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Recent studies have assessed that slope-vegetation-atmosphere, SLVA, interaction may trigger the activity of
deep landslides in clayey slopes. In some cases, the presence of an underground aquifer, fed by an upstream
hydraulic recharging area, may represent a predisposing factor of such activity, being co-responsible of deep
piezometric heads, which can undergo seasonal fluctuations due to the SLVA interaction. In this perspective, the
present paper illustrates the results of a scientific research, carried out in a pilot site of the Daunia Apennines, the
Fontana Monte slope at Volturino (Foggia, Italy), considered as a prototype of the class of landslide mechanisms
controlled by both the rainfall water infiltration and the presence of a water-bearing aquifer in the hillslope.

Numerical simulations of the saturated/partially saturated transient seepage flow in the slope have been
performed by means of uncoupled hydraulic finite element analyses, with the aim of investigating the sources of
large piezometric heads, related to climatic, hydrogeological and hydraulic slope features. The rainfall and
evapotranspiration fluxes, the latter defined through the FAO Penman-Monteith method, are both implemented
as ground surface input, while seasonal variations of the upstream hydraulic boundary conditions are imposed to
predict the seasonal piezometric excursion at shallow and deep monitoring points. The transient seepage results
are then used as input for limit equilibrium analyses to assess the influence of the hydraulic settings on the
stability of the considered landslide body. The work shows the impact of both climatic and hydraulic factors on
the seepage processes, affecting the stability of the slope. Moreover, it is highlighted that the accurate imple-
mentation of the upstream hydraulic feeding is fundamental for a reliable prediction of the monitored piezo-
metric regime, strictly related to the recharge of the water-bearing aquifer.

1. Introduction and Lau, 1984; Vaughan, 1994), but also for slopes made of clays and

location of deep landslides (Alonso et al., 2003; Cotecchia et al., 2019a,

It is well-recognised that the equilibrium conditions in slopes may be
affected by the interaction of the soils with the atmosphere, which de-
termines the variation of the pore water pressures with time, in turn
affecting the stress-strain behaviour and the overall stability of the slope
(Cascini et al., 2010a; Elia et al., 2017; Rouainia et al., 2020; Sitarenios
et al., 2021; Smethurst et al., 2012; Tsiampousi et al., 2017; Vassallo
et al., 2015). Recent scientific literature has highlighted the influence of
climatic factors on landslide activity, not only for slopes formed of
permeable materials (Ng and Shi, 1998; Pirone et al., 2012; Rahardjo
et al., 2009), or clayey slope covers of less than 10 m thickness (Kenney
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2016b, 2015, 2014; Leroueil, 2001; Pedone et al., 2018; Tommasi et al.,
2013). Indeed, the climatic factors, such as rainfall, temperature, net
solar radiation, wind and relative humidity, together with the vegeta-
tion and the soil properties are responsible for water exchange phe-
nomena between the topsoil and the atmosphere. In particular, the
amount of water infiltrating in the slope, defined ‘net rainfall’ in the
following (Cotecchia et al., 2019a), depends on the rainfall intensity, the
runoff, the water evaporation from the non-vegetated soil outcrop and
the transpiration from the vegetation, and typically produces a variation
in the pore water pressure distribution across the whole slope with time,
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which impacts the stability of the slope more or less significantly
(Fredlund et al., 2012; Gens, 2010; Lu and Likos, 2004). The whole set of
interaction phenomena between the slope soils, the climatic agents and
the vegetation, controlling the cited water exchange fluxes and the
corresponding slope equilibrium conditions, is generally referred to as
“slope-vegetation-atmosphere (SLVA) interaction”.

The extent to which the SLVA interaction is critical for the slope
stability depends also on the internal factors of the slope (Terzaghi,
1950), e.g. on the mechanical and hydraulic constitutive behaviour of
the slope soils, and on the hydraulic conditions along the underground
slope boundaries. Furthermore, the latter may vary over time as effect of
the response to climate of the whole hydrogeological basin within which
the slope is located. Therefore, accounting for the variations over time of
the underground hydraulic boundary conditions of the slope may be
critical for a proper assessment of the SLVA interaction. For example, in
slopes made of fine soils bearing rocky aquifers, the response to climate
of the groundwater in the rocky aquifer may be responsible for part of
the piezometric fluctuations in the fine soils, adding to the effects on the
piezometric levels of the climatic action at the top boundary of the slope
(Bronnimann et al., 2013; Cai and Ofterdinger, 2016; Greco et al., 2014;
Healy and Cook, 2002; Lorenzo-Lacruz et al., 2017; Piccinini et al.,
2014; Wang et al., 2019).

