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Abstract: A significant part of the recent geotechnical literature concerning pyroclastic soils is focused
on the characterization of the hydrological effects of precipitations and their implications for the
stability conditions of unsaturated sloping covers. Recent experience shows that suction-induced
strength reduction is influenced by various factors including hydraulic hysteresis. A deeper
insight into the hysteretic water retention behavior of these materials and its effects upon their
response to dry/wetting conditions is a major goal of this paper, which exploits the data provided
by the monitoring of a volcanic ash. Based on the parameters retrieved from data calibration,
the hydrological response of a virtual slope subject to one-dimensional rainfall infiltration is
investigated by numerical analyses and compared with the results obtained through the usually
adopted non-hysteretic approaches. The analysis demonstrates that considering the hysteretic
behavior may be crucial for a proper evaluation of the conditions leading to slope failure.

Keywords: hydraulic hysteresis; pyroclastic soils; slope stability; predictive models

1. Introduction

Unsaturated pyroclastic silty covers, widely spread in the world, are often involved in disastrous
landslides ([1]; NatCatServices datasets). Precipitation-induced suction drops may in fact lead to a
significant reduction in safety conditions up to the landslide triggering.

Landslide events that occurred in the last decades in the Campania region, Southern Italy, confirm
these considerations [2–7]. After those events, a great research effort has gone into systematic field
and laboratory studies. These allowed the collection of a lot of data regarding soil properties [8,9],
the hydrological processes of infiltration and evapotranspiration [3,10–13], failure processes, and
subsequent propagation [14,15].

Investigations and research activities have allowed outlining of the characteristics of the rainfall
events which can lead to slope failure in pyroclastic silty soils [2,3]; these rainfall event characteristics
can differ from those affecting the stability of coarse-grained and fine-grained soils. Specifically,
short rainfall events primarily affect the behavior of slopes in coarse-grained soils; on the contrary,
slopes in fine-grained soils may fail under the effects of prolonged wet periods lasting even an entire
hydrological year while single intense events play a minor role [4]. Silty pyroclastic soils display an
intermediate response, depending on both wet antecedent conditions and single rainfall events.

Such studies have clearly demonstrated that the influence of the antecedent meteorological history
on stability conditions must be related to the large amount of water that may be absorbed and retained.
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This depends on the small interparticle pores present in the silty fraction, which can retain the liquid
phase, and on the high soil porosity, which allows storage of water.

The same studies have shown that the hysteretic hydraulic soil response can affect the s–θ

(suction–water content) distribution at the beginning of critical rainfall events, with permeability and
volumetric water content of soils at a given suction on a wetting path having a lower value than those
on the corresponding drying path. In this regard, it is possible to identify the drying (or desorption)
boundary curve and wetting (or adsorption) boundary curve, and the primary drying (wetting) curves
due to the drying (wetting) processes starting from the wetting (drying) boundary curve up to further
fluctuation of drying and wetting states formed during scanning. In this way, the initial conditions are
hardly foreseeable, being a combined effect of the previous weather forcing history and the hysteretic
soil response.

The hysteretic response of pyroclastic soils has been recently documented through a systematic
comparison between pairs of volumetric water content and matric suction measurements made
at the same depths in two instrumented slopes in the Campania region (Monterforte Irpino [16]
and Cervinara [17]). These data, which lay below the main laboratory drying curve, show distinct
paths along scanning curves which, in turn, do not seem to exhibit a significant internal hysteresis.
Basile et al. [18] report similar data by a comparison between laboratory and field data coming from
the alluvial plain of Piano Campano (Campania region). Based on experience accumulated in the
regional context, recently, Comegna et al. [19] have investigated the influence of potential wetting
paths on virtual slope stability conditions, stressing the potential errors in the prediction of landslide
triggering, which might be associated with the use of a unique soil–water characteristic curve (SWCC),
which is usually assumed to simplify the wetting paths. In particular, along scanning curves, they have
highlighted that a quicker water content change than found in other paths could take place; therefore,
under critical precipitation the time to failure could be shorter than expected.

