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ABSTRACT 

Rain splash soil erosion in the presence of rock fragments and different initial conditions was 

tested in laboratory flume experiments under controlled conditions. The aim of the experiments 

was to ascertain whether cumulative soil erosion is proportional to the area of soil exposed to 

raindrop detachment under the condition of constant and uniform precipitation. The surface area 

exposed to rain splash erosion was adjusted by placing rock fragments onto the surface of 

identically prepared soil in laboratory flumes. The laboratory results showed that the eroded 

cumulative mass depended on the cumulative runoff, and that soil erosion was proportional to 

the soil surface area exposed to raindrops, in situations where an initially dry, ploughed and 

smoothed soil surface were ensured. The results showed that this relationship was controlled to a 

smaller extent by the soil’s initial moisture content, bulk density and soil surface characteristics. 

When the initial conditions were more complex, soil erosion was proportional to the area 

exposed only at steady state. Then, sediment concentrations during the first part of the erosion 

event were instead more sensitive to the initial state of the soil surface, whereas at steady state it 

was observed that the concentrations of eroded sediments were controlled mainly by the 

effective rainfall and area exposed to raindrops. Previously published field data on rain splash 

soil erosion were analyzed to ascertain whether the same behavior was evident under field 

conditions. For this case it was found that rain splash erosion is in general not proportional to the 

area exposed. In contrast to the controlled laboratory experiments, the field experiments were 

characterized by non-uniform initial surface roughness, surface soil aging and heterogeneous 

rock fragment size and spatial distribution. However, the presented laboratory results showed 

clearly that, for soils with negligible surface roughness, erosion depends on (i) the area of soil 
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exposed to rainfall and (ii) the cumulative runoff, and that it is only slightly dependent on other 

soil variables. 

Keywords: Soil erosion experiment, Area exposed, Flume experiment, Cumulative discharge, 

Cumulative eroded mass, Soil initial conditions. 

1. Introduction 

Over several decades, attention has been given to the effect of the soil surface 

characteristics (such as surface roughness, crop residues, organic mulches, vegetation cover and 

rock fragment coverage) on runoff generation, infiltration and soil erosion rates (Poesen and 

Lavee, 1991; Poesen et al., 1999; Li, 2003; Gyssels et al., 2006; Smets et al., 2008; Knapen et al., 

2009; Guo et al., 2010; Zavala et al., 2010). Numerous studies have pointed out the role played 

by surface rock fragments on erosion as well as on the hydrological response of soils (such as 

infiltration rate, surface ponding, runoff generation) (Adams, 1966; Poesen et al., 1990, 1994, 

1998, 1999; Abrahams and Parsons, 1991, 1994; Bunte and Poesen, 1994; Ingelmo et al., 1994; 

Poesen and Lavee, 1994; Torri et al., 1994; van Wesemael et al., 1995, 1996; de Figueiredo and 

Poesen, 1998; Abrahams et al., 2000; Li, 2003; Hung et al., 2007; Rieke-Zapp et al., 2007; Katra 

et al., 2008; Martinez-Zavala and Jordan, 2008; Guo et al., 2010). Most of these studies have 

shown that, for soils with sparse vegetation cover, such as in Mediterranean areas, rock 

fragments are one of the important factors controlling soil erosion yields. It has been observed 

that even a small amount of rock fragments incorporated in the soil matrix or placed on the soil 

surface can change sediment yields, steady-state infiltration, and runoff rate (Rieke-Zapp et al., 

2007). Govers et al. (2006) reported that the intensity of water erosion is strongly related to the 

presence and density of rock fragments and vegetation (living plants and/or residues) on the soil. 
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The importance of rock fragments has been confirmed indirectly as well. Nyssen et al. (2001) 

pointed out in semiarid areas farmers are often reluctant to remove the smaller rock fragments 

(i.e., < 5 cm across) from their fields, since they consider that such rock fragments help soil 

moisture conservation and protect topsoil against soil erosion. 

Poesen et al. (1994) reviewed the effect of rock fragments on soil erosion at different 

spatial scales and under different circumstances. They summarized the effect of the rock 

fragments as: (i) protecting the underlying upper soil structure against rainfall detachment, (ii) 

reducing the physical degradation of the eroded soil due to the dissipation of the overland flow 

energy, and (iii) retarding the discharge flow thus reducing entrainment and transport capacity of 

the overland flow. Rock fragments preserve the original soil structure (the area under the rock 

fragments) by intercepting and absorbing the kinetic energy of raindrops resulting in reduction of 

soil detachment due to raindrop splash. In addition, the presence of rock fragments on the soil 

surface prevents surface sealing and crusting (Poesen et al., 1999; Rieke-Zapp et al., 2007). They 

reduce the cross-sectional flow area and so increase the flow path, holding excess water in 

contact with the unsealed soil longer and allowing more infiltration into protected areas around 

the rock fragments (Adams, 1966; Poesen and Ingelmo-Sanchez, 1992; Abrahams and Parsons, 

1994; Poesen and Lavee, 1994; Poesen et al., 1994, 1999; Li et al., 2000; Cerdà, 2001; Mandal et 

al., 2005; Martinez-Zavala and Jordan, 2008). However, numerous studies have pointed out that 

the effect of surface rock fragments and soil erosion delivery is complex and ambivalent (that is, 

it was observed that rock fragments might either reduce or increase erosion and runoff rates) 

(Poesen et al., 1990; Poesen and Ingelmo-Sanchez, 1992; Bunte and Poesen, 1994; Poesen et al., 

1994, 1998; Martinez-Zavala and Jordan, 2008), depending on the features of the rock fragments 
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(fraction of soil surface covered, rock fragment size, shape and emplacement, i.e., resting on the 

soil surface, partially or totally embedded in the soil). 

Besides rock fragment characteristics, there are other factors that impact on the effect of 

rock fragment cover, including the antecedent moisture content, bulk density and initial surface 

roughness. Mamedov et al. (2006) emphasized that the surface conditions, in particular the 

antecedent moisture content and aging (i.e., wetting and keeping the soil at given moisture 

content), affect the soil surface structural stability as well as its resistance to seal development 

and soil losses. Additionally, it has been recognized that the land cover (vegetation, rock 

fragments) as well as seasonal wetting/drying cycles affect significantly the aggregate stability 

and consequently soil losses (Cerdà, 1996, 1998). 

