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Abstract. The paper proposes a quantitative physically-based modeling of water 
runoff, soil erosion and deposition along a slope. This topic is dealt with for  
selected laboratory flume tests and for a slope cut by a mountain trackway with 
three bends. For both the cases, the GIS-implemented LImburg Soil Erosion 
(LISEM) model is used to simulate the erosion and deposition scenarios caused by 
different rainstorms and soil suction. The numerical results achieved for the flume 
tests provide a validation of the selected model. Furthermore, the simulations 
about the slope outline the bend as a major confluence path for water runoff, 
consistently with the in-situ evidences. In addition, it is highlighted that the 
maximum soil loss is computed at the areas beside and downslope the bends. 
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1. Introduction 

Soil erosion is a complex natural process, very difficult to be tackled. This is especially 
true for mountain catchments due to both the variability of the local site conditions and 
the uncertainties of the measurements whether assumed as representative of the global 
response of the catchment. In the literature, the presence of mountain roads in a 
catchment is clearly recognized as a source of surface runoff and sediment detachment 
[1]. It is also pointed out that some slope instabilities [2] are strictly connected to 
mountain roads and tracks, that: i) affect the water infiltration during a rainstorm and  
ii) induce heavy modifications of the slope topography concentrating the runoff either 
towards the bends of the trackways or in singular points along the hillslopes. 
Nevertheless, a quantitative analysis of the effects of the mountain tracks has not yet 
been performed and this is the main goal of the paper. 

On the other hand, the literature provide some recent evidences for soil erosion 
obtained in laboratory flume tests, for simple geometries, with the soil mechanical 
properties known and for well-controlled initial and boundary conditions. 

The paper aims to provide a contribution to the quantitative analysis of soil erosion 
as observed in: i) laboratory flume tests and ii) real slopes. Purposely, a quantitative 
physically-based GIS-implemented model is selected, and used for numerical modeling. 
The simulations of the flume tests are implied as a validation of the selected model, and 
provide some insights on the potential and limitations of the model. On the other hand, 
modeling the response of a real slope allows outlining the role of cut slopes and bends 
of tracks for the onset of soil erosion and deposition patterns. 
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2. Remarks on superficial erosion modeling 

2.1. LISEM model 

The modeling of either the superficial water circulation or the erosion heights along a 
slope requires a quantitative physically-based analysis. As a tool, the LImburg Soil 
Erosion Model (LISEM) was selected, which is a spatially-distributed and physically-
based model implemented in a GIS platform. The details on both the model and 
previous applications are available in Jetten [3], [4] and Della Sala et al. [5], while 
some comments are herein given on the potential of this approach. The hypotheses 
used in this paper are discussed as well. The processes contributing to the soil erosion 
are several. The interception of rainwater by crops and vegetation is here treated 
through the approach proposed by Aston [6], based on canopy storage functions 
(dependent on LAI - Leaf Area Index) as defined by De Jong and Jetten [7]. The water 
storage in micro-depressions of the ground surface was estimated using the Maximum 
Depression Storage as function of random roughness (here assumed equal to 0.05 cm) 
and the slope gradient, as proposed by Kamphorst et al. [8].  

The infiltration of the ground surface was computed through the Green-Ampt 1D 
vertical infiltration model, which is somehow realistic when rainfall is short enough (up 
to some hours) and soil is unsaturated. This approach refers to the saturated hydraulic 
conductivity (ksat); saturated water content (θsat); initial moisture content below the 
wetting front (θi); infiltration depth (z). The amount of rainfall which is neither 
intercepted by the vegetation nor entrapped inside the micro-depressions of the ground 
surface nor infiltrated in the ground surface is computed as runoff at each cell of the 
DTM (Digital Terrain Model). The runoff is routed downhill through a kinematic wave 
function, implementing the Manning’s equation. The finite-difference numerical 
procedure derives from Chow et al. [9] and Moore and Foster [10].  

The detachment or deposition of soil particles is based on a generalized erosion-
deposition formulation described by Morgan et al. [11] and Smith et al.[12] whose 
details are also discussed in Jetten [3].  

It is assumed that the amount of sediment suspended (e, kg/s) in the overland water 
flow is regulated by the transport capacity (TC) of the water flow. Tc depends on the 
bulk density of solid grains (�s); slope gradient (S); mean flow velocity (v); and texture 
median diameter (d50) of the topsoil. It entails that the erosion process can be 
quantitatively described through the balance among splash detachment (Ds), flow 
detachment (Df) and deposition (Dp), as follows e = Ds + Df – Dp.  

