
Citation: Paronuzzi, P.; Fedrigo, D.;

Bolla, A. Rainfall Infiltration through

Stratified Colluvial Deposits:

Analytical Approach vs. Numerical

Modelling. Geosciences 2024, 14, 53.

https://doi.org/10.3390/

geosciences14020053

Academic Editor: Jesus

Martinez-Frias

Received: 10 January 2024

Revised: 8 February 2024

Accepted: 10 February 2024

Published: 15 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

geosciences

Article

Rainfall Infiltration through Stratified Colluvial Deposits:
Analytical Approach vs. Numerical Modelling
Paolo Paronuzzi 1 , Dario Fedrigo 2 and Alberto Bolla 1,*

1 Polytechnic Department of Engineering and Architecture, University of Udine, 33100 Udine, Italy;
paolo.paronuzzi@uniud.it

2 Alpe Engineering s.r.l., 33100 Udine, Italy; d.fedrigo@alpe-engineering.it
* Correspondence: alberto.bolla@uniud.it; Tel.: +39-0432-558738

Abstract: This work investigates the rainfall infiltration process within homogeneous and stratified
colluvial deposits caused by short (1–3 h) and intense (40–90 mm/h) rainfall, using both analytical
and numerical infiltration modelling. The findings of the investigation demonstrate that the classic
Green–Ampt model can be employed effectively to study homogeneous colluvial covers with per-
meability equal to or lower than kw = 10−5 m/s and that are subject to a 1 h rainfall with intensity
I ≥ 45–50 mm/h. In these circumstances, a top-down saturation front forms within the colluvial
deposit, leading to the saturation of a 70–100 cm-thick layer. This critical condition occurs every
5–10 years in the mountain area of the Friuli Venezia Giulia Region (NE Italy), which corresponds to
a lower return period of critical hydrologic events when compared with other mountain basins in the
Alps due to the higher initial degree of saturation characterising colluvial covers in this area (70–95%).
When analysing stratified colluvial covers, the Dagan–Bresler approximate model, as well as the
numerical modelling, emphasised the strong influence that abrupt variations in the permeability
of the various soil layers have on the infiltration process at depth. In particular, the presence of a
top organic soil horizon that is rich in macro-pores and is characterised by a higher permeability
(k = 10−4 m/s) actually reduces the possibility of surficial ponding, which is the basic condition of
the “piston” models. The highly permeable top soil allows for a rapid downward infiltration up to
contact with the underlying colluvial material, which is less permeable (k = 10−5 m/s). Therefore, a
perched water table forms starting from the organic soil–colluvium interface, originating pore–water
overpressures within the colluvial deposit, with maximum values in the order of 5–10 kPa.

Keywords: unsaturated soil; rainfall infiltration; Green–Ampt model; Dagan–Bresler model; colluvial
slope; rainfall-induced landslide

1. Introduction

In the mountain environment, colluvial deposits made up of highly heterogeneous
unconsolidated sediments ranging from clayey loam to rock fragments are widespread
at the toe of hillslopes [1–4]. These sediments have been deposited by rainwash, sheet
erosion, fluvio–glacial sedimentation, shallow landslides, slow continuous soil creep, or a
variable combination of these processes [5–9]. When subjected to rainfall, colluvial covers
are involved in an infiltration process that is strongly influenced by the geological and
hydraulic characteristics of the soil deposit [10,11]. The rainfall infiltration process results
in the progressive saturation of the colluvial deposit, which, in turn, is responsible for the
decrease in soil suction and the subsequent potential occurrence of positive pore–water
pressures [12–15]. As a consequence, heavy rainfall events can cause the surficial saturation
of thin Alpine colluvial covers, possibly triggering shallow slope failures that can result in
substantial damage to farmlands, buildings, and infrastructures, sometimes also provoking
injuries and deaths [16–18]. Soil slope failures can also be triggered by the snow melting in
seasonally cold regions when the infiltration of snowmelt water contributes to a temporary
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increase in the water content and/or pore–water pressure within the soil deposit [19,20].
These instability processes determine a landslide risk in the Alpine territory, with a recent
marked increase due to a significant growth in the occurrence of violent storms that are
concentrated over relatively small areas [21].

Under natural conditions, the saturation of a colluvial cover can be achieved by
following two distinct basic processes (Figure 1): (i) a top-down progressive saturation due
to a downward advancement of the saturation front fed by rainfall which has fallen on the
ground surface [22–24] (Figure 1a); and (ii) a bottom-up progressive saturation associated
with the increasing level of a deeper saturated zone, which is sustained by an underlying
permeability threshold [24–26] (Figure 1b). In both circumstances, the soil permeability
(k), the rainfall intensity (I), and the duration (D), along with the pre-existing degree of
saturation (S) of the soil, are decisive in determining the saturation process rate and the
amount of water stored within the colluvial deposit [27,28].
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Thanks to the widespread diffusion of numerical computation techniques and the
extensive availability of numerical codes, the water infiltration process within a collu-
vial deposit can be effectively modelled, adopting the non-linear differential equation of
Richards [29–37]. Otherwise, analytical (approximate) infiltration models can be adopted,
which are hydrological models that try to reproduce the water seepage into the soil analyti-
cally, assuming simplified hypotheses compared to the real phenomenon [38].

In the literature, the rainfall infiltration process through an unsaturated soil has
been frequently analysed with the classic Green–Ampt infiltration model (G–A model) [39],
sometimes described as a “piston” model, in particular, to study shallow landslides induced
by heavy rainfall [40–43]. Although it is extremely simple, the classic G–A model results
in some non-negligible limitations. Among these, it is worth mentioning the following:
(i) the impossibility of considering possible variations in the volumetric water content θw
in an unsaturated soil; and (ii) the impossibility of considering a stratified cover, i.e., the
presence of possible hydrological discontinuities. These limitations do not allow for the
analysis of the initial infiltration stage in the unsaturated soil as well as the understanding
of the influence of the top organic soil horizon, which is normally characterised by a high
permeability [28], and the effect of possible variations of the vertical hydraulic conductivity,
as frequently occurs in most real colluvial deposits.

To overcome these restrictions, the G–A model has increasingly been adapted and
perfected to consider the actual seepage process in unsaturated soils [44–47]. Advanced
applications of the G–A model have been proposed to simulate infiltration into a layered
soil profile or to account for variations of soil hydraulic properties at depth [48–51].
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Under natural conditions, models combining infiltration and soil water redistribution
are the best solution when soils are subjected to complex rainfall patterns, that is, periods
with a rainfall hiatus or a rainfall rate after time to ponding less than soil-infiltration
capacity [38]. Dagan and Bresler [52,53] proposed an approximate infiltration model based
on integrated forms of Darcy’s law and the continuity equation, using simplified initial and
surface boundary conditions. The Dagan–Bresler infiltration model (D–B model) has the
key characteristic of being able to analyse the saturated/unsaturated condition along with
a stratified cover made up of multiple soil layers with different permeability.

