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PREFACE

Large mountain slopes in alpine environments undergo a complestdongevolution
from glacial to postglacial environments, thgh a transient period of paraglacial readjustment.
During and after this transition, the interplay among rock strength, topographic relief, and
morphaclimatic drivers varying in space and time can lead to the development of different
types of slope inshality, from sudden catastrophic failures to large, slow, {asging yet
potentially catastrophic rockslides.

Understanding the longerm evolution of large rock slopes requires accounting for the
time-dependence of deglaciation unloading, permeability #uid pressure distribution,
displacements and failure mechanisms. In turn, this is related to a convincing description of
rock mass damage processes and to their transition fromaiscél (progressive failure) to
a critical (catastrophic failureharacter. Although mechanisms of damage occurrence in rocks
have been extensively studied in the laboratory, the description ofdépendent damage
under gravitational load and variable external actions remains still difficult.

This PhD project aims atudying the londgerm evolution of alpine rock slopes through
their glacial, paraglacial and postglacial stages of evolution. In particularyestigate the
mechanisms driving the transition from a relatively undisturbed, deglaciating slope to a
paragl&ial rock slope affected by initial development of large slope instabilities, and finally to
a mature, hydraulically coupled postglacial rockslideDarep Seated Gravitational Slope
Deformation DSGSD. To do this, | developed a novel approach able to cmree the
limitations of existing numerical modelling techniques and capture thetéongevolution of
real, large rock slopes. In this perspective, starting from adependent model conceived to
reproduce laboratory rock deformation experiments by aamdpdamage and tir-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 mdssterogeneity and property upscaling, time
dependent deglaciation and damalgpendent fluid pressure occurrence.



1 LARGRLPINROCKLOPES

1.1 WHAT IS AN LPINE SLOPEK

Thecde f i n i tlpinedenvicohmentsnotstraightforwardbutderives frontifferent
classificationcriteria. Former(possibly cycling) glaciation andeglaciation,occurrence of
glacial and periglacial geomorphological features, occurrence of permanostegetation
types andrim line elevation and evolution have begsedto definealpineenvironmentand to
extend is meaningfrom theEuropeanAlps to othersimilar contexs (Caine, 1971; Matsuoka,
1994; Gruber et al., 2003; Wienhofer et al., 2007; Cossart et al.). 209B g toincludethese
differentaspects andpplythemt o sl opes, we define fAal pinebo
full set of hydromechanical conditions typical of glacial, paraglacial and postglacial
environmentsas well as the transitions

Large rock slopgin suchmorphaoclimatic conditionsevolve under the influence of
severalprocesses, acting witthangingmagnitude and timing over different timescales, from
years to thousands of yegBallantyne, 2002 Alpine slopes are¢hus extremelycomplex
systemswith respect to topographiayeological, geonmphological, hydrogeological and
geomechanical featurdgloreover, theevaluatiorof bothpresent and past conditioofa slope
is further complicated by the po&nowledgeof longterm processeandthe uncertainties in
reconstruction oimechanical and ydraulic propertiesn formerly glaciatedenvironments
Several processeasere recognized tbave a role in controllingvolution of alpine slopes
including: rock mass strength, active tectonics, climatic conditions, weathdeiglgciation,
glacial andfluvial erosion permafrost degradatiorsurficial hydrology andgroundwater
recharge and flowBallantyne, 2002; Clague and Stead, 2012; Crosta et al.)).2Bite
extended dissertatiasf all these processesnst the purpose dhis brief reviewponly glacial
and @raglacial procesesand slope groundwater circulationwill be reported, as thewere
pointed out to have majo control on longterm behaviorof alpine slopes.nl the next
paragraphghese processesd their implications on slope stalyliwill be reviewed



1.2 GLACIAL AND PARAGRACIONTROLS ON SBOPE

The transition from glacial to postglacial environments is agaigt in the evolution
of alpine slopesand occurs through a period of transient conditiefeyredioasi par agl aci al
Thet er m Aparagl acial 06 was f{@973ttd yg rusgadialbryo nCh
processes that are directly condi tswhosed by
evolution isdirectly affectedby glacially-conditionon topography, hydrologyegetation and
mechanical propertiesf involved materials. For slope processes, the exact nature, magnitude
and duration of paraglaciptocesseare still debated, as well as the paraglacial controls on the
initiation of large rocks slopg€ruden and Hu1993; Ballantyne, 2002; Agliardi et al., 2009

Glaciation and deglaciation had extremely importargacts on slopeis the European Alps,
because of the | arge extent of gl acb@zl®i on d.
Kyr aga Clark et al., P09 and later readvancegFlorineth and Schluchter, 1994; Ehlers and

Gibbard, 2004; IvyOchs et al., 2008; Wirsig et al., 2016GM is commonly recognized as

the last extensivglacialpulse, in which glaciers filled main valleys and reached piedmeasar

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

related tgprevious largescale glaciations.

The erosive power of ice flows contributed to carving valley flanks and landscapes by
deepening and steepenintpus affecting relief production and valleys shgpeigs and
Sauber, 2000; Tomkin and Braun, 2002; Herman et al.)200tie topography reshaping
resulted in the redistribution of gravitational stresses in the valley pf@id€oll, 2012; Crosta
et al., D13, 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., 200®0Cand 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 remarlkabbnsequences on potential instabilities
nucleation and developmefBavage et al., 1985Rock mass structure and strength are key
factors in controlling glacier erosion and the resulting valley profile. In typical and simplified
V-shaped fluvial valleysglacier 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 togpograph
thus influencing subsequent stress redistribution and oversteegdaigpr, 1995

Following loading and erosion processes related to glacial environment, glacier retreat
(i.e. deglaciation) introduces major perturbations of rock slope state, maihlyart ed t o A s
debuttressingo. The |l atter term refers to tF
during downwastage (Ballantyne, 2002). Carlsson and Olson (1982) highlighted that glacier
weight can induce higher stress regime along vallefiles with respect to ic&ee conditions,
in which stresses usually consists in the sum of topographic, tectonic and exhtgeagosted
components (Crosta et al., 2013 and references therein). The excess stress is stored in rock
masses as residual straenergy. 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 kk 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; McCaoll, 2012).

A o a
Ages correlated to the
LGM in the Alps in ka

maximum position
retreat stadial
withdrawal

ice surface lowering

Figure 1.1: Ice covering extent in the Alps during thast Glacial Maximum (LGM). Absolute datéka) for
different deglaciation stages in different alpine regions are also indi#&fiesig et al., 2015

Fiordland Mt Cook Region
metres
0 200
Darran Mtns
sheeting joints
parallel siope

(8) [ tabs

(b) (b) ()

Figure 1.2: Tensile zones in slopes with gravitational load (a) and applied horizontal stressifhitedoy Finite
Element numerical modellindrom Augustinus, 19956



Increaseof fracturing eventually affecs hydraulic rock mass behaviahrough
increasing connectivitypermeability and joints opening. This in tummakesthe rock mass
prone to enhandephysical and chemicaleatheringHoek and Bray, 1991This ensemble of
processegan interplay with tectonic or locked stressegSavage et al., 1985; Miller and
Dunne, 199§ lithology (Harbor, 1992, fluvial incision and static fatigue procesgbtolnar,
2004; Pariseau and Voight, 1979; Eberhardt et al.,)2@ddl leave clear geomorphic imprints
in the long and crosgprofile steepness and shape of alpine val{Byscklehurst and Whipple,
2004; Sternai et al. 20LIMain processes determining seomodifications and related effect
on stability at the transition from glacial to paraglacial conditions are resumed in Thble 1

Stage Processes Effects on Slope
ice loading increase horizontal stress. Tensile zone
Glaciation lacial valley deepeni . ;
. glacia’ vatey cecpening increase shear stresses (upon unloading)
slope steepening
slope debuttressing release stress / residual strain energy: rebound

increase fracture connectivity / hydraulic
conductivity
increase rock mass weathering
reduce rock mass quality / strength
ice melting increase pore / cleft water pressure

fracture propagation

Deglaciation

rock mass damage

Table 11: Main processes involved in glacial and paraglacial slope modificgfiamm Crosta et al., 20)2

Dur i nogartahgel aficpi al 0 -neehanical pfocdsdegactimgirdarsiope reflect
a transient exhaustion of the perturbation inducedobyer deglaciationin terms of slope
geometry, stress distribution, rock mass strength and permeability (i.e. slope graundwa
hydrology), surface erosion rates, and vegetafldve duration ofthe paraglacialperiod and
the magnitude of associated readjustmerstils debated, making accurate quantification of
effects difficult, especially imlong-termframework The pertubations induced by glaciation
and deglaciationdepending on the interplay of topography, rock strength and climigtet
take a variable time (anthvolve variable mechanical/hydrauliceffects) to completely
fidissipat® in the slope. Dependinglso on gdie-specific conditions, periglacial readjustment
might result into instability nucleation or, on the other hand, into increase of stetilditions

