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A simplified method for predicting rainfall-induced
mobility of active landslides

Abstract This paper deals with the landslides that are reactivated
by a groundwater level increase owing to rainfall. These landslides
are usually characterized by low displacement rate with deforma-
tions essentially concentrated within a narrow shear zone above
which the unstable soil mass moves like a rigid body (i.e., with a
horizontal displacement profile that is essentially constant with
depth). In view of this evidence, a new method based on a simple
sliding block model is proposed in the present study for a prelim-
inary evaluation of landslide mobility. Unlike other existing
methods that provide an evaluation of landslide mobility on the
basis of groundwater level measurements, the present method
directly relates landslide movements to rain recordings. This pos-
sibility constitutes a significant advantage from a practical view-
point because it allows future displacement scenarios to be
predicted from expected rainfall scenarios. In addition, the present
method requires a limited number of parameters as input data,
many of which can be obtained from conventional geotechnical
tests. To evaluate the other parameters involved, an efficient cal-
ibration procedure is also proposed. Four case studies document-
ed in the literature are analyzed to assess the capability of the
present method to reproduce the main features of the slope re-
sponse to rainfall. In all these case studies, both groundwater level
variations and landslide displacements observed in field are well
approximated by the method.

Keywords Rainfall . Groundwater level fluctuations . Landslide
mobility . Sliding blockmodel

Introduction
Active landslides are often controlled by the groundwater level
fluctuations which in turn are related to rainfall. The mobility of
these landslides is therefore characterized by alternating phases of
rest and motion according to the weather conditions. In particular,
a rising groundwater level owing to rainfall can cause a reactiva-
tion of the landslide or, if it is moving, an acceleration of the
motion. On the other hand, a groundwater level lowering (as it
occurs during dry periods) reduces the landslide velocity and can
bring the unstable soil mass to rest. The main type of movement
experienced by these landslides is a translational slide with a
velocity in the order of some centimeters per year, so that they
can be defined as slow-moving landslides (Cruden and Varnes
1996). Generally, soil deformations are concentrated within a nar-
row shear zone located at the base of the landslide body, in which
the soil shear strength is at residual condition owing to the high
strains accumulated (Leroueil et al. 1996). The soil above the shear
zone is, on the contrary, affected by small strains and it is often
characterized by a horizontal displacement profile that is essen-
tially constant with depth.

In engineering practice, changes in the groundwater regime and
slope stability are usually dealt with separately using an uncoupled
approach. Specifically, the pore water pressure regime within the
slope due to groundwater level variations is first determined.

Then, the resulting pore water pressures at the potential failure
surface are used in a limit equilibrium analysis for assessing the
slope stability conditions in terms of a safety factor defined as the
ratio of the soil shear strength available along the failure surface to
that mobilized. In this context, Van Asch and Buma (1997) pro-
posed a one-dimensional hydrological model to describe ground-
water fluctuations in relation to precipitation and a limit
equilibrium method to assess the temporal frequency of
instability of a landslide. Conte and Troncone (2012a) developed
a simplified method that utilizes the infinite slope model to assess
slope stability and an analytical solution (Conte and Troncone
2008) to evaluate the changes in pore pressure at the slip surface
from the piezometric measurements carried out at a piezometer
installed above this surface. However, the limit equilibrium meth-
od is in principle unable to analyze active landslides for which a
realistic prediction of the displacements is required rather than a
calculation of the safety factor. Owing to this drawback, Calvello et
al. (2008) proposed to relate empirically the displacement rate
measured at a selected point of the slope to the safety factor value
calculated using the limit equilibrium method.

Numerical solutions based on the finite element method or the
finite difference method can obviously provide a better under-
standing of the complex mechanisms of deformation that occur
in the slopes (Di Maio et al. 2010; Lollino et al. 2010; Vassallo et al.
2015). Considering that in the slow-moving landslides, the viscous
component of the soil deformations should be very important
(Vulliet and Hutter 1988; Van Asch and Van Genuchten 1990;
Bracegirdle et al. 1992; Savage and Chleborad 1982; Desai et al.
1995; Van Asch et al. 2007), an elasto-viscoplastic constitutive
model is often incorporated in these numerical methods to predict
the behavior of the unstable soil mass (Olivella et al. 1996; Picarelli
et al. 2004; Fernández-Merodo et al. 2014). Recently, Conte et al.
(2014) presented a finite element approach for evaluating the
mobility of active landslides owing to groundwater level fluctua-
tions. This approach utilizes an elasto-viscoplastic constitutive
model in conjunction with a Mohr-Coulomb yield function to
model the behavior of the soil in the shear zone. A linear elastic
model is on the contrary assumed for the soils above the shear
zone which, as already said, undergo small strains. However, the
numerical methods are generally very costly from a computational
viewpoint. In addition, a significant number of material parame-
ters need to be evaluated when advanced constitutive models are
adopted. As a consequence, the use of these methods is not fully
justified for practical purposes especially when there is a lack of
precise measurements or specific experimental data concerning
the constitutive parameters involved.

