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The role of the lowermost boundary conditions
in the hydrological response of shallow sloping covers

Abstract In many areas of the world, slopes covered by shallow
unsaturated non-plastic soil layers experience rainfall-induced
landslides causing heavy damage and casualties every year. Land-
slide occurrence depends on the amount of water infiltrated and
stored. Among the contributing factors are the hydraulic condi-
tions at the lowermost boundary, a feature that is often
disregarded. The paper focuses on this topic, presenting the results
of some laboratory and numerical experiments on ash-pumice
interfaces. A strategy is then proposed for selecting the lowermost
boundary condition, and some studies are carried out to compare
the results obtained with the proposed solution and other more
popular ones.
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Foreword
Investigations on the mechanical response of slopes subjected to
weather variables are assuming a prominent place in landslide
hazard studies. In particular, these are focusing on the key factors
governing slope safety conditions and are allowing an increasingly
aware use of physically based predictive tools.

It is precisely within this scenario that Rahardjo et al. (2013)
discussed the importance of a correct definition of the hydraulic
conditions acting at the ground surface (the uppermost bound-
ary). In unsaturated soils, these consist of an incoming or
outcoming water flux, with the former reducing and the latter
increasing soil suction and consequently slope safety conditions.
In recent years, the topic has been widely addressed in numerous
studies and from different scientific points of view worldwide, as
illustrated by Stokes et al. (2013); among these, there are many key
works with a sharp geotechnical approach (Blight 1997; Rahardjo
et al. 2013; Smethurst et al. 2012, 2015). Moreover, two issues of the
Italian Geotechnical Journal (Picarelli and Cotecchia 2012, 2014)
have recently been devoted to the question of the slope-
atmosphere interaction.

In contrast, the hydraulic conditions at the lowermost bound-
ary, which often marks a sharp change in hydraulic soil properties,
have so far received little consideration. Indeed, it represents a
problematic topic especially in the case of shallow layers of rela-
tively pervious soils. This is a typical situation in many geomor-
phological contexts, such as colluvial or residual soils, loess and
pyroclastic materials.

In this regard, a specific example is represented by unsaturated
pyroclastic soils covering a wide hilly and mountainous area around
Naples (Southern Italy). They consist of relatively thin alternating layers
of volcanic ash and coarser pumice. The hydrological behaviour of these
sloping covers is often analysed by focusing on the response of the top
soil (generally consisting of ash or of an ashy colluvium) and taking the
interface with the lower pumice layer as the lowermost boundary. Often,
scant importance is given to any influence of the hydraulic conditions
acting on this boundary on the solution to the problem.

The goal of this paper is to address the importance of this
condition on the hydrological and mechanical response of shallow
unsaturated pyroclastic deposits and to establish a correct ap-
proach to problem modelling. The paper begins with an overview
of the recent literature (BRecent contributions on the subject^
section), providing some information about hydraulic behaviour
at the ash-pumice interface based on experimental data on two
well-documented materials (BHydraulic impedance at the inter-
face between pyroclastic soils with a different grain size^ section).
Then, it describes an infiltration column apparatus aiming to shed
light on the hydraulic interaction mechanisms at the ash-pumice
interface (BResults of column infiltration tests on layered pyro-
clastic soils^ section). Lastly, these mechanisms are adopted in
order to solve a boundary value problem; finally, the data obtained
are compared to those yielded by a couple of case studies using
more usual boundary conditions (BThe influence of the lowermost
hydraulic boundary condition in numerical analyses^ section).

Recent contributions on the subject
The hydraulic phenomena that take place at the interface between
unsaturated soils with different grain size have been widely inves-
tigated in the past with special reference to earth systems built to
contain polluted waters and thus requiring impervious bound-
aries. It has been found that under well-defined unsaturated con-
ditions, coarse-grained materials placed in contact with fine-
grained soils behave as Bcapillary barriers^ to the flux. In fact,
such capillary barriers have been adopted widely as covers of
landfill and mining waste in order to reduce water infiltration
and to protect waste materials. However, the system is effective
only if the amount of infiltrated water is less than the water loss
due to the combined effect of evaporation, transpiration and
lateral diversion.

Capillary barriers can also be used to improve slope stability
conditions by limiting the amount of water influx by means of an
unsaturated coarser layer lain over the sloping soils requiring
protection (Rahardjo et al. 2012). The barrier effect can be relevant
as long as the matric suction at the coarser-finer soil interface
remains at a higher value than the water-entry value of the coarse-
grained soil. Appropriate material selection plays a crucial role
(Rahardjo et al. 2007).

However, an inverse effect takes place if the position of the two
layers is reversed. In fact, in natural unsaturated layered deposits, the
capillary barrier resulting from the presence of a finer layer resting
over a coarser unsaturated one can favour water accumulation
within the uppermost one (Khire et al. 2000), thus worsening rather
than improving the slope stability conditions (Porro 2001).