I n any case, the term fAparagl acial 6 does
stress, hydrolgical, mechanical and biological transient statdisectly triggered by
deglaciation and progressive glacier downwasting. In the &ipsnain paraglacial phase was
recognized athe end of LGM, wheextensiveleglaciation resulted in the glaciers retifean
the main valleys. After that, a progressive recessional phaseurred, matched with
downwasting of main valleys | obes in & relat
Ka, Ivy-Ochs, 2015; Wirsig et al., 2016frollowing readvances invaeled only the areas
immediately surrounding the cirques headwdkeing thus localized only in tributary valleys
at relatively high altitudes Pfeusser and Schlichter, 200Wy-Ochs et al., 2008)
Geomorphological features, paleoclimatic evidence andsxpodatgpermitted toconstrain
their spatial and temporal extensjodistinguishing at least four stadials during Lateglacial:
Gschnitz(Older Dryas15.4 1.4 kyr BP) ClavadelOlder Dryaspefore Bgllingwarm phasge
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14.7 kyr BP) Daun (Older Dryas,before Bgllingwarm phasg14.7 kyr BR and Egesen
(Younger Dryas11.2 0.9 kyr BPin the Italian central AlgsHormes et al., 2008Puring the
Holocene, further warming constrained glaciers to higher altitudes, althoughliothed
readvances occurred gtihast one known as Little Ice Age00-300 yr BP)

rock glacier - b
talus / N\
cones j »\/‘665/
J Egesen | = 55
1 S
/\//, s AELA
[ Gschniz_| A | a3 TR S -450 to -180
/ B e -400 10 -250
Bavas I TN ERETN ) 500 to 400
T R e = S -700
’) ——
~125kyr : @
>14.7 kyr ? ‘;%
d L
Egesen 1.6k yr
é( ' Younger Diyas f 12 g k yr
(?|=| Boliing/Allerad
~16-17 k yr Daun« g 147k yr
Clavadel (er—=—= ¢ g
—_ &, % | Oldest D
! ey ryas
Gschnitz K: T ———
Q(?

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 refevahee of Little Ice Age
(from Ivy-Ochs et al., 2008)




1.3 LONGTERM STABILITY OFIRE SLOPES

The interaction between the morptlamatic processes described above, the- site
specific mechanical and topographical features and the inherited geologicalrstruct
determines the lonterm evolution of a certain slop&€he European Alps, exteimg) for over
athousand kilometerslongaxis and hundreds of kilometres across the range, are characterized
by anextreme variability of combinations between differepographiesrock types, tectonic
settings and climatic forcin@(gietal., 1990F r ei and ShnhidPetral., 200400uf ;
et al., 2007. These result in a variety of slope geometries and processagually resulting
in differentslope failurgypes and timing. The risk posed by different types of slope instabilities
motivated extensive research for assessingternrg mechanisms and triggering factors, in the
aim of civil protection and earwarning purposes (Casagli et al., 2010; Clague drdd$
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 sttggeending on involved
rock mass volume and tinrtdependent éhavior.Enhanced rockfall activityrequently occurs
in steep slopes characterized by rock raassade of hard rock with relatively spaced and
persistendiscontinuities, which largely contrtthe sizeand kinematic®f the instability(i.e.
structurallycontrolled 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 ftausng
deposits at slope to@n the other handarge rock mass volumebaracterized bgeverakets
of closely spaced discontinuities éuddere. neq
(catastrophicXailures or slow rock slope deformations can ocgepending on rock mass
mechanical propertiepresence of inherited weak zonskpe profile (relief, slope angle
oversteepeningnd hypsometry) and magnitude of external actions (Ballantyne, 2002; Cossart
et al., 2008; McColl, 2012; Deline et al., 201 favorable conditiongdeformation by shear
canfollow deglaciation (Figs. 1.4a, bjesulting in the nucleation of a potential instability.
Slopedlifferentiation in postglacial environment is characterized by-deleloped basal shear
zones and hidi fractured and permeable unstable masses, in which perched water table could
develop, as testified by springs occurrencslapestoe and by borehole data obtained from
geotechnical slope investigations (Fig. 1.4c). In this mature condition, the nstattdie
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 massalscha triggere
during or just after deglaciation phase, as a direct consequence of slope oversteepening and
stress redistribution (Fig.3a). Events reported by McSaveney (1993) (Figb),. Sigurdsson
and Williams (1991) (Fig. bc), Evans and Clague (1994) and Ombék et al. (2008) (Fig.
1.5d) are representative of this type of skerim instability. On the other hand, alpine rock
slopes can evolve towards failure for thousands of years, due to théetangffects of
mechanical properties degradation in-suitical stress conditions, also referred as progressive
failure (Bjerrum, 1967; Chigira 1992; Eberhardt et al., 2004; Brideau et al., 2009).
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Weakened rock mass C)

: b
Initia) shearband ) High hydraulic conductivity

development

a)

Glacier
Perched water table

Permafrost ?

Water ?
Damage

Weakening
Inherited rock mass properties Permeability
Low permeability / connectivity

Mature shear band

Stress redistribution
and rock mass damage

Glaciated slope Deglaciating slope Differentiated rockslide

Glacial —_—> Paraglacial —»  Postglacial

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 wepdérmeable rockslide mass hosting perched aquifers.

2500

\ Mount Fletcher (2450 m)

Downwasting surface
of Maud Glacier

Mid C19 glacier

Altitude in metres above sea level

Downwasting glacier surface
AD 1945 - 1978

1945

- Zone'of -
650 -fock - slope - .-
failure; 197277+ 3

Altitude in metres above sea level
~
8
L

0 200 400 600 800 1000
Distance in metres

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) Myrdalsjabecitl slope failure
(Sigurdsson and Williams, 1991) and (d) Schlossplatte/Alp Baregg collapse (Oppikofer et al., 2008). Photo b and
¢ from Ballantyne, (2002)

In these conditions, slope evolution can be characterized by progressive or transitional
temporal pterns of longterm displacement, representing different activation and regression
phases (Fig. 1.6), which eventually result in ktegn stability or delayed catastrophic collapse
(Fig. 1.7) (Bovis, 1982; Broadbent and Zavodni, 1982; Ballantyne, 20@®es 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 letlegm defornation 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, | deal with the lortgrm evoldion of large, slow rock slope instabilities, which

can be classified as-SéatnedeGracksaidesal aBdo
describes in the following stgections.

Ultimate stability

COLLAPSE
Regressive

system

Cumulative displacement

Progressive
system

Transitional
system

1
Failure
onset

i
Regressive ! Progressive
phase ! phase
1

»

after Broadbent and Zavodni (1982) time

Figure 1.6: Possible longerm slope evolutions (modified afterd@rdbent 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 rockslidesepresent instabilitiethat, in some cases, cowdolve intodelayed
catastrophic collapseepresenting a major threatalpine environment. They consist of large
unstable rock mass volumes, usually involving the mittuldeer portion of valley flankswvhich
extension ranges from hundreds square meters to several square kilometers. Agliardi et a
(2012) performed an Alpine scale inventory (Fi@) tollecting a modal value of 0.5 Krand
a maximum value of 6 Kfafter which transition to DSGSD is encountered. Rockstijasal
distribution and density were related to several morphoclimatiorfet Pedrazzini (2012)
compiled a regional inventory of gravitational slope deformations for the upper Rhone
catchment (Fig. 9), discerning betweemckslides, DSGSDs and retanslational rockslides.
Obtained results pointo valley oversteepening,tress redistribution due to deglaciation,
occurrence of largscale tectonic features and active tectoagthe main influencing factors
in predisposinginstability conditions Moreover, lithology strength and structureere
recognized to hava minor cantrol on rockslide occurrence, although playing a major role in
differentiation and style of slope instability.

104 3
i Large landslides
103 5

r'\lr ] s .
E 102 4 o’ ..'
= .
2 —b=2.49
c 1013 T e ;
° ¢ R2=10.96
)
c 1005
@
3
o
Lo

10-2 T T T maan

102 10-1 100 101 102 103

Area (km2)

Figure 1.8: Frequency density distribution of large landslides area, showing modal value of 0.Ekamtory
consists of 791 samples colted 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 tdedtby 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 gl and silt matrix, characterized by
complex mechanical and hydraulic behav{@angerl., 2010;Loew and Strauhal, 2013;
Strauhal et al., 20)6Rockslides are often perched above the valley floor, with basal shear
band emergence often highlighted byisgs 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 stageof evolution, where hydrmechanical coupling phenomena are frequyentl
observed. They mainly consistmechanical rockslide response to external hydrologic triggers
constituted by high groundwater recharge episodes due to snow melting or intense
precipiations. This displacement component is usually superimposed to a slope creep
movement cause by progressive rupture in subcritical stress regime.

B Rockslides and rock
avalanches

W DsSGsp

B Roto-translational slides

Figure 1.9: Gravitational slope deformationventory for the upper Rhone catchment compiled by Pedrazzini
(2012).

