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Abstract Large alpine rock slopes undergo long-term evolution in paraglacial to postglacial environments.
Rock mass weakening and increased permeability associated with the progressive failure of deglaciated
slopes promote the development of potentially catastrophic rockslides. We captured the entire life cycle of
alpine slopes in one damage-based, time-dependent 2-D model of brittle creep, including deglaciation,
damage-dependent fluid occurrence, and rockmass property upscaling. We applied themodel to the Spriana
rock slope (Central Alps), affected by long-term instability after Last Glacial Maximum and representing an
active threat. We simulated the evolution of the slope from glaciated conditions to present day and calibrated
the model using site investigation data and available temporal constraints. The model tracks the entire
progressive failure path of the slope from deglaciation to rockslide development, without a priori
assumptions on shear zone geometry and hydraulic conditions. Complete rockslide differentiation occurs
through the transition from dilatant damage to a compacting basal shear zone, accounting for observed
hydraulic barrier effects and perched aquifer formation. Our model investigates the mechanical role of
deglaciation and damage-controlled fluid distribution in the development of alpine rockslides. The absolute
simulated timing of rock slope instability development supports a very long “paraglacial” period of subcritical
rock mass damage. After initial damage localization during the Lateglacial, rockslide nucleation initiates
soon after the onset of Holocene, whereas full mechanical and hydraulic rockslide differentiation occurs
during Mid-Holocene, supporting a key role of long-term damage in the reported occurrence of widespread
rockslide clusters of these ages.

1. Introduction

Large rock slope instabilities in alpine (i.e., formerly glaciated) environments span the transition from glacial
to postglacial conditions through a period of paraglacial readjustment, when the evolution of deglaciated
landscapes is still directly conditioned by the effects of glaciation on topography, hydrology, and vegetation
(Ballantyne, 2002; Church & Ryder, 1972). For slope processes, the exact nature and duration of the paraglacial
period are still debated, as well as paraglacial controls on rocks slope instabilities (Agliardi et al., 2009;
Ballantyne, 2002; Cruden & Hu, 1993).

Glaciation and deglaciation had an extremely important impact in the European Alps, due to the extent of
Quaternary glaciations, Last Glacial Maximum (LGM), and later readvances (Ivy-Ochs et al., 2006; Wirsig
et al., 2016). Over the long term, glacial erosion shapes valley flanks (Figure 1a) and influences the distribution
of gravitational stresses in deepened and enlarged valleys (Crosta et al., 2013; McColl, 2012; Wirsig et al.,
2016). Glacier retreat results in slope debuttressing and influences slope stability through several processes,
including stress perturbation with respect to a pure gravitational one (Augustinus, 1995), crack damage, loss
of rock mass strength, enhanced weathering, and groundwater flow (Ballantyne, 2002; Crosta, 1996; Harbor,
1992; Holm et al., 2004; Savage et al., 1985; Figure 1b).

The interplay betweendeglaciation rate, glacially conditioned relief (i.e., valley overdeepening/oversteepening),
inherited geological structure (Agliardi et al., 2001), rock mass properties (Harbor, 1992), tectonic or locked-in
stresses (Leith et al., 2014; Miller & Dunne, 1996; Savage et al., 1985), fluvial incision and static fatigue pro-
cesses (Eberhardt et al., 2004; Molnar, 2004; Pariseau & Voight, 1979) may result in a variety of slope failure
types and timings, including enhanced rockfall activity, sudden catastrophic failures, or slow rock slope defor-
mations (Ballantyne, 2002; Cossart et al., 2008; Deline et al., 2015; McColl, 2012). On the long term, the latter
leave major geomorphic signatures in the long and cross profiles of alpine valleys (Brocklehurst & Whipple,
2004; Korup et al., 2010; Sternai et al., 2011) and may eventually stabilize, continue to creep, or evolve to
catastrophic collapse after several thousands of years (El Bedoui et al., 2009).
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During postglacial evolution, external triggers including rainfall and
snowmelt can promote or contribute to a range of instabilities reach-
ing up to entire valley flanks, with severe impacts on human lives,
activities and infrastructures (Agliardi et al., 2012; Crosta & Agliardi,
2003; Crosta et al., 2014; Dortch et al., 2009; Helmstetter &
Garambois, 2010; Zangerl et al., 2010). Large “differentiated” (i.e.,
mature) rockslides, characterized by well-developed basal shear
zones and highly fractured and permeable unstable masses, show
the most distinctive sensitivity of displacement patterns to hydrolo-
gical triggers (Corominas et al., 2005; Crosta et al., 2014; Vallet
et al., 2015). Nevertheless, the geomechanical and hydrological
legacies of glacial and paraglacial processes and their influence
on the postglacial evolution of rock slope instabilities are still
poorly known.

Large rock slope failures are commonly delayed with respect to degla-
ciation, supporting the hypothesis that they undergo progressive
failure in subcritical stress conditions (Brideau et al., 2009; Chigira,
1992; Eberhardt et al., 2004). These are mirrored by a commonly
observed time-dependent “slope creep” (Emery, 1979), characterized
by rather constant, low displacement rates to which seasonal accelera-
tions are often superimposed (Crosta & Agliardi, 2003; Vallet et al.,
2015). The latter are usually interpreted as evidence of coupling
between hydrological triggers and landslide systems (Crosta et al.,
2014; Preisig et al., 2016; Vallet et al., 2015). Although movements pro-
gressing to catastrophic collapse may result from rock mass failure
without external forcing (i.e., tertiary creep; Rose & Hungr, 2007; Saito
& Uezawa, 1961; Voight, 1989; Zavodni & Broadbent, 1978), hydrome-
chanical coupling has been recognized to play an increasingly impor-
tant role as rockslides attain mature stages of evolution (Crosta
et al., 2014).

