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Abstract: The paper deals with the modeling of failure and postfailure stage of shallow landslides of the flow-type that often affect
natural shallow deposits of colluvial, weathered, and pyroclastic origin. The failure stage is frequently associated to rainfall that directly
infiltrates the slope surface and to spring from the underlying bedrock. The postfailure stage is characterized by the sudden acceleration
of the failed mass. The geomechanical modeling of both stages, based on site conditions and soil mechanical behavior, represents a
fundamental issue to properly assess the failure conditions and recognize the potential for long travel distances of the failed soil masses.
To this aim, in this paper, the current literature on the failure and postfailure stages of the shallow landslides of the flow-type is first
reviewed. Then, an approach for their geomechanical modeling is proposed and three different modeling alternatives are presented. These
models are then used to analyze, at different scales, a relevant case study of Southern Italy �Sarno-Quindici event, May 4–5, 1998�.
Numerical analyses outline that both site conditions and hydraulic boundary conditions are among the key factors to evaluate the
reliability of landslides of the flow-type. The potentialities and limitations of the available models are also evidenced as well as the
perspectives related to the use of more advanced numerical models.
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Introduction

Landslides of the flow-type �Hungr et al. 2001� often pose sig-
nificant threats to populations and structures being characterized
by long travel distances �hundreds of meters� and high velocities
�in the order of meters/second� �Schuster and Highland 2007�.
They can be triggered in many geoenvironmental contexts by a
number of natural and/or anthropogenic factors. In natural hills-
lopes one of the most frequent triggering factors is represented by
rainfall �De Vita and Reichenbach 1998� that can directly infil-
trate the slope surface or can indirectly provide subsurface water
supplies from the bedrock. Due to the usual large extension of the
rainfall events, these landslides can be triggered over large areas
�up to tens of square kilometers� and they generally involve shal-
low soil deposit of different grading and origin. Significant ex-
amples are frequently recorded in pyroclastic deposits in Central
America �Capra et al. 2003� and New Zealand �Ekanayake and
Philipps 2002�, in situ weathered soils in Hong Kong �Take et al.
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2004� and Japan �Wang et al. 2002�, colluvial weathered deposits
in Brazil �Lacerda 2004� and Hong Kong �Fuchu et al. 1999�.

These landslides can be considered complex slope instability
phenomena since they exhibit distinct kinematic characteristics
during the failure, postfailure and propagation stages �Fell et al.
2000; Hungr et al. 2001; Pastor et al. 2002; Leroueil 2004�. Fail-
ure and postfailure stages occur inside the so-called landslide
source areas. Failure stage is characterized by the formation of a
continuous shear surface through the entire soil mass �Leroueil
2001�. Postfailure stage is represented by the rapid generation of
large plastic strains and the consequent sudden acceleration of the
failed soil mass �Hungr 2004�. Propagation stage includes move-
ment of the failed soil mass from the landslide source areas to the
deposition areas, where the failed soil mass stops. With reference
to the failure stage, these rainfall-induced shallow landslides of
the flow-type can be classified as translational slides in the clas-
sifications of landslides proposed by Hutchinson �1988� and
Cruden and Varnes �1996�. As for the postfailure stage, they can
be classified simply as landslides of the flow-type �Hungr et al.
2001� �i.e., slides turning into flows� or as flowslides �Hungr et al.
2001� when liquefaction phenomena occur.

Considering the destructiveness of these landslides, the geo-
mechanical modeling of the mechanisms occurring inside the
source areas can be particularly useful in the hazard estimation as
it contributes to the assessment of the landsliding volumes and
their potential for traveling long distances. However, this issue
certainly poses significant difficulties and only few contributions
have been proposed at the present on the topic �Pastor et al.
2004�.

The objective of this paper is to propose an approach for the
geomechanical modeling of failure and postfailure stages of these
landslides and to show how different modeling alternatives, de-

rived from the same mathematical framework, can be used to
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analyze one or both stages. To this aim, a literature review on the
modeling of the failure and postfailure stages of flow-type land-
slides induced by rainfall infiltration is first provided. Then, an
approach for the geomechanical modeling of the phenomena oc-
curring inside the landslide source areas is presented and three
different modeling alternatives are suggested highlighting the
simplifications done to develop each one from the previous, from
more to less complex. The potentialities of these models are then
tested for a relevant case study from Southern Italy �Sarno-
Quindici events, May 4–5, 1998�. The obtained results are pre-
sented starting from the simplest model to the most complex,
because it is the order usually followed in engineering when deal-
ing with this type of problems. It will be shown how simple
models provide results which are consistent with those of the
more complex ones, outlining the effectiveness of the proposed
approach.

Literature Review

Failure Stage

The failure onset of rainfall-induced shallow landslides is strictly
related to the increase of pore-water pressures and the consequent
reduction of mean effective stresses �Anderson and Sitar 1995;
Alonso et al. 1996; Iverson et al. 1997�. According to Leroueil
�2001�, the failure stage of rainfall-induced shallow landslides of
the flow-type in natural slopes is generally a drained process: that
is, no variations of pore pressures are induced by the soil volume
change. If the process can be assumed to develop under constant
total normal stresses �Anderson and Sitar 1995; Take et al. 2004�,
the general in situ stress path can be described by a constant shear
stress path associated to an increase of the effective stress ratio of
the deviatoric stress q to the effective mean stress p�.

Inside shallow soil deposits, the increase of pore-water pres-
sures can be generated by rainfall �Fig. 1� that directly infiltrate
the slope surface �Tsaparas et al. 2002; Futai et al. 2004� and
propagate in depth through groundwater flow patterns related to
stratigraphical setting of the slope �Ng and Shi 1998�.