Simplified methods that are based on approximate assump-
tions were also proposed to perform readily a preliminary
assessment of the landslide mobility (Hutchinson 1986; Angeli
et al. 1996; Gottardi and Butterfield 2001; Corominas et al. 2005;
Herrera et al. 2009; Ranalli et al. 2010; Conte and Troncone 2011,
2012c). Specifically, in these methods it is assumed that the
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landslide body behaves as a rigid block sliding on an inclined
plane. The resulting solution is generally simple to use and is
not time-consuming. Another significant advantage lies in the
fact that few material parameters are required as input data,
most of which can be obtained by conventional geotechnical
tests. In these methods, however, landslide velocity is usually
evaluated on the basis of the groundwater level measurements
carried out at some piezometers installed within the slope. This
constitutes a serious drawback when such methods are used as a
predictive tool to evaluate the landslide movements from ex-
pected rainfall scenarios, because the associated groundwater
level changes are not known. As a consequence, a method that
directly relates rainfall to landslide mobility should be of major
interest from a practical viewpoint. A method with these char-
acteristics is developed in the present study. This method uti-
lizes some analytical solutions which relate rainfall to
groundwater level changes and the latter to the landslide move-
ments. A calibration procedure is also incorporated in the
method to evaluate some parameters which are difficult to
obtain experimentally. Several case studies documented in the
literature are considered to assess the capability of the proposed
method to predict the landslide mobility caused by rainfall.

Proposed method

Relationship between rainfall and groundwater level variations
Novel equations are derived in this section to establish a simple
relationship between rainfall and groundwater level fluctuations.
To this end, the scheme shown in Fig. 1 is considered. It concerns
an infinite slope that makes an angle α with the horizontal direc-
tion and is subjected to water seepage parallel to the ground
surface. Referring to Fig. 1, H is the thickness of the landslide
body, Hd is the depth of the steady-state groundwater level from
the ground surface, Hw is the distance between the steady-state
level and the slip surface and h(t) denotes the change in the
groundwater level caused by rain infiltration. All these quantities
are measured in the vertical direction (Fig. 1).

Owing to the occurrence of continuous movements, the upper
portion of the landslide body is generally characterized by the
presence of cracks and fissures which favor water infiltration into
the slope (Van Asch et al. 1996), with the result that a close

relationship is often observed between rainfall and groundwater
level fluctuations. This also occurs in low permeable soils where
the rainfall-groundwater level relationship is generally more com-
plex. Under the assumption of a perfect synchronism between
rainfall and groundwater fluctuations, the following equation can
be written:

hr ¼ n 1−Srð Þho ð1aÞ

where hr is the water volume (per unit area) that infiltrates into the
slope owing to a rain event with a prescribed duration, ho is the
corresponding increase in groundwater level with respect to the
steady-state level, and n and Sr are, respectively, the porosity and
degree of saturation in the portion of soil above the steady-state
groundwater level. The term n (1− Sr) ho is therefore the water
volume (per unit area) that is stored into the soil owing to infil-
tration. As a further simplification, it is assumed that both n and Sr
are constant. Of course, when the slope is completely saturated
(Sr = 1), rain cannot infiltrate through the ground surface and
therefore hr = 0. Equation (1a) can be also written as

ho ¼ hr
n 1−Srð Þ with Sr < 1 ð1bÞ

It is also noteworthy that ho ≤Hd in this equation. To account
for approximately the runoff effect, it is assumed that hr is related
to the rain depth, hm, by an expression similar to that suggested by
Conte and Troncone (2012b), i.e.,

hr ¼ hm for hm < h ð2aÞ

hr ¼ h for hm≥h ð2bÞ

where h is the potential infiltration volume (per unit area) through
the ground surface (Fig. 2). A constant value of h is considered in
the present study, for the sake of simplicity.

