerland  are shown in Figure 2.26. 

 

 

Figure 2.26ȯɯ#Ì×ÌÕËÌÕÊàɯÖÍɯÛÏÌɯÊÖÏÌÚÐÖÕɯÊɯȹÈȺɯÈÕËɯÛÏÌɯÈÕÎÓÌɯÖÍɯÍÙÐÊÛÐÖÕɯϯɯȹÉȺɯÖÕ the 

volumetric ice content and temperature  (Arenson, 2002) 

 

After triaxial experiments on natural and artificial frozen soil samples, Arenson (2002) 

concluded that cohesion increases and friction angle decreases with volumetric ice 

content, as shown in (Figure 2.26). The volumetric ice content (w i) was defined as: 

 

2.2 

ύ
ὠ

ὠ
 

 

Where Vi and V are the total volumes of ice and the specimen, respectively. 

The Mohr -Coulomb criterion  (c.f. Section 2.4.1.1), with a frictional and a cohesive 

component, will be adapted to frozen soils found in warm alpine permafrost.  The 

parameters to select are the effective angle of friction ϩ, representing the structural 

hindrance of the mass of the soil particles, and the cohesion c, representing the bonding 

effect of the ice between the soil particles. The challenges lie in the correct 

parameterization, in other words the assignment of realistic values for th e chosen 

parameters ϩ and c. Because the strength of frozen soils depends on the temperature, 

a correlation of the effective angle of internal friction ϩ and cohesion c with 

temperature dependent parameters, such as the volumetric ice content wi, is proposed 
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(Nater, Arenson, & Springman, 2008). The correlations are mainly  based and fitted on 

laboratory tests formerly analysed (Figure 2.26). With increasing volumetric ice 

content the effective angle of internal friction ϩ decreases from ϩ = ϩ initial  to ϩ = 0. 

Arenson & Springman (2005) suggest the following relationship:  

 

2.3 

‰ ‰ ‰ ύ Ȣ 

 

where ϩ (°) is the effective angle of internal friction,  ϩinitial  (°) is the initial effective angle 

of internal friction  and w i (-) is the volumetric ice content  (Nater, Arenson, & 

Springman, 2008). It is important to note that the angle of internal friction is unaffected 

by the temperature. The second input variable is the cohesion c. In contrast to the 

effective angle of internal friction ϩ, the value of cohesion rises with the volumetric ice 

content w i. The cohesive strength of the ice matrix is dependent on the temperature 

represented by two steps of calculation. Firstly the cohesive strength will be calculated 

for a reference temperature (e.g. -2.1 °C) to relate the calculated values to Arenson & 

Springman (2005). Secondly cohesion is adapted to any given temperature with a 

linear correlation. The formulas are given with:  

 

2.4 
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2.5 
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where c (T = -2.1 °C) (kPa) is the cohesion at a reference temperature, c (kPa) is the 

cohesion and T (°C) is the temperature (Nater, Arenson, & Springman, 2008). Nearly 

parabolic relationship are  obtained for both cohesion and friction angle  where ϩ and 

c are calculated according to equations 2.3 and 2.5 respectively (Figure 2.27). 
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Figure 2.27: Effective angle of internal friction ϩ and cohesion c as a function of the 

volumetric ice content w i for ϩinitial  = 32° (Nater, Arenson, & Springman, 2008).  

 

It is now obvious that with the variation of the soil temperature prof ile, provoked by 

seasonal change of the surface temperature, a redistribution of the strength parameters 

occurs with t ime. With higher soil temperatures the frictional component of the shear 

strength gains importance and vice versa. This simple approach presented allow s 

calculation of slope stabilities in an environment of temperature increase due to global 

warming. In su ch a case the model proposes an increasing contribution of the friction 

component and a decreasing amount of cohesion in the mobilization of shear strength. 

In a transient process, alpine permafrost slopes with inclinations higher than the sum 

of the effective angle of friction ϩ and the angle of dilatancy  ͘will be subjected to 

local failures due to the decrease of the bonding effect of the ice matrix. After reaching 

a new long-term equilibrium , the former alpine permafrost slopes will reach a state as 

observed for the majority of natural slopes with an inclination at about the effective 

angle of friction.  

 

2.4. Jointed rock mass 

The rocks encountered in geotechnical applications are invariably intersected by 

discontinuities like joints, f aults, bedding planes and shear zones. The discontinuities 

induce planes of weakness in the rock mass. The mechanical behaviour of rock masses 

is highly depending on the  presence and mechanical behaviour of joints. In turn, the 

resistance of joints depends on a number of factors: joint roughness and aperture, 

applied normal stress and rock resistance, surface weathering, joint persistence and 

the presence of fill material which, at temperatures below  0 °C, can be either ice or 

frozen soil . As compared to intact rock, the failure mechanism of jointed rock is highly 

complex as failure may occur due to sliding on pre -existing discontinuities, shearing 

of rock substance, translation and/or rotation of intact r ock blocks. As a result, the 
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jointed rock is quite incompetent and anisotropic in strength and deformational 

behaviour.  In addition, the strength behaviour of jointed rock is highly non -linear with 

increase in confining pressure. The engineering properties assessed from laboratory 

tests conducted on intact rocks cannot be directly applied for analysis and design in 

the field and the geotechnical engineers have to deduce the response of jointed rock 

by incorporating the effect of discontinuities on the intac t rock properties. Broadly, the 

shear strength aspects of jointed rocks have been grouped into the following two major 

categories: 

i. Shear strength along planar discontinuity ( discontinuity shear strength) . 

ii.  Shear strength of jointed rock mass (rock mass shear strength). 

 

2.4.1. Shear strength of empty discontinuities  

At shallow depth, where stresses are low, failure of the intact rock material is minimal 

and the behaviour of the rock mass is controlled by sliding on the discontinuities. In 

order to analyse the stability of this system of individual rock blocks, it is necessary to 

understand the factors that control the shear strength of the discontinuities which 

separate the blocks. Various models are available for prediction of shear strength of a 

planar discont inuity at a prevailing normal stress. Some most referred shear strength 

models are presented below. 

