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Abstract: The paper presents a case study on the impact of a shallow landslide in overcon-
solidated clays, which was triggered during the winter of 2004-2005 due to exceptionally
high pore pressures, on the operativity and serviceability of a key road artery in Sicily.
During the period from 2004 to 2021, the landslide experienced several reactivations, partic-
ularly during the winter months when increased rainfall led to rising pore water pressures.
These recurrent events resulted in temporary road closures and continuous restoration
efforts, causing significant inconvenience for local communities and substantial economic
losses for commercial, tourism, and agricultural activities in the area. In 2018, a comprehen-
sive study was launched to reconstruct the detailed geotechnical model of the landslide,
analysing its mechanical and kinematic characteristics, pore pressure regime, the depth and
geometry of the sliding surface, and the causes of the landslide. The study indicates that
the primary causes of both the initial landslide and its subsequent reactivations were the
poor mechanical properties of the involved soils and seasonal fluctuations in pore water
pressures. To ensure long-term stabilisation, the most suitable interventions were identified
as the permanent reduction of pore pressures through the installation of drainage trenches
and the construction of a road embankment using gabions, which also serve as drainage
structures. These measures are highly effective, relatively cost-efficient, easy to implement,
and environmentally sustainable.

Keywords: superficial landslide; overconsolidated clays; pore water pressures; residual
strength; road

1. Introduction

Many municipalities in Southern Italy, particularly in Sicily, are connected to cities
or other major centres—often located along the coast—or to other towns by only a few
roads, mostly state or provincial roads. In some cases, especially for municipalities in
mountainous and remote areas, the number of connecting roads is very limited, and in
exceptional cases, there may be only a single access road, as illustrated in Figure 1 for the
municipality of Corleone. Due to a lack of adequate funding, the maintenance of these
roads is often suboptimal, particularly for provincial roads.

These transportation routes, due to the geological and geotechnical composition of the
soil and rock formations on which they are built, as well as highly variable environmental
conditions, are frequently affected by widespread deformation processes along their route
and, in some cases, by actual landslides. In such situations, road accessibility and the
various activities that depend on or are connected to it—such as agriculture, tourism, com-
merce, and healthcare services—can become severely compromised, negatively impacting
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the development of local communities. In many cases, this contributes to the abandonment
and depopulation of these remote mountain towns.
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Figure 1. Map of northwestern Sicily. The city of Corleone, Provincial Road N4 (San Cipirello-
Corleone), Palermo Airport, and the city of Palermo are visible.

This paper presents a case study illustrating the interaction between shallow landslides
and Provincial Road N4 (SP 4) San Cipirello-Corleone in the province of Palermo (Sicily).
This 24 km-long road is affected by several deformation and instability phenomena along
its route, including two major landslides. One of these is located at km 9 (near the limestone
rocky ridge formation of “Pietralunga”), while the second, which is the focus of this study,
is located at km 22.7, near the town of Corleone (Figure 1). Figure 2 shows photographs of
the large landslide at km 9 (Pietralunga), while Figure 3 highlights secondary but significant
instability phenomena at km 18 and km 19 (in the locality of Poira).

(a) (b)

Figure 2. Photos of the landslide at km 9 (Pietralunga). (a) View from below of the landslide that
occurred in the winter of 2013, clearly showing the dislocation of the retaining wall and the tension
cracks in the upper part (indicated by the arrows). (b) The road platform completely dislocated and
translated approximately 20 m. (c) Remobilization in the winter of 2019 of part of the landslide; in
the background, the limestone rocky ridge of Pietralunga is visible.
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Figure 3. Locality of Poira. Local instabilities at km 18 (a) and at km 19 (b). The experienced
displacements (settlements and horizontal displacements) of the deformed platform, retaining walls,
and gabions exceed 50 cm.

Provincial Road N4 is crucial for the town of Corleone, as it connects the municipality
to several important centres along Sicily’s northwestern coast, where industrial hubs,
construction industries, agricultural processing plants (e.g., wine production), healthcare
centres, and other facilities are located. Moreover, this road serves as the shortest route to
Punta Raisi Airport (Palermo Airport) via Provincial Road N2 and the A29 Palermo-Mazara
del Vallo motorway. Additionally, it provides access to various touristic and commercial
activities along the northern Tyrrhenian coast, including Partinico, the largest centre in the
area (Figure 1).

During the autumn-winter season of 2004-2005 (a particularly rainy season), a land-
slide in overconsolidated clays occurred at km 22.7 of Provincial Road N4, near the town of
Corleone (Figure 4). Over the extended period from 2004 to 2021, the landslide experienced
several reactivations, resulting in temporary road closures and continuous yet ineffective
restoration efforts on the roadway. These closures and repairs caused significant inconve-
nience to the local population, economic losses for affected sectors, and substantial financial
expenditures for maintenance and restoration.
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Figure 4. General map of the area showing the location of the landslide zone, the town of Corleone,
and the Corleone stream.
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Similarly, numerous restoration interventions have been carried out along various
sections of the road, particularly at km 9—where multiple reactivations have occurred
since 2013—as well as at km 18 and 19, in an effort to maintain road usability, albeit
with difficulty.

This paper presents on-site and laboratory investigations, in situ measurements, and
geotechnical characterization of the landslide at km 22.7. Moreover, the study aims to
identify the detailed constitution of the subsoil (within the significant volume from a
geotechnical perspective), the causes and the kinematic characters of the landslide, the
regime of pore water pressures, and the most suitable and effective corrective measures for
the permanent restoration of this vital transportation route for the town of Corleone.