Large rockslides occur not only as a direct consequence of deglaciaticioged
debutressing, but several thousand years might pass since nucleation and acceleration of the
unstable body are registered, with implication for slope stability azldyed potential
catastrophic collapse. Zerathe et al. (20fid)formed a comprehensive inventory of dated
landslide at the Alpinscaleand inferred temporal clustering lafrge failure events plotting
them in a time diagram (Fig.10). Particularly, twadifferent clusters were recognized: the first
ranges from around 11 to 8 KgP and was related to deglaciatisith consequent paraglacial
effect. The second was located from around 5 to BRyithus corresponding to the Subboreal
period which in pal®climatic reconstructions appearschsracterized by intenssdrological
perturbations and large surface water availability (Magny et al., 2048gspread occurrence
of large scale instabilityn this time spanwas thus linked to slope response to inte
hydrological triggers.
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Figure 1.10: Diagram showing the chronological distributionlafge Alpinedatedliandslideqa). Corresponding
paleoclimatic proxies of temperature and hydrologic regime are reported in diagram (b). The shaded gray area
refersto the landslide clustering identified between 5 and 3 kyr BP (from Zerathe et al., 2014)

1.3.2 DeepSatedGravitational3opeDeformations

Longterm interaction between alpine rock slopes, momghoatic processes and
paraglacial readjustment can also resuthe 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 latal boundaries sometimes hard to clearly ider{@@gchinsky 1969;

Bovis, 1982; McCalpin and Irvine, 1995)he size of DSGSDs can be extremely variable,
ranging from hundred square meters to hundred square kilometers 1Ejgndet), with modal

area 5 Km?. 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 distanezte

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 developnmestabilities nucleates mainly

in metapelites, paragneiss and flydghe rocks, meanwhile being clustered around main
tectonic features, probably due to letegm stress regime and the damage and rock mass
properties degradation induced by such rediscale 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 g state of activity can strongly imprint
landscape geomorphological evolution through valley namgpwand 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 i5.68gpect to the total investigated (Fidl11.

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

Longterm cumulated displacements are expressed on slope surface by distinctive
morphostructures (Fig. 12), which orientation, occurree and sizing are strongly influenced
by preexistent brittle and ductile structural features (Agliardi et al., 28@1hrosi and Crosta,
2006;Agliardi et al., 2012Hippolyte et al., 2012Xrosta et al., 2014Morphostructures extent
ranges from few mers (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 featuraschsgrgraben,
multiple ridges and downthrown blocks usually dominate. Moving to mildaNer sectors,
morphostructures related to compression and shear became more frequent and bulging, folding
and intensely fractured rock masses are commonly recog@netpression 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. Theseenftonsist of active rockslides potentially
capable of catastrophic evolution, thus representing a major concern for antrophic activities
involved. Ruinon (Agliardi et al., 2001; Crosta afdliardi, 2003; Agliardi et al., 20)1La
Saxe (Crosta et al., 20) and La Clapiére (Guglielmi and Cappa, 2010) rockslides are a few
examples of this geohazard in alpine environment (Fig).1.
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Figure 1.11: Alpine DSGSD inventory. Size frequency distribution and Width/downslope length ratio are also
reported, showig the in areal extension heterogeneity and the predominance of DSGSD wider than longer (from
Crosta et al., 2013).
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etal., 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 Clapieere (c) rockslides.

Several processes were pointed out as potential predisposing, preparatory and triggering
factors of I5GSD (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
(RadbruchHall, 1978; McCalpin, 1999; Crosta and Zanchi, 2000; Agliardi et al., Z08;et
al. 2016), longerm exhumation (Agliardi et al., 2013), deglaciation and slope debuttressing
(Augustinus, 1995; Agliardi et al., 2001; Ambrosi and Crosta, 2006; Cossart, 2008), climate
with associated hydrologichlydrogeological pulses (Evans a@thgue, 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 irfiegence (Zangerl et al., 20L®owever, in the longerm
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 @omplex interaction of causes and triggers during DSGSD development.
Despite DSGSD occurrence was also recognized for unglaciated slopes (Crosta and Zanchi,
2000 and therelationship with preexisting tectonic features is clear, glacial erosion and
paraghcial 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 activatiog tther
Lateglacial, resulting from the application of dating techniques on DSGSDs associated
morphostructures (Agliardi et al., 2009)ippolyte et al. (2012) performed extensive Cosmic
Ray Exposure dating on the Rognier DSGSD (Western Aip#le aim ofunderstanding,
through the reconstruction of activity periods @ifferent morphostructures along the slope,
the genetic mechanism and the evolutiotheDSGSD. Their resultsonstrainedlope activity
since at least 14 kyr BP up to present t{ffig. 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 displacemanattes, which for the Roign@SGSDare comprised in the range
0.33 mm peryear, thus testifying the slow displacement rates to whiclrdble massis
subjected.
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1.4 HYDROLOGY OF GLACIAND DEGLACIATEDPHS

During paraglacial and pagfacial evolution, different hydrological triggers to which
slopes have different sensitivity, includirgnfall, 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 infrastru¢Roesh et al., 2009;
Crostaand 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.)2@4served slope creep
patterns, especially for active rockslides, often result by superimposgtelom and seasonal
componentgCrosta and Agliardi, 2003; Vallet et al., 2019/hile the longterm component is
often regarded as evidence of (sultical) progressive rock mass failure proceg&dxerhardt
et al. 2004; Amitrano and Helmstetter, 200&ctoix and Amitrano, 201 5tead and Eberhardt,
2013, the latter is usually interpreted as evidence of hydromechanical coupling between
hydrological triggers and landslide systef@sosta et al., 2014; Vallet et al., 2015; Preisig et
al., 2019.

Several sidies were carried out to evaluate groundwater flow in mountainous terrains,
both at regional and local scql@leeson and Manning, 2008; Welch and Allen, 2012; Welch
and Allen, 2014 even if knowledge about lortgrm circulation in glacial, paraglaciahd
postglacial conditions reans an extremely complex tagkspecially br glaciated conditions
(Fig. 1.4a) the almost total lack of studies, which concentrates mainly on supraglacial and
subglacial water circulatiofBoulton and de Marsily, 1996; Floweeand Clarke, 2002; Boulton
et al., 200% 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 radsition, rock mass damage and progressive increase of
fracture intensity (Fig. 14b). Despite also during this stage no direct observations of slopes
behavior exist, ansequent increase in rock mass permeability and fracture interconnection is
expected,corresponding to the comparison of local damiageced aquiferswithin the
deglaciating slopeln mature stage, characterized by widlheloped basal shear zone and
permeable unstable rock mass, hydrechanical interaction between hydrological inputs and
slope displacements often observed and supported by geotechnical slope investigdtians
coupling degree was ascribed to rock mass permeability, which controls the sensitivity of slope
to oscillations in fluid pressure (Loew and Strauhal, 2014; Balaet al., 2016): for highty
fractured and conductive rock masses, low response to variations in groundwater table are
observedwhile for less permeable rock masses strong hgarohanical coupling isxpected
Such different sensitivity could be onetbe main factors in determiningptentially various
coupling regimes in large rockslides with respect to DSG8rracterized by different scale
but also by different cumulated displacement and strain. These could result in different rock
mass damage path, fracture densitdistribution shear bands comminutiand hydraulic
properties, taking also into account the important role of geomorphological features in driving
groundwater circulatiowithin slopes.

Indeed, especially iIDSGSDs, the effect of mgwhostructures 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) increaf hydraulic conductivity through open fracture networks, (c)
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localization of preferential flowpaths through the slope and (d) deep circulation system into
rock-mass along base displacement surface. Crosta €RGl4) analyzed the effect of
DSGSDs orthe 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 hydteemistry. Results suggest that DSGSbagly 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: gpriend 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 flpaths driving groundwater in specific
slope portions.

Conceptual model of wet circulation into a DSGSEffected slope was also
reconstructed (Fig. 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) shllow 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
minerdization, longer residence time and mixing between shallow and deep circuits under the
influence of morphestructures (i.e. scarps or counterscarps) and (c) deep springs located in the
lower part of slope, characterized by higher mineralization and fetkdy circulation within
the slope, driven by the devel opment of DSGS
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Figure 1.15: Spatial distribution of springs within DSGSD areas. Purple circles indicatslopd springs while
purple squares

22



Infiltration Groundwater path

) Shall
Shallow system in > alow
debris cover ™~
Shallow and deep waters A Deep
mixing favoured by i
&% / morpho-structures ‘ Spring
R b

\ Morpho-structures

|:l Quaternary cover

Rockmass

Deep system driven by
failure surface

J

S

Gty
5kt

Affected by DSGSD

o

Undisturbed

4

Figure 1.16: Conceptual radel of water circulation into a DSGSD affected slop

23



2 LARGROCKLOPENSTABILITIESSUESND
APPROACHES

Modelling the timedependent behavior of large rock slope instabilities is key to
understand their lonterm evolution and controls, mhet 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 mchanical and hydrological history from a glaciated condition (Fig. 1.4a)
to the occurrence of a fAmatured instability
readjustment (Fig. 1.4b).