Investigations carried out after the catastrophic rainfall-
induced Sarno landslide events (Cascini et al. 2005) and further
similar events that occurred in the same area in the subsequent
years (Olivares and Picarelli 2003; Pagano et al. 2010) stimulated
in-depth research projects into the hydrological and mechanical
processes which lead to these phenomena, a topic that had been
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neglected until then. The research provided useful databases
concerning the geotechnical properties of unsaturated pyroclastic
soils (Nicotera et al. 2010; Picarelli et al. 2007; Sorbino and
Nicotera 2013) and their hydraulic and mechanical responses to
precipitations. In particular, the role of infiltration on suction
profiles and its relationship with failure mechanisms have been
the subject of a number of papers (Olivares and Damiano 2007;
Pagano et al. 2008, 2010; Picarelli et al. 2008; Pirone et al. 2015a, b;
Rianna et al. 2014a, b). Furthermore, some geological surveys have
shown that slope failure may occur within thin pumice layers or at
the ash-pumice interface, leading to the conclusion that it may
have been a consequence of pumice saturation. However, some
recent experiments have provided a different interpretation.

Olivares and Tommasi (2008) report the results of infiltration
tests conducted on a 20-cm-thick model slope consisting of an
ash layer incorporating a 4-cm-thick pumice seam. Both mate-
rials were reconstituted unsaturated at a porosity close to the
field value of 75 and 72 % respectively. The tests highlight the

strong influence of the interbedded pumice on the advance of
the wet front leading to a rapid suction decrease in the upper-
most ash layer and to a delayed decrease in the soils placed
below the pumice seam. Further data obtained through other
well-instrumented experiments have been published by
Damiano et al. (2015).

Interesting data on the same subject have been provided by
Mancarella and Simeone (2012) and Mancarella et al. (2012)
through experiments carried out with an infiltration column and
by 2D seepage studies. They point out the twofold hydraulic
response of coarse-grained pumice layers lower-bounding ash
covers: while essentially no-drainage conditions establish as far
as the saturation degree of pumices remains less than one, free
drainage does take place after full saturation. Based on such
considerations, Mancarella et al. (2012) reinterpreted the Sarno
events hypothesising that the saturation of the uppermost ash
layers favoured by the presence of unsaturated pumice present at
their base could have been the cause of the slope failure.

Fig. 1 SWRC (a) and permeability function (b) of two typical pyroclastic soils in the Campania region. c Resulting hydraulic impedance ratio

Fig. 2 The infiltration column (a) and a schematic representation of the equipment with adopted sensors (b)
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The same subject is touched by Rianna et al. (2014a, b) who
conducted a series of experiments with an instrumented lysimeter,
filled with ash lower-bounded by a geotextile sheet. The lysimeter
was then exposed to the atmosphere. The authors interpreted the
soil conditions (water storage and suction profile) present
throughout the layer in the different seasons, taking account of
the continuous switching from conditions of no drainage to free
drainage governed by the degree of soil saturation at the base of
the ash column.

Finally, based on data obtained in an extensive monitoring of
the instrumented Monteforte pyroclastic slope and considering a
not fully different stratigraphic condition, Pirone et al. (2015b)
remark that water crosses the lower boundary (ash-bedrock
interface) only from January to May, while in the other periods
of the year it moves essentially parallel to the top of the bedrock.
The authors assume that the water flux through the ash-bedrock
interface is liquid, if fractures are filled of soil, and in form of
vapour if they are empty.

Hydraulic impedance at the interface between pyroclastic soils with a
different grain size
The experiences summarised in BRecent contributions on the
subject^ section suggest that the abrupt change in grain size at
the interface between two typical pyroclastic soils such as volcanic
ash and pumice results in hydraulic impedance ratio, I = kcoarse/
kfiner, leading to unexpected hydraulic patterns.

For a preliminary investigation of this topic, two well-
characterized pyroclastic soils in the Campania region, i.e. an ash
(Nicotera et al. 2010) and a pumice (Damiano et al. 2012), were
selected and their hydraulic properties used to obtain I as a
function of suction. Figure 1 plots the soil water retention curve

(SWRC) and the permeability function (PF) of both materials as
reported by cited authors; the figure includes the resulting hydrau-
lic impedance ratio for any suction value, s, of the two materials.
As expected, for s close to 0 (< 2 kPa), the hydraulic conductivity
of the pumice is much higher than that of the finer ash (I > 1).
However, when suction exceeds 2 kPa, I reduces rapidly reaching 1
for s = 4 kPa, decreasing to 10−4 at 10 kPa and dropping below
10−10 at 100 kPa. It is worth noting that a few tens of kPa are
enough to make the hydraulic conductivity of the coarser material
several orders of magnitude less than the one of the finer one (see
Fig. 1a).

