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Abstract: In the present paper, the capillary barrier formation at the interface between soil layers,
which is characterized by textural discontinuities, has been analyzed. This mechanism has been
investigated by means of a finite element model of a two-layer soil stratification. The two considered
formations, belonging to the pyroclastic succession of the “Pomici di Base” Plinian eruption (22 ka,
Santacroce et al., 2008) of the Somma–Vesuvius volcano, are affected by shallow instability phenom-
ena likely caused by progressive saturation during the rainfall events. This mechanism could be
compatible with the formation of capillary barriers at the interface between layers of different grain
size distributions during infiltration. One-dimensional infiltration into the stratified soil was para-
metrically simulated considering rainfall events of increasing intensity and duration. The variations
in the suction and degree of saturation over time allowed for the evaluation of stability variations in
the layers, which were assumed as part of stratified unsaturated infinite slopes.

Keywords: pyroclastic soils; infiltration; capillary barriers; stability analysis

1. Introduction

Infiltration processes through layered soil deposits can be deeply affected by the
presence of layers with contrasting hydraulic properties. In saturated conditions, the
hydraulic conductivity of an upper, finer-grained layer overlying a coarser-grained layer
can be higher than that of the coarser layer; however, in unsaturated conditions, the
situation can be the opposite. The coarser layer can hinder the infiltration process through
reduced unsaturated hydraulic conductivity, thus promoting the formation of a capillary
barrier. This principle is applied in artificial layered soil covers to develop capillary barriers
that prevent infiltration and promote lateral drainage (e.g., for landfill covers [1] and slope
stabilization [2]).

Layered pyroclastic soil profiles are often complex, owing to the different eruptive
phases and the deposition process of volcanic materials that follows. This is the case for the
pyroclastic materials spread out over a large part of the mountainous areas surrounding
the volcanic centers of Campania (southern Italy). Soil covers are indeed characterized by
alternating layers of ashes, pumices, scoriae, and other volcanic products, which presents
significant differences in terms of the geochemical nature, texture, density, hydraulic and
mechanical properties [3,4].newpage Pyroclastic soil covers of Campania are frequently
involved in rainfall-induced shallow landslides. Multiple factors can trigger landslides
among these materials, including the site conditions (geomorphological characteristics,
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rainfall patterns, etc.) and properties (e.g., porosity, particle size distributions) of the
pyroclastic soils [5–8].

The spatial variations in the textural characteristics and the related hydro-mechanical
properties of the pyroclastic layers are the key factors controlling the rates of water infiltra-
tion, with the potential to form capillary barriers at the interface between layers of different
soil textures (e.g., [1,9]). Capillary barriers have been considered by some authors to be one
of the factors influencing the possible instability of shallow landslides [10,11]. Several stud-
ies [10–14] have shown that the differences in texture between the layers of the pyroclastic
covers of Campania may affect infiltration processes and, eventually, slope instability.

The in situ observation of capillary barrier formation is a difficult task, due to the
transient nature of the phenomenon and the fact that it is highly dependent on the initial
soil-moisture profiles and boundary conditions, as shown by several laboratory experi-
ments in soil columns, lysimeters, and instrumented flumes [15–19]. Numerical simulations
represent an alternative to experimental measurements when examining the performance
of the capillary barrier system. Oldenburg and Pruess [20] comprehensively studied the
behavior of capillary barriers through the use of numerical methods. Stormont and Mor-
ris [21] and Khire et al. [1] performed parametric numerical analyses on horizontal capillary
systems to investigate the effects of different parameters on the water storage capacity
and hydraulic response of capillary barrier systems when subjected to different environ-
mental loads. Numerical analyses were conducted by Rahardjo et al. [22] to determine
the thickness and length of the fine- and coarse-grained materials of the capillary barrier
system. Scarfone et al. [23,24] used advanced numerical modeling to extensively study the
effectiveness of capillary barrier systems in introducing water retention hysteresis into the
hydraulic behavior of unsaturated soils, considering a new hydraulic conductivity model
at a low degree of saturation, and the complex phenomenon of soil–atmosphere interaction
in the long term.