 

2.4.1.1. Mohr -Coulomb joint model 

It is the most commonly used model for assessing the shear strength along the 

discontinuity surfaces. The shear strength parameters namely, cohesion c and friction 

angle ϩ are used to estimate the shear strength at normal stress existing on the joint 

plane. The shear strength parameters may be obtained by performing direct shear tests 

on the discontinuity surfaces.  As illustrated in Figure 2.28, in a shear test each 

specimen is subjected to a stress Ϧn normal to the bedding plane, and the shear stress 

ϧ, required to cause a displacement ϗ, is measured. The bedding plane is absolutely 

planar, having no surface irregularities or undulations.  Direct shear tests are then 

conducted under various normal loads  and shear stress vs. shear displacement plots 

are obtained (Figure 2.28 left) . The shear stress will increase rapidly until the peak 

strength is reached. This corresponds to the sum of the cohesion strength and the 

frictional resistance. As the displacement continues, the shear stress will fall to some 

residual value that will then remain constant, even for large shear displacements.  
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Figure 2.28 Typical shear stress-shear displacement plot from direct shear test on rough rock joints 

(left); failure envelopes of shear strength for rough rock joint (righ t). 

 

From these plots (Figure 2.28 left) , values of peak and residual shear strength of the 

joint are obtained. The failure envelopes of peak and residual shear strength are then 

plotted (Figure 2.28 righ t). The shear strength of the discontinuity is defined as:  

 

2.6 

† ὧ „ὸὥὲ ‰   ὴὩὥὯ ίὸὶὩὲὫὸὬ 

 

2.7 

† „ὸὥὲ ‰    ὶὩίὭὨόὥὰ ίὸὶὩὲὫὸὬ 

 

ÞÏÌÙÌɯϧf 
peak and ϧf 

res are the peak and residual  shear strength along the discontinuity; 

Ϧn is the effective normal stress over the discontinuity; ‰ and ‰  are the peak and 

residual  friction angle of the discontinuity surface; ὧ is the cohesion of the 

discontinuity surface . Cohesion is simply the intercept on the ϧ axis at zero normal 

stress, the physical meaning of the term cohesion however is related to the cemented 

surfaces of the bedding plane (e.g. rock bridges). 
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2.4.1.2. /ÈÛÛÖÕɀÚ joint  model 

A natural discontinuity surface in hard rock is never as smooth as a sawn or ground 

surface of the type used for determining the basic fric tion angle. The undulations and 

asperities on a natural joint surface have a significant influence on its shear behaviour. 

Generally, this surface roughness increases the shear strength of the surface. 

Patton (1966) demonstrated this influence by means of an experiment in which he 

carried out shear tests on 'saw-tooth' specimens, simulating the asperities , such as the 

one illustrated in  Figure 2.29. Shear displacement in these specimens occurs as a result 

of the surfaces moving up the inclined faces, causing dilatancy (an increase in volume) 

of the specimen. It is worth noting that cohesion within the joints is not taken into 

account by Patton shear strength theory. 

The model considers two failure  modes, i.e. either sliding (at low normal stress) along 

the discontinuities or shearing (at high normal stress) of the asperities material. The 

following bilinear model was suggested:  

 

2.8 

† „ ὸὥὲ ‰ Ὥ   Ὢέὶ ὰέύ „ Ḋ„ „  

 

2.9 

† ὧ „ ὸὥὲ ‰    Ὢέὶ ὬὭὫὬ „ Ḋ „ „  

 

where i defines the angle of the saw-tooth face, Ϧc is the critical stress of joint surface 

from sliding to shearing , ‰  and ‰  are the basic angle (friction on horizontal plane) 

and residual friction angle respectively . At higher normal stresses, the strength of the 

intact material will be exceeded and the teeth will tend to break off, resulting in a shear 

strength behaviour  whic h is more closely related to the intact material strength than 

to the frictional characteristics of the surfaces. From practical standpoint it is difficult 

to assess the normal stress level at which transition from sliding to shearing takes 

place. In reality, there is no such distinct and clear-cut normal stress level, which 

defines the boundary between the two failure modes.  

 

 



60 Literature review  

 

 

 

Figure 2.29: /ÈÛÛÖÕɀÚɯÚÐÔÜÓÈÛÐÖÕɯÖÍɯÈÚ×ÌÙÐÛÐÌÚ (left); and bi-linear shear strength model for 

rock joints (right).  

 

The basic friction angle ‰  is a quantity that is fundamental to the understanding of 

the shear strength of discontinuity surfaces. This is approximately equal to the residual 

friction angle ‰ . Most shear strength determinations today are carried out by 

determining the basic friction angle  on an absolutely planar bedding plane , as 

described above (c.f. Section 2.4.1.1), and then making corrections for surface 

roughness. The roughness component which is then added to this basic friction angle 

to give the effective friction angle is a number which is site specific and scale 

dependent and is best obtained by visual estimates in the field.  

 

2.4.1.3. BartonɀÚɯÑÖÐÕÛɯÔodel 

It is the most widely used st rength criterion for assessing the shear strength along 

ËÐÚÊÖÕÛÐÕÜÐÛàɯ ÚÜÙÍÈÊÌÚȭɯ 3ÏÌɯ ÊÙÐÛÌÙÐÖÕɯ ÐÚɯ ÈÕɯ ÌßÛÌÕÚÐÖÕɯ ÖÍɯ ÛÏÌɯ /ÈÛÛÖÕɀÚɯ ÔÖËÌÓɯ ÈÕË 

ÊÖÕÚÐËÌÙÚɯÚÐÔÜÓÛÈÕÌÖÜÚɯÖÊÊÜÙÙÌÕÊÌɯÖÍɯÚÓÐËÐÕÎɯÈÕËɯÚÏÌÈÙÐÕÎȭɯ6ÏÐÓÌɯ/ÈÛÛÖÕɀÚɯÈ××ÙÖÈÊÏɯ

has the merit of being very simple, i t does not reflect the reality that changes in shear 

strength with increasing normal stress are gradual rather than abrupt. It was observed 

by Barton (1973) that the roughness i varies with normal stress level as given below: 

 

2.10 

Ὥ ὐὙὅÌÏÇ
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!ÈÙÛÖÕɀÚɯÚÏÌÈÙɯÚÛÙÌÕÎÛÏɯÔÖËÌÓɯÐÚɯÛÏÜÚɯÌß×ÙÌÚÚÌËɯÈÚ: 
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Where JRC is the joint roughness coefficient and JCS is the joint wall compressive 

strength. Whil e ‰  is the residual friction angle, which can be estimated from:  

 

2.12 
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ὶ
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where r is the Schmidt rebound number  on wet and weathered fracture surfaces and 

R is the Schmidt rebound number on dry unweathered sawn surfaces. Note that 

equation 2.11 is not valid for Ϧn = 0 and it ceases to have any practical meaning for 

ὐὙὅÌÏÇ ‰ χπЈ. This limit can be used to determine a minimum value for 

Ϧn while an upper limit for Ϧn is given by Ϧn = JCS. 

