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ABSTRACT: A mixed model is proposed to compute displacement scenarios of a slide moving
along pre-existing slip surfaces from rainfall scenarios. The model comprises a physically-based
transient groundwater analysis of the slope and a kinematic model relating the rate of movement
and the inverse of the local factor of safety in critical points along the slip surfaces. The model is
calibrated and validated with reference to a well-monitored active slide in stiff clays in Central
Italy. The groundwater regime of the critical section of the landslide is computed by means of a
transient analysis of the pore water pressures in the slope. The local kinematic model employs a
relationship between the velocity of the slide and the shear stress level acting along the slip
surface that, in turn, is a function of the time-dependent pore pressures computed by the transient
groundwater analysis. The model is defined as “local” in that the analysis is carried out with
reference to the stress state at a single point, Py, on the slip surface. Once calibrated and
validated, the model is used as a predictive tool to evaluate displacements scenarios from three
rainfall scenarios based on almost 20 years of continuous rainfall measures and representative,
respectively, of a year of extremely intense rainfall, of a year of average rainfall, and of a year of
minimal rainfall. Although the reliability of the predicted displacement scenarios is not
probabilistically evaluated, the three scenarios may be seen as representative, respectively, of an
upper boundary, an average estimate and a lower boundary of future displacements.

1 INTRODUCTION

Within the framework of landslide risk theory (Fell et al. 2005), landslide hazard analysis
necessarily needs to explicitly take into account the intensity of the analyzed landslide. In the
literature, different criteria have been presented to define the intensity of a landslide. Fell (1994)
defines the intensity in terms of volume, Cruden and Varnes (1996) define the intensity in terms
of velocity. Cascini et al. (2005) underline that the intensity should be based on simple parameters
describing the destructiveness of landslides. Among these the maximum movement velocity is a
widely accepted parameter, although many others may be also considered suitable for the purpose:
total displacement, differential displacement, depth of moving mass, depth of deposited mass,
depth of erosion, peak discharge per unit width, kinetic energy per unit area, maximum thrust,
impact pressure. In this work, the intensity of landslides in stiff clays is assumed to be equivalent
to the mean yearly velocity coupled with the volume of the landslide.

Monitoring data from different rainfall-controlled active landslides in stiff clays indicate that
these landslides are generally included in the lower 3 classes of the 1996 classification by Cruden
and Varnes (from slow to extremely slow phenomena). Occasional reactivations, however, may
yield higher peak velocities than the ones referring to the cyclic seasonal activity of the landslide.
Peak velocities up to the 5th class of this classification (rapid phenomena) are reported in the
literature (Hungr et al., 2001; Hungr et al., 2005).

Different models exist in the literature to compute landslide displacements from rainfall or pore
pressure data. Referring to the methodological approach proposed by Cascini & Versace (1986),
they may be classified in 3 groups: phenomenological or black-box models, physically based
models, and mixed models (defined as a combination of phenomenological and physically based
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models). Other authors call the first group “local models” and the second group “global models”
(Ledesma et al. 2006). Herein, a mixed model is proposed to compute displacement scenarios
from rainfall scenarios. The model comprises a physically-based transient groundwater analysis
and a phenomenological relationship between rate of movement and inverse of the factor of safety.

2 THE PORTA CASSIA EARTH SLIDE

2.1 Site description and monitoring data

Orvieto is an ancient hilly town in Central Italy resting on a tufaceous slab that overlies an
overconsolidated clayey stratum, where numerous landslides systematically occur (Fig.1a). One of
the most disastrous landslides occurred on November 1900, after a period of intense rainfall, in
the northern flank of the hill. The technical authority in charge of the inspection of the landslide,
reported that the displaced soil mass extended over the whole slope from the rock cliff up to
border of the Paglia River plain (Vinassa de Regny 1904). Along the hill, lot of damages occurred
and the Umbro-Casentinese road and the Rome-Florence railway were interrupted (Fig.1b).

