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Introduction

Many landslides in the Alpine area involve large volumes

of material and can be classified as complex landslides

(Cruden and Varnes 1996). These mass movements may

display different kinematic behaviours ranging from creep

to fast movements, and include rockfall, rock slides, debris

flows, etc. Also the involved materials can be very diverse,

with rocks or soils with various grain sizes and percentages

of water content. Moreover, sometimes these large mass

movements can evolve into rock-debris avalanches,

becoming catastrophic failures characterized by high

velocity (Revellino et al. 2004; Catane et al. 2008; Futalan

et al. 2010; Gattinoni et al. 2012). Unfortunately, their

prediction is still a challenge to scientists dealing with

landslide hazards.

Common assessment methods are based on empirical

and numerical approaches (Aleotti and Chowdury 1999;

Dai et al. 2002; Hungr et al. 2005). None of these can be

easily applied to complex landslides, due to the high

spatial and temporal variability of input parameters

(Einstein 1988; Scavia et al. 1990). The empirical

methods provide a quick evaluation of mass movement

(Scheiddeger 1973; Howard 1973; Hsu 1975; Tian Chi

1983; Tommasi et al. 2008), but the complexity of the

assessment of this type of landslide may result in a rough

outcome (Crosta et al. 2003). Instead, thanks to remark-

able advances, numerical modelling often allows for the

achievement of satisfactory results (Jing and Hudson

2002), despite the uncertainty related to the definition of

input parameters (Welkner et al. 2010; Eberhardt et al.

2004; Stead et al. 2006).

Numerical modelling is considered the most promising

tool to study slope instability. As a matter of fact, numer-

ical codes, based on either continuous or discrete
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approaches, may help us to better understand failure

mechanisms and deformation processes. As stated above,

the continuous changes in kinematic behaviour make

simulation of large landslides pretty challenging. There-

fore, the choice of code depends on the specific problem to

solve or to analyse, e.g., the analysis of the deeper surface

of failure, the study of the slide kinematics, and so on.

Known modelling methods for discontinuous media

can be split into two classes (Tommasi et al. 2008):

discontinuous deformation analysis (DDA; Shi 1988) and

distinct elements methods (DEM; Cundall 1971). Litera-

ture provides many applications of DEM to complex

landslides (Campbell et al. 1995; Calvetti et al. 2000;

Tommasi et al. 2003; Marcato et al. 2005; Welkner et al.

2010; Brideau et al. 2012), whereas there are fewer

applications of DDA methods (Koo and Chern 1998;

Fukawa et al. 2005). On the other hand, many authors

use methods that consider continuous media and have

different approaches according to the rheological model

(Savage and Hutter 1989; Crosta et al. 2001, 2003;

Gonzales et al. 2003; Pirulli 2009; Discenza et al. 2011).

In both continuous and discrete models, the complexity

of the slope assessment coupled with the exceptional

velocity in the case of rock-debris avalanche is hard to

explain by the use of a unique model.

Despite the progress in numerical modelling, the

uncertainty in physical model reconstruction has important

consequences in numerical outcomes (Welkner et al.

2010). The integration of all available information through

multidisciplinary approaches (Bonnard et al. 2004) can

provide all the features that play an important role in slope

behaviour, avoiding considerable simplifications in the

slope assessment phase.

This paper focuses on the complex landslide of Spriana,

a small village located in Valmalenco Valley in the Central

Alps, few kilometres north of the city of Sondrio (Fig. 1).

The investigated mass movement may evolve in a rock-

debris avalanche and cause several damages to man-made

structures. The authors review previous geological and

geophysical investigations, starting from the geological

interpretation provided by Belloni and Gandolfo (1997). A

large amount of data has been analysed in order to perform

a detailed characterization of the slope; laboratory and

drilling tests, geophysical investigations, monitoring data

and field analysis were integrated to define the geological

model. After the description of the slope assessment,

numerical modelling is discussed. According to the con-

siderations listed above, continuous and discrete approa-

ches have been tested on the case study in order to

determine the best fit to the observed landslide behaviour.