Modeling the time-dependent behavior of large rock slope instabilities
is crucial to predict future displacements and potential catastrophic
evolution for risk analysis, early warning, and civil protection purposes
(Crosta et al., 2014). In principle, this would require tracking the
mechanical and hydrological history of alpine rock slopes to the
occurrence of a “mature” rockslide, through a variably long period of
transition (Figure 1). In practice, rockslide forecasting mostly relies on
analytical, statistical, or numerical models accounting for the hydrome-
chanical landslide response to rainfall or snowmelt (Cappa et al., 2004;
Crosta et al., 2014; Guglielmi et al., 2005; Preisig et al., 2016; Vallet et al.,
2015; Zangerl et al., 2010), based on a rockslide model derived
from geotechnical and geophysical characterization. Nevertheless, the
long-term evolution of the geometry, internal structure, strength, and
hydrology of alpine rocks slopes is usually unknown and poorly
described by models focused on the analysis of onset mechanisms of
rock slope failure and their topographic, lithological, structural, and cli-
matic controls (Agliardi et al., 2001; Ambrosi & Crosta, 2006). Attempts

to model different stages of long-term alpine rock slope evolutionmust face several caveats, including (a) lim-
itations of rheological approaches to the time-dependent modeling of slope evolution, unless a landslide
shear zone is predetermined (De Caro et al., 2016); (b) lack of knowledge regarding progressive evolution
of fractures under nearly constant gravitational stress conditions; (c) almost unknown spatial and temporal
water distribution in the slope during and after deglaciation (Crosta et al., 2013; McColl, 2012); (d) limited
knowledge of the damage-dependent evolution of rock mass permeability on the scale and stress

Figure 1. Conceptual glacial to postglacial slope evolution. (a) In glacial condi-
tions rock masses are assumed to be characterized by inherited damage and
permeability. (b) In paraglacial conditions progressive brittle damage leads to
rock mass weakening and permeability increase. (c) Rockslide differentiation
occurs through the development of a mature basal shear zone and a weak,
permeable rockslide mass hosting perched aquifers.
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conditions of rock slopes; and (e) limited understanding of hydrome-
chanical controls on rockslide differentiation, as a major input to the
development of rockslide forecasting.

We captured the stages of the alpine rock slope life cycle within one
modeling framework, including the effects of time-dependent degla-
ciation, evolving strength, permeability and water occurrence. We
developed our model starting from a damage-based time-dependent
approach proposed to simulate laboratory rock deformation experi-
ments (Amitrano & Helmstetter, 2006). We simulated the long-term
evolution of the Spriana rock slope (Valmalenco, Italian Central Alps),
affected by an active, potentially catastrophic rockslide and character-
ized by a wealth of geological, site investigation, and monitoring data.
We evaluate the potential of damage-based modeling in the under-
standing of long-term rock slope instability and contribute to a more
general discussion of the mechanisms and timing of alpine valley
evolution since the LGM.

2. Numerical Model: DaDyn-RS
2.1. Brittle Creep Model

We developed a 2-D finite element model in Matlab™, starting from the
“elastic-brittle” modeling approach proposed by Amitrano et al. (1999)
and Amitrano and Helmstetter (2006) and applied by Lacroix and
Amitrano (2013) to simple slope problems in intact rocks. The model,
initially conceived to simulate brittle creep in laboratory rock deforma-
tion, combines a time-independent, continuum damage mechanics
law (Kachanov, 1986) and a macroscopic time-to-failure law, simulating
failure by subcritical crack growth (Atkinson, 1984). Both instantaneous
and progressive failure are simulated depending on the local stress
state (Figure 2a) using an elastic interaction model, accounting for
damage by the progressive degradation of the effective rock deforma-
tion modulus at each element (i.e., a macroscopic proxy of crack
density; Amitrano & Helmstetter, 2006; Figure 2b). This successfully
reproduces both primary and tertiary creep as the damage distribution
becomes increasingly localized. Our model is different from the
cohesive-brittle-frictional (strain-dependent cohesion reduction and
friction mobilization; Martin & Chandler, 1994) or strain softening mod-
els (Hajiabdolmajid et al., 2002), previously used to simulate progres-
sive failure in an elastoplastic and time-independent modeling

context. The implementation of this formulation at the finite element scale allows us to evaluate the spatial
pattern and track the temporal evolution of brittle damage on the slope scale (Figure 2c).

In our model formulation, a “damage event” can occur in a given finite element as follows: (a) instantaneous
failure (stress state 1 in Figure 2a), when mobilized shear stress exceeds an instantaneous material damage
threshold, represented by the Mohr-Coulomb failure criterion with tensile cutoff according to the observation
made by Heap et al. (2009) based on acoustic emission monitoring; or (b) delayed failure, occurring in sub-
critical stress conditions at a time predicted by the time-to-failure law (Amitrano & Helmstetter, 2006) as a
function of the ratio of the locally mobilized differential stress (σ1 � σ3)i and the differential stress corre-
sponding to instantaneous failure at same confining pressure (Figure 2a). After n damage events affecting
an element i, the effective deformation modulus Ei is decreased depending on an incremental damage para-
meter D, according to equation (1):

Ei nð Þ ¼ 1� Di nð Þð ÞE0;i (1)

where E0,i is the initial (elastic) deformation modulus and Di(n) = 1�(1�D)n is a proxy of crack density accu-
mulated within the element after n damage events (Amitrano & Helmstetter, 2006).

Figure 2. Progressive damage effects leading to macroscopic brittle creep.
(a) Instantaneous failure (stress state 1) versus progressive failure occurring in
subcritical stress conditions (stress state 2, equation (2)); (b) decrease in
deformation modulus corresponding to damage accumulation in a continuum
damagemechanics framework (equation (1)). The damage increment parameter
D regulates the amount of crack damage in each finite element undergoing a
rupture event (Amitrano & Helmstetter, 2006); and (c) complete slope creep
curve (modified after Saito & Uezawa, 1961).
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The law relating time to failure to the mobilized state of stress has an exponential form:

tf ;i ¼ T0 exp �b
σ1 � σ3ð Þi
σ1 � σ3ð Þf ;i

" #
(2)

where tf,i = time to failure for the element i; (σ1 � σ3)i is the mobilized effective differential stress, and
(σ1 � σ3)f,i is the differential stress corresponding to instantaneous failure at same confining pressure; T0
and b are the empirical constants of the exponential time-to-failure law (Amitrano & Helmstetter, 2006,
and references therein).

