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Abstract: An adequate representation of the relationship between effective rainfall and rainfall
losses is required in hydrological rainfall–runoff models to reduce the uncertainty of the modelling
results. This study evaluates the performance of several hydrological rainfall loss methods using the
experimental data obtained from a laboratory small-scale physical landslide model with variable
slope inclination, homogenous material and no vegetation effects. Three different experiments were
selected and five rainfall loss methods were tested to evaluate their performance in reproducing
the experimental results from the perspective of the surface runoff formation on the experimental
slope. Initial and calibrated parameters were used to test the performance of these hydrological
rainfall loss methods. The results indicate that the initial parameters of the rainfall loss model
can satisfactorily reproduce the experimental results in some cases. Despite the fact that the slope
material characteristics used in the laboratory experiments were relatively homogenous, some well-
known methods yielded inaccurate results. Hence, calibration of the rainfall loss model proved
to be essential. It should also be noted that, in some cases, the calibrated model parameters were
relatively different from the initial model parameters estimated from the literature. None of the
tested hydrological rainfall loss methods proved to be superior to the others. Therefore, in the case of
natural environments with heterogeneous soil characteristics, multiple rainfall loss methods should
be tested and the most suitable method should be selected only after cross-validation or a similar
evaluation of the tested methods.

Keywords: landslides; lab experiment; hydrology; infiltration; rainfall loss; surface runoff; temporal
dynamics; HEC-HMS; model evaluation

1. Introduction

Extreme rainfall is one of the main drivers of water-related disasters such as floods,
flash floods, extreme soil erosion and landslides [1–7]. In terms of analyzing flood gener-
ation mechanisms, rainfall is often separated into effective rainfall, which contributes to
the increasing part of the hydrograph during and soon after a rainfall event, and rainfall
losses [8]. The rainfall losses can be regarded as a part of precipitation that does not directly
contribute to the surface or sub-surface runoff or that does not increase the hydrograph
during or immediately after the precipitation event [8–10]. Hence, rainfall losses are part
of the precipitation that is either intercepted by vegetation or infiltrated into soil. The
separation of the total rainfall into effective rainfall and rainfall losses needs to be correctly
represented within the hydrological rainfall–runoff models.

Rainfall–runoff modelling is widely used in hydrology and related disciplines for vari-
ous purposes, such as flood prediction, the design of flood protection measures or climate
change investigations [11–15]. In addition, there are various rainfall–runoff models avail-
able, including physically based, conceptual, empirical and data-driven models [16–18].
Hence, each of these models has its own characteristics, including data requirements, model
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structure, complexity and a representation of the effective rainfall–rainfall loss relation-
ship [17]. One of the most frequently applied models in engineering hydrology is the
Hydrological Engineering Center (HEC) Hydrologic Modeling System (HMS), or, in short,
HEC-HMS software [9]. This software includes a variety of methods that can be used
for relatively simple event-based rainfall–runoff calculations using the unit hydrograph
(UH) theory, or to conduct more complex continuous or even grid-based modelling of
various rainfall–runoff processes [9]. In the scope of engineering applications related to
design discharge and hydrograph estimation, which are often carried out with the HEC-
HMS software [14,19,20], a suitable method for the calculation of rainfall losses must also
be chosen.

Within the HEC-HMS model, there are several methods available, such as Green and
Ampt’s model or the initial and constant method, which can be used to estimate rainfall
losses [8,9]. Some of them are suitable for event-based simulations and others for continuous
rainfall–runoff modelling [9]. Additionally, these methods mostly use different infiltration
process theories, which can be found in the literature [21]. These models describing
infiltration are either empirical (e.g., Horton infiltration model) or physically based (e.g.,
Green and Ampt model) [21]. Previous studies have shown that different methods that
are incorporated into the HEC-HMS can yield very diverse results in terms of estimating
the effective rainfall (the part of the rainfall that contributes to runoff) [8,22,23]. Therefore,
additional investigations are needed to evaluate the performance of specific methods. Such
evaluations can be undertaken based on large datasets including rainfall and discharge
data for various catchments (e.g., as part of national hydro-meteorological monitoring
systems [13,24]), using detailed measurements from experimental catchments [25–27],
considering data obtained from laboratory experiments [28,29] or a combination of data
from laboratory experiments and experimental catchments [30].

Laboratory experiments are also frequently used in the context of studying the dy-
namics of landslides and the effects of landslide remediation measures [31–38]. Hence, the
focus of this type of experiment is usually not only on the relationship between rainfall,
soil moisture, infiltration and runoff, despite their relative importance for the initiation
of rainfall-induced landslides [39,40]. The focus is often on the investigation of landslide
dynamics and on understanding landslides’ initiation mechanisms [31,32]. These issues
are important for the communities affected by landslides, since landslides are one of the
natural hazards that can occur almost anywhere around the globe [41], in various types
and magnitudes [42]. Additionally, landslides can cause significant economic damage and
endanger human lives [43,44]. Moreover, understanding landslide behavior, modelling,
mitigation and prediction are becoming more and more important in order to increase
social resilience, and also due to the climate change impact, which is expected to affect
landslide frequency and dynamics [45–48]. Interdisciplinary research, such as combining
hydrological aspects with experimental data from laboratory landslide tests, can therefore
provide new insights from which multiple scientific disciplines can benefit.