With the aim of collecting data for a quantitative confirmation of the mechanism governing the
slope evolution (Tommasi et al. 1997), in 1982 a monitoring station was installed in the central
part of the slope (vertical OR in Fig.1b) comprising a 25m-long inclinometer tube, driven for
about 4 m into the bedrock and regularly monitored until 2000, and a Casagrande piezometer
placed in the stiff clay at a depth of 31 m b.g.s., whose readings were regularly taken only starting
from 1988. Owing to the extremely slow rate of displacement of the middle part of the slide,
about 20 years of continuous inclinometric readings are available. Successively, in 1996 and in
1998, three more monitoring stations were installed, each one consisting of an inclinometer and
two Casagrande piezometers. Vertical OM is located at the head of the slide while the other two,
OV and O4, are in the lower part of the slope, downhill relative to OR (Fig.1b).
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Fig.1 Map of the Orvieto hill: a) geological map and main landslides, b) instrumented boreholes
of the Porta Cassia slide (from Lembo-Fazio et al., 1984; Tommasi et al., 2006)

A section through the Porta Cassia slide, obtained with the aid of the boreholes, shows a three
layers stratigraphy (Fig.2a), with a clayey debris upper cover, a middle softened clay layer and a
stiff clay bedrock. Fig.2b shows that all the movements affect the first two layers. Particularly
inclinometers OR and O4 show a rigid movement of the landslide body on a well defined slip
surface, respectively at a depth of 20 meters and 7 meters below ground surface. On the contrary,
inclinometers OM and OV show a mass creep profile, in accordance with the hypothesis that the
landslide body has a retrogressive style upward and is advancing in the lower part of the slide
(Fig.2b) forming new slip surfaces. The groundwater monitoring system along the section
comprises one piezometer in the lower bedrock layer, OR, two piezometers in the softened clay,
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OM and OV, respectively installed at 4,5 and 6 m below ground surface (b.g.s.), and one
piezometer in the upper cover, O4, installed at a depth of 6 m b.g.s..
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Fig.2 Geotechnical section 1-1’ of the Porta Cassia slide: a) logs of physical-mechanical
properties and piezometers; b) inclinometric displacements (from Tommasi et al., 2006)
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Fig.3 Monitoring field data of the Porta Cassia slide: measured piezometric levels, displacements
and velocities (modified from Tommasi et al., 2006; Cafaro et al., 2005)

Fig.3 summarises the available field data, relative to both cumulative displacements for
inclinometers OR, OV, O4 and measured groundwater levels for piezometers OM, OR, OV, O4.

305



The data refer to 5 years of measures between 1996 and 2000 (Tommasi et al. 2006). It is
important to underline that the cumulative displacements measured with the inclinometers OR and
04 refer to the deep slip surface (indicated with a in Fig.2b), whereas those in OV refer to a
shallower slip surface (indicated with b in Fig.2b). Fig.3 shows how the velocities of the slide
along the two slip surfaces, computed from the measured displacements, differ by about one order
of magnitude. As for the measured groundwater levels, the three superficial piezometers exhibit
similar absolute values and comparable seasonal variations of the order of 3-4 meters, while the
deeper one shows both a lower measured water level and lower seasonal differences.

2.2 Landslide typology and activity

Among the landslides’ classification systems proposed in the literature, three of them are
considered within this work. The first one (Varnes 1978) differentiates landslides on the basis of
type of movement and type of material. The second one (Cruden & Varnes 1996) allows a
kinematic description of the landslide based on its velocity and its state, distribution and style of
activity. The third one (Leroueil et al. 1996) defines four stages of activity and differentiates the
type of material in 9 classes. As for the activity of landslides, it is worth highlighting that the
definition of “active” landslide proposed by Leroueil et al. (1996) is different from the definition
proposed by Cruden & Varnes (1996). According to the classification system by Cruden & Varnes
(1996), which in turn refers to the one proposed by the WP/WLI (1993), a landslide is considered
active if is currently moving, whereas it is defined as suspended if it has moved within the last
year and dormant if its last activity is “older than 1 year”. On the contrary, Leroueil et al. (1996)
refer to a scheme initially proposed by Vaunat et al. (1994), which considers that a landslide
undergoes, during its life, four stages: the pre-failure stage, the failure stage, the post-failure stage
and the reactivation stage. Within the latter stage, controlled by localized shear and creep along
pre-existing slip surfaces, a phenomenon is defined as active if there is a moving landslide body.
No reference is made to time and/or the duration of the movement. Taking into account the
displacements measured by the inclinometers, Fig.4 shows how the Porta Cassia landslide can be
classified according to the three above-mentioned classification systems.
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Fig.4 The Porta Cassia landslide according to the classification systems proposed by Varnes
(1978), Cruden & Varnes (1996) and Leroueil et al. (1996)

