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Abstract: An experimental laboratory setup was developed and evaluated in order to investigate
detachment of soil particles by raindrop splash impact. The soil under investigation was a silty loam
Cambisol, which is typical for agricultural fields in Central Europe. The setup consisted of a rainfall
simulator and soil samples packed into splash cups (a plastic cylinder with a surface area of 78.5 cm2 )
positioned in the center of sediment collectors with an outer diameter of 45 cm. A laboratory rainfall
simulator was used to simulate rainfall with a prescribed intensity and kinetic energy. Photographs
of the soil’s surface before and after the experiments were taken to create digital models of relief and
to calculate changes in surface roughness and the rate of soil compaction. The corresponding amount
of splashed soil ranged between 10 and 1500 g m−2 h−1 . We observed a linear relationship between
the rainfall kinetic energy and the amount of the detached soil particles. The threshold kinetic energy
necessary to initiate the detachment process was 354 J m−2 h−1 . No significant relationship between
rainfall kinetic energy and splashed sediment particle-size distribution was observed. The splash
erosion process exhibited high variability within each repetition, suggesting a sensitivity of the
process to the actual soil surface microtopography.
Keywords: splash erosion; rainfall simulator; splash cup; soil loss; soil detachment; disdrometer;
rainfall kinetic energy

1. Introduction
The initial stage of the erosion process (splash erosion) occurs when raindrops with high kinetic
energy hit bare soil, breaking down aggregates and detaching soil particles. Such particles are
translocated a short distance from the raindrop’s impact and they then settle on the soil’s surface and
block the interaggregate pores reducing the topsoil’s infiltration capacity and accelerating the formation
of surface runoff. Hence, understanding the relationships between various rainfall characteristics and
splash erosion is important to be able to predict the dominant runoff mechanisms of unprotected soils
and to determine the rainfall kinetic energy threshold for erosion initiation.
Various monitoring techniques have been developed over the years to measure the degree of
soil detachment in relation to the kinetic energy of raindrops. Besides splash cups (which are used
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in this study), splash boards or tracers have also been used in previous studies (as reviewed by
Fernández-Raga et al. [1]). When monitoring splash erosion, there are several considerations to take
into account when developing study design:
(A) collection
Sustainabilitymechanism:
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occur during ponding conditions. Scholten et al. [7] developed splash cups in which sample saturation
was controlled, their setup maintained nearly constant water content of the sample, and allowed for
the simultaneous draining of rainfall. Two types of splash cups (cups and funnels) were compared by
Fernández-Raga et al. [4]. The funnels collected systematically more particles because they prevent
particle transport back to the surrounding soil (backsplash). The most frequently used splash cup
design is inspired by Morgan (1981) (for example, [9,19–22]). In all studies reported above, the
sediment loss was determined by weighing the dry sample prior to and after the measurement period.
The Morgan setup is also suitable for use in both indoor and outdoor conditions with disturbed or
undisturbed soil samples.
In general, the splash erosion process is very complex and the reported results usually exhibit
high variability. Angulo-Martinez et al. [23] evaluated the effects of rainfall characteristics, rainfall
erosivity index and soil type with a linear mixed-effects model. The rainfall erosivity index explained
55% of the data variability but soil type did not have a statistically significant influence on erosion.
Up to 74% of the variability within a single soil type was attributed to random effects. The role of
slope (and upward/downward splash) and rainfall intensity were investigated. It was reported that
slope altered the splashed particle-size distribution and the role of slope for total splashed material
varied for various rainfall intensities [22]. The rainfall itself is also a very important factor, and authors
emphasize the need of accurate drop-shape estimation in order to obtain adequate kinetic energy of
the rainfall. Rainfall changes the surface microtopography [24] which may have further effects on
water infiltration, surface water retention and surface runoff [25]. A common method for the analysis
of surface relief changes is close-range photogrammetry [26]. It has been shown that especially loose
