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Abstract. On the 27 and 28 April 2009, the area of Oltrepo of particularly intense and concentrated rainfall, they can be
Pavese in northern Italy was affected by a very intense raindensely distributed across a territory.

fall event that caused a great number of shallow landslides. The susceptibility analysis of rainfall-induced shallow
These instabilities occurred on slopes covered by vineyardfandslides on a large scale is usually performed using sta-
or recently formed woodlands and caused damage to mangistical methods (Carrara et al., 1991; Bai et al., 2009; Cervi
roads and one human loss. Based on aerial photographs takenal., 2010; Li et al., 2012). More recently, physically based
immediately after the event and field surveys, more thanmodels proved rather promising in evaluating shallow land-
1600 landslides were detected. After acquiring topographi-slide spatial susceptibility, starting from a distributed slope-
cal data, geotechnical properties of the soils and land usestability analysis (Montgomery and Dietrich, 1994; Wu and
susceptibility analysis on a territorial scale was carried out.Sidle, 1995; Iverson, 2000; Qiu et al., 2007; Baum et al.,
In particular, different physically based models were applied2008; Lu and Godt, 2008; Simoni et al., 2008; Baum and
to two contiguous sites with the same geological context butGodt, 2010). Encouraged by the performance of these phys-
different typologies and sizes of shallow landslides. This pa-ically based models and with the aid of the widely available
per presents the comparison between the ex-post results okseographic Information Systems (GIS), researchers devel-
tained from the different approaches. On the basis of the obeped and applied methods that appear suitable for determin-
served landslide localizations, the accuracy of the differenting both the timing and localization of shallow landslides in
models was evaluated, and the significant results are highresponse to rainfall on a regional scale (Salciarini et al., 2006,
lighted. 2008; Godt et al., 2008a, b; Schmidt et al., 2008; Apip et al.,
2010; Liao et al., 2011; Vieira et al., 2010; Arnone et al.,
2011). With regard to the spatial susceptibility assessment of
shallow landslides, different methods of analysis are not mu-
tually exclusive. On the contrary, the use of different strate-

1 Introduction gies and the comparison of the obtained results can help to:
Rainfall-induced shallow landslides typically occur due to — Enhance the quality and reliability of each method.
small failures of natural slopes that collapse catastrophically

without warning. Although they generally involve small vol-  — Highlight and identify the most important factors affect-
umes of soil, due to their close proximity to urbanized areas, ing the phenomenon.

they cause significant damage to structures and infrastructure
and, sometimes, human losses. Moreover, as a consequence- Omit less influential aspects to simplify the models.
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— Select the most appropriate methodology to achieve aApril 2009 rainfall event{ 24 landslides per square kilome-
specific goal. ter, equal to approximately 0.5% of the entire area). How-
- . . ever, the land cover is quite different between the two study
For these reasons, it is useful to apply different analysis ap- . o : ) .
) areas; specifically, area 1 is characterized by vineyards and
proaches to a well-documented case history, such as for the .
: woodlands (15 %) that correspond to vineyards abandoned

event that occurred in the area of Oltrepo Pavese (Lombard

. . AN fter the 1980s, and the land cover of area 2 is constituted
Reg'of“ ”O”he”.‘ Italy) on the 27 apd 28 April 2009. A partic only by vineyards that have not changed over the last thirty
ularly intense rainfall triggered a significant number of shal- ears
low landslides (approximately 1600), which, in turn, causedy : , . . .

) The test site slopes are characterized by a medium-high
damage to many roads and one human loss. The rich land-__ .. "
. . . . radient and are composed of marls (S. Agata Fossili Marls),
slide database, compiled on the basis of aerial photos an

field surveys, was useful in evaluating the results ofdiﬁerentgravel' sand and poorly cemented conglomerates (M. Ar-
determinis)t/ic, models in terms of the c%rres ondence betweerz1OIO Sandstones and Rocca Ticozzi Conglomerates). A small
P ortion of the area is characterized by the presence of the

the landslides source area localization and the assessed u%— . .
stable areas essoso-Solfifera Formation (marls, sandy marls and vac-

Four physically based stability models, namely TRI- uum limestone with lenses of gypsum-rudites containing

. . N . gypsum selenite) (Fig. 1). The strata dip east-northeast. Col-
GRS (Transient Rainfall Infiltration and Grid-Based Re- ;% ; . )
gional Slope-Stability Model; Baum et al., 2008), SHAL- luvial soils, derived from the weathering of bedrock, have a

STAB (Shallow Slope Stability Model; Montgomery and Di- t/k;ltl:lgn:ss ranging from 0.5m to 2 or 3m atthe bottom of the
etrich, 1994), SINMAP (Stability Index Mapping; Tarboton, yS.

1997; Pack et al., 1999) and SLIP (Shallow Landslides Insta—M;_ dhiteerrcallmztrlwct riglznhear;r;te'[nge;:)ea drls sLhrﬁmgfsegrqungl d
bility Prediction; Montrasio, 2000; Montrasio and Valentino, ype, y ory

2008), were utilized to analyze the study area. winters, with a primary peak of rainfall in autumn and a

. . ..secondary peak in spring. The mean annual temperature is
These physically bas_ed models_ are characterized by OIIf12"C. The average annual rainfall is approximately 700 mm
ferent levels of complexity, and their results strongly depend. ) . . . .

. . . .in low-lying areas and 998 mm in the hills, with an increase
on the quality and detail of the input data. Moreover, their .

. - . o in the rainfall amount from west to east.
capability of providing reliable results within a reasonable Oltreno Pavese is characterized by hiah density of land-
computation time span is strictly linked to the extent of the P y hig Y

slides. The mass movements often develop in clayey—marly
study area. . o
. . I ., . formations and are classified as complex deep movements
Vegetation, land use and their change in time are widely, . ; :
triggered by prolonged rainfalls. More recently climate

recognized as important factors influencing rainfall-triggered ? .
. : i changes are responsible of extreme weather conditions, such
landslides (Begueria, 2006a); therefore, the models were ap- . : .
. ) . : . as heavy rainfalls, that have triggered shallow landslides. The
plied to two contiguous sites with the same geological con-

text, but different land cover change, which results in differ- event of April 2009 was the only documented case of rainfall-
! . . ge, : induced shallow landslides that hit the Oltrepo Pavese since
ent typologies and sizes of shallow landslides.