Within the scheme proposed by Varnes (1978), the landslide is a roto-translational slide in earth
material. However, if the maximum measured velocity is considered (Cruden & Varnes 1996) the
Porta Cassia landslide must be divided in two different phenomena: an extremely slow deep
movement (as recorded by inclinometer OR) and a very slow shallower landslide at the toe of the
slide (as recorded by inclinometer O4). The deep movement and the shallow one are classified,
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respectively, as extremely slow and very slow movements (see figures 3¢ and 3d). According to
the same classification system, the slide can be considered retrogressive upward to the tuff slab
(as shown by the creep style of the inclinometer profile of location OM) and active. By
considering the Leroueil et al. (1996) classification system, the Porta Cassia landslide can be
defined as an active slide in a structurally complex formation. Independently from the adopted
classification system, the stages of activity of the landslide are strictly related to the time-
dependent changes of the groundwater pressures within the slope. When groundwater levels
increase the slide starts to move or, if it is already moving, it accelerates; when the groundwater
levels decrease the slide decelerates or, eventually, stops moving.

3 MODEL DESCRIPTION

3.1 Groundwater model

Fig.5 shows the Finite Element section considered for the transient analysis of the pore water
pressures of the Porta Cassia landslide. The model section refers to the slope section 1-1’ reported
in figures 1b and 2. The analysis is performed using the commercial finite element code SEEP/W
(GEO-Slope 2004) and is relative to 5 years of observations: from January 1996 to January 2001.
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Fig.5 Schematic of the finite element transient groundwater model of the Porta Cassia landslide
and rainfall utilized for the transient model

The groundwater model only considers the upper 2 layers of the section (i.e. the debris clayey
cover and the softened clay stratum) and assumes that the boundary between the softened clay and
the stiff clay bedrock is impermeable. This assumption is in agreement with the water pressures
in-situ measurements (Fig.3), which recorded very different groundwater levels between the
superficial and deep piezometers both in terms of absolute values and seasonal variations.
Moreover it is in accordance with the hydraulic permeabilities of the strata reported by Tommasi
et al. (2006), with differences of two orders of magnitude between the values of the upper and
lower layer. The results of a preliminary model, which explicitly included the lower bedrock layer,
confirm this further by showing that the groundwater regime in the upper two layers does not
significantly differ from the groundwater regime relative to the scheme assumed herein. The
boundary condition at the ground surface is a unit rate of flow monthly step function equal to the
effective monthly rainfall. The other boundary conditions are set by assuming a constant head
value on both the left and right boundaries, respectively equal to the elevation of a spring at the
top of the slope (OM in Fig.5) and to the mean surface of the Paglia river at the bottom of the
slope. The initial conditions are set using the computed pore pressure values of the steady-state
analysis with no surface unit flux.

More details about the initial definition of the model, the calibration of the relevant input
parameters and the results of the groundwater analysis are reported in Cascini et al. (2008). Herein,
a comparison between the pore pressures measured at piezometer O4 and the analogous numerical
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results is reported (Fig.6) in order to show the reliability of the adopted groundwater model. In
fact, although slightly overestimating the maximum groundwater levels reached during periods of
intense rainfall, the adopted model is able to reproduce both the magnitude of the groundwater
level variation with time and the time-occurrence of the lower and higher peaks.
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Fig.6 Simulated and measured groundwater level at O4 piezometer

3.2 “Local” kinematic model

The kinematic model, used to compute the time-dependent displacements of the Porta Cassia
landslide, employs a phenomenological relationship between the velocity of the slide and the
shear stress level acting along the slip surface that, in turn, is a function of the time-dependent
pore pressures computed by the transient groundwater analysis. The model is defined as “local” in
that the analysis is carried out with reference to the stress state at a single point, Py, on the slip
surface. This point is selected at a depth of 7 m b.g.s., on the monitoring vertical O4, thus
referring to the phenomenon at the toe of the slope (see Fig.7). The aim is to analyze the evolution
of the fastest recorded movement (Fig.3) and to evaluate the possible correlation of disastrous
reactivations, such as the one of 1900, with periods of intense rainfall. Of course, for a complete
hazard analysis of the slope, the larger extremely-slow phenomenon, whose movements were
recorded by inclinometer OR, should also be considered.
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Fig.7 Position of point Py, used in the local kinematic analysis