 

Field estimates of JRC 

The joint roughness coefficient JRC is a measure of the initial roughness (in degrees) 

of the discontinuity surface  that can be estimated by comparing the appearance of a 

discontinuity surface with standard profiles published by Barton and Choubey (1977), 

these last are reproduced in Figure 2.30.  

The appearance of the field joint surface profile  is compared visually with the  standard 

surface profiles on a laboratory scale of 10 cm and the JRC value corresponding to the 

profile which  most closely matches that of the discontinuity surface is chosen. In the 

case of small-scale laboratory specimens, the scale of the surface roughness will be 

approximately the same as that of the profiles illustrated. However, in the field the 

length of t he surface of interest may be several metres or even tens of metres and the 

JRC value must be estimated for the full -scale surface. An alternative method for 

estimating JRC is presented in Figure 2.31. 
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Figure 2.30: Roughness profiles and corresponding JRC values (Barton & Choubey, 1977). 
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Figure 2.31: Alternative method for estimating JRC from measurements of surface roughness 

amplitude from a straight edge (Barton & Bandis, 1982). 
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Field estimates of JCS 

JCS is the joint wall compressive strength of the discontinuity surface . The use of the 

Schmidt rebound hammer for estimating joint wall  compressive strength was 

proposed by Deere and Miller (1966), as illustrated in Figure 2.32. 

 

 

Figure 2.32: Estimate of joint wall compressive strength from Schmidt hardness.  
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Influence of scale on JRC and JCS 

On the basis of extensive testing of joints, joint replicas, and a review of literature, 

Barton and Bandis (1982) proposed the scale corrections for JRC defined by the 

following relationship:  

 

2.13 

ὐὙὅ ὐὙὅ
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where JRC0 and L0 (length) refer to 100 mm laboratory scale samples while  JRCn and 

Ln refer to in situ block sizes. Because of the greater possibility of weaknesses in a large 

surface, it is likely that the average joint wall compressive strength (JCS) decreases 

with incre asing scale. Barton and Bandis (1982) proposed the scale corrections for JCS 

defined by the following relationship:  

 

2.14 
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where JCS0 and L0 (length) refer to 100 mm laboratory scale samples and JCSn and Ln 

refer to in situ block sizes. 

 

Influence of water pressure 

When water pressure is present in a rock mass, the surfaces of the discontinuities are 

forced apart and the normal stress Ϧn is reduced. Under steady state conditions, where 

there is sufficient time for the water pressures in the rock mass to reach equilibrium, 

the reduced normal stress is defined by Ϧn ' = (Ϧn - u), where u is the water pressure. 

The reduced normal stress Ϧn ' is usually called the effective normal stress, and it can 

be used in place of the normal stress term Ϧn in all of the equations presented above. 

 

2.4.2. Shear strength of filled discontinuities  

The discussion presented in the previous sections has dealt with the shear strength of 

discontinuities in which rock wall contact occurs over the entire length of the surface 

under consideration. This  shear strength can be reduced drastically when part or all of 
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the surface is not in intimate contact but covered by soft filling material such as clay 

gouge. For planar surfaces, such as bedding planes in sedimentary rock, a thin clay 

coating will result in a significant shear strength reduction. For a rough or undulating 

joint, the filling thickness has to be greater than the amplitude of the undulations 

before the shear strength is reduced to that of the filling material.  

 

2.4.2.1. Shear strength of ice-filling j oints  

Laboratory tests on the shear strength of ice-filled rock joints reveal decreasing shear 

stress at failure with decreasing normal stress and increasing temperature towards 0 

°C (Davies, Hamza, Lumsden, & Harris, 2000). 

Davies & al. (2000; 2001) performed direct shear tests on rough concrete-ice interfaces 

and centrifuge tests on a slope model (in their experiments concrete was used as a rock 

analogue). Direct shear tests were performed under various normal stresses in the 

range between 100 and 1438 kPa. The dependency of the resistance parameters on 

temperature as calculated after the data presented by Davies et al (2000) are reported 

in Table 2.1 and showed in Figure 2.33, which shows the shear strength of the ice-

concrete interface is a function of both normal stress and temperature. 

 

Table 2.1: Concrete-ice interface properties, computed after Davies & al. (2000). 

T [ ] c [kPa] ϩ [°] 

-0.5 55 7.3 

-2 160 14.4 

-5 360 16.7 

 

 

Figure 2.33: Ice-concrete interface shear tests (Davies, Hamza, Lumsden, & Harris, 2000). 
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The shear strength for the ice-concrete tests may be interpreted by describing the 

resistance of joints using the Mohr-Coulomb criterion : 

 

2.15 

† ὧὝ „ ὸὥὲ ‰Ὕ  

 

where friction angle ϩ and cohesion c depend on temperature T, i.e., ϩ = ϩ (T) and c = 

c(T). This formula is valid for temperatures between -5 °C and -0.5 °C. 

Davies & al. (2001) concluded that at low temperatures and low normal  stresses the 

strength of ice-filled joints can be significantly higher than that  of unfrozen joints, 

because of the cohesive contribution provided by ice. However ice, and therefore joint , 

cohesion decreases when temperature rises and this obviously implies that the stability 

of a rock slope is reduced in such conditions.  

Krautblatter  & al. (2013) performed a series of direct shear tests of a joint with a saw -

tooth profile and 1 mm thick ice filling with normal stress  between 100 and 600 kPa 

and temperature between -3 and 0 °C. The following relationships was introduced to 

describe the results: 

 

2.16 

† ρττὝ † ȟ
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6ÏÌÙÌɯϧf ÐÚɯÛÏÌɯÚÏÌÈÙɯÚÛÙÌÕÎÛÏȰɯϧf0 is the shear strength at 0 °C; T is the temperature. 

This formula is valid f or normal stress between 100 and 600 kPa and temperature 

between -3 °C and 0.3 °C.  