In the following section, the main qualities distinguishin the fifties.
9 . qu disting 9" On the 27 and 28 April 2009, the northeastern sector of
the four models are outlined, and their predictive capabili-

ties are evaluated using a quantitative method known as re(_)ltrep(_) Paves_e experienc_ed an extreme rainfall event. On the
ceiver operating characteristic, ROC (Begueria, 2006b). Fi-28 Aprll_, the Cigognola rain-gauge station recorded 150 mm
nally, limits and key advantagés of the di1‘ferent1simulationsOf rain in 48h (.20%.0f the_ annual average amount), with

. . ; maximum rainfall intensity of 22mnth at 9p.m. on
are discussed, and comparisons between the obtained resu%

S April (Fig. 2).
are highlighted. After this peak was reached, several shallow landslides

were triggered, causing one fatality and loss of agricultural

2 The study area land, as well as damaging/blocking roads in several places.
The April 2009 event occurred after a rather wet winter sea-

The study area is located in the northeastern sector of Oltrepeon with heavy snowfall.

Pavese, where many shallow-seated landslides occurred due

to rainfall on 27-28 April 2009 and which belongs to the

northwestern Italian Apennines (Fig. 1).

Two test sites were selected on the Apenninic margin.

Area 1, with a surface area of 13.36%nis characterized

by a shallow landslide density of 37 per square kilome-

ter (~ 1.85 % of the entire area). A second study area (area 2),

with an area of 10.6 ki has the same geological character-

istics as area 1 and experienced shallow landslides during the
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Fig. 1. Geological map of the study area.

- which the most conservative set of parameters (i.e., the set
with the most unfavorable combination of parameters for sta-
i 150 bility) in the model results in stability, the stability index is
£ defined as the factor of safety.
- The factor of safety (FS) calculation in SINMAP is based

on the infinite slope form of the Mohr—Coulomb failure law,
as expressed by the ratio of stabilizing forces (shear strength)
to destabilizing forces (shear stress) on a failure plane paral-

H| | ‘ lel to the ground surface.
II 1 I| I‘l |I |I|.I||I.I.. M
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Fig. 2. Hourly and cumulative rainfalls measured over the period WhereC; is the root cohesion [N ], Cs is the soil cohe-

from 26 to 28 April 2009 (Cigognola rain gauge). sion [N 2], 6 is the slope angleys is the wet soil density
[kg m~3], py is the density of water [kg ], g is the gravi-

tational acceleration (9.81 m$), D is the vertical soil depth

3 Materials and methods [m], Dy is the vertical height of the water table within the
soil layer [m] andg is the internal friction angle of the soil
3.1 The models [°].
Following TOPMODEL (a TOPography based hydrologi-
3.1.1 SINMAP model cal MODEL) (Beven and Kirkby, 1979), SINMAP makes the

following assumptions:
SINMAP outputs the stability index (SI) (Tarboton, 1997;

Pack et al., 1999). The stability index is defined as the proba- 1. The shallow lateral subsurface flow follows topographic
bility that a location is stable, assuming uniform distributions gradients. This implies that the area contributing to flow
of the parameters over the uncertainty ranges. The Sl ranges at any point is given by the specific catchment area (a)
between 0 (most unstable) and 1 (stable). At the location at  defined by the surface topography.
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Rainfall have Sls- 1.5 and FS- 1.0, and they represent regions that
ﬁ s B should not fail with the most conservative parameters in the
ﬁ ﬂ specified range (destabilizing factors are required for insta-
ﬁ ﬁ bility, such as local loading and road drainage). For lower-
ﬂ threshold and upper-threshold classes, the calculated FS is

ﬁ H < 1.0, yet the probability of failure is less than and greater
than 50 %, respectively. These two classes define a lower and
upper limit for ground failure and have Sl values of 1.0 to
1.5and 0to 1.0, respectively. In the unconditionally unstable
(defended) class, the probability of failure within the speci-
fied range of parameters is greatesto0 % probability as-
sumed).

Unsaturated

Bedrock

. 3.1.2 SHALSTAB model
Slip surface

The SHALSTAB model predicts the critical rainfall neces-

sary for slope failure throughout a study area (Montgomery

and Dietrich, 1994).

2. The lateral dischargeg at each point is in equilibrium The formulation adopted by the model is a combination
with a steady-state recharge[m h™1]. of hydrological and geomechanical components and is de-

scribed by the equation:

Fig. 3. Diagram of the infinite slope.

3. The capacity for lateral flux at each point 1ssin 9,
where T is the soil transmissivity [fhh~1], i.e., hy- i —rsing 2P (1_(1- € tand @
draulic conductivity [m 1] multiplied by soil thick- "~ Al pw sing cosd / tang

ness, h [m]. where

Assumptions 1 and 2 together imply that the lateral dis- 9.1
charge (depth integrated per unit contour length) is Ra [ = kzCO%¥ (’" h ) ®)

2 -1 . : ;
m<h~+]. Based on assumption 3, the relative wetness is : . o
[ ] P where T is the soil transmissivityk is the saturated hy-

o Ra 5 draulic conductivityy is the vertical depth of the soil (depth
w=min Tsing’ @) to bedrock) g is the slope angled is the drained ared, is

h lati hich defi h lative denth 1Ehthe cell width,ps and p,, are the soil and water densities, re-
e relative wetness, which defines the relative depth of t pectivelyC is the soil cohesion, anglis the internal friction

perched water table within the soil layer, has an upper boun ngle
of 1, with any excess assumed to form overland flow. The ra- The predictive index of this model (stability index) is ex-

tio R/T in Eq. (2) quantifies the relative wetness in terms of pressed in mm dayt of critical rain and is variable on a scale
the assumed steady-state recharge relative to the soil's capag \ 65, where lower values indicate a greater propensity
ity for the lateral drainage of water and combines both cli- ¢ jnstapility and higher values indicate a greater propen-
mate and hydrogeological factors. The quanity R)Sinf gy or stability. This scale also encompasses areas identified
[m] may be thought of as the length of hillslope (planar, not ", ¢ onditionally stable (identified in Figs. 6b—7b by daily
convergent) required to develop saturation in the critical wet i - ounts greater than 1000 mm) and unconditionally un-

period being considered. stable based on the value of estimated rain (if@dagquals

To d.efllne the Stab'_"ty mdex', the lwetness index from or exceeds tap, slope instability will occur even under dry
Eq. (2) is incorporated into the dimensionless factor of Safetyconditions).

which becomes

Important assumptions underlying the SINMAP and
C +cosd [1_min(ﬂ 1) r]tang SHALSTAB theories include the subsurface hydrologic

Tsing’ . . . .
sing =0 ®) boundaries being parallel to the surface, uniform soil

FS

thickness and hydraulic conductivity, translational slides, a
steady-state shallow subsurface flow and the absence of deep
drainage and flow in the substratum.