2. Principal Geological Characteristics of the Landslide

The landslide involves soils belonging to the clayey formation locally known as
“Marne di San Cipirello”, which dates back to the Miocene age and reaches a maximum
thickness of approximately 180 metres. This formation is primarily composed of grey-blue
clayey marls and grey-blue sandy marls, which are widely present in the area and are
known for their relatively low hydraulic conductivity and high susceptibility to deformation
and weathering (Catalano et al., 2010 [1]; ISPRA, 2010 [2]).

The “Marne di San Cipirello” formation overlies the “Calcarenite di Corleone” for-
mation, a lithological unit composed of carbonate-rich deposits with greater mechanical
strength compared to the underlying marls. The “Calcarenite di Corleone” outcrops in
specific locations within the study area, particularly in the vicinity of Masseria Rubina and
the Cozzo Rubina hills (upper and lower) (Figure 4). These outcrops play a significant role
in the geomorphology of the region, often forming small ridges or elevated reliefs.

The landslide in question, from the kinematics perspective, is classified as a shallow
translational slide, primarily affecting the “Marne di San Cipirello” formation.

Due to the poor mechanical properties of the clayey soils composing the “Marne di
San Cipirello” formation, particularly their tendency to degrade when exposed to water
infiltration and wetting and drying cycles [3-8], the landslide is prone to progressive
reactivations, especially during periods of intense rainfall. The combination of low shear
strength within the shear band, high plasticity, and poor drainage capacity makes these soils
highly vulnerable to mass movements, posing significant challenges for slope stabilization
and infrastructure protection.

3. Evolution of the Landslide

Figure 5 shows four Google Earth photos depicting the state of the landslide area in
the autumn of 2004 (before the landslide occurred, Figure 5a). The landslide was confirmed
during the winter season of 2004-2005, and by March 2005, it was clearly identifiable
(Figure 5b). In March 2005, both the Provincial road N4 and the dirt road located above
showed clear signs of deformation and displacement. Subsequently, various restoration
interventions have been carried out, but new remobilizations of the landslide have occurred.
One of these restoration works was completed in September 2012 (Figure 5c). In 2013, a
new remobilization of the landslide took place (Figure 5d).

Between 2005 and 2021, several interruptions due to the remobilization of the land-
slide led to significant inconvenience and economic losses for the population, along with
substantial expenses for ongoing road restoration efforts.

In Figure 5, the remobilization of the landslide during the winter of 2012-2013 is
clearly visible, with the dislocation of the road platform well illustrated in June 2013.
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Figure 5. Temporal evolution of the landslide. (a) In autumn 2004, the landslide is not present. (b) In
March 2005, the landslide is evident. (c) In September 2012, the restoration works on the road can
be observed. (d) In June 2013, one of the various reactivations of the landslide was verified. The
evolution of the landslide is clearly evident from the displacement of the dirt road.

Further remobilizations occurred in subsequent years, inducing horizontal displace-
ments ranging from 10 to 15 m.

The boundary of the landslide in 2019 is represented in Figure 6. This figure indicates
the boreholes executed in July 2018, the viewpoints for some photos shown in Figure 7,
the boundary of the landslide in 2019, and the tension cracks observed in January 2020.
In July 2020, horizontal displacements reached approximately 20 m in the upper part of
the landslide (near the dirt road) and about 15 m in the lower part (near the platform of
Provincial Road N4) (Figure 7b,c). During the rainy seasons, the landslide progressively
extends toward the upper part of the slope (Figures 6 and 7d). The gabions located along
the dirt road have experienced significant dislocation.

The high displacements induced by the landslide are clearly visible along both the
provincial road and the dirt road.

The main dimensions of the landslide are as follows (Figures 5 and 6): length: approxi-
mately 350 m; width: around 130 m; estimated thickness: between 6 and 7 m.
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Figure 6. Plan of the landslide showing the locations of the boreholes executed and the instrumen-
tation installed in July 2018, along with the boundary as of July 2019. The longitudinal vertical
cross-section A-A’ and the viewpoints for the photos in Figure 7 are also indicated. Additionally, the
figure displays the tension cracks observed in January 2020.
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Figure 7. Significant views of the landslide (photos (a—c), 2019; photo (d), 2020). The viewpoints for
photos (a—d) are indicated in the plan in Figure 6. In Figure 7a, the town of Corleone is visible in

the background.
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4. In Situ Measurements and Geotechnical Characterization of Soils

As previously mentioned in Section 2, the soils constituting the slope where the land-
slide occurs belong to the “Marne di San Cipirello” formation. The soils were investigated
through four mechanical continuous core drilling surveys (BH1-BH4), with their locations
shown in Figure 6, as well as through in situ and laboratory tests and measurements. In
borehole BH1, a down-hole test was performed for the seismic characterization of the soils,
while borehole BH2 was equipped with an inclinometer. Additionally, boreholes BH3 and
BH4 were equipped with Casagrande-type piezometers.

Additional details of the survey and its results are reported in [9].