The flow detachment (Df) occurs as long as the transport capacity (TC, kg/m3) is 
larger than the sediment concentration in the flow (C, kg/m3), provided that a soil 
strength threshold, related to soil cohesion, is overcome and the amount of the detached 
material is proportional the water discharge (Q). The deposition (Dp) occurs whenever 
TC < C, and it is proportional to the width of flow (w), and the settling velocity of the 
particles (vs). Finally, the splash detachment (Ds), which is due to the impact of the rain 
droplets on the ground surface, can play a relevant role in specific cases, but it was not 
considered in the paper for the sake of the simplicity. 

2.2. Validation tests 

In the paper, two laboratory experiments reported in Pan and Shangguan [13] were 
numerically reproduced to verify the potential of the LISEM model. In fact, in a series 
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of laboratory experiments, the runoff and sediment production were measured in 
grassplots with different vegetation covers (0%, 35%, 45%, 65% and 90%). The 
experimental steel plot was 2.00 m long, 0.55 wide and 0.35 thick, with a slope angle 
adjusted at 15°. In each plot, the sandy loam soil, collected in the North of the Loess 
Plateau (China), was packed in three 10 cm layers, for a total soil thickness of 30 cm. A 
rainfall-intensity equal to 100 mm/h was simulated for about 70 minutes. For each 
experiment, the runoff-initiating time and the total collected runoff was recorded. Then, 
the sediment concentration was determined as the ratio of the dry sediment mass to the 
runoff volume and the sediment yield rate was computed dividing the sediment yield 
per unit area by the time period. Among the laboratory experiments, only two 
significant experimental tests were selected for the sake of simplicity, bare soil (here 
named “1”) and 35% vegetation cover (here named “2”), and simulated numerically.  

In the analyses, the Digital Terrain Model (DTM) was of 0.1 m cell size and the 
time step was fixed proportional to 0.2 times the cell size. The rainfall was assumed 
homogeneous over the plot and the Green-Ampt model was used to analyze the 
infiltration process. For the case of bare soil, the interception of vegetation and the root 
strength were neglected: whereas, in the case with vegetation cover, the interception 
was derived from the canopy storage equation implemented in the model for the 
clumped grasses and assumed as function of LAI. The input data (Tab. 1) were 
properly selected from literature or calibrated. The saturated hydraulic conductivity 
(ksat), the saturated water content (�sat), the initial water content (�i) and soil suction (ψ) 
were taken from Cuomo and Della Sala [14]. The random roughness (RR=0.05cm) was 
taken into account to consider the soil compaction before the experiments. For the 
vegetation cover, LAI and the additional cohesion by roots (cadd) were selected in 
agreement with Bundela [15].  

The most significant results were plotted in terms of water discharge and sediment 
concentration in time. For the case of bare soil, the results show that: i) the predicted 
water discharge and sediment concentration have a similar time-trend for all the 
simulations, quite similar to the laboratory evidences (Fig. 1a, b); ii) the simulated 
water discharge, which increases in time, well captures the laboratory measurements 
(Fig. 1a) and the time to starting runoff is well reproduced by the model, especially for 
 
Table 1. Input data and simulated cases for the flume tests. 

ID 

Soil properties Surface characteristics Vegetation parameters 

d50 c ψ θi θsat ksat N RR LAI Cov ch cadd 

(μm) (kPa) (kPa) (-) (-) (m/s) (-) (cm) 
 (-) (%) (m) (kPa) 

1.a 13 50 10 0.3 0.501 1E-06 0.0176 0.05 

No vegetation 1.b 13 50 10 0.35 0.501 1E-06 0.0176 0.05 

1.c 13 50 5 0.4 0.501 1E-06 0.0176 0.05 

2.a 13 50 5 0.4 0.501 1E-06 0.0435 0.05 6 35 0.07 3.32 

2.b 13 50 10 0.35 0.501 1E-06 0.0435 0.05 6 35 0.07 3.32 

2.c 13 50 15 0.32 0.501 1E-06 0.0435 0.05 6 35 0.07 3.32 

d50: median diameter; c: soil cohesion; ψ: soil suction; �i: initial water content; �sat: saturated water content; 
ksat: saturated hydraulic conductivity; n: Manning coefficient; RR: random roughness; LAI: leaf area index; 
Cov: percentage of the plot covered by vegetation; ch: vegetation height; cadd: additional cohesion by roots. 
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Figure 1. Water discharge and sediment concentration for flume tests 1 (a,b) and 2 (c, d). 

 
the case “1c” (Fig. 1a). Referring to the sediment concentration, the simulated trend 
immediately reaches the peak value and then gradually decreases in time. It is possible 
noting that: i) the observed water discharge is well reproduced by the model with 
reference to time trend and water discharge values; ii) the predicted peak value of 
sediment concentration and the time to peak are comparable with those observed in the 
laboratory experiment. For the case with the vegetation cover (Fig. 1c, d): i) the trend 
of simulated water discharge and the sediment concentration are similar to the bare soil 
case; ii) the simulated water discharge trend and sediment concentration trend are 
similar to the experimental results; iii) a good agreement is found for water discharge 
values, time of starting runoff, sediment concentration values and times to peak.  