A similar interpretation was given by  Mamot & al.  (2018) who performed  a series of 

direct shear tests on ice filled joints in limestone with realistic rock surface roughness 

and proposed a Mohr -Coulomb failure criterion as a  function of temperature for ice -

filled rock joints, which is shown in  Equation 2.17 : 

 

2.17 

† Ὧὖὥ „ πȢτς πȢρυ πȢςρ πȢπφὝ υσȢσ ςπȢφ χσȢυ ψȢψ Ὕ 

 

6ÏÌÙÌɯÛÏÌɯÍÙÐÊÛÐÖÕɯÈÕÎÓÌɯÐÚɯÛÏÌɯÈÙÊɯÛÈÕÎÌÕÛɯÖÍɯϟȮɯÞÏÐÓÌɯÉÖÛÏɯÍÙÐÊÛÐÖÕɯÈÕËɯÊÖÏÌÚÐÖÕɯ

respond to a temperature increase. This formula is valid for normal stress between 100 
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and 400kPa and temperature between -8 °C and -0.5 °C. It is worth noting that, with 

temperatures rising from -8 °C to -0.5 °C, the percentage of tests with fracture along 

with the rock -ice interface increase from 8% to 100%. This also shows a phenomenon, 

with the temperature decreasing, the shear strength of the rock-ice interface will 

gradually exceed that of ice and the failure will be  due to cracking within  ice. 

These results, namely the dependency of cohesion and friction angle with temperature, 

are qualitatively consistent with results of triaxial compression experiments on ice 

reported by Arenson & Springman  (2005), Nater & al. (2008). This fact confirms that , 

as expected, the resistance of filled joints is strictly associated to that of the filling 

material. 

 

2.4.3. Shear strength of discontinuous rock joint  

The typical configuration of rock masses and of the pattern of joints in a rock slope is 

shown in Figure 2.34a. The discontinuous joint (also known as non-persistent joint) 

surface is composed of joint and rock bridge, shown in  Figure 2.34b, which length is 

very difficult to assess and determine. 

 

 

Figure 2.34: Joint in slope engineering (a) and schematic of a discontinuous joint (b) . 

 

Laboratory experiments were performed on rock specimens and artificial rock -like 

materials to investigate shear strength of discontinuous joints.  During the shearing 

process, it is generally believed that the fracture surface and the rock bridge through 

which the shearing surface passes play the role of shear resistance. 

Several theoretical criteria  have been proposed to predict the shear strength of 

ÐÕÛÌÙÔÐÛÛÌÕÛɯ ÑÖÐÕÛÚȮɯ ÖÍɯ ÞÏÐÊÏɯ )ÌÕÕÐÕÎÚɀÚɯ ÊÙÐÛÌÙÐÖÕɯ ÐÚɯ ÞÐËÌÓà used in practical 

applications. Jennings (1970) put forward a methodology to estimate the shear 

resistance of the non-persistent joint. Assuming that the stress distribution along the 

entire shear surface is uniform, the mechanical parameters of joint and rock bridge are 

simply averaged by a weight coefficient called connectivity rate to ca lculate the peak 
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shear strength. The linear continuity coefficient of the structural surface is K (also 

known as persistence) and it  can be calculated by Equation 2.18: 

 

2.18 

ὑ
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Where l j and l r are the lengths of joint and rock bridge respectively. Jennings (1970) 

assumes that the behavior of rock bridge and fill material  can be described by a Mohr-

Coulomb criterion, and calculates the overall  discontinuous joint shear strength as 

persistence-weighted average of the resistance provided by the two components:  

 

2.19 

† ὧ ρ ὑ ὧ ὑ „ ὸὥὲ ‰ ρ ὑ ὸὥὲ ‰ ὑ 

 

where ϩr and cr are the friction angle and cohesion of the rock bridge material, ϩf and 

cf are the friction angle and cohesion of the fill material, and  K is the joint persistence. 

The friction angle and the cohesion of the joint (ϩ and c) are therefore: 

 

2.20 
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It can be seen from Equation  2.19 that the shear strength of the discontinuous structure 

surface is higher than the one through structure surface. This is consistent with 

people's general understanding and is also in line with reality.  

Jennings (1970) calculated the strength of discontinuous joint in a simple superposition 

relationship, modifications  of Equation  2.19 have been proposed to account for the pre-

peak damage of the rock bridge, the effect of normal stress and that of joint undulation.  

However all these approaches appear to be simplistic, in that they assume that the 

normal stress is the same in the rock bridge and in the fill material  and that both 

coincide with the average, or nominal, normal stress applied to  the joint. This is not 

generally the case, as we are showing in Section 4.3 where a more general equation 

will be proposed as a substitute for Equation  2.20, since it seems likely that the real 

behaviour of joints might be more complicated than what Jennings assumes because, 
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during shearing along the discontinuous joint, the stress distribution o n the shear 

plane is non-uniform.  
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3 Capanna Regina Margherita  

This section describes the data collected on the refuge from the structural  point of view  

and on the rock mass on which the refuge foundations  rest. 

The cognitive investigations on the building were carried out by the Politecnico di 

Milano , to complement this information  were used also the images created by 

IMAGEO of the geomechanical survey of the rock mass together with the documents 

provided by the CAI.  

 

 

Figure 3.1: Photographic shots taken from the helicopter during the inspection on 30 August 

2019 (Calvetti & Salvalai, 2021). 

 

The characterization and considerations on the rock mass are carried out on the basis 

of the scientific literature  and on the investigations carried out by IMAGEO during the 

two inspections at high altitude on 30 August 2019 (Figure 3.1) and 24 August 2020. 
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The data collected during an inspection performed  on 25 August 2017, as part of a 

previous study for a graduation thesis (Boffelli, 2017), are also taken into account. 

Other information  was gathered from the site of the GeoSITLab of the Department of 

Earth Sciences - University of  Torin o, dedicated to the ongoing research on the 

Margherita hut  (Università di Torino, 2019) . 

The investigations for the geomechanical characterization included: photogrammetric 

survey and laser-scanner, georadar, geomechanical relief on the rock face. In detail, 

the photogrammetric and laser -scanner surveys have allowed to make a 3D model of 

the rock face and the shelter (Figure 3.2) and, starting from this, to reconstruct  the 

structure of the rock mass itself with the various systems of discontinuit ies that 

characterize it. 

 

 

Figure 3.2: Punta Gnifetti p oint cloud after photogrammetric and laser -scanner survey 

(Calvetti & Salvalai, 2021). 