This can have a strong influence on the hydraulic behaviour of a
layered geotechnical system consisting of ash overlying pumice and
subject to a top-down wetting process. According to Stormont and
Anderson (1999), the coarse layer should behave as a barrier to water
flux as far as its water content remains fairly below the saturation value.
This capillary barrier effect should persist as far as suction at the
interface remains above a threshold value (sB), called Bbreakthrough
suction^, that marks the rupture of the hydraulic barrier and the ingress
of water in the coarser layer. Stormont and Anderson (1999) identify the
breakthrough suction as the value at which the hydraulic conductivities
of the two materials match (I = 1): it should roughly correspond to the
air entry value of the finer soil. The process so described is reversible, in
the sense that the capillary barrier is restored if the degree of saturation
at the interface decreases (due to phenomena such as evapotranspira-
tion and/or deep drainage) leading suction above to the so-called
Bbarrier restoration suction^ (sR).

Results of column infiltration tests on layered pyroclastic soils
Targeted experiments with an infiltration column were carried out
in the laboratory, in order to investigate the hydraulic response of
a layered sequence of ash and pumice subject to top-down infil-
tration under one-dimensional flow conditions. The main goal was
an in-depth characterization of the processes depicted in the
previous paragraph with special reference to the hydraulic condi-
tions present at the ash-pumice interface. Such a knowledge would
be highly beneficial in defining the hydraulic conditions to impose
at the ash bottom when conducting numerical analyses aimed at
reproducing rainwater infiltration effects.

The experimental apparatus
The infiltration column consists of two superimposedPlexiglas cylinders
with a diameter of 14 cm (Fig. 2). The uppermost cylinder (h = 50 cm)
was filled with volcanic ash, the lowermost one (h = 13 cm) with pumice.
A coarse-meshed steel wire net was positioned between the two cylin-
ders. The lowermost one was placed on a perforated Plexiglas disc,
which allows a free drainage.

Fig. 3 Grain size distribution of adopted materials

Table 1 Main physical properties of adopted soils

d10 (mm) U (−) γs (g/cm
3) n (%)

Monteforte Irpino ash 0.002 50 2.656 71

Cervinara ash 0.01 20 2.636 70

Pumices 5 1.4 1.950 75

Landslides 14 & (2017) 863



The monitoring system (Fig. 2b) makes it possible to record the
following:

1. The progressive deepening of the wetting front in the upper-
most ash column that was equipped with a sequence of five
small-tip tensiometer sensors (Soilmoisture Equipment LTD,
Fredlund and Rahardjo 1993) installed at intervals of 10 cm; the
lowermost device was placed very close to the ash-pumice
interface.

2. The time at which the wet front crosses the interface: this was
captured by means of two heat dissipation probes (Campbell
Scientific 2006; Reder et al. 2014) placed in the pumice layer,
precisely at the interface with ash.

3. The amount of water discharged from the column that was
recorded through a rain gauge located at the base of the cylinder

All instruments (small-tip tensiometers, heat dissipation probes
and rain gauge) were connected to a CR1000 data logger. The data
were recorded at 1-min intervals.

Water was supplied at the top of the infiltration column
through a dispenser. Since the flow rate was higher than the

absorption capacity of the sample (potential infiltration), the ex-
cess water was continuously removed in order to keep constant
the pressure head at the top of the column.

A camera placed just in front of the lowermost pumice layer
served to record the progress of the wetting front in order to show
the breakthrough time. This was then compared to the break-
through time obtained by analysing the data from the heat dissi-
pation probes.

The materials tested
The experiments were conducted on two different ashes investi-
gated in previous studies; the pumice soil was an almost
monogranular material taken from the experimental site of
Monteforte Irpino [30].

Figure 3 shows the grain size distribution of these soils. The grey
curve represents the no. 6 layer of the Monteforte Irpino sequence
described by Nicotera et al. (2010). The grain size distribution and other
intrinsic properties of this soil are very similar to those of the materials
involved in theNocera Inferiore flowslide of 4March 2005 (Pagano et al.
2010). The black curve represents soil B of the Cervinara sequence,
described by Damiano et al. (2012), involved in the Cervinara flowslide
of 16 December 1999 (Olivares and Picarelli 2003).

tB=290’

tA=286’

tD=316’

Wetting No wetting
a

b c

tED=2346’

t=225’

Fig. 4 Main results of experiment no. 1: a evolution of suction at different depths, cumulative flow through pumice and temperature variation within pumice; suction
profiles b during wetting and c during drying
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Table 1 summarizes the average field values of some physical
properties. High porosity is a peculiar feature of these air-fall
materials (Picarelli et al. 2007) that are unsaturated even in the
wettest periods of the year. This assures the stability of slopes, but
exceptional precipitations can lead to strong decreases in suction
and associated contribution in soil strength (apparent cohesion).