soils are prone to a fast decrease in microrelief roughness, leading to accelerated soil erosion [27,28].
Rainfall kinetic energy (KE) is often estimated based on measured rainfall intensity (KE-I
relationship) due to the lack of a direct rainfall kinetic energy measurement [29]. Lobo and Monilla [30]
tested several KE-I relationships for various geographical locations and concluded that parameters of
the KE-I relationships are site specific. Meshesa et al. [31] tested parametric relationships between
rainfall intensity and rainfall kinetic energy using artificial rainfall, noting that artificial rainfall exhibits
raindrops with different sizes than natural rainfall. Therefore, KE-I relationships derived under natural
conditions should not be applied to rainfall simulators.
The relationship between the rainfall kinetic energy and the amount of splash erosion on a bare
surface varies for different soil types and tillage practices. Most of the studies of splash erosion on real
soils come from arid or semi-arid climates, such as the Mediterranean region, Loess Plateau of China or
southern states of the USA [1]. In Central Europe, soil erosion processes have been studied extensively,
but splash erosion has not usually been considered or evaluated. Rainfall in Central Europe often
does not generate overland flow (due to low intensity and/or short duration), but soil detachment
and resulting soil surface changes take place from the impact of first drops with sufficient kinetic
energy [32]. The lack of knowledge of splash erosion rates on agriculturally cultivated Cambisols is
the main motivation for the presented research.
In this study we present a splash erosion experimental setup which utilizes techniques from
previously published works. We utilize the Morgan design and provide an open-source, easy to
manufacture splash cup. The objective of these experiments is to determine the impact of rainfall
kinetic energy on splash detachment for a typical agricultural soil in Central Europe. An associated
aim is to evaluate the particle-size distribution of the eroded material and to analyze the effects of the
rainfall kinetic energy on soil consolidation.
2. Materials and Methods
2.1. Splash Erosion Collection Device
The monitoring setup is designed for both indoor and outdoor measurements and is similar to
the system proposed by Morgan [2].
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The monitoring device includes (Figure 2): (1) the sediment collector, (2) the cylindric splash cup,
(3) the photogrammetry reference targets, (4) the LED illumination ring, (5) the outlet for the sediment
collection and (6) the splash cup holder. The sizes and proportions of the device components and
the angle between the rim of the splash cup and the collector were adjusted to capture the maximum
amount
of splashed soil while allowing unchanged raindrop impact on the soil sample.
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After every experiment, the detached particles still attached to the collector’s walls or settled on
the collector’s bottom were washed into the outlet and added to the remaining eroded particles. The
suspension of the collected sediment and rainfall water was then filtered, oven dried and weighed.
The splash erosion device was then prepared for photogrammetrical analysis of soil sample
surface changes due to rainfall impact. Typically, 10 to 15 referenced photographs from different
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After every experiment, the detached particles still attached to the collector’s walls or settled
on the collector’s bottom were washed into the outlet and added to the remaining eroded particles.
The suspension of the collected sediment and rainfall water was then filtered, oven dried and weighed.
The splash erosion device was then prepared for photogrammetrical analysis of soil sample surface
changes due to rainfall impact. Typically, 10 to 15 referenced photographs from different angles were
taken for the successful reconstruction of a digital surface model. Therefore, around the splash cup
there is a white ring with the photogrammetry reference targets (3 in Figure 2). An LED illumination
ring (4 in Figure 3) was attached to the sediment collector to provide adequate illumination to ensure
that there were no shadows on the surface. The specification of the LED light strip was: chromaticity
4250 K, power 12 W/m, 60 LEDs/m, luminous flux 1050 lm/m.
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laboratory, stripped of large organic residues (stems, roots), large clods and stones, and then air dried.
Collected soil was sieved to remove particles and aggregates larger than 10 mm before filling the
splash cup. A piece of permeable geotextile was placed inside the cup to prevent the soil from passing