In the present paper, the capillary barrier formation at the interface between soil layers,
which is characterized by textural discontinuities, has been investigated by means of a finite
element model. Two layers of soil stratification belonging to the pyroclastic succession of
the “Pomici di Base” Plinian eruption (22 ka, Santacroce et al. [25]) of the Somma–Vesuvius
volcano have been considered in the numerical model. The stratification is affected by
shallow instability phenomena [26] that are likely caused by the progressive saturation
during the rainfall events; this is a mechanism that is compatible with the formation
of capillary barriers at the interface between layers of contrasting hydraulic properties
during infiltration. The water retention properties and hydraulic conductivity function
were derived for the two layers, and one-dimensional infiltration was parametrically
simulated considering rainfall events of increasing intensity and duration. Variations in
the suction and degree of saturation over time allowed for the evaluation of the stability of
the stratification assumed as a stratified unsaturated infinite slope.

2. Pyroclastic Soils

The territory around the town of Palma Campania, about 20 km east of the city of
Naples, Southern Italy, is located in the “Conca Napoletana” (Campanian plain) at the
border of the Nola and Sarno plains; it is delimited to the East by the Apennine Mesozoic
carbonate reliefs and to the West by the Somma–Vesuvius Quaternary volcanic complex
(Figure 1).
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Figure 1. Geological map of the southwestern portion of the Campanian plain: (1) alluvial deposits,
(2) travertine, (3) loose ash-fall deposits, (4) mainly coherent ash-flow deposits, (5) lavas, (6) debris
and slope talus deposits, (7) Miocene flysch, (8) middle Jurassic–Upper Cretaceous limestones, (9)
lower Triassic–Middle Jurassic dolomites and calcareous limestones, (10) fault, (11) total isopach
lines (m) of the most important Mt. Somma–Vesuvius explosive eruptions. This figure is modified
from [5].

On the carbonate slopes surrounding Palma Campania, relatively recent small land-
slides of the translational sliding type [27] have been observed among pyroclastic materials.
A detailed field survey allowed for the identification of a series of recent landslides, mainly
located in the “Vallone Lupici”, involving the Somma–Vesuvius pyroclastic deposits. The
failure surface has been identified at the interface between the grey pumice and dark scoria
layers (Figure 2). This is possibly due, in large part, to the substantial variation in the
grain size distributions and hydraulic properties between these two levels, such that water
infiltration is affected.
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Figure 2. (A) A 3D satellite image of the studied area (from Google Earth); (B) the detachment zone
of a landslide in Vallone Lupici; and (C) the cross-section of a typical landslide.

The studied volcanic succession (Figure 3) includes a few-meters-thick fallout deposit
consisting—from the base to the top—of a basal, high-vesiculated, white pumice layer; an
intermediate level of high to moderate vesiculated grey pumices; and an upper level of
denser, black scoriae. This stratigraphic sequence corresponds to fallout deposits emplaced
during the so-called “Pomici di Base” Plinian eruption (22,000 yrs BP [25]) of the Somma–
Vesuvius volcano, which is well described in the literature [28–31].

Figure 3. Vallone Lupici pyroclastic deposits—the identification of the Pomici di Base Plinian
Eruption layers: BS, black scoriae; GPs, grey pumices; WPs, white pumices.
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The observed variations in lithological facies in the stratigraphy of this fallout deposit
well-match the changes in eruption dynamics during the progression of the volcanic
activity. In fact, the reduction in the clast vesicularity and size at the top of the sequence
reflects the existence of a compositional gradient in the magma chamber. Whereas the
first explosive phases tap the volatile-rich top of the felsic magma body (forming the first
deposited materials at the base of the sequence), the following less-explosive phases sample
partially degassed mafic magmas at the bottom of the reservoir (deposited later in the
upper stratigraphic levels).

Bulk samples were collected at different stratigraphic heights, consistent with varia-
tions in lithological facies (i.e., grain size, color, and texture). Moreover, relatively undis-
turbed whole samples were retrieved using thin-walled tube samplers, from the zone close
to the failure surface, specifically at the transition between the grey pumices and the black
scoriae layer.

Grain size distributions of samples vary along the stratigraphic sequence. As reported
in Figure 4—according to ASTM D422—black scoriae consist of 80% sand and 20% gravel,
grey pumices consist of 80% gravel and 20% sand, and white pumices consist of 70% gravel
and 30% sand.

Figure 4. Grain size distributions of the investigated units in stratigraphic succession.