The effects of the SLVA interaction on the stability of slopes can be
assessed through modelling strategies of different level of complexity,
ranging from uncoupled hydraulic (H), to thermo-hydraulic (TH), to
coupled hydro-mechanical (HM) (Elia et al., 2017). The H modelling
simulates the transient seepage due to the water exchanges caused by
rainfalls and evapotranspiration, disregarding both the energy balance
and the momentum balance of the slope system (Calvello et al., 2008;
Cascini et al., 2010a, 2010b; Cotecchia et al., 2019a, 2014; Tagarelli and
Cotecchia, 2020b). Therefore, the water infiltration is estimated a priori
and the slope stability is assessed via limit equilibrium (LE) analyses,
employing as input the pore water pressures resulting from the H
modelling (Cotecchia et al., 2019a; Ng and Shi, 1998; Van Esch et al.,
2013). The HM approach can be adopted to assess the slope displace-
ments resulting from the cyclic variation of the pore water pressures,
through the coupled solution of the momentum-balance and mass-
balance equations, still inputting the water infiltration flow estimated
a priori (Elia et al., 2020; Kovacevic et al., 2001; Lollino et al., 2016;
Pedone et al., 2021; Postill et al., 2021; Rouainia et al., 2020, 2009;
Sitarenios et al., 2021; Tagarelli and Cotecchia, 2020a). The TH
modelling, instead, allows for the prediction of both the pore fluid
pressure and temperature variations, accounting for the energy balance
equation and computing the water transition from the liquid to the
vapour phase (Olivella et al., 1996, 1994; Rajeev et al., 2012). The most
advanced numerical approach  would account for the
thermo-hydro-mechanical (THM) coupling of the processes occurring in
the slope interacting with climate. However, the complexity of the
mathematical formulation makes this approach still a challenge. In any
case, irrespective of the adopted numerical strategy, the computation of
the SLVA interaction effects requires the input in the model of several
slope factors (Terzaghi, 1950), such as the slope lithostratigraphic and
geo-structural set-up, the hydro-mechanical constitutive laws of the
lithotypes and the climatic and hydrogeological boundary conditions. It
follows that a reliable prediction of the SLVA interaction and of its ef-
fects on the slope stability requires a thorough investigation of such
factors and a phenomenological interpretation of the slope processes,
which may guide the design of the slope modelling.

According to these premises, a research study of the SLVA interaction
effects for natural slopes located within a geologically complex region, i.
e. the Eastern sector of the Southern Apennines over-thrusting the
Foredeep deposits, has been carried out. Indeed, this region is charac-
terised by the recurrency of landslide activity in late winter-early spring.
With particular reference to clay slopes, an intense research into the
factors and stability conditions has provided evidence of the recurrence
of landslide activity in slopes location of clayey flysch and very high
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piezometric heads down to large depths (e.g. 50 m) (Cafaro et al., 2017;
Cotecchia et al., 2020, 2019a, 2016¢, 2014, 2010; Losacco et al., 2021;
Pedone et al., 2021; Tagarelli and Cotecchia, 2020b). Often, the clayey
soils involved in the landsliding are characterised by low strength pa-
rameters, due to both their high plasticity and fissuring. Therefore, the
low soil strength parameters and the high piezometric heads represent
predisposing factors of landsliding in these slopes. Besides, seasonal
fluctuations of the pore water pressure have been recorded in the same
slopes, plausibly representing an effect of the SLVA interaction. Such
fluctuations have been recognised to trigger the reactivation of pre-
existing landslide bodies in several cases, as exemplified in Fig. 1 for
two representative case studies, the Pianello slope (Bovino, FG; Cotec-
chia et al., 2016c¢; Losacco et al., 2021; Palmisano et al., 2018) and the
Pisciolo slope (Melfi, PZ; Cotecchia et al., 2014, 2019a; Pedone et al.,
2018; Tagarelli and Cotecchia, 2020b, 2020a). The Pianello landslide is
characterised by accelerations (see the inclinometric monitoring data in
Fig. 1a) concurring with the rise of the piezometric heads occurring by
the end of summer to early spring, in turn concurring with the rise of the
180-day cumulative rainfalls. Similarly, in the Pisciolo slope seasonal
variations of the piezometric heads down to large depths (i.e. 60 m) have
been shown to trigger the acceleration of deep landslide bodies (Fig. 1b).
Therefore, the monitoring data and the timing of records of landslide
damages on structures and infrastructures interacting with the landslide
bodies have testified that deep displacement accelerations in clay slopes
across the region are recurrently related to the SLVA interaction.

The Fontana Monte slope (Volturino, FG, Italy) is one of the several
slopes that, in the geo-hydro-mechanical (GHM) context here of refer-
ence, is location of landslide activity on a seasonal timespan, as testified
by field records of damages to buildings and roads located either about
the rear scarp of the landslide body or above it and by deep displacement
records (Cotecchia et al., 2011). As such, the Fontana Monte slope has
been used as reference to carry out numerical analyses of the prototype
SLVA interaction problem for the region, with the specific aim of
investigating the influence of the hydraulic boundary conditions on the
piezometric regime in the slope and, consequently, on its stability. The
results of such research study are reported in the paper, in order to
provide a further contribution to the interpretation of the SLVA inter-
action phenomena for clayey slopes, highlighting the extent to which
they depend not only on the interaction with the climatic agents of the
sloping top boundary, but also on the hydrogeological boundary con-
dition and on its connection with the climatic variables.

2. The Fontana Monte case study

The Fontana Monte slope, located in the north-western hillslope of
the Volturino urban centre, is location of a large slow-moving deep-
seated landslide (see Figs. 2 and 3), involving mainly clays belonging to
the Toppo Capuana (TPC) formation of medium to high plasticity and
random to oriented fissuring of medium intensity (Vitone and Cotecchia,
2011). The analysis of historical data and topographic maps, from 1848
till 2000, have revealed the ancient nature of the Fontana Monte land-
slide, which was already active in the nineteenth century (Lollino et al.,
2016, 2010). Currently, the slope activity is the result of the evolution of
straining along pre-existing shear bands.

