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PREFACE 

 

 

Large mountain slopes in alpine environments undergo a complex long-term evolution 

from glacial to postglacial environments, through a transient period of paraglacial readjustment. 

During and after this transition, the interplay among rock strength, topographic relief, and 

morpho-climatic drivers varying in space and time can lead to the development of different 

types of slope instability, from sudden catastrophic failures to large, slow, long-lasting yet 

potentially catastrophic rockslides. 

Understanding the long-term evolution of large rock slopes requires accounting for the 

time-dependence of deglaciation unloading, permeability and fluid pressure distribution, 

displacements and failure mechanisms. In turn, this is related to a convincing description of 

rock mass damage processes and to their transition from a sub-critical (progressive failure) to 

a critical (catastrophic failure) character. Although mechanisms of damage occurrence in rocks 

have been extensively studied in the laboratory, the description of time-dependent damage 

under gravitational load and variable external actions remains still difficult. 

This PhD project aims at studying the long-term evolution of alpine rock slopes through 

their glacial, paraglacial and postglacial stages of evolution. In particular, I investigate the 

mechanisms driving the transition from a relatively undisturbed, deglaciating slope to a 

paraglacial rock slope affected by initial development of large slope instabilities, and finally to 

a mature, hydraulically coupled postglacial rockslide or Deep Seated Gravitational Slope 

Deformation (DSGSD). To do this, I developed a novel approach able to overcome the 

limitations of existing numerical modelling techniques and capture the long-term evolution of 

real, large rock slopes. In this perspective, starting from a time-dependent model conceived to 

reproduce laboratory rock deformation experiments by combining damage and time-to-failure 

laws, we pointed at reproducing both diffused and localized damage, meanwhile tracking long-

term slope displacements from primary to tertiary creep stages. The adopted approach is 

completed by taking into account rock mass heterogeneity and property upscaling, time-

dependent deglaciation and damage-dependent fluid pressure occurrence. 
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1 LARGE ALPINE ROCK SLOPES 

1.1 WHAT IS AN ά!LPINE SLOPEέΚ 

The definition of ñalpineò environment is not straightforward, but derives from different 

classification criteria. Former (possibly cycling) glaciation and deglaciation, occurrence of 

glacial and periglacial geomorphological features, occurrence of permafrost, and vegetation 

types and trim line elevation and evolution have been used to define alpine environment and to 

extend its meaning from the European Alps to other similar contexts (Caine, 1971; Matsuoka, 

1994; Gruber et al., 2003; Wienhöfer et al., 2007; Cossart et al., 2008). Trying to include these 

different aspects and apply them to slopes, we define ñalpineò a slope which experienced the 

full set of hydro-mechanical conditions typical of glacial, paraglacial and postglacial 

environments, as well as their transitions. 

Large rock slopes in such morpho-climatic conditions evolve under the influence of 

several processes, acting with changing magnitude and timing over different timescales, from 

years to thousands of years (Ballantyne, 2002). Alpine slopes are thus extremely complex 

systems with respect to topographic, geological, geomorphological, hydrogeological and 

geomechanical features. Moreover, the evaluation of both present and past conditions of a slope 

is further complicated by the poor knowledge of long-term processes and the uncertainties in 

reconstruction of mechanical and hydraulic properties in formerly glaciated environments. 

Several processes were recognized to have a role in controlling evolution of alpine slopes, 

including: rock mass strength, active tectonics, climatic conditions, weathering, deglaciation, 

glacial and fluvial erosion, permafrost degradation, surficial hydrology and groundwater 

recharge and flow (Ballantyne, 2002; Clague and Stead, 2012; Crosta et al., 2014). Since 

extended dissertation of all these processes is not the purpose of this brief review, only glacial 

and paraglacial processes and slope groundwater circulation will be reported, as they were 

pointed out to have a major control on long-term behavior of alpine slopes. In the next 

paragraphs, these processes and their implications on slope stability will be reviewed.  
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1.2 GLACIAL AND PARAGLACIAL CONTROLS ON SLOPES 

The transition from glacial to postglacial environments is a key-point in the evolution 

of alpine slopes, and occurs through a period of transient conditions referred to as ñparaglacialò. 

The term ñparaglacialò was firstly used by Church and Ryder (1972) to group ñnon-glacial 

processes that are directly conditioned by glaciationò, thus referring to landscapes whose 

evolution is directly affected by glacially-condition on topography, hydrology, vegetation and 

mechanical properties of involved materials. For slope processes, the exact nature, magnitude 

and duration of paraglacial processes are still debated, as well as the paraglacial controls on the 

initiation of large rocks slopes (Cruden and Hu, 1993; Ballantyne, 2002; Agliardi et al., 2009). 

Glaciation and deglaciation had extremely important impacts on slopes in the European Alps, 

because of the large extent of glaciation during the Last Glacial Maximum (LGM, å 26.5-19 

Kyr ago; Clark et al., 2009) and later re-advances (Florineth and Schluchter, 1994; Ehlers and 

Gibbard, 2004; Ivy-Ochs et al., 2008; Wirsig et al., 2016). LGM is commonly recognized as 

the last extensive glacial pulse, in which glaciers filled main valleys and reached piedmont areas 

in both Northern and Southern flank of the chain (Fig. 1.1), obliterating valley morphologies 

related to previous large-scale glaciations.  

The erosive power of ice flows contributed to carving valley flanks and landscapes by 

deepening and steepening, thus affecting relief production and valleys shape (Meigs and 

Sauber, 2000; Tomkin and Braun, 2002; Herman et al. 2011). The topography reshaping 

resulted in the redistribution of gravitational stresses in the valley profile (McColl, 2012; Crosta 

et al., 2013), depending on the glacier shape, flow velocity and temperature, the initial relief 

magnitude, the mechanical properties and the structure of rock masses forming the valley flanks 

(Savage et al., 1985; Harbor, 1992; Augustinus, 1995; Li et al., 2000; Olvmo and Johansson, 

2002; Brook et al., 2004). Augustinus (1995) observed that, for same topographic and 

mechanical settings but increasing horizontal stress, the distribution of tensile zones throughout 

slope is greatly affected (Fig. 1.2), with remarkable consequences on potential instabilities 

nucleation and development (Savage et al., 1985). Rock mass structure and strength are key-

factors in controlling glacier erosion and the resulting valley profile. In typical and simplified 

V-shaped fluvial valleys, glacier erosion starts from toe and progressively steepen valley flanks 

depending on mechanical properties, presence of weakened zones, glaciation duration and ice 

thickness. The interaction among these factors determines the postglacial valley topography, 

thus influencing subsequent stress redistribution and oversteepening (Harbor, 1995). 

Following loading and erosion processes related to glacial environment, glacier retreat 

(i.e. deglaciation) introduces major perturbations of rock slope state, mainly related to ñslope 

debuttressingò. The latter term refers to the progressive removal of supporting ice from slope 

during downwastage (Ballantyne, 2002). Carlsson and Olson (1982) highlighted that glacier 

weight can induce higher stress regime along valley profiles with respect to ice-free conditions, 

in which stresses usually consists in the sum of topographic, tectonic and exhumation-generated 

components (Crosta et al., 2013 and references therein). The excess stress is stored in rock 

masses as residual strain energy. During deglaciation, the stress perturbation caused by 

progressive downwastage and the residual energy release can induce the formation and 

reactivation of tensile and shear fractures leading to rock mass damage. This results in a 

decrease of rock mass strength whereas the decrease in confining pressure causes also reduction 
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of shear strength along joints and interlocking between blocks (Crosta, 1996; Eberhardt et al., 

2004; McColl, 2012). 

 

 

Figure 1.1: Ice covering extent in the Alps during the Last Glacial Maximum (LGM). Absolute dates (ka) for 

different deglaciation stages in different alpine regions are also indicated (Wirsig et al., 2016). 

 

 

Figure 1.2: Tensile zones in slopes with gravitational load (a) and applied horizontal stress (b) computed by Finite 

Element numerical modelling (from Augustinus, 1995). 
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Increase of fracturing eventually affects hydraulic rock mass behavior through 

increasing connectivity, permeability and joints opening. This in turn makes the rock mass 

prone to enhanced physical and chemical weathering (Hoek and Bray, 1981). This ensemble of 

processes can interplay with tectonic or locked-in stresses (Savage et al., 1985; Miller and 

Dunne, 1996), lithology (Harbor, 1992), fluvial incision and static fatigue processes (Molnar, 

2004; Pariseau and Voight, 1979; Eberhardt et al., 2004), and leave clear geomorphic imprints 

in the long- and cross-profile steepness and shape of alpine valleys (Brocklehurst and Whipple, 

2004; Sternai et al. 2011). Main processes determining slope modifications and related effect 

on stability at the transition from glacial to paraglacial conditions are resumed in Table 1.1. 

 

 

Table 1.1: Main processes involved in glacial and paraglacial slope modifications (from Crosta et al., 2012) 

During the ñparaglacialò period the hydro-mechanical processes acting in a slope reflect 

a transient exhaustion of the perturbation induced by former deglaciation, in terms of slope 

geometry, stress distribution, rock mass strength and permeability (i.e. slope groundwater 

hydrology), surface erosion rates, and vegetation. The duration of the paraglacial period and 

the magnitude of associated readjustment is still debated, making accurate quantification of 

effects difficult, especially in a long-term framework. The perturbations induced by glaciation 

and deglaciation, depending on the interplay of topography, rock strength and climate might 

take a variable time (and involve variable mechanical/hydraulic effects) to completely 

ñdissipateò in the slope. Depending also on site-specific conditions, periglacial readjustment 

might result into instability nucleation or, on the other hand, into increase of stability conditions. 

In any case, the term ñparaglacialò does not refer to a time period, but to a complex of 

stress, hydrological, mechanical and biological transient states directly triggered by 

deglaciation and progressive glacier downwasting. In the Alps, the main paraglacial phase was 

recognized at the end of LGM, when extensive deglaciation resulted in the glaciers retreat from 

the main valleys. After that, a progressive recessional phase occurred, matched with 

downwasting of main valleys lobes in a relatively (and still debated) short span of time (å 1-4 

Ka, Ivy-Ochs, 2015; Wirsig et al., 2016). Following re-advances involved only the areas 

immediately surrounding the cirques headwalls, being thus localized only in tributary valleys 

at relatively high altitudes (Preusser and Schlüchter, 2004; Ivy-Ochs et al., 2008). 

Geomorphological features, paleoclimatic evidence and exposure data permitted to constrain 

their spatial and temporal extension, distinguishing at least four stadials during Lateglacial: 

Gschnitz (Older Dryas, 15.4°1.4 kyr BP), Clavadel (Older Dryas, before Bølling warm phase, 
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14.7 kyr BP), Daun (Older Dryas, before Bølling warm phase, 14.7 kyr BP) and Egesen 

(Younger Dryas, 11.2°0.9 kyr BP in the Italian central Alps, Hormes et al., 2008). During the 

Holocene, further warming constrained glaciers to higher altitudes, although other limited 

readvances occurred, the last one known as Little Ice Age (600-300 yr BP). 

 

 

Figure 1.3: Lateglacial stadials recognized in the surrounding of Davos, showing the absolute chronology and the 

depression of the Equilibrium Line Altitude (ELA) attained with respect to the reference value of Little Ice Age 

(from Ivy-Ochs et al., 2008). 
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1.3 LONG-TERM STABILITY OF ALPINE SLOPES 

The interaction between the morpho-climatic processes described above, the site-

specific mechanical and topographical features and the inherited geological structure 

determines the long-term evolution of a certain slope. The European Alps, extending for over 

a thousand kilometers along-axis and hundreds of kilometres across the range, are characterized 

by an extreme variability of combinations between different topographies, rock types, tectonic 

settings and climatic forcing (Bigi et al., 1990; Frei and Schªr, 1998; Schmid et al., 2004; Korup 

et al., 2007). These result in a variety of slope geometries and processes, eventually resulting 

in different slope failure types and timing. The risk posed by different types of slope instabilities 

motivated extensive research for assessing long-term mechanisms and triggering factors, in the 

aim of civil protection and early-warning purposes (Casagli et al., 2010; Clague and Stead, 

2012; Agliardi et al., 2013). 

Beyond classical landslide classification schemes (Cruden and Varnes, 1996), we may 

classify the types and styles of instabilities involving alpine rocks slopes depending on involved 

rock mass volume and time-dependent behavior. Enhanced rockfall activity frequently occurs 

in steep slopes characterized by rock masses made of hard rock with relatively spaced and 

persistent discontinuities, which largely control the size and kinematics of the instability (i.e. 

structurally-controlled instabilities). Rockfall activity can occur just after the deglaciation as 

consequence of unloading and stress redistribution or protracting with episodic events, 

depending on rock structure, weathering and erosion processes, eventually forming talus 

deposits at slope toe. On the other hand, large rock mass volumes characterized by several sets 

of closely spaced discontinuities (i.e. ñequivalent continuumò rock masses), both sudden 

(catastrophic) failures or slow rock slope deformations can occur depending on rock mass 

mechanical properties, presence of inherited weak zones, slope profile (relief, slope angle, 

oversteepening and hypsometry) and magnitude of external actions (Ballantyne, 2002; Cossart 

et al., 2008; McColl, 2012; Deline et al., 2015): in favorable condition, deformation by shear 

can follow deglaciation (Figs. 1.4a, b), resulting in the nucleation of a potential instability. 

Slopes differentiation in postglacial environment is characterized by well-developed basal shear 

zones and highly fractured and permeable unstable masses, in which perched water table could 

develop, as testified by springs occurrence at slopes toe and by borehole data obtained from 

geotechnical slope investigations (Fig. 1.4c). In this mature condition, the most distinctive 

patterns of displacement feedback to hydrological triggers are observed (Angeli et al., 1996; 

Corominas et al., 2005; Crosta et al., 2014; Vallet et al., 2015). 

Catastrophic failures in weak or extensively damaged rock masses can also be triggered 

during or just after deglaciation phase, as a direct consequence of slope oversteepening and 

stress redistribution (Fig. 1.5a). Events reported by McSaveney (1993) (Fig. 1.5b), Sigurdsson 

and Williams (1991) (Fig. 1.5c), Evans and Clague (1994) and Oppikofer et al. (2008) (Fig. 

1.5d) are representative of this type of short-term instability. On the other hand, alpine rock 

slopes can evolve towards failure for thousands of years, due to the long-term effects of 

mechanical properties degradation in sub-critical stress conditions, also referred as progressive 

failure (Bjerrum, 1967; Chigira 1992; Eberhardt et al., 2004; Brideau et al., 2009). 
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Figure 1.4: Conceptual glacial to postglacial slope evolution: In glacial conditions (a) rock mass are supposed to 

be poorly damaged and hydraulically interconnected. In paraglacial conditions (b) progressive brittle damage leads 

to weakening and permeability increase. Rockslide differentiation (c) occurs through the development of a mature 

basal shear band and a weak, permeable rockslide mass hosting perched aquifers. 

 

 

Figure 1.5: Examples of failure occurring during or immediately after glacier downwasting: (a) Driest rockslide 

(Vogler et al., 2016), (b) Mount Fletcher rockslide (McSaveney, 1993), (c) Myrdalsjokull rock slope failure 

(Sigurdsson and Williams, 1991) and (d) Schlossplatte/Alp Bäregg collapse (Oppikofer et al., 2008). Photo b and 

c from Ballantyne, (2002) 

In these conditions, slope evolution can be characterized by progressive or transitional 

temporal patterns of long-term displacement, representing different activation and regression 

phases (Fig. 1.6), which eventually result in long-term stability or delayed catastrophic collapse 

(Fig. 1.7) (Bovis, 1982; Broadbent and Zavodni, 1982; Ballantyne, 2002; Hormes et al., 2008; 

Zerathe et al., 2014). This displacement pattern is typically expressed by large rockslides, 

widespread through the Alps and constituting notable threats for villages and anthropic 
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activities. Finally, slopes can undergo long-term deformation lasting tens of thousands years 

without global catastrophic failure, as expressed by Deep Seated Gravitational Slope 

Deformations (DSGSD; Hippolyte et al., 2009; McColl, 2012; Crosta et al., 2013). In the 

present work, I deal with the long-term evolution of large, slow rock slope instabilities, which 

can be classified as ñlarge rockslidesò and ñDeep-Seated Gravitational Slope Deformationsò as 

describes in the following sub-sections. 

 

 

Figure 1.6: Possible long-term slope evolutions (modified after Broadbent and Zavodni, 1982) 

 

Figure 1.7: Delayed catastrophic collapses: Randa rockslide (a) and Val Pola rock avalanche (b). 
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1.3.1 Large rockslides 

Large rockslides represent instabilities that, in some cases, could evolve into delayed 

catastrophic collapses, representing a major threat in alpine environment. They consist of large 

unstable rock mass volumes, usually involving the middle-lower portion of valley flanks, which 

extension ranges from hundreds square meters to several square kilometers. Agliardi et al. 

(2012) performed an Alpine scale inventory (Fig. 1.8) collecting a modal value of 0.5 Km2 and 

a maximum value of 6 Km2, after which transition to DSGSD is encountered. Rockslides spatial 

distribution and density were related to several morphoclimatic factors: Pedrazzini (2012) 

compiled a regional inventory of gravitational slope deformations for the upper Rhone 

catchment (Fig. 1.9), discerning between rockslides, DSGSDs and roto-translational rockslides. 

Obtained results point to valley oversteepening, stress redistribution due to deglaciation, 

occurrence of large-scale tectonic features and active tectonics as the main influencing factors 

in predisposing instability conditions. Moreover, lithology strength and structure were 

recognized to have a minor control on rockslide occurrence, although playing a major role in 

differentiation and style of slope instability. 