Sometimes pore-water pressure regime is also affected by the
hydrogeological features of the underlying bedrock �Johnson and
Sitar 1990; Montgomery et al. 1997; Matsushi et al. 2006� that
can impose severe hydraulic boundary conditions at the bottom of
the shallow deposits �Fig. 1�. Typical examples are those of water
table rising in the bedrock �Montgomery et al. 1997; Leroueil
2004� and/or by the presence of springs from the bedrock �Ander-
son and Sitar 1995; Anderson et al. 1997; Lacerda 2004; Onda et
al. 2004�.

The role played by bedrock groundwater flow in the triggering
of landslides has been highlighted through in situ measurements
and tests for colluvial deposits of the San Francisco Bay area
�Johnson and Sitar 1990� and of the Oregon Coast Range �Ander-
son et al. 1997; Montgomery et al. 1997�, as well as in unsatur-
ated residual soil and completely decomposed granite of China
�Zhang et al. 2000�. Similarly, hydrogeological analyses �De Vita
et al. 2006� coupled with geomorphological analyses �Cascini et
al. 2000, 2008�, have been used to highlight the importance of
springs from the bedrock for shallow landsliding in pyroclastic
deposits of southern Italy.

From the combination of rainfall that directly infiltrates the
slope surface and spring from the bedrock a relevant triggering
mechanism arises. For this triggering mechanism, current litera-

ture essentially provides the modeling of induced pore-water
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pressure regime �Calcaterra et al. 2004; Lacerda 2004; Matsushi
et al. 2006� and few contributions deal with the slope stability
conditions up to the failure onset �Cascini et al. 2000, 2003, 2005;
Onda et al. 2004�.

Postfailure Stage

In the literature, the acceleration of the failed mass during the
postfailure stage is attributed to different causes. However, most
of the contributions identify as main cause the development of
total or partial undrained conditions able to produce high pore-
water pressures during shearing. In particular, for loose unsatur-
ated soils, volumetric collapse is discussed by Olivares and
Picarelli �2003�, Yasufuku et al. �2005�, Bilotta et al. �2006� and it
is observed in constant-shear-drained triaxial tests upon wetting
�Anderson and Riemer, 1995; Dai et al. 1999; Chu et al. 2003;
Olivares and Damiano 2007�. For loose saturated soils, static liq-
uefaction is introduced by Wang et al. �2002�, Olivares and Pi-
carelli �2003�, Van Asch et al. �2006� and observed in undrained
triaxial tests �Lade 1992; Yamamuro and Lade 1998; Chu et al.
2003� as well as in undrained ring shear tests under controlled
strain rates �Wang et al. 2002�. Particularly, the build up of pore-
pressures is shown to be relevant for soils having low density
index �Eckersley 1990; Iverson 2000; Wang and Sassa 2001�, fine
grain size �Wang and Sassa 2003�, low hydraulic conductivity
�Iverson et al. 1997; Lourenco et al. 2006� and subjected to high
deformation rate �Iverson et al. 1997�.

Other contributions point out that the transition from slide to
flow �Iverson et al. 1997; Take et al. 2004� is caused by local
failures producing a variation in the slope geometry. This mecha-
nism is related to transient localized pore-water pressures that are
not associated to the development of undrained conditions, but
originated from particular hydraulic boundary conditions and
stratigraphical settings. Experimental evidences are available
from centrifuge tests on small-scale slope models �Take et al.
2004� and small-scale flume tests �Lourenco et al. 2006� showing
that the transition from slide to flow can occur both for loose and
dense soils and can be associated to a decreasing in pore-water
pressures during the postfailure stage.

Whatever the cause is, modeling of the postfailure stage is

Fig. 1. Scheme of groundwater circulation inside shallow soil depos-
its and bedrock �after Johnson and Sitar 1990�
poorly addressed in the literature. The only available contribu-
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tions refer to triggering factors that differ from rainfall, such as
earthquake �Pastor et al. 2004� and kinematic or static perturba-
tions �Laouafa and Darve 2002�.

Approach for Geomechanical Modeling

Remarks on Failure and Postfailure Stages

In unsaturated shallow deposits, the triggering mechanism dis-
cussed in the “Failure Stage” section originates shallow landslides
that can turn into landslides of the flow-type �“Postfailure
Stage”�. However, major differences can be outlined among
slides, slides turning into flows and flowslides. In the following, a
reference scheme is proposed �Fig. 2� that takes into account both
direct rainfall infiltrating the slope surface and spring from bed-
rock. Particularly, Fig. 2 provides the effective stress paths in
terms of the stress invariants q and p� defined as follows:

q =
1
�2

���1� − �3��
2 + ��1� − �2��

2 + ��2� − �3��
2 �1�

p� = ��1� + �2� + �3��/3 �2�

The effective stress tensor �� has been taken as

Fig. 2. Reference schemes adopted for the shallow landslides indu
bedrock
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�� = � − paI + Sr�pa − pw�I �3�

where �=total stress tensor; pa=air pore pressure; pw=pore water
pressure; s= pa− pw=suction; Sr; degree of saturation; and I is the
identity tensor of second order. In Fig. 2 the displacement ���,
resisting force �Fr� and driving force �Fd� curves versus time are
also shown.

For slides �Fig. 2�b��, soil mechanical behavior is controlled,
in drained conditions, by the hydrologic response up to the failure
onset. Resisting force �Fr� decreases up to the value of the driving
force �Fd� along a slip surface that includes the zone where the
spring from the bedrock is located �later named spring zone, Point
A in Fig. 2� �Fig. 2�b�, t= t1�. Drained conditions also remain,
both for loose and dense soils, during the postfailure stage and
small accelerations develop �Fig. 2�b�, t� t1�.

