
1. Introduction

In mountainous-forested, soil mantled landscapes
all around the world, rainfall-induced shallow land-
slides are one of the most common hydro-geomorphic
hazards [Sidle 1985]. Such hazards frequently impact
the environment and human lives and properties. In
order to manage and protect human interests, land-
slide susceptibility maps must be produced [Guzzetti
1999] and several models have been proposed in the
last decade [Montgomery 1998; Borga 2002; Casadei
2003; Claessens 2007; Talebi 2008; Kuriakose 2009]. 

The most common approach to shallow landslide
modelling combines, in a GIS framework, simplified
steady state topography-based hydrological models
with the infinite slope scheme [Dietrich 1993; Mont-
gomery 1994; Wu 1995; Pack 1998; Dietrich 1998;
Borga 2002; van Beek 2002; Simoni 2008]. The suc-
cess of such an approach is due to the simplicity of
the steady-state hydrologic approach and the power of
GIS technology in managing elevation and spatially
distributed data. Although several issues affect the
modelling results, the approach has been proven to be
very useful and many Authors adopted it [e.g. Diet-
rich 1998; Wu 1995; Borga 2002; Montgomery 1994;
Duan 2000; Pack 1998, 2005]. 

Among the open issues that still affect such an ap-
proach, the main ones are: i) the effect of the algo-
rithm adopted to identify flow directions and con-
tributing area [Huang 2007; Santini 2009], ii) the ef-
fect of DEM resolution and accuracy [Claessens
2005], iii) the effect of a steady state or dynamic ap-
proach to water pore pressure within the soil [Borga
2002; Rosso 2006], iv) the role of vegetation in soil
resistance estimation [Kuriakose 2009], v) the evalua-
tion of the model’s performance [Huang 2007].

In the present paper we focus on the last two

points, applying a spatially distributed model for
slope stability estimation, the “Stability INdex MAP-
ping - SINMAP” [Pack 1998, 2005], to a small forest-
ed pre-Alpine catchment, adopting different calibra-
tion approaches.

2. Material and methods

2.1 The assessment of shallow slope stability 
model results

According to Borga [2002] two types of errors can
be identified in modelling slope instabilities: (1) a site
is identified by the model as unstable, but no evidence
of instability can be observed, (2) a site is predicted as
stable, but instabilities have been observed.

The first type of error indicates that the model
tends to over-predict areas potentially subject to shal-
low landsliding, whereas the second indicates that the
model does not adequately describe the processes that
caused the instability process. 

In principle the first type of error could not be a
true error because the predicted unstable condition
should be viewed as an indication of a proneness to
instability; it has not still occurred but it can manifest
in the future, especially in very steep areas. The sec-
ond type of error could have serious consequences
when the considered model is applied to hazard map-
ping and it must be minimized.

To evaluate the performance of stability models, it
is common to use the so-called Success Rate (SR)
[Montgomery 1994; Borga 2002; Duan 2000]. It is
the ratio between the number of observed landslides
actually occurred in predicted unstable areas (NUR)
over the total number of observed landslides (NUO):

SR=NUR/NUO (1)
SR does not consider stable areas, where prediction
can be correct or not.

Generally, it has been recognized that adopting SR
as a performance indicator, slope failure is over-pre-
dicted [Borga 2002; Casadei 2003; Huang and Kao];
as an extreme case, for example, if the whole area is
classified as unstable, the resulting SR will be 100%.
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Huang [2006] and Rosso [2006], recently proposed
more complex indexes.

Huang [2006] considered also the successfully pre-
dicted stable areas developing a Modified Success
Rate, which is an average between the success in pre-
dicting unstable and stable areas:

(2)

where SR are the successfully predicted stable cells
and SO are the total number of actual stable cells.

Rosso [2006] considered a combinations of four
sub-indexes:

Iav=average(UR/UO, UR/Uc, SR/SO, SR/SC) (3)
where: UO is the number of observed unstable cells,
UC is the number of simulated unstable cells, UR is
the number of rightly simulated unstable cells, SC is
the number of simulated stable cells.

UR/UO is an indicator of the model efficiency to
identify landslides, UR/Uc can be viewed as an indica-
tor of the manifested instability over the potential in-
stability, SR/SO is an indicator of the model efficiency
to identify stable areas, SR/SC is the reciprocal of
UR/Uc.