Despite their limitations, the approximate models are widely adopted owing to their
intrinsic simplicity compared with rigorous numerical models [24,25,43,54]. The choice
of the water infiltration model to be adopted depends on several factors, including the
specifically analysed problem (rainfall-induced landslides, irrigation-related problems,
etc.), the scale of the problem (regional or site-specific), the required degree of detail of the
analysis and the amount of available constraining data on the geological and hydrological
features of the investigated colluvial deposit. It must also be noted that outcomes obtained
from the combined adoption of various modelling approaches have been more rarely
compared [42,43,55].

In light of the aforementioned aspects, the comparison of the outcomes obtained from
an analytical model with those of a rigorous model can be useful to assess the effects
of rainfall infiltration on the time and space evolution of water content and/or pore–
water pressure within the shallow soil cover. To this end, some simulations of the rainfall
infiltration process within homogeneous and stratified colluvial deposits will be presented
here in order to explore the progressive saturation of various types of colluvial covers
that commonly rest on hillslopes. The simulations assumed the classic G–A model, the
less frequently used D–B model, and, for comparison purposes, the rigorous numerical
method. The adopted rainfall patterns, which refer to extreme hydrological events of short
duration (1–3 h), were deduced from the analysis of the main critical events of intense
precipitation recorded in the Friuli Venezia Giulia (FVG) Region (NE Italy) since 1985.
Outcomes of the infiltration analyses show both the advantages and drawbacks of using
analytical infiltration models in the study of real colluvial deposits. Insights are also drawn
on the influence of the hydrogeological characteristics of colluvial covers on the rainfall
infiltration process at depth.

2. Colluvial Deposits

Colluvial deposits are widespread within mountain basins, characterised by terrige-
nous rock mass sequences that include marls, shales, marly limestones, silty sandstones,
siltstones, and argillite [1]. The predominantly silty–marly nature of sedimentary sequences,
such as those related to flysch rock masses, makes this bedrock an excellent parent material
for the generation of loose deposits of colluvial soils, also considering the presence of
clayey minerals [56–58]. Sliding, mass transportation, material fluidisation, and pedoge-
netic processes are the main geomorphological processes controlling the stratigraphy of
the colluvial deposit, thus determining its total thickness and the possible occurrence of
internal stratifications [7,17,59].

Colluvial covers on gentle slopes (dip: 5–15◦) are sometimes characterised by a single
layer made up of a rather homogeneous soil deriving from the weathering and disruption of
the underlying bedrock, accompanied by limited transportation of loose material (Figure 2a).
In this circumstance, the thickness of the deposit rarely exceeds 1 m, and the colluvial
cover is often overlaid by a very thin (2–10 cm, in most cases) organic soil horizon, which
has a negligible effect on the rainfall infiltration process (Figure 2a). In other cases, the
top organic soil is thicker (>20 cm) and is characterised by the widespread presence of
macro-voids, root development, and possible traces of human reworking (Figure 2b). As a
result, the organic soil has a higher permeability compared with the underlying colluvial
layer, thus influencing the infiltration process at depth to some extent [28]. The thickness
and structure of the top organic soil, which is referred to as the A horizon according to the
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nomenclature adopted in classic pedology, mainly depends on the soil age and pedogenetic
maturity, thus reflecting the age of the underlying colluvial deposit and the stability of
the Alpine landform (terrace or slope). Nonetheless, when the thickness of the top soil is
not negligible (>20 cm), the colluvial deposit should be considered as a lithostratigraphic
complex that is formed by two distinct units with different hydrogeological properties:
(i) the top organic soil and (ii) the underlying colluvial layer.

Geosciences 2024, 14, x FOR PEER REVIEW 4 of 23 
 

 

the soil age and pedogenetic maturity, thus reflecting the age of the underlying colluvial 
deposit and the stability of the Alpine landform (terrace or slope). Nonetheless, when the 
thickness of the top soil is not negligible (>20 cm), the colluvial deposit should be 
considered as a lithostratigraphic complex that is formed by two distinct units with dif-
ferent hydrogeological properties: (i) the top organic soil and (ii) the underlying colluvial 
layer. 

 
Figure 2. Typical colluvial deposits characterised by: (a) a single homogeneous soil layer; (b) a two-
layered deposit that includes a top organic soil layer; (c) a stratified Alpine terrace made up of three 
different overlying layers; and (d) a thicker channelised deposit that infilled a buried landslide gully. 

In the Alpine environment, deposits of colluvial soils occur along terraced belts that 
formed as a result of fluvial fill-and-cut sedimentary processes, in particular following the 
deglaciation of the Alpine valleys [28]. The near-horizontal terrace treads are commonly 
made up of a 1–3 m thick stratified deposit with a three-layered stratigraphy (Figures 2c 
and 3a): 
1. A top 20–40 cm thick organic soil with roots and macro-voids; 
2. An intermediate 50–150 cm thick colluvial layer; 
3. A basal 30–150 cm thick colluvial layer mixed with abundant angular rock fragments 

derived from the local bedrock. 

Figure 2. Typical colluvial deposits characterised by: (a) a single homogeneous soil layer; (b) a two-
layered deposit that includes a top organic soil layer; (c) a stratified Alpine terrace made up of three
different overlying layers; and (d) a thicker channelised deposit that infilled a buried landslide gully.

In the Alpine environment, deposits of colluvial soils occur along terraced belts
that formed as a result of fluvial fill-and-cut sedimentary processes, in particular follow-
ing the deglaciation of the Alpine valleys [28]. The near-horizontal terrace treads are
commonly made up of a 1–3 m thick stratified deposit with a three-layered stratigraphy
(Figures 2c and 3a):

1. A top 20–40 cm thick organic soil with roots and macro-voids;
2. An intermediate 50–150 cm thick colluvial layer;
3. A basal 30–150 cm thick colluvial layer mixed with abundant angular rock fragments

derived from the local bedrock.
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When analysing the three-layered stratigraphy of colluvial deposits occurring on
Alpine terraces, three main groups of soils can be differentiated based on their grain size
and plasticity properties (Figure 3b). The top soil horizon (layer 1 in Figure 3a) is commonly
made up of organic and inorganic silts with medium to low plasticity (OL–ML) (Figure 3b),
according to the USCS classification system. The intermediate colluvial layer (layer 2 in
Figure 3a) is formed by coarse soils with a low-plastic silty or medium-plastic clayey loamy
component (SM–SC). The basal colluvial unit (layer 3 in Figure 3a), being characterised by a
greater amount of the coarser fraction that derives from crushing of the underlying bedrock,
is generally made up of a gravelly soil with a silty loam of low-to-medium plasticity (GM)
(Figure 3b). In some cases, the deepest layer presents an increase in the clay fraction due to
the weathering of the bedrock or deriving from pedogenetic processes of the upper layers
(illuvial clay).