Variations in surface elevation across a field – resulting from soil erosion, wetting/drying 

cycles, rill formation and agricultural practices – are normally referred to as soil surface 

roughness (García Moreno et al., 2010). Numerous studies have investigated the effect of initial 

surface roughness on sediment transport predictions (Johnson et al., 1979; Cogo et al., 1983; 

Bertuzzi et al., 1990; van Wesemael et al., 1995; Darboux and Huang, 2005; Gómez and 

Nearing, 2005; Le Bissonnais et al., 2005). Poesen et al. (1994) found that the influence of 

surface rock fragments on interrill sediment yield depends largely on their effect on runoff 

generation and development of overland flow patterns. Runoff production depends on the surface 

hydrological connectivity (Martinez-Zavala and Jordan, 2008). For example, Jomaa et al. (2010) 

observed that soil surface non-uniformity leads to local barriers that form surface pools. The 

irregular surface affects the hydrological connectivity, and so affects the flow concentration and 

runoff generation and in turn soil erosion. The effect of surface roughness is more pronounced in 

natural environments (at the field scale) where the soil is spatially heterogeneous and the rock 
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fragments have non-uniform size, shape and spatial distribution. As a result, in natural 

environments the effect of the surface rock fragments on soil erosion yields is controlled to a 

large extent by surface roughness (Cerdà, 2001; Mandal et al., 2005; Martinez-Zavala and 

Jordan, 2008). In summary, increasing surface roughness tends to increase the resistance of the 

original soil to raindrop detachment; it enhances the capacity of the surface to store precipitation, 

and it reduces the flow velocity and thus the erosive capacity of runoff (Farres, 1978; Römkens 

and Wang, 1987; Hairsine et al., 1992; Römkens et al., 2002). 

Here, we investigate the effect of rock fragment cover on rain splash soil erosion for a soil 

with negligible surface roughness initially. A similar soil surface is found for example in 

agricultural areas after tillage, a situation that is known to enhance soil erosion (Voorhees and 

Lindstrom, 1984; Gómez et al., 1999). As part of the analysis, it will be feasible to answer the 

question: Is rain splash soil erosion proportional to the surface area exposed under the condition 

of negligible surface roughness? For instance, the presence of the rock fragments on the soil 

surface reduces the cross-sectional area available for overland flow, so for uniform rainfall the 

addition of rock fragments leads to an increase in overland flow depth. The latter will result in 

attenuation of erosion due to raindrop splash (Lavee and Poesen, 1991; Abrahams and Parsons, 

1994; Abrahams et al., 2000). If this attenuation is significant then it follows that addition of 

rock fragments produces erosion that is not proportional to the area exposed. At the same time 

the increased depth of water on the surface will promote increased infiltration into the soil (e.g., 

Parlange et al., 1992; Barry et al., 1993, 1995), which will tend to reduce soil erosion (Sojka et 

al., 1993; Li et al., 2002). 
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2. Methods 

2.1. Experimental setup 

The 6-m × 2-m EPFL erosion flume was used to perform ten laboratory experiments. This 

rainfall simulator has been described in detail elsewhere (Tromp-van Meerveld et al., 2008; 

Jomaa et al., 2010). The flume is filled to a depth of 0.32 m with an agricultural loamy soil (D50 

= 208 µm) from Sullens (Vaud, Switzerland). The grain size distribution of the original soil is 

shown in   
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Table 1. The erosion flume was divided into two identical 1-m wide flumes. Both flumes 

were prepared in the same manner. Before the experiment, the upper 20 cm of the original soil 

was plowed and gravel (> 2 cm) removed. Then, the soil surface was leveled using a mechanical 

system (Jomaa et al., 2010) ensuring as much as possible a smooth surface. The sampling 

method adopted in this study was the same described by Jomaa et al. (2010). Near-uniform 

precipitation (uniformity coefficient of 0.86, see van-Tromp Meerveld et al., 2008) was applied 

to the flumes, and samples were collected in 0.5-l bottles at the flume exit points. For each 

sample, the total sediment concentration was determined and the time needed to fill each bottle 

was recorded and used to calculate the overland flow rate as a function of time. A summary of 

the experimental conditions is given in Table 2. 

Table 1 near here 

Table 2 near here 

2.2. Overview of the experiments 

As mentioned, five laboratory experiments (H6, H7-E1, H7-E2, H7-E3 and H7-E4) were 

conducted using a pair of identical 6-m × 1-m flumes (Error! Reference source not found.). The experiments 

were carried out on a gentle slope (2.2%), but at different rainfall intensities (28 and 74 mm h
-1

). 

The surface rock fragment coverage was 20 or 40%, and initial volumetric moisture content was 

in the range 6.52-26.36%. In each experiment, flume 1 was bare, while flume 2 was covered by 

rock fragments. Two experiments (H6 and H7-E1) were conducted starting from smoothed, 

relatively dry and disaggregated soil, whereas the other experiments were performed to ascertain 

the effect of different initial surface properties. To this end, the soils used in H7-E2, H7-E3 and 
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H7-E4 were plowed, smoothed and underwent a number of wetting/drying cycles (2-h 

precipitation followed by 22 h of natural air drying). 

Stream power calculations were used to ascertain whether entrainment in the overland flow 

contributed to soil erosion (Beuselinck et al., 1999; Kinnell, 2005). According to Beuselinck et 

al. (2002) for loamy soils the critical stream power above which entrainment occurs is in the 

range 0.15-0.20 W m
-2

. Among the experiments considered in this work, H7-E3 with bare soil 

had the higher runoff rate (Table 1) and therefore the largest stream power. Based on the 

calculations reported by Jomaa et al. (2010), the estimated stream power for H7-E3 was around 

0.02 W m
-2

, much lower than the threshold (0.15 W m
-2

). This indicates that rain splash erosion 

was the dominant process in all flume experiments, and that the contributions of overland flow 

and rill erosion were negligible.  

In the experiments, irregularly shaped natural rock fragments with diameters in the range 

5-7 cm were placed on the surface (that is, they were not embedded in the soil). Rock fragments 

were arranged in rows transverse to the slope. The distance between the rows was 10 cm for 20% 

coverage and 4 cm for 40% coverage, respectively. Within each row, the distance between the 

rock fragments was 9 cm for 20% coverage and 3.5 cm for 40% coverage, respectively. In 

successive rows, the rock fragments were placed at the midpoint between the rock fragments in 

the preceding rows, forming a regular triangular pattern. A summary of the experiments is given 

in Table 2. This table reports the characteristics of each rainfall event (intensity, kinetic energy 

and duration), the topsoil surface properties (bulk density, initial moisture content), rock 

fragment characteristics (size, coverage) as well as the measured hydrological response. 

Figure 1 near here 
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2.3. Overview of published experiments 

The experimental data reported by Cerdà (2001), Mandal et al. (2005) and Martinez-Zavala 

and Jordan (2008) were used to analyze the effect of rock fragment cover on rain splash soil 

erosion in the field. The data were extracted from plots in these papers using the g3data software 

(http://www.frantz.fi/software/g3data). The particle size distributions of the soils for the three 

field experiments are reported in Table 1, while the rainfall simulator characteristics, the initial 

topsoil surface properties and rock fragment features are reported in Table 2. According to the 

authors, in all cases erosion was only due to rain splash, as in our laboratory flume experiments. 