Fig. 1 Location of the investigated site. The boundary of Spriana landslide is outlined and white drops represent the water springs



Spriana complex landslide

Spriana landslide is considered the most important insta-

bility in Valmalenco, a valley in the Italian Central Alps

with a North–South trend and which is crossed by the

Mallero river. The landslide is located on the left bank of

Valmalenco, just 1 km south of the residential area of

Spriana village and about 4 km upstream of the city of

Sondrio, where the valley flows into Valtellina Valley

(Fig. 1).

This mass movement has been studied by many authors

since the early 19th century because of its extent and

geographic position (Brugner 1961, 1963, 1964; Cancelli

et al. 1979; Belloni and Gandolfo 1997; Papini et al. 2005;

Longoni et al. 2013). Significant displacements have been

observed since the beginning of the last century. Several

investigations were carried out after the massive 1987 flood

that affected the entire Valtellina Valley, and aimed to

improve the knowledge of the instability, as well as to

support the project of a by-pass tunnel able to divert

Mallero river discharge in case of slope failure. Significant

movements of about 2–3 m, mainly clustered in the lower

section of the slope, were registered between 1977 and

1978 as a consequence of heavy rainfalls; successively no

movement was recorded till the end of 1989. According to

the topographic monitoring data, the landslide did not seem

to move significantly during the 1987 flood event (ISMES

1990a, b). In the late 1980s, 18 continuous coring bore-

holes were performed across the slope with an explored

depth spanning from 30 to 200 m. Afterwards, a monitor-

ing system was installed, holes were used for piezometric

readings on a regular basis, and in addition, five holes were

equipped with inclinometer sensors. Furthermore, in 1989,

a sub-horizontal 150 m-long 2 m-wide explorative tunnel

was drilled at an elevation of 1,041 m asl, in order to

directly inspect the geological features of the landslide

body. In fact, fractured rock can be observed along the

entire tunnel apart from the last 5 m, where fresh rock is

present.

The most comprehensive analysis of the Spriana land-

slide has been presented by Belloni and Gandolfo (1997),

and it is shortly summarized here. From a geological point

of view, the slope is composed of gneiss and mica schist

belonging to the Gneiss formation of Monte Canale, cov-

ered by landslide debris and glacial deposits. According to

the geological evolution involving the Valmalenco Valley,

paraglacial stress release conditioned the rock slope insta-

bility of Spriana (Belloni and Gandolfo 1997). Slope de-

buttressing produced an intense state of fracturation to

depths down to 100 m, with the presence of breccias and

slickensides in the rock mass (Cancelli 1986; Ballantyne

2002). The unstable mass covers an area of 0.60 km2 and is

bounded on the northwest by Bedoglio Valley and on the

southeast by Calchera Valley (Fig. 1). In the higher section

of the slope, two scarps can be found: the first one at

1,100 m asl and the second at 1,400 m asl, probably

positioned on a faults set with attitude 240�/80�, as

remarked by field evidence and by previous works. Mor-

phological evidences indicate that instability might affect

the slope even at higher altitudes, up to 1,700 m asl. The

presence of perennial water springs suggests to locate the

landslide foot between 700 m and 750 m asl, approxi-

mately 200 m above the bottom of the valley (placed at

about 500 m asl) (Fig. 1). Piezometric data sets have

shown that groundwater surface in the lower part of the

slope is placed at about 900 m asl. This groundwater sys-

tem seems to have a high accumulation volume inside the

slope; therefore, it can feed the array of springs located

200 m downslope. In the upper section, the water perco-

lates in depth, thanks to the permeability of the superficial

debris, and tends to gather at the interface between frac-

tured and low permeability rock. It is believed that an

increase of the groundwater level due to rainfalls and

snowmelt might trigger the instability mechanism. Con-

sidering the geomorphological and geological features of

the slope and the volumes involved, a possible collapse of

the slope might originate a rock-debris avalanche with

relevant downstream consequences. Indeed, the displaced

material might occlude the riverbed, creating a natural dam

reaching heights ranging from 70 to 100 m (ISMES 1990a,

b).