Therefore, the main aim of this study is to evaluate the performance of different
methods that can be used to estimate rainfall losses based on measurements taken within
small-scale landslide laboratory experiments. More specifically, we tested the hypothesis
that estimating rainfall loss parameters based on the literature can provide a valuable
representation of conditions during laboratory experiments. We also investigated whether
the calibrated rainfall loss parameters can reproduce the observed experimental results.
The secondary objective of the study was to analyze how soil moisture changed during the
laboratory experiments with respect to slope geometry and soil material characteristics.

2. Methods
2.1. Laboratory Landslide Experiments

In the scope of this study, we used the results of the physical landslide model experi-
ments described in detail in previous studies [31,32,49]. A platform for testing small-scale
physical landslide models was developed within a four-year research project entitled “Phys-
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ical modeling of landslide remediation constructions’ behavior under static and seismic
actions (ModLandRemSS)”. This platform was designed to investigate the landslide trig-
gering mechanisms and the effects of landslide remediation measures on the stability of
slopes. The experimental setup is equipped with extensive geotechnical and geodetic
monitoring systems that are able to measure multiple variables, such as soil moisture,
suction, pore pressures and displacements [31]. Hence, numerous accelerometers, strain
gauges, pore pressure transducers and soil moisture probes are used to measure these
variables [31]. In addition, infrared cameras, high-speed cameras, terrestrial laser scanners
and Structure-from-Motion (SfM) photogrammetry were used to detect displacements,
landslide failure mechanisms and patterns during the experiment [31]. A detailed descrip-
tion of the geodetic and geotechnical monitoring systems and the sensors used is provided
by Pajalić et al. [31] and Peranić et al. [50]. It should be noted that all water-related sensors
were produced by the METER Group company, and TEROS 10 and TEROS 12 sensors were
employed for soil moisture measurements [31]. These sensors were also used in the scope
of this study. Figure 1 shows the main elements of the small-scale physical model. The
model consists of a steel base plate with side elements made of transparent plexiglass [31].
The dimensions of the slope are 1 m (width), 2.3 m (length) and 0.5 m (height) [31]. A
schematic representation of the physical model’s cross-section with the position of the soil
moisture sensors is presented in Figure 2. The model slope can be modified and a series of
tests were performed using inclinations of 30◦, 35◦ and 40◦. A detailed description of the
preparation of the model experiment and material (e.g., achieving the targeted compaction
and moisture conditions) is available in previous publications [31,32,49].
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Figure 2. A cross-section of the model with 30◦ slope (inclination) with the indication of the main
geometric characteristics, soil moisture sensors’ positions (blue labels) and sprinkler branches in the
upper (H), middle (M) and lower (L) parts of the model. Model dimensions are in meters.

The rainfall simulator used in the setup shown in Figure 2 is one of the main elements
that was constructed specifically to provide variable water pressure and hence variable
rainfall intensities during the experiments [31]. As can be seen in Figure 1, three sprinkler
branches, each equipped with four different axial-flow nozzles with spray angles of 60◦ and
90◦, were used to produce controlled artificial rainfall events. The height of the sprinklers
above the model was determined by considering rainfall spread in such a way that water
reached the edges of the model during the experiments. The rainfall intensities can vary
from 30 to 140 mm/h [31]. Starting rainfall intensities used during the experiments were
determined based on the infiltration capacity of different slope materials. The maximum
values of rainfall intensity that can infiltrate into the soil without the appearance of surface
runoff were selected for each specific experiment, as described in the following sections.

Multiple experiments have been conducted using three different slope materials,
where their properties are shown in Table 1. Besides clean uniform sand, two sand–kaolin
mixtures, one with 10% and one with 15% of kaolin particles, were used to build scaled
slope models (Table 1). The kaolin mixtures were determined based on weight (mass)
proportions of sand and kaolin. The grain size distribution curve included the distribution
of soil particles of different sizes in the soil mass. Grain size distribution curves and other
material properties are presented in Vivoda Prodan et al. [49]. Dynamic responses of
models built of different soil types and with different inclinations (30◦, 35◦ and 40◦) were
observed and measurements were taken during the experiments. Moreover, to observe
differences in the dynamic responses of scaled slope models with and without different
remediation measures, the tests were also repeated with specific landslide remediation
measures applied, such as gabion and gravity retaining walls, piles, etc. [51].
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Table 1. Main characteristics of the slope material that was used for simulations. Adopted from
Vivoda Prodan et al. [49].