Within this framework, this paper attempts to improve the understanding about how hysteretic
dynamics can influence the soil hydraulic behavior and the slope response of silty pyroclastic covers.
Such insights should be taken into account when predictive tools for early warning systems have to be
developed. To this aim, the paper is articulated into the following parts:

• investigation of the wetting/drying paths of an instrumented reconstituted ash layer exposed to
weather forcing over four consecutive years;

• selection of a suitable model for analysis of the hydraulic hysteresis and calibration of the
parameters required to simulate the soil behavior;

• analysis of the role of the hydraulic hysteresis of a virtual slope in response to a critical event, and
comparison with the results obtained by the usual non-hysteretic approaches.

2. Materials and Methods

2.1. Test Device and Investigated Soil

An accurate and targeted investigation of the considered subject was performed by systematic
measurements of suction and of water content in an instrumented lysimeter (Figure 1) consisting of
a wooden tank of about 1 m3 (height 75 cm, surface area 1.3 m2) [12]. It was located in Naples and
studied with weather forcing comparable to that usually experienced by slopes composed of the same
materials that are potentially affected by landslide events in Campania. Monteforte Irpino ash [16] was
laid down in the lysimeter. Such a material was produced in the last 10,000 years by the volcanic centre
of Somma-Vesuvius. The finest component of the soil (a silt with some clay, Figure 2) was non-plastic
due to the absence of active minerals. The field porosity was as high as 70% with peaks attaining
80%. The layer was put in place by means of dry pluvial deposition at the same field porosity (70%)
and exposed to the atmosphere for several hydrological years. Specifically, during the timespan of
September 2010–August 2014, the soil surface was left bare to reduce the complexity of the involved
dynamics and the generated data was used for analysis. A geotextile sheet was placed at the bottom of
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the soil layer. In that investigation, a weather station monitored the atmospheric variables. Rainfall
infiltration and evaporative fluxes were obtained by regularly weighing the tank through three load
cells. The evaporative flux was also indirectly obtained by measuring the different water energetic
terms at the soil–atmosphere interface. The hydrological variables, suction (s) and volumetric water
content (θ), were monitored at four different depths (at 15, 30, 50, and 70 cm) using jet-fill tensiometers
and time domain reflectometry (TDR) probes.
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2.2. Modeling Approaches

The effects of the rainwater infiltration are commonly investigated through the Richards [20]
equation. For one-dimensional vertical flow, this can be written as:

∂θ(s)
∂t

=
∂

∂z

[
k(θ(s))

∂

∂z

(
s

γw
+ z
)]

(1)

where t is time, z the spatial coordinate, k(θ(s)) the hydraulic conductivity function (HCF), and γw

the unit weight of water. The use of such an equation requires soil characterization through both the
SWCC and the hydraulic conductivity function (HCF).
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One of the most popular expressions for the SWCC is the well-known empirical equation proposed
by van Genuchten [21]:

Se =
θ − θr

θs − θr
=
[
1 + (αs)n]−(1− 1

n ) (2)

where Se is the so-called “effective saturation degree”, θs and θr the saturated and the residual
volumetric water content of the soil, and n and α (kPa−1) are two empirical parameters.

The HCF is instead usually defined through the equation proposed by Mualem [22] in combination
with the van Genuchten SWCC:

k = ksSe
0.5
(

1 −
(

1 − Se
n

n−1

)(1− 1
n )
)2

(3)

where k and ks represent the current and the saturated hydraulic conductivity, respectively.
In order to account for the hydraulic hysteresis, the SWCC and the HCF should be properly

modified [23–25]. In this paper the model proposed by Parker and Lenhard [26] was adopted,
here indicated as the PL model.

According to this model, the wetting and drying scanning curves of the SWCC can be obtained
by scaling the correspondent main curves defined by the van Genuchten equation. In particular,
the residual water content and the coefficient n of these two curves coincide (θr = θr

w = θr
d; nw = nd

= n); the differences concern only the values of the saturated volumetric water content (θs
d being

higher than θs
w) and of the coefficient α (αd being less than αw). Compared to other models based on

a scaling procedure [27,28], the PL model allows prevention of the artificial pumping error, that is,
the non-closure of the scanning loops in simulated cyclic paths, which is considered to be an aberration
rather than a soil property [29]. This is avoided by collecting all the reversal points experienced by the
soil. Preserving the “memory” of the various wetting–drying cycles to which they have been subjected
allows paths to draw closed scanning loops.