In practice, landslide forecasting mostly relies on analyticatjstical 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 aD07; Zangerl et al., 2010; Crosta et al., 2014;
Vallet et al., 2015; Preisig et al., 2016). These models, simulating typical aisgesiiéic pore
pressure fluctuations, permit to evaluate the hydexhanical landslide sensitivity and
simulate the indeed 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 shofterm period.

In these approaches, the geological model of theyamdlslope is often derived from
presemistate geotechnical and geophysical characterization, which are based olik@oint
investigations covering only a small portion of the unstable volume. Nevertheless, large alpine
rock slopes experiencing glaciatiateglaciation and paraglacial readjustment usually exhibit
slow creeplike 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 hydology, even if magnitude and timing of adjustment are rarely well known.

On the other hand, existing models of leegn rock slope instability are usually not
time-dependent and focus on the analysis of initial onset mechanisms of failure and their
topogaphic, 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

24



deglaciation and brittle creep process in the initiation of slopebitistavhile 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 besidbsit evolution during paraglacial and postglacial
stages.

Therefore, attempts to comprehensive model different stages efdongalpine rock
slope evolution must face sevecalveatsincluding:

a) limitations of rheological approaches in the tiependenmodelling of slope evolution,
unless a landslide shear zone is-gegermined 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 dugiand 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 etl., 2012; Rutqvist, 2015; Ziegler et al., 2016);

d) limited understanding of hydnmechanical controls on instability development, sensitivity
to hydrological triggers and loAgrm evolution, as a major input to the development of
slope forecasting (Pregset al., 2016).

Trying to successfully reproduce the slope lb@gn 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 opacosc
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 leteym processesnd the role of fluid pressure
in determining instability conditions.
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2.1 ROCK MASS BEHAVIOR RROPERTY UPSCALING

Real slopes are constituted by rock masses, which in turn consists of intact rock (i.e.
Arock matrixo) subdi vdordirities (beddind), fadiationefraceured),l o c k s
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 resultimp 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. dh@iad fractures), andyb
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 deformabdiscontinuity, 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) aod 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 widshaced, persistent discontinuities, individual fractures
and their properties will constrain the size and mechanisms of rock mass deformation and
failure, according to a fAdiscontinuum medi ur
associated with planar failure (Fig. 2.2a), especially in rock masses chaeatctsr 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 patterrstéad, 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, largecale problems (e.aafge rock slopes) in rock masses constituted
by several sets of closefpaced 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 massrca be regarded ascomtait nwd manmdéaeciqut
strength, deformability and hydraulic properties representative of the global rock mass
behavior. Circular failures (Fig. 2.2d) are representative of rock masses constituted by
randomlyoriented 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 dés¢hbed
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, otherBhese 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; Biaiavski, 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 decicadétre
samples, to investigate peak and residual strength on smooth joints (Hoék, 20ilated
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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.

Continuum | Discontinuum | Continuum Modelling technique

Laboratory | In-situ

- Investigation scale

Strength

v,

Sample size

Figure 2.1: Sample size effect on strength and modelling techragiopted (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 laggde tests in boreholes or excavation allow
investigatig 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, ba@nalysis, and rock mass classification (Kradla 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 approachicakrés 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. Baclanalysis and largscale teing are options not always suitable for practical
application, due to lack of previous knowledge or the high logistic and economic efforts needed
to perform largescale tests. Few experimental data exist in literature for large rock masses,
except for insitu 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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(a)

Figure 2.2: Main types of rock slope failures accorgito 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, exaawat 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, 188k&lbro, 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 qadiMe 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 log, 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 fpaftimetricanalysis 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, nanrghct 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 waatér 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
undergroud excavation in Scandinavian granites, is the rock Quality Indemdé€X) 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 diffpegaineters collected
through outcrop or core logs analysis. ThénQex, also recurring to dimension and category

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

A groundbreaking step tawd a quantitative parametrization of rock mass strength and
deformability was made by Hoek and Brown (1980). They proposed -fineam empirical
failure criterion for intact rock, and later extended its use to rock masses, based on the
assumptionthatmr easi ng problem scale until disconti
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 patisrardfralities
(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 €1885) 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 indemgrag from 5 to 95, relying only on visual
description of structure and joints weathering and avoiding +paftametric classification
schemes (Fig. 2.2). The easiness in its application permitted a large diffusion of GSI, which
was later adapted for degation 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 betweewaWe 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 charaadation 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 frota Zdb(from Agliardi et al., 2016).

Structure parameter (S) Description (total spacing)

0 >1 m: “massive” rock

1 m: lower limit of “massive™ rock

2 0.3 m: “blocky™ to “very blocky™ transition
3 0.1 m: “very blocky™ to “disturbed™ transition
- 0.03 m: “disturbed™ to “disintegrated™ transition
5 0.01 m: upper limit of soil-like material
Joint condition parameter (J) Description (weathering)
Fresh, unweathered surfaces
2 Slightly weathered, discolored surfaces
3 Moderately weathered surfaces, staining
4 Highly weathered surfaces. coatings
5 Highly weathered, decomposed surfaces, fillings
6 Completely decomposed surface material

Table 2.1: Relationships between structure parameter and joint spacing and between Joint condition parameter
and weathering (from Agliardi et al., 2016).

30



2.2 BRITTLE FAILURE OEREDAMAGE

During loading, macros@ic behavior of rocks is characterized by mechanical
properties evolution. Particularly evident from the analysis of sgteas diagram, the elastic
modulus behavior changes with applied stress, passing from an elastic phase to progressive
decrease urtrock 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 dtesddegels
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 loadingriist

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 boundanz(K©83),
and mainly originate from rupture of interatomic bonds in response to stress application.

Atomic scale
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1

B

Macroscale

Vp

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

2.2.1 Damage processes: experimental evidemckdgscriptors

Laboratory compression tests (uniaxial and triaxial) on intact rock specimens were used
to quantify the mechanisms of progressive microcracking (damage) gbdmsity rocks
during standard or cycling loading by measuring strain and aceusission behaviors (Martin
and Chandler, 1994; Eberhardt et al., 1999). In this respect, five different regions were
recognized in the stresdrain curves, corresponding to changes in mechanical behavior due to
progressive damaging and brittle ruptofghe 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. perpendicuka).t&Crack
closure depends on the textural and physical characteristics of the tested rock, and is expressed
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by a concavalp stressstrain curve. Further increase in the applied load leads to a linear
increase in deformation, marking the beginning of elasgion (region Il 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 stresssci in Fg. 2.5). Crack initiation is a fundamental point in strggain 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 addgreevi

on stressstrain 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 wiglriation of volumetric strain from

linear trend, while Martin and Chandler (1994) proposed to idestifyy comparing elastic
volumetric strain (i.e. derived using eladfiands) with the correspondent experimental value.
Within stable crack growtregime, 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 t6®8eaf0

the rock instantaneous (peak) strength. Approaching the rock peak strength (ar@@sd),70
transition from stable to unstable cracking is observed at a stress threshold value called Crack
Damage Stress{q 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 Gh¢lrgid)
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 reachedqpeaxin Fig. 2.4). After the macroscopic ruptutbe posfpeak part of the stress

strain curve can be reconstructed by the use of stiff ssymtolled testing frames, and is
characterized by rapid fall of stress versus strain laadvent of residual strength
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Figure 2.5: Typical triaxial testig 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 signifisatas 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 mioplasticity (Atkinson and Meredith, 1987), commonly grouped under the

process of Asubcritical crack growt ho. Labo
growth evolves in time at constant applied stress, and can eventually result in delayed
macrascopic rock failure. Suchtimeée pendent behaviour i s named

is related to brittle damage processes and not to crystal plasticity typical of ductile creep
processes occurring at high temperature and/or confining pressure. [aetical 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 gireld & 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 steagtgte 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 sttaime curve. Several environmental conditions
influence brittle creep process, thus controlling the timing ofras&opic 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).
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Figure 2.6: Strain and stress versus timevas 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 Brantit,e2013).
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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). Thustae=fforts 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, Katzd 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 comptiteed 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: dpite 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 anetegédid correlation with
damage (Fig. Z), 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 (fladaokeer,

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 pidfectsr 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 Rvave velocity and shear wave dfringence during deformation. Decrease in
seismic wave velocity was recognized as response to damage increase, due to enhanced fracture
density and in turn to a fAsl owero media for
Indeed, hydraulic pereability 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; Rutqgvist 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 skenaption that dilatancy is a
proxy of micro and mesorack 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 strestsain curve in \wich 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 microcrackng 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 Modul us an
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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O p OFO (2.1)

whereD is the damagek the observed Young Modulus aBelthe initial Young modulus.