As the model correctly captures the peak values as well as the time trend of water 
discharge and sediment concentration, it entails that the model is a valuable tool to 
estimate the runoff and soil erosion, also for different vegetation conditions. 

 
3. Erosion analysis for a natural slope 

3.1. Input and schemes 

The effect of a mountain trackway was evaluated for different seasons, typical of 
southern Italy [17]. A schematic 30° steep slope was considered, crossed by a mountain 
trackway with three bends (Fig. 2). The slope was 90 m wide, 100 m long and the 
trackway 21° or 17° steep (A and B in Fig. 2a).  

A Digital Terrain Model (DTM), with cell 0.5 m large, was used in the analyses and 
the time-step was fixed equal to 1 second, in agreement with Jetten [3], who proposed 
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to use a time step (expressed in seconds) equal to 2 times the cell size (in meters). A 
short intense rainstorm - 100 mm/h for 30 minutes - was fixed as input, and assumed 
constant throughout the slope. The water storage in micro-depressions of the ground 
surface was considered as related to the random roughness (RR). The latter was 
assumed equal to 0.05 cm and the splash detachment was neglected for the sake of the 
simplicity. Referring to the soil, the thickness was set to 0.5 m, the median diameter 
(d50) was assumed equal to 0.25 mm, and the soil cohesion was fixed equal to 0.2 kPa. 
The hydraulic properties were taken from the soil water characteristic curve proposed 
by Cuomo and Della Sala [14]. In particular, the soil saturated conductivity (ksat) was 
assumed equal to 1.8 mm/h and the saturated volumetric water content (�sat) was fixed 
to 0.37. The analyses were performed taking into account the seasonal variation of the 
vegetation and soil suction. Moreover, two cases without vegetation were also 
considered: i) the heuristic case of impervious ground surface, thus neglecting any 
infiltration process and ii) a low soil suction case. Table 2 provides the list of the most 
interesting simulated cases. 

The cover of foliage trees was assumed 50% and the interception was derived from 
the canopy storage equation implemented in the LISEM model for the broadleaved 
forest and assumed as a function of LAI. The vegetation changes depending on seasons. 
During the Spring and Summer, the vegetation is lush and forbid. The trees have thick 
foliage and also the underbrush is very dense and the water storage by foliage is the 
maximum. During the Autumn, the trees foliage are gradually less flourishing, as well 
as the underbrush. Leaves start falling, and the storage capability decreases. In the 
Winter, water storage capability is the minimum because trees are devoid of foliage and 
the underbrush is less dense. In the analyses, LAI was assumed as dependent on the 
foliage of tall trees, while the additional cohesion by roots (cadd) and the Manning 
coefficient (n), also depending on the underbrush, were assumed constant, because 
specific data were not available. The Manning coefficient was taken from O’Brien [16] 
and the additional cohesion by roots was selected in agreement with Bundela [15].   

For the seasonal variations of soil suction, based on site soil suction measurements 
in the Campania region (Southern Italy), Cascini et al. [17] individuate four periods: 1: 
September-October (high suction, 20-30 kPa); 2: November-December (medium, 10-   
 

   
Figure 2. a) Scheme of the natural slope with the trackway (segment A: 21° steep and segment B: 17° steep) 
with the information related to the vegetation cover and reference points (1-4); b) Section a-a.  
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Table 2. List of cases and input data for the natural slope. 

