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ABSTRACT 

This research applies the fuzzy set theory via Geographical Information Systems (GIS) – based analysis, in order to 
model slope erosion by runoff. For this purpose, the following steps were accomplished: definition of input varia-
bles (rocks’ susceptibility to erosion, slope inclination, slope morphology), development of a fuzzy inference sys-
tem based on theoretical and empirical knowledge, transformation of input to output variables (erosion – deposi-
tion) and visualization of the output variables (spatial distribution of erosion–deposition processes). The method 
was applied on the drainage basin of Corinth, located in the north–eastern part of Peloponnese (Greece), where a 
series of catastrophic erosional events have recently occurred. 
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1. Introduction

Erosion rates depend on a variety of factors, such as 
the frequency and magnitude of precipitation, sur-
face and subsurface waters, slope morphology 
(length and inclination), rock’s susceptibility to ero-
sion, land use and human impacts. 

The amount and intensity of precipitation con-
trol surface and subsurface runoff. Splash erosion by 
raindrop impact results in the breaking and de-
tachment of soil particles. In addition, slope char-

acteristics have a significant role. Sediment removal 
is estimated as a function of distance to divide mul-
tiplied by a power of slope gradient (Kirkby, 1978). 
Rock composition and texture, expressed as physical 
resistance, can further affect erosion rates (Meybeck, 
1987). 

The vegetative cover acts as a protective mech-
anism to the weathering material by reducing the 
energy of rain, but also controls the soil and the 

34



EVLEPIDOU et al. / Revista de Geomorfologie 20 (2018) 

weathering mantle thickness and, consequently 
infiltration. 

The increasing human interventions to the en-
vironment have contributed to the acceleration of 
erosion processes, for instance with frequent forest 
fires and urban expansion. Human interventions also 
control the vegetative cover, through the manage-
ment of cultivated areas and pasture lands (Evelpi-
dou et al., 2018). Moreover, changes in land use, 
such as expanding agricultural land and deforesta-
tion, have made the weathering products more 
vulnerable to erosion. In terms of runoff erosion, 
three factors of land use are critical, the vegetative 
cover and its role, the surface cap and the mechani-
cal disturbance of the soil (Wischmeier, 1975; Re-
nard et al., 1997; Weltz et al., 1998). 

Another important variable that needs to be 
taken into account is climate change and its causes. 
The International Panel on Climate Change (IPCC) 
has predicted frequent and severe droughts and 
floods caused by irregular climatic conditions in the 
future, making water resources management diffi-
cult (Ahn et al., 2018). 

Runoff may be expressed as sheets of water or 
as small rills; its eroding capacity being related to 
the vegetative cover and it is expected to gradually 
increase downslope (Langbein and Schumm, 1958). 
During heavy precipitations, gullies tend to grow in 
depth and upslope. This process leads to the expan-
sion of the drainage basin. The transported material 
can be deposited in the low catchment areas or may 
end up in a stream channel. This highlights the close 
interrelations of stream and slope evolution. 

Weathering and erosion processes are also 
closely interrelated. The weathering mechanism 
produces new material, while erosional processes 
transport the material to the lower parts of the 
drainage basin. Erosion is active, as long as surface 
deposits are present, and when the whole waste 
mantle is removed, erosion agents become inactive. 
This mass balance (Ahnert, 1987) controls the spatial 
distribution of the denudation weathering–limited 
and denudation transport–limited areas in the 
drainage basins (Young, 1972; Chorley et al., 1984). 
It is noted that in slope hollows, the material is 
slowly transported downwards by creep processes, 
while rapid mass movements act as coupling points 

by removing the material (Ahnert, 1996; Selby and 
Hodder, 2000). According to Wolka et al. (2015), the 
combination of steep slope, low vegetation cover, 
along with erosive rainfall or extreme weather con-
ditions, induces a non-tolerable soil erosion prob-
lem. Therefore, erosion risk mitigation strategies 
should focus on the protection of steep slope areas. 