In loose saturated soils, the above process is associated with a
volume reduction of the soil. If the pore-water pressure cannot
freely dissipate, partially or totally undrained conditions develop
during the Postfailure stage and a flowslide occurs �Fig. 2�d�, t
� t1�. Particularly, in the spring zone �Point A in Fig. 2�, pore-
water pressures build up and the soil follows a stress path 0 to 1,
leading to a catastrophic failure �Fig. 2�d�, t� t1�. In fact, the soil
cannot sustain the imposed deviatoric stress q thus accelerating
along the stress path from 1 �Fig. 2�d�, t� t1�.

Alternatively, slides can turn into flows �Fig. 2�c�� as a conse-

rainfall directly infiltrating the slope surface and spring from the
ced by
EOENVIRONMENTAL ENGINEERING © ASCE / JANUARY 2010 / 87

ution subject to ASCE license or copyright. Visithttp://www.ascelibrary.org



quence of complex mechanisms characterized by a decreasing in
the shear strength due to local hydraulic boundary conditions that
can lead to fail the portion of the slope corresponding to the
spring zone �Fig. 2�b� t= t1�. Above this zone �Point B in Fig. 2�,
the mobilized shear stresses increase, both in loose and dense
soils, due to the unbalanced driving forces along an upslope po-
tential slip surface �Fig. 2�c�, t� t1� and a further slide can occur
�Fig. 2�c�, t= t2�. The latter is characterized by a high initial ac-
celeration and it consequently turns into a flow �Fig. 2�c�, t� t2�.

Major differences between a flowslide �Fig. 2�d�� and a slide
turning into flow �Fig. 2�c�� can be also outlined focusing on
pore-water pressures at failure. For the analyzed schemes, pore-
water pressures reach the highest values at Point A �spring zone�
due to both rainfall and local hydraulic boundary conditions �i.e.,
spring from bedrock� and the lowest values at Point B �above the
spring zone� being related only to the rainfall. Finally, the pore-
water pressure values at failure can be negative at Point B �Fig.
2�c�� and slides turning into flow can also occur in portions of the
slope characterized by unsaturated conditions.

Another important aspect to take into account is the type of
failure. In the cases sketched in Figs. 2�b and c�, drained failure
takes place at the critical state line, and it can be of localized type
�Pastor et al. 2002, 2004�. On the contrary, fully or partially und-
rained postfailure stage of very loose materials �Fig. 2�d�� is of
diffuse type �Darve and Laouafa 2000; Fernandez Merodo et al.
2004�, and generation of pore-water pressures has to be carefully
considered by using suitable constitutive and mathematical mod-
els. Notwithstanding the previous differences, it can be stated that
for all the landslide typologies of Fig. 2, the eventual sudden
acceleration of the failed mass �postfailures stage� is a conse-
quence rather than a cause of the slope instability process, as
experimentally demonstrated by Eckersley �1990� and Chu et al.
�2003�. This means that the failure and postfailure stages can be
separately analyzed.

Mathematical Framework

In order to properly reproduce the previously described typolo-
gies of shallow landslides, it is necessary to use: �i� a mathemati-
cal model describing the coupling between pore fluids and soil
skeleton; �ii� a suitable constitutive relationship able to describe
the unsaturated soil behavior; and �iii� a numerical model where
�i� and �ii� are implemented. To the authors’ knowledge, these
have not been done yet in a full satisfactory manner, and until
such tools are available, simplified models have to be carefully
used. Hereafter, a mathematical framework is described mainly
derived from the fundamental contributions of Zienkiewicz at al.
�1980, 1999�. This framework can be profitably used to simulate
the landslide failure and postfailure stages.

It is assumed that the soil consists of a solid skeleton and two
fluid phases, water and air, which fills the voids. The skeleton is
made of particles of density �s with porosity n �volume percent of
voids in the mixture� and void ratio e �volume of voids per unit
volume of solid fraction�.

Movement of the fluid is considered as composed of two parts,
the movement of soil skeleton and motion of the pore water rela-
tive to it

vw = v + w/n �4�

where vw=velocity of pore water and w=averaged velocity of
water relative to the soil.
The total stress tensor � acting on the mixture can be decom-
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posed into a hydrostatic pore pressure term pwI and an effective
stress tensor �� acting on soil skeleton, which for unsaturated
soils with zero air pressure is

� = �� − SrpwI �5�

where I=second order identity tensor and tensile stresses are as-
sumed as positive. Sometimes, the product p̄=Srpw is called av-
eraged pore pressure.

The balance of momentum equation for the mixture can be
written as

div��� − p̄I� + �b = �
dv
dt

�6�

where the term �mnd /dt�w /n�, which characterizes the accelera-
tion of water relative to soil grains, is neglected. In above, � is the
mixture density, and b the vector of body forces.

Concerning the balance of mass of the pore water, the follow-
ing volume deformations d�i in the mixture are considered:
1. Deformation of soil skeleton

d�1 = Sr tr�d�� = Srd�v �7�

where d�=increment of the strain tensor; tr denotes the trace
operator; and d�v=increment of volumetric strain.