 

The area covered by the laser-scanner survey is very extensive on both sides of Punta 

Gnifetti. According to  the survey data, a large portion of the East face under the 

Capanna Margherita, about 100 meters vertically  and 160 meters horizontally, was 

analyzed by IMAGEO to derive the geomechanical structure. The georadar was 

mainly used to evaluate the thickness of the ice sheet on the West side. The 

geomechanical measures on site, concentrated in the part of the rock face immediately  

below the Capanna Margherita and in  proximity of the supports of the foundations of 

the refuge, allowed to characterize the conditions of the joints that emerge on the rock 

mass. 
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3.1. The Regina Margherita Hut: location and general 

overview  

The Regina Margherita Observatory Hut is located in the municipality of Alagna 

Valsesia, in the province of  Vercelli , in the North of Piedmont , on the border with the 

Aosta Valley and Switzerland. The refuge is placed on the Punta G. Gnifetti, one of the 

peaks that are part of the Monte Rosa massif, in the Graian Alps, at an altitude  of 4554 

meters a.s.l. (Figure 3.3). 

 

 

Figure 3.3: Territorial framework (Calvetti & Salvalai, 2021). 

 

Towards East (East / South-East, more precisely - in the following we will refer to the 

orientation as "East" for simplicity), the structur e faces directly on what is considered 

the highest rock wall  of its kind  of the Alps: over two thousand meters of ice, snow 

and rock, which give it a n "himalayan" appearance. The uniqueness of the position in 

which the  hut  rests, if on the one hand it constitutes a source of problems_ including 

environmental ones_ which are not easy to solve, on the other hand it creates 

interesting research opportunities in various subjects: from medicine to  earth sciences, 

to meteorology. Hence the name ɁCapannaɂ (as a refuge for mountaineers) and 
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ɁObservatoryɂ (as a support structure for scientific research). The difficult 

environmental conditions (low temperatures, strong gusts of wind, lower atmospheric 

pressure from which a lower quantity of oxygen derives, etc.) d ue to the altitude are 

added to critical issues related to the morphological characteristics of the place, such 

as the lack of space and the strong exposure, making  the construction of this structure 

a real challenge (Figure 3.4). 

 

 

Figure 3.4: View of the Capanna Regina Margherita from Alagna Valsesia (Calvetti & 

Salvalai, 2021). 

 

3.2. Geometric characteristics and structural framework  

The hut, in its current form, has a compact body with a  total volume of 2210 m³ 

distributed on three floors above ground and a basement with a  total useful area of 

360 m². The building has the shape of a parallelepiped with an inclined side and its 

main dimensions are a length of 26,7 m, a width  of 8,05 m and a height of 7,8 m 

excluding  balconies and loading and unloading terraces. The building is oriented with 

the main facade facing South-west, characterized by the largest number of openings to 

allow solar gains during the season summer.  
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Table 3.1 General characteristics of the hut  

General characteristics 

Altitude (a. s. l.)  4554 m 

Length 26,7 m 

Width  8,05 m 

Height  7,8 m 

Volume 2200 m3 

Estimated weight  200/250 tons 

 

The supporting structure is made of wooden beams while the foundations are mostly 

made by means of wooden beams with direct  support  on the top of the rock mass 

(Figure 3.5). 

Exceptions are the East front and the North end of the building ; in addition to the plant 

room and a loading terrace, subsequently made with respect to the central body, 

adjacent to the North end of the same (Figure 3.5). The East front is characterized by 

two balconies: a lower one, supported by larch struts put directly on the rock, and an 

upper one, supported by the inclined struts that also s ustain the internal structure. The 

East side and the North end of the original building, the plant room and the North 

terrace are sustained by a structure similar to that of the lower balcony  (Figure 3.5). 

 

 

Figure 3.5: East facade of the refuge, taken from the helicopter during the inspection on 30 

August 2019 (Calvetti & Salvalai, 2021). 
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It should be noted that the structure of the refuge and its position are different from 

the original project of the  1978, designed by Geom. Milone, according to which the 

plant should have based entirely on  the summit portion of Punta Gnifetti (probably 

due to an overestimation of the size of the summit itself ). In fact, taking the edge of the 

East face as a reference, the refuge is in a position  more advanced with respect to the 

project. In addition, during the construction phase an extension on the North  side was 

already built, whose footprint clearly protrudes from the support base (Figure 3.5). 

These differences have determined a large structural difference because the original 

project did not include  cantilever elements. 

 

3.2.1. Foundations 

The foundations of the main body of the refuge consist of a series of beams which, for 

the most part of the plant , are placed directly on the top of Punta Gnifetti and partly 

protrude ( Figure 3.6). The plant is therefore different from the original project, which 

involved the whol e plant resting on the summit of Punta Gnifetti  (cf. Section 3.2), 

through a series of masonry supports aimed at making homogeneous the foundation 

plan and, perhaps, to further isolate the beams themselves from contact with the 

underlying rock  (Figure 3.6). Although some sources claim that the foundation beams 

are made of steel, the analysis of the images taken in the occasion of the inspections 

put it in doubt. In particular, the beams that appear there are exclusively in wood  

(Figure 3.6). 

In any case, the most critical area as far as the foundations are concerned is along the 

East side and in the North  portion  of the building, where the beams are certainly made 

of wood ( Figure 3.6, Figure 3.7 and Figure 3.8) and protrude  signifi cantly with respect 

to the support base constituted by the summit of Punta Gnifetti. At the  North  end the 

foundation beams are almost entirely cantilevered. The beam system, which features 

various joints, is supported by a series of wooden struts, the description of which is 

given in the following paragraph ( cf. Section 3.2.2). 

Considering the modest weight of the structure ( Table 3.1), the support on the rock 

basement does not involve problems of bearing capacity and subsidence. This only 

applies for the portion of the building that rests directly on it. However the 

foundations appear inadequate to redistribute the actions and limit the  differential 

settlements caused by any subsidence/instability that may occur in one  portion of the 

rock mass on which they rest (Calvetti & Salvalai, 2021). 
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Figure 3.6: Structure  and foundation  beams during the construction phase (Calvetti & 

Salvalai, 2021). 

 

3.2.2. Support struts  

The most critical  aspect concerning the foundations is represented by the support of 

the East side (including the support points of the pillar s and side struts described in 

Section 3.2.1), of the main building  North end and of the subsequent construction 

structures (plant room and loading terrace) located at the North end. These parts of 

the building are supported by a series of larch struts that constitute a sort of  pier  resting 

on the rock mass (Figure 3.7 and Figure 3.8). 

