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Abstract: Proper soil water retention curves (SWRCs) are necessary for a fair analysis of groundwater
flow in unsaturated slopes. The question is whether hydraulic parameters operating in situ can
be reliably determined from laboratory tests or physical prototype models in order to interpret
and predict soil water distributions in the field. In this paper, some results obtained by tests at
different scales (testing on laboratory specimens and a physical prototype) are presented to explore
the hydraulic behavior of pyroclastic soils. A theoretical interpretation of the observed behavior
in the laboratory and using a physical prototype is proposed by adopting the hysteretic model
of Lenhard and Parker. For each tested soil, the main hysteretic loop determined by interpreting
experimental tests (at laboratory and prototype scales) overlaps with paths detected by coupling
the field measurements of matric suction and water content collected at the site at the same depth.
From these results, the physical prototype (medium scale) and the soil specimen (small scale) seem to
be acceptable for determinations of SWRC, provided that the air entrapment value is well known.

Keywords: hydraulic soil behavior; hydraulic hysteresis; in situ monitoring; lysimeter; pyroclastic
unsaturated soil

1. Introduction

Unsaturated soil mechanics play a significant role in many geotechnical problems, such as
investigations concerning debris flow and mudflow initiation in partially saturated slopes. Since the
soil matric suction has an impact on the mechanical strength of unsaturated soils, it is crucial to
determine and understand the hydraulic behavior of the soil [1]. Therefore, the correct choice of soil
water retention curves (SWRCs) and hydraulic conductivity functions (HCFs) to model soil water
fluxes is crucial for carrying out reliable predictions of triggering mechanisms [2,3]. In particular,
an SWRC establishes the water content change that has to occur as a result of a given matric suction
change in adsorption or desorption processes. It is usually presented as a relationship between water
content (gravimetric or volumetric) or the degree of saturation against soil matric suction. The shapes
of SWRCs and matric suction values could vary significantly according to the void ratio, soil structure,
stress history, and stress state [1]. Another crucial feature of an SWRC is its hysteretic character:
the main curves for wetting and drying are not reversible. Hysteresis in the hydraulic properties
can strongly affect the water flow regime; neglecting it can cause considerable errors in mass flux
calculations [4].
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The hydraulic properties should be determined at the scale of the modeled process; in particular,
the sample should at least be large enough to encompass the representative elementary volume [5].
In this regard, on-site tests are rarely carried out because they are time–consuming, costly, and difficult
to implement. In fact, they require water content and pore water pressure measurements in poorly
accessible places and adequate time and geometric resolution, thus turning out to be unfeasible when
the analysis spans over a very large area.

On the other hand, determinations by laboratory tests on soil specimens and on physical prototypes
are simpler than those in the field, but their validity is affected by scale troubles due to a reduced sample
size that is often inadequate to incorporate soil heterogeneity, especially if hydraulic conductivity is of
interest [6]. The significance of small- and medium-scale measurements to provide information about
large-scale flow behavior is largely debated in the literature [1–4,6]. Comparison between field and
laboratory data has been investigated by many authors [1–3,7,8], and non-matching hydraulic functions
have been justified by invoking differences in terms of (i) representativeness of the sample (specimen
or physical prototype); (ii) space–time resolution of field and laboratory measurements; (iii) affinity
between boundary conditions in the field and those applied to the soil core and to the physical prototype;
and (iv) procedures for mathematical interpretation. In addition, some discrepancies between methods
adopted to investigate hydraulic properties can arise from so-called ‘dynamic effects’ that may occur
during transient water flow. In fact, ‘dynamic nonequilibrium’ provides for a dependence of hydraulic
properties on flow-rate or local nonequilibrium between water content and pressure head, even in the
case of a process of imbibition or drainage that develops monotonically [9,10].

Within this framework, the aim of this work was to investigate the hydraulic hysteresis of
pyroclastic soils at different scales by pointing out consistencies and discrepancies in SWRC trends
and factors that may have determined some of the resulting differences. In particular, this paper
compared SWRCs obtained for unsaturated pyroclastic soil by laboratory tests (small scale) and
physical prototype tests (medium scale). The ashy soils composing the top and the deep soil layers of a
slope monitored at a test site (Monteforte Irpino, Southern Italy) [7,11,12] were tested at small and
medium scales, respectively [13–16].

This paper first provides a brief description of the test site and tested soil (Section 2.1).
Following that, it illustrates the experimental procedures followed for small- and medium-scale
tests (Sections 2.2 and 2.3) and theoretical procedures adopted to mathematically describe the retention
behavior (Section 2.4). In particular, at both test scales, the main drying curves and secondary
drying/wetting branches were experimentally obtained. Furthermore, the model of Parker and
Lenhard [17] was adopted to interpret the hydraulic hysteresis, adapting the classical van Genuchten
equation to the main and scanning paths [18]. The results are extensively reported in Section 3.

The main loop and secondary paths modeled for each soil tested were compared to paths obtained
by coupling field measurements of matric suction and volumetric water content; the aim of the
comparison was to test the reliability of the hydraulic characterization determined at small and
medium scales for capturing field hydraulic behavior. The discussion on the comparison between the
paths on the SWRC plane determined at different scales is included in Section 4.

2. Materials and Methods

2.1. The Test Site and the Soil Physical Properties

The tested soil was collected at a test site located at Monteforte Irpino, about 40 km east of Naples,
in Southern Italy. The test site was selected as a representative of other pyroclastic slopes in Campania
subjected to rapid landslides (e.g., Pizzo D’Alvano, Monti di Avella, and Monte Partenio) (Figure 1a).
The stratigraphic profile consists of an unsaturated pyroclastic soil cover a few meters thick (3–5 m),
deposited by a series of eruptions of Mt. Somma–Vesuvius on top of a limestone bedrock (Figure 1b).
The test site was monitored from 2006 to 2012. The monitoring equipment consisted of (i) 94 traditional
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vacuum tensiometers; (ii) 40 TDR (Time Domain Reflectometry) probes with triple needles 15 cm long;
(iii) 6 Casagrande piezometers; and (iv) a weather station.

1 
 

 
Figure 1. (a) The test site of Monteforte Irpino (Southern Italy); map with indications of trenches and
boreholes; and (b) simplified stratigraphic soil profile with the layout of the instrumentation installed
along each monitored vertical section along section B–B’. Methods adopted to test the hydraulic soil
properties: (c) evaporation and imbibition tests on soil specimens (investigation at a small scale);
and (d) monitoring of the physical prototype (investigation at a medium scale).

Tensiometers were installed at different depths in all the vertical sections, and TDR and Casagrande
piezometers were installed in the vertical sections distributed along the central section, B–B0 (Figure 1a,b).
Measurements of matric suction and volumetric water content were collected every week, and the
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meteorological data were registered by datalogger every four hours. However, the test site itself
has been extensively described elsewhere; readers can refer to [7,11,12,19,20] for further detailed
information about the instrumented area.