The water volume stored in the soil progressively reduces in
consequence of the water seepage that occurs in the saturated
portion of the slope. Considering a slope slice with unit width, b,
the following balance equation can be written in differential form:

−dhb ¼ k ihcosαdt ð3Þ

Fig. 1 Infinite slope model with an indication of the steady-state groundwater
level, the groundwater level change owing to rain infiltration, h(t), and the slip
surface (modified from Conte and Troncone 2011) Fig. 2 Rain depth, hm, and potential rain infiltration depth, h
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where t is time, k is the saturated hydraulic conductivity of the soil,
and i is the hydraulic gradient (i=sinα for an infinite slope with water
flow parallel to the slope). Setting kT= k/b, Eq. (3) takes the form

dh
h

¼ −kT sinαcosαdt ð4Þ

Integrating this equation with the initial condition h= ho at
t= to, and taking into account Eq. (1a), leads to the following
solution for h(t):

h tð Þ ¼ hr
n 1−Srð Þ exp −kT sinα cosα t−toð Þ½ � ð5Þ

It can be readily extended to a number N of rain events using
the equation

h tð Þ ¼
XN

j¼1

hr j
n 1−Srð Þ exp −kT sinαcosα t−to j

� �� � ð6Þ

where hr j is the water volume (per unit area) that infiltrates into
the slope owing to the j-th rain event. An equation similar to
Eq. (6) was derived by Montrasio and Valentino (2007, 2008) to
study a different problem (i.e., the triggering mechanism of
rainfall-induced shallow landslides).

Finally, the changes in pore water pressure associated with h(t)
are given by

uo tð Þ ¼ γw h tð Þcos2α ð7Þ

where γw is the unit weight of water.

Prediction of landslide mobility
In this section, the method originally proposed by Conte and
Troncone (2011) is extended to evaluate the landslide movements
using the function uo(t) which is directly related to rain infiltration
by Eqs. (6) and (7). In this method, the infinite slope model shown
in Fig. 3 is considered, where d is the thickness of the shear zone
above which the unstable soil mass moves like a rigid body. It is
also assumed that a viscous force is activated at the base of the
landslide body when movement occurs. Under these assumptions,
the equation of motion takes the form

dv
d t

þ λv ¼ χ u tð Þ−uc½ � ð8Þ

where v(t) is the landslide velocity in the direction parallel to the
slope, u(t) describes the changes in pore water pressure at the
failure surface, and uc is a critical threshold for u(t), which is
introduced to establish whether or not the landslide body moves.
Specifically, motion occurs when u(t) exceeds uc. The expression of
uc is

uc ¼ 1

tan ϕ
0
r

c
0
r−γH sinαcosα

� �
þ γH−γwHwð Þcos2α ð9Þ

in which γ is the unit weight of the soil which is assumed constant
with depth for simplicity, cr

’ and ϕr
’ are, respectively, the effective

cohesion and the resistance angle of the soil (in the shear zone) at
residual condition. The other parameters appearing in Eq. (8) are

λ ¼ β
γH

g ð10Þ

β ¼ μ
d

ð11Þ

χ ¼ tanϕ
0
r

γH cosα
g ð12Þ

with μ= coefficient of viscosity of the soil in the shear zone and
g= gravity acceleration.

After expanding the function uo(t) in a finite number M of
harmonic components using the Fourier series, i.e.,

uo tð Þ ¼ Aο

2
þ
XM

k¼1

Ak cos ωk tð Þ þ Bk sin ωk tð Þ½ � ð13Þ

where ωk= 2 kπ/T is the frequency of the kth component, T is the
period of uo(t) which has to be assumed greater than the final time
of analysis, and Ao, Ak, and Bk are the series amplitudes, the
solution to Eq. (8) can be put in the following form (Conte and
Troncone 2011):

v tð Þ ¼ χ v1 tð Þ−v2 tð Þ þ
XM

k¼1

vk tð Þ
( )

ð14Þ

where

v1 tð Þ ¼ Ao

2
1
λ

1−e−λ t−tsð Þ
h i

−
4
π

X∞

n¼1

1
2n−1ð Þ

Ln
Sn

sinMn

( )
ð15Þ

Fig. 3 Slope model considered in the present study (modified from Conte and
Troncone 2011)
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v2 tð Þ ¼ uc
λ

1−e−λ t−tsð Þ
h i

ð16Þ

vk tð Þ ¼ 2
X∞

n¼1

Mn ϑk

1þ ϑ2
kM

4
n

� � Gn−Fn þ En½ � sinMn ð17Þ

and ts is time at which the landslide motion starts (at this time
u= uc). In addition,