The variables: andd are derived from the Digital Elevation

Model topography, whereas the valuegotanp, r andR/ T

are input by the user. In SINMAP, cohesion is retained in

the infinite slope stability model. A dimensionless cohesion3.1.3 TRIGRS model

factor C is established, combining cohesion due to soil and

root properties and soil density and thickness. The Transient Rainfall Infiltration and Grid-Based Regional
SINMAP differentiates between six different classes of Slope-Stability Model (TRIGRS) is a Fortran program de-

the SI. Stable, moderately stable and quasi-stable classesgned for modeling the timing and distribution of shallow,
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rainfall-induced landslides (Baum et al., 2008). Only a short The model assumes that the main hydro-geotechnical pro-
description is reported here, as many authors have describezkss that leads to failure is the saturation of parts of the sail,
in detail and used this model in the past decade (Baum et alwhich can be either immediately above the assumed failure
2008; Salciarini et al., 2008; Kim et al., 2010). The model surface or at a higher position.
is based on the method outlined by Iverson (2000) with the The slope is initially stable due to the partial saturation of
implementation of complex storm histories, an impermeablethe soil, which contributes to its shear strength. Rainwater
basal boundary at a finite depth, and a simple runoff rout-flows easily through the macro-pores and reaches the deeper
ing scheme. The program computes transient pore-pressuigarts of the many natural micro-channels. The hypothesis is
changes and changes in the factor of safety due to rainfall inthat water starts to flow in different directions through the
filtration. It models rainfall infiltration resulting from storms micro-pores of the soil matrix in the zones surrounding the
that have durations ranging from hours to a few days us-macro-pores. The process continues as rainfall persists, and
ing analytical solutions for partial differential equations that increasingly larger portions of soil become saturated. The
represent one-dimensional, vertical flow in isotropic, homo-sliding process begins when a relatively wide continuous
geneous materials for either saturated or unsaturated condstratum of saturated soil (mH) has formed.
tions. The use of step-function series allows the program to The stability of a slope is evaluated based on the defini-
represent variable rainfall input, and a simple runoff routing tion of the safety factor (FS), which is calculated using the
model allows for the diversion of excess water from imper- limit equilibrium method as the ratio between stabilizing and
vious areas to more permeable downslope areas. The TRHestabilizing forces. Stabilizing forces are evaluated on the
GRS program uses a simple infinite-slope model to com-basis of the Mohr—Coulomb strength criterion. The partial
pute the factor of safety on a cell-by-cell basis. The factor ofsaturation contribution to the soil shear strength, in terms of
safety, FS, is calculated for transient pressure heads at multthe apparent soil cohesion, is also included. This contribution
ple depthsZ as follows allows even those slopes characterized by non-cohesive soils
to be considered stable in unsaturated conditions, but with a
tang’ ¢ — vy (Z,)ywtang 6 slope angle steeper than the friction angle. The safety factor
~ tang veZsSinpcosp 6 can be defined as follows

_cotptang’[I" +m (nw — 1)] + C'Q
- ' +mny

wherec’ is the effective soil cohesior’ is the soil shear FS
strength angley is the ground-water pressure head as a
function of depthZ and timez, 8 is the slope angle, and \yhere

yw andys are the unit weights of water and soil, respectively.

The depthZ where FS first drops below 1 is the depth I' = Gs(1—n) +nS; (8)
of landslide initiation. This initiation depth depends on soil
properties and the time and depth variation of the pressure n(l—S) ©)
head, which, in turn, depend on rainfall history. An approxi- '
mate formula for the effective stress in unsaturated materials 5
aids the computation of the factor of safety in unsaturated = ————— (10)
soils. Horizontal heterogeneity is accounted for by allowing Sin28 H yw
;:1:;;52:“ ?(;%Z(T[tles' rainfall, and other input values to varyC, _ [c/—i—cw]AS: [c’+ASr(1— 5y (l—m)"‘]As (11)

@)

3.1.4 The SLIP model e §
nH(1-35)

A detailed derivation of the SLIP model is presented else-

where (Montrasio, 2000; Montrasio and Valentino, 2008; The symbols in Egs. (7) through (12) have the following

Montrasio et al., 2011, 2012). In this paper, the necessaryneaningsj is the slope angle)’ is the shear strength angle

relations required for completeness are provided. of the soil; y is the unit weight of waterH is the thick-

To determine the stability condition for shallow landslides, ness of the potentially unstable layets is the unit length
with a maximum depth of approximately 1.5 to 2 m, the infi- of the soil slice; m represents the saturated fraction of the
nite slope model can be applied. Moreover, field informationsoil layer with respect to its thickned$; n is the porosity
from the study sites revealed that the shallow unstable layeof the soil; G5 is the specific weight of the soib; is the de-
was rather thin with respect to the superficial extent of thegree of saturation of the soil; ¢’ is the effective soil cohesion;
scars. The model used to describe the triggering mechanismwy) is the apparent cohesion given by the partial saturation
assumes that the potential failure surface is located, with reef the soil; A, A anda are numerical calibration parameters;
spect to the ground level, at a deth i.e., where the base ¢ is a runoff coefficientKr is the discharge capacity of the
layer is less permeable than the upper layer (Fig. 3). slope;t is the moment of time being considered; anid the

Y hiexpl—Kr (t —1)] (12)
i=1
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time (day) to which the rainfall depth corresponds. The di- of a failure surface parallel to the slope surface. In area 2,
rect correlation between the safety factor FS and the rainfalthe landslide typologies and sizes are quite different; shallow
depth is achieved by considering the facioas a function, landslides are represented by type c, which develop in the
at each time step, of previous rainfalls and of the parametepresence of road cuts.