The decay of deformation modulus in an element undergoing damage leads to stress redistribution around
the element, possibly resulting in an “avalanche” of instantaneous failures in surrounding elements at the
same time. When instantaneous failure does not occur after stress redistribution, the local time to failure is
updated for each element at every model step, and delayed failure occurs in the model element character-
ized by the shortest time to failure. Model-scale macroscopic features, including damage and strain localiza-
tion, rupture event statistics, and the full spectrum of creep behavior, from primary to tertiary (accelerating)
stages (Figure 2c), are simulated by the model as emerging properties by the elastic interaction between
finite elements with heterogeneous properties (Amitrano & Helmstetter, 2006). In particular, increasingly
interconnecting damaged elements lead to the development of macroscopic shear zones and to displace-
ment rate increase until accelerated (tertiary) creep occurs.

Amitrano and Helmstetter (2006) developed their original model (and investigated its parameters) to repro-
duce laboratory observations on dry, intact rock. On the other hand, large rock slopes frequently exceed
1,000 m in local relief and can be affected by rock slope instabilities up to billions of cubic meters in volume
(Agliardi et al., 2013; Crosta et al., 2013). This requires upscaling material properties in order to account for the
strength, deformability, and permeability of fractured rock masses (Hoek & Brown, 1980; Rutqvist &
Stephansson, 2003). Moreover, alpine slopes undergo time-varying deglaciation and the effects of changing
groundwater regimes. In order to deal with large, real rock slopes in fractured rock mass we developed new
model components in a Matlab™ modeling environment.

2.2. Rock Mass Property Upscaling

To account for fractured rock mass behavior, we upscaled material properties according to the Hoek-Brown
empirical approach (Hoek & Brown, 1980; Hoek et al., 2002). This relies on the observation that rock strength
decreases with increasing “sample” size, from intact rock (containingmicrocracks and textural defects) to rock
mass (made of rock blocks and macrocracks/discontinuities). Intact rock properties measured in laboratory
tests are scaled to field conditions by the Geological Strength Index (GSI, ranging 5–95; Hoek et al., 2002;
Hoek et al., 1995). This empirical parameter describes rock mass structure and alteration, easily quantified
in both outcrops (Marinos & Hoek, 2000) and borehole data (Agliardi et al., 2016). The use of GSI allows the
estimation of the tensile strength and the equivalent Mohr-Coulomb cohesion and friction coefficient of rock
masses, for use within DaDyn-RS. The GSI also allows us to derive initial values of rock mass deformationmod-
ulus E0 at each element i, using the empirical relation by Hoek and Diederichs (2006) for the undisturbed case:

E0;i ¼ Elab 0:02þ 1

1þ e
60�GSIið Þ

11ð Þ

 !
(3)

where E0,i is the initial rock mass deformation modulus in the element i, and Elab is the Young modulus of
intact rock (Hoek et al., 2002). Assuming a normal distribution for real populations of GSI values, we also
use equation (3) to generate corresponding distributions of E0 to be introduced in initial model setup to
account for material heterogeneity.

While the upscaling rules above can be applied to instantaneous strength and deformability properties of
rock masses, we have no strong physical arguments allowing a direct upscaling of time dependent proper-
ties, especially b. Nevertheless, sensitivity analyses performed by Riva et al. (2016) and Riva (2017) outlined
very limited scale effects on these properties, which at this stage can be considered scale independent
(see also Figure S1 in the supporting information).

2.3. Time-Dependent Deglaciation

To simulate the effects of deglaciation, we adapted the approach of Lacroix and Amitrano (2013) to
complex slope profiles. In our model, ice load is accounted for by applying separated horizontal and
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vertical ice loads components in order to obtain an overall, transient
“hydrostatic” ice load on finite element mesh nodes at slope surface.
The timing of deglaciation is updated independently on the model
creep time (governed by equation (2)) and calibrated on available
absolute or relative chronological constraints (Bini et al., 2009;
Wirsig et al., 2016). Two parameters control the timing of deglacia-
tion, namely, the starting time of deglaciation (td0) and the deglacia-
tion duration (Td). Under the assumption of constant deglaciation
rate, Td is discretized in time intervals ΔTd, each corresponding to
1 m of ice removal. Ice load is applied as an external force depending
on current ice thickness. The model refreshes stresses at every ΔTd, or
less in case one or more damage events are predicted by the
time-to-failure law during an ice removal stage. This condition allows
the model to better simulate deglaciation effects on progressive
damage, especially for fast deglaciation rates, when due to abrupt
stress release many elements can fail simultaneously or in a short
time span.

2.4. Damage-Dependent Fluid Occurrence

Including the effects of hydromechanical coupling in the long-term
modeling of large rock slopes is a necessary yet extremely difficult task.
This is due to the almost complete lack of knowledge of slope
hydrology and hydraulic boundary conditions in deglaciating settings
(Figure 1), including the recharge contribution of melting glaciers, the
role of permafrost on the availability and mobility of liquid water in
slopes, and the geometry and extent of groundwater below the ice
cover (Crosta et al., 2013; McColl, 2012). In addition, while the influence
of crack damage on the permeability of rocks has been studied in rock
mechanics laboratory and underground field experiments (Fortin et al.,
2011; Rutqvist, 2015; Zoback & Byerlee, 1975), the mechanisms and
timing of development of rock mass permeability between deglacia-
tion and complete rockslide development (Preisig et al., 2015) are not
well known.