In some Alpine and fore Alpine areas over the world, surface deposits of colluvial
materials can increase, both in frequency and thickness, due to the widespread occurrence
of rock masses made up of alternating sequences of sandstone and marl belonging to
the Flysch formation of various ages [60–65]. Flysch reliefs tend to originate complex
geomorphological systems that are characterised by numerous creeks and incised gullies
where landslide deposits accumulate due to repeated instabilities of the upper slopes. In
these more complex cases, recurring slope failures originate channelised landslide deposits
of colluvial materials that have a greater thickness if compared with Alpine-terraced
landforms. The overall thickness of the colluvial deposit is highly variable, depending on
the number and volume of previous landslide events, and can reach 5–10 m (Figure 2d).
These thicker colluvial covers are irregularly stratified and include a number of layers
that were deposited as a result of distinct and superimposed landslide masses that infilled
buried creeks or landslide gullies.

Overall, colluvial deposits are characterised by a notable grain size heterogeneity as
they are typically formed by poorly selected sediments with a silty–clayey-sandy matrix
(i.e., a loam); therefore, the particle size ranges from clay to rock fragments (Figure 4).
Commonly, the coarser fraction (gravel and sand) is equivalent to the finer fraction (silt
and clay). An average particle size composition may be as follows: 30% gravel, 20% sand,
30% silt, and 20% clay (Figure 4a). This means that the gravel fraction is often present in
significant quantities (15–50%), including angular and sub-angular elements of variable
size, from fine rock fragments to small rock blocks. When considering only the loamy
matrix, the content of silt is typically greater than sand and clay, with a relative percentage
ratio close to 45:30:25, respectively (Figure 4b).
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In detail, the grain size composition of colluvial deposits varies depending on some
factors, including the lithology of the parent material and the specific geomorphological
context. Based on field investigations performed by the authors [28,66], soil samples
collected from channelised colluvial deposits (Figure 4c,d) showed a greater grain size
variability compared with soils sampled from Alpine colluvial terraces (Figure 4a,b). This
was observed for both the total grain size composition (Figure 4a,c) and the loamy matrix
(Figure 4b,d). The significant grain size variability of colluvial materials of channelised
slopes is due to the specific geomorphological context and sedimentary process, which is
closely related to the occurrence of repeated landslide events that originated a very complex
stratigraphy and chaotic assemblage of soils that experienced multiple mobilisations. The
coarser fraction can prevail over the finer fraction (Figure 4c), owing to the occurrence of a
larger content of rock fragments and blocks that were formed by rock mass crushing during
the shearing process of the bedrock at the base of the slide. In addition, when the parent
rock mass is made up of lithological units that are rich in clay minerals (in particular, marls
and weathered clayey interbeds), the clay fraction within the colluvial cover can increase
(Figure 4d).
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3. Rainfall Characteristics and Soil Saturation

The rainfall input data assumed in the various infiltration models presented in this
work were obtained from the study of the main critical hydrological events that have
hit the mountain basins of FVG since 1985 (Figure 5). FVG represents the eastern end of
the Italian Alps and is located at the northern extremity of the Adriatic Sea (Figure 5a).
Owing to the proximity of the sea, the mountain area of FVG is subject to the influx of
winds that are rich in humidity and is characterised by a wet and rainy climate. The
average yearly rainfall for the Alpine and pre-Alpine areas of FVG, calculated in the period
1961–2013, ranges from about 1500 mm to more than 3200 mm (Figure 5a). These areas
are frequently hit by rainstorms characterised by high intensity (40 ≤ I ≤ 100 mm/h) and
limited duration (D = 1–6 h, at most) (Figure 5b), which mainly occur during the wet season
(September–November) or during the spring (May–June).
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When considering the main critical hydrological events that have occurred in the last
35 years in FVG (particularly in the Carnic Alps), rainstorms characterised by a maximum
hourly intensity of I = 40–50 mm/h have a return period (Tr) of 5–10 years (Figure 5b).
More severe rainstorms with I = 90–100 mm/h for 1 h or I = 50 mm/h for 3 h occurred with
Tr = 50–200 years. The maximum hourly rainfall intensity ever recorded in the analysed
period is I = 100 mm/h, registered at the Moggio gauge station and related to the rainstorm
that hit the mountain area of FVG on 21–22 June 1996 (Figure 5b). Some critical hydrological
events characterised by I ≥ 40–45 mm/h were responsible for the widespread activation of
colluvial slope shallow failures that occurred in the mountain basins of FVG [28,67,68].

The characteristically humid climate of FVG with recurrent heavy rainfall events
during the year has obvious consequences on the moisture condition of colluvial deposits,
depending on their hydrogeological properties. Notably, the initial degree of saturation of
soil layers has a strong influence on the rainfall infiltration process within the colluvial de-
posit when subject to rainfall [28]. Investigations on the soil-moisture condition performed
on slopes of the Alpine and pre-Alpine areas of FVG pointed out that colluvial covers are
often close to the saturation condition, and average values of the degree of saturation (S)
vary from 65–70% to 95–100% [66]. Values of the volumetric water content (θ) that were
measured in various periods of the year highlighted an exponential trend of S at depth for
both Alpine colluvial terraces (Figure 6a) and channelised slopes (Figure 6b).
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When considering a stratified colluvial deposit, the top organic soil layer commonly
has a lower degree of saturation, which is on average equal to S = 70%, since its higher per-
meability favours a quick desaturation after the rainfall ends [28]. Although the saturation
profiles at depth were observed as being irregular with a number of moisture peaks, the
average values of S for the intermediate colluvial layer (layer 2 in Figure 3a) and the basal
colluvial soil (layer 3 in Figure 3a) were estimated at about 85% and 95%, respectively, and
for most of the year (Figure 6). The high average degrees of saturation correspond with
values of θ close to 0.40–0.45. The high water content in the colluvial deposits gives rise to
a modest effective porosity, µ = 0.05–0.08, µ being the difference between the total porosity
Φ and the volumetric content of water θ of the soil. The effective porosity of the colluvial
slopes in the mountain basins of FVG is considerably lower than the value (µ = 0.20) as-
sumed in the surface infiltration models for the slopes of California [69]. This fact indicates
that in the soils of the Alpine and pre-Alpine areas of FVG, the useful volume of voids that
can be filled by water during heavy rainfall is significantly limited, and consequently, it is
easier to reach saturation conditions.