Figure 8 shows a simplified schematic reconstruction of the subsoil composition along
the longitudinal vertical section A-A’, which is traced in Figure 6. The soils of interest
for this study, listed from bottom to top, are: (a) stiff grey clay with “zones” and “lenses”
formed by scaly clays; (b) altered grey-yellowish-brown clay. Within this last layer, a shear
band consisting of very soft grey-brown clay, approximately 50 cm thick, is present and was
clearly identified in all the boreholes. The upper part of the subsoil, about 1 m thick, consists
of agricultural soil, which has been incorporated into the weathered grey-yellowish-brown
clays in the stratigraphic scheme.

I shear band stiff grey clay tension cracks
(January 2020)
BH1: down hole; BH2: inclinometer; BH3 and BH4: piezometers
provincial shear band X
road N 4 c%
g.w.t. 416.29 m a.s.l.
o % g—
& o
25 50m

Figure 8. Longitudinal schematic vertical cross-section A-A’. The average inclination of the slope
between boreholes BH1 and BH4 is 6 degrees.

Figure 9 presents photos of the clayey soils of the shear band in borehole BH1 (in-

dicated as S1 in the photo). These soils also exhibit shiny and striated sliding surfaces
(Figure 9b).

Figure 9. Grey-yellowish-brown clay of the shear band (borehole BH1, depth 5.50 m below ground
surface). The clay is very soft (a), and there are shiny and slickensided sliding surfaces (b). The length
of the sample in (b) is 12 cm.
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The grain size distribution of the soils of interest on the slope is shown in Figure 10a.
The soils of the shear band have a clay fraction of about 60%, which is higher than that of
both the base stiff grey clay and the altered yellowish-brown clay (ranging from 40% to
50%). The base stiff scaly grey clays and the altered yellowish-brown clays are classified as
inactive and of medium-high plasticity, while those of the shear band are of normal activity
and high plasticity (Figure 10b).
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Figure 10. (a) Grain size distribution of the clays from the base formation (stiff grey clay), the
weathered grey-yellowish-brown clay, and the shear band; (b) charts of activity and plasticity.

The clays are saturated, with a unit weight of 20.5 kN/m? for both the base grey clay
and the yellow-brown clay, while the shear band has a unit weight of 19.5 kN/m3. The
specific weight for all the soils is 27 kN/m?>. The natural water content of the base stiff grey
clay is approximately 12%, while that of the weathered, altered yellowish-brown clay is
approximately 15%, and the natural water content of the clay of the shear band is 30%.

The clays, including those from the stiff base formation and the overlying weathered,
degraded, and altered layers, are overconsolidated. The current configuration is likely a
result of the erosion of the upper layers. The structure of the intact stiff grey clays is highly
interconnected and resembles that of the stiff scaly clays.

The trend of the overconsolidation ratio (OCR) with depth for borehole BH2 is illus-
trated in Figure 11. OCR, evaluated using the Casagrande method in oedometer tests on
specimens from borehole BH2, decreases with depth.

stratigraphy of BH2 OCR
0 10 15
O 1 1 J
14 /
weathered grey-yellowish-brown clay ] /.’
5 — ‘/ v
shear band ] 5
weathered grey-yellowish-brown clay 10 S [
] !
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:_é’ 4 I
o L ]
[ 4
-D ~
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Figure 11. Trend of the overconsolidation ratio (OCR) with depth for borehole BH2. The stratigraphy
of the borehole is simplified.
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(a)

Figure 12 shows the inclinometer profile (Figure 12a) for the vertical section of borehole
BH2 covering the period from October 2018 to October 2019. The simplified stratigraphy
of borehole BH2 (Figure 12b) is also included in the figure for easier interpretation of
the measurements. As illustrated, the shear zone is distinctly located within the yellow
to brown weathered and altered clay. The displacement profile indicates that the soil
mass, at least in the inclinometer area, behaves primarily as a rigid body sliding over the
shear zone (or shear band), which is approximately 0.5 m thick. The soils exhibit viscous
deformations in the upper section near ground level and extending to a depth of about
1 m (Figure 12c). The sliding surface develops within the weathered-altered yellow-brown
clays, representing the deeply weathered portion of the “Marne di S. Cipirello” formation.

(b) (c)

horizontal displacement (mm) simplified stratigraphy scheme of displacements
200 150 100 50 0
[ IR T TR MY N B 0 v viscous
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Figure 12. (a) Horizontal displacement profile obtained from measurements in the inclinometer
installed in borehole BH2, along with the corresponding simplified stratigraphy (b) and scheme of
displacements (c).

The inclinometer was interrupted during the period from October 3 to November
27 of the year 2019.

5. Causes, Kinematic Characteristics, and Back-Analysis of the Landslide
5.1. Causes and Kinematic Characteristics of the Landslide

The main causes of the landslide are related to the poor mechanical properties of the
soils within the shear band, which consists of weathered-altered and mechanically de-
graded clays. These inadequate geotechnical characteristics are a result of physicochemical
alteration processes that have led to a deterioration in the shear resistance and stiffness
parameters. The reduction in strength parameters is due to aging and degradation phe-
nomena, as well as the accumulation of successive deformations induced by various drying
and wetting cycles related to fluctuations in groundwater levels. Over time, these processes
have directly contributed to a reduction in shear strength toward its residual values.

Numerous examples of landslides induced by rainfall are documented in the literature
(e.g., refs. [10-16]). The degradation of mechanical parameters, combined with high inter-
stitial pressures generated by atmospheric precipitation, created conditions that triggered
the landslide occurring during the winter season of 2004-2005 (Figure 5).