Slope Material Sand Sand–Kaolin (10%) Sand–Kaolin (15%)

Specific gravity, Gs (/) 2.70 2.69 2.67
D10 (mm) 0.190 0.038 0.056
D60 (mm) 0.370 0.310 0.207

Uniformity coefficient, cu (/) 1.95 8.16 54.11
Minimum void ratio, emin (/) 0.64 0.65 0.54
Maximum void ratio, emax (/) 0.91 1.21 1.43

Hydraulic conductivity, ks (m/s) 1.0 × 10−5 6.8 × 10−6 3.5 × 10−6

Friction angle, φ (◦) 34.9 31.3 31.8
Cohesion, c (kPa) 0 3.9 4.4

Targeted initial porosity, ni (/) 0.44 0.47 0.43
Targeted initial relative density, Dr (/) 0.5 0.5 0.75
Targeted initial water content, wi (%) 2 5 8.1

2.1.1. Data Used for Rainfall Loss Simulations

Three experiments were selected for the assessment of the applicability of selected
rainfall loss methods (Section 2.2):

• Experiment with sandy material with 35◦ inclination, where surface runoff was ob-
served during the experiment after increasing the rainfall intensity during the second
part of the experiment (Sand).

• Experiment with a mixture of sand and 10% kaolin with a 40◦ inclination, where
the initial moisture of the material was relatively high (volumetric water content of
approximately 0.2 m3/m3) and surface runoff (and erosion) was observed shortly after
the start of the experiment (SK10er).

• Experiment with a mixture of sand and 10% kaolin with a 40◦ inclination, where the
initial moisture content of the material was lower (approximately 0.06 m3/m3) than in
the previously selected experiment and where no surface runoff was observed during
the experiment (SK10).

The above considered combinations represent various conditions (e.g., higher initial
moisture, increase in the rainfall intensity during the event). It should be noted that the
rainfall intensity for the experiment Sand was slightly higher (around 3 L/min) than
for the experiments SK10er and SK10 (around 0.8 L/min), as shown in Section 3. As
indicated, initial rainfall intensities used during specific experiments were determined
based on the infiltration capacity of different slope materials. During the experiments,
rainfall intensity was reduced when the ground water level reached the ground surface in
the lowest part (foot) of the model and the foot of the slope was submerged. In the last part
of the experiment Sand, when most of the expected slope movements were reached, the
rainfall intensity was increased above the soil infiltration capacity in order to observe the
joint impact of infiltration and surface runoff on the slope behavior.

2.1.2. Data Used for Investigation of Soil Moisture Changes

Additionally, we also investigated soil moisture dynamics at various depths (Figure 2)
with respect to the inclination of the model and the material characteristics. Appropriate
combinations were selected considering two conditions: (i) the rainfall intensity was the
same during different experiments and (ii) the initial soil moisture was similar between
different experiments. The following combinations were compared:

• Sandy material for 35◦ and 40◦ inclinations with an initial approx. rainfall intensity of
3 L/min;

• Sandy material with 10% kaolin for 35◦ and 40◦ inclinations with an initial rainfall
intensity of approx. 0.8 L/min.
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2.2. Methods for the Evaluation of the Rainfall Losses

HEC-HMS software [9] was used for the estimation of rainfall losses for the selected
methods, with the exception of the Horton infiltration method, which is not incorporated
into the HEC-HMS (Section 2.2.5). Four methods that can be used for event-based simu-
lations were selected [9]: Green and Ampt, Smith Parlange, initial and constant and Soil
Conservation Service (SCS) methods. Descriptions of these methods, including the Horton
infiltration model, are provided in the following sub-sections.

2.2.1. Green and Ampt

The Green and Ampt method can be regarded as a physically based model and is,
in general, a simplification of a more complex equation for unsteady water flow in soils
proposed by Richards [9,21,52–54]. Within the HEC-HMS software, the Green and Ampt
method uses the so-called piston-type displacement for the movement of the infiltrated
water by the approximation of the wetting front [9]. Initially, the soil is assumed to be
uniformly saturated in the case of this method. In the case of conducted experiments, there
were smaller variations in the initial soil moisture because of the water movement and
evaporation during the experiment preparation (see Section 3 for further details). The soil
is also assumed to be infinitely deep (only the Green and Ampt equation can be used for
defining the saturation point); the Green and Ampt model also takes into consideration
ponding at the soil–air interface [9]. The rainfall losses for specific time intervals are
calculated within the HEC-HMS model using the following expression [9]:

ft = K
[1 + (∅− θi)S f

Ft

]
, (1)

where K is the saturated hydraulic conductivity, ft is the rainfall loss during the time step
t, ∅− θi is the volume moisture deficit, Ft is the cumulative loss at time t and S f is the
wetting front suction. Parameters required by the HEC-HMS software are [9]:

• Initial content (m3/m3);
• Saturated content (m3/m3);
• Suction (mm);
• Conductivity (mm/h).