Therefore, we need a simplified yet physically based model of water
occurrence in the slope during its evolution. To this end, we link
water occurrence to the rock mass dilatancy due to progressive
brittle damage (Fortin et al., 2011; Martin & Chandler, 1994) following
laboratory experiences on damage-dependent rock permeability
(Rutqvist, 2015; Zoback & Byerlee, 1975). In our model, fluids can
occur in a given finite element if three conditions are met, namely,
damage, dilatancy, and connectivity (Figure 3). First, the element
needs to have undergone at least one damage event to develop
new cracks at the element scale. Depending on the stress path and
deformation history, at a given model stage an element can be
characterized by net dilatancy (i.e., volume increase) or contraction
(i.e., volume decrease). Dilatancy is an established measure of crack
growth and increased rock permeability (Eberhardt et al., 1999;
Martin & Chandler, 1994; Figure 3a), and we assume that this applies
also on the fractured rock mass scale. Fluids can occur in dilatant
slope sectors, which are identified in our model by computing
the crack volumetric strain (CVS, i.e., accumulated inelastic
volumetric strain; Martin & Chandler, 1994) as a proxy of dilatancy.
Following Katz and Reches (2004), at each element at every model
step, we calculate the CVSi as the difference between total

Figure 3. Damage-dependent fluid occurrence in DaDyn-RS. (a) Conceptual
volumetric versus axial strain curve for compression tests on intact rocks (after
Martin & Chandler, 1994), (b) permeable element cluster definition depending
on damage, dilatancy, and connectivity. Water pressure is applied only in Cluster
3 (dilatant and connected with surface) assuming a water infilling percentage;
and (c) effective versus total stresses in “wet” element clusters.
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volumetric strain (εv)i, and the elastic volumetric strain component (εv)E,i,
the latter depending on initial (undamaged) values of deformation
modulus (E0,i):

CVSi ¼ εVð Þi � εVð ÞE;i
εVð Þi ¼ ε1;i þ ε2;i

εVð ÞE;i ¼ σ1;i � σ3;i
� �

1� 2vð Þ=E0;i
(4)

where ε1 and ε2 are the principal strains (positive values denote short-
ening). Fluids can occur in elements with cumulated CVS < 0, corre-
sponding to net dilatancy. In addition, we assume that fluids enter
the slope by percolation from the topographic surface. This requires
that dilatant elements are connected each other and to the surface.
In our model, elements satisfying previous conditions are checked
and grouped in “permeable element clusters,” using a hierarchical clus-
tering algorithm (Figure 3b). Clusters of interconnected elements not
satisfying the condition of surface connectivity are excluded from the
fluid pressure calculation (Clusters 1 and 3 in Figure 3b). Assuming that
static water percolates into “permeable element clusters” results in
locally hydrostatic conditions (i.e., no flow at this stage of model devel-
opment). This allows avoiding strong assumptions on hydraulic bound-
ary conditions, which are often unknown over long time periods during
glaciation and deglaciation. Fluid pressure is applied to each element in
the cluster by imposing a specified degree of cluster filling (w), indirectly
accounting for partial drainage effects and ranging from0 (empty cluster)
to 1 (completely filled cluster). Based on fluid pressure calculated at each
wet element (ui), effective stresses (σ’i) are computed as (Figure 3c):

σ
0
i ¼ σi � ui (5)

Changes in effective stress distribution can result in both instantaneous
failures and an update of the time to failure in subcritically stressed
elements (Figure 2c). Thus, damage-dependent fluid occurrence will
affect further damage, dilatancy, and water distribution, resulting in a
simplified fluid-to-solid hydromechanical coupling cycle (Rutqvist &
Stephansson, 2003).

3. Long-Term Modeling of a Real Rock Slope
3.1. The Spriana Rockslide

The Spriana rock slope is located on the left flank of lower Val Malenco
(Valtellina, Italian Central Alps) and range in elevation between 550 and
1,800 m above sea level (asl) with a mean slope of 37°. The slope was

carved by glacial and fluvial erosion into granodioritic gneiss (Monte Canale unit) characterized by low intact
rock porosity (<1.5%) and a complex folded fabric (Agliardi et al., 2014, 2017; Trommsdorf et al., 2005). The
slope was completely glaciated during the LGM, when the Malenco glacier reached a maximum local thick-
ness of 800 m and covered the entire slope (Bini et al., 2009). There is no evidence of later significant glacier
readvance in this valley sector, which shows evidence of deep incision by the Mallero River.

First documented slope instabilities date back to the late 19th century, when shallow landslides repeatedly
occurred in the middle to lower slope sector until 1960, when a period of intense and prolonged rainfall
resulted in a global retrogressive activation of rock slope instability. In this period, movements occurred
along the rockslide lower scarp (top elevation: 1,160 m asl), leading to the evacuation of the Cucchi village
(Figure 4). During 1977–1978 rockslide activity extended upslope through the reactivation of a scarp reaching
1,400 m asl (upper scarp), causing the evacuation of Case Piazzo village. Extensive geotechnical investiga-
tions carried out in 1978 and 1989 (Belloni & Gandolfo, 1997) included topographic, geological, and

Figure 4. Spriana rockslide location, main morphostructural features and evolu-
tionary stages. Boreholes (1989 site investigation campaign) were used to char-
acterize rockslide structure and damage distributions (Figures 5 and 6).
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geophysical surveys, 20 full-core boreholes and a 140 m long horizontal adit at 1,040 m asl, aimed at the
direct investigation of the inferred rockslide basal shear zone. Monitoring activities started with extensive
measurements of surface displacement (topographic benchmarks and wire extensometers), subsurface
deformation (borehole inclinometers and extensometers), and hydrological variables (meteostations,
standpipe, and multipoint piezometers). The network was progressively upgraded, automated, and
supported by spaceborne observations by satellite In-SAR monitoring, allowing to review and update
(Agliardi & Crosta, 2014) the geological and geotechnical model of the slope (Figure 5).

The active rockslide affects the slope between 700 m and 1,400 m asl over an area of about 0.5 km2 and
involves an estimated 50 Mm3 of fractured rock mass and debris suspended on the valley floor. Site investi-
gation data suggest that compound sliding (mixed translational/rotational) occurs along a basal shear zone
up to 130 m deep in the middle sector, although secondary shear zones occur in the main rockslide body.
Three main scarps emerge from the basal shear zone (Figure 5), namely, the lower scarp (top at 1,160 m
asl, major activity in 1960), the upper scarp (top: 1,400 m asl, major activity in 1977–1978) and a “prehistoric”
rockslide headscarp (top: 1,600 m asl). Despite the lack of documented information, the latter has a sharp
geomorphological signature, with a vertical downthrow of about 80 m (Agliardi & Crosta, 2014) and can be
traced to the N outside the rockslide, suggesting that a wider area was affected by post-LGM displacements.
Further evidence of prehistoric rock slope instability also occurs upslope the Spriana rockslide above 1700 m
asl, with a subdued sector (top scarp) with total downthrow exceeding 100 m.