As for other slopes in the same GHM context of reference, the Fon-
tana Monte slope is location of soils characterised by low strength pa-
rameters and high piezometric heads down to large depth. The large
piezometric heads add to the weakness of soils as internal predisposing
factor of the deep landslide activity (Lollino et al., 2016, 2010). Fig. 4a
illustrates the piezometric head variations with time recorded by means
of piezometers installed at 25.5 m and 49 m depth down the borehole
SC1, at 4.4 m and 25 m along borehole SC2 and at 15.4 m along the
borehole SC3 (see Figs. 2 and 3 for their locations). The monitoring data,
from 2008 to 2013, are those reported in Lollino et al. (2010, 2016),
while new data have been logged from 2015 to 2021. Although the
monitoring data are not continuous with time, they clearly show that the
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Fig. 1. Variation with time of the recorded rainfalls, 180-day cumulative rainfall and in-situ monitoring data (piezometric heads and displacement rates) for (a) the
Bovino case study (Losacco et al., 2021) and (b) the Pisciolo case study (Tagarelli and Cotecchia, 2020a).

piezometric levels measured along both SC1 and SC3 boreholes are very
high (between about 2 m b.g.1. in winter and 4 m b.g.1. in summer) even
at large depths (i.e. 49 m b.g.1). Moreover, both the piezometers
installed in borehole SC1, at 25.5 m and at 49 m depth, measured almost
the same piezometric level, cyclically oscillating between a maximum
value in winter and a minimum one in summer.

It is worth highlighting that the piezometric levels measured by
means of the piezometers installed in borehole SC2 are out of trend with
respect to the other data, due to the borehole location in the downslope
area, where the soil profile is relatively more heterogeneous. Accord-
ingly, the deeper piezometric cell in SC2 monitored piezometric levels
ranging from 8 m to 10 m b.g.l., whereas the shallower cell, installed
within a coarse soil layer, recorded levels between 3 m and 5.5 m above
ground level.

As recurrent in the GHM context of reference, the Fontana Monte
landslide suffers from seasonal reactivations, with the rate of move-
ments increasing in winter and reducing during the dry season, as

documented by inclinometric data and by the damages observed on
buildings and roads close to the crest and along the borders of the
landslide body. Fig. 4a illustrates the time variations in displacement
rate logged at 24 m depth along the inclinometer SD1, at 45 m depth
along the inclinometer SD2 and at 27 m depth along the inclinometer
S1V, corresponding to the depths at which the active shear band has
been identified. The average rate of movement is about 0.1-0.15 mm/
month during the dry season and may reach 0.25-0.3 mm/month in
winter. The overall seasonal trend of the slope movements is more
evident in the period between September 2008 and September 2010
(Fig. 4b), for which more monitoring data are available and provide a
better evidence of the fluctuations of the piezometric heads (between a
maximum value at the end of the winter-early spring and a minimum
value at the end of the summer), in accordance with the seasonal vari-
ation of the 180-day cumulative rainfalls and a concurring variation of
slope movement rates (Lollino et al., 2016, 2010). Hence, the general
trend of such seasonal excursions resembles that typically observed in
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Fig. 2. Geological map of the Volturino area. Legend: 1. Asub; 2. TPC; 3. Limestone member (FAEc) (c) and clayey member (FAEa) (a) of Faeto Flysch; 4. FYR; 5.
Overthrust (a) and fault (b; dashed if inferred); 6. stratigraphic contact; 7. Bedding (dip in degree); 8. boreholes hosting inclinometer (a) or piezometer (b) drilled
during the 2008-2012 campaigns; (c) previous field investigations; 9. Landslide (a-crown, b-body); 10. section traces.

the slopes of the same GHM context of reference (Fig. 1) and the Fontana
Monte landslide activity is believed to be connected to the seasonal
excursions of pore water pressures at large depths (i.e. even at about 50
m b.g.1), and their connection with the SLVA interaction impacts on the
operational strengths along the deep ancient slip surface in the slope
(Cotecchia et al., 2016a; Lollino et al., 2016, 2010).

According to such phenomenological interpretation, the Fontana
Monte slope has been deemed to be appropriate as a prototype slope, to
carry out a numerical computation of the effects of the SLVA interaction
on the stability of slopes in the GHM context of reference. According to
these data, the slope is location of a thick clay stratum bearing a
calcareous bedrock hosting an aquifer, which is fed at the top of the
slope, where the calcareous rock outcrops, as shown in the sections in
Fig. 3. The direct contact of the low permeability clay and the far more
permeable rock represents an important underground boundary condi-
tion of the slope, which is much neater in the Fontana Monte slope than
in other case studies. Therefore, this slope has been considered partic-
ularly suitable for the investigation of the influence of the underground
boundaries on the slope hydraulics and stability through numerical
modelling. In particular, this paper discusses the impact on a prototype
clay slope, of the GHM context of reference, of the regime of the deep
rocky aquifer combined with climatic action at the ground surface.

With reference to the Fontana Monte slope, Lollino et al. (2016,
2010) carried out finite element H and coupled HM analyses, in which
the variations in piezometric head from summer to winter were
computed through the simulation of a steady-state summer-like seepage
at first and a winter-like seepage afterwards. Such numerical modelling
already proved the tendency of deformations in the slope to reactivate in
the late winter, when the piezometric heads are highest, as typically
observed in the GHM context of reference (Cafaro et al., 2017; Cotecchia

et al., 2019b, 2010). The numerical modelling illustrated in the present
paper makes reference to a further insight into the geo-structural fea-
tures and the litho-stratigraphic set-up of the Fontana Monte slope, as
illustrated in Fig. 2 and Fig. 3. Indeed, the combination of newly
available stratigraphies of continuous coring borehole (SC2, SC3 and
S1V) and data resulting from large to detailed scale (Cascini, 2008) geo-
structural survey have made possible the definition of a new geological
and geomorphological map presented in Fig. 2. According to this map,
the old town of Volturino lies on the calcareous member of the Faeto
Flysch (recalled as FAEc herein), which is in contact with the TPC for-
mation, outcropping to the west, and with the clayey member of the
Faeto Flysch formation (recalled as FAEa), outcropping to the east, as
shown by the sections in Fig. 3.

