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Abstract. The geological-geomorphological features of the river catchments 

control flood propagation by influencing the surface runoff and its redistribution 

to surface and underground flow. The paper analyses the geological-geomorpho-

logical susceptibility to floods in a part of the river Struma valley – Municipalities 

Kresna and Strumyani (Bulgaria, EU). The following parameters are considered: 

lithology (presented by water permeability, capacity and type of rock reservoirs), 

distance from streams/river, slopes and fluvial landforms. Raster layers for each 

one of these parameters are created in geographic information system (GIS) en-

vironment and susceptibility rates are assigned. The flood susceptibility map is 

elaborated by spatial weighted sum overlay of the raster layers. The results show 

that the susceptibility is the highest in the low part of the valley, south of Kresna. 

The susceptibility of flooding is not equal over the whole area of the floodplain 

but depends on the retention capacity of the alluvial deposits and the hydro-geo-

morphological state of the floodplain. The river bank height above the water level 

and the river bed type are also taken into consideration by application of fuzzy 

logic. Using the fuzzy logic minimizes some imperfections of the initial data and 

gives good results in data-scarce areas. The fuzzy logic model is designed as a 

two-level hierarchical system with three inputs and one output. The output gives 

the complex assessment for geological-geomorphological flood susceptibility of 

study area regarding the interaction of the three inputs. The results of the current 

research aims to direct the attention of planning experts and decision-makers to 

the importance of geological-geomorphological parameters in flood management 

and can be considered as a first step of flood hazard assessment. 

Keywords: Flood susceptibility, Overlay analysis, Fuzzy logic, Floodplain. 

1 First Section 

Floods are ones of the most important natural hazards in Europe in terms of economic 

loss [1, 2] and when they concern human life this is a risk. According to the Directive 

2007/60/EC [3] the flood risk means the combination of the probability of a flood event 

and of the potential adverse consequences for human health, the environment, cultural 

heritage and economic activity associated with a flood event. In this regard the risk is 
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considered as a function of hazard (the probability of flood event). The flood hazard is 

determined by the hydro-climatological features of the area which behavior is con-

trolled by the other environmental conditions (lithological composition, physical-me-

chanical properties of soils, character of the topography, vegetation) and also on the 

land use type. The review of the literature and practice in flood management shows 

different approaches. The traditional strong engineering approach is based on hydro-

logical and hydraulic analyses and modelling [4-6]. This approach is often limited by 

the availability of the data which requires the fusion of hydrologic observations, histor-

ical information about past flood events, estimates of surface roughness, boundary con-

ditions, and topographical features [7]. In this regard many publications consider the 

importance of sedimentary and geomorphological approaches in providing base-line 

flood data for validation hydrologic and hydraulic models and emphasize on the mainte-

nance of natural geomorphological functioning of the river channels and floodplains 

for effective flood management [8-11]. A combined application of geomorphological 

and hydrological approaches in flood hazard investigation is considered in publications 

Patton and Baker, Lastra, Dimitriu, etc. [10, 12, 13].  

The complex nature of the flood event requires an integrated approach in flood haz-

ard / flood risk assessment and management. An integrated approach employing remote 

sensing data coupled with digital elevation models (DEM), hydrological study and field 

observations is recommended to understand the causative factors of flooding [14]. The 

need of processing a large volume of spatial data motivates the geoinformation ap-

proach and use of geographic information systems (GIS), and remote sensing in flood 

hazard assessment [14-18]. 

Taking into account the complex nature of flood events, the aim of the current re-

search is to assess flood susceptibility of geological-geomorphological features in the 

Middle Struma valley by application of GIS technology and fuzzy logic. The suscepti-

bility is considered as a sensitivity degree of the area and determining the flood suscep-

tibility is the first step in flood risk assessment. Although the intensive precipitation 

have triggering role for flood propagation the differences in the distribution of floods 

in the river basin show the control of geomorphological and geological factors. The 

geological-geomorphological features of the area influence the flow of surface runoff 

and the redistribution of the runoff into the underground and surface component. This 

influences the water capacity of the area and possible occurrence of floods. The com-

position of the rocks, their grain size and physical properties determine the water per-

meability of the rocks as well as their retention capacity. In this relation, in flood  

susceptibility assessment the water permeability of the rocks should be considered in a 

complex with other environmental characteristics such as water retention capacity, 

groundwater level, location of the site relative to the water level / river bed,  

landforms, etc.  