Although the work of Belloni and Gandolfo (1997) is

remarkable and well organized, the characterization of the

deeper shear surface of the landslide, i.e., the position as

well as the continuity of the surface of failure, is still a

challenge. In the following paragraph, we try to develop a

thorough physical model of the slope, accounting for

results of previous investigations and newly available

monitoring data sets supplied by Regional Agency for the

Environment (ARPA).

The physical model

Interpretation of recent monitoring data

Important displacements took place again during Spring

2001, and were probably caused by snowmelt water along

with heavy and prolonged rainfalls that occurred during the

previous autumn. Until 2006, no other notable movements

were recorded. The analysis of the monitoring data sets up

to 2006 is described in an unpublished internal report

produced by the authors together with ARPA technicians.

Since collected data sets are covered by a confidentiality

agreement, only the fundamental features of the report are

presented here.



Monitoring data related to the 2001 events can provide new

hints to improve the understanding of the kinematic behaviour

of the slope, as well as of disregarded geological details. As far

as meteorological parameters are concerned, data analysis

showed that rainfalls in 2001 are comparable to rainfalls

related to the 1977 event. It was found out that Spriana slope is

susceptible to a peak of cumulative rainfall after rainy months.

During Winter 2000–2001, maximum thickness of the snow

cover was measured to be around 0.9 m and consequently

snowmelt water also contributed to increase the groundwater

level. Extensometer and borehole inclinometer readings were

analyzed for that which concerns the geotechnical monitoring

system, (Fig. 2). The displacements recorded by the extens-

ometers from 1990 to 2004 reveal that:

• Extensometer E106 recorded the highest cumulative

displacement (as a matter of fact, it is located on the

main scarp at 1,400 m asl);

• Extensometers E106 and E105, both located on the

main scarp, showed continuous displacements during

the considered period;

• Extensometer E102 recorded a cumulative displace-

ment that is double compared to that recorded by

extensometers E103 and E104;

• Extensometers E111, E112, E102 showed a peak in the

cumulative displacement in correspondence with the

rainfall event (in Spring 2001);

• Extensometers E104 and E103 showed low but contin-

uous cumulative displacements during the study period.

Internal displacement of the rock mass was monitored

by means of boreholes equipped with inclinometers.

However, it has to be stated that due to the short-term

sustainability of the inclinometer system, few data are

available. Interpretation of collected data sets can be

summarized as follows:

• Inclinometer readings reveal the presence of two

failure surfaces: the first one is along the contact

between debris and fractured rocks, and it was already

well-known (Belloni and Gandolfo 1997); the second

one is deeper and is located within the most fractured

rock layer (commonly at depths between 50 and

100 m);

• The greatest displacement was recorded by I113, near

Calchera Valley. Considering the inclinometers located

across the slope at similar elevations (I113, I109 and

I111), displacements seem to decrease when approach-

ing Bedoglio Valley (I109 and then I111);

Fig. 2 Topographic map with

boreholes, geotechnical

monitoring network, explorative

tunnel and seismic refraction

profiles. Landslide scarps and

position of cross-sections of

Fig. 3 are also shown (modified

after ISMES 1990a, b)



• The analysis of I113 and I103 data sets between 2001

and 2004 shows greater displacements in the upper part

of the slope.

According to extensometer and inclinometer data listed

above, and considering uncertainties due to manual regis-

tration and to the relatively short study period, the authors

together with the ARPA technicians conceived a new

hypothesis about the slope behavior, focusing on the role of

the deeper failure surface. Two different responses to rainfalls

and snowmelt water have been observed, depending on the

position on the slope. The measurement stations near Calc-

hera Valley react almost immediately to rainfall and snow-

melt inputs. This behaviour suggests the presence of a

geological setting prone to instability. On the other hand,

geotechnical monitoring tools deployed close to Bedoglio

Valley indicate that the northern section of the landslide body

shows smaller but continuous displacements.

Analysis of the monitoring data sets of Spriana landslide

has allowed for the observation of some features of land-

slide behaviour that would otherwise have gone unnoticed.

Global slope response suggests the presence of a complex

failure mechanism that seems to be controlled by a twofold

deep failure surface. This hypothesis is further investigated

in the following by reprocessing the available data sets,

focusing on the shape and characterization of the deeper

sliding surface.