In the case of small instabilities, which have an ex-
tension of the order of one or a few hundreds of
square meters [Dietrich 2007; Deb 2009], it can be as-
sumed that each observed landside occupies one cell
in a 10 m or 15 m grid size. The number of observed
landslides that actually occurred in predicted unstable
areas, then, can be approximated to the rightly simu-
lated unstable cells and the total number of observed
landslides can be approximated to the observed unsta-
ble cells:

NUR= UR NUO= UO
and

SR=UR/UO

The index proposed by Huang [2006] (MSR), as a
consequence, results in the average between the first
and the third of the sub-indexes of Rosso [2006]:

MSR=0.5(UR/UO + SR/SO) (4)

Recalling the two types of errors that may occur in
slope stability modelling:
– high values of SR (and UR/UO) indicate that the

model may fail, falling in the first type of error
(sites are identified by the model as unstable, but
no evidence of instability can be observed) and low
values that the model may fail falling in the second
type of error (sites are predicted as stable, but in-
stabilities have been observed);

– UR/Uc and SR/SC do not give any real indication
concerning the model performance;

– high values of SR/SO indicates that the model is
prone to fail, falling in the second type of error and
low values that the model is prone to fail, falling in
the first type of error.
The combination of SR and SR/SO as proposed by

Huang [2006], then, represents the best way to evalu-
ate stability model performance. 

Due to the fact that it is more difficult to predict
actual unstable areas (see the first type of errors as re-
ported at the top [Carrara 1995; Borga, 2002]) we
think that the two indexes should not have the same
weight, as in the case of MSR, but SR should prevail.

Based on such consideration, we introduce a weight-
ed average index (WMSR) that gives an arbitrarily
weight of 2/3 to SR and a weight of 1/3 to SR/SO.

2.2 SINMAP

Among the different models that have been pro-
posed in the last years in the field of rainfall-triggered
shallow landslides, the most widely applied are
SHALSTAB [Dietrich 1998] and SINMAP (Stability
INdex MAPping) [Pack 1998], which are freely dis-
tributed.

Such models couple the infinite slope stability
model and the assumption of hydrologic steady state
to compute pore water pressure in the soil.

In the present work, the SINMAP model was pre-
ferred to SHALSTAB due to its capability to manage
slope stability from a probabilistic perspective [Meisi-
na 2007]. SINMAP has also been tested in different
landscapes and conditions [Morrissey 2001; Zaitchik
2003; Calcaterra 2004; Lan 2004; Meisina 2007].

The original version of the model is distributed un-
der a GNU General Public Licence version as an ex-
tension of a commercial GIS software; in the present
work we used a version re-built for the open-source
software MapWindow [Chiaradia 2009].

In the infinite slope stability approach, the Factor
of Safety (FS) is [Hammond 1992]:

(5)

where (fig. 1) cs is the soil cohesion (kPa), cr is the
additional root cohesion (kPa), γs is the soil unit
weight (kN/m3), γw is the water unit weight (kN/m3),
D is the vertical soil depth (m), Dw is the vertical wa-
ter depth (m), β is slope angle (°) and φ is the internal
friction angle (°)

Introducing the variables:

(6)
where h=D cosβ is soil thickness
equation (5) can be rewritten and FS can be expressed
as:

(7)

Adopting a modified version of the TOPMODEL
approach [Beven 1979] the relative wetness (w) can
be evaluated as:

(8)
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where T is the transmissivity (m2/h), R is the steady
state recharge that is an estimation of the lateral dis-
charge (m/h), a is the upslope drained area per unit
contour length (m2/m).

C, R/T and φ are the calibration parameters of SIN-
MAP and they are introduced as minimum and maxi-
mum values, considered uniformly distributed.

According to the combination of the parameters,
the values FSmin and FSmax can be obtained; on such a
basis, to define the level of stability of the terrain,
SINMAP introduces a Stability Index (SI) (fig. 2). 

Where FSmin>1 the terrain is considered stable and
SI= FSmin, where FSmin<1 there is the possibility of a
slope failure and SI is defined as the probability of FS
to be greater than 1 (Prob(FS>1)), where FSmax<1,
that is Prob(FS>1)=0, the terrain is considered uncon-
ditionally unstable.