The soils were installed in the infiltration column using the
pluvial deposition method to assure an imposed ash porosity
(n = 70–71 %) very close to the field values. The porosity of the
pumice (n = 75 %) was slightly higher.

The adopted test procedure consisted of soil wetting over a time
interval of 24 h, followed by a drying time of 24 h. In all experiments,
the same initial suction was adopted, corresponding to the average
value typically observed on site at the onset of autumn (40–45 kPa),
which is also the beginning of the rainy season.

Experimental results

Experiment no. 1: Monteforte Irpino ash upon pumice
In experiment no. 1, the uppermost part of the column was filled
with Monteforte Irpino ash. The main results of the experiment
are shown in Fig. 4.

Figure 4a shows the suction evolution at any instrumented
depth during the wetting stage. As water reaches a tensiometer
depth, suction (initially comprising between 40 and 45 kPa) rap-
idly starts to decrease: in an extremely short time (tens of mi-
nutes), it can drop to around 10 % of its initial value; then, the
process slows down even though it remains quite fast. The pro-
gressive deepening of the wetting front is clearly shown in Fig. 4b,
which provides a spatial description of the phenomenon.

The heat dissipation probes obviously do not record any
significant effect as far as the wet front does not reach the
pumice top. The deepest tensiometer starts recording some
suction decrease 225′ after the start of the test, but a tempera-
ture decrease is recorded by probes only later, when suction is
approaching zero (tA = 286′ for the probe 1, and tB = 290′ for the
probe 2). Falls in temperature indicate that the wet front has
flown across the interface and is penetrating within the pumice.
The suction values measured at the deepest tensiometer at times
tA and tB are 1.4 and 1.2 kPa respectively. As a further confir-
mation of such results, cumulative flow is recorded only after
the wet front has penetrated the pumice layer reaching its
bottom. This occurs 26–30 min after the suction breakthrough
and 316 min (tD) after the beginning of the test (Fig. 4a).

t=196’

tD=292’

Wetting No wetting
a

b c

tED=253’

Fig. 5 Main results of experiment no. 2: a evolution of suction at different depths, cumulative flow through pumice and temperature variation within pumice; suction
profiles b during wetting and c during drying
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In the first phase of the following drying stage that starts
1440′ after the beginning of the test, some water drainage is still
ongoing at the pumice bottom coming to a complete stop at
tED = 2346′ (Fig. 4a).

The suction profiles recorded during this stage (Fig. 4c) display
an initial rotation around the point corresponding to the lower-
most sensor due to the suction decrease recorded by the
shallowest ones, then a translation, due to drying that involves
also the deepest part of the column. The suction value at which the
boundary condition at the ash-pumice interface switches to im-
pervious again thus restoring the capillary barrier may be conven-
tionally associated with the time when the bottom drainage stops
(sR = 1.45 kPa).

Experiment no 2: Cervinara ash upon pumices
Figure 5 shows the results of experiment no 2. In this experiment,
the wetting front advances more quickly than in the previous one
(Fig. 5a), reaching the pumice layer earlier (196 min). This is
probably due to the coarser grain size of the Cervinara ash
(Fig. 3). In addition, the suction decrease through the column is
more gradual than in the previous experiment (Fig. 5a). The
breakthrough occurs 196′ after the beginning of the test, when
suction is 3.2 kPa, a higher value than in experiment no. 1. The
wetting front reaches the pumice bottom at minute 292′ (Fig. 5a).
The water discharge stops at minute 2533′.

The suction profiles recorded during the two wetting and dry-
ing phases (Fig. 5b, c) are very similar to those observed in the

Fig. 6 Suction change at the base of the two ash layers as a function of time (a) and water flow rate as a function of suction (b)

Fig. 7 Boundary conditions usually adopted for the lowermost boundary compared with the experimental relationships found in the present research
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Fig. 8 Rainfall sequence for Nocera Inferiore (a) and Cervinara flowslides (b)

Fig. 9 a Soil volumetric water content and b hydraulic conductivity of Monteforte Irpino and Cervinara volcanic ash

Fig. 10 Measured and simulated suction trends at the pumice-ash interface for experiment no. 1 (a) and no. 2 (b)
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previous case. The capillary barrier is restored when suction rises
to a value sR = 1.95 kPa.

Some remarks
The experimental results outline some differences between the
response of the two materials, possibly related to their different
grain size and pore distribution. In terms of the hydraulic mech-
anisms which establish at the ash-pumice interface (which is the
main topic of this paper), while the Monteforte Irpino ash displays
a sudden suction decrease as water reaches the interface thus
dropping from about 40 kPa to about 1 kPa in 60 min, the
Cervinara ash shows a more gradual decrease that takes about
180 min (Fig. 6a).