In our case, the initial moisture content was defined based on the soil moisture mea-
surements (METER group sensors) before the start of an experiment (Section 2.1). The
saturated content defines the maximum water holding capacity from the perspective of the
volume ratio and can be estimated based on the total porosity [9]. Furthermore, the suction
parameter is related to the wetting front suction head and represents the attraction of water
within the material void spaces [9]. Hence, this parameter can be estimated either based on
the soil texture information or the soil water retention curve (wetting phase). Moreover,
the conductivity parameter is the saturated hydraulic conductivity that represents the rate
at which water from the surface enters soil when completely saturated [9]. Table 2 shows
the estimated Green and Ampt parameters that were determined based on the material
characteristics and literature information.

Table 2. Green and Ampt initial parameters that were used for the rainfall–runoff simulations.

Parameter/Experiment Sand SK10 SK10er

Initial Content (m3/m3) 0.06 0.09 0.22
Saturated Content (m3/m3) 0.44 0.47 0.47

Suction (mm) 50 100 100
Conductivity (mm/h) 36 25 25
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2.2.2. Smith Parlange Method

The second method that was selected for the calculation of the rainfall losses is the
Smith Parlange model, which is also suitable for event-based simulations [9]. This method
is a simplification of the Richards equation, with the assumption that the wetting front
can be represented by the exponential scaling of saturated conductivity [9]. The potential
infiltration rate at specific time steps within the HEC-HMS model can be calculated using
the following expression [8]:

ft = KS
exp( fcum/B)

exp( fcum/B)− 1
, (2)

where KS is the effective saturated hydraulic conductivity within a time step, B is the
saturation deficit parameter and fcum is the cumulative infiltration since the start of the
event [8]. Parameters required within the HEC-HMS software in relation to the Smith
Parlange method are [9]:

• Initial content (m3/m3);
• Residual content (m3/m3);
• Saturated content (m3/m3);
• Bubbling pressure (mm);
• Pore distribution;
• Conductivity (mm/h).

The initial and saturated content are similar to the Green and Ampt method (Section 2.2.1),
while the residual water content is determined by the amount of water remaining in the
soil after drainage [9]. Moreover, the bubbling pressure represents the wetting from suction.
Additionally, the pore size distribution can be related to the soil texture [55] and defines the
distribution of total pore spaces in different size classes [9]. For the conductivity parameter,
typically, the effective saturated conductivity is used [9]. The HEC-HMS software also
includes an option to adjust the water density, viscosity and matric potential based on the
provided temperature data, which was not used within the simulations performed within
the scope of this study. Table 3 shows the estimated Smith Parlange parameters that were
estimated based on the material characteristics and literature information.

Table 3. Smith Parlange initial parameters that were used for the rainfall–runoff simulations.

Parameter/Experiment Sand SK10 SK10er

Initial Content (m3/m3) 0.06 0.09 0.22
Residual Content (m3/m3) 0.02 0.02 0.02
Saturated Content (m3/m3) 0.44 0.47 0.47

Bubbling Pressure (mm) 50 100 100
Pore Distribution 0.6 0.5 0.5

Conductivity (mm/h) 36 25 25

2.2.3. Initial and Constant Method

The third method that was used for the comparison was the initial and constant loss
method, which can be regarded as a simpler empirical method compared to the Green
and Ampt and the Smith Parlange methods. The method is more suitable for cases with
limited soil information [9]. The method uses a single soil layer and the initial loss can be
specified in order to represent the amount of water that is expected to be lost before the
onset of runoff infiltration [9]. In other words, until the accumulated precipitation is equal
to the initial loss value, no runoff will be simulated. After this period, the runoff will be
simulated when the precipitation rate is higher than maximum potential rate of rainfall
loss. Two parameters need to be defined in relation to this method within the HEC-HMS
software [9]:

• Initial loss (mm);
• Constant rate (mm/h).
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The initial loss parameter represents the amount of precipitation that is expected to be
infiltrated before the start of the runoff and can be estimated as the product of the active
layer depth (in our case, 30 cm of the material) and soil moisture state at the start of the
simulation. This parameter can also be estimated based on the land use by using some pre-
defined values [9]. In our case, the initial loss parameter was calculated as the ratio between
the active layer depth and the difference between the saturated and initial content (Table 2).
Additionally, the constant rate is usually assumed to be equal to the saturated hydraulic
conductivity [9]. Table 4 shows the estimated initial and constant method parameters that
were estimated based on the material characteristics and literature information.

Table 4. Initial and constant method initial parameters that were used for the rainfall–runoff simulations.