2. Deformation of soil grains caused by pore pressure

d�2 =
1 − n

Ks
dp̄ =

1 − n

Ks
�Sr + pw

Cs

n
�dpw �8�

where Ks=volumetric stiffness of soil particles; and Cs

=specific moisture capacity.
3. Deformation of pore water caused by pore pressure

d�3 =
nSr

Kw
dpw �9�

where Kw=volumetric stiffness of pore water.
4. Increase of water storage

d�4 = ndSr = n
�Sr

�pw
dpw = Csdpw �10�

From here, the mass conservation for the pore fluid can be
written as

div w +
1

Q�

dpw

dt
+ Sr tr�d�

dt
� + Cs

�pw

�t
= 0 �11�

where

1

Q�
= �nSr

Kw
+

1 − n

Ks
�Sr + pw

Cs

n
�� �12�

The balance of momentum of the pore fluid is

− grad pw + �wb −
1

kw
w = �w

dv
dt

�13�

where �w=density of the water and kw=hydraulic conductivity.
The Darcy law can be used to describe the interaction between
pore water and soil skeleton, although other alternatives can be
chosen. In above, the accelerations of the pore water relative to
soil skeleton are neglected.

Balance of mass and momentum of the pore fluid can be com-
bined by substituting the value of w given by the latter into the

former, arriving to
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�Cs +
1

Q��dpw

dt
+ Sr div v − div�kw grad pw� = 0 �14�

where the term div�−�wb+�wdv /dt� is neglected in geotechnical
analysis, because body forces are independent of space coordi-
nates �with the exception of scale centrifugal tests�, and the space
derivatives of accelerations are assumed to be small.

Eqs. �6� and �14� have to be complemented by a kinematic
relation linking velocities to rate of deformation tensor, and a
suitable constitutive or rheological equation.

Modeling Alternatives

The coupled stress-strain model described in the previous para-
graph have been recently used for simulating the failure stage of
earthquake-induced landslides of the flow-type �Fernandez
Merodo et al. 2004; Pastor et al. 2004� and for the propagation
stage of rainfall-induced landslides of the flow-type �Pastor et al.
2008�. Indeed, it could be profitably used for the simulation of the
failure and postfailure stages of all the landslide typologies
sketched in Fig. 2. However, advanced constitutive models have
to be used to reproduce postfailure phenomena such as liquefac-
tion �Sladen et al. 1985; Chu et al. 2003� and instability phenom-
ena �Darve and Laouafa 2000�. Since the failure and postfailure
stages of the landslides sketched in Fig. 2 can be separately ad-
dressed, simplified versions of this model can be usefully derived,
aimed to their application in case only the failure stage is of
concern.

Within the mathematical framework of ”Mathematical Frame-
work” section, an uncoupled stress-strain model can be obtained
based on simplifying assumptions. Particularly, if the deformation
rate can be neglected without appreciable errors and if water and
grain compressibility are assumed as negligible, Eq. �14� finally
reduces to the well-known equation of Richards �1931� �Eq. �15��
from which pore-water pressures pw can be computed. From Eq.
�6�, neglecting the deformation rate, we obtain Eq. �16�, from
which stresses �� can be computed based on known pore-water
pressures pw. Finally, deformations and displacements are com-
puted through a suitable constitutive equation and the kinematic
relation

Cs

dp̄

dt
− div�kw grad p̄� = 0 �15�

div��� − p̄I� + �b = 0 �16�

In the above equations, the averaged pore pressure p̄ influences
the mechanical behavior but, in turn, the latter does not influence
the former. Consequently, if drained conditions are assumed, the
uncoupled model can be usefully applied for the simulation of the
failure stages of both slides �Fig. 2�b�� and slides turning into
flows �Fig. 2�c��.

Finally, classical limit equilibrium models can be considered
as a last modeling alternative derived from the mathematical
framework of “Mathematical Framework” section. As in the case
of the uncoupled stress-strain model, these models can be applied
for the failure stage of rainfall-induced landslides since rainfall
modifies the pore-water pressures in drained conditions and de-
formation rate �i.e., acceleration of soil mass� can be surely ne-
glected. As main advantage, this model only requires soil unit
weight and soil shear strength as input data. Of course, pore pres-
sures have to be taken into account, but Eq. �6� is substituted by

an integral form obtained from its integral in volume
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�

div��� − p̄I�d� +	
�

�bd� = 0 �17�

from where, applying Gauss theorem, it derives that

	
	

��� − p̄I� . nd	 =	
�

�bd� �18�

where the integral on the boundary 	 is evaluated assuming that
the stress state is on the failure surface. In above, n is the normal
to the domain.

In the practice, considering a potential unstable soil mass �i.e.,
defined assuming a potential slip surface� and dividing it into
vertical slices, Eq. �18� reduces to the basic equations of the limit
equilibrium methods. However, based on Eqs. �15� and �18� the
problem is indeterminate and different hypotheses have been pro-
posed to represent the internal forces �Janbu �1954�, Bishop
�1955�, Morgenstern and Price �1965�, among others�. In limit
equilibrium analyses, the factor of safety �FS� is considered. It is
generally defined as the ratio of the shear strength of soil to the
minimum shear strength required for equilibrium �Bishop 1955�
or, alternatively, as the minimum factor by which the soil shear
strength would have to be divided to bring to failure �Duncan
1996�. Moreover, the potential slip surfaces are assumed as input
data and they require careful evaluations on their shape and loca-
tion eventually through optimization techniques �Duncan 1996;
Malkawi et al. 2001�.

In conclusion, the selection among the previous modeling al-
ternatives �coupled stress-strain, uncoupled stress-strain and limit
equilibrium models� must be based on the addressed issue �failure
stage or failure and postfailure stages�, and other relevant aspects
such as, for instance, the scale of the analysis and the available
data set. Anyway, the integrated use of different models is
strongly recommended in order to capture the essential aspects of
complex real boundary value problems, so obtaining significant
answers from an engineering point of view.