This observation was confirmed by other authors (Kachanov, 1982; Zhang, 1992),
among which Eberhardt et al. (1999) observed decrease ofg¥dodulus and progressive
growth of Poissonédés ratio during monocyclic
In particular, the authors suggest the different variation rate observed between two parameters
as evidence of predominant axial craxkiduring 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 werdassdess 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 stadxd& 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, cfeeterized by increasing instability conditions, meanwhile resulting
in a clear fAdamage patho in which failure
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-pxésting fractures and their propagation within
intact rock (Eberhardt et al., 2003; Stead and Eberhardt, 26di8igret al., 2016).
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Figure 2.7: Evolution of rock physical properties during deformation of rock salt (from Schulze et al., 2001)
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moving from undamaged to variously damaged rock mass. In turn, failure mechanism registered throughout the
slope appears related to the damageedenced 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 @éntury. In particula 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 mechanitke 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
overmme 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 MiL@&#8). 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 backg u n d , Griffithds theory
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 wd#scribed (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 coalescembtés 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 propanthge 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
uniaxal 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 concefgctf/efstresses
(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 anjgiotnature 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 predictionfanaterial 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 propagationpure 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) fracturamies; (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 appheac

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 hom®geacked
solid and its rupture under strasontrolled and displacementsntrolled boundary conditions.

They analytically demonstrate two different fracture models, theimteracting crack model

and the external crack model, explaining also fractureex si on f i r s+ usi n
interactingo and then with the fexternalo
distribution within rock sample, their model was able to correctly reproduce experimental
behavior observed on Westerly granite (Fig. 2.1lispbBvantages 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 handoatinuum 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 akelgraduce
several aspects of damage as stsfis8n curves and softening behavior (Fig. 2.12).
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Figure 2.11:Idealized crack pattern and experimental versus modeled-strasscurves for tests on Westerly
granite at different confining pressures (fréciemeny 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)

Statistichmodels 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 adiependent framework, g 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 localizegichi8; 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 latory 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 a012). 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
processesnvolved 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 encounteregaioiple 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 areepaf the material (from

Amitrano and Helmstetter, 20D6
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2.3 H.UIBROCK INTERACTI®#Y DREMECHANICAL COUPLING

Mutual interplay between pore/cleft fluid pressure and material stress and strain, which
deeply influences the behavior of geomaterials,dess recognized since the earliest studies
in soil and rock mechanics (Terzaghi, 1923). This interplay occurs through a series of physical
i nteractions collectively referred to as nh
ago, several authors slied 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 hydromechlacmapling (HMC) can be
conceptualized in direct vs. indirect and fli@solid vs solidto-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 (smwhitluid coupling, i in Fig. 2.14) or a change in
pore fluid pressure induces a change in volume @ioHsiolid coupling, ii in Fig. 2.14). Indirect
coupling involves changes in physical properties of the geologic media, such as variation of
hydraulic propertie in response to changing stress (stifluid coupling, iii in Fig. 2.14) or
variation of mechanical properties in response to changing pore fluid pressuréotfoici
coupling, iv in Fig. 2.14). Hydromechanical coupling is thus related to themeckanical
properties and their spatial heterogeneity, which in turn depend on microscopic and
macroscopic structure and porosity, directly conditioning fluid pressure occurrence and
distribution.
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Figure 2.14:Direct and indirect hydromechanical couplinggeological 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 diffusionvere 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 thaovel relatimship
that expresses the soil consolidation as a direct consequence of fluid pressure dissipation in the
form:

; s N (2.2)

wheresg;is the effective stress;;is the total vertical stress apds the pore fluid pressure.

Later, Biot (1948) developed a poroelasticity theory to explain -hraensional
consolidation and to relate elastic response of modelled medium to variation in pore fluid
pressure, meanwhile generalizing the Terzaghi effective stress law as:

. N (2.3)

wheresan is the mean effective stress; is the total mean stress aads a coefficient taking

into account the effect of variable porosity in considered medium. As experimentally proven,
a is usually close to 1 for soils buawer 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 twestigate 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
pressire. 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 caassgetit 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 pachis 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 conngcfiyitints 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 (Witkigoon 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 {t@rgh period is subject to transient conditions
thatmay results in rock mass structure modification and properties evolution. For this reason,
establish rigorous stregermeability relationships is nearly impossible without-sgecific
investigations. However, general trends were recognized throughvaggigations 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

43



displacement. This is evident especially in faults zowbgre the large movement along slip
surface often results in the formation of large conduit with high permeability (Rutgvist and
Stephansson, 2003). Observation performed for underground tunneling shows the effect
damage induced by excavation, which otteing 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 addcrease in initial permeability were associated to damage zone, thus
highlighting the uncertainties in governing processes and the importance -epestéc
characterization (Backblom and Martin, 1999).

In fractured rock masses, major fluid fluxes oftend 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 areggdun 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 properes 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 fraatares
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 influengeéadlic 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 mitable modelling approach to be
adopted: small volumes characterized by persistent anespastied discontinuities will behave
predominantly as a discontinuum medium, with intact rock portions characterized by dry
conditions juxtaposed to discontinuitigéed by water, resulting in pressure peaks along and
at the tips of persistent fractures. On the other hand, rock masses constituted by an
interconnected, closelgpaced and wetleveloped fracture network will be better
characterized as a sdilke coninuum 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 eristhydraulic
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 compi@etdnda 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,-donductivefractures 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 danwage 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 amérconnection (i.e. damage zone), and a-low
permeability fault core sealed by fiugeained material (Fig. 2.16d, e; Bense et al., 2013).
Moreover, a conduibarrier effect is recognized, related to marked anisotropy for fluxes
directed parallel to faulticection, 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). fioterac
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 basat Slaea, highlight the keyole 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 butaogurrence of fine material or brecciated levels. For
mature shear bands, condbérrier concept could be applied, as confirmed by abundance of
field data which testifies occurrence of fine material along main surfaces, with thickness
ranging from centinters 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 increaselcfulic permeability of the
entire rockslide body, if compared to surrounding and stable rock mass.
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2.4 |ARGE ROCK SLOREBIERICAL MODELLING

To reproduce the multitude and intrinsic complexity of processes involved kidang
slope evolution (Cf Chapter 1), the choice of modelling approach and boundary conditions is
fundamental. The modetlg 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 frdattimock and discontinuities
characterization. Usually, equivalent parameters are evaluated through rock mass
characterization techniques directly applied tsitn rock mass (Cf. Chapter 2.1). Continuum
approach was widely used to investigate loegn 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;
Bruckl and Parotidis; 2005; Barbamast 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 edvesented by polygons,
as in UDEC formulation (Itasca, 2010), or by circular features, as in PFC formulation (ltasca,
2007), bounded (and eventually bonded) by surfaces with specified behavior, to simulate real
discontinuities properties such as normdfretss, 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; Eberhaad al., 2003; Lorig et al., 2010; Havaej et al., 2015). At this aim, the
fl exur al toppling analysis performed by Al
predicted behavior fits well regarding strain pattern and rupture surface locatiomstieres
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 instabilitiedatRnship 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 peruhitte assess the influence of groundwater
regime, thermemechanical 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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Hybrid approaches combiseontinuum and discontinuum formulation to reproduce in
a unique framework the intact rock deformation, the sliding orepigtent 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 highutatopal 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; EImo, 2006; EImo and Steadp2V¥azmensky 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, subcritreakogrowth and
hydro-mechanical coupling are fundamental in the assessment of slope stability, especially in
investigating longerm slope behavior with underlying progressive rock mass damage. For
single unstable block or slopes largely controlled bgatisinuities, 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 guasi homogeneous rockpgs 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
regardng both mechanical and hydraulic properties.
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2.4.1 Timedependent 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 reactedingoi
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 (Bowi890; 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 th@hesion due to the intact rock bridges located between
nonpersi stent discontinuities (fAeffective coh
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 surroundamg@arers (Fig. 2.20;
Bjerrum, 1967; Eberhardt et al., 2004).

N Tpeak
AT
< e -

2 Tresidual

progressive failure sequence

Figure 2.20: Progressive failure sequence for a single discontinuity (Eberhardt et al., 2004)

As real rock slopes are constituted by an ensemble cpeamistent and variously
oriented disontinuity, 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 iecesp 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 skigeZ.21; Eberhardt et al., 2004). The
macroscopic evidence of these | ocal processe
movements (Emery, 1972), characterized by rather constant, low displacement rates to which
seasonal accelerations of diffet magnitudes are often superimposed (Crosta and Agliardi,
2003; Vallet et al., 2015).

51



Brittle to Ductile Behaviour

>

minimal internal extensive internal
rock mass deformation rock mass deformation

bi-planar

planar
Jailure

Jailure

h

|
N )
brittle-ductile — 4
transition
(i.e. Prandtl prism)

persistent
discontinuity

sequenced failure with

internal shearin,
planar e s

Jfailure

yielding of

non-persistent rock bridges

discontinuities
with intact

rock bridges

deep-seated
multi-block failure
with internal shearing

multiple step-path
Jailure

Increasing Complexity in Progressive Shear Plane Development

v intact rock

bridges

Figure 2.21: Effects of fracture pattern and brittle vs. ductile behavior on development and geometry of
instabilities (from Eberhardt et al., 2004)

Eberhardt (200dapplied these concepts in the barlalysis 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-termg 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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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 machhstate with time, particularly
focusing on shofterm prediction for forecasting and eavijarning purposes. Starting from the
accelerating creep approach of Fukuzono (1985) and Voight (1988,1989), Crosta and Agliardi
(2003) proposed a method to evaijan 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 ethod based on wavelet analysis to assess the-im@thanical coupling and the
evolution of deefseated landslide particularly sensitive to hydrologic triggers.