Arbitrarily, SINMAP considers stable the terrain
where SI>1.5, moderately stable where 1.5<SI<1.25
and quasi stable where 1.25<SI<1.0. Where 1<SI<0.5
and 0.5<SI<0, instabilities can occur with different
probabilities; the limits SI=0.5 and SI=0.0 are called
lower and upper threshold respectively. Where SI<0,
Pack et al. [1998] argue that such areas, if not failed
in reality, must be held in place by forces that are not
accounted for in the model (e.g. outcrops or struc-
tures) and called them defended.

For more details about SINMAP see the original
papers of Pack [1998; 2005] and papers dealing with
SINMAP’s application [Meisina 2007; Deb 2009;
Terhorst 2009].

2.3 Incorporating the root cohesion into slope stabili-
ty models

The role of vegetation and of forest in particular, is
frequently omitted in slope stability modeling or, at

the most, it is evocated as an important stabilizing
factor that must be neglected due to the scarcity of da-
ta [Montgomery 1994; Dietrich 1998; Meisina 2007]. 

In some cases the contribution of vegetation is in-
cluded into the calibration procedure in terms of land
use [Pack 1998; Casadei 2003; Huang 2006] or esti-
mated from literature data [Dhakal 2003, 2004; Deb
2009].

Only in few cases the presence of vegetation is ex-
plicitly accounted for. In such cases it is considered in
terms of additional root cohesion and it is estimated
by field tests or by rooted-soil reinforcement models
[Wu 1995; Claessens 2007; Kuriakose 2009].

In the present work, we use root cohesion values at
the depth of interest, obtained by the implementation
of the Wu and Waldron reinforcement model [Wal-
dron 1977; Wu 1976], carried out by the considered
forest species in similar areas [Bischetti 2009].

2.4 The experimental area

The area considered in the present study is the
catchment of the Inganna creek, which is located 35
km north of the city of Lecco on Lake Como. The
area of the catchment is almost within the municipali-
ty of Colico, which developed on the Inganna creek’s
fan. The catchment area at the section inflowing into
Lake Como is 12 km2 and the application of SINMAP
has been limited to the non-urban area of the catch-
ment, above 330 m a.s.l. 

The mean elevation of the catchment is 970 m
a.s.l., whereas the maximum elevation is 2160 m a.s.l.
(Mt. Legnone); the mean hillslope steepness is 35°.

The land use is mainly forest and pasture:
broadleaf (black locust and sweet chestnut) up to the
elevation of 850 m a.s.l., coniferous (Norway spruce
and European larch) for elevations between 850 and

25

Fig. 1 - infinite slope stability scheme (after Hammond [2009])
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1130-1450 m a.s.l., according to hillslopes aspects,
and pasture or sparse natural grass vegetation at high-
er elevations.

The lithology is represented mainly by gneiss and
mica schist, outcropping or covered by forest cam-
bisol; the remaining area is covered by glacial and
eluvial deposits, characterised by regosols.

The Digital Elevation Model has been obtained
from elevation points provided by the Territorial In-
formation System of Regione Lombardia, with a regu-
lar grid size of 10 m. Such a size can be considered a
compromise between the need to describe at best the
local steepness [Pack 1998] and the need to avoid a
loss of the predictive capability of the adopted hydro-
logic model due to a too fine spatial resolution [Tarol-
li 2006]. 

The data base of occurred landslides, needed for
model calibration and validation, has been obtained
from the landslide inventory of Regione Lombardia
(IFFI) [Ceriani 2005]. Among all the inventoried phe-

nomena only those that can be classified as shallow
landslides have been extracted and used (53 events).

2.5 SINMAP calibration

SINMAP, as mentioned, has been developed under
a probabilistic perspective and implicitly it undertakes
that the parameters “may be adjusted (and calibrated)
for geographic ‘calibration regions’ based upon soil,
vegetation or geologic data.” [Pack 2005 p. III]. 

Calibrating a spatially distributed model is a diffi-
cult task, especially on a qualitative basis and without
an automatic optimization procedure. In the case of
SINMAP the calibration procedure consists in an iter-
ative adjustment of the parameters, based on a visual
qualitative assessment of the output with respect to
the observed landslides [Pack 2005; Deb 2009]. 

In order to avoid the level of subjectivity typical of
the visual approach, we calibrated SINMAP with ref-
erence to three different performance indexes: the

26

Fig. 2 - Stability Index and stability classification (after Pack [1998])

TABLE 1 - calibration regions, vegetation type and related root cohesion values ( 1 from Bischetti [2009]; 2

from Preston [1999]).