In this context, the aim of this paper is to study 
the dynamic processes of erosion by mapping zones 
of different erosion degree and deposition in a ho-
listic approach. This mapping is related to practical 
problems caused by nowadays erosion events, and 
its scope is formulating measures to stop or limit 
flow concentration and minimize erosional events 
(Kirkby, 1978). Nowadays several models have been 
developed for mapping erosion, however there is a 
lack of precise methods of monitoring. Traditional 
field–based methods of monitoring erosion (sedi-
ment traps, erosion pins, and bridges) can be labour 
intensive and therefore are generally limited in spa-
tial intensity and/or extent (Gillan et al., 2016). 
Therefore, this work also aims to stimulate the ne-
cessity of developing a long–term monitoring 
mechanism for the repeated floods and soil erosion 
events in order to protect environmental deteriora-
tion. 

2. Regional setting

The study area, the drainage basin of Corinth, is 
located in the north–eastern part of Peloponnese 
(Fig. 1). This area was chosen as a case study mainly 
because it is dominated by vulnerable rocks prone 
to erosion, and, because catastrophic floods accom-
panied by vast erosion occurred recently (1997) and 
are expected to happen again.  

The drainage basin of Corinth is characterized 
by a low–lying coastal area in the northern part and 
a hilly and semi–mountainous area in the south. The 
area is mainly composed of Quaternary and Neo-
gene formations at the northern part and lime-
stones of Alpine age at the south. The Neogene 
formations consist mainly of alterations of marls, 
sandstones, conglomerates, limestones, etc. (Borno-
vas et al., 1972). The drainage system of Corinth is 
characterized by an elongated basin, of a north–
south direction, with a dendritic form. The form and 
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size of the drainage system are related to the topo-
graphic, geological and hydrological parameters. 

Figure 1 Location of the study area 

3. Methodology

The study of erosional processes demands a series 
of steps in order to obtain the final output maps. 
These steps include (Fig. 2): 1) field–work, interpre-
tation of aerial photos and satellite images, devel-
opment of a GIS database with geological, topo-
graphical and drainage data), 2) definition of input 
and output variables, 3) formulation of appropriate 
logical rules (boolean or fuzzy) for the transfor-
mation of input to output variables, 4) analysis and 
visualization of the output results. 

For this work, the input variables used were sus-
ceptibility of rocks to erosion, slope inclination and 
slope morphology. The output was the erosion – 
deposition variable. In previous research, Gournelos 
et al. (2002, 2004) have proposed an empirical way 
to estimate the rock’s susceptibility to erosion. The 
susceptibility of rocks depends on a number of vari-
ables, with spatial and temporal variation. Firstly, it 
depends on the physical and chemical characteris-
tics of the rocks. Thus, mineral composition is the 
determining factor for chemical weathering. Olivine, 
augite, hornblende, biotite and dark–colored miner-
als in general are more susceptible to weathering 
processes than orthoclase, muscovite, quartz and 
other light–coloured minerals (Sparks, 1965). Sec-
ondly, it depends on the presence of a protective 
vegetative cover, which contributes to the increase 
of the infiltration capacity and limits runoff. In gen-
eral, the grain’s form and size define permeability of 
rocks and, consequently, they control the time of 
water saturation and the initiation of runoff. Three 
categories of permeability values may be distin-
guished: very low (10–12 – 10–8 m/s), low to me-
dium (10–8 – 10–5 m/s) and high (10–5 – 10–2 m/s) 
(Bolton, 1979). Thirdly, it depends on the character-
istics of the involved processes: the intensity and 
duration of precipitation, its spatial and temporal 
distribution and the raindrop size. Susceptibility of 
rocks to erosion is difficult to be directly measured. 
There are some observations concerning either rock 
resistance to abrasion (Kuenen, 1956) or mass 
strength classification (Selby, 1987). The first at-
tempt to assign susceptibility values to various rock 
types was made by Jensen and Painter (1974).  
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The second processed variable was slope gradi-
ent/inclination. When slopes are steeper, both the 
gravitational movement and downslope sediment 
delivery are higher. It has been noted that, in general, 

there is a linear or power relation between slope 
gradient and erosional products (Hack and Goodlett, 
1960; Schumm, 1977; Kirkby, 1969, 1978, 1995). 

Figure 2 Flow diagram of the methodology followed in this work 

The last input variable, slope morphology, is 
used to reflect the slope form (convex, concave, 
straight), the slope surface roughness and vegeta-
tive cover, the relation (transition) of a certain slope 
segment to upslope and downslope elements; in 
total, it defines the degree of the dominant ero-
sional or depositional processes. 