4. Analytical Infiltration Models

The calculation examples that will be described in the following paragraphs represent
the application of the G–A and D–B models to simulate the infiltration process induced by
short and intense precipitation within a horizontal colluvial cover. Both homogeneous (one
layer) and stratified (two and three layers) deposits were analysed in order to investigate
the rainfall infiltration process within different types of colluvial covers that commonly
characterise Alpine and pre-Alpine gentle slopes.

The number of parameters required using analytical infiltration models depends on
their degree of complexity. The simplest G–A model requires four parameters: (1) the initial
volumetric water content θi; (2) the porosity φ of the soil; (3) the saturated permeability ksat
(m/s); and (4) the average suction value below the saturation front at depth h0 (m). For
the D–B model, three additional parameters are required: (5) the suction value of the air
at depth hb (m); (6) the pore-connectivity index λ; and (7) the residual volumetric water
content θr.

The porosity, degree of saturation, and suction values (h0 and hb) of the various
soils were assessed on the basis of large amounts of data collected by the authors and
presented in previously published papers [28,66]. Despite the increasing curvilinear trend
of the degree of saturation at a depth that was ascertained for real colluvial deposits
(Figure 6), both the G–A and D–B infiltration models require a constant volumetric water
content θw in the various layers considered. Therefore, the stratified deposit is schematised,
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assuming different but constant values of the initial water content (θS1, θS2, and θS3) and a
corresponding degree of saturation (S1, S2, and S3) for the various soil layers.

When considering the lack of specific in situ infiltration measurements within this
study, the permeability of the various soils was assumed on the basis of values reported
in the literature [30,70,71], with particular reference to the in situ hydraulic conductiv-
ity [23,72–74]. In fact, the latter can be even 2–3 orders of magnitude greater than corre-
sponding values obtained from laboratory tests on soil samples [34,72]. Particular attention
has been paid to colluvial and/or residual materials, for which saturated permeability
values varying in the range of k = 1 × 10−4–1 × 10−6 m/s were suggested [32,40,75–78].

The analytical expressions of the various infiltration models clearly show that the
formation of a perched water table substantially depends on the duration (D) and intensity
(I) of the precipitation. In the approximate infiltration modelling, rainfall of low duration
(1–3 h) and high intensity (40–90 mm/h) was assumed, according to the rainfall intensities
that were actually registered during extreme hydrological events in FVG over the last
35 years (see Section 3).

4.1. Homogeneous Cover

From a phenomenological point of view, the advancement rate of the saturation front
in the soil decreases over time as the infiltration process proceeds and tends asymptotically
toward the saturated permeability of the material. This fact depends on the gradient of
suction, which is higher at the early stages of infiltration and progressively decreases as the
infiltration process involves the deeper layers with a higher degree of saturation. To trigger
a top-down saturation process, i.e., starting from the ground surface and moving down-
ward, the rainfall intensity (I) has to be equal to or greater than the saturated permeability
of the top soil layer, that is, I ≥ ksat. For the classic G–A model, a second condition also has
to be respected: the rainfall duration has to be greater than the time required to reach the
condition of formation of the saturation front, i.e., the ponding time (Tp), i.e., D ≥ Tp. This
means that, in order to apply the G–A model, both conditions I ≥ ksat and D ≥ Tp have to
be satisfied.

When using approximate infiltration models, the trend over time of the infiltration
process can be reconstructed, even graphically. The diagram in Figure 7 shows the result of
a simulation performed with the G–A model for very intense precipitation (I = 90 mm/h
for D = 1 h) involving a single homogeneous soil layer (ksat = k1 = 10−5 m/s).
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The saturation front formed at a depth of 30 cm after 14 min from the beginning of
heavy rainfall (Figure 7). When considering a single soil layer characterised by a saturated
hydraulic conductivity ksat = k1 and an initial water content θi, the critical conditions of
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I and D related to the saturation of the soil layer can be verified using an approximate
model. When only considering the primary condition I ≥ k1, it is possible to calculate the
minimum value of the hydraulic conductivity of the material that allows for the formation
of the saturated layer. The diagram of Figure 8, which has been reconstructed for a
colluvial deposit using the G–A model in the hypothesis of a single homogeneous layer,
shows that the saturation of the soil cover is only possible for materials with permeability
kw ≤ 10−5 m/s. This means that less permeable materials (for instance, with kw = 10−6 m/s)
achieve the saturation condition more easily and even in concomitance with rainfall of
lower intensity. In this case, the saturation front forms in the extremely surficial layer
(1–5 cm) (Table 1).
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Table 1. Comparison between the results of the Green–Ampt model and the Dagan–Bresler model for
a homogeneous colluvial deposit and various values of the soil permeability.

Rainfall Colluvial Soil Properties Green–Ampt Model Dagan–Bresler Model

I D S λ ksat Sm Tp zsf zwf Si Tp zsf zwf
(mm/h) (min) (%) (–) (m/s) (cm) (min) (cm) (cm) (cm) (min) (cm) (cm)

40 60 70 0.53 1 × 10−4 – n.d. n.d. n.d. 15 n.d. D < Tp 270
50 60 70 0.53 1 × 10−4 – n.d. n.d. n.d. 15 n.d. D < Tp 200
70 60 70 0.53 1 × 10−4 – n.d. n.d. n.d. 15 n.d. D < Tp 170
90 60 70 0.53 1 × 10−4 – n.d. n.d. n.d. 15 n.d. D < Tp 170
40 180 70 0.53 1 × 10−4 – n.d. n.d. n.d. 15 n.d. D < Tp 780
50 180 70 0.53 1 × 10−4 – n.d. n.d. n.d. 15 n.d. D < Tp 590
70 120 70 0.53 1 × 10−4 – n.d. n.d. n.d. 15 n.d. D < Tp 340

40 60 85 0.15 1 × 10−5 45 n.d. n.d. n.d. 120 199 D < Tp 60
50 60 85 0.15 1 × 10−5 45 100 D < Tp 70 120 45 52 68
70 60 85 0.15 1 × 10−5 45 29 47 90 120 13 21 76
90 60 85 0.15 1 × 10−5 45 14 30 97 120 6 13 78
40 180 85 0.15 1 × 10−5 45 n.d. n.d. n.d. 120 199 D < Tp 167
50 180 85 0.15 1 × 10−5 45 100 116 202 120 45 52 180
70 120 85 0.15 1 × 10−5 45 29 47 160 120 13 21 133

40 60 85 0.17 1 × 10−6 50 5.3 4.9 25 130 2.2 2.1 18
50 60 85 0.17 1 × 10−6 50 3.3 3.9 26 130 1.4 1.6 18
70 60 85 0.17 1 × 10−6 50 1.7 2.7 26 130 0.7 1.1 18
90 60 85 0.17 1 × 10−6 50 1.0 2.1 26 130 0.4 0.9 18
40 180 85 0.17 1 × 10−6 50 5.3 4.9 49 130 2.2 2.1 35
50 180 85 0.17 1 × 10−6 50 3.3 3.9 49 130 1.4 1.6 36
70 120 85 0.17 1 × 10−6 50 1.7 2.7 39 130 0.7 1.1 28