Review of the geological setting

To begin with, boreholes (performed by ISMES in 1990a,

b) were carefully reviewed in order to determine the most

promising locations to perform meaningful geological

cross-sections, addressing particularly the deeper failure

surface. Previous information from the corings and from

the explorative tunnel was integrated with a new extensive

field investigation. Standard geological and structural sur-

veys were performed both on the slope outcrops and inside

the explorative tunnel. Discontinuities were characterized

in the field according to ISRM (1978). Figure 3 depicts a

simplified geological cross-section across boreholes 107,

108, 109 and 110 (Fig. 2), and a cross-section intercepting

the explorative tunnel and oriented parallel to the likely

direction of the landslide movement. The shallow failure

surface along the interface between debris and fractured

rock is typically located at depths ranging from 12 to 40 m

(Cancelli 1986; Belloni and Gandolfo 1997). This is in

agreement with displacement data collected by the incli-

nometers. In addition, direct inspection of the tunnel pin-

pointed a thin debris layer with a silty-sandy matrix

containing clay along this first interface. Therefore, the

instability might also be ascribed to the presence of this

silty material. The cross-sections illustrate a brecciated

layer that probably identifies a shear zone within which a

deeper failure surface may be located (Fig. 3). The com-

plex geological setting related to this deeper surface of

failure deserves a detailed analysis considering all avail-

able pieces of information. As far as corings are concerned,

borehole logs close to Calchera Valley (102, 103, 109, 110,

119, 113—see Fig. 2) generally include a layer of strongly

brecciated gneiss with a thickness spanning from 5 to

35 m. Conversely, in the boreholes close to Bedoglio

Valley, the fractured layer is described only as brecciated.

Regarding the explorative tunnel, only 140 m could be

inspected because of a collapse affecting the last 10 m.

Several faults, mainly sub-vertical, were identified by the

structural survey, while the geological survey detected very

Fig. 3 a Cross-section along NW–SE direction; b cross-section approximately along the NE–SW direction



layers with different structural framework features. The

failure surface affecting the northern section of the slope

(i.e., close to Bedoglio Valley) may be attributable to the

glacial activity (Belloni and Gandolfo 1997; Ballantyne

2002), while the failure surface affecting the southern

section of the slope (i.e., close to Calchera Valley) may be

attributable to a fault zone. The update geological model of

Spriana landslide has wedge-like surface of failure, as

depicted in Fig. 5.

Geophysical investigation

To validate the hypothesis about the wedge shape of the

failure surface and possibly to better constrain the geom-

etry of the sliding planes, it was decided to process again

the geophysical data sets collected in 1989 by Geo Pros-

pecting SRL (1990). They performed a classical seismic

refraction survey (Telford et al. 1990) along explorative

different seismic spreads deployed across the slope along

different orientations (Fig. 2). A 24-channel seismograph

was used to record digital data, the spacing between geo-

phones along each spread was 10 m and seismic sources

were small dynamite charges placed in shallow (1–1.5 m

deep) holes. After first arrival picking, time–distance

curves were interpreted according to the Generalized

Reciprocal Method (GRM; Palmer 1981). A two-layer

structure was generally assumed, but the interpretation of

the time–distance curves was often difficult due to rough

changes in layer thickness and lateral variations of veloc-

ity. In some cases, a three-layer structure could have also

been supposed. To avoid the tricky choice of sections of

time–distance curves to be assigned to different subsurface

layers, we processed picked first arrivals by means of

refraction travel-time tomography (e.g., Phillips and Fehler

1991). According to this methodology, subsurface velocity

Fig. 4 a Strongly brecciated outcrop; b asymmetric fold

brecciated rocks from 130 m until the end of the tunnel. In
this last section, a fault-gouge cataclastic zone with dip

direction of 260� and inclination of 25�–30� was found (see 
also ISMES 1990a, b). By cross-correlating the above-

mentioned pieces of information, we decided to model the

fault zone as a planar element (260�/25�–30�). Quite sur-

prisingly, the plane is well in agreement with all collected

data sets and geological evidences on the slope. The plane

intersects the boreholes 113, 110, 109 and 102 approxi-

mately in correspondence with the strongly brecciated

gneiss layer and the slope at about 700 m asl, where water

springs were detected and were interpreted as the foot of

the landslide (see paragraph 2). In addition, the plane

outcrops a bit north of Calchera Valley, in agreement with

the landslide boundary suggested by Belloni and Gandolfo

(1997) and the presence of brecciated rock starting from

the top of borehole 112. As a further validation, an ad hoc

field investigation near Calchera Valley located a strongly

brecciated outcrop and the geological analysis revealed

asymmetric folds developed within the rock mass (Fig. 4),

typical of shear zones.