The specific weight of solid grains (γs) is 27.8 kN/m3 for black scoriae, 27.2 kN/m3

for grey pumices, and 24 kN/m3 for white pumices. Variations in the density of the solid
phase are consistent with the geochemical changes described in the literature [29], from
the dense trachybasaltic-latitic scoriae of the top layer to the light trachytic pumices at the
bottom of the volcanic succession.

Bulk weight measurements, carried out on at least 100 single clasts of each representa-
tive class (namely 2 mm, 5 mm, and 10 mm), showed no significant variations within each
stratigraphic unit [26]. The dry specific weight (γd) increased from the base to the top of
the stratigraphic succession, with lower average values pertaining to basal white pumices
(γd = 6 kN/m3), intermediate values pertaining to grey pumices (γd = 12.4 kN/m3), and
larger values pertaining to black scoriae (γd = 15 kN/m3). Intergranular porosities, deter-
mined using a microstructural analysis performed by means of X-ray tomography on the
reconstituted sample [26], were estimated to be equal to 33.8% for black scoriae and 36.5%
for grey pumices.

3. Water Retention Properties

The water retention properties of the pyroclastic soil under study were determined
using the model proposed by Arya and Paris [32], based on the particle size distribution of
each formation in the stratigraphic sequence. In the model proposed by Arya and Paris, it is
assumed that the solid grains are spherical, and the pore volume is approximated to that of
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cylindrical capillary tubes. For each ith particle-size class, the pore radius (ri)—associated
with the mean grain radius (Ri)—is related to the suction value si according to:

ri = Ri

[
2eni

(1−α)/3
]1/2

and si =
2Tw

ri
(1)

where ni, e, Tw, and α are, respectively, the number of spherical grains, the void ratio,
the surface tension of water (Tw = 7.27 × 10−2 N/m at 20 ◦C), and a constant parameter
larger than unity. Thus, for a given grain size distribution, Equation (1) allows for the
calculation of the value of the suction required to desaturate a given fraction of pores.
In the following, α is assumed to be constant, as consistent with the one evaluated for other
typical pyroclastic weak rocks and the coarse-grained soils of Central Italy [33,34].

The Arya and Paris model was applied to two layers of the considered stratigraphic
succession, namely to the black scoriae (BS) and grey pumices (GP), which form the
interface of interest for the possible formation of a capillary barrier during an infiltration
process. From the application of the method described above, volumetric water content
values were obtained as a function of suction, which represents the behavior of the materials
during wetting. These values were expressed in terms of the effective degree of saturation
(Se), assuming a residual degree of saturation for both soils equal to zero, and were
interpolated using the function proposed by Van Genuchten [35]:

Se =

[
1

1 + (as)n

]m
(2)

where a, n, and m are fitting parameters, reported in Table 1 for both GP and BS, along with
fitting parameters proposed in the literature for similar coarse layers. Soil water retention
curves for both the BS and GP layers are reported in Figure 5.

Table 1. Fitting parameters of the Van Genuchten model.

This Study Damiano
et al. (2012)

De Vita et al.
(2013)

Mancarella
et al.

(2012)BS GP

a [kPa−1] 2.2 18.1 3.3 4.2 28

n 1.8 2.0 7 1.43 2.5

m 0.5 0.5 0.5 0.3 0.6

Sr 0 0 0.5 0 0

Figure 5. Water retention curves of GP and BS soils, estimated using the Arya and Paris (AP) model
and the Van Genuchten (VG) model.
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4. Infiltration Process

The implemented numerical model, aimed at simulating the formation of a capillary
barrier at the interface between two layers, is characterised by textural discontinuities. A
parametric study of infiltration was carried out by varying the intensity and duration of
the considered rainfall events.

The hydraulic constitutive Van Genuchten model for unsaturated soils was imple-
mented in the CODE_BRIGHT finite-element code [36,37]. The numerical model was a
vertical column of soil made of two layers: an upper layer, 2.5 m thick, representing the
finer layer (BS) of a capillary barrier system, and a lower layer, 0.5 m thick, representing
the coarser layer (GP) (Figure 6). The materials forming the two layers were each modeled
by defining the soil water retention curve and the porosity. The intergranular porosities
of reconstituted samples of BS and GP were assumed to be representative for each layer.
The potential hydraulic effects of double porosity (i.e., intergranular and intragranular
porosity) were not considered. Each of the two layers was treated as a uniform material.
The hydraulic conductivity function was derived from the Mualem model [38].