A wetting scanning path starting from a point (s∆
dw, Se∆

dw) located on a main or a scanning curve
and ending at a wetting-to-drying turn point is expressed by the following equation:

Se(s) =

[
Se

w(s)− Se
w
(

s∆
wd
)](

Se∆
dw − Se∆

wd
)

Se
w(s∆

dw
)
− Se

w(s∆
wd
) + Se∆

wd (4)

where Se
w is the effective saturation degree calculated with the van Genuchten equation (Equation (2))

for the main wetting curve; s∆
dw, Se∆

dw are the s and Se values corresponding to the starting
drying-to-wetting turn point; and s∆

wd and Se∆
wd are the values corresponding to the wetting-to-drying

turn point.
Conversely, a drying scanning path starting from a wetting-to-drying reversal point having the

coordinates (s∆
wd, Se∆

wd) and ending at a drying-to-wetting reversal point (s∆
dw, Se∆

dw) is expressed
by the similar equation:

Se(s) =

[
Se

d(s)− Se
d
(

s∆
dw
)](

Se∆
wd − Se∆

dw
)

Se
d(s∆

wd
)
− Se

d(s∆
dw
) + Se∆

dw (5)

where Se
d is the effective saturation calculated by the van Genuchten equation (Equation (2)) with

(θs
d, θr, αd, n) parameters.

An example is illustrated in Figure 3a in the Se–s plan where, for sake of simplicity, the ideal
condition of a closed main hysteresis loop at saturation (neglecting air entrapment) is assumed.
The initial soil state is represented by point a (θs

d = θs
w) corresponding to a condition close to full

saturation. A first desaturation process is supposed to follow the main drying curve up to point b.
The subsequent wetting path would lead the soil state from b to c along the curve obtained by scaling
the main wetting curve in such a way to pass through the reversal points a and b. A further hypothetical
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drying path c–d is obtained by scaling the main drying curve which, in this case, should pass through
the reversal points b and c. The final wetting path d–a is defined by scaling the main wetting curve
again, which moves through the points a, c, and d.
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Following the Land approach [30], the PL model may account for the air entrapment effect
assuming that, in a wetting/scanning path starting from a turning point ∆ towards the zero suction
value, the difference R between the reciprocal of the difference between the initial and final volumetric
water contents is constant (Figure 3b):

R =
1

θs
d − θs∆

− 1

θs
d − θ∆

=
θs

w − θr(
θs

d − θs
w
)(

θs
d − θr

) (6)

In this expression, θ∆ is the water content at the reversal point ∆ and θs∆ is the water content
achieved for null suction starting from ∆. The minimum value of θs∆ is θs

w, which is obtained by
assuming θ∆ = θr.

Moving to the permeability function, HCF, it is worth to notice that the PL model adopts the
Mualem–Van Genuchten equation. Consistently, to account for air entrapment, such a formulation for
the relative hydraulic conductivity function (HCF) was modified by Lenhard and Parker [31].

3. Results and Discussion

3.1. Lysimeter Results

The results hereafter reported refer to an experimental phase lasting four hydrological years
(from September 2010 to August 2014). In that time interval, the soil surface was maintained in a bare
condition. SWCC data for the first and second hydrological years have been published by Rianna
et al. [12]. For the sake of simplicity, the hydrological soil response analysis here only focuses on daily
data obtained at a depth of 50 cm, which are summarized in Figure 4. The same figure reports the
daily cumulated precipitation and the reference evaporative fluxes that have been estimated following
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the FAO–56 approach [32]. A hysteretic soil behavior clearly emerges from all readings which are here
briefly analyzed.
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Figure 4. First column (a,c,e,g): matric suction–volumetric water content paths observed at
depth of 50 cm over four hydrological years: yellow = fall–SON (September-October-November),
blue = winter–DJF (December-January-February), green = spring–MAM (March-April-May), black, red
= summer–JJA (June-July-August); in the box, readings made in other years and zooms of key paths are
also reported. Second column (b,d,f,h): daily precipitation and reference evaporation assessed through
the FAO approach: yellow = fall–SON, blue = winter–DJF, green = spring–MAM, red = summer–JJA.