Mn ¼ 2n−1ð Þπ
2

ð18Þ

Ln ¼ e−M
2
n Tv−e −M2

n Tvsþλ ts−tð Þ½ � ð19Þ

Sn ¼ λ−
M2

n cv
Hw cosαð Þ2 ð20Þ

Tv ¼ cv t
Hw cosαð Þ2 ð21Þ

Tvs ¼ cv ts
Hw cosαð Þ2 ð22Þ

ϑk ¼ cv
ωk Hw cosαð Þ2 ð23Þ

Gn ¼ Ln
Sn

Bk−Ak ϑk M2
n

� � ð24Þ

Fn ¼ C Bk−Ak ϑk M2
n

� � ð25Þ

En ¼ D Ak þ Bk ϑk M2
n

� � ð26Þ

C ¼ 1
λ2 þ ω2

k

� � λcos ωk tð Þ þ ωk sin ωk tð Þ− λcos ωk tsð Þ þ ωk sin ωk tsð Þ½ �e−λ t−tsð Þ
n o

ð27Þ

D ¼ 1
λ2 þ ω2

k

� � λ sin ωk tð Þ−ωk cos ωk tð Þ− λ sin ωk tsð Þ−ωk cos ωk tsð Þ½ �e−λ t−tsð Þ
n o

ð28Þ

The expression of cv is

cv ¼ k
γw mv

ð29Þ

where mv is the coefficient of volume change of the soil skeleton.
Velocity v(t) has to be calculated when u (t) > uc. Motion stops

when v=0. By contrast, if the condition u(t) < uc persists at any
time, no movement occurs.

In conclusion, Eqs. (14) to (29) allow the landslide velocity to be
evaluated directly from the rain recordings (Eqs. 7 and 13).
Landslide mobility in terms of permanent displacement, s(t), is
obtained by integration of v(t) in the time intervals in which this
function takes positive values (i.e., only the displacements in the
downhill direction are calculated).

Calibration procedure
The proposed method requires few soil parameters as input data,
most of which can be obtained from conventional geotechnical
tests. The latter are γ, ϕr

’ , cr
’ (generally, cr

’ is nil), cv, n, and Sr. On
the contrary, the parameters h, kT, and β are difficult to determine
experimentally. Operative values of these parameters can be eval-
uated by matching the available measurements concerning the
groundwater level variations, h(t), and the landslide displacement,
s(t), with the theoretical results obtained using the present meth-
od. In some circumstances, a calibration of cv and Sr could be also
opportune, considering that cv is significantly affected by the
presence of fissures, discontinuities, or thin layers of very perme-
able materials, and Sr strongly depends on suction.

In the present study, calibration of the abovementioned param-
eters is achieved by minimizing an objective function defined as
the sum of the square of the residuals (i.e., the difference between
observation and prediction at any time):

Sob j ¼
Xm
i¼1

yi−yi
� �2

ð30Þ

where Sobj indicates the objective function, m is the number of
available observations, yi is the i-th component of the observation
record, and yi is the corresponding computed value. Specifically, to
evaluate the optimal values of h, kT, n, and Sr (or directly the term
n(1− Sr) appearing in Eq. 6), yi and yi are the observed and
predicted changes in the groundwater level, respectively. Similarly,
the measured and calculated values of s(t) are used as yi and yi to
calibrate the parameters cv and β. The minimization process of Sobj
is performed using the trust region reflective algorithm
(MathWorks 2012). This algorithm is a subspace trust region
method and is based on the interior-reflective Newton method
described in Coleman and Li (1994, 1996). The trust region method
generates a series of intermediate steps with the help of a quadratic
model of the objective function. The method selects the direction
and size of the step simultaneously. If a step is not acceptable, the
size of the region is reduced and a new minimum is found. In
general, the direction of the step changes whenever the size of the
trust region is altered. Each iteration involves the solution of a
linear system of equations using the method of the preconditioned
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conjugate gradients. A detailed description of the theory and
implementation of the method can be found in MathWorks (2012).

Application of the method to case studies
The proposed method is implemented in a MatLab code which is
used in this section to analyze some case studies documented in
the literature. In particular, four case studies are considered: the
Fosso San Martino landslide (Bertini et al. 1984) and the Orvieto
landslide (Tommasi et al. 2006; Fabrizi et al. 2011) in Italy and the
Vallcebre landslide (Corominas et al. 2005) and the Portalet land-
slide (Herrera et al. 2009; Fernández-Merodo et al. 2014) in Spain.

These case studies concern some landslides having a high value
of the length-thickness ratio. Soil deformations occur in a distinct
shear zone located at the base of the unstable soil mass that moves
with a displacement profile essentially constant with depth. In
addition, an evident synchronism was observed between rain
and groundwater fluctuations. All these evidences are consistent
with the assumptions on which the present method is based.