Legend: λ: pore distribution index; Sm: average suction value of the front; Si: initial suction value; zsf: depth
of formation of the saturation front; zwf: depth of the wetting/saturation front at the end of rainfall; n.d.: not
determined.
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If the soil has a permeability kw ≈ 10−5 m/s, as often occurs for colluvial covers,
the condition I ≥ kw is satisfied when the rainfall intensity exceeds 36 mm/h (Figure 8).
However, when taking into account the ponding time, the saturation condition only occurs
for hourly rainfall with an intensity I ≥ 45 mm/h. Although obtained from an approximate
model, these data are of key importance since they define a critical intensity threshold over
which a surficial saturation process can occur on unsaturated colluvial slopes in the Alpine
area of FVG. In addition, it is important to note that the minimum saturation condition, i.e.,
I = 45 mm/h and D = 1 h, corresponds with extreme hydrologic events that can occur in
the mountain area of FVG even once or twice over a decade (Figure 5b) and, as such, they
cannot be considered as exceptional.

In more general terms, if we assume specific values of rainfall intensity that are
obtained from the hydrological analysis of precipitations related to the mountain area of
FVG, we can identify the limit value of hydraulic conductivity (klim) that allows for the
saturation of a surficial layer of thickness zsf. For colluvial slopes in California, Pradel and
Raad [69] calculated that the formation of a saturated layer of thickness zsf = 1.22 m was
possible for a top soil with a permeability equal to klim ≤ 10−6 m/s. This value is lower
than klim ≤ 10−5 m/s that we calculated for the mountain slopes of FVG, owing to the
higher degree of saturation that actually characterises colluvial deposits in the study area.

The bottom-up saturation process cannot be reproduced with the traditional G–A
model since the latter only presupposes the downward movement of a saturation front
from the ground surface. For this purpose, the D–B model can be used, which describes
the advancement of both the wetting front and the saturation front, thus evaluating the
variations in the soil of the volumetric water content θw, starting from the onset of rainfall.
When adopting the D–B model, it is possible to evaluate the depth at which the saturation
front forms (Figure 9a) as well as the depth reached by the wetting and/or saturation
front in the colluvial deposit after a 1 h rainfall with constant intensity (Figure 9b). In the
simulations performed, the saturation front formed at a depth that was strongly dependent
on both the soil permeability and the rainfall intensity (Figure 9a). In particular, for soils
characterised by a high permeability (k1 = 10−4 m/s), the saturation front did not form,
whereas colluvial materials with a permeability equal to k1 = 10−5 m/s were particularly
sensitive to the intensity of the precipitation. In fact, a maximum depth equal to zsf = 0.65 m
was reached as a result of a lower rainfall intensity (I = 47 mm/h) that allowed for saturation
(Figure 9a). The marked curvilinear trend indicates that rainfall with an intensity of
45–50 mm/h can give rise to a 50–65 cm thick saturated surficial layer, whereas the thickness
is significantly lower for more intense precipitations (Figure 9a). Finally, less permeable
materials (k1 = 10−6 m/s) formed a very surficial saturated layer (1–2 cm) at a rather
constant depth.
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When analysing the depth of the saturation/wetting front after a 1 h rainfall, a rather
different behaviour was observed, depending on the hydraulic conductivity of the soil that
forms the homogeneous deposit (Figure 9b). For soils with higher hydraulic conductivity
(kw = 10−4 m/s), the wetting front (dashed line) reached considerable depths (170–270 cm).
However, the depth decreases as the rainfall intensity increases. Differently, for colluvial
materials with a permeability equal to kw = 10−5 m/s, the saturation front reached a
depth that slightly increases as the intensity increases, gradually varying from 60 cm
(I = 40 mm/h) to 78 cm (I = 90 mm/h) (Figure 9b). When assuming a lower permeability
of the colluvial materials (kw = 10−6 m/s), the saturation front reached a constant depth
(18 cm) after a 1 h rainfall regardless of the rainfall intensity. This different behaviour can
be explained by taking into account the fact that in more permeable soils, there is a lower
degree of initial saturation, and therefore, the increase in the rainfall intensity results in an
increase in the degree of saturation of the soil, which is consequently reached at a shallower
depth. Differently, for less permeable soils, saturation occurs quickly in the more surficial
soil layers, and the increase in rainfall intensity results in a larger amount of water that is
transferred to greater depths.

For comparison purposes, the G–A and D–B approximate infiltration models were
used to simulate the effects of short and intense precipitations on colluvial covers in the
hypotheses of a homogeneous deposit (Table 1). The results obtained highlight the greater
applicability of the D–B model compared with the G–A model, particularly when the high
permeability of the soil does not allow for the achievement of the saturation condition.
In addition, if the duration of precipitation is lower than the ponding time (D < Tp), the
saturation front did not form. In this case, only the D–B model provides information about
the position of the wetting front (zwf) that moves within the colluvial deposit.

The typical configuration with a permeability of the colluvial layer equal to k2 = 10−5 m/s
determines the formation of a saturated layer that reaches a depth of 60–100 cm (Table 1)
after one hour of rainfall, depending on the rainfall intensity. When considering intense
precipitations of a longer duration (2–3 h), saturation involves greater thicknesses, ranging
from 133 cm to 202 cm, for a 2 h and 3 h rainfall, respectively. The thickness values of the
saturated layer are fully consistent with depths of shallow landslides triggered by heavy
rainfall (z = 0.3–3.0 m) [79–82], confirming the decisive role played by the perched water
table in the achievement of the slope failure condition [83–86].

Examination of the ponding time Tp indicates that the formation of the saturated
layer occurs after a short period of time, ranging from 6 to 100 min; the greater the rainfall
intensity, the shorter the period of time (Table 1). The quick process of saturation is also
consistent with the numerous testimonies that describe the activation of shallow landslides
during or immediately after the phases of maximum intensity of the precipitation [28,40,87].

4.2. Stratified Deposit

In many instances, colluvial terraces have a sub-horizontal stratification related to
both geological (for the intermediate and basal units) and pedogenetic (for the top organic
soil horizon, i.e., the A horizon) processes. Therefore, when considering a stratified deposit,
the stratigraphy and thickness of the different soil layers were schematised according to
field evidence acquired from several surveyed case histories (see Section 2), as follows
(three-layered stratigraphy):

1. A top 30 cm thick organic soil layer;
2. A 120 cm thick intermediate colluvial layer;
3. A 150 cm thick basal colluvial layer.

