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cases, granular soil covers are stable along steep 
slopes exclusively because of the soil unsaturated 
conditions, due to the existence of a soil matric 
suction (ua-uw, difference of air pressure ua and 
pore water pressure uw), which increases the 
effective stress of the solid skeleton, also raising the 
soil stiffness and strength. In Mediterranean 
Countries, the unsaturated conditions exist 
throughout the year. This means that the slope 
stability is much related to unsaturated soil 
conditions, and thus the slopes are usually labelled 
as “unsaturated” to indicate this important effect of 
suction on the slope stability conditions. During a 
rainstorm, water infiltrates the ground surface 
(Cuomo et al. 2015), soil water content increases 
and matric suction may heavily reduce and slope 
stability analyses are required to assess the effects 
of rainfall. 

In the last few years, the analysis of slope 
stability conditions over large areas has become 
feasible for scientists and practitioners (Cascini  
et al. 2011b; Alvioli et al. 2014; Cuomo et al. 2014; 
Cuomo and Della Sala 2015). The availability of 
new computational tools - implemented in GIS 
(Geographic Information System) platforms - 
allows taking into account the major hydraulic and 
mechanical issues related to slope failure for 
saturated or unsaturated soils in shallow deposits 
(Baum et al. 2002; Godt et al. 2008; Salciarini et al. 
2012), also including very recent probabilistic 
approaches or 3-D slope stability analysis 
(Haneberg 2004; Mergili et al. 2014; Raia et al. 
2014). Furthermore, the spatial variability of both 
topography and soil properties can be considered 
in a GIS-based analysis. This class of models is 
generally referred as “physically-based” because 
the main processes are described by a set of 
equations governing the rainfall infiltration and the 
destabilizing and resisting forces in each slope cell. 
The equations are integrated cell-by-cell starting 
from a DTM (Digital Terrain Model) and, 
eventually, within the deposit thickness at specified 
depths from ground surface.  

Dietrich’s pioneristic contributions were based 
on saturated soil condition and steady-state 
seepage (SHALSTAB model, Dietrich and 
Montgomery 1998). New advances were added 
later on, including unsaturated conditions, 
transient seepage and soil water characteristic 
curves by means of Gardner’s model. Among those 

contributions, there is the model TRIGRS (Baum  
et al. 2002; Baum et al. 2008; Savage et al. 2004), 
which is based on the linearization of Richards’ 
equation (Iverson 2000). The TRIGRS model is 
suited for shallow depths compared to the square 
root of the upslope contributing area (Iverson 
2000) and for homogeneous soil. The former 
hypothesis is realistic in many practical cases. The 
latter condition is far to be fulfilled for shallow 
deposits formed from weathering of underlying 
bedrock and for air-fall deposits (e.g. loess, or 
pyroclastic volcanic soils).  

Among the major uncertainties, the layering of 
soil deposits is important due to the contrast of soil 
layers’ conductivity and differences in shear 
strength. By now, the differences of stratigraphy in 
a large study area can be limitedly treated, for 
instance by subdividing the study area into smaller 
zones, each with a homogeneous stratigraphy. 
Some case histories are reported by Sorbino et al. 
(2007, 2010), who adopted this strategy to tackle 
the stability problem over a 60 km2 large areas. 
However, rigorous and effective tools are still 
desired for the analysis of layered shallow deposits. 
One example of that is found in Mergili et al. 
(2014), where a layered soil description was used 
for deep-seated landslide modelling. In addition, as 
evidenced by Sorbino et al. (2010), the 
effectiveness of physically-based methods for 
landslides forecasting is a still controversial issue 
especially depending on the accuracy of the DTM 
and for the chance that distinct triggering 
mechanisms may occur over large area (Cascini  
et al. 2008a).  