Figure 13 shows the annual cumulative precipitation for the period from 2003 to
2024, measured at the Corleone rainfall station. The year 2004 was particularly rainy, with
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cumulative rainfall exceeding the mean value. During the observation period, several years
recorded cumulative annual precipitation approximately 1.5 times the mean value.
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Figure 13. Cumulative annual rainfall measured at the pluviometric station of Corleone for the period
2003-2024.

Figure 14a shows the monthly cumulative precipitation for the period from January
2004 to December 2005, which coincides with the period when the landslide first occurred.
The months of November and December 2004, along with January 2005, experienced
significant rainfall. The cumulative rainfall during this period was 148.8 mm for November
2004, 178.4 mm for December 2004, and 114.8 mm for January 2005, compared to the
average value of 60.2 mm.
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Figure 14. Period from November 2003 to December 2004. (a) Cumulative monthly rainfall; (b) cu-
mulative four-month precipitation.

Figure 14b presents the four-month cumulative precipitation for the same period.
Notably, the cumulative precipitation from November 2004 to February 2005 reached
502 mm, which is twice the average value of 252.2 mm. These data clearly indicate that the
landslide occurred during the winter season of 2004-2005, coinciding with exceptionally
high rainfall.
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Figure 15 shows the cumulative monthly and four-month cumulative precipitation for
the period from November 2011 to December 2013. During the autumn 2012 to winter 2013
seasons, a reactivation of the landslide occurred (Figure 5). In this period, both monthly
and four-month cumulative precipitation levels were significantly high, indicating that the
landslide reactivation was associated with heavy rainfall.
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Figure 15. Period from November 2011 to December 2013. (a) Cumulative monthly rainfall; (b) cu-
mulative four-month precipitation.

Figure 16 shows the cumulative monthly and four-month cumulative precipitation for
the period from November 2017 to December 2019. Although both monthly and four-month
cumulative precipitation levels were less intense than those reported in Figures 14 and 15,
significant displacements of the landslides were recorded, as indicated by inclinometer
measurements (Figure 12).

Figure 17 shows the cumulative monthly precipitation (Figure 17a) and the corre-
sponding piezometric measurements (Figure 17b,c) recorded in piezometers BH3 and BH4
for the period from October 2018 to February 2020. During this time, both piezometric and
inclinometric measurements were conducted.

As observed in Figure 17, both piezometers BH3 and BH4 recorded very low water
table depths from ground level and very high pore pressures on the sliding surface during
the winter months, irrespective of monthly rainfall. In December 2018 and February
2019, for instance, the cumulative monthly precipitation was only 39 mm and 21.4 mm,
respectively, significantly lower than the mean value of 53.5 mm and very far from the
maximum value of 161.8 mm. During the same time interval, the depth of the water table
from ground level was a few centimeters for both piezometers BH3 and BH4. Similar
observations are applicable for January and February 2020. These data indicate that
significant rainfall events are more closely related to cumulative precipitation over a period
of 2 to 4 months. In fact, the water levels in the piezometers and the pore water pressures
on the sliding surface remained unchanged from November 2018 to March 2019. Following
the summer season, both the water levels in the piezometers and the pore water pressures
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on the sliding surface decreased. After two rainy months (September and October 2019),
these levels increased again.
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Figure 16. Period from November 2017 to December 2019. (a) Cumulative monthly rainfall; (b) cu-
mulative four-month precipitation.
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Figure 17. (a) Cumulative monthly rainfall during the period of inclinometric and piezometric
measurements; (b) depth of the water table from ground level; (c) pore pressures on the sliding
surface (with the slip surface located 6.5 m beneath ground level).
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Notably, during January and February 2020, when no rainfall was recorded, the
piezometric levels (Figure 17b) and the corresponding pore water pressures (Figure 17c)
on the slip surface did not decrease. The data presented in Figure 17 clearly demonstrate
that once a landslide is triggered, its reactivations are directly dependent on the pore water
pressures on the sliding surface, which are linked to cumulative rainfall over 2-4 months.
Fluctuations in pore water pressures likely contributed to the triggering of the landslide,
as they led to prolonged alteration processes in the ground and degradation of the shear
strength of the soil’s properties [17-20].

Additionally, other factors may have included varying alteration processes and the
presence of weak layers within the formation, which often play a crucial role in the sta-
bility of slopes and the overall geotechnical systems in which they exist [21-23]. The
displacement profile recorded in inclinometer BH2 (Figure 12) and the in situ observa-
tions (Figures 5 and 7) indicate that the soil mass behaves primarily as a rigid body sliding
over the shear band identified in all the boreholes. The average displacement velocity
from 24 October 2018, to 14 February 2019, is 1.1 mm/day, with a maximum velocity of
1.3 mm/day (recorded between 14 December 2018, and 30 January 2019) and a minimum
of 0.8 mm/day (from 24 October to 27 November 2018). In the subsequent period from
14 February 2019, to 3 October 2019, the displacement velocity decreased to 0.15 mm/day.
This displacement velocity is closely linked to variations (increases or decreases) in pore
water pressures within the slope, particularly on the sliding surface. Consequently, the
landslide can be classified as a reactivated translational slow landslide [24-26].