 

 

Figure 3.7: Overview and detail of the support structure: North -east corner of the refuge, 

plant room and loading terrace (Calvetti & Salvalai, 2021). 
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Figure 3.8: Overview of the lower part of the East side of the building and  of the rock mass 

immediately below  (Calvetti & Salvalai, 2021).. 

 

The struts are simply resting on the rock, even in areas part icularly fractured and 

partially disjointed, with hollows made in the rock mass if the points, where the struts 

are inserted, lie on an inclined section (Figure 3.9 and Figure 3.10). Locally some 

rudimentary fixing and  constraint systems are present, consisting of L-shaped steel 

plates or connections via steel wire with bars embedded in the rock (Figure 3.9 and 

Figure 3.10). In a similar way we observe the presence of occasional tie-rods through 

steel cables among the various load-bearing elements. In the overall, t he structural 

scheme is very messy and almost certainly determined by needs that emerged during 

the construction phase rather than by a previous and rigorous  design (Calvetti & 

Salvalai, 2021). 

 

 

Figure 3.9: Fixing details of the support struts  (Calvetti & Salvalai, 2021). 
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Figure 3.10: Support struts resting on the East rock face (Calvetti & Salvalai, 2021). 

 

This structural system presents various criticalities. First, as shown in the previous 

figures (Figure 3.7, Figure 3.8, Figure 3.9, Figure 3.10), in some cases the struts are 

resting on areas of high fracturing of the  rock mass, going to burden on rocky blocks 

partially detached from the rock mass itself. A second element of attention is 

constituted  from the methods of constraint of the rafters, as well as from the condition 

of the wood that in some points  shows signs of deterioration due to exposure to 

atmospheric agents (especially in correspondence of the base). Furthermore, from the 

structural point of view, the scarcity/lack of bracing elements is observed, th is could 

affect stability under peak load. This last consideration is especially true for the 

foundations that support the n orthern portion of the building and subsequent 

extensions. Finally, we observe the presence of numerous joints and patches (Calvetti, 

2021). 

 

3.3. Geological and geomechanical survey of the slope 

This paragraph describes the general and characterizing features of the rock mass on 

which rests the Capanna Margherita on the top of Punta Gnifetti, first of all f ocusing 

on the morphological and geological aspects, then reviewing the criticalities 

highli ghted over the last years in the area of the East face of Monte Rosa and in the 
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rock portion under the Capanna Margherita. The definition of  geomechanical 

characteristics of the rock mass, preparatory to carrying out the numerical simulations  

(cf. Section 5), is described in the following sections. 

 

3.3.1. General characteristics 

The profile of Punta Gnifetti is characterized by a main ridge, which delimits  two  

slopes very different from each other ( Figure 3.1). The West side, along which takes 

place the terminal part of the normal climbing route  accessing to the refuge, has a 

moderate slope (40°/45°) and is covered with a layer of snow and ice a few meters 

thick. The slope facing East dips on average in direction 117° E and has a sub-vertical  

inclination:  it  is characterized by an upper section with an average inclination of about 

80°, while the lower part has an inclination of approx imately 65° (Figure 3.16). The 

trend is deductible from the analysis of the sections obtained from the laser-scanner 

and photogrammetric survey  (Figure 3.16). 

 

 

Figure 3.11: (a Schematic of the orientation of Margherita Hut ; (b lateral view of Punta 

Gnifetti  (Calvetti & Salvalai, 2021). 

 

The rock mass under the refuge is mainly composed of paragneisses (Varisican poly -

metamorphic base), amphibolites , migmatites  and micaschists with bands of 

ortogneiss (Figure 3.12), clearly visually  distinguishable  due to the different color s of 

the two  lithologies, tending to red and gr ey respectively (Figure 3.1). Micaschists and 

paragneisses, which constitute the components in the greatest percentage within the 

rock mass, are metamorphic sedimentary rocks, resulting from a  medium to high 

grade metamorphism  of clays and sandstones. The density of this rock is 

approximately ςφυπ while the typical minerals of these formations are quartz , mica 

and biotite.  

The mechanical characteristics of the intact rock are good both for bending and for 

compression (similar to those of granite) and are endowed with excellent durability, 
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however these formations, being schistose, are characterized by a significant  

divisibility, which affects their mechanical resistance.  

From the structural point of view, the slop e is characterized by eight families of joints. 

The trend of these families tends to cross the boundaries between the two lithologies 

(orthogneiss and paragneiss) indicating a fracturing occurred later. As regards the 

quality of the rock mass, the data collected by IMAGEO lead to a rough evaluation of 

the index GSI between 60 and 70. 

 

 

 

Figure 3.12: Geological framework of the area of interest (Piana, Fioraso, & al., 2017). 

 

3.3.2. Phenomena and factors of instability  

The East wall of Monte Rosa is subjected to a series of various phenomena of mass 

movements such as: rockfall s, ice/rock avalanches and debris flows.  In fact, during the 

on-site observation, it was found that the rock mass is very fractured, with unitary rock 
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volumes of medium and large dimensions and of irregular shape. This fracturing  is 

due, in addition to the lithogenic  characteristics of the rocks, to the action of 

atmospheric agents. Particularly deleterious is the action of the ice contained in the 

joints, which, being subjected to continuous cycles of thawing and freezing, tends to 

further fracture the rock mass and to untension the rock, especially on the surface. This 

last effect causes the joints to open and the formation of individual rock blocks 

detached from the rest of the rock mass, thus favouring  the possible detachment of the 

latter from the rock face (Figure 3.13). 

 

 

Figure 3.13: Unstable rock blocks below the Capanna Margherita (Boffelli, 2017). 

 

Tamburini & al. (2013) reconstructed two main events, an ice avalanche and a rock 

avalanche, which occurred respectively in 2005 and 2007 in the area of the Belvedere 

glacier. The progressive destabilization of high altitude rock face is attributed by th e 

authors to a series of factors, including topography, geological and structural  

conditions  of the rock mass, the increase in slope due to glacial erosion and the intense 

alternation of freeze/thaw cycles. 

Fischer & al. (2006) reached very similar conclusions by analysing a series of 

detachment phenomena occurred on the East wall and studying the interaction 

between three predisposing factors: the geomechanical structure, in particular the 
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discontinuity between the two formations (paragneiss and ortogneiss), the reduction 

of the coverage of ice and the degradation of permafrost with the rise in temperature. 