 

 

Figure 1.8: Frequency density distribution of large landslides area, showing modal value of 0.5 km2. Inventory 

consists of 791 samples collected throughout the entire Alpine orogeny (from Agliardi et al., 2012) 

 

Surface evidence of rockslides mainly consists of scarps and trenches, corresponding to 

the emergence of main or secondary shear bands along the slope, which often separates unstable 

portions with different displacement rates or activation timing. Lower boundary consists of a 

basal shear band, which depth can often exceed one hundred meters from topographical surface, 

mainly describing a translational kinematics. Rockslides can be constituted by rock mass with 

different degree of damage and strain localization, depending on rock mass mechanical 

properties and shear deformation experienced. Typically, shear band material ranges from 

intensively fractured rock mass to brecciated layers with clay and silt matrix, characterized by 

complex mechanical and hydraulic behavior (Zangerl., 2010; Loew and Strauhal, 2013; 

Strauhal et al., 2016). Rockslides are often perched above the valley floor, with basal shear 

band emergence often highlighted by springs outflows, which occurrence results from hydraulic 

conductivity contrast between rock mass within the rockslide and crushed material constituting 

basal shear band. Groundwater circulation largely affects rockslides behavior, especially in 
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mature stage of evolution, where hydro-mechanical coupling phenomena are frequently 

observed. They mainly consist in mechanical rockslide response to external hydrologic triggers 

constituted by high groundwater recharge episodes due to snow melting or intense 

precipitations. This displacement component is usually superimposed to a slope creep 

movement cause by progressive rupture in subcritical stress regime. 

 

 

Figure 1.9: Gravitational slope deformation inventory for the upper Rhone catchment compiled by Pedrazzini 

(2012). 

 

Large rockslides occur not only as a direct consequence of deglaciation and slope 

debuttressing, but several thousand years might pass since nucleation and acceleration of the 

unstable body are registered, with implication for slope stability and delayed potential 

catastrophic collapse. Zerathe et al. (2014) performed a comprehensive inventory of dated 

landslide at the Alpine-scale and inferred temporal clustering of large failure events plotting 

them in a time diagram (Fig. 1.10). Particularly, two different clusters were recognized: the first 

ranges from around 11 to 8 kyr BP and was related to deglaciation with consequent paraglacial 

effect. The second was located from around 5 to 3 kyr BP, thus corresponding to the Subboreal 

period, which in paleoclimatic reconstructions appears as characterized by intense hydrological 

perturbations and large surface water availability (Magny et al., 2013). Widespread occurrence 

of large scale instability in this time span was thus linked to slope response to intense 

hydrological triggers. 
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Figure 1.10: Diagram showing the chronological distribution of large Alpine dated landslides (a). Corresponding 

paleoclimatic proxies of temperature and hydrologic regime are reported in diagram (b). The shaded gray area 

refers to the landslide clustering identified between 5 and 3 kyr BP (from Zerathe et al., 2014) 

 

1.3.2 Deep Seated Gravitational Slope Deformations 

Long-term interaction between alpine rock slopes, morpho-climatic processes and 

paraglacial readjustment can also result in the development of Deep Seated Gravitational Slope 

Deformations (DSGSD). These extremely large mass movements can involve entire valley 

flanks and are commonly characterized by high relief energy, deep basal shear band, large 

volumes involved and lateral boundaries sometimes hard to clearly identify (Zischinsky 1969; 

Bovis, 1982; McCalpin and Irvine, 1995). The size of DSGSDs can be extremely variable, 

ranging from hundred square meters to hundred square kilometers (Fig. 1.11, inset), with modal 

area of 5 Km2. The analysis of width/downslope length ratio on censed DSGSDs permitted to 

assess the mainly equidimensional nature of these phenomena. Notably, DSGSDs tends to 

develop in width rather than downslope, which is due to the relative small distance between 

crest and valley floor in respect to the width of alpine valleys, which often exhibit similar 
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geomechanical and lithological features for several kilometers. Lithology and tectonic settings 

proved to be strong controlling factors in DSGSDs development: instabilities nucleates mainly 

in metapelites, paragneiss and flysch-type rocks, meanwhile being clustered around main 

tectonic features, probably due to long-term stress regime and the damage and rock mass 

properties degradation induced by such regional-scale lineaments. 

DSGSDs are also characterized by low to extremely low displacement rates, ranging 

from mm to tens of mm per year, but due to the long-term state of activity can strongly imprint 

landscape geomorphological evolution through valley narrowing and damming, drainage 

network modifications and associated landslide catastrophic events (Crosta et al., 2012; Crosta 

et al., 2014). DSGSDs are widespread in the entire Alps, where more than one thousand 

phenomena were censed, covering an area of 5.6% in respect to the total investigated (Fig. 1.11; 

Mortara and Sorzana, 1987; Trigila et al., 2010; Crosta et al., 2014). 

Long-term cumulated displacements are expressed on slope surface by distinctive 

morphostructures (Fig. 1.12), which orientation, occurrence and sizing are strongly influenced 

by pre-existent brittle and ductile structural features (Agliardi et al., 2001; Ambrosi and Crosta, 

2006; Agliardi et al., 2012; Hippolyte et al., 2012; Crosta et al., 2014). Morphostructures extent 

ranges from few meters (e.g. trenches, open fissures) to several hundred meters (e.g. doubled 

crest ridges) and can express tensile, shear or mixed style of deformation through sintethic or 

antitethic slip surfaces. In the upper part of the slope extensional features as trenches, graben, 

multiple ridges and downthrown blocks usually dominate. Moving to middle-lower sectors, 

morphostructures related to compression and shear became more frequent and bulging, folding 

and intensely fractured rock masses are commonly recognized. Compression regime can result 

in excess of material at toe and slope steepening, which combined to erosion, groundwater 

circulation and mechanical properties degradation can bring to the occurrence of nested 

secondary instabilities within DSGSDs. These often consist of active rockslides potentially 

capable of catastrophic evolution, thus representing a major concern for antrophic activities 

involved. Ruinon (Agliardi et al., 2001; Crosta and Agliardi, 2003; Agliardi et al., 2011), La 

Saxe (Crosta et al., 2014) and La Clapière (Guglielmi and Cappa, 2010) rockslides are a few 

examples of this geohazard in alpine environment (Fig. 1.13). 
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Figure 1.11: Alpine DSGSD inventory. Size frequency distribution and Width/downslope length ratio are also 

reported, showing the in areal extension heterogeneity and the predominance of DSGSD wider than longer (from 

Crosta et al., 2013). 

 

Figure 1.12: Main morphostructures observed in Deep Seated Gravitational Slope Deformations (from Agliardi 

et al., 2012) 
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Figure 1.13: Secondary instabilities nested in the lower part of Deep Seated Gravitational Slope Deformations. 

Ruinon (a), La Saxe (b) and La Clapièere (c) rockslides.  

 

Several processes were pointed out as potential predisposing, preparatory and triggering 

factors of DSGSD (Crosta et al., 2014): rock mass strength and structure (Zischinsky 1966; 

Agliardi et al., 2001; Ambrosi and Crosta, 2006; Barbarano et al., 2014), active tectonics 

(Radbruch-Hall, 1978; McCalpin, 1999; Crosta and Zanchi, 2000; Agliardi et al., 2009; Riva et 

al. 2016), long-term exhumation (Agliardi et al., 2013), deglaciation and slope debuttressing 

(Augustinus, 1995; Agliardi et al., 2001; Ambrosi and Crosta, 2006; Cossart, 2008), climate 

with associated hydrological-hydrogeological pulses (Evans and Clague, 1994; Crosta, 1996; 

Ballantyne, 2002; Agliardi et al., 2013), topographic  and tectonic stresses (Savage et al., 1986; 

Varnes et al., 1989; Miller and Dunne, 1996; Ambrosi and Crosta, 2011), toe erosion (Crosta 

and Zanchi, 2000) and anthropic interference (Zangerl et al., 2010). However, in the long-term 

period, the major control on slope evolution might be exerted by progressive failure 

mechanisms and hydraulic properties evolution, even if the multitude of processes involved 

certain results in a complex interaction of causes and triggers during DSGSD development. 

Despite DSGSD occurrence was also recognized for unglaciated slopes (Crosta and Zanchi, 

2000) and the relationship with pre-existing tectonic features is clear, glacial erosion and 

paraglacial readjustment are considered important processes in formerly glaciated slopes, 

predisposing by debuttressing and stress redistribution the development of deep seated 

instabilities by rock mass damage. This is in accordance with reported activation during the 

Lateglacial, resulting from the application of dating techniques on DSGSDs associated 

morphostructures (Agliardi et al., 2009). Hippolyte et al. (2012) performed extensive Cosmic 

Ray Exposure dating on the Rognier DSGSD (Western Alps) in the aim of understanding, 

through the reconstruction of activity periods for different morphostructures along the slope, 

the genetic mechanism and the evolution of the DSGSD. Their results constrained slope activity 

since at least 14 kyr BP up to present time (Fig. 1.14), proving the extremely long slope lifetime 

in respect, for example, to catastrophic evolution sometimes associated with large active 

rockslides. Moreover, collection of several samples from the same morphostructure provided 

the esteem of displacement rates, which for the Roigner DSGSD are comprised in the range 

0.3-3 mm per year, thus testifying the slow displacement rates to which the rock mass is 

subjected. 
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Figure 1.14: Exposure ages and mean displacement rates derived from the CRE dating of different 

morphostructures on the Rognier slope (from Hippolyte et al., 2012)  
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1.4 HYDROLOGY OF GLACIATED AND DEGLACIATED SLOPES 

During paraglacial and postglacial evolution, different hydrological triggers to which 

slopes have different sensitivity, including rainfall, surface runoff and snowmelt, can promote 

and favor rock slope instabilities involving relatively small rock volumes or entire valley flanks, 

with severe potential impacts on human lives, activities and infrastructures (Dortch et al., 2009; 

Crosta and Agliardi, 2003; Helmstetter and Garambois, 2010; Zangerl et al., 2010; Agliardi et 

al., 2012; Crosta et al., 2014 Leith et al., 2014; Deline et al. 2015). Observed slope creep 

patterns, especially for active rockslides, often result by superimposed long-term and seasonal 

components (Crosta and Agliardi, 2003; Vallet et al., 2015). While the long-term component is 

often regarded as evidence of (sub-critical) progressive rock mass failure processes (Eberhardt 

et al. 2004; Amitrano and Helmstetter, 2006; Lacroix and Amitrano, 2012; Stead and Eberhardt, 

2013), the latter is usually interpreted as evidence of hydromechanical coupling between 

hydrological triggers and landslide systems (Crosta et al., 2014; Vallet et al., 2015; Preisig et 

al., 2016). 

Several studies were carried out to evaluate groundwater flow in mountainous terrains, 

both at regional and local scale (Gleeson and Manning, 2008; Welch and Allen, 2012; Welch 

and Allen, 2014), even if knowledge about long-term circulation in glacial, paraglacial and 

postglacial conditions remains an extremely complex task. Especially for glaciated conditions 

(Fig. 1.4a), the almost total lack of studies, which concentrates mainly on supraglacial and 

subglacial water circulation (Boulton and de Marsily, 1996; Flowers and Clarke, 2002; Boulton 

et al., 2005), makes the reconstruction of slope groundwater regime extremely difficult. During 

paraglacial readjustment, all the aforementioned processes related to deglaciation and slope 

debuttressing results in stress redistribution, rock mass damage and progressive increase of 

fracture intensity (Fig. 1.14b). Despite also during this stage no direct observations of slopes 

behavior exist, consequent increase in rock mass permeability and fracture interconnection is 

expected, corresponding to the comparison of local damage-induced aquifers within the 

deglaciating slope. In mature stage, characterized by well-developed basal shear zone and 

permeable unstable rock mass, hydro-mechanical interaction between hydrological inputs and 

slope displacements is often observed and supported by geotechnical slope investigations. The 

coupling degree was ascribed to rock mass permeability, which controls the sensitivity of slope 

to oscillations in fluid pressure (Loew and Strauhal, 2014; Strauhal et al., 2016): for highly-

fractured and conductive rock masses, low response to variations in groundwater table are 

observed, while for less permeable rock masses strong hydro-mechanical coupling is expected. 

Such different sensitivity could be one of the main factors in determining potentially various 

coupling regimes in large rockslides with respect to DSGSDs, characterized by different scale 

but also by different cumulated displacement and strain. These could result in different rock 

mass damage pattern, fracture density distribution, shear bands comminution and hydraulic 

properties, taking also into account the important role of geomorphological features in driving 

groundwater circulation within slopes. 

Indeed, especially in DSGSDs, the effect of morphostructures is not only topographical, 

but also condition the distribution and circulation of water within the slope. Modification can 

involve (a) enhanced percolation of water favored in upper slope due to trenches, scarps and 

counterscarps, (b) increase of hydraulic conductivity through open fracture networks, (c) 
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localization of preferential flow-paths through the slope and (d) deep circulation system into 

rock-mass along base displacement surface. Crosta et al. (2014b) analyzed the effect of 

DSGSDs on the slope drainage networks and aquifers of Upper Valtellina valley (Italian Central 

Alps) through field surveys, sampling campaigns, photointerpretation and review of existing 

data about springs location and hydro-chemistry. Results suggest that DSGSDs strongly control 

springs spatial distribution and superficial drainage density, with higher spring density but 

lower development of superficial network encountered within unstable areas. Moreover, a 

clustering of springs is recognized for DSGSD areas: springs tend to concentrate on distinct 

parts of the slope, such as in the middle sector and along lateral boundaries of DSGSD 

(Fig.1.15), suggesting the development of localized flow-paths driving groundwater in specific 

slope portions. 

Conceptual model of water circulation into a DSGSD-affected slope was also 

reconstructed (Fig. 1.16), identifying different circuits and residence times. The geochemical 

imprint of waters and their flowpaths into rock mass were related to three different types of 

springs: (a) shallow springs located in the upper part of the slope, characterized by low 

mineralization, subsuperficial circulation in debris cover and short residence time, (b) 

intermediate springs located in the middle part of the slope, characterized by higher 

mineralization, longer residence time and mixing between shallow and deep circuits under the 

influence of morpho-structures (i.e. scarps or counterscarps) and (c) deep springs located in the 

lower part of slope, characterized by higher mineralization and fed by deep circulation within 

the slope, driven by the development of DSGSDôs failure surface. 
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Figure 1.15: Spatial distribution of springs within DSGSD areas. Purple circles indicate mid-slope springs while 

purple squares 
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Figure 1.16: Conceptual model of water circulation into a DSGSD affected slope. 
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2 LARGE ROCK SLOPE INSTABILITIES: ISSUES AND 

APPROACHES 

 

 

Modelling the time-dependent behavior of large rock slope instabilities is key to 

understand their long-term evolution and controls, predict future displacements and potential 

catastrophic evolution for risk analysis, Early Warning and civil protection purposes (Crosta et 

al., 2014). In addition, forecasting the evolution of alpine rock slopes requires the ability to 

properly track their mechanical and hydrological history from a glaciated condition (Fig. 1.4a) 

to the occurrence of a ñmatureò instability (Fig. 1.4c), through a variably long period of 

readjustment (Fig. 1.4b). 

In practice, landslide forecasting mostly relies on analytical, statistical or numerical 

models which account for the slope mechanical response to hydrologic triggers as rainfall, 

snowmelt, deep drainage remediation or artificial water reservoir fluctuations (Cappa et al., 

2004; Guglielmi et al., 2005; Eberhardt et al., 2007; Zangerl et al., 2010; Crosta et al., 2014; 

Vallet et al., 2015; Preisig et al., 2016). These models, simulating typical and site-specific pore 

pressure fluctuations, permit to evaluate the hydro-mechanical landslide sensitivity and 

simulate the induced displacement field within unstable slope. Information derived from such 

modelling are then used for accurate assessment of stability conditions and expected slope 

evolution in the short-term period. 

In these approaches, the geological model of the analyzed slope is often derived from 

present-state geotechnical and geophysical characterization, which are based on point-like 

investigations covering only a small portion of the unstable volume. Nevertheless, large alpine 

rock slopes experiencing glaciation, deglaciation and paraglacial readjustment usually exhibit 

slow creep-like movements that, lasting for thousand years, bring to cumulated displacement 

of several tens of meters accompanied by the evolution of geometry, internal structure, strength 

and hydrology, even if magnitude and timing of adjustment are rarely well known. 

On the other hand, existing models of long-term rock slope instability are usually not 

time-dependent and focus on the analysis of initial onset mechanisms of failure and their 

topographic, lithological, structural and climatic controls (Agliardi et al., 2001; Eberhardt et al., 

2004; Ambrosi and Crosta, 2006). Interestingly, these models predict major role of slope 
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deglaciation and brittle creep process in the initiation of slope instability while a link between 

early and mature stages is rarely provided. Also hydromechanical coupling and fluid pressure 

effect are often omitted due to almost complete lack of knowledge about slope hydrological 

constraints in glacial environment besides their evolution during paraglacial and postglacial 

stages. 

Therefore, attempts to comprehensive model different stages of long-term alpine rock 

slope evolution must face several caveats, including:  

a) limitations of rheological approaches in the time-dependent modelling of slope evolution, 

unless a landslide shear zone is pre-determined and its viscous parameters calibrated (De 

Caro et al., 2016); 

b) mostly unknown spatial and temporal evolution of surficial hydrology and groundwater 

occurrence in the slope during and after deglaciation (McColl, 2012; Crosta et al., 2013,); 

c) limited knowledge of the relationships between brittle failure processes and permeability 

on the large scale and under changing stress conditions typical of rock slopes (Leith, 2012; 

Preisig et al., 2012; Rutqvist, 2015; Ziegler et al., 2016); 

d) limited understanding of hydro-mechanical controls on instability development, sensitivity 

to hydrological triggers and long-term evolution, as a major input to the development of 

slope forecasting (Preisig et al., 2016). 

Trying to successfully reproduce the slope long-term evolution in a unique framework, 

damage is the key process linking in a common ground all these issues. 