In this work, we analyse the slope stability of a 
large area using both saturated and unsaturated 
description for the shallow layered deposits of air-
fall volcanic (pyroclastic) soils, which were affected 
by slope instabilities some years ago. The main goal 
is to assess the effect of soil unsaturated conditions 
and soil stratigraphy for slope stability over large 
area. In particular, the pore water pressures are 
computed in the simplified hypothesis of 
homogeneous soil deposit, assuming saturated or 
unsaturated soil conditions. On the other hand, the 
slope stability conditions are computed referring to 
the two alternative schemes: homogeneous or 
layered soil deposit. The large-area slope stability 
models are applied to a past event in a study area of 
Southern Italy. The effect of soil unsaturated 
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conditions and soil stratigraphy for slope stability 
is assessed. 

1    Case Study 

The study area is the Cervinara site 
(41°01'15.36" N, 14°37'15.21" E, in Southern Italy), 
which is prone to rainfall-induced landslides due to 
a twofold peculiar condition: the presence of steep 
hillslopes and soil unsaturated condition. While the 
former favours slope failures, the latter guarantees 
slope stability even up 30° to 40° slope angle, 
providing that soil matric suction is not lowered to 
critical values.  

The extent of the site under investigation is 
approximately 18 km2. It was selected for two 
principal reasons: the availability of a detailed in-
situ and laboratory dataset as well as the 
occurrence of relatively-recent and well-
documented rainfall-induced shallow landslides.  

In particular, the Partenio mountain has a 
maximum elevation of 1300 m a.s.l., and is 
characterized by small mountain basins (0.62 to 
3.22 km2), with a high-order drainage network 
(Figure 1a). Principal geomorphological units are: 
Zero Order Basin (ZOB) and Open Slope (OP), 
sensu Cascini et al. (2008a). A ZOB consists of a 
morphological concavity of the bedrock and is filled 
with pyroclastic materials with the maximum soil 
thickness in the central zone, where rainwater 
convergence is somehow favoured; OP is a planar 
hillslope, with an almost constant soil thickness 
and longitudinal slope angle. 

Shallow deposits of pyroclastic soils are stable 

over 30° to 40° steep slopes (Figure 1b) due to 
unsaturated condition and related soil suction, 
which is variable between about 60-70 to 0-5 kPa 
(Cascini et al. 2014). Cut slopes are also present, 
mainly corresponding to mountain tracks (Figure 
1b). Pyroclastic deposits are generally up to 2-3 m 
thick, and constituted by few decimetres thick 
layers of silty sands (labelled as ashy B in Figure 2) 
and sandy silts (ashy A in Figure 2). Thin 
discontinuous layers of sands/gravels (pumice soils) 
are embedded between ashy soil layers, but will be 
disregarded. The classification used for the ashy 
soils is the same introduced by Cascini et al. 
(2008a, 2011b), for the sake of clarity. The 
predominant stratigraphy of the site is: ashy soil B 
above ashy soil A, and below fractured carbonate 
bedrock (Damiano et al. 2012); in some cases, only 
ashy soil B is found; elsewhere, bedrock is 
outcropping (Figure 2). Particularly, a recent in-

 
Figure 1 Cervinara study area: a) Hillshade of a 2×2 m Digital Terrain Model (DTM) with the indication of 100 m 
elevation contour lines, principal mountain basins and drainage network, b) Slope angle map of the above mentioned 
DTM (data courtesy of Autorità di Bacino Liri-Garigliano and Volturno rivers, 2012). 