Another approach focused on visglastic modelling to reproduce rock slope behavior
throughtime (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 arenttateze 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 appcoh of t en doesnot consi d
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 longerm slope groundwater circulation and the not obvious interaction with
discontinuous and heterogeneous rock mass material.

2.4.2 Deglaciation and long terevolution

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 Ambraxsd Crosta (2006) modelled the
postglacial evolution of DSGSDs in the Italian Central Alps usingdimtensional finite
difference method, showing how plastic deformation and displacement in the slope occurs
immediately after deglaciation and proving tlerof paraglacial readjustment in proing
large slope instabilitied.eith (2012) used a lontgrm finite-difference model to assess the
cyclic effect of endogenic and exogenic processes on thedomgevolution of typical alpine
landscape, proving ¢hinterplay 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 sock mas
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 modeédsian 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 accoumfor 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 2.25: 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 presure

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 HQOAd), Bydre
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, roeksnis supposed to be guasi
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 technuges 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 desloped based on wethown 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
relatedin 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, statisticalbyased Discrete Fractures Networks (DFNjnjagate
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 medwrbehavior for various engineering
applications (EImo et al., 2014; Sturzenegger et al., 2014; Dershowitz, 2015; EImo et al., 2015).

As in real slope these hydrologic pulses has a seasonal occurrence related to surficial
water and groundwater availabyliti.e. in spring during snowmelt and in summer/fall during
intense and prolonged meteoric events (Hansmann et al.,, 2012), authors described the
mechani cal ef fect of such cycling as #Adhydro
identifying site spcific 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 propertiedefaisa
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 sthtessociated 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 slopechanical behavior (Fig. 2.26; Guglielmi et
al., 2005; Bonzanigo et al., 2008; Fischer et al., 2010).
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3 DADYNRSTIMEDEPENDENJAMAGEBASELSLOPE
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 lifeaytti@sone continuum
modelling framework, including the effects of tirdependent deglaciation, rock mass
heterogeneity, evolving strength and permeability, and fluid pressure occurrence. Due to the
large scale and the uncertainties in the definition ¢ beechanical and hydraulic parameters,
we represented rock mass as an equivalent continuum, starting from a dmEsedetime
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 theiseosit
different parameters on slope geometry, damage localization, strain pattern addpendent
behavior.

Later, we simulated the lortgrm evolution of two alpine slopes, Spriana (Cf. Chapter
5) and Confinale (Cf. Chapter 6), subjected to a rad&shnd 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 anchonitoring data. Indeed, the Confinale slope (Upper
Valtellina valley, Italian Central Alps) consists of a deep seated landslide slowly creeping and
conditioning the evolution of ARui nonodo rock:
floor and exénsively studied through the last decades due to the likelihood collapse. We also
used numerical modelling to evaluate the potential of darnaged modelling in the
understanding of lonterm rock slope instability and contribute to a more general discuss
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,-diependent, Finite
Element modelling framework, proposed by Amitrano et al. (J9&d 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 damalgealization, 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 descrtbe i n t erms of degradation of the
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 behavam 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 (timeindependent damage; stress state 1 in Fig. 3.1c) or (b) when the available time
to-failure is entirely consumed in subcritical stress conditions {tdependent damage; stress
state 2 in Fig. 3.1c).

The continuurrbased approach allows overdogn the computational and
parametrization issues typical of explicit models based on fragtaohanics (Eberhardt et al.,
2004; Elmo, 2006; EImo and Stead, 2010), and applying the model on any problem scale from
laboratory to large mountain slopes. Oudm| f or mul ati on i s based or
damage and timdependence laws, which are implemented as rm@ohanical (local) rules
at the scale of individual finite elements. Although implying some-siraplification of the
involved physics, thisnulti-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 Timeindependent damageww

The model simulates damage mechanics according to an elastic interaction model which
reproduces the progressive mechanical degradation underlying a brittle creep behavior. A
Afdamage evento occurs in a given dfthemateriel el em
instantaneous strength, which is described by a Mulomb failure criterion with tensile
cutoff. At each damage evemtand within each elementthe effective deformation modulus
Ei is decreased depending on an incremental damage gtard) according to:

0O¢ p O& Oyt (3.1)
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where:Eop, is the initial (elastic) deformation modulus ab¢gn) is a proxy of crack
density progressively accumulated within the element aftéamage events (Kemeny and
Cook, 1986; Fig. 34).
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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 (modifieafter Saito and Uezawa, 1961); (¢) Instantaneous failure (stress state 1) versus
progressive failure occurring in subcritical stress conditions (stress state 2).
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3.1.2 Timedependent component

When, in every finiteelementused to discretize the model domairg thobilized 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 timto-failure law, dependingn the ratio of locally mobilized stress and
instantaneous (peak) strength as represented in Fig. 3.1c (stress state 2 in).

The timedependent creep law simulates failure by static fatigue and is derived from
fracture mechanics studies on subcritical crgidwth 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 macrefailure surfaceTime-to-failure is related to instantaneous stress with an exponential
form:

0r "YQwh <I>—h (3.2)

where:t;i=time to be consumed to reach failure in the elerers; is the mobilized
effective stress andyo, is the instantaneous strengthi §Fig. 3.1c); To andb are empirical
parameers 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 tim-failure law (2) to evaluate the colaéon 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. Reding To andb, the exam of creep test data
resulted in a strong correlation between these two parameters, expressed by the relationship
log(To) & b (Lacroix and Amitrano, 2013 and Table 3.1). Regarding boundary conditions, an
increase in thé value is tserved at higher confining stress (Kranz, 1980; Baud and Meredith,
1997) and lower temperature (Kranz et al., 1992). Fluid occurrence seems td @diedd
(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 streafgb>0.75; Fig. 3.2). For very low
mobilized stresses the relation (3.2) results in very long predictedtasfaéure. This
behaviour is consistent with the mathematical formulation of the-trf@lure law, but is
difficult to support experimentallyue 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 Meredh, 1987). A practical implication of using a tirteefailure 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 poing dlope evolution.
Moreover, the lack of equilibrium state pre\sttie calibration of slope mechanical parameters
through baclanalysis.
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Another important issue related to the application of ficafailure law to largescale
problems regards the lack @&ta on rock masses and criteria to upstakndb. 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 tim¢o-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 elektdinis
point, the failed el ement i s Adamagedo acca
explained the reduction of deformation modulus in an element undergoing damage leads to
stress redistribution ar oundaltame hesloe noef n ti,n spa
failures in surrounding elements. Avalanches are made possible by the elastic modulus
heterogeneity Iimposed at the el ement scale
within the model domain (Amitrano et al., 1999nitrano 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 stressdistribution, the calculation cycle proceeds with recalculation of
time-to-failure law.

According to this procedure, afterdamage events, the tirte-failure for the element
I after then-th damage event or avalanche results from:

Wherepi(n) is the proportion of consumed lifetime abdn) 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
posterioriby scaling the simulation time with regppéo 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 ;@ore (i
avalanche events);

- model physical time: calculated as the cumulative sum of the lower computed value
obtained by the application of tinte-failure law (3.2) at every timestep. At the end
of simulation, it defines the global lifetime of the slope;

scakd 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
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(e.g deglaciation time, absolute or relative chronology) available for the sited
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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 ee$ 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).

Exponential Fit

Reference® Rock Type T5C Dry/Wet 3. MPa ao, MPa N, b log(fo) r
S72°¢ quartz, ¢ axis 25 wet 0 207 62 28. 32. 0.82
s724 quartz, a axis 25 wet 0 195 73. 82.

K80 Barre granite room dry 0.1 229 9 48. 47. 0.83
K80 Barre granite room dry 53 480 8 55. S8. 0.97
K80 Barre granite room dry 100 640 5 88. 88. 0.96
K80 Barre granite room dry 198 840 3 138. 134. 0.97
K82 Barre granite 24 dry 100 610 5 78. 82. 0.96
K82 Barre granite 200 dry 100 570 9 69. 09. 0.93
K82 Westerly granite 200 dry 100 760 B 79. 83. 0.98
K82 Westerly granite 200 wet 100 720 4 55. 60. 0.99
MO1 Indiana granite room dry 0 160.5 8 82. 83. 0.93
BM97 Darley Dale room dry 30 3 29. 34. =0.99
sandstone

Table 3.1: Creep test data from literature and fits for titodailure exponential relatiahip (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 heterogesgroperties and damage states
allow the model reproducing complex problegale macroscopic behavior as an emerging
property (i.e. not directly accounted for by the model formulation at the scale of individual
elements), including progressive damagealization, 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 {toe&ailure 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. Hoaenegroscopic 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 meelmical 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 byftbreedi simulations to reach ten
meters of summit vertical downthrowrt1(Q), they observed that increase in cohesion
corresponds to longer slope lifetime, due to the occurrence of stronger rock mass (Fig. 3.3a).
Increase int10 is also reproduced when imtal friction angle is decreased, probably as a
consequence of ductile mechanism onset and related diffused deformation, which takes more
time to cumul ate displacement within the sl o
correspondent increasé slope lifetime (Fig. 3.3b), while tir-failure parameter obviously
have a strong effect: linear increasédaoésults in exponential increaseti® (Fig. 3.3c).