through the splash cup’s perforations. The splash cup was then loosely packed with the same amount
of prepared soil to reach a similar bulk density to that of seedbed conditions (0.83 g cm−3 ). The soil
sample was not compacted; we only distributed soil aggregates equally along the sample surface and
removed any remaining organic residues. Then, the filled splash cups were placed inside the sediment
collectors so that the splash cup’s surface was level.
After each rainfall simulation the eroded soil particles were carefully washed out from the
sediment collector, and the suspension of rain water and eroded sediment was transferred to the
laboratory. The obtained sample was filtered on a paper filter with a mesh size of 5 mm, oven dried (at
40 ◦ C) and weighed.
The dried soil was further analyzed using a laser diffraction particle-size analyzer (Mastersizer
3000, MalvernFigure
Panalytical
Ltd., UK) to determine soil texture. We mixed the splashed material from all
4. Measured relationship between simulated rainfall intensity and kinetic energy.
The measured soil splash rate ranged between 10 and 2012 g m−2 h−1 for rainfall kinetic energy
between 380 and 1450 J m2 h−1. The threshold kinetic energy needed to initiate the detachment process
was identified by extrapolation to be 354 J m−2 h−1. The recorded mass of the detached particles
exhibits large variability across the five replicates at each position (Figure 5). The variability was
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the repetitions to obtain enough soil for this analysis. Each soil sample was dispersed in distilled water
and placed into an ultrasonic bath for 320 s to disaggregate the soil. Then the sample was analyzed by
the laser diffractometer. Measurements were repeated 25 times for every sample. The procedure is
described in detail by Kubínová [34].
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higher for the positions where higher soil erosion was recorded (positions with higher rainfall
intensity and kinetic energy). Similar variability during comparable experiments was reported in
literature [23]. The variability could be explained by very complex soil erosion behavior which is
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experimental
Mazurak
and Mosher
[18] already
experimentally
that [6,15,42].
the splashed
amount
is linearly
setupsand
(rainfall
duration,
sample
preparation)
and soilshowed
properties
Bisal
[17] and
Mazurak
dependent on drop size and velocity. Surprisingly, in contrast to the more recently published studies,
and Mosher [18] already experimentally showed that the splashed amount is linearly dependent on
Bisal [17] did not find a significant relationship between rainfall intensity and the amount of sand
drop size and velocity. Surprisingly, in contrast to the more recently published studies, Bisal [17] did
splashed as long as no ponding occurred on the sand’s surface.
not find a significant relationship between rainfall intensity and the amount of sand splashed as long
as no ponding occurred
the sand’sofsurface.
Table on
1. Comparison
the results with the published splash erosion studies.
Rainfall
Table 1. Comparison of the results with the published splash erosion studies.
Sample Preparation,
Rainfall
Kinetic
Splash–
Rainfall Rainfall
Reference
Soil
Experiment
Intensity
Energy
Rainfall
Sample Preparation,
Splash–Rainfall
Reference
Soil
Intensity
Specifications
(mm
h−1)
(JKinetic
m−2 Energy
Relationship
Experiment
Specifications
Relationship
(J m−2 mm−1 )
(mm h−1 )
mm−1)
No significant
Bisal 1960 [17,18]
Sand
Leveled with the rim
76–152
- No significant
relationship
Bisal 1960
(R2 = 0.31)
Sand
Leveled with the rim
76–152
relationship
[17,18]
Angulo-Martinez et al.
Leveled 25 mm below the rim,
(R2 =Linear
0.31)function
Silty soil
12–93
2–12
2012 [23]
under natural rainfall
AnguloLeveled 25 mm below
Linear
Leveled with the rim;
Martinez et
Silty soil
the rim,
under natural
12–93
2–12
measured under forest
function
Geissler
al., 2012
Linear function
al.et2012
[23]
rainfall
1–45
Fine sand
vegetation
where the
[41]
(R2 = 0.74)
throughfall’s
KE
is
reported
as
Leveled with the rim;
2.53 times higher
measured under forest
Linear
Not known, only three
Linear function
Boroghani et al.,
69–120
Silt-clay-loam
vegetation
where
the
Geissler
et
(R2 = 0.91)
2012
[43]
datapoints
measured
1–45
function
Fine sand
throughfall’s KE is
al., 2012 [41] Silty loam, seedbed
(R2 = Polynomial
0.74)
Wu et al., 2019 [44]
Leveled with the rim
48–150
4–7
reported
as 2.53 times
conditions
function
higher
Fernández-Raga et al.,
Linear function
Fine sand
Leveled to the rim
38–160
26–29
2019 [15]
(R2 = 0.18)
Linear
Boroghani et Silty loam,
Silt-clayNot
known,
only
three
seed bed
69–120
function
Linear function
al.,study
2012 [43]
loam
datapoints
measured
This
conditions
Leveled 10 mm
below the rim
19–78
11
2 = 0.91)
(R2 = 0.70)
(R
(Cambisol)