Parameter/Experiment Sand SK10 SK10er

Initial Loss (mm) 114 114 60
Constant Rate (mm/h) 36 25 25

2.2.4. Soil Conservation Service (SCS) Method

The fourth method that was selected was the SCS model, which is derived based on the
water balance equation. The method was derived to calculate the total infiltration during a
storm and uses only one parameter: the curve number (CN) [9,21]. It is one of the most
frequently used in engineering hydrology since the CN parameter can be estimated based
on the land use and soil characteristics [8]. The CN concept has also been used for several
other purposes [56,57]. The calculated cumulative rainfall excess Pe can be calculated using:

Pe =
(P − Ia)

2

P − Ia + S
, (3)

where P is the accumulated rainfall at time step t; the S and Ia coefficients represent the
maximum retention and initial abstraction, respectively. Both parameters can be calculated
based on the CN parameter [8,9]. The HEC-HMS user’s manual provides a table with
pre-defined CN parameters for various land cover types and for four different soil classes
that can be related to the soil texture (A, B, C and D) [8,9]. Additionally, a specific initial
abstraction Ia can be provided; otherwise, this parameter is calculated based on the provided
CN value. In our study, the initial CN parameters were determined as representing areas
without vegetation. For the experiment with sand, soil type A was assumed (CN = 77), and
for the experiment on sand with 10% kaolin, soil type B was assumed (CN = 86).

2.2.5. Horton Infiltration Method

The last method that was used was the Horton infiltration method, which can be
regarded as empirically based [21]. It is one of the most frequently used methods and
assumes that infiltration is decreasing exponentially from the initial capacity to the final
one. The method and the work conducted by Horton have been widely studied [58,59].
The infiltration rate f at time t can be calculated as [8]:

f = fc + ( f0 − fc) ∗ e−kt, (4)

where f 0 is the initial infiltration, fc is the final infiltration and k is a constant that represents
the decrease in infiltration capacity. Table 5 shows the estimated Horton model parameters
that were estimated based on the material characteristics and literature information [60].

Table 5. Horton infiltration method initial parameters that were used for the rainfall–runoff simulations.

Parameter/Experiment Sand SK10 SK10er

k (1/h) 2 2 2
f 0 (mm/h) 127 76 76
fc (mm/h) 10 9 9
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2.3. Evaluation of Five Selected Rainfall Loss Methods Based on the Laboratory Experiments

For the evaluation of the applicability of the five rainfall loss methods (Section 2.2) for
the selected experiments (Section 2.1.1), we have used the following steps:

• The initial rainfall loss methods’ parameters were estimated based on model ma-
terial characteristics, initial measurements before the start of the experiment and
literature information.

• The rainfall losses were estimated using the initial model parameters (previous step)
and comparison with the experimental results was made with respect to the timing
and occurrence of surface runoff.

• The rainfall loss parameters were calibrated in such a way that the experimental results
could be reproduced with respect to the timing of the occurrence or non-occurrence of
surface runoff. Evaluation of the calibrated parameters was conducted to see if the
calibrated parameters were within a plausible range of the parameters according to the
material characteristics. In other words, we were interested in whether the calibrated
parameters for sandy material were within a range of parameters for this type of
material or whether they correspond to completely different soil types (e.g., clay).

It should be noted that, in almost all cases, the HEC-HMS software user’s manual
indicates that rainfall loss parameters for all the selected methods should be calibrated
before conducting simulations.

Evaluation was performed using a ranking system ranging from 0 to 3, where the
following system was used:

• 0 was used if simulated runoff was completely different from the experimental results
(e.g., no runoff was simulated while runoff appeared during the experiment).

• 1 was used if simulations correctly predicted runoff occurrence for one part of the
experiment (e.g., HEC-HMS simulations predicted runoff but missed the correct timing
in comparison to the actual experimental results).

• 2 was used if simulations correctly predicted runoff (occurrence) and the timing of
runoff for one part of the experiment but did not correctly predict runoff for another
part of the experiment.

• 3 was used if simulations were completely in accordance with the experimental results.

2.4. Interpretation of Soil Moisture Changes during the Experiments

In relation to the second aim of the study, we also investigated changes in soil moisture
at various locations and depths within the model for the selected combinations of model
slope and material characteristics (Section 2.1.2). Hence, visualization was performed
using scatter plots and relatively simple descriptive statistics were calculated to compare
different experiments.