5.2. Back-Analysis of the Landslide

Considering the geometry and soil composition of the slope, along with the results
from in situ observations and measurements (including displacements and pore water
pressures) and the mechanical parameters obtained from laboratory tests, a very simple
model of the infinite slope with seepage motion under stationary conditions—where flow
lines are parallel to the ground surface—can be effectively employed. For this basic model,
the safety factor is defined as follows:

7Y YwZe \tang
F= (L t@zw )\ ¥ 1
('Ysat * Vsat H) tana 1

where 7" and s are the submerged unit weight and saturated unit weight of the soils
constituting the slope, respectively, vy is the specific unit weight of the water, z,, is the
depth of the ground water table from ground level, H is the depth of the sliding surface
measured from ground level, ¢’ is the angle of shear strength mobilized on the considered
sliding surface, and « is the inclination on the horizontal of the slope.

Given the observed displacements (averaging tens of metres), the shear strength is very
close to the residual strength, characterized by zero cohesion intercept and a shear resistance
angle ¢’ equal to residual shear strength angle ¢',. For this purpose, it is worth highlighting
that the residual shear strength parameters govern reactivated landslides, while peak shear
strength parameters govern the stability of stable slopes or first-time landslides.

For H = 6.5 m, st = 20.5 kN/m?, and 7, = 9.81 kN/m?, the safety factor F equals
1 for the values of the depth of the water table z;, and the operative shear strength angle ¢/,
as summarized in Table 1.

Table 1. Values of the depth of the ground water table, z,,, and the operative angle of shear strength
¢’ corresponding to a safety factor F of the slope equal to 1.

Zy (m) 0 0.25 0.50 0.65 1 1.25 1.50
¢ 114 11.1 10.8 10.5 10.1 9.8 9.4
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For an operative shear strength angle ¢’ equal to the angle of residual shear strength
@', =10.5° (as shown in Figure 18), the safety factor is equal to 1 when z;, = 0.65 m. This
result is consistent with the inclinometric and piezometric measurements.
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Figure 18. Residual shear strength envelope of the clay of the shear band, as obtained by ring
shear tests.

Specifically, when the measured values of z, are very low (indicating high pore
water pressures on the sliding surface during the autumn-winter season), the velocity of
horizontal displacements recorded by the inclinometer increases. Conversely, when the
values of z;, increase (resulting in a reduction of pore water pressures on the sliding surface
during the late spring-summer season), the rate of horizontal displacements decreases or
approaches zero. These observations confirm that the mean mobilized shear strength on
the sliding surface is very close to the residual shear strength.

Furthermore, the results from the simple model demonstrate that the reactivations
of the landslide are primarily caused by high pore pressures present in the slope, particu-
larly on the slip surface, for extended periods throughout the year, especially following
cumulative rainfall over 2—4 months. This behavior is characteristic of landslides in fine
clayey soils.

6. Design of Stabilization Works

Considering the causes of the landslide, their planimetric extension, the inclination of
the slope, the geometry and depth of the sliding surface, the fine-grained soils involved,
and the significant displacements that the ground has undergone, the most effective inter-
ventions focus on permanently reducing pore water pressures on the sliding surface, as
suggested by Terzaghi (1950) [27] and reported in many other studies [28-38].

The optimal geometric arrangement for the trench drains is parallel to the direction
of the maximum inclination of the slope. The reduction of interstitial pressures for the
geometry of the landslide can be effectively achieved by using simple shallow drainage
trenches, as illustrated in Figure 19. The road embankment is designed between two rows
of containment gabions, which are flexible and draining structures capable of supporting
large displacements without losing functionality.

The drainage trenches are 5 m deep, with a spacing of 10 m between them. The longi-
tudinal and transverse vertical cross-sections A-A’ and B-B’ are depicted in Figure 20a,b,
respectively. Figure 20c provides details of the transverse cross-section of the drainage
trench. The draining material, consisting of medium to coarse gravel, is wrapped in a
draining geotextile that acts as a filter to protect the underlying soils from internal erosion,
prevent clogging of the trench material, and ensure the long-term effectiveness of the drain-
ing system. Additionally, a layer of compacted clay with very low hydraulic conductivity
must be placed on-site to prevent infiltration from the ground surface. The drained water
within each trench drain is conveyed through a perforated pipe into a collector trench drain,
which discharges directly into a natural ditch and subsequently into the Corleone stream.
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The long-term effectiveness of the trenches and the evolution of pore water pressure
reduction have been evaluated by using finite element method (FEM) calculations with the
2D Plaxis code [39]. A median vertical transverse cross-section has been utilised, as shown
in Figure 21. In this section, the ditch has been considered as a boundary condition for the
water table, with the water table consistently coinciding with the bottom of the ditch. This
assumption is conservative, as there is typically no water present in the ditch.

W.t.

initial ditch

trench drain

' ------- 51m;[‘1 2 ! 5 lv,..';.'3.3:123'-':-11??‘ i S T B R OOTIALLCTCE0od (2)
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Figure 21. Evolution of the groundwater table (pore water pressures) following the completion of
the draining trenches. The hydraulic conductivity of the grey-yellowish-brown clay and the shear
band has been assumed to be 5 x 10~2 m/s. (a) Initial conditions; (b) piezometric level after 1 year of
implementation of the trench drains; (c) piezometric level after 2 years; (d) steady-state conditions.

The initial groundwater table at time ¢ = 0 has been assumed to coincide with the
ground level (Figure 21a). Hydraulic conductivity K for both the weathered grey-yellowish-
brown soils and the soils of the shear band has been assumed to be 5 x 10~? m/s. Lab-
oratory oedometer tests have shown values of K ranging from 5 x 1078 to 107 m/s,
depending on the effective vertical stress ¢’, (K reduces as 0’ increases). Given the very
low mean effective stress levels present in the soils influenced by the flow, the value of
K =5 x 1072 m/s has been adopted for the analysis.