K7, which is linked to the drainage coefficient of the soil. A Common characteristics of shallow landslides are the co-
detailed description of the model is provided by Montrasio alescence of scars and/or accumulations and limited dimen-

and Valentino (2008) and Montrasio et al. (2011). sions (surface area of less than 1000.m
The comparison of aerial photographs of different peri-
3.2 The input parameters ods (1954, 1980, 1994, 2000, 2003, and 2007) did not reveal
similar phenomena in the past, which may be due to the ex-
3.2.1 Landslide inventory tinction rate of scars resulting from human activities. Only a

few deep landslides were identified.
Color aerial photographs taken immediately after 27 and Landslides appear on NW- and NE-oriented slopes and
28 April 2009, in the northeastern part of Oltrepo Pavese were observed in a slope range from 16 t6.3Vhe high-
with an image resolution of 15 cm (photo scale of 1:12 000),est landslide frequency corresponds to slope angles between
were studied to map the existing landslides. 25 and 30.

Field investigations (carried out two days after the rain- Most of the landslides tended to be concentrated in areas
storm) required a detailed study of the failure site geomor-where the slope angle changed from a gentle slope to a steep
phology and the characteristics of the landslides. Detailedslope or vice versa.
field surveys were also conducted to detect slope failures and Changes in land cover have played a major role in land-
study landslide elements (e.g., scarp and body). The descrifslide occurrence and distribution, especially in the study
tion of landslides includes the type of movement accordingarea 1. Over the study period (1980-2009), significant
to the classification of landslides described by Campus ethanges occurred in land cover, particularly as a result of
al. (1998) and Cruden and Varnes (1996). The presence or althanging agricultural practices, which caused a significant
sence of groundwater seepage and the location of landslidesyodification of runoff conditions. Until the 1980s, traditional
with respect to land use, were also recorded. vineyard plantations used a tillage pattern oriented across

Three sets of aerial photographs, taken in 1980, 2003 anthe maximum slope gradient. Agricultural work was under-
2009, were used to map the evolution of land cover and taaken in the traditional manner with weeding and digging;
study its relationship with shallow landslide occurrence inthus, runoff and sediment transport were partially controlled.
the last 30 yr. After the 1980s, traditional vineyards disappeared and were

Aerial photo interpretation, coupled with field surveys, re- replaced by modern vineyards with rows parallel to the max-
vealed that the rainfall event of April 2009 triggered 491 imum slope gradient (upslope and downslope) to optimize
landslides in area 1 and 256 in area 2 (Fig. 1). Most of thethe vine density and the mechanical work. In area 1, from
landslides were shallow (thicknesses were generally betweeh980 to 2009, woodland areas increased from 8 to 45% as a
0.5 and 2 m), with the failure surface located along the bor-consequence of the recolonization of abandoned vineyards.
der between the colluvial cover and the weathered bedrock he roots generally extend into the first meters of the soil
and, in some cases, involving portions of the bedrock. Ac-profile and are involved in the landslides. In the abandoned
cording to the classification of Cruden and Varnes (1996)vineyards, the old tillage pattern oriented across the maxi-
and that proposed by Campus et al. (1998) for rainfall-mum slope gradient allows for the concentration of water.
triggered landslides, five types of landslides can be identifiedThis explains the occurrence of a great number of landslides
in the study site: (a) incipient translational slides: fracturesin woodland areas.
are present in the terrain but the displaced mass has limited For validation of the models through the use of ROC
movements with little internal deformation; (b) translational curves, a detailed database of landslide source areas was
soil slides; (c) rotational slide-translational slides: generallymanually built, identifying the landslides with simpler mor-
develop in the presence of a road cut; (d) complex landslidesphology at the point in the scar with maximum curvature; for
the landslide is initiated as an ensemble of shallow rotationalthe more complex shapes or in the case of large landslides,
translational failures and then evolves into earth flow due tomore than one point was taken into account.
hillslope runoff during continuous rainfall, extending for a  Two different data sets of shallow landslides were used
considerable distance down the slope (some slides of thigs input data for the physically based models: the first data
type have a length of up to 250 m); and (e) disintegratingset considers all typologies of landslides, and the second ex-
soil slips: due to the increase in water content, the disruptedludes the slides that occur on the slopes adjacent to the
mass may flow, making it difficult to identify the accumula- roads, which are considered to be due to anthropologically
tion zone. induced instabilities (Fig. 9).

Most parts of the landslides in area 1 are of types b and d,
which satisfies the assumption of physically based methods

Nat. Hazards Earth Syst. Sci., 13, 55%73 2013 www.nat-hazards-earth-syst-sci.net/13/559/2013/
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3.00 e R RRRIEEEEEEEE where wm is the weighted meainax and/imin are the max-
I imum and minimum depths to bedrock, respectivély;is
the elevation at point Zmax andZmin are the maximum and
S R S I N minimum elevations found in the area, respectivélys the

1 L e ! slope angle; and T;Rand TR, represent the topographic po-
¢ 1 R /. sition and normalized topographic position, respectively.
TPi =7Z;i— Mear(Z,-) (14)

200 f - b

. | =
S R 7777777777 - " l4exp P
] . ! ! For some landslides, a detailed stratigraphic profile was

*

g ! ! constructed, and undisturbed and remolded soil samples cor-
{ et e : : responding to shallow landslide scars were collected for lab-
e /A P oratory investigations.
5w . m‘ The geotechnical characterization of the slope colluvial
. 3 R? =0.6078 deposits in the study area was based on standard soil anal-
050 bt ® e ysis conducted according to the ASTM (American Society
0.50 1.00 1.50 2.00 2.50 3.00 for Testing and Materials) standards. The performed tests in-
Estimated soil tickness (m) cluded (i) assessment of the physical parameters of materi-
als (grain size distribution, bulk and dry densities, and Atter-
berg limits) and (ii) direct shear tests, performed in the 100
to 300 kPa stress range, which allowed for the determination

(15)

Measured soil tickness (m)

Fig. 4. Measured vs. estimated soil thickness.