Region Vegetation type Area (km2)
Cr

(kPa)
Depth

(m)

1 Sweet chestnut and black locust 1 4.7 1.71-8.23 0.5-1.0

2 European beech and birch 1 1.3 0.00-18.79 0.5-1.0

3 Silver fir and Norway spruce 1 1.2 0.03-5.00 0.5-1.0

4 European larch 1 0.4 1.43-16.93 0.5-1.0

5 Pasture and natural sparse grass 2 1.2 0.00-10.7 0.3-0.5
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widely used Success Rate (SR), the Modified Success
Rate of Huang [2006] (MSR) and the herein proposed
Weighted Modified Success Rate (WMSR). The range
of SINMAP parameters have been iteratively adjusted
to obtain the maximum values for each of the target
indexes.

The calibration procedure has been carried out for
the considered area as a whole (single calibration re-
gion - SCR) and for different sub-areas (multiple cali-
bration regions - MCR). For the multiple calibration
regions case, five regions have been identified based
on vegetation type (tab. 1) and taking care that a min-
imum of 5 observed landslides fall within each re-
gion.

Geotechnical properties have been assumed the
same for all regions, due to the small area of the
catchment. Soil cohesion has been taken as negligible
and soil friction angles ranging between 17° and 31°,
as obtained from shear stress tests by Crosta [2004]
for the same area. Soil unit weight has been assumed
20 kN/m3 [Lancellotta 2003] and the soil depth vari-
able according to the vegetation type. Based on litera-
ture information and field observation, the sliding
depth has been taken to vary between 50 cm and 100
cm for forests [Bischetti 2009], whereas between 30
cm and 50 cm for grass and sparse vegetation. 

Root cohesion values at different depths have been
taken from previous work [Bischetti 2005, 2009] and
literature; to be conservative only basal root cohesion
has been considered (tab. 1).

T/R values for the different regions have been cali-
brated, since both recharge and transmissivity are dif-
ficult to estimate in a spatially distributed manner
[Meisina 2007]. 

3. Results

3.1 Single calibration region approach

Adopting the Single Calibration Region approach,
we obtained the parameter values as reported in table
2, whereas stability maps are showed in figure 3.

Using SR as the target index, the calibration proce-
dure leads to obtain that 96.2% of the observed land-
slides are located in areas classified as unstable

(18.9% in the lower threshold, 69.8% in the upper
threshold and 7.5% in defended). In such a scenario,
however, 80.7% of the considered area is estimated as
unstable (46.9% lower threshold, 30.7% upper thresh-
old and 3.1% defended) and 19.3% as stable (11.4%
stable, 3.0% moderately and 4.9% quasi-stable sta-
ble). MSR results 57.6 and WMRS results 70.5.

Using MSR as the target index, the calibration
leads to have that 87.0 % of the observed landslides
are located in areas classified as unstable (43.4% in
the lower threshold, 37.7% in the upper threshold and
7.5% in defended). In such a scenario 40.9% of the
considered area is estimated as unstable (25.2% lower
threshold, 12.6% upper threshold and 3.1% defended)
and 59.1% as stable (31.9% stable, 11.1% moderately
and 16.0% quasi-stable stable). MSR results 73.0 and
WMRS results 77.7.

The same results have been obtained adopting
WMSR as the target index.

3.2 Multiple Calibration Regions approach

Adopting the Multiple Calibration Regions ap-
proach we obtained the parameter values reported in
table 3; stability maps are showed in figure 4.

Using SR as the target index, the calibration leads
to obtain that 90.6% of the observed landslides are lo-
cated in areas classified as unstable (47.2% in the
lower threshold, 35.8% in the upper threshold and
7.5% in defended). In such a scenario 60.3% of the
considered area is estimated as unstable (36.8% lower
threshold, 18.1% upper threshold and 5.4% defended)
and 39.7% as stable (18.4% stable, 7.2% moderately
and 14.1% quasi-stable stable). MSR results 65.5 and
WMRS results 74.

Using MSR as the target index, the calibration
leads to obtain that 75% of the observed landslides
are located in areas classified as unstable (41.5% in
the lower threshold, 24.5% in the upper threshold and
9.4% in defended). In such a scenario 25.5% of the
considered area is estimated as unstable (11.6% lower
threshold, 8.3% upper threshold and 5.6% defended)
and 74.5% as stable (42.9% stable, 12.7% moderately
and 18.9% quasi-stable). MSR results 74.6 and WMRS
results 76.1.