The following values were assumed as representative of the saturated permeability
at the slope scale of the three soil layers considered in the models, decreasing from top to
bottom: (i) k1 = 10−4 m/s for the high-permeable top organic soil; (ii) k2 = 10−5 m/s for
the sandy–silty–clayey intermediate colluvium; and (iii) k3 = 10−6 m/s for the silty–clayey
basal layer. These values are only indicative and describe the average behaviour of the
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various materials, thus being useful to verify the influence of hydrological stratifications
within the colluvial cover on the rainfall infiltration process.

For a three-layered deposit, the depth reached by the saturation front after an hour
of rainfall varies between 90 cm and 100 cm (Table 2), which is greater compared with
the homogeneous configuration that neglects the organic soil horizon (Table 1). The
main difference between the homogeneous and three-layered models lies in the ability
of the three-layered model to describe the hydrological behaviour of the soil that only
reaches complete saturation in extreme circumstances. When considering precipitation
with I = 50 mm/h and D = 3 h, the wetting front progressively deepens until the saturation
front is formed, which occurs 52 min after the start of rainfall (Table 2). The maximum
thickness of the saturated layer is about 1.8 m, which was reached after three hours of
heavy rainfall.

Table 2. Results of the Dagan–Bresler approximate model for a three-layer colluvial cover.

Rainfall Layer 1 Layer 2 Layer 3 Dagan–Bresler Model

I D S ksat S ksat S ksat Tpf zws zwf
(mm/h) (min) (%) (m/s) (%) (m/s) (%) (m/s) (min) (cm) (cm)

50 60 70 1 × 10−4 85 1 × 10−5 95 1 × 10−6 52 82 90
70 60 70 1 × 10−4 85 1 × 10−5 95 1 × 10−6 22 51 96
90 60 70 1 × 10−4 85 1 × 10−5 95 1 × 10−6 16 43 98
40 180 70 1 × 10−4 85 1 × 10−5 95 1 × 10−6 D < Tp – 172
50 180 70 1 × 10−4 85 1 × 10−5 95 1 × 10−6 52 82 175
70 120 70 1 × 10−4 85 1 × 10−5 95 1 × 10−6 22 51 156

Figure 10 shows an infiltration diagram that was obtained by adopting the D–B
model for a three-layered colluvial cover affected by a 3 h rainfall with constant intensity
(I = 50 mm/h). The diagram shows a progressive increase in the water content over time,
and the saturation condition in the upper part of layer 2 reached 53 min after the start
of rainfall. The infiltration proceeds downward, and 124 min after the start of rainfall,
the top soil layer reaches the saturation condition. In this case, the soil saturation occurs
from below, starting from the organic soil–colluvium interface (layer 1–layer 2 interface).
Notably, the saturation of the top soil was actually reached at the same time that the deepest
colluvial layer (layer 3) started to saturate (123 min) (Figure 10). In the analysed case, the
colluvial cover reached the saturation condition for a total thickness of about 135 cm shortly
after 2 h of rainfall and close to 180 cm at the end of precipitation (180 min).
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5. Numerical Simulations

To verify the reliability of the analytical models, in particular the D–B model, the
rainfall infiltration process was analysed using a rigorous model in which the non-linear
differential equation of Richards [29] was solved by adopting the finite element method
(FEM) and using the numerical code SEEP/W [88]. The infiltration numerical modelling
allowed us to simulate the advancement of the wetting front and the saturation front within
a horizontal colluvial cover and to evaluate the influence of the deposit stratification. To
this end, both a two-layered and a three-layered stratigraphy were analysed. In detail, the
two-layered configuration only considered the top 30 cm thick organic soil layer and the
120 cm thick intermediate colluvial layer, whereas the three-layered model considered the
complete stratigraphic sequence previously analysed with the D–B analytical model.

The simple horizontal geometry of the colluvial cover was modelled by employing a
mesh with quadrilateral elements (Figure 11), which are much more suitable for modelling
ground surface processes because the primary unknown gradients are usually steeper in a
direction perpendicular to the surface. The 30 cm thick top soil was modelled with elements
of a size of 0.1 m × 0.06 m to guarantee a sufficient number of mesh elements in the vertical
direction to properly simulate the infiltration process in this key first layer of the terrace.
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Figure 11. Calculation section of the simulated colluvial deposit showing the mesh, the saturated
permeability, and the degree of saturation of the soil layers, along with the boundary condition
applied to the seepage modelling.

The values of the saturated permeability of the various soil layers were assumed to
be equal to those employed in the analytical infiltration models (Figure 11). In addition,
different volumetric water content and hydraulic conductivity functions were assigned
to the hydrogeological units, depending on the matric suction and according to their
saturated permeability. The hydraulic permeability functions were evaluated according to
the soil–water characteristic curves reconstructed on the basis of some suction experimental
measurements that were previously published [28,66].

The initial saturation condition of the colluvial deposit considers, for each of the
modelled soil layers, a constant value of the water content over its thickness. To obtain
initial degrees of saturation of the soil layers that are consistent with field measurements
(Figure 11), a preliminary seepage simulation was carried out, assuming designated bound-
ary conditions. In particular, a design hyetograph made up of alternating rainfall and dry
periods was iteratively applied to the topographic surface until the initial water content
was reached in the stratified deposit. At this preliminary stage of modelling, a boundary
condition consisting of a null pressure head was set along the model bottom to avoid
undesired positive pore–water pressures within the soil deposit.
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After this stage, the infiltration process within the stratified colluvial cover resulting
from an extreme hydrological event was analysed through some transient seepage analyses
that considered different values of intensity and duration of precipitation. When analysing
a two-layered stratigraphy, a 1 h rainfall with increasing intensity of 40, 50, 70, and 90 mm/h
was assumed. For the three-layered stratigraphy, a 3 h rainfall with an intensity of 40 and
50 mm/h and a 2 h rainfall with an intensity of 70 mm/h were considered. In these transient
seepage analyses, a no-flux boundary condition was applied at the base of the model to
simulate the permeability threshold represented by the basal contact with the underlying
bedrock, thus enabling the possible formation of a bottom-up saturation process.

The infiltration diagrams in Figures 12 and 13 compare the outcomes obtained from the
D–B approximate model (dashed lines) with the finite element model (solid lines) results
for the two-layered deposit and the three-layered deposit, respectively. These diagrams
show the trends of θw at depth and the related movement of the wetting/saturation front
for the different rainfall intensity and duration values that were considered. The volumetric
water content at saturation θS is also shown.
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Figure 12. Variations of the volumetric water content at depth calculated with the Dagan–Bresler
model (dashed line) and the numerical model (solid line) for an infiltration process involving a
two-layered colluvial deposit and for a 1 h rainfall of variable intensity: (a) 40 mm/h; (b) 50 mm/h;
(c) 70 mm/h; and (d) 90 mm/h.
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Overall, there was a remarkable agreement between the results provided using the
D–B analytical model and those obtained from the finite element model. Indeed, both
models showed that the thickness of the saturated layer significantly increases as the rainfall
intensity increases (Figures 12 and 13). The main difference lay in the water content profile,
which was curvilinear in the rigorous numerical model rather than assuming a rectangular
block shape in the D–B model. However, when analysing the two-layered stratigraphy
(Figure 12), the thickness of the saturated layer that was calculated with the D–B model was
generally greater than that provided by the numerical model, but this difference tended



Geosciences 2024, 14, 53 17 of 23

to decrease as the rainfall intensity increased. The opposite occurred for the three-layered
stratigraphy (Figure 13), in which the depth reached via the saturation front was greater
for the numerical model if compared with the analytical D–B model.