In this study, the hydraulic characterization of topsoil (named soils 1 and 2 in Figure 1b) and of
deep soil (named soil 6 in Figure 1b) collected at the test site is investigated.

In Table 1, the mean physical properties of the tested soils are reported. For all soils, the porosity
is very high (0.7 on average). The envelope of grain size distributions of several samples taken for
soil testing is shown in Figure 2. Shallower soils (1 and 2) have a fairly similar grain size envelope:
the two envelopes are partially overlapping. Soils 1 and 2 are silty sands, while Soil 6 contains a larger
percentage of fine soils. Soils 1 and 2 were tested at the scale of the soil specimen (i.e., working a total
volume of about 0.24 dm3), while soil 6 was tested at the scale of the physical prototype (i.e., 1 m3);
in the first case, undisturbed soil specimens were tested, and, in the second case, soil samples were
reconstituted at the same field porosity.

Table 1. Mean physical properties of tested soils, sample sizes, and adopted methods.

Soil n γd (kN/m3) Gs Size of Sample (d *; h **) (cm) Testing Method

1 (topsoil) 0.66 7.90 2.65 soil specimen (d: 7.2; h: 6) evaporation/imbibition test
2 (topsoil) 0.69 7.90 2.55 soil specimen (d: 7.2; h: 6) evaporation/imbibition test

6 (deep soil) 0.72 7.13 2.57 physical prototype (d: 115; h: 75)
monitoring of soil hydraulic

behavior under actual weather
forcing [13–16]

d*: diameter of cylindrical sample. h**: height of cylindrical sample.
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Figure 2. Grain size distributions of the soil tested: soils 1 and 2; soil 6.

At the laboratory, the soil specimens of soils 1 and 2 were subjected to simple controlled
paths of evaporation and wetting; in particular, the wetting phases were carried out step by step,
reaching quasi-steady conditions at the end of each step. On the contrary, soil 6, which filled the
lysimeter, was exposed to the atmosphere and, thus, subjected to transient and not artificially imposed
boundary conditions.

The main features concerning the size of the sample tested and the method adopted to determine
the hydraulic behavior are summarized in Table 1.
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2.2. Investigation at the Small Scale: Laboratory Test

The investigation at the small scale involved soils 1 and 2 and consisted of a sequence of testing
phases: a constant head permeation test, a forced evaporation test followed by several wetting–drying
cycles and, finally, a drying test in a pressure plate apparatus. The soil specimen was 6 cm in height
and 7.2 cm in diameter.

The forced evaporation, along with the wetting and drying cycles, was carried out in a ku-pf
MP10 apparatus (Umwelt-Geräte-Technik GmbH, Müncheberg, Germany) (Figure 1c). The equipment
consists of a star-shaped sampler changer. Each changer arm holds a metallic basket, in which the
specimen is laid, equipped with two mini-tensiometers connected to a conditioning unit (in which
matric suction measurement resolution is 0.01 kPa). After saturation and the permeability test,
the specimen was installed in the baskets. A plastic paraffin film (Parafilm M) was fixed at the bottom
of the specimen to prevent water evaporation and drainage using the O-ring of the base support.
Additionally, at the upper part of the specimen, cling film, as well as a metallic cap, was added at the
start of the test to reach the hydrostatic conditions throughout the sample and during the wetting
phase after adding water to prevent evaporation. The basket was installed in a rotating changer arm
and was weighed every 10 min on a precision scale with a resolution of 0.01 g to register variations
in water content. The maximum value of matric suction measured by the mini-tensiometer was
90 kPa. More details about the ku-pf MP10 apparatus are reported in Nicotera et al. [19], where the
experimental procedure to perform and to interpret the evaporation tests are extensively discussed.
Here, the research was extended to wetting paths.

Evaporation and imbibition processes were recorded in the ku-pf apparatus during the cycles
of drying and wetting phases. In the drying phase, the water was allowed to evaporate from the
upper surface of the specimen. The evaporation was initiated by removing the top sealing cap and the
cling film from the specimen once a hydrostatic pressure distribution, detected via mini-tensiometers,
had been reached. The wetting phase consisted of repeatedly pouring a fixed quantity of distilled
water onto the top surface of the specimen and allowing it to infiltrate and redistribute within the soil.
The top cap and cling film were removed while water was poured, but they were replaced immediately
after, during infiltration and redistribution, to prevent water evaporation. If the matric suction values
measured by both tensiometers exceeded 15 kPa, 5 g (equivalent water layer thickness of 0.12 cm) of
water was applied to the top of the specimen. However, in order to obtain more refined data near the
air-entry value (AEV) of the SWRC, 3 g (equivalent water layer thickness of 0.07 cm) of water instead
of 5 was added. Each new wetting step was initiated after the measured matric suction indicated
that a hydrostatic pore water pressure distribution was reached. Each wetting step lasted for at least
two hours.

It is useful to point out that the procedure discussed in this study does not measure the soil
volume variation. It is well known that some soil types undergo volume changes due to the suction
variation during the SWRC test, such as expansive and collapsible soils. In these cases, it is essential
that such changes in the void ratio are taken into account to properly determine the SWRC in terms of
the degree of saturation and volumetric water content, as stated by many authors [21–29].

However, previous experimental studies (oedometer tests in natural conditions and at full
saturation) have demonstrated that (i) the topsoil of the test site (soils 1 and 2) is over-consolidated and,
thus, quite rigid: in fact, it is frequently subjected to large changes in suction due to the interaction
between the atmosphere and soils; and (ii) the volume changes due to water content variations
(resetting matric suction to zero) in pyroclastic soils of this region are nonsignificant [30,31].

2.3. Investigation at the Medium Scale: Lysimeter

The measurements of matric suction and volumetric water content from the monitoring of a
physical prototype were used to investigate the hydraulic soil behavior at the medium scale.

The physical prototype consists of a lysimeter, a tank (1.15 × 1.15 × 0.75 m) made of 3 cm thick
wooden boards containing a pyroclastic soil layer of 1 m3. It was exposed to the atmosphere at a site in
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Napoli (Italy). The pyroclastic soil is a silty sand sampled from the Monteforte Irpino test site at a
depth of 3.30 from the ground surface (i.e., soil 6). The finest component of such a soil (silt with some
clay) is non-plastic due to the absence of active minerals. Grain size distribution and field porosity of
such a silty sand are very similar to those of other mantling Campanian slopes, including those of
Nocera Inferiore (Lattari Mts.), which was involved in a rainfall-induced landslide in 2005 [32].