Location and thickness of the shear zone are established from
some inclinometer profiles which also document the progress of
the landslide displacement with time. In addition, groundwater
level measurements are available for a sufficiently long period of
observation. These monitoring data along with the calibration
procedure described in the previous section are used to evaluate
the model parameters that cannot be found in the above-cited
publications. In this connection, it is assumed that the deepest
groundwater level recorded in the observation period defines the
steady-state level indicated in Fig. 1. In addition, for each case
study examined, a borehole (generally located in the central part
of the slope) is considered to be representative of the whole
landslide body, in accordance with the infinite slope assumption.
The results are presented in terms of groundwater level variations,
pore water pressure changes at the failure surface, and landslide
displacement with time.

The Fosso San Martino landslide
The Fosso San Martino landslide is located near the city of
Teramo, in central Italy. It is an active slide which is periodically
mobilized by groundwater fluctuations (Bertini et al. 1984; Bertini
et al. 1986). A geological cross-section of the slope is shown in
Fig. 4. As can be seen, the subsoil essentially consists of a marly
clay formation covered by a layer of clayey silt (colluvial cover)
with a maximum thickness of about 20 m. The shear zone is
located within a layer of weathered marly clay which is interposed

between the colluvial cover and the marly clay formation. Figure 5
shows a displacement profile measured at the inclinometer B
which is installed in the central part of the slope (Fig. 4). This
profile reveals that the soil mass essentially moves like a rigid body
sliding over a shear zone, the thickness of which is about 2 m. The
piezometric levels recorded at cell B3 are considered to describe
the groundwater fluctuations and to define the position of the
steady-state groundwater level. This cell is located close to incli-
nometer B at a depth of 5 m from the ground surface (Fig. 4). On
the basis of these data, the slope is modeled as an infinite slope
with H= 22 m, Hd = 3.1 m, and α= 10° (Fig. 1). The available
geotechnical parameters which are of interest for the present study
are γ= 21 kN/m3, cr

’= 0 kPa, ϕr
’= 17°, and cv = 25 m2/day (Bertini

et al. 1984; Conte and Troncone 2012a). The other parameters are
evaluated by matching the available monitoring data with the
theoretical results obtained using the proposed method.
Specifically, the piezometric measurements carried out at cell B3
from November 1980 to January 1986 along with the monthly
rainfall recorded in the same period (Fig. 6a) are first considered

to establish the optimum values of h, kT, n, and Sr using the
calibration procedure described in a precedent section. Then, the
time-displacement curve measured at the top of the inclinometer
B is considered to estimate the value of β. The values of these

parameters are indicated in Table 1. The resulting value of h is
practically equal to the maximum depth of rain (i.e., rain totally
infiltrates into the slope). Figure 6b shows a comparison between
the groundwater level variations recorded at cell B3 with those
obtained theoretically using Eq. (6) along with the parameters
resulting from calibration. In spite of the simplified assumptions
made, Eq. (6) reliably predicts the water table depth evolution
measured by the piezometer. The mean (μresiduals) and the stan-
dard deviation (σresiduals) of the difference between observations
and predictions over the entire record are −0.018 and 0.567 m,
respectively. For the sake of completeness, the pore water pressure
changes calculated at the failure surface and the value of uc are
shown in Fig. 6c. Comparison in terms of landslide displacement
in the horizontal direction (i.e., s(t) cosα) versus time is docu-
mented in Fig. 6d. The theoretical results shown in this figure were

Fig. 4 Fosso San Martino landslide: geological cross-section with an indication of
the position of inclinometer B and piezometric cell B3 (modified from Bertini et al.
1986). The scale is applicable to the vertical and horizontal directions

Fig. 5 Fosso San Martino landslide: horizontal displacement profile at inclinometer
B (modified from Bertini et al. 1986)
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obtained using the function uo(t) evaluated theoretically by
Eqs. (6) and (7). As can be seen, the global trend of the horizontal
displacement is well captured by the method (the values of
μresiduals and σresiduals are both equal to 0.009 cm).

The Orvieto landslide
The town of Orvieto is located in central Italy, 105 km north of
Rome. It extends on the top of an isolated hill of pyroclastic rock

(tuff). The northern slope of this hill is affected by a landslide of
great dimensions (the Porta Cassia slide) which continuously
causes injuries to some important infrastructures located in that
area (Tommasi et al. 2006; Fabrizi et al. 2011). The slope extends
over a length of 400 m with an average value of a approximately
7°. As shown in Fig. 7, the subsoil is formed by a stiff clay
formation underlying a debris cover that consists of remolded
volcanic and clayey materials. The maximum thickness of this
cover is about 15 m. The slip surface develops within a softened
clay layer with a thickness from 2 to 7 m, which is located at the
base of the debris cover (Fig. 8). The residual strength parameters
are cr