With special reference to this last point, Fischer & al. (2006) note that instabilities tend 

to be concentrated in the lower estimated area for the possible extension of the 

permafrost, which  in its turn is linked to the altitude of the  zero thermal and its 

oscillation s. The phenomena identified are interacting with each other. For example, 

the withdrawal of the  suspended glaciers on rock faces can uncover large areas of 

bedrock which leads to a temperature change in the rock, even at depth. Furthermore, 

the rock, no longer protected by the ice, is exposed to mechanical erosion, to the effects 

of degradation linked to thermal excursions with cycles of  freeze/thaw and cyclic 

formation of ice near the surface of the rock walls. The latter factor can cause an 

increase in hydraulic pressures in the deeper portions of the mass where the water 

circulates in a liquid state. 

As regards specifically the conditions of the rock face immediately below the hut  

Margherita the most detailed information comes from the comparative collection of 

images of the project on the Margherita Hut of the GeoSITLab (IMAGEO, 2019) 

covering a time span that starts since before the reconstruction of the refuge and 

reaches up to the present day (Figure 3.14). Pictures testify a rather modest although 

widespread evolution : among the observed phenomena there are the propagation of 

some fractures (Figure 3.15), the widening of some discontinuities already open  

(Figure 3.15) and the detachment of small blocks (Figure 3.16). These phenomena are 

attributed by the GeoSITLab to the effect of freeze/thaw cycles and the degradation of 

interstitial permafrost.  
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Figure 3.14: Survey area of the evolutionary phenomena (Calvetti & Salvalai, 2021). 
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Figure 3.15: Detail of evolutionary phenomena: propagation of fractures and opening of joint  

(Calvetti & Salvalai, 2021). 
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Figure 3.16: Detail of evolutionary phenomena : detachment of small blocks (Calvetti & 

Salvalai, 2021). 
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3.3.3. Geotechnical model of the rock mass  

This section contains the information and data necessary to define the geotechnical 

model of the rock mass, in view of the numerical analyses presented afterwards (cf. 

Section 5). They are particularly taken in  consideration a series of specific aspects 

related to the structural arrangement of the rock mass in examination and a 

characterization of its families of discontinuities, as well as some general elements 

which concern the resistance of the joints and in particular its dependence on the 

possible presence of ice. 

The information contained in this section was derive d primarily from investigations 

carried out by  IMAGEO, as well as from the observations made directly by the authors 

in the course of this work and from data present in the scientific literature.  

 

3.3.3.1. Structure of the rock mass 

The East wall is characterized by a series of families of discontinuities that have been 

identified by IMAGEO  starting from the analysis of the photogrammetric and laser -

scanner survey (Figure 3.18). The orientation data of the discontinuity families are 

reported in Table 3.2. 

 

Table 3.2 Orientation of joint families  (Calvetti & Salvalai, 2021). 

Joint family  Dip direction [°]  Dip  [°] Features Frequency [%]  

A 72  85  Sub-vertical  13 

B 16  76  Sub-vertical  5 

C 145  82  Sub-vertical  8 

D 282 56 Reverse dip slope 3 

E   133 48 Dip slope 12 

F 112 81 Sub-vertical  16 

G  50 53 Dip slope 15 

H 93 62 Dip slope 28 

 

Three families of discontinuities (E, G and H) are arranged in landslide with a slope 

between about 50 ° and 60 °. One of them, the E system, dives practically in the same 

direction as the rock wall. This system is also the one which corresponds to the highest 

frequency, with preponderance in the lower part of the wall,  where it actually 

determines the average slope. 
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The sub-vertical systems are arranged in a fan shape with respect to the rockface, with 

immersion that rotates  progressively from N orth -East to South  in the sequence B, A, 

F, C (Figure 3.17). The "central" systems (A and F) determine the average trend  of the 

rockface in its upper portion, while the remaining ones (B and C) intersect it  

transversely and define edges, corners and spurs that characterize it locally.  Finally, a 

system (D) has an opposite inclination to the face of the slope (reverse dip slope) and 

tends to form small overhanging  roofs. 

 

 

Figure 3.17: Sub-vertical discontinuity family  (Boffelli, 2017). 
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Figure 3.18: Laser-scanner survey and identification of joint families  (Calvetti & Salvalai, 

2021). 

 

Regarding the frequency of the various families of discontinuities, which is related to 

the spacing and to the orientation with respect to the rockface, in addition to the 

average data shown in Table 3.3, it is appropriate to consider the  spatial distribution 

(Figure 3.18). This last one sees the prevalence of sub-vertical families (in particular  A 

and F) in the the upper part of the wall, while in the lower part appear more frequently  

those inclined dip slope  with lower inclination  (E, G and H). This observation is 

consistent with the trend of the profile  of the rockface cross section, previously shown 

in Figure 3.11. 
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Table 3.3 Discontinuity families: spacing and tracks length  (Calvetti & Salvalai, 2021). 

Joint family  
Spacing [m]  

min -average-max 

Tracks length [m]  

min -average-max 

A 0.6 ɬ 4.1 ɬ 30   0.9 ɬ 4.3 ɬ 10.5   

B  0.8 ɬ 7.4 ɬ 56.6  0.4 ɬ 2.8 ɬ 9.2   

C 0.6 ɬ 8.1 ɬ 36.7   0.4 ɬ 3.0 ɬ 19.3  

D 0.5 ɬ 10.8 ɬ 60.6   0.6 ɬ 3.2 ɬ 11.1   

E   0.9 ɬ 3.4 ɬ 13.4   0.6 ɬ 2.8 ɬ 12   

F 0.6 ɬ 4.7 ɬ 22.4   0.5 ɬ 2.6 ɬ 11.8   

G  0.5 ɬ 2.9 ɬ 8.8   0.6 ɬ 3.6 ɬ 23.7   

H 0.4 ɬ 1.4 ɬ 5.9   0.4 ɬ 3.1 ɬ 20   

 

The values of the spacing and length of the traces are shown in Table 3.3. It is observed 

that both these quantities are of metric order and therefore comparable to each other. 

The mutual relationship between spacing and  trace length defines the persistence of 

joint families. This parameter, particularly delicate and difficult  to measure, it will be 

evaluated indirectly on the basis of numerical analyses (cf. Section 5.2.2 & Section 

5.3.2). 

 

3.3.4. Mechanical characterization of discontinuity and rock families  

In addition to th e laser-scanner survey, during the inspection on 24 August 2020, it 

was carried out a geomechanical relief in the part of the rockface immediately below 

the Capanna Margherita. A similar survey, although  on a much more limited area, was 

carried out on 25 August 2017 on the occasion of the inspection for the Boffelli's degree 

thesis (Figure 3.19). The data relating to the two campaigns are substantially 

overlapping and coherent.  