Figure 6. The geometry of the two-layer numerical model, Van Genuchten water retention curves,
and Mualem hydraulic conductivity.

During numerical simulations of one-dimensional infiltration, only isothermal liquid
transport was considered, with the solid phase treated as nondeformable and the gas phase
as nonmobile. Thus, constant and uniform values of temperature (T = 20 ◦C), displacements
of the solid phase (u = 0 m), and gas pressure (ua = 0 kPa) were imposed.

The initial condition for the numerical analyses was a hydrostatic suction profile with
s = 20 kPa at the bottom boundary, s = 50 kPa at the top, and a linear variation between
these values, with null water pressure at depth equal to 2.0 m below the bottom boundary
(zw = 5 m from the ground table). In this initial condition, the coarser layer was at a very
low degree of saturation. For the bottom boundary condition, a free drainage condition
was imposed. This consists of a zero water flow value if the suction is higher than 0.3 kPa,
whereas a suction value of 0.3 kPa is imposed if the suction at the bottom boundary attains
this value. The value of 0.3 kPa is the suction value at which the lower coarser layer GP
starts draining water (see hydraulic properties in Figure 6). For the top boundary condition,
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a constant value of vertical water flux (the infiltration rate) was imposed. To assess the
influence of the infiltration rate, different rainfall scenarios—in terms of rainfall intensity (5
mm/h and 10 mm/h) and duration (12 h and 24 h)—were considered. The selected rainfall
events have been considered to be representative events at the site, as highlighted by the
data shown in Figure 7, which was acquired across approximately two years of monitoring.

Figure 7. Rainfall events monitored at the site during the time interval from 05/2017–02/2019.

5. Results and Discussion
5.1. Infiltration Process

The infiltration analysis is carried out with reference to the suction and degree of satu-
ration profiles, and by checking the water storage in the upper BS layer. These parameters
are controlled over time, beginning at the start of the considered rainfall event.

For a rainfall event with an intensity of 5 mm/h and a duration of 12 h, it is observed
that (Figure 8) the infiltration front proceeding downward causes a reduction in suction
and an increase in the degree of saturation along the vertical column for periods of time
that are longer than the duration of the rainfall event. When the interface is reached (depth
of 2.5 m), the degree of saturation increases and reaches its maximum value in the upper
layer, while it remains almost constant in the lower layer. Similarly, suction decreases at
the interface in the BS layer and reaches the minimum value, while it remains at the initial
value in the grey pumices. The conditions described correspond with the formation of a
capillary barrier at the interface between black scoriae and grey pumices. The capillary
barrier also persists for a longer time, as evidenced by both the suction and saturation
degree profiles at observation time t = 480 h. Further confirmation of this permanence
comes from the constant value over time of the water storage in the BS layer, as shown in
Figure 9.
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Figure 8. Infiltration process for a rainfall event with an intensity of 5 mm/h and a duration of 12 h:
(a) the suction profile, and (b) the degree of saturation profile.

Figure 9. Water stored in the BS layer during the simulated infiltration processes.

For a rainfall event with an intensity of 5 mm/h and a duration of 24 h, the infiltration
front close to the interface causes an increase in the degree of saturation (Figure 10a);
however, this is coupled with suction reduction at the interface. The suction attained at
the interface is so low that break-through has occurred in the capillary barrier, and water
flow takes place toward the lower formation, with a progressive reduction in water storage
in the upper black scoriae layer, as highlighted in Figure 9. As reported in Figure 11,
break-through occurs when suction at the interface drops down from 25 kPa to 0.6 kPa,
which is close to the theoretical value (s = 0.46 kPa) proposed by Lu and Likos [39].
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Figure 10. Infiltration process for a rainfall event with an intensity of 5 mm/h and a duration of 24 h:
(a) the suction profile, and (b) the degree of saturation profile.

Figure 11. Suction evolution at the interface between BS and GP during the rainfall event at an
intensity of 5 mm/h and a duration of 24 h.

For a rainfall event with an intensity of 10 mm/h and a duration of 24 h (Figure 12),
the infiltration front crosses the interface in less time than the duration of the rainfall event.
The observed increase in the degree of saturation in the BS layer approaching the interface
is due to the contrast in the hydraulic conductivities of the two layers. The reduction in
water storage over time, beginning at the end of the rainfall event, is a further confirmation
that the capillary barrier effect at the interface is rapidly lost for the simulated rainfall event.
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Figure 12. Infiltration process for a rainfall event with an intensity of 10 mm/h and a duration of
24 h: (a) the suction profile, and (b) the degree of saturation profile.