In addition, a summary of the hydrological response observed with and without rock fragments is 

also listed in Table 2. Data for a bare soil condition were not available for some of the field 

experiments (Mandal et al., 2005; Martinez-Zavala and Jordan, 2008). These values were 

estimated from the measured sediment concentration with the lowest rock fragment cover 

assuming that erosion was proportional to the exposed area (i.e. dividing the measured sediment 

concentration by 1- rock fragment cover). 

3. Results 

3.1. Effect of surface rock fragments on hydrological response 

Time-to-runoff is the period between the commencement of precipitation and the start of 

the first outflow at the flume exit. For experiment H6 (high rainfall and low soil rock fragment 

cover), the results showed that the rock fragments added to flume 2 retarded slightly the flow 

discharge. The time-to-runoff of flume 1 (bare soil) was 6.07 min, while that of flume 2 was 8.28 

min (Table 2). In addition, the discharge from each flume differed. Using the kinematic 

approximation for the steady-state discharge, q = Rl (l = 6 m is the length of the flume), the 

http://www.frantz.fi/software/g3data


 

11 

steady-state excess rainfall rate R of flumes 1 and 2 was 68.70 and 54.30 mm h
-1

, respectively. 

The steady-state infiltration rate (I) was calculated as the difference between the rainfall intensity 

(P) and the steady-state excess rainfall rate (R): .I P R   The infiltration rates I for flumes 1 

and 2 were estimated as 5.30 and 19.70 mm h
-1

, respectively, showing that the presence of the 

rock fragments increased considerably the steady-state infiltration rate as compared with the bare 

soil. 

Experiment H7-E1 (low rainfall and high rock fragment coverage) was initially pre-wetted 

a few minutes before precipitation began. The effect of this change in initial moisture content 

was to reduce the time-to-runoff. The time-to-runoff for flume 1 was 6.07 min for H6 and 14.32 

min for H7-E1, reflecting the different precipitation rates used and despite the pre-wetting used 

for the latter. Flume 2, which was covered by 40% rock fragments, needed 27.13 min to generate 

runoff. In addition, the steady-state infiltration (estimated using the runoff rate during the final 

10 min of the experiment) measured in flume 2 (13.44 mm h
-1

) was higher than that measured in 

flume 1 (7.54 mm h
-1

). Thus, the results revealed that with low precipitation and with significant 

rock fragment coverage, the saturation of the surface soil and the attainment of steady-state flow 

take longer than for the case of no rock fragment coverage. The rock fragments are obstacles for 

the overland flow and increase the average flow path length, leading to an increase in the time-

to-runoff. This in turn increases the contact time between the surface water and the soil surface, 

including the soil protected by the rock fragments. The protected soil (i.e., that underneath the 

rock fragments) is not subject to sealing and hydraulic conductivity reduction caused by raindrop 

impact. This mechanism has been identified as being responsible for increased infiltration in the 

presence of rock fragments (Poesen and Ingelmo-Sanchez, 1992; Abrahams and Parsons, 1994; 
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de Figueiredo and Poesen, 1998; Poesen et al., 1999; Cerdà, 2001; Mandal et al., 2005; Zavala et 

al., 2010). 

When a different initial soil state was considered (experiments H7-E2, -E3 and -E4), the 

hydrological response was more rapid (Table 2). For instance, the time-to-runoff observed in 

experiment H7-E3 decreased to 1.23 and 2.09 min without and with rock fragments, 

respectively. Compared to experiment H6 (same rainfall intensity), the time-to-runoff observed 

in flume 1 (without rock fragments) was about five times smaller, while it was four times smaller 

for flume 2 (with rock fragments). The discrepancy between these two values can be attributed to 

the smaller rock fragment coverage and lower initial water content in H6 compared to H7-E3, 

which resulted in a shorter time-to-runoff. A similar conclusion can be drawn for steady-state 

infiltration and discharge. 

3.2. Is rain splash soil erosion proportional to surface area exposed? 

Results from laboratory flume experiments carried out at different rainfall intensities, rock 

fragment cover and initial soil properties (bulk density and initial moisture content) were 

analyzed to evaluate in which conditions soil erosion reduces proportionally to the exposed area. 

To this end, for each experiment and each flume the cumulative eroded sediment mass per unit 

width M [M L
-1

] was computed using the measured sediment concentration C [M L
-3

] and 

discharge rate per unit width q [L
3
 L

-1
 T

-1
],   ∫ ( ) ( )  . The mass eroded from the rock 

fragment-protected flume was predicted by multiplying the cumulative eroded mass on the bare 

soil by the fraction of exposed surface area in flume 2, and the eroded sediment concentrations 

were back-calculated, i.e., we approximated  ( )  (     ) ( )  . Cumulative erosion is, 

naturally, related to cumulative discharge and increases monotonically while erosion occurs. 
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Cumulative erosion and sediment concentrations convey slightly different information. In 

particular, sediment concentrations are related to the rate at which the mass of sediment 

increases, that is, the erosion rate. For this reason, both variables are plotted in the following 

against the cumulative discharge per unit width, Q [L
3
 L

-1
],   ∫ ( )  . 

Fig. 2 reports the results for the experiments with initially smooth and dry surface (H6 and 

H7-E1). Due to the higher rainfall intensity (and longer duration of the experiment), the 

cumulative eroded mass collected from flume 1 (bare soil) during experiment H6 (Fig. 2, panel 

(a)) was considerably greater than that observed in flume 1 (bare soil) from experiment H7-E1 

(Fig. 2, panel (c)). This supports well the underlying assumption of most process-based soil 

erosion models (e.g., Rose et al., 1983a, b; Hairsine and Rose, 1991) that erosion due to raindrop 

detachment is proportional to the rainfall intensity. More importantly, the agreement between the 

measured and estimated eroded mass for the rock fragment-protected flume was remarkably 

close for both experiments, despite the different precipitation rate and rock fragment cover (Fig. 

2, panels (a) and (c)). This shows that, for these experiments, erosion was proportional to the 

exposed surface area. The corresponding sediment concentration plots (Fig. 2, panels (b) and (d)) 

confirm this finding, and suggest that the sediment erosion rate was proportional to exposed 

surface throughout the entire duration of the experiments. 

Figure 2 near here 

When the soil initial state (initial moisture content, bulk density and surface characteristics) 

was modified by the wetting/drying cycles (H7-E2, H7-E3 and H7-E4), the area-based 

predictions of cumulative mass over- (H7-E3 and E4) or under- (H7-E2) estimated the 

measurements (Error! Reference source not found., panels (a) and (c) and Fig. 4, panel (a)). According to 
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previous works (Farres, 1978; Le Bissonnais et al., 1995; Mamedov et al., 2006), the changes in 

eroded sediment mass could be attributed to the higher initial moisture content (between the two 

flumes and compared to the other experiments where proportionality was observed) and to 

compaction of the soil surface, which can be deduced from the increased bulk density (Table 2). 