Wu et al.,
2019 [44]
FernándezRaga et al.,
2019 [15]

seedbed
conditions

Leveled with the rim

48–150

4–7

Polynomial
function

Fine sand

Leveled to the rim

38–160

26–29

Linear
function
(R2 = 0.18)
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Silty loam,
Linear
seed bed
Leveled 10 mm below
This study
19–78
11
function
conditions
the rim
The observed splash–KE trendline is strongly influenced by duration of the rainfall
experiment.
(R2 = 0.70)
(Cambisol)

Splash erosion varies over time, especially in the case of structured soils with developed aggregates
that are initially
broken
down into
smaller
fractions
by raindrops.
It has
been
observed
that the
The observed
splash–KE
trendline
is strongly
influenced
by duration
of the
rainfall
experiment.
splashSplash
increases
with
decreasing
aggregate
size
[45,46]
and
increasing
event
duration
[47,48].
The fact
erosion varies over time, especially in the case of structured soils with developed aggregates
that splash
erosion
is
strongly
dependent
on
surface
microtopography
is
another
reason
why
that are initially broken down into smaller fractions by raindrops. It has been observed that the splash it is
increases
with decreasing
aggregate
size [45,46]
and samples
increasingfilled
eventwith
duration
[47,48].
The fact thatsand
difficult
to compare
results across
studies.
Artificial
smooth,
fine-grained
splash
erosionerosion
is strongly
dependent
surface
microtopography
another reason
why
it is difficult
produce
different
than
naturalonsoils
with
higher surfaceis roughness
and
particle
cohesion.
to
compare
results
across
studies.
Artificial
samples
filled
with
smooth,
fine-grained
sand
produce
This is, as noted above, due to the smaller size of individual particles, but is also due to microrelief
different
natural
soils with
roughness
and particle cohesion.
This
is, as
variation.
The erosion
effect ofthan
surface
roughness
onhigher
splashsurface
erosion
is not a straightforward
process
[49].
Some
noted above, due to the smaller size of individual particles, but is also due to microrelief variation.
authors found decreasing erosion with increasing roughness [50], and some the opposite trend [49].
The effect of surface roughness on splash erosion is not a straightforward process [49]. Some authors
The changes in surface microrelief in one sample (applied kinetic energy of 1150 J m−2 h−1 , recorded
found decreasing erosion with increasing roughness [50], and some the opposite trend [49]. The
average
soil surface
consolidation
is shown
Figureenergy
6. Theof
soil
surface
changes
in surface
microrelief of
in0.75
one mm)
sample
(appliedinkinetic
1150
J m−2 consolidated
h−1, recorded due
to rainfall
and
splash
erosion.
Figure
7
shows
the
linear
relationship
between
rainfall
kineticdue
energy
average soil surface consolidation of 0.75 mm) is shown in Figure 6. The soil surface consolidated
and soil
consolidation
even
though
the measured
soil
settling
is very heterogeneous
theenergy
coefficient
to rainfall
and splash
erosion.
Figure
7 shows the
linear
relationship
between rainfalland
kinetic
and soil consolidation
even though the measured soil settling is very heterogeneous and the
of determination
is low.
coefficient of determination is low.

Soil sample
surface
before
and
aftersimulated
simulated rainfall.
rainfall. The
photos
represent
digital
FigureFigure
6. Soil6.sample
surface
before
and
after
Thelower
lower
photos
represent
digital
surface
models
(DSM)
in which
green
areas
havehigher
higher elevation
elevation than
areas.
TheThe
soilsoil
surface
surface
models
(DSM)
in which
green
areas
have
thanthe
thered
red
areas.
surface
consolidated
inaverage
the average
by 0.75
mm.
consolidated
in the
by 0.75
mm.
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Figure 7. Relationship between rainfall kinetic energy and soil surface settling.

Figure 7. Relationship between rainfall kinetic energy and soil surface settling.

Analysis of the splashed material particle-size distribution (PSD) did not show a significant
Analysis of the splashed material particle-size distribution (PSD) did not show a significant
relationship between rainfall kinetic energy (KE) and detached sediment texture (Figure 8). The
relationship between rainfall kinetic energy (KE) and detached sediment texture (Figure 8).
Pearson’s correlation coefficient of KE versus clay content was 0.36 (p-value 0.39, for a = 0.05), KE
versus silt −0.22 (p-value 0.61) and KE versus sand −0.24 (p-value 0.56). The PSD of the detached
sediment is not significantly different from the texture of the original soil sample (see the horizontal
dashed lines on Figure 7). Therefore, all particle fractions are detached uniformly with no preference
toward fine or coarse fractions, no matter the kinetic energy applied. It is important to note that the
splashed sediment is usually detached in the form of aggregates and therefore the aggregate size
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Analysis of the splashed material particle-size distribution (PSD) did not show a significant