Referring to inclinometer O4, it was installed during the summer of 1998 and a two-year long
period of observations is available: the first readings were taken in November 1998, its last
measures refer to December 2000. Along the same vertical a piezometer is installed at a depth of 6
m b.g.s. (Fig.2a). The inclinometric and piezometric data recorded in O4 are reported in Fig.8.
With reference to the scheme proposed by D’Elia (1979) and Hutchinson (1988), the inclinometer
profiles define three different creep zones: an upper 1.5 meters-thick “superficial predominantly
seasonal creep zone”, a “mass creep zone” (i.e. shear zone) between 5 and 6 meters b.g.s., and a
lower 1 meter-thick “intense creep zone” of basal movement at the bottom of the mass creep. The
inclinometric profiles shown in Fig.8a indicate that most of the displacements occur within the
deep creep zone. These findings are in accordance with a study on more than 40 slow slides cases
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by Glastonbury (2006), who found that up to 90% of the total horizontal displacement occur
within the deep-creep zone. Fig.8b, which relates the cumulative horizontal displacements to the
groundwater level measured in O4, shows that the landslide accelerates as the groundwater rises
and slows down when the groundwater level lowers.
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Fig.8 Monitoring data along vertical O4: a) inclinometric profiles, and b) relationship between
measured groundwater levels and cumulative displacements (modified from Tommasi et al., 2006)

The recorded behaviour can be simplified, as shown in Fig.9a, by considering a rigid block
moving along a well defined infinitesimal slip surface, at a depth equal to the average depth of the
deep creep zone (zqip), Which only take into account the creep of that zone and does not account
for the relatively small viscous deformation in the mass creep zone nor any superficial seasonal
creep deformation. Along the slip surface, the viscous displacements, dgip, can be computed
introducing a creep threshold (Yen 1969) above which displacements occur and below which
there is no creep. Fig.9b shows the creep threshold considered in this model.
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Fig.9 Simplified creep behaviour adopted in the model: a) profile of horizontal displacements, and
b) creep threshold

Given that movements refer to an active slide moving along a pre-existing slip surface, the
creep threshold is represented by the residual strength envelope in the Mohr-Coulomb plane:

Tcreep = O-" tan(¢'r )

(1

where: 7., is the shear stress of the creep threshold, o' is the normal effective stress, @', is the

residual friction angle.
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The state of stress at the point along the slip surface considered in this model, Py, is computed
using the infinite-slope scheme shown in Fig.10a. Within this scheme, the slip surface is assumed
parallel to the ground surface and, assuming that the unit weight of the soil below and above the
groundwater surface is about the same, the only component of the local factor of safety varying
with time, is Py(t):

Ty =V 1SN -COSQ

)
O-slip =Vsar [- COSZ o (3)
O-;Iip = (Jslip - PW (t )) (4)

where: ys4. 1S the saturated unit weight of the soil, 1 is the depth of the slip surface, a is the slope
of the ground surface, Py/(t) is the pore water pressure along the slip surface.

The time-dependent shear stress level at any given point along the slip surface is defined as the
ratio of the residual shear strength, Tcreep(t), to the mobilized shear stress, tgip. The inverse of the
shear stress level has the meaning of a local factor of safety, F(t) (Fig.10b):
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Fig.10 State of stress at the point along the slip surface: a) infinite-slope scheme, b) relationship
between the time-dependent water levels and the time-dependent local factor of safety

Finally, the time-dependent creep displacements are computed using a phenomenological
relationship, first proposed by Vulliet (1988), between the local factor of safety and the landslide

velocity:
b= | ©
A0

where: B and n are phenomenological constants representing, respectively, the typical velocity of
the phenomenon and the variation of viscosity with the excess shear stress (Van Asch et al, 2007).