In addition, Poesen et al. (1999) showed that rock fragments provide more protection to initially 

wet than to initially dry soils. One mechanism that could produce this behavior is the reduction 

in infiltration that accompanies the higher initial moisture content and bulk density, leading to an 

increased depth of surface water and, consequently, more protection from raindrop detachment 

(Proffitt et al., 1991; Sander et al., 1996). The sediment concentration plots for experiments H7-

E2 and H7-E3 (panels (b) and (d) of Fig. 3) further complicate the picture. For these two 

experiments, predicted sediment concentrations are initially different from the measured values, 

but the steady-state values tend to fluctuate around a common value, which is suggested by the 

horizontal dashed line added to the plot. For H7-E2 and H7-E3 the same rainfall rate was used, 

and the steady-state value is in both cases achieved around Q = 50 l m
-1

. Experiment H7-E4 (Fig 

4, (a) and (b)) confirms that erosion reduces proportionally to the exposed surface area. 

However, due to the lower precipitation rate, the erosion yields for this experiment were small 

and the data relatively noisy. 

Figure 3 near here 

Figure 4 near here 

Comparison of the soil erosion rates for these experiments suggests that sediment yields 

are sensitive to the initial surface condition during the initial period of an erosion event. As the 

soil evolves towards a new steady state, in the presence of stones the erosion rates are reduced 
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proportionally to exposed surface area. This difference between short and long time behavior is 

not clearly visible from the cumulative mass plots, as the integral value accounts for the entire 

history of the erosion event. The effect of initial conditions was examined by comparing the 

cumulative mass and sediment concentrations for the bare soil flumes of the two experiments 

with the same precipitation rate but different initial soil surface conditions, H6 and H7-E3 (Fig. 

4(c) and (d)). The results confirm that overall more sediment was discharged from the soil that 

was initially dry and smooth. The initial erosion rates were significantly higher in the dry and 

smooth soil, but the steady-state values were about the same. In addition, steady state was 

achieved earlier for the pre-treated soil. 

Next, we investigated whether the behavior observed in our laboratory experiments was 

replicated in published field studies involving significantly different circumstances (initial 

conditions, soil properties, surface roughness, precipitation rates, slopes, rock fragment cover). 

Experimental data introduced in §2.3 (Cerdà, 2001; Mandal et al., 2005; Martinez-Zavala and 

Jordan, 2008) were again plotted as cumulative eroded mass and sediment concentrations versus 

cumulative discharge. Unlike the laboratory data, for these data sets soil erosion was not 

proportional to area exposed in the field plots. The three datasets showed consistent behavior, so 

only the results of Mandal et al. (2005) are discussed here, while results for the others (Cerdà, 

2001; Martinez-Zavala and Jordan, 2008) are provided as supplementary material (doi:XXX). 

The results of Mandal et al. (2005) were selected because the experimental setup (flume 

dimension and raindrop kinetic energy) compares well with the above laboratory experiments. 

The main difference between the experiments of Mandal et al. (2005) and this study is related to 

the initial soil state and rock fragment pattern, that is, surface roughness, bulk density, rock 

fragment characteristics. The results for the experiments with a rainfall intensity of 89.2 mm h
-1
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are reported in Fig. 5 for rock fragment cover 17.6% (panels (a) and (b)) and 41.7% (panels (c) 

and (d)). For the small rock fraction, the behavior is similar to that of the laboratory experiments, 

in that the long time erosion rates reduce proportionally to the exposed area (steady state 

concentration around 20 g l
-1

), whereas predictions overestimate the initial sediment 

concentration. With higher surface coverage (Fig. 5, panels (c) and (d)) the proportionality was 

not observed. Measurements were however conducted for a relatively short period of time only, 

and perhaps the system did not reach steady state.  

Figure 5 near here 

4. Discussion 

The aim of this study was to test in which circumstances soil erosion is proportional to the 

exposed surface area. The experiments analyzed above suggest that for an initially dry, 

disaggregated soil with negligible surface roughness, the fraction of surface area exposed to 

rainfall is one of the major factors controlling soil erosion yields for the entire duration of the 

erosion event (Fig. 2). The generality of this statement is supported to by similar findings on 

different soil type (e.g., Mandal et al., 2005). Instead, when the initial soil state is in a more 

natural condition additional factors come into play – including initial soil moisture, bulk density, 

rock fragment characteristics and surface roughness – and the temporal pattern of soil erosion is 

more complex (Fig. 3 and 4). It was observed that the predicted cumulative eroded mass – even 

with the same precipitation rate – in some circumstances over-estimated and in another under-

estimated the measurements (experiments H7-E2 and H7-E3). The discharged sediment 

concentrations in the initial part of the erosion event controlled the total amount of eroded soil. 

In other words, when the estimated sediment concentration was higher than the measurements 
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the predicted cumulative mass overestimated the observations (H7-E3) and vice-versa (H7-E2). 

The results show that initially erosion is not clearly linked solely to the exposed surface area, but 

that after an initial transient the erosion rates evolve towards a steady-state condition and the 

proportionality to exposed area appears again. This difference suggests that initially the 

heterogeneous conditions of the soil surface resulting from repeated wetting/drying cycles 

influence the short-time erosion patterns. As the rainfall event continues, the soil surface evolves 

again towards a steady-state condition and the erosion rates are consequently modified. 

Interestingly, for the laboratory flume experiments the steady-state erosion rates are independent 

of the initial conditions of the soil surface, but only depend on the rainfall intensity. This was 

suggested by the comparison of experiments H7-E2 and H7-E3, with further confirmation 

provided by the comparison between H6 and H7-E3 (Fig. 4d). 

The lack of a proportional relationship between soil erosion and exposed surface area in 

the field experiments might be explained as follows. In a field soil erosion experiment, the 

overland flow depth is far from uniform due to the heterogonous surface roughness. Under an 

irregular overland flow depth the raindrop detachment would occur non-uniformly, which in turn 

would affect the soil erosion delivery. A rough surface affects the runoff generation due to the 

variable connectivity of surface flow paths. Also, in the field it has been shown that wetting and 

keeping the soil at given moisture content induces and increases the intra-aggregate strength 

between the soil particles, which decreases the soil loss (Attou et al., 1998; Mamedov et al., 

2006), a process that is sometimes called aging (Attou et al., 1998). The development of a 

cohesive layer (or crust) on the topsoil results in surface sealing and increased roughness, which 

decreases the infiltration rate, again reducing soil erosion. In this context, particularly in the 

laboratory experiments carried out on freshly plowed soil, the presence of rock fragments 



 

18 

protects the soil from raindrop splashes and from sealing, therefore preserving the original soil 

structure and infiltration rate. 