Case Study

In order to check the usefulness of the presented geomechanical
approach and the potentialities of the above-described modeling
alternatives, it is worthwhile to test these models for a well-
documented case history. A significant example is provided by the
landslides of the flow-type occurred in May 1998 in pyroclastic
deposits of the Campania region �southern Italy�. For this case,
geological, geomorphological, hydrogeological and geotechnical
high quality data sets are available for the landslides characteriza-
tion and analysis.

General Features of the May 4–5, 1998 Event in
Campania Region

The event addressed in this section occurred on May 4–5, 1998
when, in about 16 h, more than 100 shallow landslides were trig-
gered by rainfall along the slopes of the Pizzo d’Alvano carbonate
massif �Cascini 2004; Cascini et al. 2008�. Tens of these shallow
landslides turned into catastrophic landslides of the flow-type
�Fig. 3� and traveled downslope from the source areas up to dis-
tances greater than 2 km �Revellino et al. 2004�. They caused
relevant property damage and loss of human life �159 victims� in

the four towns located at the toe of the massif.
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During this event, over a 48 h period, a cumulated rainfall
equal to 120 mm was measured by the rain gauges located at the
toe of the Pizzo d’Alvano massif �Cascini et al. 2000; Cascini
2004; Fiorillo and Wilson 2004�. However, after May 1998, rain
gauges were also installed at the top of the massif. Here, during
1–2 day rainstorms, rainfall values are frequently higher �1.5–2.0
times� than those recorded at the toe of the slopes. Based on these
results, it can be reasonably argued that, also on May 4–5, 1998,
the cumulated rainfall was higher than that measured at the toe of
the massif �Cascini et al. 2003�.

Many contributions deal with the failure and postfailure stage
of these landslides as summarized by Cascini et al. �2005, 2008�
and Cuomo �2006�. Particularly, these Authors recognize six typi-
cal triggering mechanisms by concurrently taking into account the
location of the landslides source areas, the geomorphological and
hydrogeological features of the massif, as well as the anthropo-
genic factors. The combination of these factors was related to the
occurrence of slope failures and to the characteristics of the land-
slides source areas �Cascini et al. 2008�.

Among these typical triggering mechanisms, the most frequent
one �named M1 and the 28% over a total of 133 analyzed land-
slides source areas� was the triggering mechanism described in
“Remarks on Failure and Postfailure Stages” section �Fig. 2�. Ac-
cording to Cascini et al. �2008�, this mechanism occurred inside
colluvial hollows, i.e., the so-called Zero Order Basins �Dietrich
et al. 1986; Cascini et al. 2000; Guida 2003�, which are charac-
terized by convergent groundwater circulation inside the pyro-

Fig. 3. Overview of the landslides
clastic deposits and temporary springs from the bedrock �Fig. 3�.
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The geomechanical models described in “Modeling Alternatives”
section require accurate information on stratigraphy, pore-water
pressures, mechanical soil properties to be acquired through in
situ and laboratory investigations �Fig. 4�.

Referring to the analyzed case study, the in situ investigations
�i.e., pits, seismic prospections and soil suction measurements
collected over the period 1998–2004� provide detailed stratigra-

flow-type occurred in May 1998

Fig. 4. In situ conditions and granulometric soil properties
of the
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phy of the pyroclastic deposits at site and massif scales �1:2,000–
1:5,000�, as well as soil suction regime during the hydrological
year all over the Pizzo d’Alvano massif, inside and near the land-
slides source areas �Cascini and Sorbino 2002; Cascini 2004;
Sorbino 2005�.

As it concerns the laboratory investigations, they provide the
physical and mechanical properties of the pyroclastic soils in both
saturated and unsaturated conditions. Particularly, the pyroclastic
deposits are essentially made up of pumice soils and two main
classes �A and B� of ashy soil layers. The soil water characteristic
curves for both the ashy soils obtained through the suction con-
trolled oedometer, the volumetric pressure plate extractor and the
Richard pressure plate are discussed by Sorbino and Foresta
�2002�. For the pumice soils, empirical relationships were used
for the volumetric water content and the hydraulic conductivity
curves �Sorbino and Foresta 2002; Bilotta et al. 2005�. Finally, the
shear strength and the compressibility properties of the involved
soils in both saturated and unsaturated conditions are presented
and discussed by Bilotta et al. �2005, 2006, 2008�.

The main geotechnical parameters provided by the laboratory
tests are summarized in Table 1 that also takes into account the
data provided by the literature for analogous soils �Crosta and Dal
Negro 2003; Calcaterra et al. 2004; Picarelli et al. 2004; Bilotta et
al. 2005, 2006, 2008�.

Geomechanical Modeling

The analysis of the triggering mechanism named M1 was per-
formed through an integrated use of the geomechanical models of
“Modeling Alternatives” section �limit equilibrium, uncoupled
stress-strain, and coupled stress-strain models�. Particularly, limit
equilibrium analyses were used at site scale to back-analyze the
failure stage of a single landslide. To this aim, a detailed slope
section was referred to assess the relevant factors leading to fail-
ure. Once these factors have been outlined, limit equilibrium
analyses were also carried out at massif scale in order to check
the significance of these factors for the attainment of failure con-
ditions all over the Pizzo d’Alvano massif. The analyses at massif
scale necessarily took into account simplified slope models that
average the different site stratigraphy and slope geometry. Un-
coupled and coupled stress-strain analyses were also performed at
massif scale in order to validate the previous results and to get
insights on the postfailure stage.