Operationally, the layer was reconstituted in the tank using dry pluvial deposition. The aim
was to return a low soil density comparable to those retrievable in situ [33]. Oven-dried material
was placed within the tank by using a filling funnel perpendicularly and slowly moved to the soil
surface. A constant fall height (space between funnel and soil surface) was maintained and limited,
while the diameter of the rigid tube (8 cm) ensured high deposition intensity. Both measures permit
the attainment of high final soil porosities (about 70%). Since its deposition (May 2010), the layer has
been exposed to the atmosphere for ten hydrological years (Figure 1d).

During the timespan of September 2010–August 2014 (four hydrological years), the layer surface
was bare. Then, at the end of the fourth hydrological year (beginning of September), the layer surface
was sown with a gramineous grass (a mix of Lolium Perenne, Festuca Rubra and Poa Pratensis) to
thoroughly investigate the effect of transpiration on the soil hydrological response. This condition was
maintained up to January 2020.

At the lysimeter boundaries, different conditions act at:

• the uppermost surface, where there are inward (rainfall infiltration) and outward (evaporation)
water flows due to the interaction between the atmosphere and topsoil; both flows were monitored
by regularly weighing the tank through three load cells that were used to quantify water storage
changes, which, in turn, corresponded to rainfall infiltration amounts during periods without
drainage and actual evaporation during periods without drainage or rainfall;

• the bottom, where there is a seepage surface due to the capillary barrier effect regulated by a
geotextile interposed between the layer and the holed tank base; the seepage surface behaves as
an impervious surface, while negative pore water pressures act near the surface and as a free
draining surface otherwise; in this regard, the experimental results can be retrieved in [34]; and

• the lateral faces, where surfaces are impervious to water flow.

In addition to the load cells, the lysimeter was also instrumented to record the main weather
variables (rainfall, air temperature, air relative humidity, and wind velocity and direction), some physical
variables relating to energy balance at the soil–atmosphere interface (solar and net radiation, soil heat
flux) and hydrological and thermal variables (matric suction, volumetric water content and temperature)
within the layer. As for the last variable type, matric suction, volumetric water content, and temperature
were monitored at four depths (15, 30, 50, 70 cm) separately through jet-fill, TDR probes, and thermistors
(temperature was also monitored at 5 cm) (Figure 1d).

All measurements were collected through two CR1000 control units from Campbell Scientific
(Logan, Utah, USA) with a frequency between 20 s (e.g., load cells) and 15 min (e.g., weather variables).
Jet-fill tensiometers and TDR probes were collected at a frequency of 5 min. All measurements were
processed at an hourly scale. Load cell measurements were processed using a trimmed mean (25th–75th
percentiles) to avoid any outliers attributable to experimental errors.

The main results of monitoring performed over several years are reported in Reference [13–16].
In this work, measurements collected over the first four hydrological years are accounted for.

2.4. Modeling Methods

The experimental paths detected in the soil water retention plane were modeled using the
hysteretic model proposed by Lenhard et al. (1991) [35] as a special case for two fluids defined by the
Lenhard and Parker [36] and Parker and Lenhard (1987) [17] models, here indicated as the LP model.

The approach shapes the main drying and wetting branches of the SWRC by adopting the van
Genuchten [18] equation, but each branch is characterized by its own fitting parameters, reported in
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Equations (1) and (2). The choice of the van Genuchten equation is supported by the good fit of the
main drying curves determined in the lab on soils, and those tested here are similar to those obtained
by Nicotera et al. [19] and Dias [37]. However, the model based on further modifications of the van
Genuchten equation [38,39] could provide more reliable predictions of hydraulic conductivity function,
but, unfortunately, there are no available measurements of unsaturated conductivity on these soils.

In Equations (1) and (2), the superscripts d and w refer to the main drying and main wetting
curves, respectively, θ is the volumetric water content, and s is the matric suction. However, the PL
model reduces the number of these parameters by relying on the assumptions that the residual water
content θr and coefficient n of these two curves are the same (θd

r = θw
r = θr; nd = nw = nv), while values

of the saturated volumetric water content θs and coefficient a are potentially considered to be different
(with θd

s being higher than or equal to θw
s , and ad being less than or equal to aw), also accounting for

the effect of the air entrapped that may occur during the wetting process when zero matric suction is
drawn in conditions with less than full saturation.

θ(s) = θr +
θd

s − θr[
1 + (αds)nv

](1− 1
nv )

, (1)

θ(s) = θr +
θw

s − θr[
1 + (αws)nv

](1− 1
nv )

. (2)

The scanning paths were scaled from the main branches following the method presented by Parker
and Lenhard [17]. Compared with other models based on a scaling procedure [40,41], this model
allows for the prevention of artificial pumping errors, 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 [42].
This is avoided in the model by collecting all the reversal points experienced by the soil. Preserving
the “memory” of the various wetting–drying cycles to which the sample has been subjected allows
paths to draw closed scanning loops. The LP model adopts the Land approach [43] for estimation of
the air entrapment effect for two different water contents at saturation: one for the main drying (θd

s )
curve and another one for the main wetting (θw

s ) curve.
The hydraulic conductivity function (HCF) is described by Equation (3) [18,44], where K(s) is the

soil hydraulic conductivity, and l and m are fitting parameters, in which m = 1− 1/nv, S is the effective
degree of saturation (Equation (4)), and Ksat is the saturated hydraulic conductivity.

K(s) = KsatSl
(
1−

(
1− S1/m

)m)2
, (3)

S =
θ− θr

θd
s − θr

. (4)

Similarly, to account for air entrapment, this formulation for HCF was modified by Lenhard and
Parker [36]. The model adopted here considers hysteresis in K(s), not in K(θ).

The LP model was implemented in the software HYDRUS-1D, which numerically solves [45] the
Richards’ equation using standard Galerkin-type linear finite element schemes. The code is able to
simulate the water movement in one-dimensional variably saturated media. Therefore, the fitting
of experimental data of the hysteretic model was carried out by means of inverse analysis operating
in two phases because of the large number of parameters. The first phase involved the parameter
vector

(
θd

s , θr, αd, n, l
)

associated with the main drying branch; the second phase was treated with
the parameter vector (θw

s , αw) associated with the main wetting branch. The inverse analysis was
carried out using the software HYDRUS-1D, in which the objective function used to fit the data was
minimized using the Levenberg–Marquardt nonlinear minimization method [46].