Figure 2 Map of the stratigraphy of the pyroclastic 
deposits (B: ashy soil B over the bedrock, B/A: ashy 
soil B over ashy soil A, covering the bedrock), (data 
courtesy of Autorità di Bacino Liri-Garigliano and 
Volturno rivers, 2012). 
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situ investigation programme was carried out (data 
from Autorità di Bacino Liri-Garigliano and 
Volturno, 2012), including a vast series of field 
investigations. Iron-rod drillings (D) and 
penetrometer tests (P) were performed up to the 
bedrock contact. In addition, hand-excavated 
shafts (S) were used to investigate 1 to 3 meters 
below the ground surface. The spatial distribution 
of the in-situ investigations followed a quite regular 
grid map with a direction north-south east-west, 
and specific details are provided in Cuomo and 
Foresta (2015). The results were used to draw 
distinct thickness maps (Autorità di Bacino Liri-
Garigliano e Volturno 2012): i) for the total 
thickness of the shallow deposits (Figure 3a), ii) for 
the upper ashy B soil (Figure 3b), iii) for the lower 
ashy A soil (Figure 3c). The specific description of 
the field investigations (iron-rod drillings and 
others) and the discussion of the methodology used 
to draw the soil thickness maps are out of the scope 
of the paper. Nevertheless, it is worth evidencing 
that beside the in-situ investigations, different 
characteristics of shallow soils were considered to 
draw distinct thickness areas such as the 
geomorphological units (e.g. Open Slope and Zero 
Order Basin). As final result of the field 
investigation, it was found that only the 13.21% of 
the test area is characterized by a homogeneous 
stratigraphy (soil type B over the bedrock), the 
78.94% is constituted by soil B over soil A and the 
7.85% corresponds to the outcropping bedrock. 

Experimental laboratory tests allowed 
assessing either soil hydraulic conductivity, unit 
weigh or shear strength, in saturated and 
unsaturated conditions (Damiano et al. 2012). 
Specific details about the soil mechanical 
properties will be given later, when presenting the 
input data for modelling. 

Cervinara site was affected by shallow 
landslides some years ago. On 14th December 1999, 
starting from 12 a.m., a cumulated rainfall of 264 
mm in 38 hours (Fiorillo et al. 2001; Fiorillo and 
Wilson 2004), was recorded at the S. Martino Valle 
Caudina rain-gauge 5 km far. Hydrological 
analyses show that, on 15th December at 6:00 p.m., 
the return period of the cumulated rainfall over the 
previous 24 hours was 10-20 years, and it rapidly 
increased up to 50-100 years on 16th December at 
00:00 a.m. (Cascini et al. 2005). During the 
rainstorm, multiple flow-like mass movements 

occurred in about three hours. From the available 
data-set (data courtesy of Autorità di Bacino Liri-
Garigliano and Volturno rivers) and eyewitnesses 
of the inhabitants of Cervinara municipality, 
Cascini et al. (2011a) point out that firstly, three 
debris floods occurred at the San Gennaro, Ioffredo 
and Castello watersheds (Figures 1, 4), and a debris 
flow was triggered at the Ioffredo mountain basin 
three hours later (Figure 4). The three debris floods 
travelled distances up to 2.50 km in the piedmont 
zone, involving an area of about 4.70 km2. Ioffredo 
debris flow propagated over a 1.50 km run-out 
distance, affecting about 0.20 km2 in the piedmont 
zone. 

Figure 3 Map of the thickness of: a) pyroclastic 
deposits, b) upper ashy B soil layer, c) lower ashy A soil 
layer (c), (data courtesy of Autorità di Bacino Liri-
Garigliano and Volturno rivers, 2012). 
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In the triggering areas, it was observed that 
the failure surface may or may not correspond to 
the bedrock contact. Field evidences, repertory 
pictures and detailed descriptions are provided by 
Damiano et al. (2012), among others. Previous 
studies also suggested that local factors may have 
played a role for the failure onset. Damiano et al 
(2012) indicate the presence of a mountain 
trackway nearby the scar of the major landslide in 
the Ioffredo basin. Cascini et al. (2008b) provide a 
numerical analysis about the role of trackway, 
especially focusing on the modifications to 
transient pore water pressures and slope stability 
conditions during a rainstorm. In addition, Cascini 
et al. (2013) evidence how small scars may enlarge 
and spread laterally, thus causing the genesis of 
debris avalanches along Open Slopes.  

2    Methods and Input 

2.1 Methods 

The paper compares two cell-by-cell models. 
The first model is TRIGRS, which includes a cell-
by-cell seepage module for the computation of Pore 
Water Pressures (PWP) and a cell-by-cell slope 
stability module. The second model is a home-
made GIS routine, which uses the same seepage 
module of TRIGRS, while computes cell-by-cell the 
Factor of Safety (FS) considering a layered 
stratigraphy.  