’=0 kPa and ϕr
’= 11.3°, and the average value of the unit

weight of the soil is γ= 19.7 kN/m3 (Tommasi et al. 1997). For the
slope zone where borehole I22 is located (Fig. 7), both
inclinometric and piezometric measurements are available for a
period from August 2003 to June 2009 (Fabrizi et al. 2011). On the
basis of these measurements, it can be assumed that H= 14.5 m
and Hd = 3.8 m. In addition, these measurements, along with the
monthly rainfall recorded in the above-specified period (Fig. 9a),
are considered in this study to evaluate the other parameters
required by the proposed method. The values of the parameters
that provided the best agreement between experimental and the-
oretical results are indicated in Table 2. Figure 9b and d show some
comparisons between observation and prediction in terms of

Fig. 6 Fosso San Martino landslide: a monthly rainfall; b measured and calculated
groundwater level changes at cell B3; c calculated pore pressure change at the
failure surface with an indication of the value of uc; d measured and calculated
horizontal displacement versus time at the top of inclinometer B. The groundwater
level and displacement measurements are drawn from Bertini et al. (1986)

Table 1 Fosso San Martino landslide: calibrated values of the input parameters

kT
month−1

Porosity
(n)

Sr cv (m
2/

month)
β (kN
month/m3)

20 0.35 0.8 750 6 × 108

Fig. 7 Orvieto landslide: geological cross-section with an indication of the position
of inclinometer I22 (modified from Fabrizi et al. 2011). The scale is applicable to the
vertical and horizontal directions

Fig. 8 Orvieto landslide: horizontal displacement profile at inclinometer I22
(modified from Fabrizi et al. 2011)
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groundwater level changes and horizontal displacement evolution
with time, respectively. As can be seen, the proposed approach is
able to reproduce reliably the main features of the slope response
to rainfall. There is in fact a fairly good agreement between
observation and prediction both in terms of rainfall-induced
groundwater level variations (Fig. 9b) and in terms of landslide
mobility (Fig. 9d). The values of μresiduals and σresiduals concerning
the piezometric level variations are 0.102 and 0.340 m, respectively,
whereas values of μresiduals =−0.002 mm and σresiduals = 0.0008 mm

are obtained for the residuals of the horizontal displacements.
Finally, Fig. 9c shows the pore water pressure changes calculated
at the failure surface along with the value of uc.

The Vallcebre landslide
The Vallcebre landslide is a translational slide located in the
Eastern Pyrenees, in Spain (Corominas et al. 2005). The subsoil
consists of a thick layer of clayey siltstone with inclusions of
gypsum and fissured shale resting on a formation of limestone
(Fig. 10). Gypsum is affected by solution processes which cause the
formation of fissures, cracks, and vertical holes (pipes). A layer of
fissured shale is interposed between the clayey siltstone layer and
the limestone formation. The maximum thickness of this latter
layer is about 6 m. A complete description of the site from a
geological viewpoint can be found in Corominas et al. (2005).
The Vallcebre landslide was monitored by installing a significant
number of piezometers, inclinometers, and wire extensometers.
Since November 1996, systematic measurements of groundwater
level and displacement were performed. The monitoring data
showed that there is an evident synchronism among rainfall,
groundwater fluctuations, and displacement rate (Corominas
et al. 2005). This should be ascribed to the presence of fissures,
cracks, and pipes that are preferential ways for water infiltration.
Inclinometer readings showed that the moving soil mass has a
maximum thickness of about 15 m, with deformation concentrated
within a shear zone located in the fissured shale layer (Corominas
et al. 1999). By contrast, deformation is negligible in the upper
layer of clayey siltstone (Fig. 11). In addition, except for the ex-
tremities of the landslide body, the shear zone is practically paral-
lel to the ground surface with an average inclination of about 10°
(Fig. 10). Referring to Fig. 1, it can be assumed that H= 15 m,
Hd = 6.3 m, and α= 10°. The available geotechnical parameters
are γ = 21 kN/m3, cr

’ = 0 kPa, ϕr
’ = 13.7°, and cv = 5 m2/day

(Corominas et al. 2005; Conte and Troncone 2011). Daily rainfall

Fig. 9 Orvieto landslide: a monthly rainfall; b measured and calculated
groundwater level changes; c calculated pore pressure change at the failure
surface with an indication of the value of uc; d measured and calculated horizontal
displacement versus time at the top of inclinometer I22. The groundwater level and
displacement measurements are drawn from Fabrizi et al. (2011)

Table 2 Orvieto landslide: calibrated values of the input parameters

h (mm) KT month
−1 Porosity (n) Sr cv (m

2/month) β (kN ·month/m3)