In this research an integrated assessment of these factors is elaborated in GIS envi-

ronment and by fuzzy logic. The following geological-geomorphological parameters of 

the investigated area are evaluated: lithological composition, slopes, fluvial landforms 

and the distance from the rivers. A flood susceptibility map is created in GIS environ-

ment by application of weighted sum overlay. A similar approach combined with ap-

plication of analytic hierarchy process is used many publications about different areas 
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and shows good result, even for data-scarce areas [17, 19-21]. In difference, the present 

study focuses the geological and geomorphological conditions of flooding by  

evaluating the water permeability, retention capacity and type of the rocks reservoirs. 

For the purpose of modelling a fuzzy logic is applied additionally to the results of the 

spatial GIS overlay. 

2 Data and Methods of the Research 

The flood susceptibility modelling in the current research is elaborated for a part of the 

Middle Struma valley (Bulgaria), the areas lower than 600 m. Special attention is  

given on the fluvial landforms – floodplains and low river terraces, as well as alluvial / 

proluvial fans. Field investigation and literature review, including analyses of geologi-

cal (sheets Blagoevgrad, Razlog and Petrich, 1:100 000) and geomorphological maps 

[22, 23] are done for data collection. The analysis of geological and geomorphological 

data is proceeded in AcrGIS environment (ESRI Inc.). For this purpose a GIS database 

was built which includes: 

 Municipalities boundaries – polygon layer (source: GIS, Ministry of regional devel-

opment, Bulgaria, EU); 

 Stream / river network – generated on the base of DEM; 

 Slopes – generated on the base of DEM; 

 Geology data: rock permeability; capacity and type of the reservoir – polygons layers 

created on the base of the geological map of Bulgaria, 1: 100 000; 

 River terraces, alluvial / proluvial fans – polygons determined on the base of publi-

cations [23, 24], topographic map of Bulgaria 1: 50 000 and field investigations; 

 Settlements – polygons (CORINE Land Cover 2012 project [25]); 

 Digital elevation model (DEM), SRTM, 30 m NASA JPL [26]. 

In order to assess flood susceptibility a spatial overlay analysis is done on the base 

of geological and geomorphological features of the area. The complex influence of the 

lithological composition, slopes, fluvial landforms and the distance from the rivers were 

evaluated in determining the susceptibility to floods. The evaluation is done using 

weighted sum overlay in ArcGIS. For this purpose, the geological-geomorphological 

factors are entered in raster layers, and depending on their characteristics, each one is 

classified from 1 to 5 (1 - the lowest flood susceptibility, 5 - the highest). In the overlay 

analysis a weight of 30% is given to each one of the layers of river distance and fluvial 

relief, 20% - for lithological composition and 20% for slopes. As a result of the overlay 

analysis a map of geological-geomorphological susceptibility to flooding is created. 

Taking into account the limitation of the data we applied fuzzy logic in order to 

further develop the assessment. The following additional parameters are considered: 

river bank height above the water level and the river bed type. The first one is consid-

ering the aptitude of river water to flood the adjacent areas. About the river bed we 

define 3 types: sandy, rocky and mixed. Sandy bed has higher water permeability which 

is a prerequisite for better infiltration and less surface stream flow, while rocky bed 

determines less infiltration and higher flood susceptibility. On the other side because of 
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the high water permeability of sands they are usually related with high level of ground 

water and this can lead to high flood susceptibility if the river bed is saturated. In this 

relation all available geological and geomorphological conditions of the area should be 

considered in interaction in flood susceptibility modelling. 