Definition of mechanical parameters has also major effect on the mean thickneks (
resulting rockslide. Cohesion increase results in shallower instabilities, as its practical
consequence is to move upward the MGlulomb failure criterion, thus making deep failures
(i.e. at high confining stress) unfavorable (Fig. 3.4a). The effeattefnal friction angle is

unclear, as no evidenttrendslimar e col | ected (Fig. 3.4d0. |1 nst
failure parameter have a marked effect, since rockslide thickness strongly raise in response to
i ncrease i n BFghhc)decrease in
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Figure 3.4: Mean rockslide thickness versus slope cohesion for different values of (a) internal friction angle, (b)
Poi ssonds r aafailwe parantketer((foom Latroixiaad Amitrano, 2013).

Thickness of basal shear baW) (s an important descriptor bbth 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 W are encouneed f or decrease in 3 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-td-faiare
parameteis major also on the basal shear band width, as increbsesults in marked increase
of W (Fig. 3.5¢).
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3.2 DADYNRSSTRUCTURE AND FLOMBERAM

The DaDyRRS (Rock Slope) model is developed in MattaMathWorks, Inc.) and
consists of a main script which execute a series of nested functions, eaohchagge 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 Lacamd 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 @inal 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 haveeen 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
equivalentcontinuum with respect to strength, deformability and hydraulic properties (Hoek
and Brown, 1980). In addition, as real alpine slopes underwentdi@mendendeglaciation,
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 oecoeris 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 rockass 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 recurringo a 2
Delaunay triangulation algorithm using a minimum edge side length, specified as input value
during model setip.

Then, before entering into the main calculation loop, gravity force and overlying glacier
loading (Cf. subsection 3.4) are initialized in the sldResulting stress and strain are computed
for each Finite Element, then fluid occurrence and connectivity are calculated (Cf. subsection
3.5)., thus obtaining redilme spatial pattern of groundwater within the slope. Fluid pressures
computed at eachahent 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 surroundiegtsle
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 simulatiopenmé 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 duy input parameters definition, according to available
moni toring data or field evidence. Emer gency
unrealistic model behavior, interrupting simulation in case of exceeding imposed threshold
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values. Thesenclude: 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 canlizedvidtig.

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 furtheta processing.

Parameter Symbol Unit
Unit Weight g KN/m?
Young Modulus (intact rock) Eo 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 GSlI -
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 tdo years
Deglaciation duration Tq years

Table 3.2 Summary of numerical model input parameters.
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Figure 3.8: DadynRS graphical output showing vertical displacement through time in six selected observation
points

70



3.3 ROCK MASS PROPERBCHPING

To account for the behaviour of real fractured rock masses, we used an upscaling
strategy based on thdoekBrown approach (Hoek and Brown, 1980; Hoek et al, 2002). This
relies on the observation that rock strength
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., 1995kHoel 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% depending on récmass structure and weathering of
discontinuities. In modelling real rock slopes, parameter definition might take into account all
the previous and #Ainheritedo modifications
geological processes, thus refiegr GSI input distribution to the beginning of simulation (i.e.
end of LGM). The use of GSl allows a first esteem of tensile strength and the equivalent Mohr
Coulomb cohesion and friction coefficient, which are then inserted in D&3yas rock mass
inputvalues. 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 modhglas
each element, usirg the empirical relation proposed by Hoek and Diederichs (2005) for the
undisturbed case (Fig. 3.9c):

O, O mg —— (3.4)
where:Ep; is the initial rock mass deformation modulus in the elememtdEp is the
Young modulus of intact rock (Hoek et al, 2002).

Calculation of rock mass equivalentfoienation 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 populationsf 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,
equdion (3.4) is used to generate corresponding lognormal distributidit@fbe 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 propesgithe 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 stratigraphicalooindary 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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3.4 TIMEDEPENDENT DEGLACOKTI

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
extensiveand 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 Btopiesulate
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 obtoaiimeand oawe roanl IF,E tnre
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 a2009; Wirsig et al., 2016).

Two parameters control the time dependency of deglaciation, namely: the starting time
of deglaciationtgo), and the deglaciation duratiofd), which is expressed as:

Q0 (YOI (3.5)
N Op — VY 6 0 0 (3.6)
0T 0w o Y (3.7)

With H glacier height at the end of LGM.

Glacier laad 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 calatiaiepe 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 theatale value ot. Oncehice 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/m?®). Glacie 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 toynodes b
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, tlyacier 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 réafe,is discretized in time interval®ry,
corresponding to 1 m of ice removal. The model is forced to refresh stresses alleyery
less in case one or more damage events are predicted by tHe-farlere law during an ice
removal stage. This condition prevents the model to skip cemaditk parts of deglaciation,
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especially during early deglaciation when thelicgtressed slope is characterized by long times

to failure. This allows a better account for deglaciation effects on progressive damage and
failure, especially for contexts dfeaterized by relatively high deglaciation rates, as the LGM
European Alps (IyOchs et al., 2006; Wirsig et al., 2016).

A0 R "f%%
S

2
)

Figure 3.10: Time dependent deglaciation in DaDRS. Glacier loading is applied at each element center by
means of hydrostatic loadecomposed in horizonatal and vertical components depending on current ice thickness

and local slope angle.
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3.5 DAMAGEDEPENDENT FLUID CRRENCE

Including the effects of hydrmechanical coupling in the lortgrm evolution of alpine
slopes is a necessarytbextremely 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 permatfrthst o
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 daenaythe 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 antktomgevelopment
of rock mass permeability between degddion and complete rockslide development (Preisig
et al., 2016) are not well known.

Therefore, we need a simplified yet mechanichliyged model of fluid occurrence in
the slope during its evolution. Starting from the observation that permeability ipdosity
rock is strongly related to crack density evolution associated to mechanical damage (Zoback
and Byerlee, 1975; Mitchell and Faulkner, 2008; Faoro et al., 2013; Rutqgvist, 2015; Violay et
al 2015), we linked fluid occurrence to the rock mass ditatassociated 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; Rutgvist,
2015). In our model, fluids can occur 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 labaedtey
experimenthobservations, 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 alsb mand a ma ge d 0
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 demement stage we assume that initial hydraulic
aperture and connectivity are negligible. Model refinements accounting for initial rock mass
porosity and damaggroportional crack density will be listed among future improvements. At
this stage, our model &ble to provide a lowdbound estimate of the spatial distribution of
damagedependent rock mass permeability. In the numerical code, damage condition is checked
by searching for elements with no rupture accumulated, which are excluded from further
calculdions by assigning a value of fluid pressure applied equal to O.

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 cdraction (i.e. model decrease). Dilatancy (Fig. 3.11) is an established measure
of crack growth and increased rock permeability in-fmwosity brittle rocks at laboratory scale
(Martin and Chandler, 1994; Eberhardt et al., 1999; Katz and Reches, 20043sMviee 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 strawartin and Chandler, 1994) as a proxy of
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dilatancy and crack density. To obtain a spatidistributed quantification of rock mass
dilatancy, and thus identify the potential loci (finite elements) of pore pressure occurrence, at
each element and at eacloael step we calculate tH@VS as the difference between total
computed volumetric strairef), and the elastic volumetric strain component, which depends
on initial (undamaged elastic) values of the deformation modiis(d Poisson ration (Katz

and Reches, 2004):

oOw'Y - - i

- R (3.8)

The total volumetric strain of each elementderived from the strain components
computed by the model, and refreshed after every rupture event, by extracting the principal
strainser and e.. The corresponding elastic volumetric stra@)di depends only on the
calculated differential stress, astReoi ssonds ratio and the init
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 onlyin 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.

crack initiation
(onset of dilatancy)

£

o

e 'FT

g | 1

g crack

§ closure Crack (inelastic)

Volumetric Strain

v

Axial strain

Figure 3.11: Experimental volumetric vs. axial strain curve fonmgpression 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 evoltitrongh 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.€. at least one rupture and net dilatancy) are checked and
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grouped in fApermeabl e el ement clusterso by
algorithms implemented in Matl& (Fig. 3.12). The adopted clustering criterion is based on
maximum distanes 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 DaR$n 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 proveeé tfftrdable 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 exatd from the fluid pressure calculation (clusters 1
and 2, Fig. 3.12).

<] dilatant FE topographic ¢
surface &
< “wet’FE /

dilatancy +
connectivity

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).