Using WMSR as the target index, the calibration

27

TABLE 2 - calibration parameters and performance indexes for the Single Region Calibration for SR and MSR
target (φ=17°-31°, S=% stable, MS=% moderately stable, QS=% quasi-stable, LT=% lower threshold, UT=% up-
per threshold, D=% defended)

stab unst SR SR/SO Iav MSR WMSRTarget
index 19.3 % 80.7 % 96.2 19 54 57.6 70.5

C T/R S MS QS LT UT D
SR

0.1-0.6 500-1000 11.4 3.0 4.9 46.9 30.7 3.1

stab unst SR SR/SO Iav MSR WMSR
59.1 % 40.9 % 87.0 59 62 73.0 77.7

C T/R S MS QS LT UT D
MSR

0.4-0.6 500-1000 31.9 11.1 16.0 25.2 12.6 3.1
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leads to obtain that 79.2% of the observed landslides
are located in areas classified as unstable (37.7% in
the lower threshold, 34.0% in the upper threshold and
9.4% in defended). In such a scenario, 30.0% of the
considered area is estimated as unstable (13.9% lower
threshold, 10.0% upper threshold and 6.1% defended)
and 70.0% as stable (38.7% stable, 12.4% moderately
stable and 19.0% quasi-stable). MSR results 74.6 and
WMRS results 76.1.

3.3 Inclusion of root cohesion

SINMAP has also been run without calibration, us-
ing the information related to land use. For each re-
gion C has been evaluated based on the range of the
likely sliding depth and on the range of root cohesion
values at such depth, for those plant species existing
in the region. The range values of φ have been taken
from laboratory and field data [Crosta 2004] and the
range values of T/R are those already used in the Mul-
tiple Calibration Regions procedure.

The parameters and the results are reported in table
4, whereas the stability map is shown in figure 5.

96.2% of the observed landslides are located in ar-
eas classified as unstable (83.0% in the lower thresh-
old, 9.4% in the upper threshold and 3.8% in defend-
ed). In such a scenario 82.7% of the considered area is
estimated as unstable (68.3% lower threshold, 12.0%
upper threshold and 2.4% defended) and 17.3% as sta-
ble (10.1% stable, 2.9% quasi-stable and 4.2% moder-
ately stable). MSR results 56.6 and WMRS results 69.8.

The values of cr obtained from the field [Bischetti
2009] and from literature [Preston 1999] at the select-
ed depths have been compared with those extracted
from the C values calibrated with the multiple calibra-
tion regions approach (tab. 5).

The values of root cohesion derived from calibrat-
ed C, show a narrower range with respect to those ob-
tained from the field. Moreover, it can be noted that
the range of cr values decreases passing from a single
calibration to a multiple calibration approach and
from SR to MSR and WMSR as the target index.

28

Fig. 3 - Stability Index maps for Single Calibration Region obtained calibrating the parameters with SR (a) and MSR and WMSR
(b) as target index (black dots are the observed landslides).
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TABLE 3 - calibration parameters and performance indexes for the Multiple Calibration Regions for SR, MSR and WMSR
target (φ=17°-31°, S=% stable, MS=% moderately stable, QS=% quasi-stable, LT=% lower threshold, UT=% upper threshold,
D=% defended).

stab unst SR SR/SO Iav MSR WMSR
39.7% 60.3% 90.6 40 58 65.3 73.7SR target

C T/R S MS QS LT UT D
Sweet chestnut and black
locust

0.15-0.45 500-1000 23.4 5.7 10.7 40.7 17.5 2.0

European beech and
birch

0.42-0.47 100-500 17.9 14.4 20.8 29.3 15.2 2.4

Silver fir and Norway
spruce

0.38-0.38 300-500 11.9 9.0 18.6 16.8 19.0 24.6

European larch 0.40-0.50 500-1000 14.6 8.4 19.2 28.3 18.1 11.3
Pasture and natural
sparse grass