Further elements are provided in Fig. 6b, which shows the
drainage flow, measured by the rain gauge, against suction record-
ed at the interface. The figure has been plotted by shifting back the
time when the first water flow is measured at the pumice base to
the instant when the wetting front moves through the interface. As
shown, the change from a condition of Bimpervious interface^
(Bhydraulic barrier^) to that of a Bdraining^ interface is quite
different in the two cases, being somewhat abrupt in the case of
the Monteforte Irpino ash and smoother in that of the Cervinara

ash. Therefore, while a breakthrough suction can quite easily be
defined in the first case, a precise value (in any case higher) cannot
be clearly defined for the second one. The textural features of the
soil, and in particular the pore distribution, certainly play a fun-
damental role even though a quantitative relationship does not
exist.

In any case, the data obtained do not hide the importance of the
hydraulic mechanisms which occur at the interface between essen-
tially granular unsaturated coarser and finer soils, governing the
boundary conditions and thus the overall hydrological response of
the system.

The influence of the lowermost hydraulic boundary condition in
numerical analyses

Comparison between the observed interface response and the
response provided by usual numerical approaches
Experimental data as those shown in Fig. 6b provide useful water
flow (q)-suction (s) relationships which could be adopted in nu-
merical analyses. Figure 7 compares the observed relationships (T1
and T2 for the two examined cases) to those given by the most
usual assumed lowermost boundary conditions.

Fig. 11 Simulated suction trends for the Nocera Inferiore case by adopting hydraulic soil properties permeability and the q(s) relationship derived from laboratory
experiment no. 1
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The traditional condition adopted in the analysis, here called
Bunit gradient^, means imposing a flow rate through the interface
equal to the soil’s hydraulic conductivity, which in turn depends
on the current suction value. This relationship is shown in Fig. 7
for both ashes over the suction range 0–4 kPa; it has been obtained
by means of a back analysis, solving Richards’ equation (Richards
1931) of the results of the column infiltration tests (see BResults of
column infiltration tests on layered pyroclastic soils^ section). As
it can be clearly argued from the figure, the unit gradient assump-
tion leads to very different values for impedance ratio I compared
with those obtained from the experiments and for quite a wide
range of s values.

Another approach usually adopted in numerical analyses con-
sists in the assumption of a unique Binfinite layer^ neglecting the
presence of the interface. At the depth where it is located, this
condition obviously coincides with that of the unit gradient in the
case of null/negligible pressure gradient.

Finally, in many cases the lowermost boundary is simulated using
a Bseepage surface^ characterised by zero impedance for negative
pore water pressure (unsaturated conditions) and by infinite imped-
ance (free drainage) for positive pore water pressure (saturated
conditions) (Fig. 7). In numerical analyses, the seepage surface is
simulated by assuming a null water flow rate insofar as a negative

pore water pressure is computed at the interface and a null pore
water pressure when this exceeds zero. This latter condition then
holds until the water flow is directed outward, but switches again to
null water flow as the water flow direction tends to invert. Figure 7
shows that the q(s) trend corresponding to a seepage surface is more
similar to the experimental trends measured, especially in the case of
Monteforte Irpino ash (experiment no. 1).

An application to case histories
As discussed above, the lowermost boundary conditions can sig-
nificantly affect the results of numerical analyses in terms of pore
water regime and consequent slope stability conditions.

In order to quantify the differences, some analyses were carried
out adopting the properties of the soils tested in the laboratory.
Rather than conducting the work in the abstract, the analyses were
focused on the case histories of the Nocera Inferiore (4
March 2005) and Cervinara flowslides (16 December 1999), respec-
tively described by Pagano et al. (2010) and by Olivares and
Picarelli (2003). The first landslide took place in 39° sloping soils
having a grain size very similar to the Monteforte Irpino ash used
in experiment no. 1; the second one occurred on a 40° layered
slope. The hourly resolution of the rainfall histories which led to
the two landslide events is reported in Fig. 8.

Fig. 12 Simulated suction trends for the Cervinara case by adopting hydraulic soil properties permeability and the q(s) relationship derived from laboratory experiment
no. 2
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The SWRCs of the soils to use in the analysis (Fig. 9a) were
obtained from data reported in the literature. Specifically, for the
Monteforte Irpino ash (experiment no. 1), the adopted SWRC was
reported by Pagano et al. (2010), while the SWRC of the Cervinara
ash (experiment no. 2) was retrieved by suction and water content
measurements on undisturbed samples (Damiano et al. 2012). In
both cases, the curves were interpreted through the van Genuchten
model (1980). Conversely, the PFs (Fig. 9b) were quantified
through the best fitting of the experiment results at the interface
(Fig. 10).