The longitudinal section of the slope, Section 1 in Fig. 3a, crosses the
landslide body and extends further beyond the Giardino stream along
the direction of the watershed, in order to set a distance between the
vertical downslope side of the model and the toe of the landslide body.
Within this section, the outcropping TPC formation overlies the FAEc
member, which in turn is underlain by the clayey member of the Faeto
Flysch (FAEa). At depth, the Red Flysch (FYR) overthrusts the Sub-
Apennine Blue Clays (ASub). The two members FAEa and FAEc have
been distinguished in the sections as resulting from the geological ana-
lyses, comprehensive of new field data and stratigraphic profiles.

The analysis of the inclinometric monitoring data reveals the pres-
ence of an active shear band at about 24 m depth in borehole SD1,
located in the rear scarp of the landslide body, whereas along incli-
nometer SD2, within the landslide body, the occurrence of a shear band
has been recorded between 45 and 55 m (confirmed by the presence of
remoulded clay between 43.5 m and 45 m depth) and the inclinometric
measurements along S1V borehole, in the rear scarp, are indicative of a
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Fig. 3. Geological sections: (a) longitudinal Section 1 and (b) cross Section 2 (trace in Fig. 2). Legend: 1. Asub; 2. TPC; 3. Limestone member (FAEc) (c) and clayey
member (FAEa) (a) of Faeto Flysch; 4. FYR; 5. Overthrust (a) and stratigraphic contact (b); 6. Landslide (a-crown, b-body); 7. Boreholes hosting piezometer (a-

Casagrande cell, b-electric cell) and inclinometers with shear bending (c).

shear band at 27 m below ground surface. Based on all these evidences,
the sliding surface of the landslide body has been defined along Section
1, as shown in Fig. 3a. Accordingly, the investigation data have been of
reference in the design of the prototype slope modelling discussed in the
following.

3. Numerical modelling of the SLVA interaction
3.1. The prototype slope model

Uncoupled two-dimensional H analyses of the transient seepage in a
slope model have been carried out using the finite element software
Seep/w (Geo-Slope International, 2004), making reference to the longi-
tudinal Section 1 (Fig. 3a). A mesh discretization with 6-noded trian-
gular elements has been employed for the whole domain, while a more
refined mesh, with elements of about 0.2 m, has been adopted close to
the ground surface, where time dependent boundary conditions are
applied (Fig. 5). As recognised through the up-to-date stratigraphic
analysis (e.g. data from SC2, SC3 and S1V), a 6 m thick layer of fractured
clay (fractured topsoil), overlaying the marly TPC clay layer and both

the FAEc and FAEa strata, has been implemented in the FE model along
the whole section, accounting for partial saturation during part of the
year. Furthermore, the FAEc has been set to outcrop at the top of the
model.

The coefficient of saturated permeability kg4 of the TPC clay has been
evaluated to be about 10~ m/s based upon oedometer tests, while in-
situ measurements, performed by means of variable-head tests in the
SC1 piezometers, have detected a value of 10~° m/s (Lollino et al.,
2016). This is in accordance with typical observations for slopes made of
fissured clays, for which the slope-scale saturated permeability is higher
than that measured in the laboratory of even two orders of magnitude
(Cotecchia et al., 2014). Moreover, the saturated permeabilities of FAEc
and FAEa have been found to be about 5-107° m/s and 5-1078 m/s,
respectively, through water infiltration tests performed with the Guelph
pressure infiltrometer (Lollino and Godt 2010, personal communication;
Mazzei, 2010). Due to the lack of information about the hydraulic
properties of the fractured topsoil, two values for the saturated perme-
ability have been assumed and the corresponding hydraulic slope
response has been investigated.

The hydraulic response of the partially saturated soils above the
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Fig. 5. FE slope model, boundary conditions, equipotential lines and flow velocity vector obtained at the end of the steady-state simulation under summer condition.

water table has been simulated through the hydraulic conductivity
function and the water retention curve (WRC), 0, = n-S, (where 0, is the
volumetric water content and S; the degree of saturation). The WRCs,
modelled according to van Genuchten (1980), using the parameters a, m

and n, have been calibrated for each soil layer based on literature data
available for the geomaterials tested in the same geo-hydro-mechanical
context of reference (Fig. 6a). Due to the absence of direct experimental
data, the retentive properties of the TPC clay have been considered very
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Fig. 6. (a) Numerically implemented water retention curves compared to laboratory test data, i.e. Pisciolo and Montemesola clay tests and (b) hydraulic conductivity

function adopted in the FE model.

close to those of the Montemesola clay (Cafaro and Cotecchia, 2015;
black symbols in Fig. 6a), which may be considered an upper boundary
of the WRC of the class of clays, which the TPC clay belongs to. In
particular, the WRC of fissured clays has been found to be controlled by
the intact clay elements between the fissures (Cotecchia et al., 2014;
Pedone, 2014; Tagarelli and Cotecchia, 2020a). Therefore, the stiff
Montemesola clay has been considered similar to the intact TPC clay.
The fractured topsoil, characterised by a clayey portion with sandy in-
terlayers, has been modelled adopting typical retention curves measured
through drying-wetting laboratory tests on clayey debris covering the
slopes in the GHM context of reference (red symbols in Fig. 6a), as re-
ported by Cotecchia et al. (2019a) and Tagarelli and Cotecchia (2020a).
The WRC typical of medium-grained soils (Bottiglieri et al., 2012) has
been assumed to be representative of the hydraulic behaviour of the
heterogeneous and fractured calcareous portion of the Faeto Flysch. The
hydraulic conductivity functions, shown in Fig. 6b, have been simulated
according to the Mualem’s assumption (Mualem, 1976).