200 7 0.6 0.75 50 2.6 × 1010

Fig. 10 Vallcebre landslide: geological cross-section with an indication of the
position of borehole S2 (modified from Corominas et al. 2005). The scale is
applicable to the vertical and horizontal directions
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recordings (Fig. 12a) along with groundwater level (Fig. 12b) and
ground displacement (Fig. 12d) measurements at the borehole S2
(Fig. 10) are considered in this study to evaluate the other required
parameters using the calibration procedure described in the pre-
cedent section. The best agreement between measured and calcu-
lated results is achieved using the values shown in Table 3.
Figure 12b presents a comparison between the piezometric levels
recorded from March 1997 to February 1998 and those predicted
by Eq. 6. The values of μresiduals and σresiduals are 0.322 and 0.877 m,
respectively. They are greater than those found for the other case
studies considered in the present paper. This worse fitting should
be principally ascribed to the presence of two peaks in the calcu-
lated function h(t), which are consistent with the rainfall record
(Fig. 12a), but not with the groundwater level measurements
(Fig. 12b). In addition, Fig. 12c shows the pore water pressure
changes calculated at the failure surface, and Fig. 12d compares
the accumulated displacement measured at the top of borehole S2
with those calculated using the present method. Referring to the
latter comparison, the calculated values of μresiduals and σresiduals
are 0.005 and 0.020 cm, respectively. Therefore, the agreement
between observed and calculated landslide displacements can be
considered satisfactory.

The Portalet landslide
The study area is located in the central Spanish Pyrenees and is
affected by several landslides. The landslide considered in the present
study is a paleolandslide that was reactivated owing to the construc-
tion of a parking area at the toe of the slope (Herrera et al. 2009). As
shown in Fig. 13, the subsoil is characterized by the presence of a slate
formation covered by three different soil layers (Fernández-Merodo
et al. 2014). The shallowest layer is formed by a colluvial deposit (up to
10 m thick) consisting of gravel, sand, and sandy clayey silt with
limestone boulders. Below this deposit, a layer of silt and sandy clay
is present. The third layer is made up of fractured and weathered slate.
The slope model considered in the present analysis is based on the
experimental data from the borehole S-1, the location of which is
indicated in Fig. 13. Readings at the inclinometer installed in this
borehole show that the slip surface is located at a depth of approxi-
mately 13.5 m from the slope surface (Fig. 14). Displacement

measurements at several control points located on the ground surface
were also performed using SAR and DGPS monitoring techniques.
The respective results are described in details by Herrera et al. (2009);
Fernández-Merodo et al. (2014). On the basis of these data, it can be
assumed thatH= 13.5 m and α= 14° (Fig. 1). In addition, the following
geotechnical parameters are available: γ= 22.7 kN/m3, n= 0.15,
cr
’=0kPa, and ϕr

’= 18° (Herrera et al. 2009). In particular, the values
of cr

’ andϕr
’ define the residual strength of the silt and sandy clay layer

where the shear zone is located (Fig. 14). In situ measurements carried
out at some piezometers in the period from July 2010 to October 2011
show that the steady-state groundwater level is 6.5 m deep and that its
changes with time are strongly influenced by rainfall (Fig. 15a, b). Such
a close relationship between rainfall and groundwater fluctuations
should be ascribed to the drainage capacity of the upper layer of
colluvium and the presence of superficial cracks and preferential
drainage pathways (Fernández-Merodo et al. 2014). The parameters

Fig. 11 Vallcebre landslide: horizontal displacement profile at inclinometer
S1 (modified from Corominas et al. 1999)

Fig. 12 Vallcebre landslide: a daily rainfall; b measured and calculated
groundwater level changes; c calculated pore pressure change at the failure
surface with an indication of the value of uc; d measured and calculated
displacement versus time at the top of borehole S2. The groundwater level and
displacement measurements are drawn from Corominas et al. (2005)
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used in the calculations are those specified above in addition to those

indicated in Table 4. Considering the value found for h (i.e., 90mm), it
can be assumed that rain totally infiltrates into the slope (Fig. 15a). It is
also noteworthy that the parameters cv and β were evaluated on a
trial-and-error basis, because of the few displacement measurements
available (Fernández-Merodo et al. 2014). A comparison between
observed and predicted groundwater levels is shown in Fig. 15b
(μresiduals and σresiduals are 0.076 and 0.438 m, respectively). Function
uo(t) obtained from Eq. (7) is used as input for calculating the pore
water pressure changes at the failure surface (Fig. 15c) and the hori-
zontal displacement evolution with time. Finally, Fig. 15d presents a
comparison between the calculated displacements and those mea-
sured at the ground surface. From the comparisons documented in
Fig. 15b, d, it can be concluded that the theoretical results approximate
the available measurements well, both in terms of groundwater level
fluctuations and horizontal displacements.