Moving progressively northwards across the landslide

body, the failure surface located within the strongly brec-

ciated gneiss layer seems to get a bit deeper, and after

reaching its maximum depth in the middle area of the

landslide, it becomes shallower near Bedoglio Valley

(Fig. 3). On this side, borehole logs indicate a weak layer

of brecciated rock lying over partially weathered bedrock.

The interface between these layers is deemed to be the

deeper sliding surface affecting the northern section of the

landslide and has a dip direction ranging from 160� to 180� 
and an inclination of 10�–30�.

According to the abovementioned considerations, the

complex deeper surface of failure seems to be character-

ized by a wedge shape, due to the intersection of two weak



model is iteratively modified until a satisfactory match

between synthetic (i.e., calculated) and real (i.e., picked)

travel times is obtained. Here, we focus on spreads two and

three, because they cross the landslide body approximately

along the north–south direction, and therefore are promis-

ing to identify the wedge shape of the deeper failure sur-

face. At first, the outcomes of the GRM method were taken

as initial models for the tomographic inversions. Subse-

quently, to reduce the constraints of the tomographic

inversion and to explore the stability of the final model,

single-layer models with different velocity vertical gradi-

ents (generally ranging from 45 to 75 s-1) were tested.

Figure 6 presents the final results relative to profiles 2A

and 3A–3B, concerning the northern section of the slope,

along with results relative to profiles 2B and 3D, con-

cerning the southern section of the slope. In all the velocity

maps, it is quite simple to identify a low velocity layer

(dark blue area), followed by an intermediate velocity layer

(light blue area) and a sudden increase of velocity up to

6,000 m/s (yellow–red area). This interpretation is also

supported by borehole logs (where available). Considering

the position of the seismic profiles on the slope (Fig. 2), a

high velocity structure with a well-defined trend is clearly

observable in the velocity sections. This structure seems to

outcrop approximately at the boundaries of the unstable

body (near Bedoglio Valley and Calchera Valley), and

increases its depth when moving towards the central sec-

tion of the slope. For these grounds, we interpreted the

contact between this structure and the layer above as the

wedge-shaped failure surface. In order to determine the

attitude of the planes composing this contact, we picked

possible interfaces corresponding to a velocity of 3,250 m/

s on the velocity sections (Fig. 6) and interpolated the

picked traces. We obtained two planes with attitudes 251�/

29� and 200�/35� that reasonably support the assumptions

provided by the review of the geological setting.

Numerical modelling

Once a reliable characterization of the physical model has

been achieved, numerical simulations may allow a better

understanding of the triggering factors and of the failure

mechanisms. Three-dimensional codes have been used to

explore the role and the importance of shear surface

geometry on the landslide mechanism. As stated in the

introduction, several applications for large landslides are

based on both continuous and discontinuous approaches.

Continuous modelling is used when rock mass is either

massive or so fractured and weathered that it behaves

almost like loose material. Discontinuous numerical mod-

els are used if kinematic behaviour is ruled by rock joints.

In the latter case, there are two possible behaviors for each

rock block: in simpler models, the blocks can be consid-

ered as rigid; whereas in more complex cases, blocks are

considered to be deformable. According to the complexity

of the shear surface of Spriana landslide, we deemed it

reasonable to test both codes. Indeed, the presence of very

fractured rocks would require the use of continuous

methods, but as the slope is affected by faults and weakness

surfaces, discontinuous methods would better constrain the

analysis of the wedge-shaped surface. Using three-dimen-

sional codes, we performed a back-analysis of the 2001

event by reproducing the groundwater level recorded

Fig. 5 a Stereographic representation of discontinuities; b image of the physical model based on the found discontinuity planes (T pinpoints the

position of the explorative tunnel)



an ortogneiss with mica schists characterize by RQD value

less than 10 %. The thickness of this layer ranges from 60

to 100 m, but in some spots it is as thick as 120 m. Beyond

this layer, gneiss with schists with RQD value higher than

75 % was detected (Belloni and Gandolfo 1997).