The results presented in Figure 21 indicate that, after one year of implementing the
draining trenches, the groundwater table is, on average, approximately 3 m below the
ground level (Figure 21b). After two years, the groundwater table reaches a configuration
that is very close to a steady state (Figure 21c,d).

Considering that recharge due to precipitation certainly occurs throughout the year,
along with the delay associated with the low permeability of the soils and the continuous
effectiveness of the trenches, a mean value for the depth of the water table can be estimated
to range between 2 and 3 m.

After the realization of the draining trenches, the problem is 3D. Considering a cross-
section on which, on average, the same very simple model of infinite slope used for the
back-analysis is applied, and for the sake of safety, assuming the operative shear strength
angle on the sliding surface to be constant (neglecting the increase in shear strength due to
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the sliding surface partially intersecting the gravel of the trenches) and equal to the residual
shear strength angle of the clayey soils of the shear band (¢’ = ¢/, = 10.5°), and always for a
depth of the sliding surface H = 6.5 m, the values of the safety factor F, reported in Table 2,
are obtained depending on the depth of the piezometric level below the ground surface.

Table 2. Values of the safety factor, F, as a function of the depth of the groundwater table, z;, for the
operative shear strength angle, ¢’ = ¢/, = 10.5°. Depth of sliding surface: H = 6.5 m.

Zy (m) 2.00 2.25 2.50 2.75 3.00
F 1.18 1.21 1.24 1.28 1.31

The values of the safety factor are quite adequate, considering they have been derived
from the residual shear strength of the weathered clays within the shear band.

Currently, due to insufficient funding, only the section of the trenches that crosses
the road embankment (approximately 20 m in length), along with the associated drains
for directing water from the draining trenches into the natural ditch and the gabions, was
constructed (in 2021), as shown in Figure 22. Four years after their implementation, the
performance of these interventions is satisfactory and demonstrates, though not entirely,
the effectiveness of pore water pressure reduction (drainage) on slope stability.

gabions \ :

Figure 22. View of the road following completion of part of the remediation works. (a) View as shown
in photo 2. (b) View as depicted in photo 1 from the plan in Figure 3 (photo taken in January 2025).

7. Conclusions

The paper presents a case study on the interaction between a significant provincial
road (Provincial Road N4) and a landslide in overconsolidated clays, occurring near an
important town in Sicily. The landslide was triggered during the autumn of 2004 to the
winter of 2005 due to the deterioration of the strength parameters of the clayey soils in the
shear band and the very high interstitial pressures linked to rainfall.

Over the period from 2004 to 2021, the landslide experienced several remobiliza-
tions, leading to temporary road closures and ongoing repairs to maintain the carriageway
under precarious conditions. These disruptions caused considerable inconvenience for
the local population and adversely affected commercial, healthcare, tourism, and agricul-
tural activities.

Due to insufficient funding, the adopted solution involved maintaining and adapting
the road embankment through continuous filling, without adequately addressing the
underlying causes of the landslide. In 2018, a study that facilitated the reconstruction of
the landslide kinematics, determined the depth of the sliding surface, and identified the
most effective corrective measures, including a system of superficial drainage trenches was
conducted. This approach represents a straightforward and cost-effective solution.

In 2021, due to limited funding, only the section of the trenches crossing the road em-
bankment and the two rows of gabions, which also represent a drainage system and confine
the road embankment, were implemented. Despite this partial realization of the planned
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works, the slope’s performance has been, overall, satisfactory. In the four years following
the completion of the partial works, during which the rainfall regime was similar to that
of previous years, no signs of significant movement were recorded on the road platform,
which is sufficiently rigid and thus serves as an excellent indicator of any potential defor-
mation. This demonstrates the effectiveness of partial but sufficient pore water pressure
reduction (drainage) on slope stability. For the definitive assessment of the effectiveness
of the drainage system, after the completion of the works, a monitoring system will be
installed, consisting of piezometers, inclinometers, tensiometers, and topographic markers.

Ultimately, the case study underscores the critical importance of identifying the causes
of instabilities to effectively address geotechnical issues. It also illustrates how the applica-
tion of fundamental geotechnical principles can significantly enhance the management of
infrastructure and land, yielding substantial benefits for society.

Funding: This research received no external funding.

Data Availability Statement: Data are available upon request.

Acknowledgments: The author wishes to thank S. Pam-palone, and the G. Fasulo for their collabora-
tion. He wishes to thank the geologists R. Di Natale and R. Bonni for the collaboration during the
on-site investiga-tions. Special thanks to C. Tascone for his careful and effective collaboration during
the on-site investigations and the design phase of the intervention works.

Conflicts of Interest: The author declares no conflicts of interest.

References

1.  Catalano, R.; Avellone, G.; Basilone, L.; Sulli, A. Note Illustrative della Carta Geologica d’Italia alla Scala 1:50000; ISPRA (Istituto
Superiore per la Protezione e la Ricerca Ambientale), Servizio Geologico d’Italia, SystemCart: Rome, Italy, 2010. (In Italian)

2. ISPRA—Istituto Superiore per la Protezione e la Ricerca Ambientale. Carta Geologica d’Italia alla Scala 1:50000, Corleone; Servizio
Geologico d’Italia, SystemCart: Rome, Italy, 2010. (In Italian)

3. Hukuel, T.; Nova, R. On Cyclic Degradation of Clay (Sulla degradazione ciclica delle argille). Riv. Ital. Di Geotec. 1980, 4, 223-234.