In the following two subsections, the conditions imposed on the model for fitting the experimental
data from laboratory tests and from the physical prototype, respectively, are described in depth.
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2.4.1. Fitting of the Experimental Data from Laboratory Tests

The fitting of the main drying curve followed the procedure defined by Nicotera et al. [19],
after some modifications. The initial condition was fixed as the hydrostatic pressure distribution
estimated from initial suction measurements (Figure 3a). The water flow occurring within the specimen
was vertical, with a null flux at the bottom and an upward flux at the upper boundary equal to the
weight change in the specimen in the given time range. Data sets and respective weights in the
objective function were composed of (i) matric suction measurements at the tensiometers during the
monitoring time, with a weight of 1; (ii) the pair (s,θ) obtained from the pressure plate, with a weight
of 5; and (iii) the pair (s,θ) corresponding to the AEV, with a weight of 5. The AEV was roughly
identified as the point of maximum curvature on the WRC curve, obtained by coupling the mean
measured matric suction to the average water content estimated by the measured variation in the
soil weight during the evaporation test. The initial estimation and range of variation in the fitting
parameters were set to those suggested by Nicotera et al. [19]. Parameters l, n, and θr are the same for
both branches [36].Geosciences 2020, 10, x FOR PEER REVIEW 9 of 27 
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specimen (Section 2.4.1); (b) lysimeters (Section 2.4.2).

Regarding the wetting branch, the fitted parameters were θw
s and αw only. The parameter θw

s was
allowed to vary between 0 and θd

s , and αw varied between 0 and 100 kPa−1. Initial estimation of the
parameter θw

s was obtained from the experimental SWRC, observing the final point of the wetting
path; the initial values of αw were assumed to be equal to 2αd. The boundary conditions adopted for
the wetting phase reproduced the variations in water content in the specimen by imposing constant
fluxes of water at the upper boundary (Figure 3a). Each wetting step consisted of initial imbibition
for a short time range (10 min), producing an increase in sample weight as a result of adding water.
The water flow during the equalization time was estimated from variations in water content in intervals
of approximately 40 min. At the lower boundary, there was a null flux of water (Figure 3a). The data
set was composed of the monitored matric suction at both tensiometers. All data points were affected
by the same weight, which is equal to 1 in the objective function.
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2.4.2. Fitting of the Experimental Data from the Physical Prototype

The suction–water content pairs measured during the monitoring period (2010–2014) were
adopted to characterize soil 6 through the PL model [16]. The quantification of the seven parameters(
θd

s , θw
s , θr, αd,αw, nv, l

)
was carried out according to the following:

(1) θd
s , θr, αd, nv were obtained by the experimental main drying curve determined by

Nicotera et al. [19];
(2) l was assumed to be 0.5; and
(3) θw

s , αw were determined by numerically interpreting data recorded during the first year in the
bare soil and were validated through the data collected in the remaining three years.

To estimate the parameters, the computational domain (Figure 3b) was fixed with respect to the
soil layer included between the depths of 30 and 70 cm. Then, the suctions monitored at 30 and 70 cm
acted as boundary conditions (Figure 3b), while the matric suction–volumetric water content pairs
recorded at a depth of 50 cm worked as control points in the objective function. The initial condition
was defined according to the three monitored suction points at 30, 50, and 70 cm. Regarding the
parameters to be fitted, (θw

s , αw) were allowed to vary within (θrθd
s ) and (ad10ad ), respectively. As the

initial estimation, θw
s was assumed to be 0.7 θd

s , while aw was defined as 2 ad.

3. Results

3.1. Investigation at the Small Scale: Laboratory Test

In Table 2, the experimental tests performed in the laboratory on soils 1 and 2 are summarized.
In particular, seven tests were carried out: four tests on soil 1 (A–D) and three tests on soil 2 (E–G).
The tests consisted of the following phases: (i) saturation and measurements of saturated conductivity
in the permeameter; (ii) main drying, paths 1–2, obtained by imposing forced evaporation on an initially
saturated soil core positioned in a ku-pF apparatus up to a maximum matric suction value of 70 kPa;
(iii) a wetting–drying cycle, paths 2–4 (on soil 1) and paths 2–6 (on soil 2), obtained by progressively
wetting the same soil core (by sprinkling water on the top of the sample sealed on the other sides and
waiting for matric suction equalization) and then drying it again; and (iv) drying test in the Richard
Plate to determine the residual soil conditions, paths 4–5 (on soil 1) and 6–7 (on soil 2). In this way,
there was an attempt to reproduce in the laboratory the upper boundary condition occurring on-site,
i.e., rainwater infiltration from the ground surface. In Table 2, the final values of matric suction and
volumetric water content reached at the end of each phase are also reported. Furthermore, the number
of stages through which the drying and wetting process is accomplished is also reported.

In Figure 4, the results of tests A and F in the ku-pF apparatus are presented as representatives
of the observations made in all the tests. The specimen of soil 1 was subjected to two drying phases
and one wetting phase (one cycle) (Figure 4a), while the specimen of soil 2 underwent three drying
and two wetting phases (two cycles) (Figure 4b). Matric suction increased during the drying phase,
while the soil weight, and thus the water content, decreased. The wetting phase consisted of a sequence
of steps initiated by an abrupt increase in water content, which resulted in a sudden drop in the
matric suction measured by the top tensiometer. The pressure distribution within the soil then tended
toward a steady hydrostatic condition, in which the matric suction measured by the top tensiometer
should be approximately 0.3 kPa higher than that measured by the bottom tensiometer. The weight
of the sample during each wetting step remained constant; obviously, the water content distribution
was not uniform within the soil. Matric suction values obtained by inverse analyses overlap with
the measurements in Figure 4a,b. The LP model satisfactorily reproduced the cycles determined
experimentally: the calculated values were in good agreement with the experimental data (Figure 4a,b).
Therefore, the LP model satisfactorily reproduced the cycles determined experimentally.
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Table 2. Tests carried out in the laboratory: saturation, evaporation, wetting, and drying cycles.

Experimental Data

Soil Test Porosity Phase Final State

# N # n Step◦ s (kPa) Theta

0–1 saturation 0.3 0.58
1–2 evaporation 44.7 0.24

1 A 0.63 2–3 wetting 17 0.5 0.54
3–4 evaporation 16.6 0.33
4–5 drying 1000.0 0.18

0–1 saturation 0.8 0.59
1–2 evaporation 39.0 0.25

1 B 0.64 2–3 wetting 17 1.4 0.52
3–4 evaporation 14.8 0.33
4–5 drying 1000.0 0.16

0–1 saturation 1.7 0.58
1–2 evaporation 41.1 0.31

1 C 0.68 2–3 wetting 18 1.71 0.57
3–4 evaporation 22.3 0.37
4–5 drying 1000.0 0.20

0–1 saturation 0.8 0.63
1–2 evaporation 45.0 0.31

1 D 0.67 2–3 wetting 18 0.6 0.60
3–4 evaporation 21.89 0.38
4–5 drying 1000.0 0.22

0–1 saturation 0.6 0.58
1–2 evaporation 57.0 0.28

2 E 0.71 2–3 wetting 31 1.0 0.56
3–4 evaporation 56.0 0.29
4–5 wetting 0.6 0.57
5–6 evaporation 58.1 0.28
6–7 drying 1000.0 0.18