In this chapter, features of damage process will be analyzed, ranging from microscopic 

to macroscopic scale and resuming empirical descriptors and modelling approaches exploited 

in literature to assess its behavior. Moreover, numerical approaches used in large rock slopes 

modelling will be reviewed, focusing on the long-term processes and the role of fluid pressure 

in determining instability conditions. 
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2.1 ROCK MASS BEHAVIOR AND PROPERTY UPSCALING 

Real slopes are constituted by rock masses, which in turn consists of intact rock (i.e. 

ñrock matrixò) subdivided in discrete blocks by discontinuities (bedding, foliation, fractures), 

resulting in a discontinuous, heterogeneous and anisotropic material. Fractures intensity and 

orientation depend on the former action of different geological processes (Pollard and Haydin, 

1988), often resulting in sets of discontinuities, with spacing and length varying according to 

relatively simple probability density functions (e.g. negative exponential; Priest and Brown, 

1995) or constrained by primary geological feature (e.g. strata-bound fractures), and by 

different roughness and weathering conditions affecting discontinuity strength (Barton et al., 

1974). The mechanical and hydraulic behaviors of rock masses depend on the interaction 

between intact rock strength, the geometry, strength and deformability of discontinuity, and the 

stress state, with rock mass strength decreasing with increasing sample volume (Hoek and 

Brown, 1980 and Fig. 2.1). 

The scale of the problem is a key control on rock mass properties (i.e. intact rock 

strength is scaled by size) and on the way rock mass behavior is represented in order to set up 

or select the most suitable modelling techniques (Hoek, 1988; Edelbro, 2003). Small volumes 

of rock masses characterized by widely-spaced, persistent discontinuities, individual fractures 

and their properties will constrain the size and mechanisms of rock mass deformation and 

failure, according to a ñdiscontinuum mediumò scheme. This structural configuration can be 

associated with planar failure (Fig. 2.2a), especially in rock masses characterized by a highly-

persistent discontinuity set (e.g. bedding) oriented in a cinematically admissible way. For two 

or more sets, wedge instabilities (Fig. 2.2b) can occur, with shape and volume of unstable 

blocks controlled by the discontinuities pattern. Instead, toppling (Fig. 2.2c) is observed in 

slopes with persistent and steeply dipping discontinuities set, also depending on the intact rock 

tensile strength in giving flexural component to the rock mass slabs. 

On the opposite, large-scale problems (e.g. large rock slopes) in rock masses constituted 

by several sets of closely-spaced discontinuities (no dominant structural patterns) are 

characterized by small rock blocks with respect to the problem size. In these case, the global 

behavior of the rock mass can be regarded as that of an ñequivalent-continuumò medium with 

strength, deformability and hydraulic properties representative of the global rock mass 

behavior. Circular failures (Fig. 2.2d) are representative of rock masses constituted by 

randomly-oriented discontinuities, which makes the kinematics resembling a soil slope 

behavior. In such cases, rock mass properties are derived by upscaling intact rock properties, 

taking into account the characteristics of discontinuities though the approaches described in the 

following paragraphs. 

An accurate definition of intact rock properties can be obtained, at different levels of 

complexity, by performing laboratory tests on intact rock samples (direct and indirect tension, 

uniaxial and triaxial compression, others). These allow to quantify rock strength, deformability, 

physical properties and fabric controls on their variability. Observed behavior permitted the 

development of several failure criteria and constitutive models (Griffith 1921, 1924; Fairhurst, 

1964; Bieniavski, 1974; Hoek and Brown, 1980; Sheorey et al., 1989; Hoek et al. 1992). Also 

discontinuities were tested in laboratory conditions, mainly by shear tests on decimetre-scale 

samples, to investigate peak and residual strength on smooth joints (Hoek, 2007), simulated 
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(Patton, 1966) and real discontinuities (Barton, 1976; Barton and Choubey, 1977). Results 

allowed establishing failure criteria accounting for joint roughness and strength. 

 

 

Figure 2.1: Sample size effect on strength and modelling technique adopted (modified from Krauland et al., 1985 

and Edelbro, 2003). 

 

Instead, the complex mechanical and hydraulic behavior of rock masses cannot be 

characterized by mechanical testing, although large-scale tests in boreholes or excavation allow 

investigating rock masses on the scale of cubic meters. Therefore, empirical approaches were 

developed to quantify equivalent rock mass strength starting from intact rock values, based 

mainly on numerical modelling, back-analysis, and rock mass classification (Krauland et al., 

1985). Numerical modelling, which in the last decades has exponentially grown due to increase 

in computational efficiency, represent an extremely powerful tool to assess rock mass 

properties. Nevertheless, the choice of modelling approach is critical, as different formulations 

are based on different simplified assumptions on rheology, rock mass properties and physical 

processes involved. Moreover, input parameters are fundamental in determining affordable 

results. Back-analysis and large-scale testing are options not always suitable for practical 

application, due to lack of previous knowledge or the high logistic and economic efforts needed 

to perform large-scale tests. Few experimental data exist in literature for large rock masses, 

except for in situ test executed for determination of strength (Bieniavski and Van Heerden, 

1975; Thorpe et al., 1982), deformability (Palmstrom and Singh, 2001) and permeability 

(Brace, 1984; Witherspoon, 2000). 
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Figure 2.2: Main types of rock slope failures according to structural conditions. Typical stereo plots associated 

are also reported (from Hoek and Bray, 1981) 

Empirical rock mass classification schemes provide estimates of expected rock mass 

behaviour for specific engineering applications (tunnelling, excavations, and foundations). 

Starting from the pioneering work of Ritter (1879), several classification methods were 

developed, mainly starting from empirical observation performed for specific rock masses and 

for specific engineering purposes (Palmstrom, 1985; Edelbro, 2003). Terzaghi (1946) proposed 

an empirical rock load theory for underground railway tunnels, in which rock mass is 

subdivided into nine categories based on rock mass structure and observation subsequent to 

tunnel advance. Despite being a qualitative classification, rock load theory represents one of 
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the first attempts made for the rock mass classification. Later, Deere et al. (1967) introduced 

Rock Quality Designation index (RQD) to quantify rock mass quality and fracture intensity 

from core logs, given by the percentage of recovered core pieces longer than 100 mm. Despite 

affected by evident orientation and scale bias, RQD is nowadays frequently used in core logging 

for its simplicity and constitute an input value in subsequent multi-parametric analysis like for 

example Rock Mass Rating (RMR). The RMR (Bieniawski 1976, 1989) was initially conceived 

for shallow tunnels and mining operations and rely on the contribution of different parameters 

for establishing the global quality of rock mass, namely intact rock strength, spacing, orientation 

and weathering of discontinuities and water occurrence. Rock mass is subdivided into five 

categories, from very good to very poor, including also indications regarding support system to 

be adopted. The RMR was later extended with the introduction of coefficients related to slope 

geometry, failure mode and excavation technique, making the classification suitable to slope 

stability problems (Slope Mass Rating; Romana, 1985). Another method, developed for 

underground excavation in Scandinavian granites, is the rock Quality Index (Q-index) of Barton 

et al. (1974). This classification method is based on three fundamental ratios, representing block 

size, frictional strength and stress regime, described by six different parameters collected 

through outcrop or core logs analysis. The Q-index, also recurring to dimension and category 

of excavation, gives practical indications about rock mass quality and reinforcements during 

engineering operations. 

A groundbreaking step toward a quantitative parametrization of rock mass strength and 

deformability was made by Hoek and Brown (1980). They proposed a non-linear empirical 

failure criterion for intact rock, and later extended its use to rock masses, based on the 

assumption that increasing problem scale until discontinuities are included in the ñsampleò adds 

another scale effect to the assessment of sample strength. Thus, they proposed an empirical 

method to scale intact rock (lab) properties values based on the spatial pattern of discontinuities 

(rock mass structure) and their conditions, derived from detailed site characterization on 

outcrops or rock cores (Hoek and Brown, 1988, 1997; Marinos and Hoek, 2000). In order to 

support the practical adoption of this approach, Hoek et al. (1995) introduced the Geological 

Strength Index (GSI). Related with the parametrization of the empirical failure criterion 

proposed by the same author in 1980 (Hoek et al., 1995; Hoek and Brown, 1997), the GSI 

permits to describe rock mass with an index ranging from 5 to 95, relying only on visual 

description of structure and joints weathering and avoiding multi-parametric classification 

schemes (Fig. 2.2). The easiness in its application permitted a large diffusion of GSI, which 

was later adapted for description of weak, heterogeneous and complex rock masses and related 

to quantitative descriptors (Marinos and Hoek, 2000; Hoek et al., 2002; Hoek et al., 2005; 

Marinos et al. 2005;Cai et al., 2004; Hoek et al., 2013). GSI was also applied on characterization 

of slopes, particularly regarding stability evaluation, and engineering projects (Brideau et al., 

2009; Agliardi et al., 2013). Recently, Agliardi et al. (2016) proposed a method to evaluate the 

GSI from rock cores starting from relationship between P-wave velocity and rock mass 

structure and weathering. This method, based on quantitative description of structure and joint 

conditions (Fig. 2.3 and Table 2.1) permitted to evaluate GSI also for rock masses located at 

depth, thus being useful in the characterization of equivalent continuum properties for practical 

applications. 
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Figure 2.3: (a) GSI chart based on quantitative joint spacing (from Cai et al., 2004) (b) GSI chart for borehole 

logging: Structure and Joint condition parameters are derived from Table 2.1 (from Agliardi et al., 2016). 

 

Table 2.1: Relationships between structure parameter and joint spacing and between Joint condition parameter 

and weathering (from Agliardi et al., 2016).  
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2.2 BRITTLE FAILURE OF ROCKS:  DAMAGE 

During loading, macroscopic behavior of rocks is characterized by mechanical 

properties evolution. Particularly evident from the analysis of stress-strain diagram, the elastic 

modulus behavior changes with applied stress, passing from an elastic phase to progressive 

decrease until rock peak strength, where failure occurs in form of tensile and/or shear fractures. 

This macroscopic behavior is the expression of micromechanical processes consisting in 

microcrack nucleation, propagation and coalescence, which are recognized also for stress levels 

well below the peak strength, contributing to the progressive damage of rock and the evolution 

of mechanical properties. Thus, describing damage contributes to the understanding of 

processes governing failure throughout the entire loading history. 

Damage depends on geometry and intensity of cracks and defects, that in rocks are 

recognized at micro, meso and macro scale (Fig. 2.4). Rock microcracks were classified 

depending on location in intergranular, intragranular and along grain boundary (Kranz, 1983), 

and mainly originate from rupture of interatomic bonds in response to stress application. 

 

Figure 2.4: Microscopic to macroscopic expression of damage in isotropic material (from Murakami, 2012) 

 

2.2.1 Damage processes: experimental evidence and descriptors  

Laboratory compression tests (uniaxial and triaxial) on intact rock specimens were used 

to quantify the mechanisms of progressive microcracking (damage) of low-porosity rocks 

during standard or cycling loading by measuring strain and acoustic emission behaviors (Martin 

and Chandler, 1994; Eberhardt et al., 1999). In this respect, five different regions were 

recognized in the stress-strain curves, corresponding to changes in mechanical behavior due to 

progressive damaging and brittle rupture of the rock specimen (Fig. 2.5). The first stage refers 

to crack closure, corresponding to closure of cracks initially occurring within the rock and 

favorably oriented with respect to the direction of loading (i.e. perpendicular to s1). Crack 

closure depends on the textural and physical characteristics of the tested rock, and is expressed 
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by a concave-up stress-strain curve. Further increase in the applied load leads to a linear 

increase in deformation, marking the beginning of elastic region (region II in Fig. 2.5), where 

the typical elastic moduli of rocks are measured. The transition to inelastic stable crack growth 

occurs above a stress threshold value, which corresponds to the onset of dilatancy (Crack 

Initiation stress, sci in Fig. 2.5). Crack initiation is a fundamental point in stress-strain curve, 

as it marks the initiation of damage process, expressed by increase of specimen volume due to 

microcracks nucleation and growth. Since this stress threshold does not have a clear evidence 

on stress-strain curve, several methods were proposed to accurate establish the Crack initiation 

stress, mainly accounting for volumetric or lateral strain (Nicksiar and Martin, 2012). For 

example, Brace et al. (1966) identified Crack Initiation with deviation of volumetric strain from 

linear trend, while Martin and Chandler (1994) proposed to identify sci by comparing elastic 

volumetric strain (i.e. derived using elastic E and n) with the correspondent experimental value. 

Within stable crack growth regime, increase in microcracks density is strictly dependent on the 

increase in applied load: if the stress is kept constant, microcracks growth stops (Bieniavski, 

1967). The onset of dilatancy is usually recognized for stresses corresponding to the 40-60% of 

the rock instantaneous (peak) strength. Approaching the rock peak strength (around 70-80%), 

transition from stable to unstable cracking is observed at a stress threshold value called Crack 

Damage Stress (scd in Fig. 2.5). Reversal in total volumetric strain curve is observed due to 

interaction and coalescence of microcracks, reaching critical microcracks density and resulting 

in the development of macroscopic fractures within the sample. Martin and Chandler (1994) 

demonstrated that crack damage threshold strongly depends on accumulated damage within the 

sample. Damage process is no more dependent on applied load and continues until global failure 

is reached (speak in Fig. 2.4). After the macroscopic rupture, the post-peak part of the stress-

strain curve can be reconstructed by the use of stiff servo-controlled testing frames, and is 

characterized by rapid fall of stress versus strain and the advent of residual strength.  

 

Figure 2.5: Typical triaxial testing on intact rock. Stress strain curve, acoustic emission counts and volumetric 

versus axial strain are reported, highlighting main stages involved in microcracks initiation, growth and 

coalescence. Microcracks conceptualized patterns in most significative stress thresholds are also indicated (from 

Cai et al., 2004). 
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Several microscale phenomena contribute to crack nucleation and growth (i.e. crack 

damage) at stresses far below the rock peak strength. These include: atomic diffusion, stress 

corrosion and microplasticity (Atkinson and Meredith, 1987), commonly grouped under the 

process of ñsubcritical crack growthò. Laboratory creep tests showed that subcritical crack 

growth evolves in time at constant applied stress, and can eventually result in delayed 

macroscopic rock failure. Such time-dependent behaviour is named ñbrittle creepò, because it 

is related to brittle damage processes and not to crystal plasticity typical of ductile creep 

processes occurring at high temperature and/or confining pressure. Due to practical limitations 

(i.e. test duration and related practical issues), creep tests are usually performed for applied 

stresses closer to rock peak strength, even if subcritical crack growth is encountered for any 

applied stress above crack initiation threshold (sci in Fig. 2.5). The typical creep deformation 

curve consists of three distinct stages in a strain versus time diagram: (a) primary or decelerating 

stage, (b) secondary or steady-state stage, (c) tertiary or accelerating stage (Fig. 2.6). The 

physical meaning and the existence of the secondary stage are still debated in literature, as it 

may be considered only the flex point in the strain-time curve. Several environmental conditions 

influence brittle creep process, thus controlling the timing of macroscopic failure: temperature, 

water content and effective pressure, differential stresses and initial microstructure of the 

sample are among the most influencing (Brantut et al., 2013 and reference therein). 

 

Figure 2.6: Strain and stress versus time curves for laboratory test on Darley Dale sandstone. The sample is loaded 

until a stress lower than peak rock strength, which is then maintained constant. The sample start creeping through 

primary, secondary and tertiary stages until failure (from Brantut et al., 2013). 



34 

 

Crack damage processes are key drivers of brittle failure processes and of the evolution 

of rock properties at microscopic, mesoscopic and macroscopic scale, including strength, 

deformability and permeability (Paterson and Wong, 2005). Thus, several efforts were made to 

measure damage and its evolution versus strain and time using direct estimated of fracture 

density or indirect (proxy) damage descriptors (Kachanov, 1986; Katz and Reches, 2004). 

Regarding direct microstructural observation, Katz and Reches (2004) conducted 

microcracks density mapping on granite thin sections at different loading stage during triaxial 

loading, observing progressive growth and coalescence, while other authors described 

microfracturing evolution recurring to computerized tomography (CT) and Scanning Electron 

Microscopy (SEM) techniques (Tapponnier and Brace, 1976; Feng et al., 2004). Moreover, 

damage state could be also related to evolution of several physical properties typically measured 

during laboratory tests: despite the aforementioned method using the ratio between 

experimental and elastic volumetric strain, several other techniques were developed (Paterson 

and Wong, 2005). Acoustic emissions provide an affordable and well-tested correlation with 

damage (Fig. 2.7), being physically related to the process of microcracking and easy to measure. 

Occurrence of acoustic emissions was clearly recognized since the crack initiation threshold, 

also showing an increasing rate of events while approaching macroscopic failure (Lockner, 

1993; Eberhardt et al., 1999; Martin et al., 2001; Cai et al., 2004; Heap et al., 2009). 

Interestingly, this concept was upscaled using microseismic events to assess spatial and 

temporal damage evolution due to deep underground tunneling projects (Martin and Chandler, 

1997; Cai et al., 2001). Triaxial tests conducted by Stanchitz et al. (2006) on granite and basalt 

highlighted anisotropic nature of damage and its dependence on fabrics, documented by 

anisotropy of P-wave velocity and shear wave birefringence during deformation. Decrease in 

seismic wave velocity was recognized as response to damage increase, due to enhanced fracture 

density and in turn to a ñslowerò media for the waves to cross (Fig. 2.7; Schulze et al., 2001). 

Indeed, hydraulic permeability usually increases while damage progresses, mainly due to two 

different complementary mechanisms: the growth of microcracks density, which increase 

interconnection and possible pathways, and the onset of dilatancy, which basically corresponds 

to open fractures availability (Zoback and Byerlee, 1975; Shulze et al., 2001; Rutqvist and 

Stephansson, 2003). 