In saturated conditions, the soil deformability is implemented
through the volumetric compressibility coefficient under oedometric
conditions, m,, which is strictly related to the gradient of the WRC for
positive pore water pressures. This value should be small enough to
prevent soil straining at depth in the slope, since the effects of the hydro-
mechanical coupling is not simulated (Elia et al., 2017). According to the
observation that stiffness increases with depth, the compressibility co-
efficient has been assumed equal to 1077 1/kPa for the deeper soil
layers, while a parametric analysis has been carried out to evaluate the
effect of the fractured topsoil compressibility coefficient on the slope
piezometric response. A summary of the hydraulic and retentive pa-
rameters adopted in the hydraulic FE simulations is reported in Table 1,
where Oy and 0, are the saturated and residual volumetric water
content, respectively, while a, n and m are the fitting parameters of the
Van Genuchten model.

The hydraulic boundary conditions of the model (Fig. 5) have been
set accounting for the three-dimensional hydrogeological set-up of the
hillslope, derived from the cited geological and hydrogeological surveys
of the area. Accordingly, the calcareous portion of FAEc outcropping
upstream is deemed to be location of a constant water table, feeding the
underground seepage, along with the water coming from the upstream
underground boundary. The latter has been assumed to be location of

Table 1
Hydraulic and retention parameters adopted in the FE simulations for the WRC
and permeability functions.

Soil layer Osar Ores a(kPa) n m ksqe (m/ m, (1/
(%) (%) s) kpa)
Fractured 45.5 5 135.7 1.21 0.171 variable Variable
topsoil

TPC soil 40 5 1694.9 2.33 0.572 1.00E- Variable
09

FAEa soil 40 5 16949 233 0.572  5.00E- 1.00E-
08 07

FAEc soil 35.75 2.5 3.8 1.69 0.408  5.00E- 1.00E-
06 07

hydrostatic condition, with constant water table (w.t.) at 4 m below
ground level (b.g.l.). This assumption is realistic, when modelling the
very low-rate steady-state seepage through the much lower permeability
clays of the slope. Given the presence of the Giardino stream in the
middle portion of the slope, the w.t. has been set at the ground surface (i.
e. pore pressure equal to zero) where the section intersects the stream.
Also, the downstream underground boundary has been set to be hy-
drostatic, with a w.t. at the ground surface, coherently with the prox-
imity of the slope section to the watershed represented by the Giardino
stream. The bottom boundary of the model has been assumed imper-
vious, consistently with the low permeability of the deep clays. During
the initial summer-like steady-state analysis, free drainage has been
imposed to the top boundary of the FE model, in order to estimate the
initial pore water pressure distribution, whose corresponding equipo-
tential lines are shown in Fig. 5. The results of the summer-like steady-
state simulation have been achieved adopting a saturated permeability
ksqe equal to 10~ m/s for the fractured topsoil, while the compressibility
coefficient m, assigned to the fractured topsoil and the TPC soil layers
has been equal to 10”7 1/kPa. The water table, resulting from the per-
manent seepage analysis performed employing such boundary condi-
tions, is located close to the ground surface, according to the field
observations in the slope. In addition, the quite good agreement between
the numerical results and the average summer-like piezometric level,
not shown herein for the sake of brevity, validates the selected hydraulic
boundary conditions.
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The results of the steady-state seepage analysis allow to identify the
FAEc layer as a high piezometric head - bearing stratum, underlying the
much less permeable TPC layer. The seepage rates are much higher
within the FAEc (see the black flow velocity vectors in Fig. 5) than in the
TPC clays, which are location of high piezometric heads at large depth,
just close to the slip surface. Therefore, the new permanent seepage
analyses demonstrate that the FAEc aquifer represents the source of the
high piezometric heads at large depths in the clays.

Once the initial hydraulic conditions have been simulated, the
transient seepage analysis has been performed imposing, at the top
boundary, the climatic boundary condition rehearsed by the net daily
rainfall of the year 2013-2014 (Fig. 7), which has been simulated for 12
years. As the transient simulations have been performed on a daily basis,
the total duration of the analyses has been of 4377 days. The total daily
rainfalls and temperatures measured at the Volturino weather station
are shown in Fig. 7a and b.

The 2013-2014 thermo-pluviometric year has been chosen as
representative of the average climatic conditions within the GHM
context of reference over a long time period. The selection of this
representative year has been carried out based on the analysis of the
climate over the thirty-year period 1980-2010, defined as “near
climate” by climatologists. As illustrated in Fig. 8, showing the total 180-
day cumulative rainfalls from 1980 to 2010, together with the average
180-day cumulative rainfall over the 30 years, the average pluviometric
year is characterised by a rainy period during winter, alternating a dry
one during summer. The 180-day cumulative rainfall for the year
2013-2014 presents higher values during winter and small cumulative
values during September-December and June-August periods, with an
increase between December and June.

The net daily rainfall (Fig. 7d) has been evaluated as the difference
between the total daily rainfall and the evapotranspiration flux (Fig. 7c),
the latter estimated following the dual crop coefficient approach of the
FAO Penman-Monteith method (Allen et al., 1998) through Eq. (1):
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Fig. 8. 180-day cumulative rainfall over 30 years, from 1980 to 2010, together
with the average 180-day cumulative rainfalls over the same period and the
180-day cumulative rainfall for the selected year 2013-2014.