During the geological and structural surveys, several

field observations on the outcrop and in the explorative

tunnel were collected. A quantitative way to transfer these

data into a rock mass quality is offered by the GSI (Hoek

and Brown 1997; Marinos et al. 2005). Several applications

of GSI to landslide stability analysis have been published

in the literature, and some authors recently discussed the

limitations of this method (Brown 2008; Brideau et al.

2009). A common problem of this approach regards the

limited view presented by the outcrop. This is not an issue

for Spriana landslide because the presence of the explor-

ative tunnel offers the unusual possibility to explore the

inner structure of the slope. GSI values of Spriana rock

mass are presented in Fig. 7. As for many other complex

landslides (Brideau et al. 2012), fractured and brecciated

rocks in the whole landslide body were assigned a GSI of

20–30, while bedrock was assigned a range of values

Fig. 6 Seismic refraction tomography velocity sections (velocities are in m/s and null velocity means areas not visited by source-receiver travel

paths). Solid red lines are topography and dashed blue lines represent the picked interfaces

during this occurrence. The simulated outcomes were then

compared to movements recorded by the geotechnical

monitoring network, and an evaluation among the outputs

of two models was carried out to determine the code pro-

viding the best fit.

Rock mass characterization

A rock mass geomechanical characterization was con-

ducted in order to define the input parameters for the

numerical simulations. Geomechanical parameters were

determined considering the properties of both the discon-

tinuities and the intact rock (Sitharam et al. 2001, 2007).

All available information was gathered together to obtain a
suitable evaluation of the mechanical properties of the rock

mass. Common rock mass quality assessment methods,

such as Rock Quality Designation (RQD) and Geological

Strength Index (GSI), were initially performed on the

brecciated and fractured area and on the intact rock (bed-

rock). Starting by the borehole loggings analysis, the RQD

index was determined. The landslide body is composed by

rocks belonging to the Gneiss formation of Monte Canale,



spanning from 65 to 75. After this analysis, laboratory tests

conducted on the rock samples collected in the explorative

tunnel allowed quantitative characterization of the fault

zone. The results of direct shear tests are reported in

Table 1. Unfortunately, the deep failure surface affecting

the northern section of the slope (near Bedoglio Valley)

was characterized only according to literature values

because no direct samples of this weak surface were

available. It is indeed true that the effectiveness of the

numerical simulations presented in the following could be

improved after ad hoc laboratory tests of the material of

this surface. Among several case studies presented in the

scientific literature, the authors deemed it reasonable to

consider the Downie Slide, because it is composed by

highly fractured, inter-layered schist, gneiss and quartzite

(Kalenchuk et al. 2013). Table 1 lists the geomechanical

parameters of the whole slope, considering the bedrock, the

fractured rock (landslide body) and the failure surface

(fault zone and weak layer).

Three-dimensional modelling

The three-dimensional finite difference model FLAC3D

(Itasca 2005) was used to assess the role of the fractured and

brecciated rocks in the landslide body. Indeed, such a dis-

continuous heterogeneous and anisotropic rock mass usually

requires the assumption of an equivalent continuum numer-

ical approach. Despite FLAC3D being based on a continuous

approach, shear planes can also be included. Therefore, the

shear surface resulting from the intersection of the two weak

zones was taken into account. The three-dimensional distinct

element code 3DEC (Itasca 2008) was used to assess the role

of the geometry of the shear surface on the slope stability. In

this case, the blocks can be modelled as rigid or deformable.

While the two intersecting planes of the failure surface are

well accounted for using this discontinuous approach, on the

other hand it is necessary to consider deformable blocks to

simulate the fractured rock mass of the landslide body. Both

models, FLAC3D and 3DEC, assume that rock mass behaves

as an elasto-plastic Mohr–Coulomb material.