As far as the pore water pressure module,  a 
transient seepage analysis is performed using the 
linearised solution of Richards’ equation (1931) 
proposed by Iverson (2000) and extended by Godt 
et al. (2008) to the case of impermeable bedrock 
located at a finite depth. In the analysed cases, the 
rainfall intensity never exceeds the saturated soil 
conductivity, and the runoff redistribution along 
the slope is not necessary to be accounted for. For 
the pore water pressures analysis, two distinct 
hypotheses are made: saturated or unsaturated soil 
conditions. 

As far as the slope stability modules, the first 
model (TRIGRS) computes FS at each cell of the 
DTM and at different depths from the ground 
surface. This model implements the infinite slope 
theory and relies on the hypothesis of 
homogeneous soil deposit. In the second model, 
the infinite slope theory is still used but for the 
scheme of shallow stratified deposit (Figures 2, 3). 
This means that each layer may differ from the 
others as far as either the soil unit weight or the 
effective cohesion or the friction angle. FS is still 
computed at different depths from the ground 
surface, at layers interface and at the bedrock 
contact. 

The validity of the vast-area infinite slope 
models (e.g. TRIGRS) in the contest of unsaturated 
air-fall volcanic (pyroclastic) soils covering steep 
slopes in the Campania region is documented by 
previous papers (Sorbino et al. 2007, 2010; Cuomo 
and Della Sala 2015, among others). Some 
limitations may be expected, much related to the 
cell-by-cell computation of both transient pore 
pressures and Factor of Safety (FS): the 
topographic convergence of the geomorphological 
unit (e.g. ZOB or OP) where failure occurs is not 
accounted for; cascading effects, such as the 
genesis of debris avalanche – which spreads 
laterally and downwards along an OP (Cascini et al. 
2013) – or the occurrence of multiple failures – as 
evidenced for ZOBs (Cascini et al. 2011b) – are not 
includable in the proposed analyses. The main 
disadvantage is that the simplified assumptions of 
infinite slope and cell-by-cell computation make 
both the slope stability models much sensitive to 
the input data, and appropriate applications of the 
model to a specific test area require its previous 
calibration with reference to: i) past events, ii) 
detailed in-situ and laboratory data-set.  

Figure 4 December 1999 landslides inventory map 
with the indication of both triggering, propagation and 
deposition areas (data courtesy of Autorità di Bacino 
Liri-Garigliano and Volturno rivers, 2012). 
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In the paper the December 1999 landslides are 
analysed, and the reliability of the models used is 
assessed through two different methods. 

Firstly, the Receiver Operating Characteristic 
(ROC) plot quantitative method is used (Cervi et al. 
2010; Montrasio et al. 2011). This analysis is used 
to compare the occurred landslides and the model 
results. Four cases may occur: i) a computed 
unstable cell corresponds to a landslide area (TP, 
True Positive); ii) a computed unstable cell is 
outside the observed landslides (FP, False Positive); 
iii) if a computed stable cell corresponds to an 
observed landslide cell (FN, False Negative); iv) if a 
computed stable cell does not correspond to any 
observed landslide cell (TN, True Negative). Based 
on these quantities, the Sensitivity is defined as the 
ratio between TP and the sum of TP and FN; while, 
the Specificity is defined as the ratio between TN 
and the sum of TN and FP. High sensitivity 
indicates a large number of correct predictions, 
whereas high specificity indicates a small number 
of false positives. In this paper the ROC analysis is 
performed by plotting the Sensitivity against the 
Specificity for various values of the Factor of Safety 
(FS), as reported in Montrasio et al. (2011); i.e. 
different points of the ROC plot are obtained by 
assuming, at each step, a different value for the 
safety factor FS. Conversely, considering only 
stable/unstable condition, the only representative 
point in the ROC plot is that corresponding to FS=1. 
For this ROC analysis we decided to check the 
sensitivity and the specificity of the obtained 
results in correspondence to values of FS higher 
than 1, in order to account for areas that approach 
the instability condition during a storm event. This 
analysis is purely deterministic, without any 
probabilistic meaning.  