4.  Cafaro, F; Cotecchia, F. Structure degradation and changes in the mechanical behaviour of a stiff clay due to weathering.
Geotechnigue 2001, 51, 441-453. [CrossRef]

5. Pineda, J.A.; Alonso, E.E.; Romero, E. Environmental degradation of claystones. Geotechnique 2014, 64, 64-82. [CrossRef]

6. Jin, H.; Guo, L.; Sun, H.; Shi, L.; Cai, Y. Undrained cyclic shear strength and stiffness degradation of overconsolidated soft marine
clay in simple shear tests. Ocean Eng. 2022, 262, 112270. [CrossRef]

7.  Zeng, H.; Tang, C.S.; Zhu, C.; Vahedifard, F.; Cheng, Q.; Shi, B. Desiccation cracking of soil subjected to different environmental
relative humidity conditions. Eng. Geol. 2022, 297, 106536. [CrossRef]

8. Wang, S,; Liu, Y,; Wu, C,; Li, Y.,; Zhang, R.; An, S.; Jiang, H.; Yao, Z. Investigation of water retention and volumetric deformation
characteristics of soils subjected to wetting—drying cycles. Bull. Eng. Geol. Environ. 2025, 84, 155. [CrossRef]

9. Ziccarelli, M. Studio Riguardante gli Aspetti di Ingegneria Geotecnica Relativi al Progetto di Messa in Sicurezza Della S.P. n. 4 di Portella di
Poira: San Cipirello-Corleone; Engineering Department, University of Palermo: Palermo, Italy, 2019. Unpublished report. (In Italian)

10. Skempton, A.W. Residual strength of clays in landslides, folded strata and the laboratory. Géotechnigue 1985, 35, 3-18. [CrossRef]

11.  Iverson, R.M. Landslide triggering by rain infiltration. Water Resour. Res. 2000, 36, 1897-1910. [CrossRef]

12. Lee, M.L.; Ng, K.Y.; Huang, Y.F; Li, W.C. Rainfall-induced landslides in Hulu Kelang area. Nat. Hazards 2014, 70, 353-375.
[CrossRef]

13.  Rosone, M.; Ziccarelli, M.; Ferrari, A.; Airo Farulla, C. On the reactivation of a large landslide induced by rainfall in highly
fissured clays. Eng. Geol. 2018, 235, 20-38. [CrossRef]

14. Sitarenios, P.; Casini, F.; Askarinejad, A.; Springman, S. Hydro-mechanical analysis of a surficial landslide triggered by artificial
rainfall: The Ruedlingen field experiment. Geotechnique 2021, 71, 96-109. [CrossRef]

15. Lollino, P; Ugenti, A.; de Lucia, D.; Parise, M.; Vennari, C.; Allasia, P; Fazio, N.L. Failure Mechanism of a Rainfall-Triggered
Landslide in Clay Slopes. Geosciences 2023, 13, 125. [CrossRef]

16. Amarasinghe, M.P;; Kulathilaka, S.A.S.; Robert, D.].; Zhou, A.; Jayathissa, H.A.G. Risk assessment and management of rainfall-
induced landslides in tropical regions: A review. Nat. Hazards 2024, 120, 2179-2231. [CrossRef]

17.  Picarelli, L.; Urciuoli, G.; Russo, C. Effect of groundwater regime on the behaviour of clayey slopes. Can. Geotech. ]. 2004, 41,

467-484. [CrossRef]


https://doi.org/10.1680/geot.2001.51.5.441
https://doi.org/10.1680/geot.13.P.056
https://doi.org/10.1016/j.oceaneng.2022.112270
https://doi.org/10.1016/j.enggeo.2022.106536
https://doi.org/10.1007/s10064-025-04189-z
https://doi.org/10.1680/geot.1985.35.1.3
https://doi.org/10.1029/2000WR900090
https://doi.org/10.1007/s11069-013-0814-8
https://doi.org/10.1016/j.enggeo.2018.01.016
https://doi.org/10.1680/jgeot.18.P.188
https://doi.org/10.3390/geosciences13040125
https://doi.org/10.1007/s11069-023-06277-3
https://doi.org/10.1139/t04-009

Geosciences 2025, 15, 209 19 of 19

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Comegna, L.; Picarelli, L.; Bucchignani, E.; Mercogliano, P. Potential effects of incoming climate changes on the behaviour of slow
active landslides in clay. Landslides 2013, 10, 373-391. [CrossRef]

Picarelli, L.; Di Maio, C.; De Rosa, ]J. Processes and mechanisms governing the transition of slides in tectonized clays and clay
shales into rapid earthflows. Riv. Ital. Di Geotecnica 2021, 55, 53-67. [CrossRef]

Ghalamzan, F,; De Rosa, J.; Gajo, A.; Di Maio, C. Swelling and swelling pressure of a clayey soil: Experimental data, model
simulations and effects on slope stability. Eng. Geol. 2022, 297, 106512. [CrossRef]

Terzaghi, K. Effects of minor geologic details on the safety of dams. In Geology and Engineering for Dams and Reservoirs; American
Institute of Mining and Metallurgical Engineers, Technical Publication: Englewood, CO, USA, 1929; Volume 215, pp. 31-44.
Locat, J.; Leroueil, S.; Locat, A.; Lee, H. Weak layers: Their definition and classification from a geotechnical perspective. In
Advances in Natural and Technological Hazards Research, Proceedings of the 6th International Symposium on Submarine Mass Movements
and Their Consequences, Kiel, Germany, 23-25 September 2013; Krastel, S., Behrmann, ].-H., Vélker, D., Stipp, M., Berndt, C., Urgeles,
R., Chaytor, ]., Huhn, K., Strasser, M., Harbitz, C.B., Eds.; Springer Nature: Cham, Switzerland, 2014; Chapter 1; pp. 3-12.