0–1 saturation 0.8 0.62
1–2 evaporation 61.8 0.29

2 F 0.72 2–3 wetting 38 0.5 0.60
3–4 evaporation 57.0 0.29
4–5 wetting 0.5 0.60
5–6 evaporation 58.0 0.29
6–7 drying 1000 0.20

0–1 saturation 2.4 0.56
1–2 evaporation 46.9 0.29

2 G 0.64 2–3 wetting 31 0.7 0.57
3–4 evaporation 58.2 0.27
4–5 wetting 0.7 0.56
5–6 evaporation 54.9 0.27
6–7 drying 1000.0 0.12

The arithmetic mean of the two measurements of matric suction coupled to the average water
content of the whole soil sample is reported in Figure 5a–d. This is an approximate interpretation of
data used to construct SWRCs; in fact, spatial variations in water content and in matric suction inside
the sample are not taken into account. These results point out that (i) the hysteresis of the second and
third cycle is lower than that of the first; (ii) the matric suction value corresponding to the knee on the
wetting path is lower than that on the main drying curve (entry-air suction); and (iii) the amount of
entrapped air can be estimated by observing the difference in the maximum volumetric water content
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measured along the main drying path and reached at the end secondary wetting path. It seems to be
significant in soil 1 (Figure 5a,b; Table 2) and low or negligible in soil 2 (Figure 5c,d; Table 2).
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The fitted main drying and main wetting of SWRCs predicted by the model are also reported in
Figure 5a–d. It is evident that the curve that models the main drying fits the experimental data from the
first drying, and all the experimental cycles are included in the main loop. Indeed, the inverse analysis
provided the parameters of the main wetting curve, which allowed the fitting of the experimental
cycles to have a very high value of the coefficient of determination, R2 (Table 3).

Table 3. Values of Mualem–van Genuchten model parameters of the main drying and main wetting
curves derived via inverse analysis of all soils tested.

Soil Test Ksat ϑd
s ϑr αd n l ϑw

s αw R2

m/s kPa−1 kPa−1

1 A 5.56·× 10−6 0.575 0.027 0.108 1.600 −0.500 0.526 0.250 0.994
1 B 5.56·× 10−6 0.600 0.033 0.180 1.500 −0.500 0.520 0.240 0.990
1 C 4.28·× 10−6 0.600 0.200 0.105 1.860 −0.500 0.560 0.180 0.994
1 D 4.65·× 10−6 0.650 0.107 0.134 1.450 1.000 0.570 0.200 0.994

mean 5.0·× 10−6 0.61 0.09 0.13 1.60 −0.1 0.5 0.22 0.99

std 6.5·× 10−7 0.03 0.08 0.03 0.18 0.75 0.02 0.03

2 E 5.53·× 10−6 0.589 0.19 0.095 1.8 1 0.58 0.2 0.705
2 F 5.60·× 10−6 0.615 0.173 0.13 1.6 1 0.58 0.25 0.963
2 G 9.72·× 10−7 0.59 0.103 0.099 1.59 1 0.57 0.18 0.945

mean 4.0·× 10−6 0.60 0.16 0.11 1.66 1.0 0.8 0.21 0.87

std 2.6·× 10−6 0.01 0.05 0.02 0.12 0.00 0.01 0.04

6 Year 1 1.0·× 10−6 0.68 0.26 0.07 1.90 0.50 0.63 0.10 0.99

The Mualem–van Genuchten model parameters, as derived from the results of the optimization
process of the first evaporation phase and then of the cycles, are reported in Table 3. The coefficient of
determination (R2) ranges between 0.99 and 0.70. Soils 1 and 2 behave like coarse-grained materials,
and the AEV ranges from 2 kPa to 6 kPa (αd varies between 0.11 and 0.13 kPa−1). In order to check
the reliability of the AEV, these values were compared with those detected on the gravimetric water
content–suction plane by following the procedure suggested by Pasha et al. [29]. This procedure is able
to minimize the possibility of missing or misrepresenting the location of the AEV without the need for
measuring the volume change of the sample during the SWRC test. The values of the AEV identified
according to Reference [29], which are not reported here for the sake of brevity, are very close (1 kPa
higher at maximum) to those obtained by fitting the data through the Mualem–van Genuchten model
on the volumetric water content–suction plane. The residual volumetric water content (θr) ranges
between approximately 0.03 and 0.20 in soil 1 and between 0.10 and 0.20 in soil 2. The volumetric
water content at saturation (θsd) is 0.60–0.61 on average in soil 1 and soil 2, respectively. The value of
parameter nv, which affects the slope of the SWRC, varies from 1.40 to 1.80; parameter l ranges from
−1 up to 1 in both the soils. The values of the parameters used for modeling the main drying curve
agree with those obtained by Nicotera et al. [19], who tested several soil specimens sampled from the
same layer (soils 1 and 2).

Regarding the main wetting curve, the parameter θw
s is lower on average in soil 1 than in soil 2.

The (θw
s )⁄( θd

s ) ratio, which is an indicator of the fraction of entrapped air in the subsoil, varies from
0.85 to 0.98. The range of this ratio agrees with those reported in the literature for pyroclastic layers
in other geological contexts in Campania: 0.72–0.95 [47,48]. However, the air volume that remains
entrapped in the voids during the wetting process depends on a multiplicity of factors, such as pore
size distribution, history of drying and wetting cycles, and water supply rate.

Soils 1 and 2 present a higher mean value of αw in the wetting branch with respect to the drying
branch, as expected. The αw⁄αd ratio varies from 1.50 to 2.4 (Table 3), a range in agreement with that
reported by Kool and Parker [41], which is 2.08 ± 0.46 on average.



Geosciences 2020, 10, 320 13 of 25

3.2. Investigation at the Medium Scale: Lysimeter

Figure 6 shows measured against predicted matric suctions and volumetric water contents at
50 cm for both the calibration stage (the first hydrological year, Figure 6a) and validation (the remaining
three hydrological years, Figure 6b–d).
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Figure 6. Results for soil 6 through monitoring by the lysimeter (medium scale). Experimental
measurements of matric suction and volumetric water content at 50 cm (symbols) compared to the
calculated values (continuous lines) by the model over time for soil 6 over the (a) first, (b) second,
(c) third, and (d) fourth hydrological year of physical model monitoring. The first year was used for
calibration, and the others were used for validation.

Regarding suction and water content measurements, it is noteworthy that, at each depth,
the tensiometer and TDR probe (installed horizontally) were placed side by side. Nonetheless,
the intrinsic differences between the two sensors, which, respectively, capture the response of a small
vertical cylindrical soil volume (the tensiometer is 5 cm long and 2 cm wide) and of a larger roughly
cylindrical horizontal volume (the TDR probe is 30 cm long), should be considered. The first sensor
captures a local value, while the second probe measures an integral soil response. Finally, tensiometer
measurements could be affected by a time-lag, depending on the hydraulic conductivity of the soil,
while the time-lag could play a minor role for TDR probes. However, this last difference is usually
considered negligible [49,50]. These considerations suggest critically assessing the exact values of the
data, particularly if rapid variations are observed. In order to cope with such limitations, the analysis
accounted for only measurements on a daily scale.