The outcomes of the two numerical approaches are

reported in Fig. 8. Both codes correctly reproduce the dis-

placements observed in the monitoring data sets, and both

simulations display greater displacements in the southern

section of the slope. FLAC3D locates displacements on the

shear surface at the side of the fault zone and shows compa-

rable behaviors of the fault zone and of the landslide body

(Fig. 8). A wedge-shaped movement is more evident in the

Fig. 7 Range of GSI for Spriana rock mass (modified after Marinos

et al. 2005)

Table 1 Mechanical properties for FLAC 3D and 3DEC models

Model Density (kg/m3) K (Pa) G (Pa) u (�) Cohesion (Pa)

Rock mass

Fractured and brecciated rock mass Mohr–Coulomb 2,800 3.0e8 1.9e8 34 1e6

Bed Rock Mohr–Coulomb 2,800 29e9 13.5e9 44 14.5e6

Model Kn (Pa/m) Ks (Pa/m) u (�) Cohesion (Pa) Tensile strength (Pa)

Surface of failure

Fault Mohr–Coulomb 10e6 5e6 24 0.5e4 –

Weak plane Mohr–Coulomb 15e6 7.5e6 26 0.5e5 50e3



Alpine area. Through a multidisciplinary approach, a new

hypothesis on the shear surface for Spriana landslide was

formulated. The geological study of the slope based on

outcrop analysis, borehole loggings examination and

structural survey inside the explorative tunnel suggests that

the deeper sliding surface is characterized by poor

mechanical properties and is located within the more

fractured rock mass layer. Failure surface close to Bedoglio

Valley is characterized by brecciated rock mass and has a

dip direction of 180� and inclination of about 30�. Con-

versely, the fault zone identified near Calchera Valley is

considered an important larger structural feature that con-

trols the behaviour of the southern part of the slope.

Assuming the surface of failure is composed of two dif-

ferent planes, the landslide body would have a wedge shape

delimited on one side by a fault zone with estimated atti-

tude 260�/25�–30�, and on the other side by the interface

between fractured rock and bedrock with attitude around

180�/30�. Processing of geophysical data by means of

Fig. 8 Outcomes of numerical modelling

3DEC simulation, where displacements of the failure surface

mainly occurring close to the fault zone cause even greater

displacements along the landslide main scarp (according to
extensometer E106). Moreover, in agreement with data sets

recorded by inclinometers I103 and I113, greater displace-

ments on the shear zone are recorded in the upper part.

Although FLAC3D code can simulate landslide body defor-

mation and is able to take into account the role of disconti-

nuities, 3DEC outcomes prove that this code is able to

simulate a behaviour that better fits the collected monitoring

data sets. The hypothesis of the haulage of the wedge-shaped

unstable body due to the fault zone movement seems to agree

with the outputs of the 3DEC numerical model.

Conclusion

The primary intention of this paper was to update the

geological model of a large-complex landslide in the



seismic refraction tomography supports this interpretation.

According to the described geological model, the landslide

volume can be estimated to be around 50 millions of cubic

metres. Only the shear surface along the fault zone seems

to have already undergone complete failure, as response to

the triggering factors is immediate. In case of movements,

the southern section probably pulls the northern section,

close to Bedoglio Valley, that is most likely still bound to

the slope and presents higher shear strength. The gradual

failure of this section may be corroborated by the lower but

more continuous displacements that occurred during heavy

rainfall events. A structurally controlled, wedge-like

rockslide is proposed by the authors. Moreover, besides the

complex geological setting, considering the steepness of

the slope, the degree of fracturation of the rock mass, the

presence of a less inclined surface of failure and the foot

located at higher altitude than the valley, the landslide may

change into a rock-debris avalanche in the case of heavy

rainfalls taking place.

The updated physical model of the slope was tested

using numerical modelling to perform a back analysis of

the 2001 event. Both continuous and discontinuous mod-

elling approaches gave results in agreement with the col-

lected monitoring data sets, but the distinct element code

provided a better understanding of the wedge-shaped

structure. The authors believe that further simulations

should be performed to study the response of the modelled

landslide body according to variations of the input

parameters (e.g., groundwater table level).
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