100 of shear strength parameters in terms of effective stresses.
90 The hydraulic conductivity of the saturated soils was deter-
g0 mined through field tests in the representative areas (variable

2 :; W4 load well tests) of colluvial soils on S. Agata Fossili Marls
8 /7 and from pedological maps of the other soils.

; a0 Field surveys coupled with laboratory test results allowed
30 —— SantAgata Fossili Marls for the construction of the geological model of the study area.
20 4 ——Monte Arzolo Sandstones The soils involved in the shallow landslides are repre-

12 —RocTa Ticozzi Conglomerates sented by the colluvial deposits derived by the weathering
0.001 0.01 o1 . 10 100 of the bedrock belonging to the lithostratigraphical forma-
Grain size (mm) tions of S. Agata Fossili Marls, M. Arzolo Sandstones, and

Rocca Ticozzi Conglomerates. Soil parameters, which were

Fig. 5. Grain size distribution curve of soils. assigned to each class after performing an averaging proce-

dure on approximately 80 samples, are reported in Table 1.
On the basis of grain-size distribution, the following clas-
3.2.2 Soil parameters sification was carried out: the colluvial soils derived from
the weathering of the S. Agata Fossili Marls were classified
The geology of the study area is based on the research dis clayey silt (the amount of clay is less than 35 %), whereas
Vercesi and Scagni (1984) (Fig. 1). Several field surveysthe colluvial soils derived from the weathering of M. Arzolo
were carried out to characterize the lithostratigraphic forma-Sandstones and Rocca Ticozzi Conglomerates were classi-
tions identified by Vercesi and Scagni (1984) and the collu-fied as clayey sandy silt (the amount of sand is generally
vial deposits derived by weathering of the bedrock. more than 15 %) (Fig. 5). According to the USCS classifi-
Soil thickness was derived from field data collected aftercation, the majority of the analyzed samples are non-plastic
the April 2009 event. We used a geomorphologically indexedor slightly plastic soils (CL). Coarse fragments consisting of
model based on the local slope angle, the elevation (h) angharls or sandstone derived from the underlying bedrock are
the topographic position (TP) (Fig. 4): also present in the colluvial deposits.
The geotechnical soil profiles do not show significant

DTB = wm [hmax— Gozmn hmin)] geotechnical dependence on depth. Nevertheless, below the

Zmax—Zmin cover forming the interface, between the soil layers and the
+ [hmax(l— _tandi —tanfmin _ (1_ hm_m>)] (13)  bedrock, there is a thin layer of silty clay derived from the
tanfmax—tanfmin hmax ’ . . . T .
TP TP mi direct weathering of the bedrock. This finding satisfies an-
+ [hmax_ W_Tﬂﬂm — (hmax— hmin)] other assumption of the physically based methods, namely
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Fig. 6. Landslide susceptibility map of area (&) Stability index map obtained by SINMARb) Critical intensity of rainfall (mm daVl)
computed by SHALSTAB(c) Safety factor map obtained using TRIGRS; djiSafety factor map obtained using SLIP.

the absence of deep drainage and flow in the substratum. In&.3 Application of the models

large number of cases, these thin layers constitute the sliding

surface of the landslide.

The colluvial deposits have medium-high permeability; A digital elevation model (DEM) with a grid size of .0 m

the bedrock of M. Arzolo Sandstones and Rocca Ticozzi rovides the topographic basis.

Conglomerates is also hig_hly permeable. Extensive p_ercht_aB For the analysis with the different methods, the study area

water table de_:velopm_ent IS common on these colluvial SO'Iwas divided into four regions characterized by homogeneous

slopes, especially during the rainy season. in situ conditions and soil properties and corresponding to
the lithostratigraphic units.

The hourly rainfall intensities recorded by the Cigognola

rain gauge during the April 2009 event were assumed to be
boundary conditions at the slope surface.
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For SINMAP, theR/T ratio combines both climate and rameterR (steady-state recharge rate) is influenced by factors
hydrogeological factors (Table 2). The transmissivityep- such as rainfall intensity and duration. The recharge was as-
resents the water flow within the soil and was derived fromsumed to be the effective precipitation, calculated as the rain-
the hydraulic conductivity (minimal and maximal). The pa- fall minus evapotranspiration and bedrock infiltration. For
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Table 1.Geotechnical characteristics of the colluvial soils involved in shallow landslides.

Lithostratigraphic  clay silt sand wy Pl Yd n c @'
formations (%) (%) (%) (%) - (kNm=3) - (kPa) ©)

Monte Arzolo 23-37 49-71 4-22 40-48 15-28 15-16.3 0.40-0.44 0-7 23-30
Sandstone

Rocca Ticozzi 12-27 20-59 16-50 30-43 8-18 15.2-16.3 0.44-0.47 2 32
Conglomerates

S. Agata 24-35 44-61 8-14 39-48 20-29 15.3-15.8 0.39-0.42 7-10 24-27
Fossili Marls

Gessoso-Solfifera 33-39 47-52 4-16 45-47 24-27 - - 4-7 25-27

Formation

S
OB Londsiides

=4 Safety factor FS

| I -
B i0-12
[CJ12-15
s

Fig. 9. Landslides of type ¢ near “Tenuta Malpaga” in the munici-
pality of Canneto Pavese.

each region, the potential evapotranspiration was calculate

from the rainfall and temperature according to the Thornth-

amount depends on the slope angle, and we assumed that
only 1/4 of the water infiltrates into the substratum.

For the TRIGRS initial conditions, a water table depth cor-
responding to 0.75 m below the ground level was assumed, as
effectively observed during the April 2009 event.

The SLIP model was applied to the study area on the ba-
sis of territory information. In particular, to reach the goal of
the present work, the territory was divided into axi@0 m
grid, where each cell was independently modeled based on its
own soil features. The slope anglg) corresponding to each
cell was derived from a digital terrain model (DTM) with the
same resolution of 10 m, and geotechnical data were assigned
to each cell based on lithological maps previously produced
for the area (Fig. 1). In particular, four different classes of
shallow soil were identified in the study area, each corre-
sponding to a different geological formation. The geotech-
nical parameters of the potentially unstable soil covers were
assigned as a function of the soil type and on the basis of pre-
viously described laboratory test results. Soil input parame-
ters assigned to each class are reported in Table 4.