During the four hydrological years, the lysimeter was exposed to a variety of wetting and drying
histories driven by the weather forcing evolutions typical of the Mediterranean area. Specifically,
(1) precipitation patterns were characterized by rainy periods in autumn, winter, and early spring,
and cumulative values decreased in the later spring and the summer months; and (2) temperature
patterns were characterized by a decreasing trend from autumn to early winter, fluctuations around
the lowest values occurred in winter, and a progressive increase that occurred up to a peak in summer.

Suction and volumetric water content measurements accounted for this seasonality of weather
forcing. Regarding suction evolution, from late autumn to early spring, suction ranged from 20 to
4–5 kPa, with the lowest values occurring in winter. During the transition from the dry to the wet season
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(April–June), and vice versa (October–November), suction ranged from 10 to about 50–60 kPa. During
the dry periods (July–August–September), suction values rose above the Jet-fill’s full scale (70–80 kPa).
The water content trends have patterns that are fully consistent with the suction trend, with the highest
values occurring in winter. The range of variation is between 0.35 and 0.65. In general, the monitoring
activity distinctly highlighted a peculiar history of experimental scanning paths throughout the
investigated hydrological years, and most are well interpreted by the performed numerical analyses,
either in wetting or in drying phases.

Figure 7 shows measured pairs of matric suction and volumetric water content at 50 cm in the
SWRC plane. The figure also plots the main drying curve and main wetting curve determined by the
calibration procedure (from the inverse analysis of the first hydrological year). The paths in part follow
the main drying and wetting curves, the former during the calibration stage (Figure 7a) and the latter
during the validation stage (Figure 7b,d). On the other hand, all pairs of experimental points fall in
between the two main curves. From this perspective, it should be noted that most experimental paths
cannot be uniquely recognized as the main drying or wetting curves, and the scanning curve’s slope
seems to be slightly affected by the initial state and wetting/drying direction [47].Geosciences 2020, 10, x FOR PEER REVIEW 15 of 27 
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Figure 7. Results for soil 6 through monitoring by the lysimeter (medium scale). The main loop
obtained from the inverse analysis of the first hydrological year (main drying and main wetting)
overlaps with the experimental data recorded during the physical model monitoring over the (a) first,
(b) second, (c) third, and(d) fourth hydrological year.

By enlarging the scale and looking at pairs of matric suction and volumetric water content to
investigate hysteresis loops starting from different initial soil states (Figure 8), it should be noted
that close hysteresis loops feature a limited internal hysteresis (Figure 8a,b) passing, in each case,
through the reversal points (A~C), as stated by the LP model.
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Table 3 lists the Mualem–van Genuchten model parameters for soil 6, as carried out from the
results of the optimization process of the first hydrological year [32]. Soil 6 features an intermediate
behavior between coarse-grained and fine-grained materials. Its air-entry value (AEV) is about 15 kPa
(αd = 0.07 kPa−1), while the αw⁄αd ratio is 1.48 (Table 3), in line with the values reported by Kool and
Parker [41]. Values of the (θw

s )⁄( θd
s ) ratio (~0.92) reveal the presence of some entrapped air in the

subsoil, in agreement with those reported in the literature for pyroclastic layers in other Campanian
geological contexts (0.72–0.95) [48]. The estimation of the parameter θw

s is also supported by the results
of a full saturation test performed at the end of the fourth hydrological year (August 2014) for bare soil.

This saturation test was carried out by imposing on the exposed surface a water film acting as
a zero-pressure condition, as long as the variations in weight due to surface water ponding were
considered negligible. At the time of the start of the test, the matric suction values recorded in the layer
were about 40–45 kPa. Figure 9 plots the pairs of matric suction–volumetric water content recorded
at a depth of 50 cm. In this case, measurements were taken every 15 min. The figure also plots the
main drying curve and main wetting curve, as well as the theoretical scanning wet paths carried out
by using Equation (2) for different initial suction levels on the main drying curve. The experimental
pairs run over the scanning wet paths, following the main wetting curve for matric suction values
lower than 10 kPa and confirming the effectiveness of the estimated θw

s .
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In general, satisfying results are achieved for the LP model (>0.95), while worse performances 
arise when considering the main drying and main wetting curves. 

Figure 9. Comparison between the main loop obtained from the inverse analysis (main drying and
main wetting) and the experimental data recorded during a full saturation test of the physical model
performed at the end of the fourth hydrological year. Gray lines represent the theoretical paths
determined by using Equation (2) for different initial suction levels on the main drying curve.

An overview of the capability of the hysteresis model of reproducing observed values is shown in
Figure 10 by comparing the development over time of matric suction measurements with predictions
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derived from observed water contents by taking hysteresis into account or ignoring it (in terms of main
drying/wetting curve).Geosciences 2020, 10, x FOR PEER REVIEW 17 of 27 
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Figure 10. Evolution of matric suction measurements and theoretical predictions derived from
water content measurements by using the LP model, main drying curve, and main wetting curve
over 2010–2014.

This comparison reveals the performance of the LP model in reproducing satisfactory soil state
variables related to slope stability and water stress in crops. The errors caused by ignoring hysteresis and
the reduction of these errors by adopting the LP hysteresis model can also be appreciated quantitatively
by evaluating the goodness of fit for matric suction via the Nash–Sutcliffe Efficiency (NSE [51]) and
Kling–Gupta Efficiency (KGE [52]) indices (see Table 4). Briefly, NSE is defined as

NSE =

∑T
t=1(Vsim (t) −Vobs (t))

2∑T
t=1

(
Vobs −Vobs (t)

)2 , (5)

where Vobs (t) and Vsim (t), respectively, represent the observed and simulated values at time t,
while Vobs represents the mean observed value. Values less than (equal to) zero indicate that the model
is a worse (equivalent) predictor than the mean of the observations. The unit value indicates a perfect
match between the model and observations. KGE is defined as

KGE = 1−

√
(r− 1)2 +

(
σsim
σobs
− 1

)2

+

(
µsim

µobs
− 1

)2

, (6)

where r represents the linear correlation between observations and simulations, σ is the standard
deviation, and µ is the mean value. In this case, the unit value also represents a perfect match, while the
distinction between “good” and “bad” performances is highly debated in the literature [53].

Table 4. Values of Nash–Sutcliffe Efficiency (NSE) and Kling–Gupta Efficiency (KGE) for predictions
via the LP hysteresis model, main drying, and main wetting curves.