For a two-layered colluvial cover, the thickness of the saturated layer varied between
about 10 and 50 cm because of a 1 h rainfall of I = 40 mm/h and I = 90 mm/h, respectively
(Figure 12). When analysing the three-layered stratigraphy, very intense rainfall with a
duration of 2–3 h caused the complete saturation of the intermediate colluvial layer and
the partial downward saturation of the basal layer, with a maximum depth reached by the
saturation front of about 200–220 cm (Figure 13).

The infiltration numerical modelling highlights the fundamental hydrological role
played by the highly permeable organic soil horizon, which is mainly related to the pos-
sible occurrence of surficial water ponding. This fact cannot be overlooked, especially if
we consider that the ponding condition represents one of the basic assumptions of the
approximate infiltration models. Indeed, only in the case of extreme hydrological events
(I ≥ 90 mm/h for 1 h, I ≥ 70 mm/h for 2 h or I ≥ 40 mm/h for 3 h) a partial bottom-up
saturation occurs within the top soil horizon, while the saturation front simultaneously
advances towards the deepest layers of the colluvial cover (Figures 12d and 13).

In the previous examples of rainfall infiltration modelling, the soil water content
was only analysed in relation to the duration of the intense precipitation. In fact, the
approximate models are not able to analyse the subsequent stage of infiltration at depth
and surficial desaturation that occurs after the rainfall ends. This key issue of the infiltration
process can be investigated using numerical modelling, also allowing for the analysis of the
variations in water content and pore–water pressure within the colluvial cover over time.

When analysing a three-layered colluvial deposit, the main stratigraphic discontinu-
ities had a strong effect on the infiltration process at depth, both during the precipitation and
after the rainfall ended (Figure 14). A short and very intense precipitation (I = 90 mm/h,
D = 1 h) caused the formation of a top-down saturation front in the upper part of the
intermediate colluvial layer (layer 2) and the simultaneous and almost complete bottom-up
saturation of the top soil (red line at t = 1 h in Figure 14a). An hour after the end of precipi-
tation (t = 2 h), the top organic soil almost returned to its initial moisture condition, whereas
the top-down saturation front advanced up to the top of the basal colluvial layer (layer 3).
Afterwards, the downward movement of the saturation front progressively infiltrated the
basal colluvial layer, eventually reaching the underlying bedrock about seven hours after
the rainfall ended (t = 8 h). Contemporarily, the desaturation process began from the top of
layer 2 (Figure 14a).

Geosciences 2024, 14, x FOR PEER REVIEW 17 of 23 
 

 

For a two-layered colluvial cover, the thickness of the saturated layer varied between 
about 10 and 50 cm because of a 1 h rainfall of I = 40 mm/h and I = 90 mm/h, respectively 
(Figure 12). When analysing the three-layered stratigraphy, very intense rainfall with a 
duration of 2–3 h caused the complete saturation of the intermediate colluvial layer and 
the partial downward saturation of the basal layer, with a maximum depth reached by the 
saturation front of about 200–220 cm (Figure 13). 

The infiltration numerical modelling highlights the fundamental hydrological role 
played by the highly permeable organic soil horizon, which is mainly related to the pos-
sible occurrence of surficial water ponding. This fact cannot be overlooked, especially if 
we consider that the ponding condition represents one of the basic assumptions of the 
approximate infiltration models. Indeed, only in the case of extreme hydrological events 
(I ≥ 90 mm/h for 1 h, I ≥ 70 mm/h for 2 h or I ≥ 40 mm/h for 3 h) a partial bottom-up 
saturation occurs within the top soil horizon, while the saturation front simultaneously 
advances towards the deepest layers of the colluvial cover (Figures 12d and 13). 

In the previous examples of rainfall infiltration modelling, the soil water content was 
only analysed in relation to the duration of the intense precipitation. In fact, the approxi-
mate models are not able to analyse the subsequent stage of infiltration at depth and surf-
icial desaturation that occurs after the rainfall ends. This key issue of the infiltration pro-
cess can be investigated using numerical modelling, also allowing for the analysis of the 
variations in water content and pore–water pressure within the colluvial cover over time. 

When analysing a three-layered colluvial deposit, the main stratigraphic discontinu-
ities had a strong effect on the infiltration process at depth, both during the precipitation 
and after the rainfall ended (Figure 14). A short and very intense precipitation (I = 90 
mm/h, D = 1 h) caused the formation of a top-down saturation front in the upper part of 
the intermediate colluvial layer (layer 2) and the simultaneous and almost complete bot-
tom-up saturation of the top soil (red line at t = 1 h in Figure 14a). An hour after the end 
of precipitation (t = 2 h), the top organic soil almost returned to its initial moisture condi-
tion, whereas the top-down saturation front advanced up to the top of the basal colluvial 
layer (layer 3). Afterwards, the downward movement of the saturation front progressively 
infiltrated the basal colluvial layer, eventually reaching the underlying bedrock about 
seven hours after the rainfall ended (t = 8 h). Contemporarily, the desaturation process 
began from the top of layer 2 (Figure 14a). 

 
Figure 14. Results of the infiltration numerical model that assumed a three-layered deposit with 
different hydrogeological characteristics. Variations in (a) volumetric water content and (b) pore–
water pressure over 11 h following a 1 h rainfall with intensity of 90 mm/h. 

Variations in the water content were accompanied by variations in the pore pressures 
within the soil, and the infiltration process determined the progressive decrease in the soil 
suction (Figure 14b). At the end of the precipitation (t = 1 h), positive pore pressures in-
creased at the organic soil–colluvium interface. Pore–water pressures had a triangular pat-
tern and were null at the saturation front, both at the bottom (within the colluvium) and 

Figure 14. Results of the infiltration numerical model that assumed a three-layered deposit with
different hydrogeological characteristics. Variations in (a) volumetric water content and (b) pore–
water pressure over 11 h following a 1 h rainfall with intensity of 90 mm/h.
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Variations in the water content were accompanied by variations in the pore pressures
within the soil, and the infiltration process determined the progressive decrease in the
soil suction (Figure 14b). At the end of the precipitation (t = 1 h), positive pore pressures
increased at the organic soil–colluvium interface. Pore–water pressures had a triangular
pattern and were null at the saturation front, both at the bottom (within the colluvium) and
at the top (within the organic soil). The same pattern also occurred in the following stages,
and when the saturation front began to affect the basal colluvial layer (t = 4 h), the positive
pressures increased to higher values, ultimately reaching a maximum value of about 7 kPa
(Figure 14b). Ten hours after the end of precipitation (t = 11 h), the basal colluvial layer was
fully saturated. As a result, pore–water pressures assumed a hydrostatic trend with a value
of about 20 kPa at the colluvium–bedrock interface and a suction of about −5 kPa at the
ground surface.