ET.uqj = Ecogj+ Teugy = KETo + K, K ET 1)

where ET is the reference evapotranspiration, K, is the soil evaporation
coefficient, which applies to the non-vegetated ground surface of the
slope, K, is the basal crop coefficient, depending on the type and growth
of the vegetation during the year, K; is the water stress coefficient, which
considers the effect of water stress on the crop transpiration. The
evapotranspiration fluxes have been evaluated on a daily basis,
assuming the presence of the winter wheat as plant type, covering the
70% of the slope throughout the year, as observed in-situ. The basal crop
coefficient values K, assumed for each growth period, expressed in
days, are summarised in Table 2, while the single components of tran-
spiration T qgj, evaporation E o4 and evapotranspiration ET qqj fluxes
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Fig. 7. Representative thermo-pluviometric year 2013-2014 adopted in transient FE modelling as top boundary condition: (a) Total daily rainfall, (b) minimum and

maximum temperature, (c) daily evapotranspiration (d) net daily rainfall.



A. di Lernia et al.

Table 2
Basal crop coefficient for winter wheat vegetation averaged cultivated over 70%
soil portion.

Vegetation Initial stage Crop Mid-season Late season
growth stage development
Period of the 1st 1st Dec-19th 20th 30th
year(days) Nov-30th Apr (140 days) Apr-29th May-28th
Nov (30 May (40 Jun (30 days)
days) days)
K 0.15 0.4 1.05 0.15

are reported in Fig. 7c. It is evident that the maximum evapotranspira-
tion from the ground surface is achieved between the end of April and
the end of June.

Following the procedure suggested by Tagarelli and Cotecchia
(2020a), a simple root-water uptake model has been implemented in the
analysis by applying the total rainfall at the ground surface, the negative
evaporation flux at 0.05 m depth and the negative transpiration flux at
0.25 m depth b.g.l. The results of the seepage analysis are discussed in
the following and compared with the monitoring data along SC1 (see
Figs. 2-4), at 25.5 m and 49 m depth.

3.2. Effects of the permeability of the fractured topsoil

It is known that the hydraulic properties of the shallower soil layers
and their change during the year control the water infiltration and
evapotranspiration at the top boundary of a slope. Thus, the influence of
the saturated permeability coefficient assigned to the fractured topsoil
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layer on the piezometric response of the Fontana Monte slope has been
investigated.

To this aim, a first set of transient seepage analyses has been per-
formed assuming two different values for the saturated permeability of
the fractured topsoil, i.e. 11077 and 1-10~® m/s, respectively two order
and one order of magnitude higher than that of the underlying TPC. The
predicted variation of pressure heads with time at 25.5 m and 49 m
depth along the borehole SC1 is shown in Fig. 9, together with the
comparison with the monitored piezometric data.

Irrespective of the hydraulic properties of the fractured topsoil layer,
the seasonal piezometric head fluctuations are more significant at small
depth, i.e. at 25.5 m, where a variation of about 3 m is predicted be-
tween the end of summer and the end of winter, compared to fluctua-
tions of no more than 1.5 m monitored in situ (see Fig. 9a). A less
significant piezometric excursion is predicted in the deeper level, i.e. at
49 m depth, of about 0.5 m, in contrast with the much higher in-situ
measurements (see Fig. 9b). Hence, the numerical results confirm that,
even at a considerable depth, e.g. 25 m, the piezometric regime in the
slope is still influenced by the climatic action along the sloping boundary
of the system, where the rest of the boundary conditions have been set as
steady. Conversely, the numerical predictions suggest that the source of
the monitored high piezometric oscillations at 49 m depth should be
sought in either other boundary processes, or other slope factors.

The pattern followed by the piezometric fluctuations is strongly
influenced by the saturated permeability of the shallow layer. When a
value of 1-1077 m/s is adopted, the pressure head rapidly increases at
the end of summer, reaching its maximum value and oscillating around
it until the beginning of the next summer, when it reduces to the
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m depth.
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minimum value. This is likely to be due to a rapid water infiltration
process, not counteracted by the evapotranspiration fluxes, which pro-
motes the accumulation of water stored in the slope with time. This
behaviour tends to be mitigated when a less permeable soil with kg =
1-107® m/s is considered. In this case, the pressure head reaches its
minimum value at around mid-autumn, when it starts to increase up to
the maximum, achieved at the end of winter, before decreasing again in
summer. Such hydraulic response reflects on the pattern followed by the
factor of safety varying with time, as it modifies the amplitude of the
critical period of landslide activity. This is an important issue to be dealt
with, since it has an impact on the periods during which particular
attention should be paid for the occurrence of landslide accelerations on
the slope, especially in the context of early warning systems.

3.3. Effects of the compressibility coefficient m,

It has been already recognised that the compressibility coefficient m,
affects the hydraulic numerical prediction of the slope model (Cotecchia
etal., 2014). In uncoupled analyses, the selection of this value should be
guided by the necessity of preventing volumetric soil straining at depth
in the slope (Elia et al., 2017; Cotecchia et al., 2019a). To such aim, the
above-described analyses have been carried out assuming a homogenous
value of the compressibility coefficient, equal to 1-1077 1/kPa for all the
soil strata.