Displacement monitoring carried out since 1978 with topographic, geotechnical, and PS-InSAR measure-
ments (1992–2007, reported in Agliardi & Crosta, 2014) shows continuing rockslide activity. This is character-
ized by long-term, steady state slope creep, occurring at rates of 0.5–3 cm/a. Sudden or prolonged episodes
of displacement rate increase (average up to>20 cm/a) are superimposed on this long-term trend (Agliardi &
Crosta, 2014). Borehole records and piezometric data suggest that a perched water table is present into the
rockslide mass and likely above the basal shear zone (Belloni & Gandolfo, 1997). The water table is deeper in
the upper slope sector and progressively thicker and shallower moving downslope near the Cucchi village,
where persistent spring lines were observed (Figures 4 and 5). Recharge of the perched aquifer systems is
considered responsible of rockslide acceleration periods. Through the analysis of rainfall, groundwater, and

Figure 5. Interpretative model of the Spriana rockslide from field, site investigation, and monitoring data (modified after
Agliardi & Crosta, 2014). Example borehole evidence of distributed and localized brittle damage are reported.
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displacement data, Agliardi and Crosta (2014) suggested that major (longer and faster) acceleration periods
occur when the water table rise exceeds threshold values (3 m in the middle slope sector).

3.2. Characterization of Slope “Damage Domains”

In order to gather slope material properties for DaDyn-RS model setup and calibration, we performed a com-
plete reexamination of available geomechanical core logging from 17 different boreholes located inside and
outside the rockslide (Figures 4 and 5). Detailed geomechanical logging of high-quality drill cores was carried
out on 882 core runs for a total core length of 1,048 m. We reclassified the original descriptions of individual
discontinuities (discontinuity type, shape, roughness, weathering, dip angle, aperture, and filling material)
and logged fracture intensity for each core run. We processed the data set to obtain different quantitative
descriptors of fracture intensity and rock mass quality, including the Weighted Joint Density (Palmstrom,
2005), the linear fracture intensity, P10 (Dershowitz & Herda, 1992), and the Geological Strength Index, GSI
(Agliardi et al., 2016; Hoek et al., 1995) for each core run (Figure 6a).

Reclassified core logs allow us to identify slope domains (within, below, and outside the Spriana rockslide)
characterized by contrasting rock mass structure and brittle damage evidence. Rock volumes within the rock-
slide mass are characterized by a chaotic structure, including: disrupted rock mass volumes (GSI < 20–25)
affected by distributed damage (Figure 5); fractured rock masses with evidence of strain localization into
shear zones outlined by cataclastic breccia layers of variable thickness (tens of centimeters up to meters);
and isolated remnants of relatively undisturbed rock mass. Below the rockslide basal shear zone, the rock
mass appears less damaged but still fractured and with episodic occurrence of thin cataclastic layers.
Outside the rockslide, boreholes encountered less disturbed rock masses of average quality, affected by scat-
tered submetric layers of intensely fractured rock.

A statistical analysis of GSI populations sampled in the different “damage domains” provided distinct measur-
able signatures of rock mass damage (Figure 6b). GSI values in the “below” and “outside” domains can be
fitted by normal probability distributions, typical of rock mass structures affected by different degrees of
damage. The “below” domain is characterized by an average GSI = 55 (standard deviation: 14), whereas
the “outside” domain has an average GSI of 65 (standard deviation: 15) but higher frequency of values of
GSI> 70. These values provide a figure of rock mass damage inherited from tectonic, glacial, fluvial, and grav-
itational processes affecting the slope prior to initial rockslide displacement. In the “within” domain, severe
damage related to rockslide processes led to the complete loss of rock mass structure (Figure 6b). For
DaDyn-RS model setup, we used “outside” rock mass properties (GSI > 70) as initial properties, whereas

Figure 6. Experimental definition and characterization of slope “damage domains.” (a) Example of quantitative geomecha-
nical core logging for individual borehole records (location of S106 in Figure 5); (b) statistical distributions of GSI in
different slope domains, providing input and calibration data for modeling. See text for details.
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the domains “within” and “below” the rockslide provided reference
strength and damage patterns for the validation of final model states.

3.3. Model Setup and Calibration

Numerical models were set up by discretizing the 2-D slope domain
(restored to prefailure conditions based on geomorphological recon-
struction) with a mesh of 14,000 three-noded triangular finite elements
(Figure 7) with maximum edge size of 35 m (corresponding to 3% of
the slope vertical size). This mesh size was selected based on a preli-
minary sensitivity analysis (Riva, 2017; see also Figure S2 in the support-
ing information) to optimize model run time (about 25 h on a 64 bit
3.07 GHz Intel® Xeon® CPU with 8 GB RAM). External mesh nodes along
the bottom boundary were fixed in both the horizontal and vertical
directions, whereas nodes on the lateral boundaries were left free to
move vertically.

We parametrized our model starting from the sensitivity analyses for
strength, damage, and time-dependent parameters performed by
Amitrano and Helmstetter (2006) (laboratory scale and intact dry rocks),
Lacroix and Amitrano (2013) (slope scale and intact dry rocks), and Riva

(2017) (slope scale and rock masses with variable permeable element cluster filling). In particular, there is no
theoretical argument on possible scale dependence of b and D. However, simulation tests carried out by Riva
et al. (2016) and Riva (2017) suggest that this dependence is negligible, since the typical geometries, mechan-
isms of damage patterns of real large rock slopes are reproduced by DaDyn-RS for b and D values in the same
order of magnitude of those obtained for intact rock in laboratory tests (here b = 30 and D = 0.1). To test the
influence of water pressures on model response, different simulation runs were performed in both “dry” and
“wet” conditions, by imposing values of permeable cluster filling (w) of 0 (i.e., “dry” conditions) and
0.35, respectively.