As an alternative, two percentage indexes are 

also used, which are the “Success Index” (SI) and 
“Error Index” (EI) defined by Sorbino et al. (2007, 
2010) as follows. For each triggering area, SI is the 
portion (in percentage) of the observed landslide 
source area, which is correctly computed as 
unstable by the model (Figure 5). EI represents, for 
each mountain basin, the percentage ratio between 
the areas computed as unstable – which are located 
outside the observed triggering areas (Aout) – and 
the area of the basin not affected by triggering 
phenomena (Astab). In order to evaluate the models’ 
performance for the whole area of Figure 1a, mean 
quantities of the above indexes (SIm and EIm) are 
also defined. SIm represents the mean value of SI 
referred to the number of the triggering areas, 
while EIm is the mean value of EI referred to the 
number of the mountain basins. Additional 
quantitative indexes are also defined by Godt et al. 
(2008) and other sophisticated alternatives may be 
also tested. However, the paper will refer to the 
above defined SI, EI, SIm and EIm indexes either for 
the sake of simplicity or to make the analysis easily 
reproducible and exportable to other sites.  The 
success/error analysis is here performed to 
compare the reliability of slope stability analysis for 
Cervinara site to that assessed for the Sarno-
Quindici area (Sorbino et al. 2007, 2010). 

2.2 Input for models 

The DTM for the study area consists in a set of 
5’408’708 square cells, each 2 m × 2 m large. Such 
high detail is used to ensure that small triggered 
masses (few meters large) can be captured by any 
vast-area slope stability model. Nowadays, this 
level of detail is common in the practical 
applications and it is thought adequate for a large-
area analysis. The thickness of each soil layer 

 
Figure 5 Schematic and definitions of the quantitative indexes used to evaluate the efficacy of the slope stability 
model into reproducing the field observations (modified from Sorbino et al. 2010). 



J. Mt. Sci. (2016) 13(1): 104-115   
 

 110

and/or the soil deposit thickness is taken from the 
maps of Figure 3, and used for the computation of 
Pore Water Pressure (PWP) and Factor of Safety 
(FS) along the vertical, each 0.5 m. The thickness of 
layers A and B when they are both present are 
approximately 1 – 2 m for A and 0 – 1 m for B. 

The pore water pressure computation is 
carried out referring to the hypothesis of 
homogeneous soil deposit. For soil saturated 
conditions, the saturated conductivity (Ksat) and 
the saturated diffusivity (Dsat) are respectively 
assumed equal to: 5×10-6 m/s and 5×10-5 m2/s. For 
unsaturated conditions, the soil water retention 
curve – relating the volumetric water content and 
pore water pressure – is derived from Gadner’s 
model (Eq. 1) and the soil conductivity curve is 
derived from Eq. 2; it entails: 

  ( ) αψϑϑϑϑ ersr ⋅−+=                    (1) 

( ) αψψ eKK s=                                     (2) 

where ψ is the pressure head (i.e. pore water 
pressure divided by unit weight of water), and ks is 
the soil saturated conductivity. The volumetric 
water content at saturation (θs) and at residual 
condition (θr) are assumed equal to 0.66 and 0.2, 
and the shape function coefficient (α) is equal to 
6.3 m-1. This set of parameters completely defines 
the Soil Water Characteristic Curves (SWCCs) 
reported in Eqs. 1 - 2. This set of parameters is 
selected referring to the experimental laboratory 
results provided by Damiano et al. (2012) for 
Cervinara site and are consistent with the results 
obtained by Sorbino et al. (2007, 2010) for Pizzo 
d’Alvano site, 25 km far. 

Initial condition is represented by the depth of 
water table, which is assumed at the bedrock 
contact in all the simulations. Boundary conditions 
are represented by an impervious condition at the 
bedrock contact and rainfall intensity at the ground 
surface.  