The relief on the rockface made it possible, first of all , to confirm the measurements 

regarding the orientation of the discontinuity families carried out through analysis of 

the laser-scanner survey. In addition, the properties o f intact rock and joints were 

evaluated by means of the Schmidt hammer. With reference to the joint properties , 

they were evaluated the roughness on the decimetre scale (Barton's comb) and the 

conditions of  opening and filling.  
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Figure 3.19: Geomechanical survey on the wall, detail of the joints and the schistosity of the 

rock (Calvetti & Salvalai, 2021). 

 

The uniaxial compressive strength (UCS) of the rock was determined by correlation 

with the results of Schmidt hammer test carried out on the free faces of the joints. The 

data obtained are shown in Figure 3.20 and indicate an average value around 90 Mpa. 

This value is in line with  the typical values of the paragneiss. However it should be 

noted the strong schistosity of the material (Figure 3.19) which justifies the  high 

dispersion of results. 

 

 

Figure 3.20: UCS evaluation by Schmidt hammer test (Calvetti & Salvalai, 2021). 
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4 Distinct element analysis for rock 

mass 

Rock mass modelling is a problem that can be addressed using different approaches, 

even completely different from each other.  A rock mass is in fact by its nature a 

discontinuous system, consisting of a set of blocks separated by joints, usually grouped 

into families characterized by a series of global geometric parameters (immersion, 

inclination, spacing) and local (continuity, planarity , roughness, opening). 

It is well known that both continuous and discrete models can be adopted for rock 

masses, with different advantages and drawbacks that depend on the actual conditions 

of the site under investigation, in particular on the size of the blocks with respect to 

that of the problem, and on their resistance and deformability under in  situ stress. For 

the purpose of choosing the analysis model, among the geometric parameters it is 

above all the spacing that plays a decisive role because it constitutes an intrinsic 

quantity that must be compared with the  dimension of the problem.  In a slope stability 

problem, for example, the scale is defined by the ratio of the average spacing of the 

joints and the height of the slope. For a high  scale ratio, the problem can be 

conveniently addressed with a discrete  approach (the rock mass is modelled as a 

collection of individual blocks separated by a system of joints ); for a low scale ratio, 

especially in the presence of numerous families of discontinuities, it is generally more 

convenient to use a continuous method (the rock mass is treated as a continuum and 

an appropriate equivalent constitutive relationship is chosen ). 

Note that in the case of a very high scale ratio, corresponding to the presence of a single 

or a few discontinuities, the most easily adopted approach is that of the limit 

equilibrium,  possibly through the methods developed for cuneiform elements. One 

such method has two fundamental defects: the first is that it does not allow to evaluate 

the displacements, the second is that it quickly becomes impractical as the number of 

blocks increases, a typical case of rock masses. As for the possibility of adopting a 

continuous approach, it should be noted that in rocky  cluster the characteristic 

dimension of the pr oblem is often similar to the spacing between the discontinuities . 
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Considering the site and problem under investigation ( cf. Section 3.3) and the aim of 

the analysis, the behaviour of the rock slope is modelled by using a Distinct Element 

Method  (DEM) where the rock mass is represented as an assembly of discrete blocks 

separated by sets of discontinuities (Cundall 1971). The main advantage of this 

approach is that geo-structural features can be explicitly considered and arbitrarily 

large displacements of blocks may occur. The choice of a discrete numerical method is 

mainly justified by geo -structural setting and purpose of the analysis : it is worth noting 

that the stress state is generally very low on a rock face, which allows to use the simple 

rigid block approach.   

 

4.1. The Distinct Element Method  

The introduction of the Method of Distinct Elements can be traced back to Cundall 

(1971), who describes a discrete method for the analysis of rock masses (more generally 

block systems) in which the blocks are considered rigid while the interfaces have finite 

stiffness, which allows the  overlapping of the blocks at the points of contact.  From a 

mechanical point of view,  considering yielding  interfaces corresponds to introducing 

a concentrated deformability,  attributable for example to the equivalent pliability  of a 

finite opening joint  characterized from a certain filling material.  The fundamental 

characteristic of distinct methods is the ability to represent finite displacements and 

finite rotations of the blocks (with reference to the application to a rock mass), 

including in  this is the possibility of a complete detachment between blocks initially in 

contact or, vice versa, the coming into contact between initially separate blocks. The 

ability to identify the evolution of  contacts during block movement is an integral part 

of discrete methods (Cundall & Hart, 1992) . 

The numerical analyses were carried out with the 3D Distinct Element Code (3DEC), 

in which the Distinct Element Method has been implemented,  developed by Itasca 

based on the original formulation of Cundall  (1971). At the basis of this code, some 

fundamental hypotheses are introduced:  

i. Blocks are considered perfectly rigid bodies. 

ii.  The contacts take place on an infinitesimal area (contact point ) or along a joint. 

iii.  The interfaces have a finite stiffness: in the points of contact, therefore, the 

blocks can overlap, despite being perfectly rigid.  

iv.  The extent of the overlap is directly proportional to the contact forces (force -

displacement law). 

v. The overlaps are small in relation to the di mension of the blocks. 

vi.  Bonds can be created in the contacts between the blocks. 
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4.1.1. Representation of joints and contacts 

In the Distinct Element Method, joints are represented numerically as a surface of 

contact between the contours of two adjacent blocks. The contact can occur along a 

segment of common edge ( 

Figure 4.1), this is a typical case in a rock mass of high mechanical quality. 

 

 

Figure 4.1: Joint representation (Itasca, 2006). 

 

In the case of rigid block modelling, this type of interaction is fully described 

introducing two points of contact, placed at the ends of the common segment, as 

shown in  

Figure 4.1. The joint, numerically, extends between one contact point  and the other, 

and ideally is divided into two equal stretches of competence (L1 and L2 in  

Figure 4.1), on which are distributed  uniformly the forces transmitted by the respective 

end contacts. On the basis of this joint modelling, the behavior of the contacts is 

described in terms of effort -displacement, in which the effort refers to the force 

transmitted by the contact divided by the respective length L of the joint portion 

associated with the contact itself. Assuming L1 = L2 = L/2 the respective efforts result 

(Equations 4.1 and 4.2): 

 


































































































































































































































































































