Martin and Chandler (1994) proposed the Crack Volumetric Strain (CVS) as a proxy of 

crack damage in intact rock laboratory tests, starting with the assumption that dilatancy is a 

proxy of micro and meso-crack growth. The CVS, that is defined as the difference between 

elastic volumetric strain and measured experimental volumetric strain, permits to accurately 

assess the point in stress-strain curve in which crack initiation begins (Fig. 2.5). Moreover, 

cumulated value of CVS permits to assess rock dilatancy up to the peak stress, thus resulting in 

indirect measure of the critical microcrack density needed for triggering macroscopic failure. 

As microcracking is strictly related to damage, the CVS can be also used to as a mesoscopic 

proxy to describe microscopic damage evolution through analysis of deformation curve. 

Regarding the stiffness, Young Modulus and Poissonôs ratio shows an opposite behavior 

in respect to damage, indicating progressive softening throughout microcracking process. 

Lemaitre (1977) demonstrated the role of rock elastic response as a measure of the experienced 

damage according to the relationship: 
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Ὀ ρ ὉȾὉ         (2.1) 

 

where D is the damage, E the observed Young Modulus and E0 the initial Young modulus. 

This observation was confirmed by other authors (Kachanov, 1982; Zhang, 1992), 

among which Eberhardt et al. (1999) observed decrease of Young Modulus and progressive 

growth of Poissonôs ratio during monocyclic loading tests on Lac du Bonnet granite (Fig. 2.8). 

In particular, the authors suggest the different variation rate observed between two parameters 

as evidence of predominant axial cracking during the damage of rock specimen. All these 

observations were later confirmed by Heap et al. (2010) for other litotypes, meanwhile stressing 

the anisotropic nature of crack damage process. 

Moving to the rock mass scale, different approaches were used to assess damage in rock 

masses. Among these, GSI was successfully applied to describe different damage domains, 

progressive decrease in mechanical properties and kinematics in rock slope failures (Brideau et 

al., 2009): starting from undamaged and stable rock mass outcropping in a porphyry quarry site, 

Agliardi et al. (2013) recognized the imprint of damage process and quantified it through 

widespread GSI mapping. The obtained results show progressive decrease of GSI values for 

different slope sectors, characterized by increasing instability conditions, meanwhile resulting 

in a clear ñdamage pathò in which failure kinematics at different scales appears related with 

occurrence of certain degree of damage within rock mass (Fig. 2.9). Other damage descriptors 

reported in literature are basically related to the ratio between fracture persistence and rock 

bridges occurrence or the reactivation of pre-existing fractures and their propagation within 

intact rock (Eberhardt et al., 2003; Stead and Eberhardt, 2013; Preisig et al., 2016). 

 

Figure 2.7: Evolution of rock physical properties during deformation of rock salt (from Schulze et al., 2001) 
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Figure 2.8: Evolution of Youngôs Modulus and Poissonôs Ratio during monocyclic loading tests (from Eberhardt 

et al., 1999) 

 

Figure 2.9: Rock mass ñdamage pathò derived from field data on porphyry quarry. Decrease of GSI is observed 

moving from undamaged to variously damaged rock mass. In turn, failure mechanism registered throughout the 

slope appears related to the damage experienced by different slope sectors (from Agliardi et al., 2013) 
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2.2.2 Damage modelling approaches 

To explain and simulate the behavior observed in laboratory tests, different models of 

brittle damage were developed since early 20th century. In particular, damage processes have 

been described by discrete fracture mechanics approaches (Griffith, 1921, 1924; Paterson and 

Wong, 2005) and in a continuum damage mechanics framework (Kachanov, 1958; Rabotnov, 

1968; Lemaitre, 1984). 

Regarding fracture mechanics, the theory proposed by Griffith (1921, 1924) argues that 

flaws and microcracks act as stress concentrators, particularly if favorably oriented in respect 

to applied stress. Fracture develops by tensile rupture at the crack tip, where the local stress 

overcome the local cohesive material strength. Griffith theory was applied to uniaxial tension 

(Griffith, 1921), uniaxial compression (Griffith, 1924), biaxial stresses (Griffith, 1924) and 

general stress state (Orowan, 1941), later extended to rocks by Murrell (1958). Orientation of 

crack in respect to applied stress, confining pressure and tensile strength of the rock are main 

parameters in determining propagation, orientation and length of induced tensile crack (Fig. 

2.10). Despite the rigorous physical background, Griffithôs theory is applicable only at 

microscopic crack initiation, when no interaction and coalescence among neighbor cracks is 

observed: experimental strength and deformability evolution observed during unstable 

macroscopic cracking are not well described (Paterson and Wong, 2005). 

To overcome these limitations, several authors tried to represent in a unique framework 

the effect of mechanical degradation, from microcracks nucleation to macroscopic failure 

though mesoscopic growth and coalescence. This resulted in the development of Continuum 

Damage Mechanics (CDM), in which material degradation is represented by an equivalent 

continuum, with properties expressed by statistical average of the mechanical state and 

decreased by introducing a proper damage variable (Murakami, 2012). Kachanov (1958) was 

the first to propose a scalar continuity variable to describe the effect of properties degradation, 

accounting for a phenomenological but rather realistic description of brittle creep rupture under 

uniaxial tension. His theory was later extended to multiaxial stresses (Rabotnov 1968, 1969), 

also introducing the damage variable D, ranging from 0 (undamaged state) to 1 (completely 

fractured material). The damage variable, which is based on the concept of effective stresses 

(i.e. the stress is applied only to undamaged portion of material), represent the failed material, 

thus reflecting the macroscopic effects of microscopic processes like microcracks nucleation, 

propagation and coalescence. Due to the anisotropic nature of many materials (including rocks) 

damage variable was suggested to be better described by a tensor (Murakami and Ohno, 1981; 

Krajcinovich and Foneska, 1981), even if scalar approach resulted in simpler formulation and 

affordable prediction of material behavior (Lemaitre, 1984). Moreover, Katz and Reches (2004) 

demonstrated that the use of scalar damage factor could eventually result in anisotropic damage 

at macroscopic scale. 
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Figure 2.10: Different modes of tensile microcrack propagation in pure tensile (A), tensile (B), uniaxial 

compressive (C) and compressive (D and E) conditions. Corresponding stress states are also indicated (from Hoek 

and Martin, 2014). 

 

Moreover, starting from micromechanical background and experimental observation on 

subcritical crack growth and creep failure, several authors tried to develop numerical models 

able to reproduce brittle cracking and damage. Starting from the theoretical approach used, 

three main categories of models can be distinguished: (a) fracture mechanics, (b) continuum 

damage mechanics (CDM) or (c) statistical (Yuan and Harrison, 2006; Brantut et al., 2013). 

Hybrid models, combining concepts coming from different frameworks, were also developed 

trying to conjugate main strengths of different approaches. 

Models based on fracture mechanics have the advantage of explicitly described 

micromechanics processes underlying brittle cracking recurring to open crack model or sliding 

crack model (Brantut et al., 2012). Kemeny and Cook (1987) analyzed a homogenous cracked 

solid and its rupture under strain-controlled and displacements-controlled boundary conditions. 

They analytically demonstrate two different fracture models, the non-interacting crack model 

and the external crack model, explaining also fracture extension first using the ñnon-

interactingò and then with the ñexternalò crack model. Using a simplified microcracks 

distribution within rock sample, their model was able to correctly reproduce experimental 

behavior observed on Westerly granite (Fig. 2.11) Disadvantages of this approach are related 
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to the difficulty in reproducing intrinsic complexity of the rock structure, with variously 

oriented and interacting cracks, and the microcracks coalescence with subsequent strain 

localization. 

On the other hand, continuum damage mechanics have the advantage of proposing a 

less physically rigorous but rather simpler approach to the problem: through the definition of 

damage variable (or variables) and constituting laws relating it to stress and strain, the material 

is represented as a continuum with averaged mechanical properties (Valanis, 1985; Ofoegbu 

and Curran, 1992). By changing stiffness and physical properties of rock in respect to 

accumulated strain, dilatancy and microstructure variations models were able to reproduce 

several aspects of damage as stress-strain curves and softening behavior (Fig. 2.12). 

 

 

Figure 2.11: Idealized crack pattern and experimental versus modeled stress-strain curves for tests on Westerly 

granite at different confining pressures (from Kemeny and Cook, 1987) 
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Figure 2.12: Differential stress versus axial strain and volumetric versus axial strain curves obtained for numerical 

simulations with different confining pressures on Creighton norite (from Ofoegbu and Curran, 1992) 

 

Statistical models aim at reproducing the intrinsic heterogeneity of rocks with statistical 

approach, subdividing the model domain in representative elements with different mechanical 

properties. Scholz (1968) developed this concept in a time-dependent framework, being able to 

partly reproduce strain behavior but not subsequent localization and tertiary creep. 

Combining statistical approach with continuum damage mechanics, several authors 

attained a complete representation of creep behavior and strain localization (Fig. 2.13; Turcotte 

et al., 2003; Amitrano and Helmstetter, 2006; Xu et al., 2012). These models statistically 

describe the rock heterogeneity with statistical distribution, meanwhile introducing a damage 

coefficient related to empirical observation on laboratory experiments. Due to relation observed 

between crack increase and stiffness, variation in Young modulus was often used at this purpose 

(Chaboche, 1977; Lemaitre and Chaboche, 1978; Hudson and Harrison, 1997; Amitrano and 

Helmstetter, 2006; Xu et al., 2012). The main concern in the application of these models to real 

rock masses consists in the choice of phenomenological damage parameter, as it has to be 

upscaled without any experimental evidence regarding crack density increase or physical 

processes involved in rock mass brittle failure. Moreover, the assumption of a static law is 

another simplification in respect to the main role of stress corrosion (i.e. groundwater effect) in 

failure process and the changing morphoclimatic conditions encountered for example in real 

large rock slopes (Brantut et al., 2013).    
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Figure 2.13: Strain (a), cumulated rupture events (b) and cumulated energy release (c) dependency on time for 

modelled creep tests, proving the model capability in capturing the entire creep curve of the material (from 

Amitrano and Helmstetter, 2006)  
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2.3 FLUID-ROCK INTERACTION:  HYDRO-MECHANICAL COUPLING 

Mutual interplay between pore/cleft fluid pressure and material stress and strain, which 

deeply influences the behavior of geomaterials, has been recognized since the earliest studies 

in soil and rock mechanics (Terzaghi, 1923). This interplay occurs through a series of physical 

interactions collectively referred to as ñhydromechanical couplingò. Starting from a century 

ago, several authors studied hydromechanical coupling and its implication on geological 

processes. The main studies are summarized in the comprehensive reviews by Tsang (1991), 

Rutqvist and Stephansson (2003) and Neuzil (2003). 

The ensemble of processes involved in hydromechanical coupling (HMC) can be 

conceptualized in direct vs. indirect and fluid-to-solid vs solid-to-fluid HMC (Fig. 2.14; 

Rutqvist and Stephansson, 2003). Direct coupling occurs when a change in applied stress 

induces a change in pore fluid pressure (solid-to-fluid coupling, i in Fig. 2.14) or a change in 

pore fluid pressure induces a change in volume (fluid-to-solid coupling, ii in Fig. 2.14). Indirect 

coupling involves changes in physical properties of the geologic media, such as variation of 

hydraulic properties in response to changing stress (solid-to-fluid coupling, iii in Fig. 2.14) or 

variation of mechanical properties in response to changing pore fluid pressure (fluid-to-solid 

coupling, iv in Fig. 2.14). Hydromechanical coupling is thus related to the rock mechanical 

properties and their spatial heterogeneity, which in turn depend on microscopic and 

macroscopic structure and porosity, directly conditioning fluid pressure occurrence and 

distribution. 

 

Figure 2.14: Direct and indirect hydromechanical coupling in geological media (from Rutqvist and Stephansson, 

2003) 

 

The basis of coupled hydromechanical interaction were drawn by Terzaghi in 1923 (and 

with a parallel study by Meinzner in 1928), when his theories of effective stresses and pore 

pressure diffusion were published. Terzaghi observed that the total stress can be subdivided 

into two different components, one transmitted to the solid structure (effective stress) and 
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another bear by pore fluid pressure. This concept is expressed by the well-known relationship 

that expresses the soil consolidation as a direct consequence of fluid pressure dissipation in the 

form: 

 

„ „ ὴ         (2.2) 

 

where sôzz is the effective stress, szz is the total vertical stress and p is the pore fluid pressure. 

Later, Biot (1948) developed a poroelasticity theory to explain three-dimensional 

consolidation and to relate elastic response of modelled medium to variation in pore fluid 

pressure, meanwhile generalizing the Terzaghi effective stress law as: 

 

„ „ ‌ὴ        (2.3) 

 

where sôm is the mean effective stress, szz is the total mean stress and a is a coefficient taking 

into account the effect of variable porosity in considered medium. As experimentally proven, 

a is usually close to 1 for soils but lower values can be encountered for rocks, in which low 

crack density and consequent low porosity can be observed (Nur and Byerlee, 1971). 

Several laboratory tests were performed on intact rock samples, mainly to extrapolate 

poroelastic parameters and to investigate intact rock behavior with varying confining stress and 

pore fluid pressure (Heiland, 2003 and reference therein). Results indicate a complex behavior, 

strongly affected by rock porosity (including shape of pores), applied stresses and fluid 

pressure. During loading tests, usually permeability decreases as response to crack closure 

stage, then followed by an increase due to microcracks development and interconnection in 

subcritical regime (Fig. 2.7). The increase of fluid pressure in turn causes transient decrease of 

effective stress, thus reducing rock strength and promoting slip along preexisting fractures. 

However, establish a universal trend to evaluate permeability evolution is impossible, and 

hydraulic parameters have to be assessed for each specific case based on rock micro and macro 

structure, deformation history, stress applied and fluid pressure. 

Quantitative description of hydromechanical coupling in rock masses is even more 

complicated: the orientation, aperture, roughness and connectivity of joints dramatically affect 

fluid circulation and related effect on mechanical parameters and stress state. Several authors 

tried to assess permeability modification caused by fracture aperture and roughness, under 

varying normal or shear stress (Witherspoon et al., 1980; Makurat et al., 1990; Rutqvist, 1995; 

Olsson and Barton, 2001). Fracture pattern in a specific rock mass is the result of deformation 

and stress fields experienced, which in the long-term period is subject to transient conditions 

that may results in rock mass structure modification and properties evolution. For this reason, 

establish rigorous stress-permeability relationships is nearly impossible without site-specific 

investigations. However, general trends were recognized through site investigations performed 

in different contexts and for different rock types. Permeability is mainly determined by 

mechanical properties of fractures as normal stiffness, shear strength and cumulated 
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displacement. This is evident especially in faults zones, where the large movement along slip 

surface often results in the formation of large conduit with high permeability (Rutqvist and 

Stephansson, 2003). Observation performed for underground tunneling shows the effect 

damage induced by excavation, which often bring to the development of cracks with consequent 

enhance of hydraulic permeability. Dramatic increase (up to 6 order of magnitude) were 

recognized for host rocks with small initial permeability (Wang et al., 2001), while in some 

cases both increase and decrease in initial permeability were associated to damage zone, thus 

highlighting the uncertainties in governing processes and the importance of site-specific 

characterization (Backblom and Martin, 1999). 

In fractured rock masses, major fluid fluxes often tend to be concentrated in a few, 

highly conductive and open fractures, which constitute a small part of the entire fracture 

network. They are usually characterized by broad aperture derived from roughness, shear 

displacement or stress state, and are grouped in clusters, which extension depends on fracture 

density and spatial pattern of the host rock. Occurrence of less permeable fractures within 

interconnecting cluster is important as they can represent bottlenecks, conditioning both the 

hydraulic properties of the entire cluster and the fluid pressure distribution, which in turn 

influence hydromechanical coupling. Indeed, the response at stress variations is different 

between highly conductive and less conductive joints (Fig. 2.15): widely open fractures are 

usually less affected by stress variation, while less conductive fractures can experience 

substantially changes also for little stress variations, consisting in either permeability increase 

or decrease. Confining pressure (i.e. depth) also influences hydraulic response to stress 

variations, with progressive sensitivity decrease as confining stress increase. 

As for mechanical properties, the scale of the problem with respect to fracture density 

is a key control on the rock mass behavior and on the most suitable modelling approach to be 

adopted: small volumes characterized by persistent and well-spaced discontinuities will behave 

predominantly as a discontinuum medium, with intact rock portions characterized by dry 

conditions juxtaposed to discontinuities filled by water, resulting in pressure peaks along and 

at the tips of persistent fractures. On the other hand, rock masses constituted by an 

interconnected, closely-spaced and well-developed fracture network will be better 

characterized as a soil-like continuum medium, for which equivalent hydraulic properties can 

be extrapolated. 

Failure surfaces in rockslides and DSGSDs are constituted by deformation bands in 

which the effect of shear and gravitational displacement resulted in an extremely damaged rock 

mass, often crushed in breccia layers with silty and clay matrix. Understanding the hydraulic 

behavior of such elements is extremely important due to the high influence that exert on slope 

groundwater circulation and landslide development. Few studies exist on hydraulic 

characterization of shear bands induced by gravitational displacement (Strauhal et al., 2016). 

However, despite some substantial differences in scale, deformation mechanism, confining 

stress and texture, shear bands can be somehow compared to tectonic faults, for which behavior 

was studied from both structural and hydrogeological points of view (Chigira, 1992; Caine et 

al., 1996; Bense et al., 2013). 
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Figure 2.15: Expected ranges of permeability variation for intact rock matrix, low-conductive fractures and 

highly-conductive fractures at different depths (from Rutqvist and Stephansson, 2003). 

 

Fault influence area in hosting rock mass is usually expressed as the sum of the fault 

core, in which the strain is mainly concentrated, and the damage zone, the volume in which 

rock mass structure was altered by fault due to enhanced fracturing (Fig.2.16a, b, c). Conceptual 

models proposed in literature usually distinguish among a zone of enhanced permeability, 

caused by increase in fracture density and interconnection (i.e. damage zone), and a low-

permeability fault core sealed by fine-grained material (Fig. 2.16d, e; Bense et al., 2013). 