The size of the rock fragments and their spatial distribution influence the soil erosion 

response. In natural conditions, rock fragments have heterogeneous shapes and sizes, and are 

randomly distributed in space. As a result, the topology of the soil surface is very irregular (high 

surface roughness) and the overall hydrological connectivity – at the plot level – is affected. For 

these reasons, both water infiltration and the soil erosion do not occur uniformly. Rather, during 

rainfall water accumulates in irregular local patterns leading to locally enhanced infiltration and 

re-deposition of suspended sediments (Heng et al., 2011). Ultimately, higher surface roughness 

increases the time-to-runoff, facilitates ponding, enhances infiltration and reduces soil erosion 

(Poesen et al., 1990; Abrahams et al., 1998; Guo et al., 2010). 

5. Conclusions 

The hypothesis tested in this study was that rain splash soil erosion is proportional to the 

area of soil exposed. The results of careful laboratory flume experiments provided clear support 

for this. These experiments used natural but similarly sized rock fragments, and involved 

different initial conditions (rainfall intensities, bulk density, rock fragment cover and initial 

moisture content). Two laboratory flume experiments conducted with re-plowed and smoothed 

soils as initial conditions showed a proportional relationship between exposed surface area and 

sediment delivery for the entire duration of the erosion event. Results from experiments with 

different and more complex initial conditions resulting from repeated wetting/drying cycles 

indicated that erosion rates are proportional to the exposed area only as the soil surface 
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approaches steady state. In the initial phase of the erosion event sediment concentrations are 

affected by the initial conditions (such as bulk density and initial moisture content). 

Published experimental data for field soils were analyzed. Here, the cumulative soil 

erosion was found not to be proportional to the exposed surface area alone. This difference was 

attributed to several additional factors such as the surface roughness, rock fragment size and 

spatial distribution as well as the soil surface aging. Of these factors, it is possible that, in 

addition to the surface area exposed, cumulative erosion is affected by surface roughness and 

sealing. The field data show that in all cases the measured erosion was substantially less that that 

estimated using only the exposed surface area. That is, in the field, it is clear that rock fragment 

coverage is linked to a reduction in erosion that is greater than that due to the area directly 

protected by the rock fragments. The proportionality between soil erosion, area exposed and 

effective rainfall is thus not a universal result. Indeed, in the case of our flume experiments, for 

soils with different initial conditions there is an initial period during which the erosion rate from 

the flume varies, after which a unique, area-dependent erosion rate is reached. The field results, 

on the other hand, show that eventually the previous history of the soil surface dominates soil 

erosion. We conclude that investigations into the long term surface evolution (roughness in 

particular and under multiple successive rainfall events) and how it controls erosion patterns 

would be useful to understand the transition between our laboratory results and published field 

experiments. Thus, further investigations are recommended to provide further insight into field 

behavior. 

Finally, we remark in passing that the method used to analyze the data, i.e., plotting 

cumulative mass eroded and sediment concentration versus cumulative runoff, offers a simple 

means to compare experiments with, for example, different rainfall rates, soil antecedent 
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conditions and surface roughness. In the present analysis it provides an unambiguous means by 

which to quantify the effect of rock fragment cover on erosion for quite different experimental 

circumstances.  

Acknowledgment 

We thank the reviewers for their constructive comments. This work was supported by the 

Swiss National Science Foundation (Grants 200021-113815 and 200020-132544/1). 

References 

Abrahams, A.D., Gao, P., Aebly, F.A., 2000. Relation of sediment transport capacity to stone 

cover and size in rain-impacted interrill flow. Earth Surface Processes and Landforms, 25, 

497-504. 

Abrahams, A.D., Li, G., Krishnan, C., Atkinson, J.F., 1998. Predicting sediment transport by 

interrill overland flow on rough surfaces. Earth Surface Processes and Landforms, 23, 

1087-1099. 

Abrahams, A.D., Parsons, A.J., 1991. Relation between infiltration and stone cover on a semiarid 

hillslope, southern Arizona. Journal of Hydrology, 122, 49-59. 

Abrahams, A.D., Parsons, A.J., 1994. Hydraulics of interrill overland flow on stone-covered 

desert surfaces. Catena, 23, 111-140. 

Adams, J.E., 1966. Influence of mulches on runoff erosion and soil moisture depletion. Soil 

Science Society of America Proceedings, 30, 110-114. 

Attou, F., Bruand, A., Le Bissonnais, Y., 1998. Effect of clay content and silt-clay fabric on 

stability of artificial aggregates. European Journal of Soil Science, 49, 569-577. 



 

21 

Barry, D.A., Parlange, J.-Y., Sander, G.C., Sivaplan, M. 1993. A class of exact solutions for 

Richards’ equation. Journal of Hydrology, 142, 29-46. 

Barry, D.A., Parlange, J.-Y., Haverkamp, R., Ross, P.J., 1995. Infiltration under ponded 

conditions: 4. An explicit predictive infiltration formula. Soil Science, 160, 8-17. 

Bertuzzi, P., Rauws, G., Courault, D., 1990. Testing roughness indices to estimate soil surface 

roughness changes due to simulated rainfall. Soil and Tillage Research, 17, 87-99. 

Beuselinck, L., Govers, G., Steegen, A., Quine, T.A., 1999. Sediment transport by overland flow 

over an area of net deposition. Hydrological Processes 13, 2769–2782. 

Beuselinck, L., Hairsine, P., Sander, G.C., Govers, G., 2002. Evaluating a multiclass net 

deposition equation in overland flow conditions. Water Resources Research 38, 

doi:10.1029/2001WR0000250. 

Bunte, K., Poesen, J., 1994. Effects of rock fragment size and cover on overland flow hydraulics, 

local turbulence and sediment yield on an erodible soil surface. Earth Surface Processes 

and Landforms, 19, 115-135. 

Cerdà, A., 1996. Soil aggregate stability in three Mediterranean environments. Soil Technology, 

9, 133-140. 

Cerdà, A., 1998. Soil aggregate stability under different Mediterranean vegetation types. Catena, 

32, 73-86. 

Cerdà, A., 2001. Effects of rock fragment cover on soil infiltration, interrill runoff and erosion. 

European Journal of Soil Science, 52, 59-68. 

Cogo, N.P., Moldenhauer, W.C., Foster, G.R., 1983. Effect of crop residue, tillage-induced 

roughness, and runoff velocity on size distribution of eroded soil aggregates. Soil Science 

Society of America Journal, 47, 1005-1008. 



 

22 

Darboux, F., Huang, C.H., 2005. Does soil surface roughness increase or decrease water and 

particle transfers? Soil Science Society of America Journal, 69, 748-756. 

de Figueiredo, T., Poesen, J., 1998. Effects of surface rock fragment characteristics on interrill 

runoff and erosion of a silty loam soil. Soil and Tillage Research, 46, 81-95. 