The Pearson’s correlation coefficient of KE versus clay content was 0.36 (p-value 0.39, for a = 0.05),
relationship between rainfall kinetic energy (KE) and detached sediment texture (Figure 8). The
KE versus
silt −0.22
(p-value
0.61) and
KEversus
versus
sand
−0.24
(p-value
0.56). The
the detached
Pearson’s
correlation
coefficient
of KE
clay
content
was
0.36 (p-value
0.39, PSD
for a of
= 0.05),
KE
sediment
is silt
not−0.22
significantly
different
from
the texture
of the
original
soilThe
sample
(see
horizontal
versus
(p-value 0.61)
and KE
versus
sand −0.24
(p-value
0.56).
PSD of
thethe
detached
dashed
lines on
Figure
7). Therefore,
allfrom
particle
fractions
areoriginal
detached
no preference
sediment
is not
significantly
different
the texture
of the
soiluniformly
sample (seewith
the horizontal
dashed
on Figure
7). Therefore,
all particle
fractions
are detached
with noto
preference
toward
fine lines
or coarse
fractions,
no matter
the kinetic
energy
applied.uniformly
It is important
note that the
toward
fine
or
coarse
fractions,
no
matter
the
kinetic
energy
applied.
It
is
important
to
note
that the size
splashed sediment is usually detached in the form of aggregates and therefore the aggregate
splashed
sediment
is
usually
detached
in
the
form
of
aggregates
and
therefore
the
aggregate
size the
distribution should be evaluated. We have not done this analysis as we were not able to collect
distribution
shouldsoil
be evaluated.
WeFor
have
not done
analysis
as wethat
wereespecially
not able tothe
collect
undisturbed
splashed
aggregates.
example,
Futhis
et al.
[13] show
fine the
particle
undisturbed splashed soil aggregates. For example, Fu et al. [13] show that especially the fine particle
and aggregate (<0.053 mm) ratios change with variable rainfall KE. The KE per mm of rainfall is the
and aggregate (<0.053 mm) ratios change with variable rainfall KE. The KE per mm of rainfall is the
same for all the measured points shown in Figure 8, which is due to the design of the rainfall simulator.
same for all the measured points shown in Figure 8, which is due to the design of the rainfall
The results
mayThe
change
different
types
of the types
rainfall
simulators
(with various
sizedrop
distribution
simulator.
resultsif may
change
if different
of the
rainfall simulators
(withdrop
various
size
or drop
velocities)
are
applied.
distribution or drop velocities) are applied.

Figure 8. Relationship between rainfall kinetic energy and textural classes (clay, silt, sand) of detached
Figure 8. Relationship between rainfall kinetic energy and textural classes (clay, silt, sand) of detached
sediment. The dashed lines represent the texture of the Bykovice soil. No significant difference between
sediment. The dashed lines represent the texture of the Bykovice soil. No significant difference
the soil sample and splashed sediment was observed.
between the soil sample and splashed sediment was observed.

Fernández-Raga et al. [15] demonstrated that splash erosion estimation is strongly dependent
on the splash collection setup. Poesen and Torri [3] found that the area of the splash cup is the main
influencer defining the amount splashed and therefore coefficients for different splash cup areas should
be used. Even the trendline between the amount splashed and the rainfall kinetic energy differs
based on the methodology of collection. The experimental design proposed in this study, a modified
version of Morgan’s splash cup, proved to be reliable, practical and easy to handle. As the splash cups
are compact, light, and robust, they can be easily mounted to any support mechanism either in the
laboratory and in the terrain. Due to the materials used, the device is durable and can be used for
several seasons under field conditions. The soil sample can be packed separately from the collection
tray and fixed to its position just before the rainfall experiment.
4. Conclusions
A splash cup methodology was presented and used to analyze splash erosion of a silty loam
agricultural topsoil with simulated rainfall across various kinetic energies.
The splash cup, which consists of commercially available components, proved to be a versatile
and practical tool for the monitoring of splash erosion. The design follows the dimensions proposed
by Morgan, therefore, the splash cup can be used for comparison with other studies in which Morgan’s
device was employed. Even though the soil particle detachment process is very sensitive to factors
other than experimental design, standardization or harmonization of splash cup designs would be
a beneficial step forward in the complex research area of the splash erosion process. Therefore, we
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provide a detailed description of the splash erosion setup, including technical drawings, assembly
manual and description of sample preparation and collection on the website rain.fsv.cvut.cz/splashcup.
The results of the presented splash erosion experiment show similar results to previously published
studies. The relationship between rainfall kinetic energy and splashed soil amount is linear and there
is a kinetic energy threshold to initiate erosion. Even under controlled experimental conditions, when
the soil samples were prepared the same way and rainfall characteristics remained constant during the
experiment, the eroded soil amount varies across each replicate. This reinforces that splash erosion is a
very complex process and the resulting erosion is sensitive to small changes in soil properties and soil
surface relief which is problematic and remains an open question that needs to be studied further.
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