Limit Equilibrium Analyses

For the analysis at site scale, a detailed slope section �Fig. 5� was
examined. The geomechanical analyses primarily concerned the
modeling of pore-water pressure changes during the time period
from January 1, 1998 to May 5, 1998. Pore-water pressures were
computed with a saturated-unsaturated groundwater modeling
with the aid of the commercial finite element code SEEP/W

Table 1. Physical and Mechanical Properties Assumed for the Pyroclasti

�d �kN /m3� �sat �kN /m3� n ��� ksat

Ashy soils �Class A� 9.10 15.7 0.66 1

Pumice soils 6.20 13.1 0.69 1

Ashy soils �Class B� 7.30 13.1 0.58 1

Note: �d�dry unit weight; �sat�saturated unit weight; n�porosity; ksat�s
b�rate of increase in shear strength due to suction.
�Geoslope 2005� that integrates Eq. �15�. The soil parameters of
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Table 1 were used. The adopted FEM mesh resulted in 3,755
quadrilateral elements with lengths and heights respectively
smaller than 1.0 and 0.5 m. As initial conditions, suction values
were assumed respectively equal to 5, 10, 15, and 20 kPa, all over
the slope section. A flux boundary condition equal to daily rainfall
intensities recorded at the toe rain gauges was assumed on the
ground surface for the period January 1, 1998—May 3, 1998; for
the last two days �May 4–5� the flux boundary condition was,
instead, assigned hourly rainfall intensities, with values equal to
twice those recorded at the toe rain gauges. Evapotranspiration
phenomena were not taken into account, according to Sorbino
�2005�, who evidenced the negligible effects of such phenomena
in the modeling of suction regime during the spring season. At the
contact between the pyroclastic deposit and the limestone bed-
rock, an impervious condition was assumed except for the zone
where the spring from the bedrock is located �Fig. 5�. Here, a flux
condition was considered with a flux value of 1.67
10−5 m3 /s,
starting from May 2 or 3, 1998.

The results from seepage analyses point out that direct rainfall
infiltration from ground surface and spring from the bedrock in-
duce, at site scale, complex transient unsaturated-saturated flow
patterns, strongly dependent on: �i� local stratigraphy; �ii� initial
conditions; �iii� hydraulic boundary conditions. Fig. 6 shows, for
instance, the role played by local stratigraphy and hydraulic
boundary conditions on the computed pore-water pressures. It is
worth noting that other Authors stress the role played by local
stratigraphy on pore-water pressure regime in different geological
contexts. Particularly, Ng and Shi �1998�, Crosta and Dal Negro

c� �kPa� � �°� b �°� � ��� E �kPa� � �°�

5÷15 32÷35 20 — — —

0 37 20 — — —

0÷5 36÷41 20 0.29 3,000÷7,000 0÷20

d hydraulic conductivity; c��effective cohesion; ��friction angle; and

Fig. 5. Stratigraphy for limit equilibrium analyses at site scale
c Soils

�m/s�

0−6

0−4

0−5

aturate
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�2003� and Cascini et al. �2005� focus on the effects of local
variations of geometry, while Reid �1997� and Lourenco et al.
�2006� stress the relevance of differences in soil layers hydraulic
conductivity. The initial conditions �i.e., saturation degree and
water content�, that determine the initial hydraulic conductivity,
are considered also in the literature a key factor and they are
demonstrated to be related to antecedent rainfall �Tsaparas et al.
2002� and/or to seasonal changes of suction �Blight 1997; Cascini
and Sorbino 2002; Cascini et al. 2003�. Hydrological seasons also
determine different hydraulic boundary conditions at ground sur-
face �i.e., rainfall� and bedrock contact �i.e., spring from bedrock�
that, in turn, cause different pore-water regimes and available soil
shear strength along the slip surface �Fredlund et al. 1978�.

Using the computed pore pressures values, slope stability con-
ditions were evaluated by integrating Eq. �18�. To this aim, the
limit equilibrium methods proposed by Janbu �1954� and Mor-
genstern and Price �1965� were adopted and the corresponding FS
values were computed by using the commercial SLOPE/W code
�Geoslope 2005�. For all the involved soils, a rigid-perfectly plas-
tic constitutive model was referred considering, in both saturated
and unsaturated conditions, the extended Mohr-Coulomb failure
criterion proposed by Fredlund et al. �1978� with geotechnical
properties listed in Table 1. A full parametric analysis was per-
formed changing initial suction and hydraulic boundary condi-
tions in order to obtain a satisfactory fitting among the failure
time sequence and the available eyewitnesses. In particular, at
time steps ranging from 1 to 0.25 h, the FS were computed along
170 potential slip surfaces with different lengths and depth from
the ground surface. When failure conditions �i.e., FS=1� were
simulated at some portions of the slope, the stratigraphical slope
section was updated removing the failed portions and slope sta-
bility conditions were recomputed for the remaining portions of
the slope section. Slope stability analyses allow well reproducing
the observed slope instability phenomena. Particularly, the analy-
ses highlight that multiple slides are simulated along the slope
according to a complex time sequence �Fig. 7�, which is strictly
dependent on suction initial conditions, as well as to the presence
and starting time of the spring from the bedrock �Cascini et al.
2005, 2008�. According to the scheme of Fig. 2, in the spring

Fig. 6. Simulated pore-water pressures for the slope section of Fig. 5,
assuming 10 kPa as initial conditions on January 1, 1998 and the
spring starting from May 2, 1998
zone and upslope, retrogressive multiple slides are simulated, in
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drained conditions, taking into account the change of slope geom-
etry, in agreement with the results provided by Take et al. �2004�
and Ng �2008� for slope model centrifuge tests.