In the 2010–2011 hydrological year (Figure 4a,b), the initial soil conditions (point A) were rather
dry, characterized by a matric suction, s, of about 70 kPa and a volumetric water content, θ, of 0.35.
However, the intense precipitation during the fall of 2010 moved the soil state from point A to B,
along a wetting path leading s to 3–4 kPa and θ to 0.65. During winter the soil state fluctuated
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following different scanning paths which were always close to the saturated conditions. Due to
frequent precipitation, the effects of drying, governed by a very low evaporative demand, and of
wetting, never lead s beyond 15 kPa and θ below 0.6. In the early part of spring the soil maintained
nearly saturated conditions, moving to different conditions only when the amount of precipitation
significantly decreased while evaporation grew following the temperature rising. The consequent
drying path (up to C) was completely different from the wetting path followed in the previous fall
season. However, due to a heavy rainfall which lasted two days (30 April–1 May), the trend reversed
at D, which represented a turning point, moving along a scanning path towards E. In the following
dry period the drying path ran in the opposite direction along the same scanning curve, until reaching
and following the previous main path. In this phase, the soil attained drier and drier states with only
short reversions, during episodic rainfall events, along distinct scanning paths [33].

In the second hydrological year (2011–2012, Figure 4c,d), the atmospheric demand followed
similar trends as in previous years, even though the cumulative rainfall was much lower. As a
consequence, in winter the soil state was far from saturation, and matric suction was never less
than 9 kPa or θ higher than 0.55. In this year, the attainment of suction values measurable with the
tensiometer (i.e., below 80 kPa) presented a delay of about two months with respect to the previous
year, caused by a daily rainfall (6 November) of 85 mm. Again, distinct paths characterized the
principal wetting and drying phases. In two cases, reported in the zoom of Figure 4c, two scanning
paths overlapped in the drying and wetting non-sequential phases.

During the third (2012–2013, Figure 4e,f) and fourth (2013–2014, Figure 4g,h) hydrological
years, the cumulative rainfall attained values similar to the first year thus again, in winter, full
soil saturation was almost attained. In this case, however, after running mostly along the same
curve as in the first year, when approaching saturation the wetting path departs from it, moving
to slightly lower θ values (0.62–0.63). This discrepancy was supposed to be an effect of some air
entrapment that occurred under the effects of intermittent precipitation characterized by drier starting
soil conditions. This interpretation was supported by the higher values measured during the fifth
year [34] (not documented here) after a prolonged artificial wetting phase that was supposed to have
removed air bubbles.

In conclusion, monitoring over four years clearly showed different drying and wetting paths, even
though the most external ones could not be identified with certainty as the main drying or wetting
curves. In particular, the slope of scanning paths appeared to be slightly affected by the initial state
and by the wetting/drying direction.

3.2. Model Calibration and Validation

The PL model has been used to characterize the Monteforte Irpino ash used in the lysimeter
experiments illustrated above [12]. The quantification of the seven parameters (θs

d, θs
w, θr, αd, αw, n, ks)

has been obtained as follows. Four of them, i.e., θs
d, θr, αd, n, were deduced by the experimental main

drying curve obtained by imposing forced evaporation on an initially saturated soil sample in a ku-pF
apparatus up to suction values of about 70 kPa. Dried soil cores were then placed in Richards’ plate up
to 1000 kPa [10,35]. The last three parameters (θs

w, αw, ks) were determined by calibration of the data
provided by the lysimeter monitoring activity (§2.1) in the first year (Figure 4a). The parameters were
validated through the data collected in the remaining three years (Figure 4b–d).