6. Conclusions

This work sheds light on the rainfall infiltration process within colluvial deposits
caused by short and intense rainfall, using both analytical and numerical infiltration
modelling. The analysed examples of colluvial covers consider both homogeneous and
stratified configurations (two or three layers) characterised by saturated permeability values
varying in the range k = 1 × 10−4–1 × 10−6 m/s, as is widespread in mountain environments
all over the world. The intensity (I) and duration (D) of rainfall that were considered in the
analyses reflect the characteristics of extreme hydrological events that have affected the
Friuli Venezia Giulia Region (NE Italy) over the last 35 years (I ≥ 40 mm/h; D = 1–3 h).

Findings from the investigation demonstrate that the Green–Ampt approximate model
can be effectively employed to study homogeneous colluvial covers with permeability
equal to or lower than kw = 10−5 m/s that are subject to a 1 h rainfall with an intensity
I ≥ 45–50 mm/h. In these circumstances, a top-down saturation front forms within the
colluvial deposit, leading to the saturation of a layer with a thickness of 70–100 cm. This
means that the critical condition for the saturation of colluvial deposits in the mountain
area of FVG is reached every 5–10 years on average, which corresponds to a lower return
period of critical hydrologic events compared with other mountain basins in the Alps. This
is mainly caused by the higher initial degree of saturation that characterises colluvial covers
in the mountain area of FVG during most of the year (S = 70–95%).

However, the present study also stresses two major limitations of the classic Green–
Ampt model:

1. The inability to simulate the formation of a wetting front, which results in its inapplica-
bility in the case of precipitation with intensity lower than the saturated permeability
of the soil (I < ksat);

2. The inability to simulate the infiltration process within a stratified deposit is charac-
terised by soil layers with different hydraulic conductivity.

These problems can be solved using the Dagan–Bresler infiltration model since the
latter allows for the definition of the wetting front, and it is applicable in all conditions of
rainfall intensity, deposit stratification, and soil permeability. Therefore, when studying
rainfall infiltration processes in flat or low-tilted stratified colluvial deposits, the Dagan–
Bresler model can be effectively employed since it provides results that are consistent
with the outcomes of numerical infiltration modelling that assumes the rigorous model
of Richards. This is true for both the infiltration time and the depth reached by the
wetting/saturation front. The infiltration models performed ascertained that the saturated
layer formed after some tens of minutes (in most cases, 10–50 min) in the upper part of the
colluvial layer as a result of intense rainfall (I ≥ 50 mm/h) of short duration (D = 1–3 h).
The major limitations of the D–B infiltration model are twofold. First, this approximate
model considers a ponding condition, which may actually not occur due to the presence of
a highly permeable top soil. Secondly, the D–B model is not able to simulate the stage of
infiltration at a depth and surficial desaturation that occurs after the rainfall ends.
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The D–B approximate model, as well as the numerical modelling, emphasised the
strong influence of abrupt variations in the permeability of the various soil layers forming
a stratified colluvial cover on the infiltration process at depth. Indeed, the inner hydrogeo-
logical discontinuities determine, particularly in the case of highly intense precipitation
(I ≥ 70 mm/h), the formation of an ephemeral water table that moves simultaneously
upwards and downwards. Localised pore–water overpressures can rise at the main hy-
drogeological discontinuities within the colluvial deposit, with maximum values in the
order of 5–10 kPa. Therefore, an unfavourable condition for slope stability is represented
by the occurrence of stratifications within the colluvial deposit or by the presence of an
underlying bedrock at low depth, which favour an increase in pore–water pressures as a
result of intense rainfall.

This study also demonstrates that the presence of a top organic soil horizon, which
is rich in roots and macro-pores (first layer in Figure 3a), actually reduces the possibility
of surficial ponding, which is the basic condition for the “piston” infiltration models. As
a result, the presence of a top layer characterised by a greater hydraulic conductivity
(k1 = 10−4 m/s) and a lower degree of saturation (S = 70%) must be taken into account in
the infiltration model to carry out a realistic simulation. The organic soil horizon allows
for a rapid downward infiltration up to contact with the underlying colluvial material,
which is less permeable (k2 = 10−5 m/s). Therefore, a saturated sub-surficial layer forms
starting from the organic soil–colluvium interface. In this circumstance, the advancement of
the saturation front occurs both upwards, within the organic soil and downwards, within
the colluvial deposit. Outcomes of the numerical infiltration modelling showed that the
saturation process mainly involves the low-permeable colluvial materials, whereas the
top organic soil horizon is involved in a bottom-up saturation process only in the case of
very intense precipitation (I ≥ 90 mm/h for 1 h, I ≥ 70 mm/h for 2 h, or I ≥ 40 mm/h for
3 h). This evidence demonstrates that the ponding condition can only occur for extreme
hydrological events that induce complete saturation of the high-permeable top organic soil.

Modelling of the infiltration and saturation processes involving thin shallow colluvial
deposits during and after storms is an essential pre-requisite to properly understand the
achievement of critical conditions for slope stability of many Alpine landforms. The anal-
ysed examples demonstrated that heavy rainfall induces a very rapid infiltration/saturation
process with a duration of a few hours (1–6 h, in most cases) involving a 1–3 m-thick col-
luvial deposit. The rapidity of this process makes this phenomenon difficult to ascertain
by means of traditional measuring instruments, especially for stratified situations. As a
result, the spatio–temporal evolution of infiltration rate under natural conditions cannot
be deduced by direct field measurements. Consequently, infiltration modelling remains
an irreplaceable tool to realistically reproduce the rapid changes in the matric suction
and/or pore–water pressure within soil deposits that are caused by intense rainfall of short
duration. However, both analytical and numerical simulations should be preceded by
accurate field surveys aimed at ascertaining the stratigraphy and the degree of saturation
of colluvial deposits during the year. After this field characterisation, proper moisture
values should be assigned to the various material layers of the schematised model before
performing the simulations. In addition, when performing infiltration modelling as well as
subsequent slope stability analyses, spatial variability and uncertainty of the geotechnical
and hydrological parameters should be considered, even in homogeneous soils [89,90].
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