Moreover, a conduit-barrier effect is recognized, related to marked anisotropy for fluxes 

directed parallel to fault direction, which are favored in respect to undisturbed portions of rock 

mass. On the other hand, fluxes across the fault core are strongly limited or even inhibited, due 

to the low hydraulic permeability and barrier effect (Chester and Logan, 1986). Interaction 

between rock mass properties and applied load determine the relative extension of damage zone 

and fault core, deeply influence in turn also hydraulic behavior (Fig. 2.16f; Caine et al., 1996). 

The application of these concepts to landslides basal shear band, highlight the key-role of 

comminution and shear deformation magnitude in the definition of hydraulic properties. For 

low cumulated shear displacement and strain, an increase in permeability could be expected 

due to enhanced fracture density but no occurrence of fine material or brecciated levels. For 

mature shear bands, conduit-barrier concept could be applied, as confirmed by abundance of 

field data which testifies occurrence of fine material along main surfaces, with thickness 

ranging from centimeters to several meters. The permeability contrast between fractured rock 

mass and shear bands could also explain the formation of perched aquifers hosted within 

unstable bodies, with consequence on hydromechanical coupling and time dependent evolution. 

Site investigation recently performed by Strauhal et al. (2016) assessed hydraulic conductivity 

variations of several order magnitude between basal shear band and overlying rockslide mass. 

Interestingly, gravitational deformation also caused an increase of hydraulic permeability of the 

entire rockslide body, if compared to surrounding and stable rock mass. 

 



46 

 

 

Figure 2.16: Effect of faulting on rock mass hydraulic properties (a): extension of fault core and damage zone for 

a single fault (b) and neighborhood interacting faults (c); expected variations of permeability in respect to fault 

distance for a single fault (d) and neighborhood interacting faults (e); hydraulic behavior in respect to relative 

extension of fault core and damage zone (f) (from Bense et al., 2013). 
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2.4 LARGE ROCK SLOPES: NUMERICAL MODELLING 

To reproduce the multitude and intrinsic complexity of processes involved in long-term 

slope evolution (Cf Chapter 1), the choice of modelling approach and boundary conditions is 

fundamental. The modelling strategy must be able to capture the initiation and propagation of 

instability at a suitable scale, meanwhile taking into account all the processes involved. To 

investigate slope behavior, mainly three modelling approaches have been developed: 

continuum methods, discontinuum methods and hybrid continuum/discontinuum methods 

(Jing, 2003; Stead and Eberhardt, 2013). 

Continuum methods are based on the continuous representation of rock mass, with 

mechanical and hydraulic equivalent properties derived from intact rock and discontinuities 

characterization. Usually, equivalent parameters are evaluated through rock mass 

characterization techniques directly applied to in-situ rock mass (Cf. Chapter 2.1). Continuum 

approach was widely used to investigate long-term evolution of slopes and evolution of 

mechanical properties induced by gravitational creep, active tectonics, deglaciation and 

changing hydrogeological regimes (Fig. 3.17; Agliardi et al., 2001; Ambrosi and Crosta, 2006; 

Brückl and Parotidis; 2005; Barbarano et al., 2015). 

Discontinuum approaches as Distinct Element Methods (DEM; Cundall, 1971) 

explicitly take into account joints occurrence, representing the rock mass as formed by intact 

rock blocks bounded by discrete discontinuities. Blocks can be either represented by polygons, 

as in UDEC formulation (Itasca, 2010), or by circular features, as in PFC formulation (Itasca, 

2007), bounded (and eventually bonded) by surfaces with specified behavior, to simulate real 

discontinuities properties such as normal stiffness, shear stiffness, cohesion and friction angle. 

The application of discontinuum approach to rock slope stability problems is 

particularly suitable for cases in which kinematic is largely controlled by discontinuities (Benko 

and Stead, 1998; Eberhardt et al., 2003; Lorig et al., 2010; Havaej et al., 2015). At this aim, the 

flexural toppling analysis performed by Alzoôubi et al. (2010), in which experimental versus 

predicted behavior fits well regarding strain pattern and rupture surface location, demonstrates 

the importance of intact rock tensile strength in controlling failure. Nichol et al. (2002) 

conducted a similar analysis on toppling, investigating the interaction between brittle and 

ductile mechanisms in the development of large instabilities. Relationship between rock 

strength, joints distribution and toppling behavior was founded, proving the role of rock mass 

conditions in determining type and occurrence of slope failure. Other applications of 

discontinuum approach to large rock slope permitted to assess the influence of groundwater 

regime, thermo-mechanical effects and seismic fatigue in determining instabilities in real 

(Gischig, 2011) and simplified alpine slopes (Fig. 2.18; Gischig et al., 2016). 
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Figure 2.17: Results of 3D continuum numerical modelling of the Mt. Legnoncino DSGSD. Patterns of total 

displacement, vertical displacement and shear strain increments are shown both on 3D maps and along the cross-

sections A-Aô and B-Bô (from Ambrosi and Crosta, 2006). 

 

Hybrid approaches combines continuum and discontinuum formulation to reproduce in 

a unique framework the intact rock deformation, the sliding on pre-existent discontinuities and, 

most of all, the initiation and propagation of new cracks as a consequence of applied stress. 

Indeed, intact rock is represented as a continuum bounded by discontinuous joints: as the rock 

failure criterion is reached, new fracture is initiated and meanwhile a corresponding discrete 

feature with joint mechanical properties is created. Despite the high computational load 

requested by such types of numerical code, they proved to accurately reproduce the process of 

brittle failure at micro, meso and macro scale, particularly for mining purposes (Fig. 2.19.; Cai 

and Kaiser, 2004; Elmo, 2006; Elmo and Stead, 2010; Vyazmensky et al., 2010; Hamdi, 2015). 
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Figure 2.18: Seismic fatigue effect on simplified slope discontinuum model in terms of cumulated displacement 

and failed discontinuities. Slope collapse occurs after the 15th event. (from Gischig, 2016) 
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Figure 2.19: Use of hybrid modelling approach for mining applications. Different failure mechanisms are 

reproduced as a function of discontinuity persistence and spacing (from Hamdi, 2015) 

 

Despite the adopted modelling approach, brittle failure, subcritical crack growth and 

hydro-mechanical coupling are fundamental in the assessment of slope stability, especially in 

investigating long-term slope behavior with underlying progressive rock mass damage. For 

single unstable block or slopes largely controlled by discontinuities, discontinuum and hybrid 

approaches offer a better account for the observed mechanisms, being able to reproduce large 

displacements along discrete features and formation of new cracks. On the other hand, for large 

and quasi homogeneous rock slopes continuum models are usually preferred (Fig. 2.1) due to 

the simple but rather affordable formulation and the minor uncertainties in the input values, as 

representative volume of rock mass could be described with continuum equivalent parameters 

regarding both mechanical and hydraulic properties. 
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2.4.1 Time-dependent progressive failure 

As observed in the previous chapter, subcritical crack growth contribute to the 

progressive damage at laboratory scale since a critical fracture density is reached, coinciding 

with the macroscopic rupture of the rock sample. These concepts are often upscaled to large 

rock slopes, where progressive rupture and mass creep are pointed out as fundamental processes 

in long-term rockslide nucleation and differentiation (Bovis, 1990; Ballantyne, 2001; Eberhardt 

et al. 2004; Crosta et al., 2012; Stead and Eberhardt, 2013). In this framework, rock mass 

strength is usually represented as the sum of two different components, the frictional shear 

strength of rock mass joints and the cohesion due to the intact rock bridges located between 

non-persistent discontinuities (ñeffective cohesionò; Terzaghi, 1962; Einstein et al., 1983). In 

subcritical stress conditions (i.e. under rock mass peak strength) and focusing only on a single 

pre-existing joint, failure propagation is modelled through subsequent progressive events in 

which shear stress is concentrated at the crack tip until the local peak strength is overcome. 

Then, rupture propagation and stress redistribution in the surrounding area occurs (Fig. 2.20; 

Bjerrum, 1967; Eberhardt et al., 2004). 

 

 

 

Figure 2.20: Progressive failure sequence for a single discontinuity (Eberhardt et al., 2004) 

 

As real rock slopes are constituted by an ensemble of non-persistent and variously 

oriented discontinuity, progressive failure sequence propagates within rock mass through time 

until a continuous and kinematically favorable surface is developed, thus resulting in potential 

slope instability. The interplay between joints geometry and intensity in respect to the intact 

rock bridges percentage, intact rock strength and internal deformation of rock mass condition 

the occurrence of different kinematics, shear band geometries and potential development of 

secondary scarps and counterscarps within the slope (Fig. 2.21; Eberhardt et al., 2004). The 

macroscopic evidence of these local processes results in the commonly observed ñslope creepò 

movements (Emery, 1972), characterized by rather constant, low displacement rates to which 

seasonal accelerations of different magnitudes are often superimposed (Crosta and Agliardi, 

2003; Vallet et al., 2015). 
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Figure 2.21: Effects of fracture pattern and brittle vs. ductile behavior on development and geometry of 

instabilities (from Eberhardt et al., 2004) 

 

Eberhardt (2004) applied these concepts in the back-analysis of Randa slope progressive 

failure using hybrid continuum/discontinuum approach. Obtained results reproduce rockslide 

development through tensile cracks initiation, growth and coalescence consequent to slope 

deglaciation, meanwhile predicting the rockslide episodic nature (Fig. 2.22). 

With a complete different approach based on damage and brittle creep laws applied to 

a finite-element model, Lacroix and Amitrano (2013) described the long-term evolution of 

simplified rock slopes, capturing in a unique environment the degradation of mechanical 

properties, the strain localization within a basal shear band and the complete creep behavior 

since slope collapse (Fig. 2.23). 
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Figure 2.22: Progressive development of internal deformation and rupture surface of Randa rockslide. The hybrid 

modelling approach is able to reproduce the staged failure observed on real slope (from Eberhardt, 2003) 

 

 

 

Figure 2.23: Evolutionary steps of a simplified rock slope subjected to damage process. The color scale represents 

the number of damage events per element (from Lacroix and Amitrano, 2013) 
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Time-dependency has a fundamental role in the development and evolution of alpine 

instabilities. Thus, several authors tried to link slope mechanical state with time, particularly 

focusing on short-term prediction for forecasting and early-warning purposes. Starting from the 

accelerating creep approach of Fukuzono (1985) and Voight (1988,1989), Crosta and Agliardi 

(2003) proposed a method to evaluate, in respect to observed displacement patterns, threshold 

values of velocity directly applicable to early warning assessment of active rockslides. 

Including to the displacement patterns also the observed precipitations, Vallet et al. (2015) 

developed a method based on wavelet analysis to assess the hydro-mechanical coupling and the 

evolution of deep-seated landslide particularly sensitive to hydrologic triggers.  

Another approach focused on visco-plastic modelling to reproduce rock slope behavior 

through time (Angeli et al., 1996, Secondi et al., 2013; Crosta et al., 2014; De Caro et al., 2016). 

This can reproduce downslope movement relying on the assumption of a rigid block overlying 

a viscous shear band, in which all the strain and displacement are concentrated. Despite the 

accurate results obtained by the application of this approach, one concern is represented by the 

difficulties in calibration of viscous parameters, which are basically not comparable with field-

measurable indexes. Otherwise, this approach often doesnôt consider the evolution of 

mechanical properties as a consequence of strain and fracturing experienced by the simulated 

rock mass. In addition, the role of fluid pressure is rarely taken into account, due both to the 

uncertainties in long-term slope groundwater circulation and the not obvious interaction with 

discontinuous and heterogeneous rock mass material. 

 

2.4.2 Deglaciation and long term-evolution 

Deglaciation is a fundamental process in the evolution of large alpine rock slopes, in 

terms of both slope carving/erosion and stress redistribution related to ice downwasting. Despite 

this, few modelling approaches focused on slope response consequent to deglaciation phase and 

its effect on stability. Agliardi et al.(2001) and later Ambrosi and Crosta (2006) modelled the 

postglacial evolution of DSGSDs in the Italian Central Alps using two-dimensional finite 

difference method, showing how plastic deformation and displacement in the slope occurs 

immediately after deglaciation and proving the role of paraglacial readjustment in promoting 

large slope instabilities. Leith (2012) used a long-term finite-difference model to assess the 

cyclic effect of endogenic and exogenic processes on the long-term evolution of typical alpine 

landscape, proving the interplay of tectonics, rock mass mechanical properties and glacial 

erosion in determining observed alpine slopes fracture patterns and topographies (Fig. 2.24). 

Agliardi et al. (2014) instead focused on a specific case study and tried to assess rock mass 

damage induced by deglaciation and slope debuttressing, recurring to finite element modelling 

to explain rockslide differentiation and occurrence on the Spriana slope (Fig. 2.25). Despite 

rock mass is represented as continuous medium, numerical model succeeds in reproducing a 

tensile damage zone due to stress redistribution, affecting the entire slope up to 150 m from 

surface and resulting in weakened band predisposing for further damage development and 

rockslide differentiation.Despite the good accounting for deglaciation effects and nucleation of 

slope instabilities, these modelling approaches have often limitations in describing mature stage 

of slope evolution and the evolution of rock mass in terms of mechanical and hydraulic 

parameters. 
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Figure 2.24: Fracture pattern evolution for a typical alpine valley subject to glacial erosion (stages 1 to 14) and 

progressive ice downwasting (stages 15 to 21). Fracture are drawn based on stress orientation and regimes 

predicted by the numerical model (from Leith, 2012) 

 

 

Figure 2.25: Damage evolution as a function of progressive glacial debuttressing, resulting in a damage band 

extending over 150 m within the Spriana slope and predisposing to slope instability (from Agliardi et al., 2014) 

 

2.4.3 Role of fluid pressure 

Although movements critically accelerating until catastrophic collapse may result by 

rock mass progressive failure without any external forcing (i.e. tertiary creep; Saito and 

Uezawa, 1961; Zavodni and Broadbent, 1980; Voight, 1989; Rose and Hungr, 2007), hydro-

mechanical coupling has been recognized to play an increasingly important role as rockslides 

attain mature stages of evolution (Crosta et al., 2014). In glacial environment, even if slope 

undergone erosion and steepening by glacier flow, rock mass is supposed to be quasi-

undisturbed, except for the shallower portions. Low fracture intensity and sealed joints are 
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expected to be associated with low hydraulic conductivity and poor fracture interconnection at 

slope scale (Fig. 1.4a). 

Several techniques were exploited to numerically model fluid circulation and 

hydromechanical coupling in geological media, starting from traditional frameworks to 

progressively exploit more advanced techniques (Hudson, 2002). Models based on equivalent 

continuum were developed based on well-known simple equations originally conceived for 

hydrogeology (Oda, 1982) and adapted for including effect of hydromechanical coupling. 

Despite the simple formulation, continuum models are affected by great uncertainties mainly 

related in the definition of hydraulic parameters, given the discontinuous nature of fluid flow 

in rock masses. As a comprehensive discrete description of large scale rock mass fracture 

pattern is unfeasible, statistically-based Discrete Fractures Networks (DFN) conjugate 

discontinuum description of geological media with sounding statistical description of rock mass 

anisotropy and heterogeneity. In the last years, efforts in this direction provided encouraging 

results in modelling of rock mass hydraulic and mechanical behavior for various engineering 

applications (Elmo et al., 2014; Sturzenegger et al., 2014; Dershowitz, 2015; Elmo et al., 2015). 

As in real slope these hydrologic pulses has a seasonal occurrence related to surficial 

water and groundwater availability, i.e. in spring during snowmelt and in summer/fall during 

intense and prolonged meteoric events (Hansmann et al., 2012), authors described the 

mechanical effect of such cycling as ñhydromechanical fatigueò (Preisig et al., 2016), also 

identifying site specific thresholds for triggering of slope acceleration phases (Bonzanigo, 

1999; Agliardi and Crosta, 2014). The degree of hydromechanical coupling depend on the slope 

specific conditions, being affected by superficial topography, hydraulic properties of materials 

involved and fracture spatial distribution and density. Either way, trigger could be represented 

by intense or prolonged hydrological input, results in different acceleration periods and 

cumulated displacement also depending on slope damage state and associated rock mass 

properties evolution (Preisig et al., 2016). Several authors used the capability offered by UDEC 

of modelling groundwater flow along discontinuities to investigate the role of hydrologic 

controls and hydromechanical coupling on slope mechanical behavior (Fig. 2.26; Guglielmi et 

al., 2005; Bonzanigo et al., 2008; Fischer et al., 2010). 
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Figure 2.26: Results of hydromechanical simulation performed with only pre-exisisting faults (a) and with the 

inclusion of  pre-existent failure surface (b) (from Guglielmi et al., 2005). 
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3 DADYN-RS: TIME-DEPENDENT DAMAGE-BASED SLOPE 

MODEL 

 

 

Trying to overcome the caveats expressed and reviewed in the previous chapter, we 

attempted to capture the main stages of the alpine rock slope lifecycles within one continuum 

modelling framework, including the effects of time-dependent deglaciation, rock mass 

heterogeneity, evolving strength and permeability, and fluid pressure occurrence. Due to the 

large scale and the uncertainties in the definition of both mechanical and hydraulic parameters, 

we represented rock mass as an equivalent continuum, starting from a damage-based, time-

dependent approach initially proposed to simulate laboratory rock deformation experiments 

(Amitrano and Helmstetter, 2006). 

We tested the performance of the new model components, specifically designed for 

reproducing real rock slopes behavior, through a parametric analysis on simplified slope 

profiles (Cf. Chapter 4). Obtained results permitted to evaluate the effect and the sensitivity of 

different parameters on slope geometry, damage localization, strain pattern and time-dependent 

behavior. 