Farres, P., 1978. Role of time and aggregate size in the crusting process. Earth Surface Processes 

and Landforms, 3, 243-254. 

García Moreno, R., Díaz Álvarez, M.C., Tarquis, A.M., Paz González, A., Saa Requejo, A., 

2010. Shadow analysis of soil surface roughness compared to the chain set method and 

direct measurement of micro-relief. Biogeosciences, 7, 2477-2487. 

Gómez, J.A., Giráldez, J.V., Pastor, M., Fereres, E., 1999. Effects of tillage method on soil 

physical properties, infiltration and yield in an olive orchard. Soil and Tillage Research 52, 

167-175. 

Gómez, J.A., Nearing, M.A., 2005. Runoff and sediment losses from rough and smooth soil 

surfaces in a laboratory experiment. Catena, 59, 253-266. 

Govers, G., Van Oost, K., Poesen, J., 2006. Responses of a semi-arid landscape to human 

disturbance: A simulation study of the interaction between rock fragment cover, soil 

erosion and land use change. Geoderma, 133, 19-31. 

Guo, T., Wang, Q., Li, D., Zhuang, J., 2010. Effect of surface stone cover on sediment and solute 

transport on the slope of fallow land in the semi-arid loess region of northwestern China. 

Journal of Soils and Sediments, 10, 1200-1208. 

Gyssels, G., Poesen, J., Liu, G., Van Dessel, W., Knapen, A., De Baets, S., 2006. Effects of 

cereal roots on detachment rates of single- and double-drilled topsoils during concentrated 

flow. European Journal of Soil Science, 57, 381-391. 



 

23 

Hairsine, P.B., Moran, C.J., Rose, C.W., 1992. Recent developments regarding the influence of 

soil surface characteristics on overland flow and erosion. Australian Journal of Soil 

Research, 30, 249-264. 

Hairsine, P.B., Rose, C.W., 1991. Rainfall detachment and deposition: Sediment transport in the 

absence of flow-driven processes. Soil Science Society of America Journal, 55, 320-324. 

Heng, B. C. P., G. C. Sander, A. Armstrong, J. N. Quinton, J. H. Chandler, and C. F. Scott 

(2011), Modeling the dynamics of soil erosion and size-selective sediment transport over 

non-uniform topography in flume-scale experiments. Water Resources Research, 47, 

W02513, doi:10.1029/2010WR009375. 

Hung, K.C., Kosugi, K., Lee, T.H., Misuyama, T., 2007. The effects of rock fragments on 

hydrologic and hydraulic responses along a slope. Hydrological Processes, 21, 1354-1362. 

Ingelmo, F., Cuadrado, S., Ibanez, A., Hernandez, J., 1994. Hydric properties of some Spanish 

soils in relation to their rock fragment content-Implication for runoff and vegetation. 

Catena, 23, 73-85. 

Johnson, C.B., Mannering, J.V., Moldenhauer, W.C., 1979. Influence of surface roughness and 

clod size and stability on soil and water losses. Soil Science Society of America Journal, 

43, 772-777. 

Jomaa, S., Barry, D.A., Brovelli, A., Sander, G.C., Parlange, J.-Y., Heng, B.C.P., Tromp-van 

Meerveld, H.J., 2010. Effect of raindrop splash and transversal width on soil erosion: 

Laboratory flume experiments and analysis with the Hairsine-Rose model. Journal of 

Hydrology, 395, 117-132. 

Katra, I., Lavee, H., Sarah, P., 2008. The effect of rock fragment size and position on topsoil 

moisture on arid and semi-arid hillslopes. Catena, 72, 49-55. 



 

24 

Kuhn, N.J., Bryan, R.B., 2004. Drying, soil surface condition and interrill erosion on two Ontario 

soils. Catena, 57,113-133. 

Kinnell, P.I.A., 2005. Raindrop-impact-induced erosion processes and prediction: A review. 

Hydrological Processes, 19, 2815-2844. 

Knapen, A., Smets, T., Poesen, J., 2009. Flow-retarding effects of vegetation and geotextiles on 

soil detachment during concentrated flow. Hydrological Processes, 23, 2427-2437. 

Lavee, H., Poesen, J.W.A., 1991. Overland flow generation and continuity on stone-covered soil 

surfaces. Hydrological Processes, 5, 345-360. 

Le Bissonnais, Y., Cerdan, O., Lecomte, V., Benkhadra, H., Souchère, V., Martin, P., 

2005.Variability of soil surface characteristics influencing runoff and interrill erosion. 

Catena, 62, 111-124. 

Le Bissonnais, Y., Renaux, B., Delouche, H., 1995. Interactions between soil properties and 

moisture content in crust formation, runoff and interrill erosion from tilled loess soils. 

Catena, 25, 33-46. 

Li, L., Barry, D.A., Pattiaratchi, C.B., Masselink, G., 2002. BeachWin: Modelling groundwater 

effects on swash sediment transport and beach profile changes. Environmental Modelling 

and Software, 17, 313-320. 

Li, X., Jiadong, G., Qianzhao, G., Xinghu, W., 2000. Rainfall interception loss by pebble mulch 

in the semiarid region of China. Journal of Hydrology, 228, 165-173. 

Li, X.Y., 2003. Gravel-sand mulch for soil and water conservation in the semiarid loess region of 

northwest China. Catena, 52, 105-127. 



 

25 

Mamedov, A.I., Huang, C., Levy, G.J., 2006. Antecedent moisture content and aging duration 

effects on seal formation and erosion in smectitic soils. Soil Science Society of America 

Journal, 70, 832-843. 

Mandal, U.K., Rao, K.V., Mishra, P.K., Vittal, K.P.R., Sharma, K.L., Narsimlu, B., Venkanna, 

K., 2005. Soil infiltration, runoff and sediment yield from a shallow soil with varied stone 

cover and intensity of rain. European Journal of Soil Science, 56, 435-443. 

Martinez-Zavala, L., Jordan, A., 2008. Effect of rock fragment cover on interrill soil erosion 

from bare soils in Western Andalusia, Spain. Soil Use and Management, 24, 108-117. 

Návar, J., Mendez, J., Bryan, R.B., Kuhn, N.J., 2002. The contribution of shrinkage cracks to 

bypass flow during simulated and natural rainfall experiments in northeastern Mexico. 

Canadian Journal of Soil Science, 82, 65-74. 

Neave, M., Rayburg, S., 2007. A field investigation into the effects of progressive rainfall-

induced soil seal and crust development on runoff and erosion rates: The impact of 

surface cover. Geomorphology, 87, 378-390. 