0.44-0.50 100-300 6.8 3.4 14.5 52.0 22.5 0.7

stab unst SR SR/SO Iav MSR WMSR
74.5% 25.5% 75 75 62 75 75MSR target

C T/R S MS QS LT UT D
Sweet chestnut and black
locust

0.54-0.57 500-1000 58.6 14.3 17.0 5.4 2.9 1.9

European beech and
birch

0.50-0.57 100-500 21.5 15.1 22.1 25.9 12.9 2.4

Silver fir and Norway
spruce

0.49-0.55 300-500 13.9 9.3 21.8 23.2 20.0 11.7

European larch 0.55-0.56 500-1000 25.4 17.2 29.0 14.1 6.7 7.5
Pasture and natural
sparse grass

0.59-0.60 100-300 7.2 3.8 17.6 25.0 26.0 20.5

stab unst SR SR/SO Iav MSR WMSR
70% 30% 79.2 70 62 74.6 76.1WMSR target

C T/R S MS QS LT UT D
Sweet chestnut and black
locust

0.48-0.52 500-1000 58.6 14.3 17.0 5.4 2.9 1.9

European beech and
birch

0.48-0.57 100-500 21.5 15.1 22.1 25.9 12.9 2.4

Silver fir and Norway
spruce

0.49-0.55 300-500 13.9 9.3 21.8 23.2 20.0 11.7

European larch 0.55-0.56 500-1000 25.4 17.2 29.0 14.1 6.7 7.5
Pasture and natural
sparse grass

0.55-0.60 100-300 7.2 3.8 17.6 25.0 26.0 20.5

TABLE 4 - parameters and performance indexes for the no-calibration scenario (φ=17°-31°, S=% stable, MS=% moder-
ately stable, QS=% quasi-stable, LT=% lower threshold, UT=% upper threshold, D=% defended)

stab unst SR SR/SO Iav MSR WMSR
17.3% 82.7% 96.2 17 53 56.6 69.8Regions

C T/R S MS QS LT UT D
Sweet chestnut and black
locust

0.09-0.84 500-1000 17.6 5.2 7.3 62.9 6.9 0.0

European beech and
birch

0.00-1.92 100-500 1.6 0.1 0.3 98.0 0.0 0.0

Silver fir and Norway
spruce

0.00-0.51 300-500 1.3 0.2 0.6 20.3 60.2 17.3

European larch 0.07-1.73 500-1000 2.7 1.3 2.8 93.2 0.0 0.0
Pasture and natural
sparse grass

0.00-1.82 100-300 0.9 0.1 0.2 98.9 0.0 0.0
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4. Discussion and conclusions

4.1 Calibration procedure

The underlying idea in calibrating spatially distrib-
uted slope stability models, is that the areas where
there are the same conditions of those areas which ex-
perienced instabilities, must be simulated as unstable.
Sometimes, however, models are not capable to cap-
ture the very local factors that are at the base of slope
failure (e.g. very local steepness that is not represent-
ed by DEM, pore pressure due to soil heterogeneity,

uncertainty in geotechnical properties, sliding depth).
Attempting to “push” all the observed landslides into
low stability areas, then, leads models to evaluate as
unstable a great portion of the studied areas, decreas-
ing also their capability to discriminate stable-unsta-
ble areas.

To avoid that, some Authors assume that only a mi-
nor portion of an area can be really unstable [Casadei
2003] and set an arbitrarily value for the portion of
the catchment classified as unstable. Such an ap-
proach, however, is subjective and it is not reasonable

30

Fig. 4 - Stability Index maps for Multiple Calibration Regions obtained calibrating the parameters with SR (a), MSR (b) and
WMSR (c) as target index (black dots are the observed landslides)
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in small steep catchments, where most of the area
stands in a situation that is intrinsically prone to be
unstable due to steepness and/or to mechanical soil
properties. In the present case, for example, the ob-
served landslides spread over the whole Contributing
Area-Slope diagram (fig. 6), which in SINMAP is
used for calibration. Any attempt to increase the capa-
bility of the model to simulate as unstable the loca-
tions where landslides have occurred, then, inevitably
leads to simulate all those cells with similar condi-
tions as unstable. 

The results obtained in the present work confirm
such consideration and clearly show how the use of
SR as target index tends to over-predict the extension
of unstable areas. Using SR as target index, in fact,
most of the considered catchment is simulated as un-
stable, whereas the observed landsides and, above all,
the field survey show the contrary. 