The infiltration analysis was carried out by integrating the
Richards’ equation under 1D flow conditions (isothermal anal-
ysis) over a domain 2 m thick. To this aim, the SEEP/W (2007)
FEM code was used (GEO-SLOPE 2009). In both cases, 2 m is
more or less the depth of the failure surface in the ash layer
overlying pumices. In the two cases, the input of the analysis
was the hourly rainfall history recorded from the beginning of
the hydrological year (1 September). A uniform initial suction
profile of 40 kPa was set throughout the entire investigated
domain. This value is consistent with the results of measure-
ments carried out at the end of summer in instrumented sites
mantled by pyroclastic soils, including Monteforte Irpino and
Cervinara (Pirone et al. 2012).

Figures 11 and 12 show the suction evolution predicted at four
depths in the two cases, Nocera and Cervinara respectively, by
adopting the q(s) relationships measured at the interface. Since these
results are obtained for actually observed boundary conditions, they
are considered in the following as reliable references for comparison
of the slope response yielded by further boundary conditions.

In the Nocera Inferiore case (Fig. 11), suction shows continuous
fluctuations as a function of the precipitation regime, with quicker
and higher changes at the shallowest depths. On average, it de-
creases with time, with the flattest trend at the greatest depth. The
lowest value is predicted precisely for the date of the landslide (4
March, dropping to almost zero at all depths).

In the Cervinara case (Fig. 12), the different q(s) relationship
and hydraulic properties yield rather different suction trends,
characterized by fluctuations at all depths, including the deepest
point. Also in this case, the lowest suction values are predicted
precisely for the date of the landslide.

A comparison with the results obtainable through the other
boundary conditions (Fig. 7) is shown in Figs. 13 and 14, where
only the reference experimental q(s) relationships (T1 or T2) are
given for comparison. It may be observed that the use of the
unit gradient and the infinite layer leads to very similar results
mostly at the shallowest depths, confirming that these two

Fig. 13 Simulated suction trends for the Nocera Inferiore case for different lowermost boundary conditions
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assumptions are practically equivalent in the cases in hand.
However, the results are considerably different from those ob-
tained using the measured q(s) relationships. The differences

increasewith the depth from the ground surface. In contrast, the seepage
surface condition yields results comparable with those obtained in the
q(s) hypothesis at all depths, especially the Nocera Inferiore case.

Fig. 14 Simulated suction trends for the Cervinara case for different lowermost boundary conditions

Fig. 15 Suction isochrones at Nocera Inferiore on 4 March 2005 before (a) and at the triggering time (b)
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Focusing evenmore on the differences emerging from the analyses, it
is worth noting that, using the experimental q(s) relationships, as soon
as the wetting front reaches the bottom layer, suction quickly decreases
since the interface acts as an impervious boundary favouring water
accumulation. However, as suction vanishes, the hydraulic barrier is
overcome and suction remains at a constant zero value. The downward
drainage in fact prevents any pore pressure increase in the positive
range. Moreover, with any stop in rainfall, a hydrostatic suction profile
tends to take place, with the minimum value at the bottom. Similar
results are obtained when using the seepage surface as a boundary
condition. In contrast, for the unit gradient and infinite layer conditions,
a continuous water flow passes through the lowermost boundary lead-
ing to a reduction in the degree of saturation (and increase in suction).
Hence, the dry phases after the wet front reaches the ash-pumice
interface are those with the greatest differences among the selected
boundary conditions.

In the first case (Nocera Inferiore), the wet front reaches the bottom
of the ash layer in mid-November. After that, evident differences be-
tween the experimental and the usual boundary conditions (unit gradi-
ent and infinite layer) can be observed, not only at the bottom (Fig. 13a)
but also half a metre above (Fig. 13b). At shallower depths, the differ-
ences between the computed trends are less marked and tend to
disappear.

For the same case, Fig. 15 shows suction profiles computed some time
before (Fig. 15a) and at the triggering time (Fig. 15b). These show that the
differences in suction within the deepest metre, obtained through the
selected boundary conditions, are a few kilopascals. Obviously, this
could have a great influence on slope stability conditions.

In the Cervinara case, the wet front reaches the lowermost
boundary at the end of November. Differences between the
results computed in the two hypotheses are more evident than
in the first case due to the higher hydraulic conductivity of the
soil. For the unit gradient and infinite layer conditions, a
desaturation process clearly takes place during the periods of
no rain. Suction profiles just before and at the triggering time (Fig. 16)
show that the differences in suction obtained with the different ap-
proaches are quite marked throughout the entire domain.

Summary and conclusions
The influence of the lowermost hydraulic boundary condition on
the stability of slopes subject to precipitations is generally
disregarded since much greater attention is paid to the role of
the uppermost boundary condition. This could lead to significant
errors, mostly in the case of shallow covers overlying unsaturated
coarser soils, which are often subjected to severe landslide events.
This is a usual stratigraphic condition in pyroclastic soils
consisting of alternating ash and coarser pumice layers which act
as capillary barriers.