Initial values of rock mass strength and deformability properties were derived by the analysis of site investi-
gation for the “outside” damage domain (section 3.2), and GSI values of 80 ± 5 were selected to describe
initial model conditions. According to the Hoek-Brown approach, the GSI was used to upscale the intact
gneiss properties (Agliardi et al., 2014) and derive rock mass tensile, cohesive, and frictional strength, as well
as the average value and heterogeneity of the initial deformation modulus E0 (section 2.2). The Poisson ratio
was imposed equal to ν = 0.45, based on the results of sensitivity analyses with DaDyn (Lacroix & Amitrano,
2013; Riva, 2017) and consistent with reported observations of high Poisson’s ratios of jointed rock masses at
shallow crustal levels (Barton, 2007; Gercek, 2007).

Initial stress (see also Figure S3 in the supporting information) was initialized in the model by applying gravity
in each node and external ice load to the slope profile, corresponding to the LGM ice stage (1,950 m asl;
Figure 7). Then, the long-term slope evolution was simulated since the LGM through deglaciation (occurred
between 21 and 19 ka B.P. depending on the location; Clark et al., 2009; Wirsig et al., 2016, and references
therein), Lateglacial and Holocene until present day. The LGM ice stage, the starting time of deglaciation

Figure 7. DaDyn-RS model setup for the Spriana case study. The statistical
distribution of initial values of rock mass deformation modulus is derived from
GSI values (Figure 6) according to the approach proposed by Hoek and
Diederichs (2006). H is the maximum elevation difference of the model domain.
See text for details.

Table 1
Summary of Calibrated Numerical Model Parameters for the Spriana Rock Slope

Parameter Symbol Unit Average value

Unit weight γ kN/m3 27
Young modulus (intact rock) E MPa 22,700
Tensile strength (rock mass) T MPa 3.5
Cohesion (rock mass) C MPa 7
Coefficient of internal friction (rock mass) μ - 1.1
Poisson ratio (rock mass) ν - 0.45
Damage increment parameter D - 0.10
Time-to-failure law parameter b - 30
Permeable cluster water filling w - 0.35
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(td0 = 1 ka after simulation start), and the deglaciation duration (Td, set to 800 a) were constrained using the
most updated available paleo-environmental and chronological data (Bini et al., 2009; Ivy-Ochs et al., 2006,
2008; Wirsig et al., 2016). The simulation stopped when the vertical displacement of the observed prehistoric
rockslide headscarp reached 80 m as observed in the field (Figures 4 and 5).

Model parameters were calibrated (Table 1) by optimizing the match of (1) statistical distributions of
observed and simulated values of the GSI, back calculated from distributions of effective deformation moduli
in slope sectors corresponding to different “damage domains” (Figure 8a); (2) model and field evidence of
rockslide geometry (size, depth, toe, and crest locations; Figure 8b), damage patterns (localized versus distrib-
uted; Figures 8b and 8c), and displacements (Figures 8c, 9b, and 9c); and (3) simulated temporal evolution
versus field or literature constraints (e.g., total model lifetime versus deglaciation time; displacement-time
curve). For the Spriana case study, calibrated values of tensile and cohesive strength of 3.5 MPa and
7 MPa, respectively, are in the range of values between those of intact rock (Agliardi et al., 2014) and rock
mass. This reflects the importance to account for the effects of rock bridges (i.e., nonpersistent fractures)
when simulating the progressive failure of rock slopes (Eberhardt et al., 1999; Einstein et al., 1983).
Rockslide depth, kinematics, and degree of damage localization were properly reproduced by imposing a
degree of filling of permeable element clusters equal to 0.35.

4. Results and Discussion
4.1. Rockslide Mechanisms

Calibrated model results accounting for upscaled material properties (Figure 8a), time-dependent deglacia-
tion, and damage-dependent water pressure distributions provide a satisfactory account of the observed

Figure 8. Final state of the calibrated numerical model. (a) Observed versus simulated frequency distributions of GSI values
(simulated values are back calculated from distributions of simulated effective deformation moduli, Ei); (b) simulated
damage pattern, compared to observed rockslide features (white lines); (c) logs of simulated GSI values recomputed from
simulated Ei by equation (3) (i.e., virtual borehole logs) and horizontal displacement (i.e., virtual inclinometers) along
vertical lines corresponding to boreholes; and (d) permeable element cluster distribution in the final state, outlining the
occurrence of perched aquifers in the differentiated rockslide body.
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Figure 9. Model results at different times after LGM to present day, showing stages of progressive slope failure through the evolution of damage, permeable element
clusters, and shear strain. Real time is scaled from model time based on available temporal constrains (see text for explanation).
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outcomes of long-term slope evolution. The model predicts the occurrence of a compound rockslide sus-
pended over the valley floor (Figure 8b). The rockslide overlies a zone of localized damage extending from
the rockslide toe (about 700 m asl) to the top of the slope, where it diffusely emerges in the subdued slope
sector above 1700 m asl corresponding to the upper “prehistoric top scarp.” The simulated rockslide depth
(100 to 180 m) is biased by the mesh size effect on the simulated basal shear zone thickness but consistent
with the spatial pattern outlined by site investigations and with the observation of damaged material below
the rockslide (Figures 8b and 8c). In any case, preliminary parametric analyses of mesh size effects had
showed that predicted failure mechanisms remain consistent for mesh element sizes less than 50 m (i.e.,
3% of model vertical size).

Vertical profiles of simulated horizontal displacement (Figure 8c), corresponding to model “virtual inclin-
ometers,” highlight relatively uniform displacements up to 100 m in depth (180 m upslope), gradually
decreasing at further depth. Horizontal displacements emphasize the observed extent and compound kine-
matics of the rockslide, which is shallower than the damaged zone depth. The slope accumulated large
vertical displacements in the upper part (upper scarp), whereas dominant horizontal displacements below
1100 m asl accounts for the historic lower scarp features.