The displacement monitoring data from inclinometer O4 (Fig.8) were used both for calibrating
the input parameters of the model and for validating the results of the calibrated model. Of the
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two-year long period of observations, only the measures relative to the first year were used for
calibrating the model, while the rest of measurements were used to validate it. This is done in
order to use some of the observations for evaluating the “predictive ability” of the model. Fig.11
shows the results of the model with reference to both the calibration and the validation phase. The
displacement results are obtained integrating the velocity from Eq. (6) over time. The fit between
the numerical results and the observations is almost perfect for the calibration phase and remains
extremely positive for the validation phase, providing a 0.995 coefficient of correlation for the
first phase and a 0.953 for the second. The values of the parameters of the calibrated model are
summarised in Table 1.
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Fig.11 Results of the local kinematic model: comparison between the numerical results and the
observations at Py, a point on the slip surface on the monitoring vertical O4

Table 1 Values of the local kinematic model parameters

1 [m] N/me] '] Blms]  n[]
7 11 19.7 11.3 1.8 e-6 10

3.3 Slope movements scenarios

Once the groundwater model and the local kinematic model have been calibrated and validated, it
is possible to use them as predictive tools to evaluate displacements scenarios from rainfall
scenarios (Calvello & Cascini, 2006). Fig.12 shows the three one year-long rainfall scenarios
considered for this analysis. All scenarios are based on the investigation of almost 20 years of
continuous rainfall measures, from 1981 to 2000. The three scenarios are computed, respectively,
using the maximum (scenario 1), average (scenario 2) and minimum (scenario 3) net monthly
rainfall recorded during the same month of the year. These scenarios do not originate from a
detailed hydrological analysis of the rainfall data, and therefore they do not have a clearly defined
probability of occurrence or return period associated with them. Yet they can be considered
representative, respectively, of an “extremely unlikely” year of intense rainfall (scen.1), of a year
of “average” rainfall (scen.2), an “extremely unlikely” year of minimal rainfall (scen.3).
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Fig.12 Rainfall scenarios for predictive model: maximum (scenario 1), average (scenario 2) and
minimum (scenario 3) net monthly rainfall
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Fig.13 shows the horizontal displacements along the slip surface predicted by the model. The
reliability of the predicted displacement scenarios cannot be probabilistically evaluated, yet the
three scenarios may be seen as representative, respectively, of an upper boundary (scen.l), an
average estimate (scen.2) and a lower boundary (scen.3) of future displacements. Of course, this
interpretation relies on two assumptions: i) displacements are only caused by changes in
groundwater pressures related to rainfall; ii) the transient groundwater regime in the slope is
adequately simulated using monthly rainfall data (i.e. the groundwater response to rainfall has a
time-lag greater that one month).
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Fig.13 Results of predictive model: displacement scenarios from rainfall scenarios

Within these assumptions, the upper boundary prediction (scenario 1) is particularly relevant in
that it allows the evaluation of the maximum velocity and the maximum displacements of the
phenomenon. As for the velocity, the mean yearly velocity of the slide can be compared with the
thresholds of the classes defined in the classification system by Cruden & Varnes (1996). In this
case, the maximum mean yearly velocity observed in O4 was 0.15 mm/d (see Fig.3), the
maximum predicted yearly velocity is 0.39 mm/d, and therefore still within the very-slow class.
As for the displacements, the value of maximum predicted displacements is about 15 cm, thus
more than one order of magnitude lower than the 3 m reported for the 1900 disastrous reactivation
of the slide (Tommasi et al. 1997).

4 CONCLUSIONS

Displacement scenarios at site scale of rainfall-controlled slow moving active slides in stiff clays
have been computed by means of a numerical model comprising a physically-based transient
groundwater analysis of the slope and a phenomenological relationship between the rate of
movement of a point along the slip surface and the inverse of the local factor of safety. The results
of the model have been evaluated with reference to the Porta Cassia slide, a well-monitored slow-
moving active slide in Central Italy.

The displacement results obtained during the calibration and validation phases show the
reliability of the proposed model to adequately characterize the evolution of the phenomenon.
When the model is used as a predictive tool, three one year-long significant rainfall scenarios
have been considered to evaluate three “relevant” displacement scenarios. The upper boundary of
future displacements, corresponding to an “extremely unlikely” year of intense rainfall, does not
seem to point to extreme rainfall events as the main cause of disastrous reactivations of the slide,
such as the one recorded in 1900.
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