Nearing, M.A., Simanton, J.R., Norton, L.D., Bulygin, S.J., Stone, J., 1999. Soil erosion by 

surface water flow on a stony, semiarid hillslope. Earth Surface Processes and Landforms, 

24, 677-686. 

Nyssen, J., Haile, M., Poesen, J., Deckers, J., Moeyersons, J., 2001. Removal of rock fragments 

and its effect on soil loss and crop yield, Tigray, Ethiopia. Soil Use and Management, 17, 

179-187. 

Parlange, J.-Y., Barry, D.A., Parlange, M.B., Haverkamp, R., 1 992. Note on the sorptivity for 

mixed saturated-unsaturated flow. Water Resources Research, 28, 2529-2531. 



 

26 

Poesen, J., De Luna, E., Franca, A., Nachtergaele, J., Govers, G., 1999. Concentrated flow 

erosion rates as affected by rock fragment cover and initial soil moisture content. Catena, 

36, 315-329. 

Poesen, J., Ingelmo-Sanchez, F., 1992. Runoff and sediment yield from topsoils with different 

porosity as affected by rock fragment cover and position. Catena, 19, 451-474. 

Poesen, J., Ingelmo-Sanchez, F., Mucher, H., 1990. The hydrological response of soil surfaces to 

rainfall as affected by cover and position of rock fragments in the top layer. Earth Surface 

Processes and Landforms, 15, 653-671. 

Poesen, J., Lavee, H., 1994. Rock fragments in topsoils: Significance and processes. Catena, 23, 

1-28. 

Poesen, J.W., Torri, D., Bunte, K., 1994. Effects of rock fragments on soil-erosion by water at 

different spatial scales – A review. Catena, 23, 141-166. 

Poesen, J.W., van Wesemael, B., Bunte, K., Benet, A.S., 1998. Variation of rock fragment cover 

and size along semiarid hillslopes: A case-study from southeast Spain. Geomorphology, 

23, 323-335. 

Poesen, J.W.A., Lavee, H., 1991. Effect of size and incorporation of synthetic mulch on runoff 

and sediment yield from interrills in a laboratory study with simulated rainfall. Soil and 

Tillage Research, 21, 209-223. 

Proffitt, A.P.B., Rose, C.W., Hairsine, P.B., 1991. Rainfall detachment and deposition: 

experiments with low slopes and significant water depths. Soil Science Society of America 

Journal, 55, 325-332. 



 

27 

Rieke-Zapp, D., Poesen, J., Nearing, M.A., 2007. Effects of rock fragments incorporated in the 

soil matrix on concentrated flow hydraulics and erosion. Earth Surface Processes and 

Landforms, 32, 1063-1076. 

Römkens, M.J.M., Helming, K., Prasad, S.N., 2002. Soil erosion under different rainfall 

intensities, surface roughness, and soil water regimes. Catena, 46, 103-123. 

Römkens, M.J.M., Wang, J.Y., 1987. Soil roughness changes from rainfall. Transactions of the 

American Society of Agricultural Engineers, 30, 101-107. 

Rose, C.W., Williams, J.R., Sander, G.C., Barry, D.A., 1983a. A mathematical model of soil 

erosion and deposition processes: I. Theory for a plane land element. Soil Science Society 

of America Journal, 47, 991-995. 

Rose, C.W., Williams, J.R., Sander, G.C., Barry, D.A., 1983b. A mathematical model of soil 

erosion and deposition processes: II. Application to data from an arid-zone catchment. Soil 

Science Society of America Journal, 47, 996-1000. 

Sander, G.C., Hairsine, P.B., Rose, C.W., Cassidy, D., Parlange, J.-Y., Hogarth, W.L., Lisle, 

I.G., 1996. Unsteady soil erosion model, analytical solutions and comparison with 

experimental results. Journal of Hydrology, 178, 351-367. 

Smets, T., Poesen, J., Bochet, E., 2008. Impact of plot length on the effectiveness of different 

soil-surface covers in reducing runoff and soil loss by water. Progress in Physical 

Geography, 32, 654-677. 

Sojka, R.E., Westermann, D.T., Brown, M.J., Meek, B.D., 1993. Zone-subsoiling effects on 

infiltration, runoff, erosion, and yields of furrow-irrigated potatoes. Soil and Tillage 

Research, 25, 351-368. 



 

28 

Torri, D., Poesen, J., Monaci, F., Busoni, E., 1994. Rock fragment content and fine soil bulk-

density. Catena, 23, 65-71. 

Tromp-van Meerveld, H.J., Parlange, J.-Y., Barry, D.A., Tromp, M.F., Sander, G.C., Walter, 

M.T., Parlange, M.B., 2008. Influence of sediment settling velocity on mechanistic soil 

erosion modeling. Water Resources Research, 44, W06401, doi: 10.1029/2007WR006361. 

van Wesemael, B., Poesen, J., Kosmas, C.S., Danalatos, N.G., Nachtergaele, J., 1996. 

Evaporation from cultivated soils containing rock fragments. Journal of Hydrology, 182, 

65-82. 

van Wesemael, B., Poesen, J., Defigueiredo, T., 1995. Effects of rock fragments on physical 

degradation of cultivated soil by rainfall. Soil and Tillage Research, 33, 229-250. 

Voorhees, W.B., Lindstrom, M.J., 1984. Long-term effects of tillage method on soil tilth 

independent of wheel traffic compaction. Soil Science Society of America Journal, 48, 

152-156. 

Zavala, L.M., Jordan, A., Bellinfante, N., Gil, J., 2010. Relationships between rock fragment 

cover and soil hydrological response in a Mediterranean environment. Soil Science and 

Plant Nutrition, 56, 95-104.  



 

29 

Table 1 

Original properties of the soil used in this study and soils used in the field experiments extracted 

from the literature. Mandal et al. (2005) and Martinez-Zavala and Jordan (2008) performed four 

field experiments using slightly different soils. Here, the average of their soil grain size fractions 

is presented. In this study the fraction of the fine gravel (> 2 mm) was measured and 

differentiated from the rock fragment cover, however, in the other studies (Cerdà, 2001; Mandal 

et al., 2005; Martinez-Zavala and Jordan, 2008) it was considered in the rock fragment fraction. 

Soil properties Clay (%) Silt (%) Sand (%) Fine gravel (%) 

This study 4.00 29.00 41.00 26.00 

Cerdà (2001) 55.73 22.02 22.25 - 

Mandal et al. (2005) 31.80 11.85 56.35 - 

Martinez-Zavala and Jordan (2008) 34.46 12.42 53.12 - 



 

30 

Table 2. Summary of EPFL flume experiments and published data sets. The five experiments H6 and H7-E1 – H7-E4 were performed with rock 

fragment coverage (as listed below) and with bare soil, giving a total of 10 experiments. 