The predicted spatial pattern of damage within the rockslide mass is consistent with borehole data, with gen-
erally more distributed damage close to the slope toe and above the lower scarp (Figures 8b and 8c). Below
the lower scarp, damage is less intense within the rockslide mass but more localized in a basal shear zone
(Figures 5 and 8c). Notably, in S113 good-quality remnant overlies intensely fractured rock mass, with
damage extending up to 300 m below. The different degrees of damage and strain localization simulated
along the basal shear zone mirrors some textural features of cataclastic breccias observed in boreholes
(Figure 4), which are thicker and more comminuted in the lower part of the slope than in the upper. The
model is also able to quantify the impact of damage on rock mass properties in different slope sectors, with
simulated and observed GSI distributions in close agreement (Figure 8a). Starting from initial values in the
range 75–85, progressive damage led to degradation of rock mass properties to values in the range 50–60
below the rockslide. Inside the rockslide, gravitational deformation contributed to further damage and lower
GSI values, accounting for observed loss of structure and intense fracturing.

Damage mechanisms constrain the final distribution of permeable element clusters, and thus of water pres-
sure distribution in the differentiated rockslide body. Here a fully interconnected (i.e., one cluster) perched
aquifer occurs in the slope portion below the lower scarp, within the rockslide and in the damage zone just
below (Cluster 5, Figure 8d). Additional smaller perched aquifers occur upslope, above the rockslide base and
at slope crest. Results are consistent with site investigation data (Figures 5 and 8d) and with the strong
sensitivity of the present-day rockslide to external hydrological inputs, especially in the lower part of the
slope (Agliardi & Crosta, 2014).

4.2. Time-Dependent Evolution

The explicitly time-dependent nature of our model provides an opportunity to track the mechanisms of slope
damage, water occurrence, deformation, and failure in an approximate real-time framework, obtained by
scaling model time to available absolute constraints.

After complete deglaciation, initial damage nucleation occurs at 16 ka B.P. (i.e., 5 ka since the start of degla-
ciation) at slope toe (compression) and crest (extension) as a delayed response to valley debuttressing. This is
associated to the onset of isolated permeable element clusters and negligible slope deformation (Figure 9a).
Further on in the Lateglacial (13 ka B.P.; Figure 9b), initial damage localization starts above valley bottom (500
to 700 m asl) and progresses upward, resulting in the formation of an interconnected dilatant zone. This
forms a connected aquifer layer and promotes further damage accumulation in an embryonal basal deforma-
tion zone, although no strain localization occurs at this stage.

During early Holocene (10 ka B.P.; Figure 9c) a major change occurs: damage accumulation shifts upward,
shear strain localization initiates, and the previously dilatant damage zone evolves into a compacting shear
zone, leading to the progressive hydraulic sealing of the upcoming rockslide basal shear zone. We interpret
this stage as the rockslide nucleation stage. Complete rockslide differentiation is reached during middle
Holocene (8–6 ka B.P., Figure 9d), when damage zones extending from slope toe to the scarps located around
1,400m asl develop, suggesting that the prehistoric headscarp and top scarp formed at this stage. After shear
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zone contraction and complete sealing, partially connected permeable element clusters form within the
rockslide body. The associated increase of rockslide sensitivity to hydrological inputs is mirrored by an order-
of-magnitude increase of displacement rate (Figures 10a and 10b). This is the stage of rockslide differentiation.

During the next 6 ka until present day, progressive slope failure continues, with the upslope retrogression of
the basal shear zone to the prehistoric headscarp (Figure 9e), and the eventual formation of the subdued
“prehistoric” top scarp area upslope. This evolution is associated with further nonlinear increase of displace-
ment rates up to 20 mm/a (Figure 10c), consistent with present-day measured values. Vertical displacement
at the rockslide headscarp reaches 80m, and the present-day perched aquifer reaches complete development.

We tracked simulated displacements at several observation points, located along the slope and the rockslide
shear zone, in order to better constrain the temporal evolution of different slope sectors. The prehistoric
headscarp exhibits contemporary activation (6 ka B.P.) but smaller vertical displacements with respect to
the upper scarp and rockslide toe (Figure 10a). Horizontal displacements tracked along the basal shear zone
suggest activation of lower sector around 8 ka B.P. followed after few thousands year by the contemporary
activation of middle and upper portions (Figure 10b).

4.3. Long-Term Effects of Water Pressure and Deglaciation

Themodel results discussed above suggest a key role of both water pressure distributions and deglaciation in
the long-term evolution of the slope. In order to elucidate this role, we ran additional models with the same
characteristics of the one presented above (Figures 11a–11c) but (a) with deglaciation in dry conditions
(Figures 11d–11f) and (b) allowing water pressure distributions without deglaciation (Figures 11g–11i).
Simulating dry conditions results in inconsistent global slope failure geometries and mechanisms, with deep
rotational kinematics and excessive damage localization. Simulations with and without water pressure are
also characterized by a sharply different lifetime, as the “dry” model takes an excessively long time
(>100 ka) to reach observed displacement (Figure 10c). The simulation neglecting deglaciation, that is, on
a glacier-free slope, provides result very similar to the dry model in terms of both damage (Figure 11g)
and total displacement (Figures 11h and 11i). Despite the simplified initial conditions, this suggests that
deglaciation not only causes slope debuttressing but induces in the slope the amount of mechanical damage
required to start the hydromechanically coupled processes driving progressive failure to the observed
outcome. In this perspective, the Spriana rockslide can be properly be defined as “paraglacial.”

Accounting for water occurrence and deglaciation affects the long-term damage evolution in the slope, here
represented in terms of cumulative number of ruptures versus time (Figure 10d). In fact, themodel with water
pressure results in a fluctuating trend, resulting from the superposition of long-term hydromechanical pulses

Figure 10. (a, b) Vertical and horizontal displacements versus time of selected observation points at key slope observation
points (insets). (c) Long-term displacement-time curves (observation point 1) simulated accounting for deglaciation and
water pressures (blue), deglaciation in dry conditions (red), and water pressures without deglaciation (green); (d) long-term
damage evolution (cumulative numbers of ruptures, observation point 1), simulated accounting for deglaciation and water
pressures (blue), deglaciation in dry conditions (red), and water pressures without deglaciation (green).
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(associated to major damage evolution stages) over a long-term material creep component. This trend is not
reproduced by the dry and ice-free models, which show a decelerating creep followed by a long period of
nearly steady state creep, which develops over a much longer time interval than in wet conditions.