The parameter calibration was performed through an inverse analysis [36] carried out by the code
Hydrus 1D [37]. The soil layer, with the middle at a depth of 50 cm (Figure 5) and thickness extending
up and down to the nearby monitored depths (30 and 70 cm), was selected as a computational domain.
In this way, the three suction monitored points (at 30, 50, and 70 cm) was used to model the transient
flux governed, at the boundaries, by the total heads measured at depths of 30 and 70 cm, leading to
the suction and volumetric water content readings made at a depth of 50 cm. The analysis required
a value located on the main wetting or drying curve as a starting point; then, for every hydrological
year, a subset of available observations was used for calibration and validation.
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Figure 6a plots measured against predicted s–θ paths for the first year (calibration stage).
The figure also reports the main drying and wetting curves obtained by laboratory data and calibration
procedure, respectively. The predictions covering the three years of validation in blind configurations
are shown in Figure 6b–d. The model indicates that most of the experimental paths follow scanning
paths, either in wetting or in drying. The main drying and wetting curves have been only marginally
ran; the former during the first year and the latter during the other years.
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Figure 6. Observed (grey dots) and simulated (black line) matric suction–volumetric water content
paths for the four hydrological years: 2010–2011 (a), 2011–2012 (b), 2012–2013 (c), and 2013–2014 (d).
Main drying curve: red dashed line; main wetting curve: blue dot-line hatching.

Table 1 lists the assessed hydraulic parameters for the MDC (main drying curve) and MWC (main
wetting curve). Moreover, the parameters fitting the curve obtained by averaging the experimental
results found by Rianna et al. [12] at a depth of 50 cm are reported (average curve, AC). Calibration
returns a αw/αd ratio of 1.4, while literature indicates a value of 2 which appears to be suitable for many
soils [35]. A hysteresis factor has also been analytically quantified through the effective hysteresis
indicator proposed by Gebrenegus and Ghezzehei [38], which computes the maximum deviation in
effective saturation between the two main curves. In Figure 7, the computed value is compared with the
cloud of points provided by literature catalogues for a wide spectrum of materials, from fine-grained
to coarse-grained soils [39–41]. Such a value falls around the middle of the cloud, indicating an
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intermediate behavior due to an intermediate grain size distribution (see Figure 2). Following the
assessed value, the value of R computed according Equation (4) is about 16.5.

Table 1. Parameters regulating the hydraulic behavior of investigated soil under the different adopted
characterizations: MDC (main drying curve), MWC (main wetting curve), and AC (average curve).

Hydraulic Characterization θs θr α (1/kPa) N ks (m/s)

MDC 0.679 0.260 0.07 1.9 1.00 × 10−6

MWC 0.626 0.260 0.10 1.9 3.00 × 10−7

AC 0.679 0.288 0.11 1.9 1.00 × 10−6

Water 2019, 11, x FOR PEER REVIEW 9 of 15 

 

Finally, the saturated hydraulic conductivity resulting from calibration was 1 × 10−6 m/s, which 

is well higher than the value (ks = 3 × 10−7 m/s) obtained through laboratory tests [10], while it is 

equivalent to those carried out in the interpretation of monitoring results neglecting hysteresis [42]. 

  

Figure 7. Hysteresis factor as function of parameter n of the van Genuchten model. Hollow circles: 

data provided by literature datasets, filled circles: values calculated in the present investigation. 

3.3. Numerical Experiments on the Effects of Hydraulic Hysteresis in Landslide Triggering 

3.3.1. Investigated Scenarios and Organization of Obtained Results 

Some numerical experiments have been carried out to examine the effects of hydraulic 

hysteresis, in the wetting stage only, on the stability of virtual slopes subjected to precipitation. The 

analysis has been based on the following hypotheses: 

(1). the transient flux induced by rainwater infiltration occurs in 1D conditions [1,2] throughout a 

homogeneous 2 m thick domain, which is a typical depth of air-fall ash covers in Campania [43]; 

(2). the lowermost boundary condition is modeled as a seepage surface, which behaves as an 

impervious boundary when suction remains higher than zero, and as a draining surface when 

it vanishes; this is the condition that has been recognized, through special targeted experiments, 

at the contact between ash and pumice layers [44]; 

(3). two alternative hypotheses are adopted for the initial conditions: (A) constant piezometric head 

and (B) constant volumetric water content; the latter obviously results in an initial non-

equilibrated suction profile; 

(4). a persistent 100 mm/day constant rainfall, slightly higher (~1.2 × 10−6 m/s) than the hydraulic 

conductivity of fully saturated soil, is imposed at the uppermost boundary condition; this is a 

realistic scenario in the considered geomorphological context, where such a daily rainfall 

intensity occurs every 2–3 years. 