*The topsoil surface was gently pre-wetted for a short time using a sprinkler before precipitation commenced. 
**This experiment was characterized by three stages. First, rainfall was applied for 1 h over an area covered by rock fragments; second, the rainfall was halted for 10 min during which the rock fragments were removed; 
and third, the rainfall was applied again. 

Experiments 
Kinetic 

energy (J 

m-2 mm-1) 

Duration 

(min) 

Rock 
fragment 

cover (%) 

Precipitation 

(mm h-1) 

Rock 
fragments 

size (cm) 

Slope 

(%) 

Bulk 
density 

(g cm-3) 

Initial topsoil 

moisture content (%) 

Time-to-runoff 

(min) 

Steady-state 

discharge (mm h-1) 

Steady-state 

infiltration (mm h-1) Flume 

dimension 
With*** Without With Without With Without With Without 

H6 

24 

180 20 74 

5-7 2 

1.11 6.52 6.81 8.28 6.07 54.30 68.70 19.70 5.30  

 

 

 

6 m × 1 m 

 

 

H7-E1* 

120 

40 28 1.14 8.84 7.74 27.13 14.32 14.56 20.46 13.44 7.54 

H7-E2 40 74 1.53 24.79 19.15 2.06 1.34 63.84 71.40 10.16 2.60 

H7-E3 40 74 1.61 25.20 20.42 2.09 1.23 67.92 72.04 6.08 1.96 

H7-E4 40 28 1.64 26.36 22.14 2.46 1.58 25.80 26.76 2.20 1.24 

Cerdà (2001)** - 60 77.43 55 > 0.2 12-17 1.15 1.14 18.36 4.61 2.13 11.17 37.06 43.83 17.94 
circular (1 

m2) 

Mandal et al. 

(2005) 

27.1 

50 3.5 

48.5 

2-8 1.2 1.56 3.1 - 

7.41 - 24.87 - 23.63 - 

2 m × 0.75 

m 

28.8 89.2 5.23 - 61.50 - 27.70 - 

29 136.8 2.78 - 101.20 - 35.60 - 

27.1 

50 17.6 

48.5 

2-8 1.7 1.59 2.6 - 

7.98 - 12.84 - 35.66 - 

28.8 89.2 6.50 - 45.80 - 43.40 - 

29 136.8 4.81 - 83.79 - 53.01 - 

27.1 

50 41.7 

48.5 

2-8 1.9 1.62 1.6 - 

8.90 - 2.40 - 46.10 - 

28.8 89.2 5.73 - 16.80 - 72.40 - 

29 136.8 5.18 - 51.97 - 84.83 - 

27.1 

50 64.7 

48.5 

2-8 1.6 1.62 2.0 - 

9.48 - 0.58 - 47.92 - 

28.8 89.2 8.48 - 11.80 - 77.40 - 

29 136.8 7.5 - 59.40 - 113.57 - 

Martinez-
Zavala and 

Jordan (2008) 

4 70 
3.7, 21.1, 

52, 75.5 
50, 100, 150 2-10 

1.4-

1.8 

1.41-

1.46 
2.8-3 - 

5.11-

8.39 
- 

0.8-

119.1 
- 

13.90-

120.90 
- 

0.25 m × 

0.25 m 
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1. Erosion flume 

2. Flume divider 

3. Flow collection troughs 

a. Flume 1 

b. Flume 2 

c. Subsurface flow 

4. Lake water supply 

 

5. Water outlet tube 

6. Collection troughs 

7. To storm water drain 

8. Rotating bar 

9. Oscillator 

10. Direction of oscillation 

11. Compressor 

 

12. Magnetic vane 

13. Regulator 

14. Manometer 

15. Maximum oscillation 

amplitude (α = 90°) 

16. Actual water outlet (β = 30°) 

17. Water jet 

Fig. 1. Schematic overview of the EPFL erosion flume (modified from Tromp-van Meerveld 

et al., 2008). Note that the drainage system (item 3) was modified for the present experiments 

and that the flume was divided into two sections using the flume divider (item 2). The soil 

surface of flume 1 remained bare, while flume 2 was covered with fluvial rock fragments, 

arranged in a regular triangular pattern. 
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Fig. 2. Cumulative eroded 

mass as a function of the 

cumulative discharge 

collected from experiments 

H6 and H7-E1 are illustrated 

in panels (a) and (c), 

respectively. The exposed 

area-based estimation (solid 

line) reproduces 

satisfactorily the 

experimental data observed 

in both experiments. The 

corresponding measured and 

estimated sediment 

concentrations as a function 

of the cumulative discharge 

are shown in panels (b) and 

(d).  
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Fig. 3. Cumulative eroded 

mass as a function of 

cumulative discharge for 

experiments H7-E2 and H7-

E3 (panels (a) and (c)). The 

comparison between 

experiments (red dashed 

line) and estimation (solid 

line) is less satisfactory than 

experiments H6 and H7-E1 

(Fig. 1). The sediment 

concentration plots for the 

same experiments (panels (b) 

and (d)) indicate that the 

mismatch between estimates 

and observations occurs in 

the first part of the 

experiment. This comparison 

highlights that the soil 

erosion is proportional to 

area exposed to raindrop and 

effective rainfall at steady 

state but not at short times, 

when the different initial 

conditions affect the erosion 

from the flumes. 
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Fig. 4. Cumulative eroded 

mass (panel (a)) and 

sediment concentration 

(panel (b)) as a function of 

cumulative discharge for 

experiment H7-E4. The 

estimated eroded mass (solid 

line) underestimates the 

measurements, in particular 

at steady state. Note, 

however, that the sediment 

concentrations and total 

eroded mass are smaller than 

in the previous experiments. 

Panels (c) and (d) illustrate 

the results of flume 1 (bare 

soil) for experiments H6 and 

H7-E3. These experiments 

were performed using the 

same rainfall intensity, but at 

different bulk density and 

initial moisture content. The 

two experiments reach 

nearly the same steady-state 

concentration, although the 

concentrations in the initial 

period are markedly 

different. The horizontal 

broken lines in (b) and (d) 

are estimates of the steady-

state sediment 

concentrations exiting the 

flume. 
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Fig. 5. Cumulative eroded 

mass as a function of 

cumulative discharge for 

one of the field experiments 

of Mandal et al. (2005) 

using a precipitation of 89.2 

mm h
-1

. Two rock fragment 

coverages are 17.6% 

(panels (a) and (b)) and 

41.7% (panels (c) and (d)). 

In both cases, the estimated 

sediment concentration 

using the area-based 

concept overestimates the 

measured sediment 

concentrations, although the 

steady-state values with low 

rock fragment cover are 

comparable to the 

estimations. The difference 

compared to the laboratory 

experiments is attributed to 

the more pronounced effect 

of soil roughness and soil 

sealing in the field. 
 

  