NSE KGE

Hysteresis Main Drying Main Wetting Hysteresis Main Drying Main Wetting

0.99 0.82 0.78 0.97 0.67 0.61

In general, satisfying results are achieved for the LP model (>0.95), while worse performances
arise when considering the main drying and main wetting curves.
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4. Discussion

4.1. Comparison between the LP Parameters Determined at Small/Medium Scales

In this section, a comparison between the model parameters determined for soils 1, 2, and 6 is
carried out. By looking at the parameters of the LP model in Table 3, soil 1 and soil 2 are characterized
by similar values of θd

s , αd, αw, and nv, with a value of l ranging between 0.5 and 1, probably due to
an overlapping grain size distribution and some similarity in soil porosity. The mean value of θw

s
is different; however, in both cases, the ratio between θw

s and soil porosity is in the range 0.83–0.84.
The mean value of θd

s , nv and αd for soil 6 are higher and lower than those obtained for soil 1 and soil 2,
respectively. This is probably due to the higher fraction of fine soil and the higher porosity of soil 6
with respect to soil 1 and soil 2. For all the soils, the parameter values obtained by fitting the main
wetting curve, θw

s and αw, can be related, respectively, to porosity (coinciding with θd
s if the soil starts

from full saturation) and to the value of αd fitted along the main drying curve.
A hysteresis factor was also analytically quantified through the effective hysteresis indicator

proposed by Gebrenegus and Ghezzehei [54], which computes the maximum deviation in effective
saturation, (Se = (θ − θr)/(θs − θr)), between the two main curves. The computed value of this quantity
is compared in Figure 11, with a cloud of experimental points provided by literature data from a wide
spectrum of soils with different pore size distributions [55,56]. The points determined for soil 1, soil 2,
and soil 6 are very close to one other and fall inside the cloud, indicating an intermediate behavior due
to an intermediate pore size distribution (see Figure 2).
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Figure 11. Hysteresis factor as a function of the parameter nv of the Van Genuchten model. Hollow circles
represent data provided by literature datasets, and filled-in symbols were values calculated in the
present investigation.

4.2. Reliability of the Hydraulic Characterization Determined at Small/Medium Scales

In this section, a comparison between the main loop estimated by experimental data and the path
detected by in situ measurements is carried out on the soil water retention plane in order to obtain
an indication of the ability of the small- and medium-scale investigations to capture the hydraulic
behavior actually observed in the field.

Field paths identified by coupling measurements of matric suction and volumetric water content
collected at the same depth in soils 1, 2 and 6 every week over four years (2008–2012) are reported on
the water retention plane in Figures 12–14; in each of these figures, there are also four enlargements
of the water retention plane in which only data relating to a particular year of observation are
shown (Figures 12b–e,g–l, 13b–d,g–l and 14b–d,g–l). The main loop obtained by inverse analyses
(black continuous and black dotted lines) and the secondary wetting paths (gray dotted lines)
determined by applying the LP model starting from different points on the main drying curve is also
represented in Figures 12a,f, 13a,f, and 14a,f. In particular, the main loop was determined by adopting
the mean values of fitting parameters for each soil (Table 3) in Equations (1) and (2).
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modeled at small/medium scales can be drawn for all investigated soils: 

1. Field paths are always distributed below the main drying curve determined by experimental 
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Figure 12. Pairs of matric suction and water content measurements collected at the site in soil 1 along
verticals (a) 3B and (f) 6B compared to the main loop (continuous and dotted black lines) and to the
secondary wetting paths starting from different points on the main drying curve (gray dotted lines).
Field paths grouped by year and detected at vertical 3B (b–e) and at vertical 6B (g–l) compared to
experimental path measured in the lab (test A).

By looking at Figures 12a,f, 13a,f, and 14a,f, the field paths detected in soil 1 and soil 2 cover a
wider range of matric suction (between 2 kPa and 80 kPa), while those in soil 6 range between 3 kPa
and 30 kPa. This is due to the different depths of installation from the ground surface.

The field paths look like scanning paths; the hysteresis can be clearly observed in the surficial soils
only during the second year (May 2009–May 2010) by looking at paths 3–4 in Figure 12c,h. However,
it is not possible to exactly follow the path due to the measurement frequency (one measurement
per week), but it is clear that point 3 and point 4 are located on two different scanning curves. Then,
the field paths identified in soil 1 very closely follow the cycles simulated in the lab, starting from the
same initial point located on the main drying curve (see Figure 12b–e,g–l). Similar conclusions can be
drawn by looking at the field paths identified in soil 6 and reported in Figure 14a–d for measurements
collected along vertical 2B.



Geosciences 2020, 10, 320 19 of 25

Geosciences 2020, 10, x FOR PEER REVIEW 20 of 27 

 

 
Figure 13. Pairs of matric suction and water content measurements collected at the site in soil 2 along 
verticals (a) 1B and (f) 6B compared to the main loop (continuous and dotted black lines) and to the 
secondary wetting paths starting from different points on the main drying curve (gray dotted lines). 
Field paths grouped by year and detected at vertical 1B (b)–(e) and at vertical 6B (g)–(l) compared to 
experimental path measured in the lab (test F). 

Figure 13. Pairs of matric suction and water content measurements collected at the site in soil 2 along
verticals (a) 1B and (f) 6B compared to the main loop (continuous and dotted black lines) and to the
secondary wetting paths starting from different points on the main drying curve (gray dotted lines).
Field paths grouped by year and detected at vertical 1B (b–d) and at vertical 6B (g–l) compared to
experimental path measured in the lab (test F).

More generally, some conclusions from the comparison between paths from the field and those
modeled at small/medium scales can be drawn for all investigated soils:

1. Field paths are always distributed below the main drying curve determined by experimental
investigation at small/medium scales (Figures 12a,f, 13a,f, and 14a,f);

2. Field paths mainly match the slope of the scanning paths determined by the LP model
(see Figures 12b–e, 13g–l, and 14b–d);

3. Field paths, in some cases, exit the main loop determined at small/medium scales for suction
below 10 kPa (see Figures 12g–l, 13b–d,g–l, and 14g–l); in other cases, they are included entirely
in the loop (see Figures 12b–e and 14b–d).

Therefore, field and lab/lysimeter curves may be considered to be part of similar hysteresis loops,
which differ according to the wetting procedure and history of wetting and drying phases. Therefore,
scanning paths occurring at the site during wetting–drying cycles were quite well reproduced in both
the physical prototype and soil specimen, at least up to 10 kPa.
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Figure 14. Pairs of matric suction and water content measurements collected at site in soil 6 along
verticals (a) 2B and (f) 5B compared to the main loop (continuous and dotted black lines) and to the
secondary wetting paths starting from different points on main drying curve (gray dotted lines). Field
paths grouped by year and detected at vertical 2B (b–d) and at vertical 5B (g–l) compared to the
experimental path measured in the physical model during the third monitoring year.