The hydraulic conditions at the ash-pumice interface were
thoroughly investigated in a laboratory at the Federico II Univer-
sity of Naples through some 1D infiltration experiments on well-
instrumented unsaturated soil columns. The experiments con-
firmed the capillary barrier effect, showing that the threshold
breakthrough suction is slightly higher than 0 kPa and its value
depends on the grain size of the soils above and below the
interface.

The role of the hydraulic boundary condition created by an ash-
pumice interface was then investigated through some numerical
analyses focused on landslides that have occurred in recent years.
The results obtained using the experimental relationships were com-
pared with those provided by the most usual lowermost boundary
conditions adopted in numerical analyses. It is evident that some of
these could be wrong on the unsafe side and that the best compro-
mise can be obtained using the so-called seepage surface.

References

Blight GE (1997) Interactions between the atmosphere and the earth. Géotech 47:715–
767

Campbell Scientific (2006) 229 Heat dissipation matric water potential sensor. Instruction
Manual. Campbell Scientific Inc

Cascini L, Cuomo S, Sorbino G (2005) Flow-like mass movements in pyroclastic soils:
remarks on the modelling of triggering mechanisms. Ital Geotech J 4:11–31

Damiano E, Olivares L, Picarelli L (2012) Steep-slope monitoring in unsaturated pyro-
clastic soils. Eng Geolog 137-138:1–12

Fig. 16 Suction isochrones at Cervinara on 16 December 1999 before (a) and at the triggering time (b)

Original Paper

Landslides 14 & (2017)872



Damiano E, Greco R, Guida A, Olivares L, Picarelli L (2015) An investigation of infiltration
and deformation processes in layered small-scale slopes in pyroclastic soils. In:
Rotonda T, Cecconi M, Silvestri F, Tommasi P (eds) Proc Int Workshop on Volcanic
Rocks & Soils. CRC Press, Ischia, pp. 163–166

Fredlund DG, Rahardjo H (1993) Soil mechanics for unsaturated soils. Wiley, New York
GEO-SLOPE (2009) Seepage modeling with SEEP/W 2007. GEO-SLOPE International,

Calgary
Khire MV, Benson CH, Bosscher PJ (2000) Capillary barriers: design variables and water

balance. J Geotech Geoenviron Eng 126(8):695–708
Mancarella D, Simeone V (2012) Capillary barrier effects in unsaturated layered soils, with

special reference to the pyroclastic veneer of the Pizzo d’Alvano, Campania, Italy. Bull
Eng Geol Environ 71:791–801

Mancarella D, Doglioni A, Simeone V (2012) On capillary barrier effects and debris slide
triggering in unsaturated soil covers. Eng Geol 147-148:14–27

Nicotera MV, Papa R, Urciuoli G (2010) An experimental technique for determining the
hydraulic properties of unsaturated pyroclastic soils. Geotech Test J 33(4):263–285

Olivares L, Damiano E (2007) Post-failure mechanics of landslides: a laboratory investi-
gation of flowslides in pyroclastic soils. J Geotech Geoenviron 133(1):51–62

Olivares L, Picarelli L (2003) Shallow flowslides triggered by intense rainfalls on natural
slopes covered by loose unsaturated pyroclastic soils. Géotech 53(2):283–288

Olivares L, Tommasi P (2008) The role of suction and its changes on stability of steep
slopes in unsaturated granular soils. In: Chen Z, Zhang J, Z L, F W, K H (eds) Proc 10th
International Symposium on Landslides and Engineered Slopes. CRC Press, Xi’an, pp.
203–215

Pagano L, Zingariello MC, Vinale F (2008) A large physical model to simulate flowslides in
pyroclastic soils. In: Toll DG, Augarde CE, Gallipoli D, Wheeler SJ (eds) Proc of the 1st
European Conference on Unsaturated Soils: unsaturated soils—advances in geo-
engineering. CRC Press, Durham, pp. 111–115

Pagano L, Picarelli L, Rianna G, Urciuoli G (2010) A simplified approach for timely
prediction of precipitation-induced landslides in unsaturated pyroclastic soils. Land-
slides 7(3):273–289

Picarelli L, Cotecchia F (2012) Editorial, special issue on slope-atmosphere interaction. Ital
Geotech J 46(3):11

Picarelli L, Cotecchia F (2014) Editorial, special issue on slope-atmosphere interaction. Ital
Geotech J 48(1):8

Picarelli L, Evangelista A, Rolandi G et al (2007) Mechanical properties of pyroclastic soils
in Campania region. In: Phoon KK, Hight DW, Leroueil S, Tan TS (eds) Proc. 2nd Int
Workshop on Characterisation and Engineering Properties of Natural Soils. CRC Press,
Singapore, pp. 2331–2384