ID Vegetation type 
Surface and vegetation characteristics Hydraulic 

properties 
n LAI Cov ch cadd ψ θi 

(-) (-) (%) (m) (kPa) (kPa) (-) 
NS_1 intermediate 0.2 6 50 7 3.2 25 0.08 
NS_2 Sparse 0.2 1 50 7 3.2 15 0.09 
NS_3 Dense 0.2 12 50 7 3.2 5 0.16 
NS_4 Dense 0.2 12 50 7 3.2 35 0.07 
NS_5 no vegetation 0.08 0 0 0 0 5 0.16 
NS_6 no vegetation 0.08 0 0 0 0 no infiltration 

n: Manning coefficient; LAI: leaf area index; Cov: fraction surface cover by vegetation; ch: vegetation  
height; cadd: additional cohesion by roots; ψ: soil suction; θi: initial volumetric water content 

 
20 kPa); 3: January-May (low suction, 0-10 kPa); and 4: June-August (very high 
suction, >30 kPa). All the four periods were analyzed with the mean seasonal suction. 

3.2. Results 

The spatial distribution of the water heights (Fig. 3a,b) shows the effect of the 
mountain trackway and bends on the superficial water circulation. In particular, for the 
case NS_3, the maps of water heights (Fig. 3a,b) highlight that after 10 minutes, the 
water runoff is channeled along the trackway in which the water heights are bigger than 
in the other portions of the slope. In addition, downslope the trackway, especially in 
correspondence of the bends, water rills start to form with heights until 2 cm. Water 
heights increase in time throughout the slope and are higher in the lower portion of the 
slope. The worst scenario occurs after 30 minutes, when the water heights reach about 
8 cm. This is a quantitative estimate of well-known qualitative literature field 
observations. 

The spatial distribution of the erosion depths (Fig. 3c,d) is also analyzed with 
reference to the cases NS_3 and NS_5, in order to study the effect of two different 
vegetation conditions, in the same season. Firstly, in the case of the vegetated cover 
(NS_3), it is possible to observe a very intense erosion along the steeper sides of the 
trackway, where the erosion depth reaches 24 cm. Less erosion occurs below the bends 
in correspondence of the water rills. In addition, there is deposition in correspondence 
of the bends, where the slope is gentler. In the case of bare soil (NS_5), the deposition 
is higher and occurs where slope angle is the lowest. The erosion along the trackway is 
less intense than in other portions of the slope, but there are many areas below the 
trackway where erosion concentrates. In the first case (NS_3), the vegetation limits the 
erosion along the slope but superficial water is concentrated along the trackway, where 
the erosion depths are higher, especially in the stretch that precedes the last bend. In the 
second case (NS_5), instead, without the protective action of vegetation, the water 
overflows from the trackway affecting the downslope areas.  

The peak values of total discharge and sediment concentration are plotted in Figure 
4 for all the points 1-4. In all the cases, the total discharge downslope the bends (1 and 
3) is higher than far from the trackway (2 and 4). Referring to the sediment 
concentration, at the points 3 and 4, higher discharge is calculated than at the points 1 
and 2. Moreover, the cases without vegetation (NS_5 and NS_6) have higher peak 
discharge than the other cases. Among the cases with vegetation, the period 3 (NS_3) is 
characterized by the highest peak, due to the lowest soil suction. On the contrary, the 
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period 4 (NS_4) has the lowest peak, due to the favorable effects of both dense 
vegetation and high soil suction. Moreover, comparing NS_3 and NS_5, which refer to 
the same period and differ only in terms of vegetation condition, it can be noted the 
beneficial effect of the vegetation cover. 

Despite the interest of the results achieved, some limitations of the numerical 
modelling must be recognized, which are related to the assumptions and simplified 
hypotheses. Among these, the rainsplash erosion was disregarded, the 1D Green-Amp 
infiltration model is a quite simplified scheme, and the eventual remobilization of the 
deposited solid particles cannot be considered in the LISEM model. 

 

 
Figure 3. Water heights at 10 minutes a) and 30 minutes b) for the case NS_3; erosion depth at 30 minutes 
for the cases NS_3 (c) and NS_5 (d). 

 

 
Figure 4. Maximum values of  total discharge (a) and sediment concentration (b) at the reference points (1-4) 
for each  analyzed case. 
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4. Conclusions 

The paper proposed a quantitative analysis of the soil erosion due to heavy rainfall, 
either for artificial laboratory flume tests or for a natural slope characterized by cut 
slopes and trackways. The physically-based GIS-implemented LISEM model was used 
for numerical modeling. The simulations of the flume tests were used for validation. 
Particularly, it was outlined the potential of the model to properly compute the peak 
discharge of water and sediments as well as the peak sediments concentration. The 
modeling of a real slope allowed outlining the role of cut slopes and bends of tracks for 
the onset of soil erosion and deposition patterns. Particularly, it was found that the 
maximum overland flow heights occur at the bends of the tracks; in addition, the soil 
loss concentrated along the tracks and in the areas beside and downslope the bends. 
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