5.2. Stability Analyses

This section refers to the results obtained from a numerical example of application,
which was aimed at highlighting the hydraulic effects on slope stability conditions fol-
lowing a rainfall event lasting 24 h and at an intensity equal to 5 mm/h and 10 mm/h,
respectively. The case study is a slope (slope angle α = 36◦) of black scoriae layer (ϕ = 35◦,
c’ = 0, γ = 15 kN/m3) 2.5 m thick superposed to a bottom layer of grey pumices (ϕ = 37◦,
c’ = 0, γ = 12.4 kN/m3) 0.5 m thick. The shear strength parameters of the two layers have
been deduced by [5] and [40]. The water table is located at a depth of zw = 5 m from the
ground table. The profiles of the saturation degree and soil suction during the infiltration
events are shown in Figure 7, Figure 9, and Figure 10 at different times of observation
(t = 12 h, 24 h, 240 h, and 480 h). These profiles, in turn, made it possible to estimate the
soil shear strength at increasing depths, by adopting the failure criterion for unsaturated
cohesionless soils proposed by Vanapalli et al. [41]. This leads to Equation (3), below:

SF(z) =
τf

τ
=

(
1 +

Sr(z)·s(z)
γz cos2 α

)
· tan ϕ

tan α
(3)

The decrease in the safety factor with depth, as the infiltration front proceeds, has been
shown in Figure 13 as a consequence of the reduction in the positive contribution provided
by the degree of saturation and suction in the expression (3). For a slope inclination close
to the value of the internal friction angle of the shallow layer, it can be observed that
for a rainfall event with an intensity (i) of 5 mm/h and a duration of 24 h, the factor of
safety is progressively reduced as the infiltration front proceeds, but no instability of the
slope occurs. At longer observation times, when the front reaches the interface between
black scoriae and grey pumices, the formation of the capillary barrier (as described in
Section 5.1 and shown in Figure 10) favors the further reduction in the safety factor—down
to the instability condition—which is evident for the observation times of 240 h and 480 h.
The failure surface is localized within the black scoriae layer, while the underlying grey
pumices layer remains stable (SFmin = 1.07).
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Figure 13. Safety factor (SF) vs. depth (z) for a rainfall event with an intensity (i) of 5 mm/h and a
duration of 24 h, at increasing observation times.

For a rainfall event at a higher intensity (i = 10 mm/h) and a duration of 24 h, the infiltration
front reaches the interface during the rainfall event, and the formation of the capillary barrier
favors the onset of the unstable condition during the 24 h of a rainfall event.

A stability analysis of the infinite slope model (for stability conditions close to fail-
ure) showed how the formation and permanence of the capillary barrier can induce the
instability of the shallow layer, confirming the in situ observation of the localization of
instabilities in the shallow finer layers. The failure condition is triggered by rainfall events
at intensity and duration levels favoring water storage in the upper layer and minimizing
the beneficial contribution of suction to the stability of the slope.

6. Conclusions

A detailed field survey allowed for the identification of a series of recent landslides,
mainly located in the “Conca Napoletana” (Campanian plain), involving the Somma–
Vesuvius pyroclastic deposits. The failure surface has been identified at the interface
between grey pumice and black scoriae layers, likely due to the contrasting hydraulic
properties between these two levels, which promote the formation of capillary barriers.
This hypothesis has been explored in the present paper by means of a numerical study
of water infiltration, parametrically simulated considering rainfall events of increasing
intensity and duration. The numerical analyses showed the effects of progressive water
storage in the upper, finer-grained layer of black scoriae, which can give place to the
capillary barrier at the interface with the coarser-grained layer of grey pumices. The time
history of the infiltration process allowed the present analyses to highlight the capillary
barrier water break-through as a consequence of progressive suction equalization between
the two layers, as well as the gravity-driven downward flux of water over time. The impact
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of infiltration, and the influence of the capillary barrier on the layers’ stability, has been
evaluated with reference to the unsaturated infinite slope model. The attainment of failure
conditions of the black scoriae layer for a medium intensity, long duration rainfall event is
consistent with the field observations.
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