For sake of simplicity, the analysis was focused on the time required to reach zero matric suction, 

which occurred at a depth of 1.5 m (null suction time, NST). Such a condition, in fact, was found to 

mark the beginning of the failure process of several slopes in pyroclastic soils [1,6]. The NST was 

hence selected for a synthetic comparison of the influence of the wetting path on the soil hydrological 

response. 

Four alternative hypotheses have been formulated about the (s, θ) relationship:  

- full hysteretic soil behavior (HB); 

Figure 7. Hysteresis factor as function of parameter n of the van Genuchten model. Hollow circles:
data provided by literature datasets, filled circles: values calculated in the present investigation.

Finally, the saturated hydraulic conductivity resulting from calibration was 1 × 10−6 m/s, which
is well higher than the value (ks = 3 × 10−7 m/s) obtained through laboratory tests [10], while it is
equivalent to those carried out in the interpretation of monitoring results neglecting hysteresis [42].

3.3. Numerical Experiments on the Effects of Hydraulic Hysteresis in Landslide Triggering

3.3.1. Investigated Scenarios and Organization of Obtained Results

Some numerical experiments have been carried out to examine the effects of hydraulic hysteresis,
in the wetting stage only, on the stability of virtual slopes subjected to precipitation. The analysis has
been based on the following hypotheses:

(1) the transient flux induced by rainwater infiltration occurs in 1D conditions [1,2] throughout a
homogeneous 2 m thick domain, which is a typical depth of air-fall ash covers in Campania [43];

(2) the lowermost boundary condition is modeled as a seepage surface, which behaves as an
impervious boundary when suction remains higher than zero, and as a draining surface when it
vanishes; this is the condition that has been recognized, through special targeted experiments,
at the contact between ash and pumice layers [44];

(3) two alternative hypotheses are adopted for the initial conditions: (A) constant piezometric
head and (B) constant volumetric water content; the latter obviously results in an initial
non-equilibrated suction profile;

(4) a persistent 100 mm/day constant rainfall, slightly higher (~1.2 × 10−6 m/s) than the hydraulic
conductivity of fully saturated soil, is imposed at the uppermost boundary condition; this is a
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realistic scenario in the considered geomorphological context, where such a daily rainfall intensity
occurs every 2–3 years.

For sake of simplicity, the analysis was focused on the time required to reach zero matric suction,
which occurred at a depth of 1.5 m (null suction time, NST). Such a condition, in fact, was found
to mark the beginning of the failure process of several slopes in pyroclastic soils [1,6]. The NST
was hence selected for a synthetic comparison of the influence of the wetting path on the soil
hydrological response.

Four alternative hypotheses have been formulated about the (s, θ) relationship:

- full hysteretic soil behavior (HB);
- main drying curve (MDC);
- main wetting curve (MWC);
- the curve obtained by averaging the experimental results of Rianna et al. [12] at a depth of

50 cm (AC).

The analyses were carried out with the code Hydrus 1D, which can simulate the soil–atmosphere
interaction by limiting potential fluxes (total precipitation and potential evaporation) based on the
suction values computed at the uppermost surface [45].