Later, we simulated the long-term evolution of two alpine slopes, Spriana (Cf. Chapter 

5) and Confinale (Cf. Chapter 6), subjected to a rockslide and a Deep Seated Gravitational 

Slope Deformation, respectively. The Spriana rock slope (Valmalenco, Italian Central Alps) is 

affected by an active, potentially catastrophic rockslide characterized though a wealth of 

geological, site investigation and monitoring data. Indeed, the Confinale slope (Upper 

Valtellina valley, Italian Central Alps) consists of a deep seated landslide slowly creeping and 

conditioning the evolution of ñRuinonò rockslide, a nested instability threatening the valley 

floor and extensively studied through the last decades due to the likelihood collapse. We also 

used numerical modelling to evaluate the potential of damage-based modelling in the 

understanding of long-term rock slope instability and contribute to a more general discussion 

of the mechanisms and timing of alpine valley evolution since the Last Glacial Maximum.  
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3.1 BRITTLE CREEP MODEL: 

We developed our model starting from a 2D, plane strain, time-dependent, Finite 

Element modelling framework, proposed by Amitrano et al. (1999) and Amitrano and 

Helmstetter (2006), later applied by Lacroix and Amitrano (2013) to simple slope problems in 

intact rocks. The model was initially conceived to simulate different aspects of laboratory rock 

deformation experiments (i.e. microcrack damage, localization, acoustic emissions, brittle 

creep and energy release) within a continuum damage mechanics framework (Kachanov, 1986). 

In this approach, the brittle failure processes underlying macroscopic progressive failure and 

creep behavior are described in terms of degradation of the instantaneous ñeffectiveò elastic 

modulus (Fig. 3.1a), a macroscopic proxy of increasing crack density (i.e. damage; Amitrano 

and Helmstetter, 2006). A combination of a damage law (time independent component) and a 

time-to-failure law based on subcritical crack growth theory (Atkinson, 1984; Atkinson and 

Meredith, 1987; Prager et al., 2008) was initially tested on laboratory creep tests on intact rock 

proving the ability of completely describing macroscopic creep behavior, from primary to 

tertiary stages (Amitrano and Helmstetter, 2006; Fig. 3.1b). 

This interplay results in two different ways a finite element can undergone failure, 

respectively (a) when the mobilized (instantaneous) stress exceeds the material instantaneous 

strength (time-independent damage; stress state 1 in Fig. 3.1c) or (b) when the available time-

to-failure is entirely consumed in subcritical stress conditions (time-dependent damage; stress 

state 2 in Fig. 3.1c). 

The continuum-based approach allows overcoming the computational and 

parametrization issues typical of explicit models based on fracture-mechanics (Eberhardt et al., 

2004; Elmo, 2006; Elmo and Stead, 2010), and applying the model on any problem scale from 

laboratory to large mountain slopes. Our model formulation is based on ñmacroscopicò (global) 

damage and time-dependence laws, which are implemented as micro-mechanical (local) rules 

at the scale of individual finite elements. Although implying some over-simplification of the 

involved physics, this multi-scale formulation allows complex macroscopic phenomena to be 

captured by the model in the form of emerging properties, as already pointed out by Amitrano 

and Helmstetter (2006) and further discussed in the next paragraphs. 

 

3.1.1 Time-independent damage law 

The model simulates damage mechanics according to an elastic interaction model which 

reproduces the progressive mechanical degradation underlying a brittle creep behavior. A 

ñdamage eventò occurs in a given finite element when the mobilized stress exceeds the material 

instantaneous strength, which is described by a Mohr-Coulomb failure criterion with tensile 

cutoff. At each damage event n and within each element i, the effective deformation modulus 

Ei is decreased depending on an incremental damage parameter D, according to: 

 

Ὁὲ ρ Ὀ ὲ Ὁȟὲ                 (3.1) 
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where: E0,i is the initial (elastic) deformation modulus and Di(n) is a proxy of crack 

density progressively accumulated within the element after n damage events (Kemeny and 

Cook, 1986; Fig. 3.1a).  

 

 

 

Figure 3.1: Progressive damage effects leading to macroscopic brittle creep. (a) Decrease in deformation modulus 

corresponding to damage accumulation in a continuum damage mechanics framework; (b) complete creep curve 

observed in slopes (modified after Saito and Uezawa, 1961); (c) Instantaneous failure (stress state 1) versus 

progressive failure occurring in subcritical stress conditions (stress state 2). 
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3.1.2 Time-dependent component 

When, in every finite element used to discretize the model domain, the mobilized stress 

is not sufficient to cause instantaneous failure and consequent damage, delayed failure resulting 

from subcritical crack growth (intact rock) or progressive fracture damage (rock mass) is 

simulated using a time-to-failure law, depending on the ratio of locally mobilized stress and 

instantaneous (peak) strength as represented in Fig. 3.1c (stress state 2 in). 

The time-dependent creep law simulates failure by static fatigue and is derived from 

fracture mechanics studies on subcritical crack growth and stress corrosion (Wiederhorn and 

Bolz, 1970; Das and Scholtz, 1981; Atkinson, 1985; Atkinson, 1991). Failure is assumed to 

occur when a critical microcrack density is reached, resulting in coalescence and development 

of a macro-failure surface. Time-to-failure is related to instantaneous stress with an exponential 

form: 

 

ὸȟ ὝὩὼὴὦ
ȟ

               (3.2) 

 

where: tf,i=time to be consumed to reach failure in the element i;  si is the mobilized 

effective stress and s0,i is the instantaneous strength at i (Fig. 3.1c); T0 and b are empirical 

parameters derived for intact rocks by laboratory creep tests published in literature, which were 

reviewed by Amitrano and Helmstetter (2006) (Fig. 3.2 and table 3.1). They fitted experimental 

values with exponential time-to-failure law (2) to evaluate the correlation coefficient and 

quantify the effect of rock type (petrography, texture) and boundary conditions on timing. The 

comparison between laboratory creep test observations and the failure trends predicted by the 

time-to-failure law showed a good match. Regarding T0 and b, the exam of creep test data 

resulted in a strong correlation between these two parameters, expressed by the relationship 

log(T0) å b (Lacroix and Amitrano, 2013 and Table 3.1). Regarding boundary conditions, an 

increase in the b value is observed at higher confining stress (Kranz, 1980; Baud and Meredith, 

1997) and lower temperature (Kranz et al., 1992). Fluid occurrence seems to affect T0 and b 

(Scholz, 1972; Kranz et al., 1982) by accelerating failure through stress corrosion and decrease 

in effective stresses, even if lack of experimental data makes the quantification of this effect 

difficult. Time-to-failure law reproduces rock behavior observed during laboratory creep tests, 

in which mobilized stress is close to instantaneous strength (s/s0>0.75; Fig. 3.2). For very low 

mobilized stresses the relation (3.2) results in very long predicted time-to-failure. This 

behaviour is consistent with the mathematical formulation of the time-to-failure law, but is 

difficult to support experimentally due to practical issues (laboratory test duration). It may be 

argued that, for low mobilized stress microcrack nucleation and propagation still occur, but are 

counterbalanced by sealing and healing phenomena (Atkinson and Meredith, 1981; Atkinson 

and Meredith, 1987). A practical implication of using a time-to-failure law at every mobilized 

stresses is that the numerical model never reach a true equilibrium state, thus requiring a 

threshold conditions to stop the model calculation loop at a certain point during slope evolution. 

Moreover, the lack of equilibrium state prevents the calibration of slope mechanical parameters 

through back-analysis. 
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Another important issue related to the application of time-to-failure law to large-scale 

problems regards the lack of data on rock masses and criteria to upscale T0 and b. These need 

to be calibrated. Our approach to the problem will be discussed in next paragraphs. 

The application of (3.2) during the simulation run allows computing, at each model 

timestep, the time-to-failure of each finite element. The lower computed value identifies the 

finite element closer to failure. Model time is then updated so that failure at this element occurs 

and the consumed time is subtracted from the remaining lifetime of the other elements. At this 

point, the failed element is ñdamagedò according to the damage law (3.1), as previously 

explained the reduction of deformation modulus in an element undergoing damage leads to 

stress redistribution around the element, possibly resulting in an ñavalancheò of instantaneous 

failures in surrounding elements. Avalanches are made possible by the elastic modulus 

heterogeneity imposed at the element scale, that permits the formation of ñstress concentratorsò 

within the model domain (Amitrano et al., 1999; Amitrano and Helmstetter, 2006; Lacroix and 

Amitrano, 2013). In the original model formulation, heterogeneity is conceived as uniform 

distribution of elastic moduli calculated into a predefined range. When instantaneous failure 

does not occur after stress redistribution, the calculation cycle proceeds with recalculation of 

time-to-failure law. 

According to this procedure, after n damage events, the time-to-failure for the element 

i after the n-th damage event or avalanche results from: 

 

ὸȟὲ ὸ ὸ„ȟ„ȟ ρ ὴὲ ρ Ὀ ὲ          (3.3) 

 

Where pi(n) is the proportion of consumed lifetime and Di(n) is the damage cumulated 

after n damage events. Every time an element is damaged, its proportion of consumed lifetime 

pi(n) is reset to zero. 

Within the numerical model framework, three different ways to express time exist: two 

are directly calculated by the model during the simulations, while the latter is extrapolated a 

posteriori by scaling the simulation time with respect to the specific constrain available for the 

study site. They are classified as following: 

- timestep: computational unit used by the explicit FEM algorithm to pass through 

progressive iterations. It can correspond to rupture in a single element or more (i.e. 

avalanche events); 

- model physical time: calculated as the cumulative sum of the lower computed value 

obtained by the application of time-to-failure law (3.2) at every timestep. At the end 

of simulation, it defines the global lifetime of the slope; 

scaled time: derived after the end of simulation by scaling the model physical time of a 

correction factor, which is constrained from the geochronological or paleoclimatic evidence 



63 

 

(e.g deglaciation time, absolute or relative chronology) available for the study site.

 

Figure 3.2: Failure times (in seconds) for laboratory creep tests performed at different loads and boundary 

conditions. Tested rocks correspond to: BG, Barre granite; WG, Westerly granite; IG, Indiana granite; DS, Darley 

Dale sandstone. Apexes refers to: (1) Scholz [1972], (2) Kranz [1980], (3) Kranz et al. [1982], (4) Baud and 

Meredith [1997], and (5) Masuda [2001]. From Amitrano and Helmstetter, (2006). 

 

Table 3.1: Creep test data from literature and fits for time-to-failure exponential relationship (2). References: 

BM97, Baud and Meredith (1997); M91, Masuda (2001); K80, Kranz (1980); K82, Kranz et al. (1982); S72, 

Scholz (1972) (from Amitrano and Helmstetter, (2006)). 
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3.1.3 Model emerging properties 

Elastic interactions among elements with heterogeneous properties and damage states 

allow the model reproducing complex problem-scale macroscopic behavior as an emerging 

property (i.e. not directly accounted for by the model formulation at the scale of individual 

elements), including progressive damage localization, shear band formation, complete 

description of creep stages (decelerating to accelerating) and rupture event distributions 

(Amitrano and Helmstetter, 2006). 

In this respect, damage parameter is fundamental to completely describe creep stages, 

also considering experimental observation relating time-to-failure and accumulated damage 

(Ray et al., 1999; Amitrano and Helmstetter, 2006). Poisson ratio is imposed as constant scalar 

value at element scale, thus representing an isotropic material. However, at macroscopic scale 

apparent ratio increase is reproduced by the model (Amitrano, 1999), in agreement with 

experimental observation on cyclic loading tests (Martin and Chandler, 1994; Eberhardt et al., 

1999; Heap et al., 2010). 

 

3.1.4 Model sensitivity to mechanical properties 

Lacroix and Amitrano (2013) performed a sensitivity analysis on simplified slopes to 

assess the effect of rock mechanical parameters on time evolution, rockslide thickness and 

width of basal shear band. Regarding the time needed by the different simulations to reach ten 

meters of summit vertical downthrown (t10), they observed that increase in cohesion 

corresponds to longer slope lifetime, due to the occurrence of stronger rock mass (Fig. 3.3a). 

Increase in t10 is also reproduced when internal friction angle is decreased, probably as a 

consequence of ductile mechanism onset and related diffused deformation, which takes more 

time to cumulate displacement within the slope (Fig. 3.3a). Increase in Poissonôs ratio cause a 

correspondent increase of slope lifetime (Fig. 3.3b), while time-to-failure parameter obviously 

have a strong effect: linear increase of b results in exponential increase in t10 (Fig. 3.3c). 

Definition of mechanical parameters has also major effect on the mean thickness (T) of 

resulting rockslide. Cohesion increase results in shallower instabilities, as its practical 

consequence is to move upward the Mohr-Coulomb failure criterion, thus making deep failures 

(i.e. at high confining stress) unfavorable (Fig. 3.4a). The effect of internal friction angle is 

unclear, as no evident trends in T are collected (Fig. 3.4a). Instead, Poissonôs ratio and time-to-

failure parameter have a marked effect, since rockslide thickness strongly raise in response to 

increase in ɜ and decrease in b (Fig. 3.4b, c). 
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Figure 3.3: Time to reach ten meters of crest vertical downthrown versus slope cohesion for different values of 

(a) internal friction angle, (b) Poissonôs ratio and (c) time-to-failure parameter (from Lacroix and Amitrano, 2013). 

 

Figure 3.4: Mean rockslide thickness versus slope cohesion for different values of (a) internal friction angle, (b) 

Poissonôs ratio and (c) time-to-failure parameter (from Lacroix and Amitrano, 2013). 

Thickness of basal shear band (W) is an important descriptor of both damage and strain 

localization. For a given mesh accuracy, i.e. element size, wide bands correspond mainly to 

brittle-ductile transitional behavior, while sharp, localized bands are the expression of purely 

brittle rupture. Decrease in W are encountered for decrease in ɜ and increase in cohesion and 

friction angle (Fig. 3.5a,b). This testify how stronger rocks fail in a more brittle manner, thus 

resulting in a narrower and more localized shear band. Surprisingly, the effect of time-to-failure 

parameter is major also on the basal shear band width, as increase in b results in marked increase 

of W (Fig. 3.5c). 
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Figure 3.5: Width of rockslide basal shear band versus Poissonôs ratio for different values of (a) cohesion, (b) 

internal friction angle and (c) time-to-failure parameter (from Lacroix and Amitrano, 2013). 
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3.2 DADYN-RS STRUCTURE AND FLOW DIAGRAM 

The DaDyn-RS (Rock Slope) model is developed in MatlabTM (MathWorks, Inc.) and 

consists of a main script which execute a series of nested functions, each one in charge of a 

specific operation in the calculation cycle. Amitrano et al. (1999) and Amitrano and Helmstetter 

(2006) developed their original model (and investigated its parameters) to simulate laboratory 

creep tests with dry, intact rock, whereas Lacroix and Amitrano (2013) simulated the behavior 

of idealized dry slopes shaped in intact rock. In order to deal with large, real rock slopes in 

fractured rock mass we developed new model components (Cf. subsections from 3.3. to 3.6), 

incorporated into the original model in the form of new nested functions (Fig 3.6). With respect 

to the original DaDyn formulation, the RS version of the model includes 16 nested functions 

and 28 variables including vectors, structured arrays and strings. 

Model improvements have been conceived to meet the specific requirements of large 

rock slope modelling. Alpine valley flanks typically have huge size (Fig. 1.4) and host rock 

slope instabilities ranging in volume up to billions of cubic meters (Agliardi et al., 2013; Crosta 

et al., 2013), requires the upscaling of material properties from intact rock to rock masses 

equivalent-continuum with respect to strength, deformability and hydraulic properties (Hoek 

and Brown, 1980). In addition, as real alpine slopes underwent time-dependent deglaciation, 

we introduced the capability of simulating ice thickness in terms of transient hydrostatic load 

on slope surface. Finally, to reproduce the effects of changing groundwater regimes we 

developed a novel approach in which fluid pressure occurrence is taken into account relying on 

very simple but coherent hydrological boundary conditions. Model input parameters are 

resumed in Table 3.2. 

The numerical code workflow (Fig 3.6) starts with the definition of the geometry, 

boundary conditions and rock mass properties of the model (Cf. subsection 3.3). The meshing 

algorithm consists first in the processing of input geometry to obtain disjoint minimal regions, 

constituting the base for the discretization process, which is conducted recurring to a 2-D 

Delaunay triangulation algorithm using a minimum edge side length, specified as input value 

during model set-up. 

Then, before entering into the main calculation loop, gravity force and overlying glacier 

loading (Cf. subsection 3.4) are initialized in the slope. Resulting stress and strain are computed 

for each Finite Element, then fluid occurrence and connectivity are calculated (Cf. subsection 

3.5). , thus obtaining real-time spatial pattern of groundwater within the slope. Fluid pressures 

computed at each element allow computing effective stresses, which in turn influence rupture 

location and timing at the element scale. Local element failure can occur instantaneously or 

delayed, eventually triggering avalanche through stress redistribution in surrounding elements. 

Rupture avalanches are reproduced through a secondary loop cycle that permits to refresh 

mechanical state and fluid pressure without time progression until a stable instantaneous stress 

state is reached. Output stresses, strains and simulation time permit to restart the main loop 

cycle and reproduce progressive evolution of the slope through subsequent time steps. The 

simulation stops as the imposed displacement threshold is reached, which is selected by the user 

for a specified observation point during input parameters definition, according to available 

monitoring data or field evidence. Emergency model ñexit criteriaò are also provided to avoid 

unrealistic model behavior, interrupting simulation in case of exceeding imposed threshold 
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values. These include: the maximum number of rupture allowed in a single avalanche, the 

maximum number of ruptures allowed for a single element and the maximum number of rupture 

events in the entire model domain. Once the calculation loop is completed, last functions 

provide to the construction of model outputs in form of both graphical and numerical format. 

Among these, pattern of damage events, fluid pressure occurrence, maximum and minimum 

stresses, strain components, mechanical properties and displacement can be visualized (Fig. 

3.7). Moreover, numerical code provides the capability of monitoring several observation 

points located in significant portions of model domain, to assess simulation behavior through 

time (Fig. 3.8). All the outputs can be exported for further data processing. 