All input data were acquired by from a GIS database in
“raster” form. For each parameter used in the model, a map
was generated at the same spatial resolution<(10 m). In
particular, the values of the shear strength anglg the soil
porosity @) and the specific weightds) for each type of
shallow soil (Table 4) were chosen as the mean values of pa-
rameters obtained from laboratory tests (Table 1). Regarding
the shallow soil covering the Gessoso-Solfifera Formation,
only shear strength laboratory tests have been carried out,
and parameters of = 0.48 andGs = 2.7 were assumed on
the basis of the literature (Lancellotta, 2004).

With regard to the effective cohesion (c’), direct shear tests
revealed values in the range of O to 10 kPa (Table 1), repre-
senting all types of the investigated soils. Due to the high im-
portance of this strength parameter in the stability analysis of
dhallow soils, and considering that the effective cohesion de-
rived from direct shear tests could be overestimated for shal-

waite and Mather method (1957). The land use map allowedq, 5gjls (Nova, 2010; Lancellotta, 2004), a precautionary
for the determination of the water holding capacity neces-

sary for the evapotranspiration calculation. The infiltration

Nat. Hazards Earth Syst. Sci., 13, 55%+73 2013
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gend
B Landslides

! April 2009 solar radiation

Fig. 10. Cumulative potential global solar radiation in April 2009 (values are expressed in kilowatts per square meter) and safety factor map
computed by TRIGRS.

Table 2. Initial values of the input parameters for SINMA®: is the root cohesion [N 2], C” is the soil cohesion [N m?], 6 is the slope
angle, ps is the wet soil density [kg m3], pw is the density of water [kg m?], g is the gravitational acceleration (9.81 n3, D is the
vertical soil depth [m]g is the internal friction angle of the soil, h [m] is the soil thickneEsis the soil transmissivity [fh~1], and R is

the steady-state recharge [mH.

Region ¢ (°) C=(Cr+C)/I(hgps) T=kD(mM?h" 1) R T/R (m)
(mh~1)
min max min max min max min max
S. Agata Fossili Marls 24 25.4 0.1856  0.8909 0.0367 1.6682 0.0434 0.8453  38.4043
Rocca Ticozzi Conglomerates 30 33.7 0.1908 0.8712 0.0648 1.6599 0.0434 14917  38.2130
M. Arzolo Sandstones 23.3 29.9 0.0662 0.3065 0.2798 1.6207 0.0434 6.4423 37.3092
Gessoso-Solfifera Formation 22 27 0.3722  0.6435 0.0324 15178 0.0434 0.77458 34.9414

zero value of the effective cohesion for all of the involved In the analyzed area, the potentially unstable dépthas
soils was considered in the stability analysis. evaluated on the basis of field measurements, and, for each
As previously explained, the paramet&;r was deter- geological class, an average value was assumed.
mined in relation to the permeability of each soil type based Moreover, on the basis of field surveys and taking into ac-
on previous studies (Meisina and Scarabelli, 2007). Table £ount the land use map, the areas occupied by buildings and
reports the different values @&f; chosen for each soil class. orchards were disregarded in the slope-stability analysis.
Other model parameters, suchAasnd\, whose signifi- The degree of saturatiol§{) is influenced by climatic con-
cance have been previously described, were considered coulitions and seasonal weather. Experimental measurements
stant for each soil class (Table 4) because, regardless of th&how that in the study areas, for the soil at the depths con-
type of subsoil formation, the shallow soil in the considered cerned,S; generally ranges from a minimum of 0.6 in sum-
area is commonly a clayey silt. On the basis of experimen-mer to a maximum of 0.9 in winter (Meisina and Scarabelli,
tal results reported elsewhere (Fredlund et al., 1996; Lu eR007; Montrasio et al., 2010). For this reason, the value of
al., 2007; Montrasio and Valentino, 2008) for silty soils, we S, was considered constant and equal to 0.9 for the reference
assumed the following model parameter values: 0.4 and  dates and the entire analyzed area.
A =40 (Table 4). Rainfall data were added to the input data so that each cell
The model parameterwas considered equal to 3.4 every- had a corresponding rainfall depth. In particular, rainfall data
where on the basis of experimental measurements (Montrawere obtained from the rain gauges located in the areas of
sio and Valentino, 2007). The coefficiept(Eq. 16), which interest. The interpolation method used for the definition of
accounts for both runoff and leakage, is considered a conthe rainfall pattern was based on the inverse-square distance
stant calibration coefficient and was assumed to be equal tweighting method, which was applied to each point with re-
0.7 everywhere. spect to the position of the rain gauges. The output of the
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Table 3.Input parameters for the SHALSTAB and TRIGRS models.

Region é (°) C'[Nm~? oS [KNm~3] k [ms™1]

min  max min max min max min max
S. Agata Fossili Marls 24 254 2000 10000 17.946 18.7017x10°° 1x104
Rocca Ticozzi Conglomerates 30  33.7 2000 10000 17.455 19.120xB0°> 1x10°4
M. Arzolo Sandstones 23.3 299 1400 7900 17.651 19.90Bx®° 1x10°4

Gessoso-Solfifera Formation 22 27 3900 7500 17.455 19.41Bx 107> 1x10°%

Table 4.Input parameters for the SLIP model.

Lithostratigraphic formations H (m) ¢'(°) ¢’ (kPa) A A n Gs KrdbH «o

Monte Arzolo Sandstone 0.8 26 0 04 80 042 275 0.604 3.4
Rocca Ticozzi Conglomerates 11 32 0 04 80 045 290 0.777 3.4
S. Agata Fossili Marls 0.8 25 0 04 80 040 264 0.432 3.4

Gessoso-Solfifera Formation 1.2 26 0 04 80 0.48 270 0.864 3.4

model, in terms of the safety factor map, was produced orative observations in the validation sample. A high sensitiv-
the basis of rainfall conditions for the previous 30 days with ity indicates a high number of correct predictions, whereas
respect to the selected date. a high specificity indicates a low number of false positives.
The area under the ROC curve can serve as a global accu-
racy statistic for the model. This statistic ranges from 0.5
4 Model comparison and discussion (random prediction, represented by a diagonal straight line)

. . . to 1 (perfect prediction) and can be used for model compar-
Different landslide susceptibility maps were created from the;q o (Cervi et al., 2010).