Han, G.; Zhou, H.; Hou, J.; Zhang, C.; Singh, HK.; Gao, Y. A comprehensive investigation on the shear properties of interlayer
shear weakness zones. Bull. Eng. Geol. Environ. 2021, 80, 8765-8787. [CrossRef]

Varnes, D.J. Slope movement types and processes. In Landslides, Analysis and Control, Special Report 176: Transportation Research
Board; Schuster, R.L., Krizek, R.J., Eds.; National Academy of Sciences: Washington, DC, USA, 1978; pp. 11-33.

Cruden, D.M,; Varnes, D.]J. Landslide types and processes. In Landslides Investigation and Mitigation; Turner, A K., Schuster, R.L.,
Eds.; Special Report 247; Transportation Research Board, US National Research Council: Washington, DC, USA, 1996; Chapter 3;
pp- 36-75.

Hungr, O.; Leroueil, S.; Picarelli, L. The Varnes classification of landslide types, an update. Landslides 2014, 11, 167-194. [CrossRef]
Terzaghi, K. Mechanics of Landslides (Berkey Volume); Geological Society of America: New York, NY, USA, 1950; pp. 83-124.
Hutchinson, J.N. Assessment of the effectiveness of corrective measures in relation to geological conditions and types of slope
movement. Bull. Int. Assoc. Eng. Geol. 1977, 16, 131-155. [CrossRef]

Bromhead, E.N. An analytical solution to the problem of seepage into counterfort drains. Can. Geotech. J. 1984, 21, 657-662.
[CrossRef]

Stanic, B. Influence of draining trenches on slope stability. J. Geotech. Eng. 1984, 110, 1624-1636. [CrossRef]

Cornforth, D.H. Landslides in Practice; John Wiley & Sons, Inc.: New York, NY, USA, 2005.

Valore, C.; Ziccarelli, M. The stabilization of a slope-viaduct system without closing traffic. In Proceedings of the 16th European
Conference on Soil Mechanics and Geotechnical Engineering, Edinburg, UK, 13-17 September 2015; Volume 2015, pp. 367-372.
Cotecchia, F.; Lollino, P; Petti, R. Efficacy of drainage trenches to stabilise deep slow landslides in clay slopes. Géotechnique Lett.
2016, 6, 1-6. [CrossRef]

Valore, C.; Ziccarelli, M.; Muscolino, S.R. An experimental investigation into the permeability and filter properties of pervious
concrete for deep draining trenches. Riv. Ital. Di Geotecnica 2018, 52, 7-30. [CrossRef]

Marzulli, V.; Cafaro, E; Ziccarelli, M. Hydraulic characterization of a pervious concrete for deep draining trenches. |. Mater. Civ.
Eng. 2018, 30, 20-38. [CrossRef]

Wei, Z.L.; Shang, Y.Q.; Sun, H.Y;; Xu, H.D.; Wang, D.F. The effectiveness of a drainage tunnel in increasing the rainfall threshold
of a deep-seated landslide. Landslides 2019, 16, 1731-1744. [CrossRef]

Cotecchia, F.; Petti, R.; Milella, D.; Lollino, P. Design of medium depth drainage trench systems for the mitigation of deep
landsliding. Geosciences 2020, 10, 174. [CrossRef]

Di Maio, C.; Vassallo, R. Effects of trench drain systems on pore water pressures in slow, deep, clayey landslides: Influence of
hydraulic properties of the slip zone. Eng. Geol. 2025, 347, 107943. [CrossRef]

Plaxis 2D. 2020. Available online: https:/ /it.bentley.com/software/plaxis-2d (accessed on 12 January 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10346-012-0339-3
https://doi.org/10.19199/2021.4.0557-1405.053
https://doi.org/10.1016/j.enggeo.2021.106512
https://doi.org/10.1007/s10064-021-02430-z
https://doi.org/10.1007/s10346-013-0436-y
https://doi.org/10.1007/BF02591469
https://doi.org/10.1139/t84-072
https://doi.org/10.1061/(ASCE)0733-9410(1984)110:11(1624)
https://doi.org/10.1680/jgele.15.00065
https://doi.org/10.19199/2018.3.0557-1405.7
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002274
https://doi.org/10.1007/s10346-019-01241-4
https://doi.org/10.3390/geosciences10050174
https://doi.org/10.1016/j.enggeo.2025.107943
https://it.bentley.com/software/plaxis-2d

	Introduction 
	Principal Geological Characteristics of the Landslide 
	Evolution of the Landslide 
	In Situ Measurements and Geotechnical Characterization of Soils 
	Causes, Kinematic Characteristics, and Back-Analysis of the Landslide 
	Causes and Kinematic Characteristics of the Landslide 
	Back-Analysis of the Landslide 

	Design of Stabilization Works 
	Conclusions 
	References