The main results of the analysis are reported in Figures 8–10. The (s, θ) and (s, k) paths obtained at
a depth of 1.5 m along any selected curve are compared in Figure 8: the first two columns concern case
A and the different initial suction profiles characterized by 10 kPa and 30 kPa, respectively, at a depth
of 1.5 m; the third column concerns case B (θ = 0.55). The time histories of the cumulative infiltrated
water, suction, water content, and hydraulic conductivity are shown in Figure 9, respectively in the
first, second, third, and fourth row. For the case A and the lowest initial suctions, Figure 10 compares
the suction profiles computed at time intervals of 0.4 days.
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Figure 8. First and second row: volumetric water content–suction (s–θ) plane; third row: suction–hydraulic
conductivity (s–k) plane. Black dashed line: main drying curve; dot-line hatching: main wetting curve;
continuous grey line: average curve; black line: scanning paths; thick lines: paths followed in the
numerical experiments. First column: hydrostatic initial condition with 10 kPa at 1.5 m. Second
column: hydrostatic initial condition with 30 kPa at 1.5 m. Third column: constant volumetric water
content (0.55).
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Figure 9. Results of analyses conducted up to suction vanishing at a depth of 1.5 m. First row:
cumulative infiltrated water (dotted black line: cumulated rainfall). Second row: suction evolution.
Third row: volumetric water content evolution. Fourth row: hydraulic conductivity evolution. First
column: hydrostatic initial condition with 10 kPa at 1.5 m. Second column: hydrostatic initial condition
with 30 kPa at 1.5 m. Third column: constant volumetric water content (0.55). Hydraulic behavior are
identified as in Figure 8.
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Figure 10. Calculated matric suction profiles through the soil hydrostatic initial conditions. Figures
refer to different time steps (day). (a) MDC; (b) MWC; (c) AC; (d) HB.

3.3.2. Case A: Persistent Rainfall; Hydrostatic Initial Suction Profile

In case A, the initial water content, θ0, was univocally identified for all (s, θ) relationships,
but only for the HB assumption, as this was not described by a single curve. For this last, θ0 has been
conventionally established on the MDC (Figure 8a,b). The differences in soil behavior depending on
the selected (s, θ) relationship are synthesized by the computed NST values.
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Both HB and MDC yield a value of about 2.5 days (it is slightly shorter in the former case);
moreover, AC yields a time length one-day longer (i.e., 3.5 days), while MWC leads to 6 days overall.

An interpretation of such results should obviously consider the two dominant factors which
govern the process of suction change, i.e., the average hydraulic conductivity, kav, which is operative
along the wetting path (as proxy, was considered the geometric mean), and the overall water content,
∆θ, required to lead to zero suction. In the examined case (first column of Figures 8 and 9), the values
assumed by such parameters are as detailed in Table 2.

Table 2. Dominant factors (kav = average hydraulic conductivity; ∆θ = overall water content) in
case A: HB (hysteretic behavior), MDC (main drying curve), MWC (main wetting curve), and AC
(average curve).

Hydraulic Characterization ∆θ kav (m/s)

HB 0.04 3.90 × 10−7

MDC 0.07 2.25 × 10−7

MWC 0.11 1.00 × 10−7

AC 0.12 2.39 × 10−7

The combination of kav and ∆θ clearly influences the soil response. In fact, the lower kav, the
longer NST; conversely, the higher ∆θ, the longer NST.

Limited to the assumption that the initial starting point for the HB relationship is located on
the MDC (the initial condition depends on the past wetting/drying history), the considered example
shows that the response provided by the more realistic HB is better approximated by MDC rather than,
as often in practical applications, by AC or MWC.

Figure 9a reports the corresponding cumulated influx as 168 mm for HB (i.e., about 70% of the
total rainwater fallen in the same period of 2.5 days) and 244 mm (i.e., practically the entire amount
of rainfall) for MDC. Although associated with a similar increase in the volumetric water content
(Figure 9c), the calculated influxes for AC and MWC are quite different, i.e., respectively 344 mm
in about 3.5 days (about 100% of the total rainfall in the same time interval) and 294 mm in 6 days
(about 50% of the total). The results obtained for higher suction values (30 kPa at 1.5 m, second
column in Figures 8 and 9) confirm the observed trends. Obviously, the higher the initial suction, the
longer NST is due to a greater value of ∆θ and to a lower hydraulic conductivity. Again, the rainfall
duration to suction vanishing is shorter for HB and MDC, but the initial suction value can enhance
the differences. However, under higher initial suction, the s–θ path potentially experienced along HB
tends to progressively approach the one provided by MWC.