four models using the two landslide databases in the two Figures 8a and b show the ROC plots derived from the
areas. The applied approaches assumed diverse hydmlo%’odels for areas 1 and 2, respectively.

ical models, as was previously explained. SINMAP, SLIP 1o g10hal accuracy (Table 5) represented by the area un-
and TRIGRS output the stability index and the safety factor,der the ROC curve (AUC) of SINMAP was equal to 0.79.

whereas SHALSTAB outputs the critical rainfall (Figs. 6, 7). Approximately 18.7% of study area 1 is classified with a

The outputs obtained from the different models for the g he|ow one (upper threshold and lower threshold classes),

event of 27 April and 28 April 2009, were further analyzed o ich corresponds to conditions that are highly unstable and
quantify the spatial discrepancy between the landslides trigy, s critical, so the model is rather conservative. The same

gered by the April 2009 rainfall event and the model reSUIts'performance was measured for TRIGRS (AH0.79, area
The re_liability of_each model was e"a“_*aFed thrqugh ROCjith FS<1=6.9 %). The global accuracy was 0.78 for the
analysis (Begueria, 2006b). When clas_5|fy|ng agrid fromthestability analyses in SLIP (area with RSl=22.5%) and
unstable map, four outcomes are possible. If a computed Un g o 78 for SHALSTAB (area with critical rainfall lower
stable cell is inside the observed landslide area, it is counte%an 100 mm day! =11 %); the incidence of shallow land-
as tru'e'positivetp); if it is outsj(je the observed landslide slides is high for areas mapped as “chronic” and for areas
area, it is counted as false positifp)( If a computed stable | . critical rainfall lower than 200 mm day (150 mm of
cell corresponds to an observed landslide cell, it is counted a%3in in 48h was recorded in the April 2009 event). This

false negativef); otherwise, it is classified as true negative demonstrates that SHALSTAB is successful in identifying
(). . " the most unstable areas of the landscape and also allows spa-
To perform the ROC analysis, two quantities were calCu-(ia 1y distributed rainfall thresholds to be derived.

lated: sensitivity (true positive rate), defingd_ as the ratio be- The research demonstrates that the four physically based
tweentp and the sum ofp andn; and specificity (false pos- models, although they use different hydrological models,

itive rate), defined as the ratio betwegmand the sum of a6 quite similar degrees of success as far as the predic-
tn andfp. Different points of the ROC curve were obtained i, of shallow landslide source areas in study site 1. Gener-

by assuming, at each step, a different threshold value of the, the model performance increases when considering the

safety factor. database without the shallow landslides occurring in corre-

In_ the ROC plot_, _the sensitivity of the model is pl(_)t_ted spondence with road slopes, namely type ¢ (Table 5).
against the 1-specificity. These values indicate the ability of

the model to correctly discriminate between positive and neg-
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Table 5. Global accuracy of the models (area under the ROC curve).

Model AUC Area 1 AUC Area 2

All landslides  Without ¢ All landslides  Without ¢
SINMAP 0.7965 0.8326 0.7184 0.766
SHALSTAB 0.7846 0.8256 0.6573 0.7118
TRIGRS 0.7943 0.8453 0.6793 0.7810
SLIP 0.7852 0.8312 0.6824 0.6620

Most of the models fail in the identification of landslides Table 6. Distribution of shallow landslide source areas in relation
with a source area of type c (even when the assumption of & April 2009 potential solar radiation.
movement parallel to the slope is verified); these types of

landslides are often located along road embankments. Al- April 2009 Area 1 Area 2
though characterized by steep slopes, they are not easily ~ solarradiation o %
identifiable in the slope map due to its low resolution. Their kwm=2

dimensions are too small compared with the minimum kernel 66.2-87.5 18.81 13.29
dimension used in the slope algorithm. Figure 9 shows eleven 87.5-98.9 27.8 32.31
landslides localized along the road that surrounds the Cascina  98.9-110.2 22.83 28.63
Malpaga that were not recognized by any of the models used 110.2-121.6 17.56 14.93
in this study. 121.6-132.9 13 9

Ignoring this type of landslide in the ROC analysis, in 132.9-137.3 0 1.84

area 1, TRIGRS, SLIP and SINMAP correctly identified

approximately 80 % of the source areas with a 25 % false-

positive rate. SHALSTAB reached an accuracy of 80 % with component (e.g., old woodland areas), which is difficult

a 30 % false-positive rate. If we consider the initial section of to quantify.

the curve as clearly visible, there is a greater propensity for ) . ) _ i

a conservative prediction by SINMAP; specifically, the true 1ne different conditions described in points (2) and (3) are

positive rate values achieved by the other models coincidd@€nerally not taken into account in the studied models.

with a 5% higher false-positive rate by SINMAP, Figure 10 shows the cumulative potential global solar ra-
In area 2, the global accuracies of the models were generdiation in April 2009 and the safety factor computed by TRI-

ally lowest, even when excluding type c landslides: specifi- GRS It clearly appears that landslides are more common in

cally, TRIGRS had the best performance, whereas SLIP overth® north-facing slopes, characterized by a minor amount of

estimated the susceptibility. These results can be justifiedncident solar radiation. Table 6 shows how the triggering ar-

both by the high number of landslides of type ¢ in this area©as are more frequent in zones with lower insolation: in fact,

(62% of the total area) and by the generally small sizes ofabout 70 % of unstable cells in the area 1 are located in the

landslides in this area (the total number of unstable cells corlhree classes of lower insolation while this value increases to

responds to 35500 square meters~.33% of the entire (4% inthearea2.
area). The high insolation in some areas may have affected the

False positives (overprediction of landslide areas) weredegree of saturation of shallow soils and may have lowered

present in the results of all of the approaches and generallf€ Water table. Looking at the safety factor map of the same
corresponded to: area computed by TRIGRS, it is clear that most of the source

areas corresponding to the false positives predicted by the
1. Areas with higher slope angles. These zones are espanodel are located within areas of the greatest insolation.

cially visible in the SHALSTAB model, where, if tén A relatively high number of false negatives were related
equals or exceeds tanslope instability will occur even  to shallow landslides triggered by anthropogenic activities,
under dry conditions. such as road use and construction, which have not been in-

corporated into the physically based models, as previously
2. Areas corresponding to south-facing slopes. Due to theexplained (Fig. 9).