The assessment of stability models efficiency, then,
cannot be based only on the observed instabilities in
unstable areas, but must consider also the rate of cor-
rectly evaluated stable areas. In the present work, the

31

Fig. 5 - Stability Index maps for Multiple Calibration Regions ob-
tained assuming cr and depth values (black dots are the observed land-
slides)

TABLE 5 - Values of root cohesion calculated from calibrated C values and from previous work and literature

Estimated cr

(kPa)
Observed cr

(kPa)Dmin

(m)
Dmax

(m)
Min max min max

Success Rate as target index

SCR 0.3 1.0 0.6 10.2 0.00 18.79

MCR

Sweet chestnut and black locust 0.5 1.0 1.4 8.8 1.71 8.23

European beech and birch 0.5 1.0 4.3 11.1 0.00 18.79

Silver fir and Norway spruce 0.5 1.0 4.4 9.2 0.03 5.00

European larch1 0.5 1.0 3.8 9.8 1.43 16.93

Pasture and natural sparse grass 0.3 0.5 3.1 7.8 0.00 10.70

Modified Success Rate as target index

SCR 0.3 1.0 2.3 4.7 0.00 18.79

MCR

Sweet chestnut and black locust 0.3 1.0 3.1 3.4 1.71 8.23

European beech and birch 0.3 1.0 2.9 3.7 0.00 18.79

Silver fir and Norway spruce 0.3 1.0 2.8 3.6 0.03 5.00

European larch1 0.3 1.0 3.2 3.3 1.43 16.93

Pasture and natural sparse grass 0.3 1.0 3.4 3.3 0.00 10.70

Weighted Modified Success Rate as target index

SCR 0.3 1.0 2.3 4.7 0.00 18.79

MCR

Sweet chestnut and black locust 0.3 1.0 2.8 3.5 1.71 8.23

European beech and birch 0.3 1.0 2.8 3.8 0.00 18.79

Silver fir and Norway spruce 0.3 1.0 2.8 3.6 0.03 5.00

European larch1 0.3 1.0 3.2 3.3 1.43 16.93

Pasture and natural sparse grass 0.3 1.0 3.2 3.5 0.00 10.70
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use of MSR and WMSR seems to allow a better dis-
crimination between stable and unstable areas, repre-
senting a promising approach for assessing the validi-
ty and comparing the results of slope stability models,
as already proposed by Huang [2006] and Rosso
[2006].

The weakness of SR in assessing the efficiency of
SINMAP is particularly evident when the Single Cali-
bration Region approach is adopted. In this case, in
fact, since the range of parameter values must be
unique for the whole area, it must be wide enough to
cover all the different conditions; therefore, unless the
area is really homogeneous, the effect of the lower
limit of the range will extend over the entire area.
This problem may be overcome by the multiple cali-
bration regions approach, where the considered area is
split into sub-regions and a specific range of parame-
ter values can be defined for each region, limiting the
effect of low values of parameters only to those areas
where it is appropriate. 

When enough calibration data are available, then,
such an approach should be preferred. Since vegeta-
tion can partially represent the variability of factors
involved in slope stability (root cohesion, depth and,
partially, hydrologic soil properties) and vegetation
maps are generally available, such information should
be used to implement the multiple regions approach.

The difference between the single region and mul-
tiple regions approach is not so clear when MSR or
WMSR are adopted as target index. In the first case
there is no difference and in the second it is very
small. In principle, WMSR is more conservative with
respect to MSR due to the greater weight given to the
right identification of observed landslides, but more

investigations in different areas could give more indi-
cations.

4.2 Use of root cohesion values

A sensitivity analysis confirms that C is the most
significant parameter, whereas φ plays a minor role as
already suggested by Morrissey [2001] and Deb
[2009]. Any improvement on sliding depth and root
cohesion, as a consequence, are of particular rele-
vance.

In terms of root cohesion values, the calibration
carried out for the considered area seems to constrain
its values into a narrower range with respect to those
observed in the field (tab. 5). Such a behavior could
be due to the fact that the instability phenomena oc-
curred up to now have not explored the whole range
of root cohesion variability or, more likely, that the
SINMAP assumption of uniform probability distribu-
tion of C values does not hold. In the case of uniform
distribution, in fact, all the values have the same
weight and the extreme values must be excluded to
obtain the best fitting between observed and simulat-
ed stable-unstable cells. Introducing a more realistic
distribution of probability of the root cohesion and of
the sliding depth (e.g. normal, triangular, lognormal,
etc.), such shortcomings should be overcome. Such an
objective represents the perspective for future work.