For the back-analysis of December 1999 
landslides a rainfall duration equal to 38 hours and 
a cumulated rainfall is 263.8 mm are assumed, 
based on the data provided by Fiorillo et al. (2001). 
This means an average constant intensity equal to 
6.94 mm/h (i.e. 1.928×10-6 m/s), which is lower 
than saturated conductivity. The choice to use 
average daily rainfall intensity is related to the 
widespread availability of future rainfall data with 

a daily resolution. 
In the homogeneous soil deposit model, the 

soil shear strength parameters are effective 
cohesion (c’), friction angle (φ’), total unit weight 
of soil (γs), and they are respectively assumed 5 kPa, 
38° and 14.5 kN/m3. The latter value is assumed 
both in saturated and unsaturated condition, 
considering as negligible its variation during winter 
rainfall (Cascini et al. 2014). The experimental 
laboratory results were obtained from specimens 
collected at different slopes within the test area, 
and are representative of the analyzed large area. 

For the stratified soil deposit model, ashy soils 
were differentiated taking into account that the 
difference in the friction angle is moderate and this 
difference may limitedly affect the slope stability 
conditions while for the effective cohesion even 
small differences are much important for the slope 
stability. This issue was formerly discussed by 
Cascini et al. (2005). Thus, the paper will 
investigate the single effect of a different cohesion 
for the ashy soils. For the upper coarser ashy B soil 
it is assumed γs= 14.5 kN/m3, φ’= 38°, c’= 0 kPa, 
while for the lower finer ashy A soil γs= 14.5 kN/m3, 
φ’= 38°, c’= 5 kPa. 

3    Large-area Slope Stability Analysis 

The slope stability model is firstly applied in 
the hypothesis of homogenous soil deposit, and 
referring to the soil properties described in sect. 
2.2. The stability of slopes before rainfall is 
correctly reproduced as the computed Factor of 
Safety is higher than 1.0 in all the cells except for 
41’910 which cover the 0.9% of the study area. This 
satisfactory result provides a nice measure of the 
quality of the DTM, of the thickness map, and of 
the soil mechanical properties and initial 
conditions.  

The homogeneous soil model is then applied to 
the slope failures caused by the December 1999 
rainstorm. Figure 6 shows the spatial distribution 
of both the unstable cells (FS ≤ 1.0) and the stable 
cells with a Factory of Safety not larger than 1.3 
(1.0 < FS ≤1.3) computed in two different 
hypotheses: saturated (Figure 6a) or unsaturated 
(Figure 6b) soil conditions. In the former case, a 
dramatic overestimation of the failure zones is 
obtained, while a more realistic scenario is 
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depicted in the latter case. The qualitative 
comparison of these two scenarios is sufficient to 
observe that soil unsaturated condition is a key 
factor to properly tackle the landslide triggering in 
the test area. Nevertheless, this comparison will be 
enhanced later on, referring to ROC curves and 
other quantitative indexes. 

The stratified soil model is applied – similarly 
to the previous case – with reference to the slope 
condition before and after the landslides 
occurrence. Distinct soil mechanical properties 
were used for the soil layers A and B, as specified in 
sect. 2.2. The results for the initial slope stability 
conditions well reproduced the field evidence, as 
the computed Factor of Safety is higher than 1.0 in 
the 98.92% of the cells. As it concerns the failure 
scenarios, both the hypotheses of saturated and 
unsaturated conditions are considered. Particularly, 
Figure 7 shows the spatial distribution of both the 
unstable cells (FS ≤ 1.0) and the stable cells with a 
Factory of Safety not larger than 1.3 (1.0 < FS ≤1.3) 
computed in the two different hypotheses of 

saturated (Figure 7a) or unsaturated (Figure 7b) 
soil conditions. Broadly speaking, both the 
scenarios are realistic within this model and a 
quantitative reliability assessment will be proposed 
for the comparison. 