3. Results and Discussion
3.1. Evaluation of the Rainfall Loss Methods
3.1.1. Initial Model Parameters

Firstly, we evaluated the performance of the selected rainfall loss methods using the
initial parameters (Table 6). In the case of the experiment where sand (Sand) was used, all
the methods yielded relatively similar performance according to the selected rank-based
evaluation (Table 6). Hence, in this experiment, the surface runoff (in the upper part of the
model: H section) started after an increase in the rainfall intensity during the last part of
the experiment (Figures 3 and 4). Hence, the surface runoff occurred at the point where
the volumetric water content exceeded 0.25 m3/m3 and 0.35 m3/m3 in the upper part (H
section) and middle part (M section) of the model, respectively. Meanwhile, the value of
0.35 m3/m3 was exceeded after around 50 min of the experiment in the lower part of the
model as a result of water ponding in this part of the small-scale model. All the selected
rainfall loss methods, with the exception of the initial and constant method, predicted the
start of the surface runoff at around 15–20 min, where the volumetric water content quickly
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increased during the experiment (Figure 3). The first cracks during the experiment occurred
around 30 min after the start of rainfall. Moreover, all the methods correctly predicted the
increase in the surface runoff in the last part of the experiment, when the rainfall intensity
was increased (Figure 3). The Green and Ampt method was the only method that predicted
the end of the surface runoff at the middle part of the experiment (after around 1 h and
before the increase in the rainfall intensity), while, in the case of the Smith Parlange, SCS
curve number and Horton infiltration methods, the surface runoff did not stop until the
end of the experiment. The initial and constant method was the only one that did predict
the start of the runoff in the last part of the experiment (Figures 3 and 4). Hence, in the case
of this experiment, the results using the initial parameters for this method seem to slightly
better reproduce the experimental results compared to some more complex methods that
were tested (Table 6).

Table 6. Ranking-based performance metrics of different tested rainfall loss methods according to the
methodology shown in Section 2.3. Values outside and inside brackets indicate performance with
initial model parameters and after manual calibration, respectively.

Method/Experiment Sand SK10 SK10er

Green and Ampt 2 (3) 3 (3) 1 (3)
Smith Parlange 2 (3) 3 (3) 1 (3)

Initial and Constant 3 (3) 3 (3) 1 (3)
SCS Curve Number 2 (3) 1 (3) 3 (3)
Horton Infiltration 2 (3) 0 (3) 1 (1)
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Figure 3. Measured volumetric water content during the experiment with sand (Sand). Measured
locations (H, M and L) are shown in Figure 2. Note that quick changes in the volumetric water content
can be associated with the development of slope instabilities.
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Figure 4. A photo of the Sand experiment around 90 min after the start of the rainfall simulation
(left), showing the evolution of the retrogressive sliding following the formation of the rotational
slide in the slope’s toe, and a photo taken at the start of the surface runoff formation in the upper part
of the model at around 125 min after the beginning of the Sand experiment (right).

In the case of the second experiment that was taken into consideration (SK10), where
no surface runoff could be observed during the experiment, the Green and Ampt, Smith
Parlange and initial and constant methods yielded similar results and did not predict
any surface runoff. On the other hand, the SCS curve number predicted the start of
the surface runoff at around 20 min after the start of the rainfall, which corresponds
relatively well to an increase in the volumetric water content at the upper and middle
parts of the model (Figure 5). In this case, the volumetric water content increased by over
0.2 m3/m3. Moreover, the Horton infiltration method predicted the start of the runoff from
the beginning of the rainfall, which is not in accordance with the experimental results. It
should be noted that the second increase in the volumetric water content in the period from
40 to 80 min from the start of the experiment can be associated with the appearance of the
first cracks in the model. None of the selected rainfall loss methods, except the SCS CN
method, predicted an increase in the surface runoff at this stage (40–80 min from the start)
of the experiment. A decrease in the volumetric water content in the middle part (M-6 cm),
around 120 min after the start of the rainfall, is associated with the start of the landslide
initiation and the relatively clear formation of the landslide sliding surface (Figure 6).
However, this was not detected by the simulations performed by the HEC-HMS software.

The third experiment that was taken into consideration within the scope of this study
was the SK10er, where, in comparison to the SK10, the initial volumetric water content
was much higher (around 0.2 m3/m3, as shown in Figure 7). This is only reflected in a
limited number of changed parameters (initial values of the parameters) compared to the
SK10 experiment (Section 2). The performance of most applied methods in this case was
worse than for the SK10 experiment (Table 6). It was observed that the parameters such as
conductivity or constant rate had a more significant impact on the rainfall–runoff modelling
results (higher sensitivity) (see Section 3.1.2). These parameters were the same for the SK10
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and SK10er cases (initial values). In this experiment, the surface runoff occurred soon
after the start of the experiment, when the volumetric water content in the middle and
upper parts (M and H) increased by over 0.25 m3/m3 (Figures 7 and 8). This was only
correctly predicted by the SCS CN method,. The Green and Ampt, Smith Parlange and
initial and constant methods did not predict any runoff at the start of the experiment but
did predict runoff in the second part of the experiment. The Horton infiltration method
predicted runoff for the entire duration of the experiment (similarly as in the case of the
SK10 experiment).
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Figure 5. Measured volumetric water content during the SK10 experiment. Measured locations (H,
M and L) are shown in Figure 2.
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Figure 6. A photo of the second experiment considered (SK10) after around 55 min of the rainfall sim-
ulation, when first cracks were observed (left), and after 120 min (right), when further displacements
took place, along with the mobilization of the large sliding surface in the model.
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Figure 7. Measured volumetric water content during the SK10er experiment. Measured locations (H,
M and L) are shown in Figure 2.
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Figure 8. A photo of the SK10er experiment at around 8 (left) and 18 (right) min after the start of
the experiment.
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A comparison of the rainfall loss methods at a larger scale and on a specific watershed
with nonhomogeneous soil characteristics was also conducted by Šraj et al. [8], where the
SCS curve number method yielded the best performance. In the case study conducted
by Šraj et al. [8], the land use map and soil type classification were used to estimate the
rainfall loss methods’ parameters. This is often the case in rainfall–runoff studies when
no detailed soil information is available, and, additionally, soil and other characteristics
can be significantly heterogeneous [61], which prevents the accurate estimation of rainfall
loss parameters. Moreover, Zema et al. [23] reported good performance of the SCS curve
number after calibration of the parameters. The same applied for the initial and constant
method, which quite accurately predicted peak flows. On the other hand, the Green and
Ampt method yielded worse results despite the method having more parameters [23].
However, it should be noted that the simulation results can be very site-specific. For
example, Halwatura and Najim [22] showed that the SCS CN method did not perform well
in their study, and the deficit and constant method yielded better results. There are also
other studies published that compared different rainfall loss methods [62]. Hence, it is clear
that the rainfall loss parameters need to be calibrated, and this is also clearly indicated
in the HEC-HMS user’s manual [9]. The calibration is needed even if detailed material
characteristics are known and the soil is relatively homogeneous.