Weassume that static water fills HAper mea
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 boumdistigree As
explained before, these are completely unsupported by experimental evidence in-teentong
period during glacial and paraglacial stages. Fluid pressure is applied by imposing a specified
degree of cluster filling (to be calibrated), inditg@ccounting for partial drainage effects and
ranging from 0 (empty cluster) to 1 (completélied cluster). To reproduce the possible effect
of hydrologic pulses on slope behavior, thependent variations in fluid pressure can be
simulated by definig 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 watesitgdeo 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 tineetio-failure in subcritically stressed elements.
Thus, damagedependent fluid occurrence will affect further damage, dilatancy and water
distribution, resulting in a simplified twavay hydremechanical coupling cycle (Rutqgvist and
Stephansson, 2003).

TA
effective
stress total
stress
u
ﬁ
To Ozeff Oefif | O3 O1 0;
(CVS<0) (CVS>0)
Figure 3.13:Ef f ecti ve vs. tot al stresses in Awet o el ement
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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 simulatangeofeal
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 eproduce 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 discretination a
mesh building are performed recurring to the Partial Differential Equation Toolbox
implemented in Matla}. The only parameter specified in model domain discretization is the
maximum edge length, which is usually determined in respect of domain spardetric
analysis to balance between the simulation detail and the computational speed.

Output variables produced by the model were increased to better investigatertong
slope behavior. Besides new outputs related with the introduction of datepgelent fluid
occurrence, rock mass approach and{itependent 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, lyscatresponding 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 dependemvolution 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 DADYNRS CALIBRANIAND 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 malticator approach to reda uncertainties in
application to real cases.

Mechanical properties derive from-&itu geotechnical characterization and are scaled
to represent rock mass equivalent continuum through Hoek and Brown approach (subsection
3.3). Permeable cluster fillinggpresents an exception and is calibrated based on comparison
between simulated versus observed slope behavior, since no data are availabletemmlong
slopes hydrogeology. Moreover, to correctly reproduce the influence of rock bridges on strength
and timng 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 localiz&tiore-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 esteern cfiallenging. However, preliminary parametric tests
on real slopes resulted in limited upscaling effect, making intact rock values directly suitable
for slopescale simulations. The damage increment pararbetegulates the discretization of
mechanical propertiereduction in respect to number of rupture events, meanwhile influencing
diffused versus localized damadreis calibrated based on simulated versus observed damage
patterns and has a major influence on modelling results. Real time scaling depend®mainly
glacierrelated and timeéo-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 sensiindlysis 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 takesmnto account:

1) statistical distribution of simulated GSI values, baekculated by distributions of
effective deformation modulus in sl ope
domai nso and compar ed wi t h observed
geomechaical insitu 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 irsitu 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 sherérm and longerm slope displacemerdtes, coming from
geomorphological, geotechnical or geochronological investigations;

5) time dependent behavior (i.e. total model lifetime vs. deglaciation time;
displacementime curves for different slope portions) compared with available
absolute or relate chronological constraints.
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The calibration process starts with the definition of thmailure and damage
parameters (1 in Fig. 3.14), which are then checked for correspondence with observed damage
pattern and slope kinematics. Once overall matciimgached, 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 timedependent &havior 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.

T, C,E, ¢, v, water %

mechanical parameters
- depth of shear band

- kinematics
- localized vs. diffused
2
A
D 1 1 To, b
damage time-dependency
from parametric analysis form parametric analysis
v
3

Real-time scaling
deglaciation vs.

total lifetime
from absolute/relative dating

Figure 3.14: Multi-indicator approeh used for calibration and validationrabdelling results in DaDyRS
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4 PARAMETRIGNALYSIS

4.1 MODEL SETUP AND INWESTED PARAMETERS

In the previous chapter, background theory and the new components introduced within
DaDynRS were presented. Weded testing the performance of the new model by assessing
its sensitivity to the main parameters in lelegm slope evolution, particularly observing their
effects on the damage pattern, the strain distribution and the slope failure time, expressed as th
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, respeelly 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 tothleight 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 ggodlity rock nasses 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 [2018]f(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 subsent®4 by imposing GSI values comprised in the interval B5
The GSI pseudoandom seed was maintained equal during the entire analysis to eliminate the
effect of properties heterogeneity on simulation results, thus every simulation was performed
startingfrom 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 throughait the entir

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 1x1fodel physical time units froithe start of simulation and lasts
for further 1x10 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) Eo MPa 22700
Tensile strength (rock mass) T MPa 1
Cohesion (rock mass) C MPa 55
Coefficient of internal friction (rock mass) m - 1
Poisson ratio (rock mass) n - 0.4
Rock mass GSI GSl - 705
Glacier maximum level H m a.s.l. 1800
Starting of degleiation tdo yrs
Deglaciation duration Tyq 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 observdtat 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 fislope failure timeo.

Parametric analysis was divided three following phases: the first one regarded
investigation of different mesh sizes, performed to evaluate the influence ofHmment
dimension on slope geometry and tihependency of the numerical model. Moreover, it was
used to determine a salitle 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, tirte-failure parameter and damage incesthparameter.

This resulted in 72 model simulations, whose extended outputs are reported in Annex 1.
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4.2 INFLUENCE OF MESE SIZ

Mesh size influence was evaluated in simplified conditions as a preliminary stage in
parametric analysis. We decided to invesegaly the model setp with slope angle of 33°
(Fig. 4.1a) and value of tirm®-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. Imestigated 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 Ifftdeor’® 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 2.7x101 1 min
125 690 5x10H 2 min
100 994 2.7x101 4 min
75 1903 3x101 9 min
50 4293 2x101 45 min
25 17217 1x101 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, degreef 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-tcanoslational kinematics alope 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 danaagieno or little strain localization, resulting in a
high degree of internal slope deformation (Fig. 4.2b and 4.3a). As in-plasta modelling
approaches, finer meshes lead to the transition to more localized shear strain, with damage and
displacemets concentrating in thinner shear zones. This also leads to the development of sharp
surface morphastructures (scarps) as already pointed out by Lacroix and Amitrano (2013) (Fig.
4.2e and 4.3b). In addition, maximum accumulated shear strain values @actham double
values in 25 m meste{a=0.6) with respect to 125 m mes#n{=0.25).
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Figure 4.2: Mesh size effect on damage distribution within the slope.

86



Strain xy Strain xy

a) - b)
S
1500 - 1590
La
1000 1000
500 500
0 0
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
01 0 0.1 02 01 0 0.1 0.2 0.3 0.4 05

Figure 4.3: Mesh size effect on strain distribution within the slope. In the simulation wisth isieze 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 accumulaiein 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 eyprsekged
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 simulatedhieynbodel differs from what
observed on real rock slopes, resulting in unrealdamage and strain patterBased 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 verticaze) for the next part of parametric analysis. This
value represents a compromise between modelling details, observed mechanisms and

computational efficiency.

7x10"" A
6x10"" -
5x10"" 4

4x10"" -

3)(1 0\11 . /\\
~n
2x10"" 4 /

1x10"" 4

Slope failure time

T " T ol T .. T " T <. T
25 50 745) 100 125 150
Mesh size

Figure 4.4: Slope failure time for different mesh sizes. Increasing the number of elemirits skope domain,
slope failure time progressively decrease.
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4.3 INFLUENCE OF ROCKSVASTEROGENEITY

Real slopes are constituted by heterogeneous rock mass, which locally influences the
slope in terms of changing strength and mechanical properties: &s dhseeffect 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 umiqrectangular). 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 deviati@n (s5=ands 20)
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, thikilmesh 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, ¢) and GSI uniform tdisution (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 effeaf 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 normaand uniform distributions.
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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 damag 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\4tT).
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, respectivelg 20 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.
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Figure 4.7: Time versus vertical crest displacement for the performed simulations. Although the general slope
trend is maintained, variations in slope failuree were registered.
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4.4 INFLUENCE OF SLORELEN

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 a&n 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, g quanti
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). Stiepes
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. Dateads leglow 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 secorstamps and counterscarps are encountered
in both setups 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 abe.

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 ptbeimgfluence of slope
angle on progressive rupture and ldgegn 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 enttewed (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 WATBRIOUNT OF PERMEABLESTER FILNG

Based on the approach described in chapter 4, D&3/has the capability to account
for damagedependent pore pressure distribution (and related hyéahanical coupling
effects) in a simplified way. Fluid pressungpéication, 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 . eonsiitd I (glusters aompdetely 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 conditeressively
severe condition for real rock slopes, especially in a-teng development perspective.

As expected, also in DaDyRS fluid pressure proved to have a major influence on
simulations results. The kinematics and geometry of slope instalsilidgeply affected by
changes in fluid pressure and substanti al d
simulations. For a given slope slope angle and set of mechanical properties, dry models are
characterized by deeper instabilities, more lodaliamage 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 ftyamslational rockslide mechanisms, more similar to
the commonly observe@al patterns of slope instability (Figs. 4.9b, c, d and 4.10b, c, d). Also
strain and damage patterns experienced great
when fluid pressure is taken into account, more strain is accumulated along shebubalsds
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 fiisgited 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 #Ad
bulging at toe, applying a valugf 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 tobecame 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.
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Figure 4.10Effects of different clugr 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.
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