A large database was developed based on data 
derived from fieldwork and existing maps. In order 
to process different data sets, all input data were 

normalized. The entire original dataset was normal-
ized by dividing them by their maximum value, in 
order to facilitate the comparison of data layers. The 
input variables (rocks’ susceptibility to erosion, 
slope gradient and morphology) were treated as 
fuzzy ones (Zadeh, 1965, 1987; Yager et al., 1987; 
Dubois and Prade, 1980; Zimmermann, 1991; Klir 
and Yuan, 1995) assigning them the proper mem-
bership functions (Fig. 3). 

Figure 3 Flow diagram of the form of the membership functions of the input and output variables 

The next step was to construct a fuzzy inference 
system transforming input to output variable (ero-
sion–deposition variable). This was achieved by the 
formulation of the proper conditional rules based 
on theoretical as well as empirical knowledge of the 
erosional processes (Table 1). 

The implementation of all the aforementioned 
procedures was achieved, firstly, by using the GIS 
MapInfo platform for the analysis and visualization 
of the input and output variables and, secondly, by 
using the MATLAB software package to construct 
the fuzzy inference mechanism based on Mamdani 
methodology (Mamdani and Assilian, 1975). The 

output variable, erosion, expresses the degree of 
erosion and deposition on the drainage basin. This 
variable is also of a fuzzy nature. The output varia-
bles have been subjected to centroid defuzzification 
mechanism in order to obtain the final non–fuzzy 
set of values. The first variable, rock’s susceptibility 
to erosion, is closely related to the lithology. Lime-
stones are characterized by high permeability values 
and are the oldest and hardest rocks in the drainage 
basin. Their relief is relatively higher in comparison 
to the northern Neogene and Quaternary for-
mations. 
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Table 1 The fuzzy logical rules transforming input variables to the output one 

If Erodibility Is Low or Slope Is Low & Morphological
Factor 

Is Upslope 


Erosion 
Risk Is Low 

If Erodibility Is Medium & Slope Is Medium & Morphological
Factor 

Is Upslope 


Erosion 
Risk Is Medium 

If Erodibility Is High & Slope Is Medium or 
Vulnerability Is Medium & Slope Is High & Morphological

Factor 
Is Upslope 


Erosion 
Risk Is High 

If Erodibility Is High & Slope Is High & Morphological
Factor 

Is Upslope 


Erosion 
Risk Is Very High 

If Erodibility Is High & Slope Is High & Morphological
Factor 

Is Downslope 


Erosion 
Risk Is Negative 

If Erodibility Is Low or Slope Is Low & Morphological
Factor 

Is Downslope 


Erosion 
Risk Is Very Negative 

If Erodibility Is High & Slope Is Medium or 
Vulnerability Is Medium & Slope Is High & Morphological

Factor 
Is Downslope 


Erosion 
Risk Is Very Negative 

If Erodibility Is Medium & Slope Is Medium & Morphological
Factor 

Is Downslope 


Erosion 
Risk 

Is Very–Very 
Negative 

Figure 4 Spatial distribution of rocks’ susceptibility to 
erosion variable of Corinth’s drainage basin. The numbers 

in the brackets represent the frequency of each value 
range (number of grid cells belonging to the value range) 

Figure 5 Lithological map of the drainage basin of 
Corinth 
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Their relief is relatively higher in comparison to 
the northern Neogene and Quaternary formations. 
However, even in the latter group of sediments 
there are beds of different resistance to erosion and 
also lithological contrasts within the same bed for-
mations. Conglomerates and sandstones are af-
fected by chemical weathering, when cemented with 
calcium carbonate or iron oxides. Clays and shales 
are very susceptible to physical weathering due to 
the presence of primary or secondary discontinuities 
and their ability to absorb water (Sparks, 1965). 

Three fuzzy classes were assigned to the rocks’ 
susceptibility to erosion for the Corinth drainage 

basin, corresponding to the linguistic terms of ‘low’ 
(0, 0.5), ‘medium’ (0.25, 0.75) and ‘high’ (0.5, 1) sus-
ceptibility (Fig. 4). These represent the alpine lime-
stones, resistant beds of Neogene formations and 
marls, sandstones and Quaternary sediments, re-
spectively (Fig. 5). 