Figure 10 shows the suction profiles obtained at different times throughout the layer. If the soil
behavior was governed by MWC or by AC, the wetting front would tend to deepen more slowly
following a “Green–Ampt plunger type” evolution characterized by a sub-horizontal suction profile
and a top to bottom front advance with marked frontal borders; the bottom of the layer would be
reached after 5.2 and 3.2 days, respectively. Due to the higher hydraulic conductivity and the lower
“stiffness” of the (s, θ) relationship, HB and MDC curves present less marked wet fronts. In this case,
suction vanishing occurs in the final phases of the influx process through a shift of the suction profile
which reaches the bottom faster, i.e., in something more than 2 days.

3.3.3. Case B: Persistent Rainfall; Uniform Initial Volumetric Water Content

The assumption of constant volumetric water content throughout the domain implies a similar
initial hydraulic conductivity in all considered cases; moreover, if both MDC and MWC started and
ended at zero suction, the ∆θ values and the average operative hydraulic conductivities during the
wetting processes would be the same as well. Therefore, similar time intervals NST would be predicted,
with only small differences depending on the initial suction and thus on the potential infiltration.
However, the fact that they did not end at zero suction, since the air entrapment effect was accounted
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for, implies that both ∆θ and kav keep different values leading to different NSTs. In this case too,
the initial conditions for HB were applied to MDC.

The analysis was carried out starting from a θ0 value of 0.55, which corresponded to a suction
value of 8 kPa for MWC, 16 kPa for MDC (and HB), and 12 kPa for AC. The values of dominant factors
and NSTs are reported in Table 3.

Table 3. Dominant factors (kav = average hydraulic conductivity; ∆θ = overall water content) and NST
(null suction time) in case B: HB (hysteretic behavior), MDC (main drying curve), MWC (main wetting
curve), and AC (average curve).

Hydraulic Characterization ∆θ kav (m/s) NST (Days)

HB 0.09 1.72 × 10−7 3.0
MDC 0.13 2.34 × 10−7 2.8
MWC 0.08 1.55 × 10−7 3.5

AC 0.13 2.22 × 10−7 2.9

The analysis yielded quite similar NST values. The length of time was significantly different for
MWC. The NST hierarchy was strictly regulated by kav, but the smaller variation in ∆θ for the cases
characterized by a lower hydraulic conductivity (MWC and HB) lead to smaller NST differences.

The rate of infiltrated water was significantly lower for MWC (160 mm in 3.5 days, on average
50% of fallen water) due to a lower hydraulic conductivity. For MDC and AC, the higher hydraulic
conductivity favors water infiltration of most of the total precipitation.

4. Conclusions

Based on data provided by the monitoring of an instrumented layer of volcanic ash exposed
to weather forcing over a period of four years, the hydraulic hysteretic behavior of such a soil was
recognized and carefully investigated, allowing calibration and validation of the parameters featured
in the Parker and Lenhard theoretical hysteretic model. Through some simple numerical experiments,
the model was then used to investigate the role of hydraulic hysteresis upon wetting in the response of
pyroclastic sloping covers to persistent rainfall. To this aim, different initial soil conditions in terms of
suction and volumetric water content were considered. The data obtained was compared with those
coming from more usual approaches that disregard the role of the hysteresis, resulting in a unique
soil–water characteristic curve.

It has been shown that the time to suction vanishing due to continuous rainfall (which in some
cases may correspond to the time to slope failure) may be much shorter than the value calculated using
a unique curve, such as the main wetting curve or a curve averaging experimental data, which are
usually adopted in applications. In the examined cases, the results are comparable with those provided
by the main drying curve. The same findings come from cases characterized by the same initial matric
suction or the same initial volumetric water content. As stressed above, it is worth noting, however,
that the initial condition for soils exhibiting a marked hydraulic hysteresis may be variable, leading to
different results. Such considerations should be kept in mind during the development of conceptual
tools for landslide early warning systems.
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