The Receiver Operating Characteristic (ROC) 
curves outline that in the hypothesis of 
homogeneous slope, the unsaturated model 
performs better that the saturated one (Figure 8). 
This result is consistent with the previous literature, 
which highlighted the importance of both the 
unsaturated conditions and matric suction, and 
related increment of shear strength for slope 
stability. On the other hand, in the hypothesis of 
unsaturated slopes, the stratified model is better 
than the homogeneous model in capturing the 
failed areas (Figure 8). Also this result agrees with 
important literature contributions about the role of 
soil layering in shallow deposits of coarse soils 
subjected to short heavy rainfall. 

Table 1 provides another quantitative 
assessment of the reliability of the four above-

 
Figure 6 Spatial distribution of the unstable (FS ≤ 1.0) or the stable cells with a Factory of Safety not larger than 1.3 
(1.0 < FS ≤1.3) computed through the application of the homogeneous slope stability model for the December 1999 
landslides assuming:  a) saturated and b) unsaturated soil condition. 

Figure 7 Spatial distribution of the unstable (FS ≤ 1.0) the stable cells with a Factory of Safety not larger than 1.3 
(1.0 < FS ≤1.3) computed through the application of the stratified slope stability model for the December 1999 
landslides assuming:  a) saturated and b) unsaturated soil condition. 



J. Mt. Sci. (2016) 13(1): 104-115   
 

 112

mentioned models based on the Success and Error 
indexes introduced by Sorbino et al. (2007, 2010). 
The highest averaged Success Index (SIm) is 
obtained for the saturated stratified model (59.9%) 
while the lowest Error Index (EIm) is achieved for 
the unsaturated homogeneous model (8.99%). 
Both the Success and the Error indexes computed 
for the four proposed models are similar to those 
reported by Sorbino et al. (2010).  

Figure 9 shows the spatial distribution of the 
depth of slip surface for the unstable areas, as 
computed through the unsaturated stratified model. 
Among the simulated failure zones Figure 9a shows 
that: i) the 43.31% relates to a slip surface at the 
bedrock contact where only B soil is present, ii) the 
0.21% is the area, with B soil over A, computed as 
unstable along the bedrock contact; iii) the 56.48% 
corresponds to a slip surface located at the 
interface between upper B soil and lower A soil, 
and the corresponding area is about 2 km2. It is 
worth noting that the failed soil thickness 
computed through the unsaturated stratified model 
is between 0 and 1 m (Figure 9b). This entails that 
the percentage of the total thickness mobilized 
during the 1999 landslides mostly ranges from 50 

and 75% (Figure 9c). This result is consistent with 
previous contributions, which highlighted similar 
values for the Sarno-Quinidici area due to the May 
1998 landslides (Cascini et al. 2005; Cascini et al. 
2011b). 

4    Discussion 

The problem of the slope stability in 
unsaturated layered shallow deposits subjected to 
short heavy rainfall is a challenging task. The paper 
tackles this issue in the best way possible to date.  

Pore water pressures (PWP) are computed for 
the homogeneous infinite slope scheme while a 
rigorous computation would require approaches 
similar to that proposed by Srivastava and Yeh 
(1991), implemented in a GIS platform, and usable 
with reasonable computational times. Until this 
issue will be tackled, pore water pressures cannot 
be rigorously computed for layered soils in a large-
area analysis. For the case study, the selected 
hydraulic properties are average values among 
those of the two existing soil layers. It entails that 
pore water pressures may be overestimated in the 
upper soil (coarser and more permeable than the 
lower layer) and eventually underestimated in the 
lower soil layer. 

As for the slope Factor of Safety (FS), both the 
homogeneous or stratified scheme is considered 
and the chance for slope failure at the contact 
between the two soil layers is highlighted.  

The limitations of the proposed models are 
several. It is worth noting that overestimated pore 
pressure in the upper soil cause an 
underestimation of the Factor of  Safety for slip 
surfaces located at the contact between upper soil B 
and lower soil A. In addition, other reasons may 
reduce the overall performance of the vast-area 
slope models: i) highly transient pore water 
pressure, here schematized through a linearised 
form of Richards’ equation, ii) rainwater 

convergence to specific points of the 
slope, due to natural or anthropogenic 
factors generating and/or enhancing 
water runoff, which is an issue not yet 
includable in a large-area analysis, iii) 
slope morphology different than infinite 
slope, at a local scale. Nevertheless, the 
results of the paper, especially those 

Figure 8 Receiver Operating Characteristic (ROC) 
curves for the four slope models proposed. 