3.1.2. Calibrated Model Parameters

In the second step of the study, we tried to calibrate the rainfall loss methods’ parame-
ters in such a way that we could simulate the experimental results as well as possible. At
the same time, we tried to keep the model parameters as close as possible to the initial
(literature-related) values since these were estimated based on the well-known material
characteristics. The calibrated parameters for specific experiments are shown in Tables 7–11,
while the performance of specific tested rainfall loss methods using the calibrated parame-
ters is shown in Table 6. It can be seen that, in all cases except one, the manual calibration
was able to reproduce the experimental results (Table 6). However, in some of these cases
(Tables 7–11), the calibrated parameters were quite different from the initial parameters
that were defined based on the literature guidelines and material characteristics. In case of
the Green and Ampt method, a higher value of the conductivity would need to be used
to reproduce the Sand experiment results, and lower for the SK10er experiment results
(Table 7). However, it should be noted that the hydraulic conductivity was determined us-
ing the constant and falling head test methods within the scope of the laboratory work [49].
Hence, the value that was used as the initial parameter should be regarded as relatively
precise, with a lower level of uncertainty compared to some other parameters (e.g., f 0
parameter for the Horton infiltration method). Additionally, slightly lower suction values
were used for the SK10er experiment (Table 7). Similar values could be seen for the Smith
Parlange method, where similar conductivity values were used as in the case of the Green
and Ampt method (Table 8). Moreover, in the case of the initial and constant method and
the SK10er experiment, we needed to quite significantly adjust the model parameters in
order to reproduce the experimental results (Table 9). The same applied for the SCS curve
number method, where, in the case of two of three experiments, we needed to adjust the
rainfall loss method parameter (Table 10). In the case of the Sand and SK10 experiments,
much lower CN values were used (not representing bare soil conditions). However, it
should be noted that the theoretical CN values that can be found in the literature [9] do not
truly account for such experimental cases but are based on different land use types that can
be found in nature at larger scales. In the case of the Horton infiltration method, there is
also quite a large difference between the initial and calibrated method parameters (Table 11).
Hence, it is clear that all the tested rainfall loss methods have some disadvantages and
none of the applied ones are able to fully reproduce the three different experiments that
were taken into consideration. This is somewhat in accordance with the evaluations that
can be found in the literature, where no optimal method could be identified when looking
at various case studies from around the globe [8,22,23,62]. Additionally, in a number of
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cases, the calibrated parameters are quite different from the initial parameters (Tables 7–11),
which confirms the necessity of rainfall–runoff model calibration before using them for
further applications, such as flood mapping [63] or climate change evaluation [11]. It
should also be noted that the experimental results used within the scope of this study
compared to natural environments are quite different since the material characteristics
are relatively homogeneous, although the initial volumetric moisture is difficult to keep
constant through different parts of the model (e.g., Figures 3, 5 and 7). Moreover, the
compaction of the material is relatively constant. On the other hand, natural environments
have heterogeneous soil characteristics with a great deal of spatial heterogeneity, which is
often difficult or impossible to incorporate within the rainfall–runoff models.

Table 7. Calibrated values of parameters for different experiments using the Green and Ampt method.
Initial values are shown in Table 2.

Parameter/Experiment Sand SK10 SK10er

Initial Content (m3/m3) 0.06 0.09 0.22
Saturated Content (m3/m3) 0.44 0.47 0.47

Suction (mm) 50 100 40
Conductivity (mm/h) 60 25 10

Table 8. Calibrated values of parameters for different experiments using the Smith Parlange method.
Initial values are shown in Table 3.