Discussion and conclusions
Active landslides are often controlled by the groundwater level
fluctuations which in turn are related to rainfall. These landslides
are generally characterized by low velocity with deformations
essentially concentrated within a distinct shear zone located at
the base of the landslide body (Leroueil et al. 1996). The soil mass
above the shear zone is, on the contrary, affected by small defor-
mations and moves like a rigid body (i.e., with a horizontal
displacement profile that is essentially constant with depth).
Movements are usually generated by a rise in groundwater level
owing to rainfall. On the other hand, a drop in groundwater
reduces the landslide velocity until the unstable soil mass comes
to rest. Therefore, the mobility of these landslides is marked by
alternating phases of rest and motion.

In view of these evidences, a method based on a simple sliding
block model has been presented in this study for a preliminary

evaluation of the landslide mobility in relation to rainfall. The
proposed method can be applied to landslides that exhibit a direct
coupling between precipitation and groundwater levels, for exam-
ple, owing to the presence of ground fissures, cracks, and prefer-
ential drainage pathways which favor water infiltration into the
slope (Van Asch et al. 1996). Therefore, the method is unsuitable
for analyzing study cases showing a complex relationship among
rainfall, groundwater levels, and displacements (Novotný and
Kobr 2009). In these circumstances, the method only provides a
first approximation of the slope response to rainfall.

Several methods based on the sliding block model were
previously published in the literature (Hutchinson 1986; Angeli
et al. 1996; Gottardi and Butterfield 2001; Corominas et al. 2005;
Herrera et al. 2009; Ranalli et al. 2010; Conte and Troncone 2011,
2012c). In these methods, however, the landslide movements are
calculated using, as input data, the groundwater level measure-
ments performed at some piezometers installed within the
slope. This constitutes a serious drawback when such methods
are used to predict displacement scenarios from expected rain-
fall scenarios, because the groundwater level changes associated
with precipitation are not known. Unlike the abovementioned
methods, the present approach directly relates landslide move-
ments to rain recordings. Specifically, the proposed method
utilizes some novel equations that relate rainfall to groundwater
level changes and the latter to the landslide movements. Field
measurements of groundwater level and landslide displacement
are however necessary to evaluate some parameters that are
difficult to evaluate experimentally. In particular, the parame-
ters kT and β should be carefully selected because they signifi-
cantly affect the prediction of the groundwater level changes
and landslide movements, respectively. To this purpose, an
optimization procedure has also been incorporated in the pro-
posed method. After performing the parameter calibration, the

Table 3 Vallcebre landslide: calibrated values of the input parameters

h (mm) kT day
−1 Porosity (n) Sr cv (m

2/day) β (kN · day/m3)

60 1 0.3 0.9 5 1 × 108

Fig. 13 Portalet landslide: geological cross-section with an indication of the
position of inclinometer S-1 (modified from Fernández-Merodo et al. 2014). The
scale is applicable to the vertical and horizontal directions

Fig. 14 Portalet landslide: horizontal displacement profile at inclinometer S-1
(modified from Fernández-Merodo et al. 2014)
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method may be used for planning and construction purposes, to
predict future landslide movements directly from expected rain
events. Considering that the present method is in principle able
to analyze landslides with different degrees of mobility, a fur-
ther application could concern the definition of rainfall thresh-
olds for slow and fast landslides. This subject will be dealt with
in a future study.

Four case studies documented in the literature have been con-
sidered in order to assess the capability of the present method to

reproduce the main features of the landslide response to rainfall.
For the sake of generality, two cases concern landslides with slow
movement and the others concern landslides that move more
quickly. In all these case studies, an evident synchronism subsists
between rain and groundwater fluctuations (as required by Eqs. 1a
to 6) owing to the presence of ground fissures and preferential
ways for water infiltration. In addition, the landslide bodies at
issue have a length much greater than the thickness, and soil
deformations essentially occur in a shear zone located at the base
of the moving soil mass, in line with the assumption of infinite
slope and sliding rigid block, respectively. As a consequence, the
proposed approach should be suitable for analyzing the case
studies considered. To this regard, statistics of the difference
between measurements and predictions have proved that both
groundwater level variations and landslide displacements ob-
served in field are well approximated by the present method. The
method should also be of significant interest from a practical
viewpoint when there is a lack of specific experimental data. In
these circumstances, in fact, the use of more sophisticated and
computationally costly methods (Olivella et al. 1996; Picarelli et al.
2004; Fernández-Merodo et al. 2014; Conte et al. 2014) could not be
completely justified.
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