Picarelli L, Olivares L, Avolio B (2008) Zoning for flowslide and debris flow in pyroclastic
soils of Campania region based on Binfinite slope^ analysis. Eng Geolog 102(3–
4):132–141

Pirone M, Damiano E, Picarelli L, Olivares L, Urciuoli G (2012) Groundwater-atmosphere
interaction in unsaturated pyroclastic slopes at two sites in Italy. Ital Geotech J
46(3):29–49

Pirone M, Papa R, Nicotera MV, Urciuoli G (2015a) In situ monitoring of the groundwater
field in an unsaturated pyroclastic slope for slope stability evaluation. Landslides
12(2):259–276

Pirone M, Papa R, Nicotera MV, Urciuoli G (2015b) Soil water balance in an unsaturated
pyroclastic slope for evaluation of soil hydraulic behaviour and boundary conditions. J
Hydrol 528:63–83

Porro I (2001) Hydrologic behaviour of two engineered barriers following extreme
wetting. J Environ Qual 30:655–667

Rahardjo H, Krisdani H, Leong EC (2007) Application of unsaturated soil mechanics in
capillary barrier system. In: Yin Z, Yuan J, Chiu ACG (eds) Proc of 3rd Asian Conference
on Unsaturated Soils. Science Press, Nanjing, pp. 127–137

Rahardjo H, Santoso VA, Leong EC, Ng YS, Hua CJ (2012) Performance of an instru-
mented slope covered by a capillary barrier system. J Geotech Geoenviron Eng
138:481–490

Rahardjo H, Satyanaga A, Leong EC (2013) Effects of flux boundary conditions on pore
water pressure distribution in slope. J Eng Geol 165:133–142

Reder A, Rianna G, Pagano L (2014) Calibration of TDRs and heat dissipation probes in
pyroclastic soils. Proc Earth. Planet Sci 9:171–179

Rianna G, Pagano L, Urciuoli G (2014a) Investigation of soil-atmosphere interaction in
pyroclastic soils. J Hydrol 510:480–492

Rianna G, Pagano L, Urciuoli G (2014b) Rainfall patterns triggering shallow flowslides in
pyroclastic soils. Eng Geolog 174:22–35

Richards LA (1931) Capillary conduction of liquid through porous media. J Appl Phys
1:318–333

Smethurst JA, Clarke D, Powrie W (2012) Factors controlling the seasonal variation in soil
water content and pore water pressures within a lightly vegetated clay slope. Géotech
62(5):429–446

Smethurst JA, Briggs KM, Powrie W, Ridley A, Butcher DJE (2015) Mechanical and
hydrological impacts of tree removal on a clay fill railway embankment. Géotech
65(11):869–882

Sorbino G, Nicotera MV (2013) Unsaturated soil mechanics in rainfall-induced flow
landslides. Eng Geol 165:105–132

Stokes A, Raymond P, Polster D, Mitchell SJ (2013) Engineering the ecological mitigation
of hillslope stability research into the scientific literature. Ecol Eng 61:615–620

Stormont JC, Anderson CE (1999) Capillary barrier effect from underlying coarser soil
layer. J Geotech Geoenviron Eng 125(8):641–648

van Genuchten MT (1980) A closed-form equation for predicting the hydraulic conduc-
tivity of unsaturated soils. Soil Sci Soc Am J 44(5):892–898

A. Reder ()) : L. Pagano
DICEA Dipartimento di Ingegneria Civile, Edile ed Ambientale,
Università degli Studi di Napoli BFederico II^,
via Claudio 21, 80125, Naples, Italy
e-mail: alfredo.reder@unina.it

L. Pagano
e-mail: luca.pagano@unina.it

A. Reder : G. Rianna
REMHI-CMCC Regional Models and Geo-Hydrological Impacts Division,
CMCC Foundation (Euro-Mediterranean Center on Climate Change),
via Maiorise, 81043, Capua, CE, Italy

G. Rianna
e-mail: guido.rianna@cmcc.it

L. Picarelli
Department of Civil Engineering, Design, Building and Environment,
Seconda Università degli Studi di Napoli,
via Roma 29, 81031, Aversa, CE, Italy
e-mail: luciano.picarelli@unina2.it

Landslides 14 & (2017) 873


	The role of the lowermost boundary conditions in the hydrological response of shallow sloping covers
	Abstract
	Foreword
	Recent contributions on the subject
	Hydraulic impedance at the interface between pyroclastic soils with a different grain size
	Results of column infiltration tests on layered pyroclastic soils
	The experimental apparatus
	The materials tested
	Experimental results
	Experiment no. 1: Monteforte Irpino ash upon pumice
	Experiment no 2: Cervinara ash upon pumices

	Some remarks

	The influence of the lowermost hydraulic boundary condition in numerical analyses
	Comparison between the observed interface response and the response provided by usual numerical approaches
	An application to case histories

	Summary and conclusions
	References