Parameter/Experiment Sand SK10 SK10er

Initial Content (m3/m3) 0.06 0.09 0.22
Residual Content (m3/m3) 0.02 0.02 0.02
Saturated Content (m3/m3) 0.44 0.47 0.47

Bubbling Pressure (mm) 50 100 40
Pore Distribution 0.44 0.5 0.47

Conductivity (mm/h) 69 25 10

Table 9. Calibrated values of parameters for different experiments using the initial and constant
method. Initial values are shown in Table 4.

Parameter/Experiment Sand SK10 SK10er

Initial Loss (mm) 114 80 8
Constant Rate (mm/h) 36 25 10

Table 10. Initial and calibrated values of parameters for different experiments using the SCS curve
number method.

SCS Curve Number Sand SK10 SK10er

Initial parameters 77 86 86
Calibrated parameters 32 38 86

Table 11. Calibrated values of parameters for different experiments using the Horton method. Initial
values are shown in Table 5.

Parameter/Experiment Sand SK10 SK10er

k (1/h) 2 2 2
f 0 (mm/h) 220 80 76
fc (mm/h) 60 11 9

3.2. Changes in Soil Moisture during the Experiment with Respect to Slope and
Material Characteristics

Additionally, we also compared changes in the volumetric water content for different
experiments (Section 2.4). Since the initial volumetric moisture was not completely the
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same at all locations in the experimental model (Table 2), we compared the relative change
in the volumetric water content among different experiments. In the case of sandy material,
the initial volumetric water content was within the range of 0.05 and 0.1 m3/m3 at different
locations. The same applies for the SK10 experiment. Figures 9 and 10 show comparisons
of the volumetric water content. It can be seen that in the upper part of the model (H part),
the higher slope of the model is associated with a delayed increase in volumetric water
content for both selected experiments in comparison to a lower slope (Figures 9 and 10).
Similar observations could be observed for the H and M sections of the model built in SK10
material—the higher slope is associated with a later increase in soil moisture throughout the
experiment. In the case of a steeper slope, water moves more quickly to lower sections of
the experimental model compared to a gentler slope. A similar impact of slope inclination
can be seen for the middle part (M) of the model as well (Figures 9 and 10). In the case of
sandy and SK10 material, there are some steep changes in the volumetric water content in
the second part of the experiment that can be attributed to the formation of cracks and slips
(Figures 9 and 10). Similar behavior was also observed in some other studies [36]. In the
lower part of the model, the situation is more complex and is a result of direct simulated
rainfall on the top of the lower part, as well as the inflow of infiltrated water from the
upper and middle parts of the model. Hence, water ponding occurred in this part of the
small-scale landslide model (e.g., Figures 4 and 9).
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Figure 9. Comparison of the changes in the volumetric water content at different parts of the
experimental model for the Sand experiment. Locations of measurement points are shown in Figure 2.
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experimental model for the SK10 experiment. Locations of measurement points are shown in
Figure 2.

4. Conclusions

This study evaluates the performance of five selected rainfall loss methods from
the perspective of reproducing the experimental laboratory results that were obtained
using a small-scale landslide model with a variable slope inclination. Based on the results
presented, several important conclusions can be made:

• For some laboratory experiments, the initial rainfall loss method parameters estimated
based on the literature provided a relatively good approximation of the experimental
results in terms of the occurrence of surface runoff and its timing. In some other cases
(SK10er), however, the rainfall–runoff model simulations using initial parameters
yielded quite different results from those observed in the laboratory.

• The study results illustrate the importance of model calibration, even in cases where
the slope material is homogenous and the material characteristics are well known
(the uncertainty in parameter estimation is lower). Hence, it is essential to calibrate
the rainfall loss method parameters in order to obtain adequate simulation results.
It should be noted that, in some cases, the calibrated parameters differ significantly
from the initial model parameters and, to some extent, also from the values that can
be derived from the literature.

• None of the tested rainfall loss methods could be declared as a superior one and
the performance of the tested methods depends on the specific characteristics of the
laboratory experiment. Only in one case (SK10er experiment), for one of the methods,
the parameters could not be changed in any way to reproduce the experimental results
(calibration was not possible). In all other cases, post-experimental model calibration
was successful.

• A comparison of the changes in volumetric water content as a function of slope and
material characteristics (Sand and SK10) indicates that, in both cases, similar patterns
could be detected for the upper and middle parts of the model, and that the model
slope has a relatively significant impact on the changes in volumetric water content
as a result of water movement within the model due to gravity effects (settlement of
layers in the slope).

Compared to some of the previously conducted studies in which laboratory exper-
iments with small-scale landslides were conducted to investigate slope stability, failure
mechanisms and landslide dynamics, this study evaluates the performance of five rainfall
loss methods for simulating the surface runoff during the experiments. It is recommended
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that rainfall loss methods are further tested using existing laboratory results on small-scale
landslide models from other studies to gain further insights into the landslide hydrology
at a small (laboratory) scale, as well as hillslope hydrology for the initiation of rainfall-
induced landslides.
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