Once the most relevant factors affecting the failure stage of a
single slope have been defined, limit equilibrium analyses were
performed at massif scale, to check the validity of the model at
more general site conditions. To this aim, infinite slope schemes
were referred and parametric analyses were performed with typi-
cal slope angles �35°�, depths �4.5 m� and stratigraphical settings
�Fig. 8� provided by the in situ evidences �Cascini 2004�. Particu-
larly, the scheme 3 well averages the stratigraphy of the slope
section of Fig. 5, while the scheme 2 and 1 are representative of
other portions of the Pizzo d’Alvano massif. The same soil prop-

Fig. 7. Slope failure time sequence simulated for the slope section of
Fig. 5
erties, initial and hydraulic boundary conditions of site scale
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analyses were adopted. The numerical results of the parametric
analysis �Fig. 8� indicate that rainfall infiltration from ground sur-
face and spring from the bedrock increase the pore-water pres-
sures up to the slide occurrence �Fig. 2�b��, independently from
the assumed stratigraphical setting and for any shear strength
value listed in Table 1 �Cascini et al. 2005�. Different stratigraphi-
cal settings and mechanical properties of pyroclastic deposits only
determine different depths of the slip surfaces from the ground
surface �Cascini et al. 2005�.

In conclusion, the obtained results show that localized pore-
water pressures, induced by spring from bedrock, must be con-
firmed as the key factor for the failure onset also at massif scale.
This is clearly pointed out by the correlation between the maxi-
mum pore-water pressures along the critical slip surfaces and
their factors of safety �points P1-P3 along slip surfaces S1-S3 in
Fig. 8�. The time of simulated failures also well fit the in situ
eyewitnesses �Fig. 8�.

Uncoupled Stress-Strain Analyses

More detailed information and further insights on the failure stage
can be obtained through uncoupled stress-strain analyses. These
analyses were performed through the commercial finite element
SIGMA/W code �Geoslope 2005� that integrates the Eq. �16�.
This code uses as input data the pore-water pressures provided by
the SEEP/W code �Geoslope 2005� through the integration of Eq.
�15�. Taking into account the previous results showing the small
influence of the particular stratigraphical setting on the failure
occurrence, the analyses were carried out referring to the simplest
infinite slope scheme of Fig. 8 �i.e., scheme 3, containing only
ashy B soils� and to the period May 4–5, 1998. For both the

Fig. 8. Limit equilibrium analyses at m
SEEP/W and SIGMA/W analyses, the previous finite element
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meshes were used, adopting an elastoplastic constitutive model
with a Mohr-Coulomb criterion extended to unsaturated condi-
tions �Fredlund et al. 1978�, whose parameters are summarized in
Table 1. As it concerns the hydraulic boundary conditions, a con-
stant rainfall intensity was considered with a cumulated value
equal to that used in the previous analyses and a spring zone was
introduced with different flux values, ranging from 4.17
10−6 to
1.67
10−5 m3 /s. Simplified initial conditions were assumed at
May 4, 1998, i.e., a uniform distribution of suction equal to 5 kPa
that well fits the pore-water pressures simulated with a full seep-
age analysis for the period January 1–May 3 1998. The initial
stress field was evaluated by simulating the deposition process of
the pyroclastic materials with a multistep increase of the soil de-
posit’s depth.

Using the previous described schemes, a parametric analysis
was performed changing the flux values of the spring and soil
properties among those reported in Table 1. The obtained results
highlight that, disregarding the spring from the bedrock, rainfall
infiltration from the ground surface induces low deformation rates
in the slope and the observed failure onset cannot be simulated.
On the contrary, by considering the spring from bedrock, higher
pore-water pressures, stress ratios and deformation rates are simu-
lated in the portion of the slope corresponding to the spring zone,
in agreement with the limit equilibrium analyses shown in Fig. 8
and accordingly to the scheme of Fig. 2�b�. Particularly, Fig. 9
shows the results obtained for the scheme 1 of Fig. 8, assuming
the spring from bedrock starting from 4 May 1998 with a flux
value of 1.67
10−5 m3 /s. In such a case, displacements are in-
duced in the spring zone �Points A1 and A2� by the reduction of
effective mean stress p� at nearly constant deviatoric stress q �Fig.

cale: pore-water pressures and slope FS
assif s
9�, and the occurrence of a slide in drained conditions is clearly
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outlined. In the upslope zone �Point B� a different stress path in
the q− p� plane is simulated as well as a different time trends for
pore-water pressures and displacements, in agreement with the
scheme of Fig. 2�c�. In this zone the displacements are induced by
the failure onset at the spring zone, and they are related to the
increase of deviatoric stress q at nearly constant effective mean
stress p� �Fig. 9�. This process corresponds to the initial stage of
a further slide that can turn into a flow as shown by Take et al.
�2004� and Ng �2008�. However, this process is not completely
simulated being not available a numerical model automatically
updating the slope geometry. Notwithstanding these limitations
and the simplified hypotheses, it is worth noting that the simu-
lated displacements field �Fig. 9� matches well the failed masses
assessed through limit equilibrium analyses �Fig. 8�. Moreover,
the time failure agrees the in situ eyewitnesses as well as those
obtained with limit equilibrium analyses �Fig. 8�. Similar results
were obtained for different values of the soil Young modulus E
and the dilation angle � among those listed in Table 1. Particu-
larly, the simulated displacements slightly increase by decreasing
the E modulus while the dilation angle � plays a negligible role.
Moreover, the simulated stress paths are practically independent
from both the E and � values.