Table 1 Success and Error Index computed for the test site through 
different vast-area infinite slope models. 

Model Pore water 
pressure Slope stability SIm (%) EIm (%)

Sat_Hom Saturated Homogeneous 42.56 39.32
Unsat_Hom Unsaturated 26.61 8.99
Sat_Strat Saturated Stratified 59.90 59.48
Unsat_Strat Unsaturated 50.31 32.72

Notes: SIm: Success Index; EIm: Error Index. 
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achieved through the unsaturated layered infinite 
slope model, provide a new scientific contribution 
to the literature. In this sense, the results of the 
paper may improve the capability to assess the 
potential landslide source zones, which are 
currently not captured by the vast-area infinite 
slope model under the standard hypothesis of 
homogeneous slope either saturated or unsaturated. 

5    Conclusions  

The problem of rainfall-induced failures over 
large areas in the case of unsaturated layered 
shallow deposits is of potential interest in many 
environmental contexts, while presenting some 
issues which are still difficult to be dealt with. 
Among these, the combination of unsaturated 
conditions and soil layering may correspond to 
failure scenarios, which are difficult to be precisely 
captured through standard analytical vast-area 
slope stability models.  

Thus, the paper followed this strategy: i) 
providing first a validation and a quantitative 
assessment of the performance of an existing 
homogeneous infinite slope model for some real 
landslides in a test area of southern Italy, ii) then, 
evaluating under a simplified hypothesis the spatial 
distribution of the unstable areas computed by a 
stratified slope model. Either unsaturated or 
saturated soil conditions are considered for the 
computation of the pore water pressures. Then, the 
infinite slope model, homogeneous or stratified is 
applied. Thus, four distinct slope stability models 
are applied to the test area, whose detailed 

information are presented in the paper.  
The validation of the models is first performed 

with reference to the initial slope conditions. The 
results are satisfactory because the computed 
Factor of Safety is higher than 1.0 (slope stable 
conditions) in the 99.10% of the study area for the 
homogeneous slope model and in the 98.92% of 
the study area for the stratified slope model. 

The validation of the slope models is then 
referred to the December 1999 landslides. The 
Receiver Operating Characteristic (ROC) curves 
outline that in the hypothesis of homogeneous slope, 
the unsaturated model performs better that the 
saturated one. On the other hand, in the hypothesis 
of unsaturated slopes, the stratified model is better 
than the homogeneous model into capturing the 
failed areas. Both the results are consistent with the 
literature, which independently indicate the 
unsaturated conditions or the soil layering as key 
factor for the slope stability conditions of shallow 
deposits of coarse-grained unsaturated soils 
subjected to short heavy rainfall. The performance 
of all of the four slope stability models is also 
evaluated through other quantitative indexes, 
previously proposed in the literature, and both the 
unsaturated conditions and the soil layering are 
confirmed as key ingredients for an appropriate 
vast-are slope modelling of the test area. 

The goal of the paper was to address for the 
first time the issue of large-area analysis of 
unsaturated stratified slopes. It must be recognized 
that important simplifications were introduced in 
the slope models. Nevertheless, it is shown that it is 
possible to reduce the current limitations of the 
large-area analysis tools in the case of layered 

 
Figure 9 Results of the large-area unsaturated stratified slope stability model: a) location of the slip surface, at the 
bedrock contact or at the interface between B and A soils, b) computed thickness of the failed soil, c) ratio of the 
computed thickness of the failed soil to the total thickness of the pyroclastic deposit.  
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unsaturated soils. Finally, the models here used 
can be easily applied to future rainfall data and/or 
exported to other sites with similar environmental 
conditions and/or similar features of the potential 
shallow landslides. 
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