In order to evaluate the impact of this soil parameter on the pore
water pressure distribution in the slope, further simulations have been
performed, varying the m, value assigned to the fractured topsoil and the
TPC soil layers and adopting a saturated permeability of 108 m/s for
the topsoil. The first simulation has been carried out assuming m,, equal

25

In situ monitoring SC1_c2 (z=25.5 m)
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to 5-107° 1/kPa for both soil layers, as deduced from oedometer tests,
while the second simulation accounts for the increase in stiffness with
depth assigning a value of m, equal to 5-10~> 1/kPa to the topsoil and
1-1077 1/kPa to the TPC layer (named “combined m,” analysis in
Fig. 10).

The numerical results of this set of analyses, together with the pre-
vious results obtained assuming a homogeneous m, equal to 10~ 1/kPa,
are presented in Fig. 10a in terms of pressure head variations with time
at 25.5 m depth for only 2 years. As expected, the use of the higher
compressibility coefficient, i.e. 5-107° 1/kPa, generates an extremely
small oscillation of the piezometric level with time, as already recog-
nised by Cotecchia et al. (2014). The combination of the two m, values,
instead, induces a pressure head fluctuation characterised by slightly
lower peak values occurring at the end of March and a more regular
pattern between March and May, if compared to the analysis with a
homogeneous m, equal to 10”7 1/kPa. This tendency is confirmed when
the hydraulic response at 49 m depth is observed (Fig. 10b).

3.4. Impact of the variability with time of the hydrogeological boundary
conditions

With the purpose of investigating the causes that produce the sig-
nificant piezometric excursions at large depths, additional transient
seepage analyses have been conducted accounting for the seasonal
variation of the hydrogeological boundary condition within the calcar-
eous aquifer bounding the seepage in the TPC layer. Thus, the impact of
the seasonal recharge of the aquifer present in FAEc have been simulated
and its effect on the stability of the landslide body has been investigated
in terms of FoS.
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Fig. 10. Effect of the compressibility coefficient: numerical predictions compared to monitoring piezometric data at (a) 25.5 m depth and (b) 49 m depth.
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The underground FAEc aquifer is fed in the upstream recharging
area, as made evident by the presence of the Fontana Monte spring just
about the contact between the less permeable FAEa unit with the more
permeable FAEc portion (see Fig. 2). Thus, the accurate modelling of the
seepage regime in the slope requires a proper simulation of the
groundwater-level fluctuation in the aquifer, connected to the weather
conditions over the year. Therefore, a simplified approach has been
adopted to implement the effects of the groundwater recharge of the
aquifer, which have been simulated as the variation with time of the
aquifer water table, i.e. of the piezometric head along the upstream
hydrostatic boundary condition.

Therefore, the upstream hydraulic boundary condition has been
assumed to vary with time according to a sinusoidal function (Eq. (2))
characterised by a period T of 365 days, oscillating between the
summer-like hydrostatic piezometric, hgmmer, and winter-like, hyincer,

groundwater heads:

hsummer + hwinler hwinler - hsummer 2nt ®
h(t) = - sen| —+=
e N (e K )

The minimum head, hgmmer, has been assumed to occur in late
summer, i.e. the 1st of September, while the maximum head, hyintr, is
reached in late winter, i.e. the 1st of March, in accordance with the
general pattern of the 180-day cumulative rainfall typically observed in
these regions. The first analysis has been performed considering an
excursion of the groundwater head of 1 m between summer and winter,

@
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with a w.t. oscillating between 3 and 4 m b.g.l. The second hydraulic
condition has been simulated by varying the upstream w.t. between 3.5
and 5 m b.g.l, this latter being a new initial summer-like steady-state
condition. In these simulations, a saturated permeability of 1078 m/s
and a compressibility coefficient m, of 5-10~° 1/kPa have been adopted
for the fractured topsoil.

The numerical results, reported in Fig. 11, give evidence to the great
impact of the seasonal excursion of the upstream boundary condition on
the hydraulic response of the slope at large depth. Indeed, while the
variation with time of the groundwater head only slightly affects the
pressure head fluctuation at 25 m depth (see Fig. 11a), a far more sig-
nificant excursion of the piezometric head occurs at 49 m depth, due to
the aquifer recharge (see Fig. 11b). Furthermore, the analysis reveals
that the hydraulic recharge determining a piezometric head oscillation
between 3.5 m and 5 m determines variations of the piezometric heads
in the clays closest to the monitored ones.

Therefore, the numerical simulations of the transient seepage reveal
how the rainfall infiltration along the slope mainly affects the strata
down to 25 m b.g.1., while at larger depths the piezometric fluctuation is
largely related to the seasonal recharge of the deep aquifer. Further-
more, the new hydraulic modelling highlights that the presence of the
deep calcareous aquifer in the slope is the source of the very high
piezometric level measured about the base of the TPC clay layer through
the piezometer at 49 m down SC1. Such level is very close to the
piezometric level measured at 25.5 m down the same borehole. Hence,
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Fig. 11. Effect of the hydrogeological boundary condition: numerical predictions compared to monitoring piezometric data at (a) 25.5 m and (b) 49 m depth.
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the simulations demonstrate how important for a correct prediction of
the seepage regime is the thorough reconstruction of the geo-structural
and hydrogeological set-up of the slope and of its surroundings, which
are main ingredients of the slope model.

4. Slope stability analyses

In order to evaluate the impact of both the weather and the hydro-
geological factors on the stability of the Fontana Monte landslide, LE
analyses of the deep landslide body have been carried out implementing
the pore water pressure distributions resulting from the transient
seepage simulations.