 

 

Parameter Symbol Unit  

Unit Weight g kN/m3 

Young Modulus (intact rock) E0 MPa 

Tensile strength (rock mass) T MPa 

Cohesion (rock mass) C MPa 

Coefficient of internal friction (rock mass) m - 

Poisson ratio (rock mass) n - 

Rock mass GSI GSI - 

   

Damage increment parameter D - 

   

Time-to-failure law parameter b - 

   

Permeable cluster water filling w % 

   

Glacier maximum level H m a.s.l. 

Starting of deglaciation td0 years 

Deglaciation duration Td years 

 

Table 3.2: Summary of numerical model input parameters. 
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Figure 3.6: Dadyn-RS simplified structure. Components specifically developed for Dadyn-RS are outlined by a 

thick black mark. 

 

Figure 3.7: Dadyn-RS graphical output showing patterns of fluid pressure occurrence, damage, strain and 

displacement for the current simulation. 
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Figure 3.8: Dadyn-RS graphical output showing vertical displacement through time in six selected observation 

points 
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3.3 ROCK MASS PROPERTY UPSCALING 

To account for the behaviour of real fractured rock masses, we used an upscaling 

strategy based on the Hoek-Brown approach (Hoek and Brown, 1980; Hoek et al, 2002). This 

relies on the observation that rock strength decrease when increasing the size of the ñsampleò 

from intact rock (containing microcracks, flaws and textural defects) to rock mass (made of 

rock blocks split by macro cracks/discontinuities; Fig. 2.1). Following this approach, intact rock 

properties measured in laboratory tests (Fig. 3.9a) are scaled to field conditions using the 

Geological Strength Index (GSI, Fig. 3.9b; Hoek et al., 1995; Hoek and Brown, 2002). This 

empirical parameter describes rock mass structure and discontinuities alteration, easily 

quantified in both outcrops (Marinos & Hoek, 2000) and borehole data (Agliardi et al. 2016). 

The GSI varies in the range 5-95 depending on rock mass structure and weathering of 

discontinuities. In modelling real rock slopes, parameter definition might take into account all 

the previous and ñinheritedò modifications to rock mass structure due to previously acting 

geological processes, thus referring GSI input distribution to the beginning of simulation (i.e. 

end of LGM). The use of GSI allows a first esteem of tensile strength and the equivalent Mohr-

Coulomb cohesion and friction coefficient, which are then inserted in DaDyn-RS as rock mass 

input values. Heterogeneity can be attributed to friction angle and cohesion in form of uniform 

distributions calculated between ranges specified by the user. 

The GSI also allows deriving initial values of rock mass deformation modulus E0 at 

each element i, using the empirical relation proposed by Hoek and Diederichs (2005) for the 

undisturbed case (Fig. 3.9c): 

Ὁȟ Ὁ πȢπς              (3.4) 

where: E0,i is the initial rock mass deformation modulus in the element i, and Elab is the 

Young modulus of intact rock (Hoek et al, 2002).  

Calculation of rock mass equivalent deformation modulus is automatically performed 

within the numerical code by defining as input parameters the intact rock Young Modulus, the 

rock mass GSI mean value and the corresponding standard deviation. Assuming a normal 

distribution for real populations of GSI values, a randomly assigned value is attributed at each 

Finite Element. The GSI assignment can be totally random or controlled by a specified seed, 

thus assuring repeatability of properties attribution at the initial state of simulation. Then, 

equation (3.4) is used to generate corresponding lognormal distributions of E0 to be introduced 

in initial model set up, accounting for material heterogeneity as close as possible to the real 

conditions (Fig. 3.9d). 

During the attribution of rock mass properties the model domain can be divided into 

different subdomains with simple geometry, each one characterized by different mechanical 

properties. This permits to evaluate the effect of different geological materials or structures, for 

example stratigraphical boundary between two different formations or faults occurrence with 

associated damage zones, which can greatly condition slope evolution and instability 

development (Agliardi, 2001). 
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Figure 3.9: Rock mass property attribution. Data from laboratory tests performed on intact rock (a) are scaled by 

GSI coming from field characterization of boreholes and outcrops (b) to obtain rock mass parameters. Using the 

empirical relationships proposed by Hoek and Diederichs (2005) (c), initial model distribution of deformation 

modulus is obtained (d).  
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3.4 TIME-DEPENDENT DEGLACIATION 

Deglaciation is assumed to be one of the most important conditioning factors in the 

long-term evolution of alpine slopes, although the exact nature of its effects is still debated. The 

extensive and elevated ice load to which valley flanks were exposed to at the end of Last Glacial 

Maximum and the consequent melting due to increased temperatures determined extensive 

stress redistribution and the development of widespread damage within the slopes. To simulate 

the effects of deglaciation we adapted the approach of Lacroix and Amitrano (2013) for use 

with complex slope topographies, by applying separated horizontal and vertical ice loads 

components in order to obtain an overall, transient ñhydrostaticò ice load on FE mesh nodes at 

slope surface (Fig. 3.10). In our model, the timing of deglaciation is updated independently on 

the model creep time (governed by Eq. 2) and calibrated on available absolute or relative 

chronological constraints (Bini et al., 2009; Wirsig et al., 2016). 

Two parameters control the time dependency of deglaciation, namely: the starting time 

of deglaciation (td0), and the deglaciation duration (Td), which is expressed as: 

 

Ὤ Ὄ                                       ὭὪ ὸ ὸ       (3.5) 

Ὤ Ὄ ρ               ὭὪ Ὕ  ὸ ὸ ὸ     (3.6) 

Ὤ π                                       ὭὪ ὸ ὸ Ὕ     (3.7) 

 

With H glacier height at the end of LGM. 

Glacier load calculation is included in the code structure through a dedicated function, 

which first step consists in the identification of slope surface nodes and corresponding elements 

through a searching polygon. Obtained coordinates are then sorted to calculate both slope angle 

and distance between connecting nodes, fundamental for determining horizontal and vertical 

components of glacier force applied. Simulation time is then checked to calculate glacier heigth 

hice with (3.5),(3.6) or (3.7) depending on the relative value of t. Once hice is obtained, relative 

heights are extrapolated by difference with vertical coordinate of each element center in order 

to calculate ice weight per unit area, assuming a constant value of ice density with depth (916 

kg/m3). Glacier load bear by each surface element is finally calculated by multiplying ice weight 

for corresponding element length, meanwhile extracting horizontal and vertical load 

components based on slope angle. Forces are finally transferred from elements to nodes by 

splitting force applied at the element in the three equal components to be applied at nodes 

constituting the element boundary. 

Ice load is applied as an external force added to the gravitational stress depending on 

current ice thickness. At this aim, the glacier load function is called during stress state 

calculation to properly refresh forces acting on the slope at least every timestep. Indeed, under 

the assumption of constant deglaciation rate, Td is discretized in time intervals DTd, 

corresponding to 1 m of ice removal. The model is forced to refresh stresses at every DTd, or 

less in case one or more damage events are predicted by the time-to-failure law during an ice 

removal stage. This condition prevents the model to skip considerable parts of deglaciation, 
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especially during early deglaciation when the ice-buttressed slope is characterized by long times 

to failure. This allows a better account for deglaciation effects on progressive damage and 

failure, especially for contexts characterized by relatively high deglaciation rates, as the LGM 

European Alps (Ivy-Ochs et al., 2006; Wirsig et al., 2016). 

 

 

Figure 3.10: Time dependent deglaciation in DaDyn-RS. Glacier loading is applied at each element center by 

means of hydrostatic load, decomposed in horizonatal and vertical components depending on current ice thickness 

and local slope angle.  
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3.5 DAMAGE-DEPENDENT FLUID OCCURRENCE 

Including the effects of hydro-mechanical coupling in the long-term evolution of alpine 

slopes is a necessary but extremely difficult task. This is due to the almost complete lack of 

knowledge about slope hydrology and hydraulic boundary conditions in deglaciating settings 

(Fig. 1.4), including the recharge contribution of melting glaciers, the role of permafrost on the 

availability and mobility of liquid water in slopes, and the geometry and extent of groundwater 

below the ice cover (Boulton and de Marsily, 1996; Bense et al., 2009; McColl, 2012; Crosta 

et al., 2013). In addition, while the influence of crack damage on the permeability of rocks has 

been studied in rock mechanics laboratory and underground field experiments (Zoback and 

Byerlee, 1975; Fortin et al., 2011; Rutqvist, 2015), the mechanisms and long-term development 

of rock mass permeability between deglaciation and complete rockslide development (Preisig 

et al., 2016) are not well known. 

Therefore, we need a simplified yet mechanically-based model of fluid occurrence in 

the slope during its evolution. Starting from the observation that permeability in low-porosity 

rock is strongly related to crack density evolution associated to mechanical damage (Zoback 

and Byerlee, 1975; Mitchell and Faulkner, 2008; Faoro et al., 2013; Rutqvist, 2015; Violay et 

al 2015), we linked fluid occurrence to the rock mass dilatancy associated to progressive brittle 

damage (Martin and Chandler, 1994; Fortin et al., 2011) using a novel approach based on 

experimental evidence (Zoback and Byerlee, 1975; Rutqvist and Stephansson, 2003; Rutqvist, 

2015). In our model, fluids can occur in a specific finite element if three conditions, which are 

checked for each element at each calculation timestep, are met, namely: damage, dilatancy, and 

connectivity. 

First, the element needs to be damaged. Upscaling available laboratory-scale 

experimental observations, we assume that at least one rupture event must have occurred to 

increase crack density (according to the damage parameter D) at the element scale. This is a 

simplified assumption since: a) rock masses are fractured by definition also in an ñundamagedò 

state, and b) inherited persistent fractures can locally occur in the initial slope state, potentially 

hosting fluid pressure. However, in view of the lack of constraints on initial slope hydrology in 

long-term applications, at this model development stage we assume that initial hydraulic 

aperture and connectivity are negligible. Model refinements accounting for initial rock mass 

porosity and damage-proportional crack density will be listed among future improvements. At 

this stage, our model is able to provide a lower-bound estimate of the spatial distribution of 

damage-dependent rock mass permeability. In the numerical code, damage condition is checked 

by searching for elements with no rupture accumulated, which are excluded from further 

calculations by assigning a value of fluid pressure applied equal to 0. 

Depending on the stress path, deformation history and mechanical properties, at a given 

model stage an element can be characterized by net (cumulative) dilatancy (i.e. volume 

increase) or contraction (i.e. model decrease). Dilatancy (Fig. 3.11) is an established measure 

of crack growth and increased rock permeability in low-porosity brittle rocks at laboratory scale 

(Martin and Chandler, 1994; Eberhardt et al., 1999; Katz and Reches, 2004). We assume that 

this applies also to fractured rock masses in crystalline rocks. Fluids can occur in dilatant finite 

elements, which are identified in our model by computing the Crack Volumetric Strain (CVS) 

(i.e. the accumulated inelastic volumetric strain; Martin and Chandler, 1994) as a proxy of 
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dilatancy and crack density. To obtain a spatially-distributed quantification of rock mass 

dilatancy, and thus identify the potential loci (finite elements) of pore pressure occurrence, at 

each element and at each model step we calculate the CVSi as the difference between total 

computed volumetric strain (ev), and the elastic volumetric strain component, which depends 

on initial (undamaged elastic) values of the deformation modulus (E0) and Poisson ration (Katz 

and Reches, 2004): 

 

ὅὠὛ ‐ ‐ ȟ  

‐ ȟ ‐ȟ ‐ȟ            (3.8) 

‐ ȟ „ȟ „ȟ ρ ς’ȾὉȟ  

 

The total volumetric strain of each element is derived from the strain components 

computed by the model, and refreshed after every rupture event, by extracting the principal 

strains e1 and e2. The corresponding elastic volumetric strain (ev)E,i depends only on the 

calculated differential stress, as the Poissonôs ratio and the initial rock mass deformation 

modulus remain constants throughout the entire simulation. After the subtraction between the 

two strain components, spatial pattern of CVS values within the slope is obtained: as fluids can 

occur only in elements with CVS<0, corresponding to net dilatancy, other elements (i.e. 

contractive) are excluded from further calculations by assigning a value of fluid pressure 

applied equal to 0. 

 

 

Figure 3.11: Experimental volumetric vs. axial strain curve for compression tests on intact rocks (modified after 

Martin and Chandler, 1994) 

However, real rock slopes are characterized by the interconnection at different scale of 

rock mass discontinuity to host aquifers. To numerically reproduce this behavior, we assume 

that fluids enter the slope only by percolation from the topographic surface. This requires that 

dilatant elements are connected each other and to the topographic surface. In this way, slope 

aquifers are progressively developed during the model evolution through consecutive events, 

depending on both slope stress state and fluid pressure distribution. In our model, connectivity 

calculation is performed in two different steps: clustering and surface interconnection. Elements 

satisfying previous conditions (i.e. at least one rupture and net dilatancy) are checked and 
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grouped in ñpermeable element clustersò by applying linkage and hierarchical clustering 

algorithms implemented in MatlabTM (Fig. 3.12). The adopted clustering criterion is based on 

maximum distances measured between the centroids of each element. If computed values are 

lower than a threshold value, elements belong to the same permeable cluster, otherwise they 

are grouped differently and attributed a different cluster ID. In DaDyn-RS, the clustering 

threshold value is defined as the maximum element side length. If this assumption can be 

inaccurate for coarse meshes with refined elements at boundaries, for finer and homogeneous 

meshes typically adopted in our simulations distance criterion proved to be affordable in 

clusters grouping. 

After that, surface connectivity is verified by searching, within each cluster, the 

presence of at least one surface element (clusters 3, Fig. 3.12): clusters not satisfying the 

condition of surface connectivity are excluded from the fluid pressure calculation (clusters 1 

and 2, Fig. 3.12). 

 

 

Figure 3.12: Permeable element cluster definition combining damage, dilatancy, and connectivity. Fluid pressure 

is applied only in cluster 3 (dilatant and connected with surface). 

We assume that static water fills ñpermeable element clustersò, resulting in locally 

hydrostatic conditions. Fluid flow is not simulated at this stage of model development, thus 

avoiding the need to impose strong assumptions on the past hydraulic boundary conditions. As 

explained before, these are completely unsupported by experimental evidence in the long-term 

period during glacial and paraglacial stages. Fluid pressure is applied by imposing a specified 

degree of cluster filling (to be calibrated), indirectly accounting for partial drainage effects and 

ranging from 0 (empty cluster) to 1 (completely-filled cluster). To reproduce the possible effect 

of hydrologic pulses on slope behavior, time-dependent variations in fluid pressure can be 

simulated by defining cluster filling percentages and related timings. Simulated variations are 

instantaneous (i.e no rising of recession limbs are described), since the possibility of 

reproducing more realistic hydrographs is not yet implemented at current stage of the model. 

Once determined cluster filling from comparison with simulation time, height of fluid column 

is calculated for each element depending on the difference between element center and 

groundwater level. The corresponding value is then multiplied with water density to obtained 

fluid pressure. 
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Fluid pressures in permeable element clusters allow computing effective stresses at each 

model element (Fig. 3.13). Changes in effective stress distribution can results in both 

instantaneous failures or an update of the time-to-failure in subcritically stressed elements. 

Thus, damage-dependent fluid occurrence will affect further damage, dilatancy and water 

distribution, resulting in a simplified two-way hydro-mechanical coupling cycle (Rutqvist and 

Stephansson, 2003). 

 

 

Figure 3.13: Effective vs. total stresses in ñwetò element clusters.  
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3.6 ADDITIONAL COMPONENTS 

Despite the major components introduced within the model structure, a number of minor 

improvements were also adopted to make to model suitable for the simulation of large real 

slopes. First, due to the large domain dimension and the elevated number of Finite Elements, 

the numerical code was vectorized and optimized in different portions to globally increase 

computational efficiency and calculation velocity. 

Then, to reproduce topographies typical of alpine environments, the capability of 

introducing complex profiles derived from digital elevation models was included in DaDyn-

RS. Slope profiles are initially defined as pairs of x and y coordinates, then discretization and 

mesh building are performed recurring to the Partial Differential Equation Toolbox 

implemented in MatlabTM. The only parameter specified in model domain discretization is the 

maximum edge length, which is usually determined in respect of domain size by parametric 

analysis to balance between the simulation detail and the computational speed. 

Output variables produced by the model were increased to better investigate long-term 

slope behavior. Besides new outputs related with the introduction of damage-dependent fluid 

occurrence, rock mass approach and time-dependent deglaciation, we introduced the capability 

of monitoring stress state and displacement for multiple points within the slope. Observation 

points are selected before the start of simulation, usually corresponding to significant portions 

of the slope (i.e. crest zone, rockslide toe, observed scarps). Monitoring results permit to 

investigate displacements trends and stress paths in different portions of the slope, better 

accounting for time dependent evolution of slope mechanisms, rockslide activation and 

differentiation. Observation points are used also during model validation, in comparison with 

observed displacements derived from geomorphological and geochronological evidence. 
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3.7 DADYN-RS CALIBRATION AND VALIDATION 

Due to the large number of input parameters and the lack of knowledge about 

mechanical, hydraulic and environmental conditions of alpine slopes during glacial periods, 

model parameters are calibrated with a multi-indicator approach to reduce uncertainties in 

application to real cases.  

Mechanical properties derive from in-situ geotechnical characterization and are scaled 

to represent rock mass equivalent continuum through Hoek and Brown approach (subsection 

3.3). Permeable cluster filling represents an exception and is calibrated based on comparison 

between simulated versus observed slope behavior, since no data are available on long-term 

slopes hydrogeology. Moreover, to correctly reproduce the influence of rock bridges on strength 

and timing of slope, cohesion and tensile strength have to be calibrated ranging between intact 

rock and equivalent rock mass values. Modification in these parameters affect the geometry and 

kinematics of slope, also involving minor effects on damage localization. Time-to-failure law 

parameters are usually derived by creep tests on intact rock samples performed in controlled 

environment. Regarding rock masses, large uncertainties regarding both material upscaling and 

varying stress state make the esteem of b challenging. However, preliminary parametric tests 

on real slopes resulted in limited upscaling effect, making intact rock values directly suitable 

for slope-scale simulations. The damage increment parameter D regulates the discretization of 

mechanical properties reduction in respect to number of rupture events, meanwhile influencing 

diffused versus localized damage. D is calibrated based on simulated versus observed damage 

patterns and has a major influence on modelling results. Real time scaling depends mainly on 

glacier-related and time-to-failure parameters, which can be calibrated only in respect to 

available geochronological constrains, like relative or absolute dating. To evaluate the effect of 

main parameters on modelling results, an exhaustive sensitivity analysis on simple slope 

profiles is reported in chapter 4. 