Fig. 9. Uncoupled stress-strain analyses at massif scale: pore-wat

Fig. 10. Coupled stress-strain analyses at massif
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Coupled Stress-Strain Analyses

The modeling of both failure and postfailure stages was finally
addressed through coupled stress-strain analyses at massif scale,
using the GeHoMadrid code �Mira McWilliams 2002�. This code
concurrently integrates Eqs. �6� and �14�, so providing pore-water
pressures dependent on both hydraulic boundary conditions and
soil compressibility behavior, as well as the stress and strain
fields.

An infinite slope scheme and the stratigraphy of the scheme 1
of Fig. 8 were used for the analyses, considering the same initial
and hydraulic boundary conditions as well as the same simple
constitutive model �Table 1� of “Uncoupled Stress-Strain Analy-
ses” section. The results obtained for E=3000 kPa and �=20°
�Fig. 10� confirm that significant plastic strains are simulated only
if both rainfall and spring from the bedrock are considered. More-
over, the simulated slope instability scenario and the time failure
well agree those obtained with the previous simplified analyses
�i.e., limit equilibrium and uncoupled stress-strain analyses� �Figs.
8 and 9�, thus highlighting their capability to capture the global
behavior of the slope. Moreover, a parametric analysis, with dif-
ferent values of the soil Young modulus E and the dilation angle

sures, displacements, and stress paths for the Scheme 1 of Fig. 8

pore-water pressures and displacement contours
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� among those listed in Table 1, highlight that the numerical
results slightly depend on the parameter E. Conversely, the dila-
tion angle � plays an important role, affecting both the computed
pore-water pressures and displacements �Fig. 11�. Particularly, �i�
the highest values and gradients of pore-water pressures and dis-
placements are simulated for a value of the dilation angle � equal
to 0° �i.e., not associated flow rule�, while �ii� the failure onset
cannot be simulated and the computed displacements are negli-
gible for a value of the dilation angle � equal to 37° �i.e., asso-
ciated flow rule�.

As for the postfailure stage, the obtained results allow to out-
line some remarks, taking into account the simple constitutive
model used. Particularly, �i� significant differences in pore-water
pressures are simulated in the spring zone by only changing the
dilation � �Fig. 11�; �ii� depending on � value, the build up of
high pore-water pressures can be highlighted and the possible
occurrence of static liquefaction can be argued, in agreement with
the scheme of Fig. 2�d�. Therefore, the coupling between pore-
water and solid skeleton plays an important role and the deforma-
tion mechanism strictly affects the landslide failure and
postfailure stages. However, only when a suitable constitutive
model is available, it will be possible to distinguish between the
occurrence of a slide �Fig. 2�b�� or a flowslide �Fig. 2�d�� in the
spring zone.

As commonly accepted in the practice, all the previous analy-
ses were based on the assumption of plain strains conditions
along the considered longitudinal slope section. Removing this
hypothesis, the coupled stress-strain analyses were finally ex-
tended to three-dimensional �3D� conditions, to check the validity

Fig. 11. Pore-water pressures computed thro

Fig. 12. 3D coupled stress-str
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of the previous results. A 3D slope characterized by a concave
transversal bedrock profile and a variable depth for the overlying
pyroclastic deposit �ranging between 4.5 and 2 m, with the maxi-
mum value corresponding to the central part of the concavity�
was considered. The previous soil properties as well as initial and
hydraulic boundary conditions were used. Particularly, the pres-
ence of a spring from bedrock was assumed in the central part of
the concavity �spring zone�.

The obtained results highlight that rainfall and spring from the
bedrock induce high local pore-water pressures in the spring zone
where the highest stress ratios, plastic strains and displacements
were computed �Fig. 12�. The simulated landslide source area is
characterized by an elongated platform not laterally enlarging. It
is worth noting that the 3D coupled analyses agree with the slope
instability scenarios obtained through two-dimensional �2D�
coupled analyses and they well match the results obtained with
simplified models �Figs. 8–10�. Moreover, the 3D coupled analy-
ses provide a landside source area that well matches the in situ
observations and geomorphological evidences �Fig. 3, Section 4�.
Hence, 3D effects are outlined as negligible, and more conven-
tional 2D analyses can be safely referred.

Conclusions

Landslides of the flow-type are frequently triggered by rainfall in
shallow soil deposits. The failure stage is mainly associated to
rainfall that directly infiltrate the slope surface and to spring from

e coupled model for the point P of Fig. 10

alyses: displacement contours
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the underlying bedrock. The postfailure stage is characterized by
the sudden acceleration of the failed mass. Based on the current
literature, some reference schemes for the analysis of these land-
slides have been adopted. Then, assuming that failure and post-
failure stages can be separately addressed, an approach for the
geomechanical modeling is presented and three different model-
ing alternatives are suggested to analyze one or both stages at
different scales. Numerical analyses are finally provided for a
well-documented case history of southern Italy �Sarno-Quindici
event, May 4–5, 1998�.

For this case history, simple limit equilibrium analyses point
out, at site scale, the role played by local stratigraphy, initial and
hydraulic boundary conditions as predisposing and triggering fac-
tors of multiple slides characterized by a complex failure time
sequence. At massif scale, limit equilibrium and 2D uncoupled
stress-strain analyses confirm the role of rainfall infiltration and
springs from bedrock as key factors for the failure stage. More
sophisticated coupled 2D and 3D stress-strain analyses validate
the previous results for the failure stage and provide insights on
the postfailure stage and the landslide failing volume. In conclu-
sion, the performed analyses clearly highlight the occurrence of a
slide due to rainfall infiltration and spring from bedrock and the
potential for this slide in turning into flow because of the defor-
mation mechanism. This last aspect, however, will be properly
addressed only when a suitable constitutive model is available.
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