4.3 Classification of unstable areas 

As already mentioned in small and steep catch-
ments a large portion of the considered area is intrin-
sically prone to instability, as in the present case, and
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Fig. 6 - Plot of Contributing Area-Slope space showing the spread of observed landslides
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is estimated as unstable. Most of such unstable areas,
however, stands between the lower and the upper
threshold (1 < Prob(FS>1) < 0.5), indicating that there
is a potential instability but with a minor probability
of occurrence. The possibility to discriminate the ar-
eas potentially unstable in more than two classes,
then, could be very useful.

To test the relevance of such an option, a new class
for unstable terrain has been introduced; all cells with
1 < Prob(FS>1) < 0.8 have been assigned to a new
class with a low probability of failure (quasi-unstable,
according to SINMAP classification of stable cells).

The stability map obtained in this way for the case
of no-calibration and multiple areas is showed in fig-
ure 7. It can be noted that most of the observed land-
slides do not fall in the new class, characterised from
a low chance of failure. The performance indexes
with a new (arbitrary) critical threshold for SI<0.8
are: SR=85%, MSR=67.5 and WMSR=73.3. Such an
approach can be particularly useful in terms of hazard
mapping.
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SUMMARY

In mountainous-forested soil mantled landscapes
all around the world, rainfall-induced shallow land-
slides are one of the most common hydro-geomorphic
hazards, which frequently impact the environment
and human lives and properties. 

In order to produce shallow landslide susceptibility
maps, several models have been proposed in the last
decade, combining simplified steady state topogra-
phy-based hydrological models with the infinite slope
scheme, in a GIS framework. 

In the present paper, two of the still open issues are
investigated: the assessment of the validity of slope
stability models and the inclusion of root cohesion
values.

In such a perspective the “Stability INdex MAP-
ping” has been applied to a small forested pre-Alpine
catchment, adopting different calibrating approaches
and target indexes. The Single and the Multiple Cali-
bration Regions modality and three quantitative target
indexes – the common Success Rate (SR), the Modi-
fied Success Rate (MSR), and a Weighted Modified
Success Rate (WMSR) herein introduced – are consid-
ered.

The results obtained show that the target index can
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significantly affect the values of a model’s parameters
and lead to different proportions of stable/unstable ar-
eas, both for the Single and the Multiple Calibration
Regions approach. The use of SR as the target index
leads to an over-prediction of the unstable areas,
whereas the use of MSR and WMSR, seems to allow a
better discrimination between stable and unstable areas.

The Multiple Calibration Regions approach should
be preferred, using information on space distribution
of vegetation to define the Regions. 

The use of field-based estimation of root cohesion
and sliding depth allows the implementation of slope
stability models (SINMAP in our case) also without
the data needed for calibration. To maximize the in-
clusion of such parameters into SINMAP, however,
the assumption of a uniform distribution of probabili-
ty of the parameters must be overtaken. 

In small and steep catchments where there is an in-
trinsic susceptibility to instability phenomena, more-
over, an additional class of low probability of instabil-
ity (0.8<P(FS>1)<1.0) has been proposed to better
discriminate the areas classified as unstable.

Keywords: Slope stability modelling, SINMAP,
root cohesion.

List of symbols
β slope angle (°) 
φ internal friction angle (°)
γs soil unit weight (kN/m3)
γw water unit weight (kN/m3)
a upslope drained area per unit contour

length (m2/m)

cs soil cohesion (kPa), 
cr additional root cohesion (kPa)

water to soil unit weight ratio (-)

relative wetness (-)

combined dimensionless cohesion relative
to perpendicular soil thickness (-)

D vertical soil depth (m)
Dw vertical water depth (m)
FS Factor of Safety (-)
MSR Modified Success Rate (-)
NUR number of observed landslides actually oc-

curred in predicted unstable areas (#)
NUO total number of observed landslides (#)
R steady state recharge that is an estimation

of the lateral discharge (m/h)
SI Stability Index (-)
SR Success Rate (-)
SR successfully predicted/ rightly simulated

stable cells (#)
SO total number actual/observed stable cells

(#)
SC simulated stable cells (#)
UC simulated unstable cells (#)
UR rightly simulated unstable cells (#)
UO observed unstable cells (#)
T transmissivity (m2/h)
WMSR Weighted Modified Success Rate (-)

35

003_Bischetti(569)_23  1-12-2010  9:48  Pagina 35



003_Bischetti(569)_23  1-12-2010  9:48  Pagina 36