Multi indicator approach consists in iterative adjustment of main parameter involved to 

match simulated vs observed evidence of main slope features. Validation of modelling results 

mainly takes into account: 

1) statistical distribution of simulated GSI values, back-calculated by distributions of 

effective deformation modulus in slope sectors corresponding to different ñdamage 

domainsò and compared with observed GSI distribution obtained from 

geomechanical in-situ characterization 

2) simulated rockslide geometry (size, depth, toe and crest locations) and 

morphological features (scarps, countercarps, toe bulging); 

3) spatial and mechanical patterns of damage (localized vs. distributed damage) 

compared with in-situ surficial and deep data about rock mass comminution along 

shear bands, fracture density and GSI distribution; 

4) slope kinematics and patterns of surface and deep displacements compared with 

available data on short-term and long-term slope displacement rates, coming from 

geomorphological, geotechnical or geochronological investigations; 

5) time dependent behavior (i.e. total model lifetime vs. deglaciation time; 

displacement-time curves for different slope portions) compared with available 

absolute or relative chronological constraints. 
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The calibration process starts with the definition of time-to-failure and damage 

parameters (1 in Fig. 3.14), which are then checked for correspondence with observed damage 

pattern and slope kinematics. Once overall matching is reached, minor adjustment in depth of 

shear band and localized versus diffused damage distribution are performed with calibration of 

tensile strength and cohesion of rock mass (2 in Fig. 3.14). The last step comprise the 

verification of time-dependent behavior simulated by the model (3 in Fig. 3.14). As 

modification in one single parameter can influence both resulting geometry and time-

dependency, iterative approach is adopted since a fitting simulation is obtained. 

 

 

Figure 3.14: Multi -indicator approach used for calibration and validation of modelling results in DaDyn-RS  
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4 PARAMETRIC ANALYSIS 

4.1 MODEL SETUP AND INVESTIGATED PARAMETERS 

In the previous chapter, background theory and the new components introduced within 

DaDyn-RS were presented. We started testing the performance of the new model by assessing 

its sensitivity to the main parameters in long-term slope evolution, particularly observing their 

effects on the damage pattern, the strain distribution and the slope failure time, expressed as the 

model physical time required to the slope for reaching instability conditions. Thus, before 

dealing with real case studies, we performed a parametric analysis on simplified deglaciating 

rock mass slopes. 

Two different profiles were investigated, respectively characterized by constant slope 

angle of 33° and 45° (Fig. 4.1). Local relief, from slope crest to toe, was established in 1000 m, 

which can be considered representative of typical alpine valley environments. A total domain 

length of 2500 m and total height of 1800 m were selected, allowing sufficient distance from 

the slope to the model boundaries to avoid boundary effects. Slope was discretized with a three-

noded triangular finite element mesh, with maximum edge length equal to 50 m, resulting in 

xxxx elements and xxxx nodes. Mesh nodes along lateral boundaries were constrained in the 

horizontal direction, while at the model bottom was fixed in both vertical and horizontal 

direction. 

A single set of mechanical properties typical of good-quality rock masses in crystalline 

rocks was selected and kept constant throughout the entire parametric analysis, since the effect 

of strength parameters on model behavior were already deeply analyzed by Amitrano and 

Helmstetter [2006]     Lacroix and Amitrano [2013] (Cf. subsection 3.1.4 and figs. 3.3, 3.4 and 

3.5) for simple rock slopes. In our simulations, imposed parameters roughly correspond to 

typical values found in gneissic rock type, scaled to equivalent rock mass values with the 

approach described in subsection 3.4 by imposing GSI values comprised in the interval 65-75. 

The GSI pseudo-random seed was maintained equal during the entire analysis to eliminate the 

effect of properties heterogeneity on simulation results, thus every simulation was performed 

starting from the same mechanical state. 
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Figure 4.1: Simple slopes investigated in parametric analysis. Slope angle of 33° (a) and 45° (b) were tested 

maintaining rock mass mechanical parameters and deglaciation boundary conditions constant throughout the entire 

analysis. 

 

For parametric analysis purpose, we did not scale model physical time into a real time. 

Initial ice stage for the simulation of deglaciation corresponds to the crest zone (1800 m). 

Deglaciation starts after 1×107 model physical time units from the start of simulation and lasts 

for further 1×107 units since complete slope deglaciation. Mechanical properties and 

deglaciation parameters are resumed in Table 4.1. 

 

Parameter Symbol Unit  Value 

Unit Weight g kN/m3 2700 

Young Modulus (intact rock) E0 MPa 22700 

Tensile strength (rock mass) T MPa 1 

Cohesion (rock mass) C MPa 5.5 

Coefficient of internal friction (rock mass) m - 1 

Poisson ratio (rock mass) n - 0.4 

Rock mass GSI GSI - 70±5 

    

Glacier maximum level H m a.s.l. 1800 

Starting of deglaciation td0 yrs  

Deglaciation duration Td yrs  

 

Table 4.1: Mechanical parameters and deglaciation constraints imposed during parametric analysis. 

All the simulations were stopped once the vertical displacement of the slope summit 

reach 100 m. We observed that this value allows the complete development of landslide 

mechanisms in most simulations, as lower displacements resulted in incomplete development 

of instabilities, while higher brought to global slope collapse and excessive deformation of finite 
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element mesh along shear zones. Thus, we supposed that slopes encountered global failure 

conditions corresponding to this threshold, meanwhile conventionally defining the time needed 

to reach this stage as ñslope failure timeò. 

Parametric analysis was divided in three following phases: the first one regarded 

investigation of different mesh sizes, performed to evaluate the influence of Finite-Element 

dimension on slope geometry and time-dependency of the numerical model. Moreover, it was 

used to determine a suitable mesh size for the remaining part of the analysis, searching for a 

compromise between detail of simulation and computational load. The second part focused on 

the effect of rock mass heterogeneity on slope stability conditions, particularly assuming 

different distributions and variability of input GSI values. Finally, the third part of analysis 

comprehended sensitivity analysis on different key parameters including: slope angle, 

permeable cluster water filling, time-to-failure parameter and damage increment parameter. 

This resulted in 72 model simulations, whose extended outputs are reported in Annex 1.  
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4.2 INFLUENCE OF MESH SIZE 

Mesh size influence was evaluated in simplified conditions as a preliminary stage in 

parametric analysis. We decided to investigate only the model set-up with slope angle of 33° 

(Fig. 4.1a) and value of time-to-failure parameter and damage coefficient respectively equal to 

30 and 0.1. Empty permeable clusters were imposed to not include the effect of fluid pressure 

on calculation. Investigated mesh sizes range from 150 m to 25 m and simulations were 

performed every 25 meters, thus resulting in 6 different models. Details of performed 

simulations and results of analysis are reported in Table 4.2 and Figure 4.2. Simulations were 

performed by a computer equipped with Intel® Xeon® CPU 3.07 GHz, 8 GB RAM and running 

MATLAB R2015b 64bit. 

 

Mesh size N° of finite elements Slope failure time Calculation time 

150 489 2.7×1011 1 min 

125 690 5×1011 2 min 

100 994 2.7×1011 4 min 

75 1903 3×1011 9 min 

50 4293 2×1011 45 min 

25 17217 1×1011 25 h 30 min 

Table 4.2: Number of elements, slope failure time and calculation time obtain for every simulation. 

 

Obtained results show the dependence of the kinematics and thickness of slope 

instability, degree of damage localization and model lifetime on the mesh size. In particular, a 

finer mesh (i.e. smaller finite elements) results in the progressive deepening of unstable slope 

sector and  transition from a translational to a roto-translational kinematics of slope instabilities 

affecting the entire slopes from crest to toe. Major changes in the style and strain localization 

of slope instability occur among simulations with mesh coarser and finer than 100 m. Coarser 

mesh size corresponds to more diffuse damage and no or little strain localization, resulting in a 

high degree of internal slope deformation (Fig. 4.2b and 4.3a). As in elasto-plastic modelling 

approaches, finer meshes lead to the transition to more localized shear strain, with damage and 

displacements concentrating in thinner shear zones. This also leads to the development of sharp 

surface morpho-structures (scarps) as already pointed out by Lacroix and Amitrano (2013) (Fig. 

4.2e and 4.3b). In addition, maximum accumulated shear strain values reach more than double 

values in 25 m mesh (emax=0.6) with respect to 125 m mesh (emax=0.25). 
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Figure 4.2: Mesh size effect on damage distribution within the slope. 
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Figure 4.3: Mesh size effect on strain distribution within the slope. In the simulation with mesh size equal to 25 

m strain is localized along shear band. 

 

Another key control of mesh size is that exerted on slope lifetime (i.e. the physical time 

required to accumulate ï in this case - 100 m of vertical crest displacement). A clear dependence 

of the global slope failure time on the mesh size was outlined by the simulations: the slope 

lifetime progressively shortens as the mesh element size decrease, corresponding to a more 

brittle and localized failure behavior. However, based on available data on deep-seated 

landslides, DSGSDs and rockslides, the simulations that better fit the observed behavior are 

those characterized by mesh size minor than 100 m. Above this threshold, evaluation of slope 

displacement appears difficult and kinematics simulated by the model differs from what 

observed on real rock slopes, resulting in unrealistic damage and strain patterns. Based on the 

results of different simulations and the aforementioned remarks, we decided to use mesh size 

value of 50 m (2.7% of the model vertical size) for the next part of parametric analysis. This 

value represents a compromise between modelling details, observed mechanisms and 

computational efficiency. 

 

Figure 4.4: Slope failure time for different mesh sizes. Increasing the number of elements within slope domain, 

slope failure time progressively decrease.  
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4.3 INFLUENCE OF ROCK MASS HETEROGENEITY 

Real slopes are constituted by heterogeneous rock mass, which locally influences the 

slope in terms of changing strength and mechanical properties: to assess the effect of such 

variability on the global slope behavior, we performed a model run characterized by different 

ranges of input GSI values. Heterogeneity was reproduced recurring to different probability 

density functions, respectively normal and uniform (rectangular). Moreover, for each analyzed 

distribution, we tested three different degree of heterogeneity. Starting for a mean GSI value of 

65, we generated normal distributions by varying the standard deviation (s=2, s=5 and s=10) 

and uniform distributions varying the minimum and maximum values (mean value ±2, ±5 and 

±10) (Fig. 4.5). The other model boundary conditions and mechanical properties were 

maintained constant in respect to figure 4.1 and table 4.1, while the mesh size was established 

in 50m. 

Performed simulations show minor differences regarding slope kinematics, damage 

distribution and depth of basal shear band (Fig. 4.6). The simulations with GSI normal 

distribution (Fig. 4.6a, b, c) and GSI uniform distribution (Fig. 4.6d, e, f) resulted in a 

rototranslational rockslides affecting the entire slope, with minor strain and damage within 

unstable body and basal shear band localized in the upper slope and progressively widening 

moving downvalley. The effect of rock mass heterogeneity slightly affect damage pattern, 

resulting only in minor variations within the rockslide body and in deep elements, more 

damaged for higher variability in input parameters. Notably, negligible changes occur switching 

between normal and uniform distributions. 

 

 

Figure 4.5: Different GSI distributions tested for assess the heterogeneity effect on slope behavior 
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Figure 4.6: Final damage pattern for simulations with varying rock mass heterogeneity. The slope kinematics and 

the damage distribution are poorly affected by variations in initial GSI distribution. 

 

Regarding the time component, the general slope behavior through time is coherent in 

all the simulations performed, even if variations in slope failure time occurred (Fig. 4.7). With 

low GSI variability, the slope failure time is very similar between the normal and uniform 

distributions tested, with variations comprised in 2.5% of the entire slope lifecycle. Moving to 

higher values, respectively s=10 in normal distribution and range of ±10 in uniform 

distribution, departure from the aforementioned trend is observed. Shorter slope failure time is 

simulated for uniform distribution, while for the normal distribution the opposite behavior is 
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observed, testified by the longer time to reach the threshold value of 100 m vertical 

displacement.  

 

 

Figure 4.7: Time versus vertical crest displacement for the performed simulations. Although the general slope 

trend is maintained, variations in slope failure time were registered. 
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4.4 INFLUENCE OF SLOPE ANGLE 

Slope angle depends on rock type, strength and inherited morphogenetic processes and, 

in combination with slope geometry (relief, curvature etc.), rock mass properties, structure and 

hydrological processes is an important control on the mechanisms of rock slope failure. For 

parametric analysis, we decided to test two different profiles, characterized respectively by 33° 

and 45° of slope angle with the same mechanical properties reported in table 4.1, to quantify 

the effect on instability development, geometry, timing and damage pattern.  

Simulations with slope angle of 33° are characterized by shallower instabilities ranging 

from crest to toe, often with a dominant translational kinematics (Fig. 4.8a). Steeper slopes 

result in deeper and more curved basal shear bands, frequently suspended over the valley 

bottom (Fig. 4.8b). In both cases, most damage occur along the basal shear band, which for 

both tested slope angles underlie a less damaged rock mass. Damage extends below the unstable 

rock mass in both tested profiles, and reach deeper  for models with 33° slope. Strain 

distribution accurately follow the damage pattern, reaching maximum values along the basal 

shear band, even if weak traces of forming secondary scarps and counterscarps are encountered 

in both set-ups in the middle slope sector (Figs. 4.8c, d). Slope surface appears more deformed 

for slope angles equal to 45°, while for simulations with 33° mainly consists in slope summit 

lowering and bulging at toe. 

Regarding time spent to reach slope failure, a difference of almost 2 orders of magnitude 

exists between the two tested profiles: models with 45° slope develops instability much more 

rapidly under the same mechanical and creep conditions, thus proving the influence of slope 

angle on progressive rupture and long-term slope stability. Interestingly, the vertical 

displacement trend is similar, consisting in a slow and progressive acceleration until shear band 

is completely formed and slope failure is encountered (Figs. 4.8e, f). 
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Figure 4.8: Variations induced by slope angle on damage distribution (a and b), shear strain (c and d) and trend 

of summit vertical displacement (e and f). Simulations were performed with b=30, w=0 and D=0.1.  
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4.5 INFLUENCE OF WATER  (AMOUNT OF PERMEABLE CLUSTER FILLING) 

Based on the approach described in chapter 4, DaDyn-RS has the capability to account 

for damage-dependent pore pressure distribution (and related hydro-mechanical coupling 

effects) in a simplified way. Fluid pressure application, besides the conditions assumed to its 

application (i.e. damage, dilatancy and surface connection), depends only on one input 

parameter, the permeable cluster filling. Cluster filling can range from 0 (clusters completely 

empty, i.e ñdryò conditions) to 1 (clusters completely filled). We decided to test the model for 

dry conditions and for three different degrees of filling: 0.25, 0.5 and 0.75. The complete filling 

condition (w=1) was excluded from this analysis, as it is an unlikely condition and excessively 

severe condition for real rock slopes, especially in a long-term development perspective. 

As expected, also in DaDyn-RS fluid pressure proved to have a major influence on 

simulations results. The kinematics and geometry of slope instability is deeply affected by 

changes in fluid pressure and substantial differences can be observed with respect to ñdryò 

simulations. For a given slope slope angle and set of mechanical properties, dry models are 

characterized by deeper instabilities, more localizd damage and more curved basal shear zones 

with respect to models with fluid pressures accounted for. (Figs. 4.9a,b and 4.10a,b). These are 

characterized by shallower and more roto-translational rockslide mechanisms, more similar to 

the commonly observed real patterns of slope instability (Figs. 4.9b, c, d and 4.10b, c, d). Also 

strain and damage patterns experienced great difference between ñdryò and ñwetò simulations: 

when fluid pressure is taken into account, more strain is accumulated along shear bands but also 

within unstable masses, as it results from the comparison between simulations with increasing 

cluster filling (Figs. 4.9e, f, g, h). Models with fluid pressures are characterized by more 

diffused damage, and the amount of permeable cluster filling resulted a major control on the 

damage pattern (diffuse vs localized). This also has a significant impact on the topographic 

evidence of rock slope instability: while ñdryò topography is rigidly lowered except from little 

bulging at toe, applying a value of w=0.75 results in hummocky slope profile, with major 

deformation localized in upper portion (Figs. 4.9d and 4.10d). All these consideration are 

supported by the observation of damage pattern, that is concentrated along shear bands in dry 

simulations to became widespread in the entire slopes as a consequence of fluid pressure 

occurrence. Moreover, in wet simulations the entire unstable body experience great damage 

from surface to basal shear band, caused by the progressive growth and deepening of slope 

groundwater system. The test of different cluster filling degrees permitted also to infer that 

major changes in damage pattern regard the transition from dry to wet simulations, while for 

different values of w variations occur, but with minor intensity. 
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Figure 4.9: Effects of different cluster fillings on the damage and strain distribution for w=0 (a and e), w=0.25 (b 

and f), w=0.5 (c and g) and w=0.75 (d and h). Models were performed with slope=33°, b=30, and D=0.1. 

 

 



95 

 

 

 

 

Figure 4.10 Effects of different cluster fillings on the damage pattern and summit displacement trend for w=0 (a 

and e), w=0.25 (b and f), w=0.5 (c and g) and w=0.75 (d and h).Models were performed with slope=45°, b=30, 

and D=0.1. 

 
















































































































































































































































































































