Finally, we investigated the ability of our model to simulate the hydromechanical behaviour of rockslides
after their mechanical differentiation. We ran different models with progressively higher values of w (degree
of permeable element cluster filling). We kept permeable cluster filling constant to w = 0.35 until 5,000 years
B.P. (i.e., after rockslide differentiation); then we increased w to 0.50, 0.75, or 1 until the end of the model.
Results clearly show that, if water pressures are changed after the complete mechanical differentiation of
the rockslide, they do not affect the rockslide mechanisms and damage patterns anymore, but have strong
impacts on rockslide creep rates and times to failure (Figure 12). Increasing w results in a slope lifetime short-
ening, especially for w > 0.5, for which slope life cycle shortening up to 2,000 years (10% of total slope life-
time) is observed. At the same time, increasing water pressure results in abrupt increases of rockslide
displacement rates. These results suggest that “mature” rockslides become hydromechanically independent
from the rest of the slope and increasingly more sensitive to hydrological triggers (Agliardi & Crosta, 2014;
Crosta et al., 2014; Preisig et al., 2015).

4.4. Long-Term Evolution of Alpine Rock Slopes

Our results allow to draw some important considerations: (1) the paraglacial period of adjustment for alpine
slopes in hard rock may be much longer then postulated by most authors and can be ideally extended up to
slope collapse or reaching of ultimate stability conditions (Ballantyne et al., 2014; Cruden & Hu, 1993; Le Roux

Figure 11. Comparison between simulated (a, d, and g) damage patterns, (b, e, and h) vertical displacements, and (c, f, and i) horizontal displacements for models
accounting for deglaciation and water pressures, deglaciation in dry conditions, and water pressures without deglaciation, respectively (see text for explanation).
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et al., 2009; Figures 10 and 11); (2) the initiation of debuttressing-induced damage and its localization are
prerequisites for water circulation in hydraulically interconnected slope sectors, strain localization, and
slope deformation. Thus, the onset of large slope instability occurs in discrete evolutionary stages
(Figure 10); (3) in this framework, evolutionary stages can affect different slope sectors at different time,
with delays up to some thousands of years (Figure 11); (4) rockslide differentiation by complete
development of contractive (sealing) cataclastic shear zones, and the associated increase of
hydromechanical coupling and sensitivity to external triggers, is the very last evolutionary stage.

The above considerations allow us to contribute to a more general discussion on the timing and controls of
large alpine rock slope instabilities, in the framework of postglacial evolution of Alpine landscapes. Two dif-
ferent temporal clusters of rock slope instability events (including both initiation/reactivation and cata-
strophic collapse) have been documented in the literature using absolute dating techniques (Le Roux
et al., 2009; Prager et al., 2008; Zerathe et al., 2014, and references therein). The first cluster, between 11
and 8 ka B.P., has been suggested as possibly related to paraglacial readjustment, by progressive failure at
the transition with the Holocene (Prager et al., 2008). The second, concerning the period 5–3 ka B.P., was
mainly suggested to be related to seismicity (Prager et al., 2008) and/or paleohydrologic pulses during
Middle-Holocene climatic transition (Prager et al., 2008; Zerathe et al., 2014). Interestingly, ages of both clus-
ters roughly correspond to two major evolutionary steps predicted by our models, namely, (a) rockslide
nucleation (10 ka B.P.) and (b) rockslide differentiation (6 ka B.P.). We suggest, and submit to further testing,
the hypothesis that progressive failure processes in subcritical stress conditions may have contributed to
both age clusters in a unique postdeglaciation evolutionary framework, with different outcomes (slow
deformations or catastrophic collapse) depending on site-specific topographic, lithological, and structural
features. In this view, particular assumptions on paleohydrologic conditions may not be required to explain
Mid-Holocene rockslide clustering, although wet periods would have positively contributed to
rockslide differentiation.

5. Conclusions

We implemented a damage-based, time-dependent modeling approach to reproduce the entire life cycle of
a large alpine rock slope, starting from the Last Glacial Maximum to the present time. The application of
continuum damage mechanics to real, large rock slope instabilities provided the opportunity to investigate
the mechanisms and timing of long-term evolution from deglaciation to modern conditions.

The model is able to reproduce both localized and diffuse patterns of brittle damage, depending on the com-
bination of material properties and water pressure distribution. Deglaciation and related damage-dependent

Figure 12. Damage patterns at the end of simulations performed with the following: (a) constantw = 0.35 for the entire duration of simulation; (b)w = 0.35 until 5 ka
B.P. followed by increase to 0.50, (c) w = 0.35 until 5 ka B.P. followed by increase to 0.75 and, (d) w = 0.35 until 5 ka B.P. followed by increase to 1. Global (e) trends
and (f) details of vertical displacement-time curves (observation point 1 of Figure 10) show increasing displacement rates and slope lifetime shortening with
increasing w, while damage patterns and failure mechanisms are not affected after rockslide differentiation.
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fluid pressure distributions strongly affect the geometry and the timing of instability, resulting in the com-
monly observed interplay between creep (up to tertiary regime) and hydrological forcing, which becomes
more and more important throughout slope evolution. As an emerging property, the model simulates a
contractive behavior of rockslide shear zones, accounting for the hydraulic barrier effect leading to the
development of perched aquifers and the “differentiation” of rockslides characterized by a high sensitivity
to external triggers.

The model is able to link rockslide evidence and processes, commonly observed in real slopes, in the frame-
work of a continuous mechanical history, unfolding since the post-LGM. Models simulate deglaciation-
induced mechanical perturbations lasting for several thousands of years, suggesting a long duration of
the paraglacial period in large rock slopes. The development of large slope instabilities is conditioned by
discrete steps related to damage and subsequent development of strain localization and rockslide differen-
tiation. The simulated timing of these steps is consistent with available dating constraints, suggesting a
major role of long-term progressive damage in the development of Holocene rockslides and present-
day geohazards.
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