The observed differences between the field and lab/lysimeter results in the soil water retention
plane, especially for matric suction lower than about 10 kPa, can be attributed to several factors, such as
the discrepancy in the porosity among the soil volumes investigated at different scales, the size of the
analyzed sample, and the ‘dynamic’ effects. The last one is associated with the apparent dependence
of soil hydraulic properties on the flow dynamics, and this means that some difference in the SWRC
can be observed for the same soil sample depending on the actual relative water flow velocity with
respect to the solid skeleton and on the rate of variation in the saturation degree. The dynamic
nonequilibrium of water flow in porous media is related to numerous phenomena, for instance,
non-negligible resistance of air flow at high water saturation, microscopic redistribution of water and
air phases, and local heterogeneities [9,10]. All these processes prevail in different suction ranges and on
different time scales, and the practical impossibility of observing and quantifying them independently
makes the modeling of water flow in porous media, including all aforementioned dynamic processes,
very complex. Explicit modeling of two-phase flow and formulation of a ‘dynamic’ SWRC are required;
some approaches for modeling dynamic nonequilibrium effects are reported in [9,10]. Nevertheless,
simple modeling approaches consisting of the Richards equation with a ‘steady’ SWRC are often chosen
for solving practical problems; for many years, these have been considered effective in treating these
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phenomena from a macroscopic point of view, especially due to the lack of experimental evidence
even from laboratory tests and to the difficulties in investigating the hydraulic hysteresis on site.

The amplitude of the hysteresis loop determined in the described tests is mainly related to the
model parameter θw

s , which is responsible for a loop that is so tight that it does not contain all paths
observed in situ for matric suction lower than 10 kPa. However, as the match between the experimental
data (from both the lab and lysimeter tests) and the results predicted by the LP model is very good
(high value of R2), we can assume that the LP model also executes a good optimization of the parameter
θw

s if soil samples are also subject to different natural and artificial imbibition paths with very different
infiltration rates or initial conditions. Summing up, even if the parameter θw

s is not ‘a soil characteristic
parameter’, the LP model is able to predict suction and water content in subsoils satisfactorily, at least
at the scale of the data used for the model calibration (lab and lysimeter tests). On the contrary, θw

s ,
as a result of the described fitting of the experimental data in the laboratory and from the lysimeter,
does not always reproduce the hydraulic behavior observed in the field at a high degree of saturation.
According to these considerations, the values of the parameter θw

s seem to be primarily affected by the
sample size and secondarily by the occurrence of the ‘dynamic effects’. The larger the modeled scale is,
the more precise the determination of θw

s could be.
In this regard, the values to assign to θw

s in the LP model so that the main loop includes all the
field paths were determined: 0.45 in soils 1 and 2; and 0.50 in soil 6. These values can be identified in
Figure 15a–c, where the main loop and secondary scanning lines modeled by the LP model by keeping
all the model parameters, apart from θw

s , equal to the mean values determined by fitting the lab and
lysimeter tests (Table 3) overlap with field data. These values correspond to a ratio, θw

s /n, of 0.66 in soil
1, 0.68 in soil 2, and 0.72 in soil 6, close to the lower boundary, 0.72, reported in the literature [48] for
this type of soil. In particular, some wetting paths measured at the site in soils 1, 2, and 6, chosen as
examples, are reported in the zoom of Figure 15a–c. These paths are fit well by the wetting scanning
lines (gray dotted lines) starting from the main drying at matric suction of 200 kPa for soil 1, of 250 kPa
for soil 2, and of 75 and 30 kPa for soil 6 (path A–B and A’–B’, respectively) predicted by the LP model.
The good agreement between the field wetting path and the secondary wetting curves of the LP model
can also be appreciated quantitatively by evaluating the goodness of fit for measurements of volumetric
water content at a fixed value of suction via Nash–Sutcliffe Efficiency (NSE [51]) and Kling–Gupta
Efficiency (KGE [52]) indices (see Table 5).

Table 5. Values of Nash–Sutcliffe Efficiency (NSE) and Kling–Gupta Efficiency (KGE) for predictions of
volumetric water content via the LP hysteresis model.

Material Path NSE KGE

Soil 1 A–B 0.99 0.94
Soil 2 A–B 0.97 0.89
Soil 6 A–B 0.99 0.98
Soil 6 A’–B’ 0.90 0.69

Therefore, when the field problem has to be modeled, inverse analyses should be carried out
on paths detected by field measurements if these are available. Otherwise, according to the findings
of this work, it is enough to use the model parameters determined by tests at small/medium scales
and to measure the value of θw

s in the field or to use a ratio of θ
w
s

n equal to 0.70, on average, as a
first approximation.
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Figure 15. Pairs of matric suction and water content measurements collected at the site in soils 1 (a),
2 (b), and 6 (c) compared to the main loop (continuous and dotted blue lines) and to the secondary
wetting paths starting from different points on the main drying curve (gray dotted lines) determined
by the LP model. Examples of wetting field paths (circular black symbols connected by black lines) that
overlap scanning wetting paths predicted by the LP model (gray dotted lines) are depicted in the zoom.

5. Conclusions

This paper reports the SWRCs for unsaturated pyroclastic soils obtained by using different
experimental methods: lab tests on small specimens (small scale) and full instrumented lysimeter
observations (medium scale). The values of parameters determined for all the soils agree with those
reported in the literature for pyroclastic soils belonging to the Campania Region [8,16,19,57–61]. For the
main wetting curve, the parameters θw

s and αw can be related, respectively, to porosity and to αd

values fitted along the main drying curve. The ratio between the value of θw
s and soil porosity, n,

ranges between 0.8 and 0.9, while αw⁄αd is between 1.5 (soil 6) and 2.4 (soils 1 and 2). The LP model
satisfactorily reproduces the hydraulic soil response at small and medium scales.

In order to test the reliability of the hydraulic characterization determined at small/medium scales
for modeling field problems, the main loop and secondary paths modeled for each tested soil were
compared to the path obtained by coupling field measurements of matric suction and volumetric
water content collected in the same soil layer. The major part of field paths matches the slope of the
scanning paths determined by the LP model and is included entirely in the loop. Some field paths
exit the main loop determined at small/medium scales for suction below 10 kPa, probably due to not
having the proper value of the parameter θw

s , indicating the amount of air entrapment. A proper
parameter’s assessment could require taking into account the sample size; then, a better estimation can
be performed only by exploiting in situ measurements. However, as a first approximation, a ratio of
θw

s
n equal to 0.70 could be adopted.

Summing up, scanning paths occurring at the site during wetting–drying cycles are quite well
reproduced in both the physical prototype and soil specimen, provided that the air entrapment value
is well known.
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