different degrees of insolation, the initial saturation con-
ditions of the soils were different at the beginning of the
April 2009 event on south- and north-facing slopes. 5 Conclusions

3. Areas with vegetation with root systems that contribute Different physically based models were used to obtain a shal-
to soil strength by providing an additional cohesion low landslide susceptibility map of an area in the northern
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Apennines where landslides are the cause of a large amount In the light of what has been evidenced in this study, the
of damage to infrastructure and agriculture. The methodsauthors intend to enhance the SLIP model in order to take
were applied to two contiguous sites with the same geologiinto account both land use and solar radiation.

cal context but with different land cover, which results in dif-

ferent typologies and sizes of shallow landslides. In area 1,

most landslides are translational and have complex (with arficknowledgementsThis study was possible due to the financial
important translational component) movements that develoguPPort provided by CIMA Foundation (Savona, ltaly) and by the
in abandoned vineyards where the natural surface drainaggPartment of National Civil Protection.

network disappears due to previous agricultural activities andrhe landslide data were obtained through research projects funded
where the maintenance of the land is very poor. In area 2by the Pavia Province and Rotary Club Oltrepo Pavese. The aerial
where land cover is represented by vineyards with rows parphotograph from 18 May 2009, was taken by Rossi s.r.l. (Brescia).
allel to the maximum slope gradient, the shallow landslidesThe authors wish to thank the anonymous reviewers for their
consist of rotational-translational slides of smaller dimen-suggestions and contribution to the work.

sions induced by anthropogenic activities (road use and agri-

cultural activities). Although the physically based models do Edited by: S. Lorito

not take land cover into consideration directly, the hydrologic Reviewed by: two anonymous referees

model of the area is conditioned by agricultural practices and

roads. Despite this difference, this study demonstrates thaheferences

although the four physically based models assume different

hydrological models, they have a similar degree of success ilpip, K., Takara, K., Yamashiki, Y., Sassa, K, Ibrahim, A. B., and
the prediction of shallow landslide source areas. Fukuoka, H.: A distributed hydrological-geotechnical model us-

The following considerations can be made: ing satellite-derived rainfall estimates for shallow landslide pre-

diction system at a catchment scale, Landslides, 7, 237-258,
— TRIGRS, SLIP and SINMAP were used to model the 541

source areas of shallow landslides for a specific evenamone, E., Noto, L. V., Lepore, C,. and Bras, R. L.: Physically-
(the April 2009 event). Heterogeneity was accounted for  based and distributed approach to analyze rainfall-triggered land-
by allowing material properties and other input valuesto  slides at watershed scale, Geomorphology, 133, 3—4, 121-131,

vary from grid to grid. 2011. )
Bai, S. B., Wang, J., U, G. N, Zhou, P. G, Hou, S. S., and Xu, S.
— SHALSTAB provides the spatial distribution of criti- N.: GIS-based and data-driven bivariate landslide-susceptibility
cal rainfall, which determines the potential for shallow  mapping in the three gorges area, Pedosphere 19, 14-20, 2009.
landslide initiation. Baum, R. L. and Godt, J. W.: Early warning of rainfall-induced shal-

. o low landslides and debris flows in the USA, Landslides 7, 259—
— The SINMAP model furnishes more unrealistic scenar- 272 2010.

ios than the other models. Baum, R. L., Savage, W. Z., and Godt, J. W.: TRIGRS — A FOR-

. . . TRAN program for transient rainfall infiltration and grid-based
— The simplified formulation of the SLIP model allows regional slope stability analysis, version 2.0, U.S. Geological

a “dynamic” (i.e., time-varying) stability analysis on  gyrvey Open-File Report 2008-1159, 75 pp., 2008.
territory scale with a very low time-consuming compu- Begueria, S.: Changes in land cover and shallow landslide activity:
tation, based on hourly rainfall distribution, as already A case study in the Spanish Pyrenees, Geomorphology, 74, 196—

highlighted in Montrasio et al. (2011). 206, 2006a.
) . Begueria, S.: Validation and evaluation of predictive models in haz-
Physically based models are useful for shallow landslide sus- 414 assessment and risk management, Nat. Hazards, 37, 315—

ceptibility assessment at the regional scale, and they can be 329, 2006b.

used as “background knowledge” in the PTCP (Provincial Beven, K. J. and Kirby, M. J.: A physically based variable contribut-

Territorial Coordination Plan), which provides information  ing area model of basin hydrology, Hydrol. Sci. Bull, 24, 43-69,

regarding the areas where landslides are likely to be initi- 1979.

ated and will be useful in planning long-term risk reduction Campus, S., Forlati, F., Sarri, H., and Scavia, C.: Shallow land-

strategies. slides hazard gssessment based on multidisciplinary studies, 14th
The comparison between the different methods aided Southeast Asian Conference, Hong Kong, 10-14 December,

in the identification of the most important factors affect- 2001

ing the incidence of shallow landslides in the study area Carrara, A, Cardinali, M., Detti, R., Guzzetti, ., Pasqui, V., and
9 y ' Reichenbach, P.: GIS techniques and statistical models in eval-

namely anthropogenic activities (road cutting and, in partic-  4ing Jandslide hazard, Earth Surf. Proc. Land., 16, 427445,
ular, vineyard-related activities) and solar radiation. These 1991

factors are not taken into account in the commonly used apcervi, F., Berti, M., Borgatti, L., Ronchetti, F., Manenti, F., and
proaches, resulting in an overprediction of shallow landslide  Corsini, A.: Comparing predictive capability of statistical and de-
source areas. terministic methods for landslides susceptibility mapping: a case
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study in the northern Apennines (Reggio Emilia Province, Italy), Montrasio, L., Valentino, R., and Losi, G. L.: Towards a real-time
Landslides, 7, 433444, 2010. susceptibility assessment of rainfall-induced shallow landslides
Cruden, D. and Varnes, D. J.: Landslide types and processes, Land- on aregional scale, Nat. Hazards Earth Syst. Sci., 11, 1927-1947,
slides, in: Investigation and Mitigation, edited by: Turner, A. K. doi:10.5194/nhess-11-1927-20PD11.
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