The LE analyses have been undertaken using the Morgenstern and
Price method, implemented in the software Slope/w (Geo-Slope Inter-
national, 2004), which adopts the Mohr-Coulomb failure criterion
modified to account for partial saturation (Fredlund and Rahardjo,
1993) as expressed by Eq. (3):

7 =c +outan(p) + stan((p’b) 3)
where ¢’y is the friction angle accounting for the increase in shear
strength due to suction s. Given that the degree of saturation S, above the
water table attains a minimum value at the ground surface, of about 80%
during the dry season, and that the deep slip surface develops mainly in
the saturated portion of the slope, it is reasonable to assume ¢’j equal to
the mobilised friction angle ¢’.

The variation of the factor of safety, FoS, during the year has been
computed for the pre-imposed slip surface, about 900 m long, recon-
structed through field geomorphological surveys, inclinometric data and
stratigraphic records of weakened soil portions (Fig. 3 and Fig. 5). For
such slip surface, assuming the summer-like steady-state hydraulic
conditions (i.e. w.t. at 4 m b.g.1.) and a homogeneous unit weight of 18.8
kN/m?, a mobilised effective friction angle ¢’ equal to 19.2° has been
determined, which is just slightly lower than the peak ¢’, equal to about
20°, measured through laboratory tests for the TPC soil samples (Lollino
et al., 2016, 2010).

Then, using the mobilised effective friction angle ¢’y = 19.2°, LE
analyses have been undertaken implementing the pore water pressure
distribution variable with time, resulting from the transient seepage
analyses performed assuming at the upstream boundary either the
constant water table at 4 m b.g.l. or the variable water table oscillating
between 3.5 m and 5 m b.g.l. In this second analysis, since the initial
summer-like permanent condition is simulated with constant water
table at 5 m b.g.1., the initial safety factor FoS;yta] is greater than one. In

FoS_w.t.4mb.gl

FoS_ w.t. between 3.5 mand 5 mb.g.L
(] In-situ monitoring data SC1_cl

Pressure head at 499 m_w.t. 4 m b.g.l.

Pressure head at 49 m_w.t. between 3.5 and 5 m b.g.L.
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order to make the LE results comparable, the variation with time of the
current FoS normalised to the initial FoS;yja (achieved under the initial
steady-state summer-like conditions of each analysis) are represented
for different upstream boundary conditions (Fig. 12). Normalised FoS
results are illustrated with reference to three consecutive years, together
with the time distribution of the associated pressure heads at 49 m depth
(i.e. at SC1_c1 piezometer cell), close to the slip surface.

The pattern of the normalised FoS variation is characterised by a
fluctuation between a minimum value in early spring and a maximum
value in mid-autumn. Indeed, the FoS is subjected to an increase from
the end of March to early November, concurring with the decrease of the
pressure head, and it reduces from the second part of autumn to the end
of winter, when the piezometric head increases, reaching its minimum
value in mid-March, irrespective of the applied upstream boundary
condition.

With respect to the analysis assuming a constant piezometric head
upstream, the interaction of the TPC clay with the aquifer recharge
provides a slight reduction of the maximum FoS attained during the dry
season. The difference between the peaks obtained during the two
simulations is equal to 1%. However, the accurate prediction of the
piezometric head fluctuation, through the simulation of the interaction
of the hydraulic recharge area with the atmosphere, impacts on the
critical periods of landslide activity. Indeed, considering the FoS curve
relative to the variable groundwater head analyses, the landslide body
becomes unstable between February and May, and it recovers its sta-
bility at the beginning of summer. Nevertheless, the limit equilibrium
results confirm the seasonal nature of the landslide reactivations, as they
are in agreement with the monitored displacement rates and surveied
structural damages. Indeed, the FoS oscillates between values of about
1.07+1.08 in the dry season to values of 1 during the wet season, when
the slope is marginally stable, with an overall variation of less than 10%.

5. Conclusions

The numerical investigation of the piezometric regime and stability
conditions of the prototype slope, representing the GHM features of
several slopes in the South-Eastern Apennines, confirms that very high
piezometric heads may occur down to large depths, due to the contact of
the slope soils, either at large depth or laterally, with water-bearing
rocky aquifers of high permeability. Indeed, the low strength parame-
ters of the clays in the slopes, together with the cited high piezometric
heads represent factors, predispose the slope to instability in the GHM
context of reference. Moreover, the presence of the underground
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Fig. 12. Variation of the normalised FoS of the landslide body and pressure head at 49 m depth with time.
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aquifer, fed by an upstream hydraulic recharging area, may be co-
responsible of seasonal piezometric head fluctuations, due to the
vegetation-atmosphere interaction over the whole hillslope. Therefore,
the paper reports an advancement in the modelling of the SLVA inter-
action phenomena in the cited GHM context, as it highlights how these
depend on the interaction with climatic actions not only of the soils at
the slope top boundary, but also of the underground aquifers bordering
the clay slope.

In particular, the SLVA interaction has been simulated by inputting a
net flux at the sloping surface, accounting for the monitored rainfalls
and the evapotranspiration, while the recharge of the deep aquifer
during the year has been modelled using a sinusoidal function of the
groundwater head. Considering these boundary conditions, the transient
seepage modelling results show that the high piezometric heads
measured at large depth in the slope clays are controlled by the
hydrogeological regime of the hillslope, while their seasonal fluctua-
tions are due to both the water infiltration along the sloping surface,
connected to the weather conditions, and the groundwater recharge of
the calcareous aquifer. Moreover, the input of such simulations into
limit equilibrium analyses allows to predict realistic seasonal reac-
tivations of the landsliding in the slope.
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