The second processed variable was slope gradi-
ent (slope form and the predominant erosion or 
deposition processes), which has been calculated 
from the digital elevation model. In a similar way, 
three fuzzy classes have been assigned to slope 
variable: low, medium and high (Fig. 6). 

Figure 6 Spatial distribution of the slope gradient variable 
of Corinth drainage basin. The numbers in the brackets 

represent the frequency of each value ranges (number of 
grid cells belonging to the value range) 

Figure 7 Spatial distribution of erosion – deposition of 
Corinth drainage basin. The erosion and deposition terms 

in the legend includes all the grades of this variable as 
defined in the text and figures. The numbers in the 

brackets correspond to the frequency of each value range 
(number of grid cells belonging to the value range) 
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Slope morphology was the third variable. Apart 
from the slope gradient, the convex or concave 
form of the slope, the aspect and the total length of 
the slope are also very important factors. This varia-
ble has two fuzzy classes of values: the upslope and 
the downslope. Thus, values of 0.6–1 represent con-
vex slope forms, where deposition–limited pro-
cesses are mainly present, while values of 0–0.6 
signify erosion – limited processes domination. The 
output variables were the erosion–deposition of 
fuzzy values and take the linguistic terms: Very High, 
High, Medium, Low, Negative, Very Negative, and 
Very–Very Negative (Table 1). 

Finally, a sensitivity analysis was accomplished 
on the proposed model, through minimal modifica-
tions of the input variables, and the results (outputs) 
of this process have shown no significant changes 
to the expected values. 

4. Discussion

The main disadvantage of erosion risk maps is that 
they reflect a static situation, which may change 
over time; even more importantly is the fact that the 
deposition–dominated areas are not mapped. Pre-
cipitation of variable intensity and duration may 
produce different erosional events and each ero-
sional event is composed of erosional and deposi-
tional zones.  

Climate change and extreme weather events call 
for the development of relatively simple methods to 
identify various natural hazards, globally; there is 
therefore need to predict areas of extensive soil 
erosion using real–world, input data at low cost with 
considerable accuracy (e.g. Mitra et al., 1998). A 
holistic approach was applied in this work, by map-
ping zones of different degree of erosion and depo-
sition. This mapping is related to practical problems 
caused by contemporary erosional events and it 
may be used to formulate a series of suitable man-
agement solutions in order to avoid or diminish 
flow concentration and minimize erosional events 
(Kirkby, 1978). 

It should be noted that recent erosion studies 
have been undertaken in the Mediterranean area 
(Onori et al., 2006; Ozcan et al., 2008) and new tech-
niques have been proposed to evaluate erosion 
rates (Wang et al., 2008). 

In the case of the drainage basin of Corinth, the 
resulting map (output variables) is shown in Fig. 7. 
This is a fuzzy–based approach of the main erosion 
and deposition zones of the study area. 

It is clear that erosion occurs in upslope areas 
where Neogene or Quaternary formations are 
mainly present, while deposition occurs in the low 
flat areas close to the foot slope and the main 
drainage system. The aforementioned results have 
been further confirmed through field observations 
in the study area. This spatial distribution of erosion 
and deposition zones explains the recent cata-
strophic flooding of Corinth city, situated in the 
northern part of the drainage basin. It must be 
noted that recently, on 11th February 2007, this 
drainage basin has suffered another flooding event 
followed by widespread erosion, confirming our 
estimation about the response of this system to 
high precipitation. 

5. Conclusions

This paper focused on a fuzzy based methodology 
through GIS based analysis for studying runoff ero-
sion risk, which obliterates the main disadvantage of 
erosion risk maps reflecting a static situation. The 
methodology was applied in Corinth drainage basin, 
and our results were confirmed by field data.  

The resulting map of the proposed methodol-
ogy is a fuzzy–based approach of the main erosional 
and depositional zones of the drainage basin of 
Corinth. This methodology is relatively simple to 
implement using a GIS platform and it could be 
used together with a long-term monitoring mecha-
nism for the repeated floods and soil erosion events 
in order to prevent from environmental issues as 
well as economic losses. 
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