It is necessary to note, that the fuzzy logic approach is an appropriate tool for the 

risk assessment from natural disasters [27-29]. This approach provides adequate pro-

cessing the expert knowledge and uncertain quantitative data [30, 31]. In particular, the 

flood risk assessment is performed under the subjective and uncertain conditions (for 

example, there are short records or only few measured points) [10, 20, 32]. For these 

reasons the fuzzy logic are used for the flood risk assessment [21, 33, 34] 

In this research, a fuzzy logic model for complex assessment of flood susceptibility 

based on geological – geomorphological features of river catchments is proposed. The 

fuzzy logic model is designed as a two-level hierarchical system with three inputs and 

one output. Each level of the system is consisted of one fuzzy logical subsystem with 

two inputs.  

The fuzzy logic system output gives the complex assessment for geological-geomor-

phological flood susceptibility of study area regarding the interaction of the three  

inputs. A scheme of this two level hierarchical fuzzy system is presented on Fig. 1. 

 
Fig. 1. Two-level hierarchical fuzzy system with three inputs 

The fuzzy system inputs are defined on the basis of expert knowledge and current re-

search of study area, as follow: 

 Input 1 “Flood susceptibility according to the river bank height above the water 

level”; 

 Input 2 “Flood susceptibility according to the river bed type”; 

 Input 3 “Flood susceptibility according to the overlay analysis of geological-geo-

morphological parameters (map results)”. 

An intermediate variable “Flood susceptibility according to the river bank height 

and bed type” is defined. 
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Here, the inputs of the first fuzzy logic subsystem are Input 1 “Flood susceptibility 

according to the river bank height above the water level” and Input 2 “Flood suscepti-

bility according to the river bed type”, and the output variable is the Intermediate vari-

able “Flood susceptibility according to the river bank height and bed type”.  

The inputs of the second fuzzy logic subsystem are Intermediate variable “Flood 

susceptibility according to the river bank height and bed type” and Input 3 “Flood sus-

ceptibility rate according to the overlay analysis of geological-geomorphological pa-

rameters (map results)”. The output of second fuzzy logic subsystem is the variable 

“Complex geological-geomorphological flood susceptibility”, which is actually the out-

put of the proposed fuzzy logic system. 

The value of the variable “Complex geological-geomorphological flood  

susceptibility” can be considered as a useful assessment in informative decision  

making about the flood susceptibility regarding geological – geomorphological features 

of river catchments in the study area. The higher value corresponds to the higher flood 

susceptibility rate. 

In the proposed fuzzy logic model, the linguistic variables, corresponding of the 

three inputs, intermediate variable and system output are defined by different trapezoid 

membership functions. The input variables (Input 1, Input 2, Input 3 and  

Intermediate variable) are assessed in the interval [0, 5] and the system output - in the 

interval [0, 100].  

The membership functions are defined as follows: 

 Input 1 “Flood susceptibility according to the river bank height above the water 

level” is described by five fuzzy membership functions: “Very low (VL)”, “Low (L)”, 

“Moderate (M)”, “High (H)”, and “Very high (VH)” (Fig. 2); 

 Input 2 “Flood susceptibility according to the river bed type” is described by three 

fuzzy membership functions: “Low (L)”, “Moderate (M)”, “High (H)” (Fig. 3); 

 Input 3 “Flood susceptibility according to the overlay analysis of geological-geo-

morphological parameters (map results)” is described by five fuzzy membership 

functions: “Very low (VL)”, “Low (L)”, “Moderate (M)”, “High (H)”, and “Very 

high (VH)” (Fig. 2); 

 Intermediate variable “Flood susceptibility according to the river bank height and 

bed type” is described by five fuzzy membership functions: “Very low (VL)”, “Low 

(L)”, “Moderate (M)”, “High (H)”, and “Very high (VH)” (Fig. 2); 

 Output of the fuzzy logic system “Complex geological-geomorphological flood sus-

ceptibility” is described by five fuzzy membership functions: “Very low (VL)”, 

“Low (L)”, “Moderate (M)”, “High (H)”, and “Very high (VH)” (Fig. 4). 

The numeral values of trapezoidal membership functions and the corresponding lin-

guistic variables of the Input 1, Input 2, Input 3, Intermediate variable and Output are 

presented in Table 1 
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Fig. 2. Membership functions of the Input 1, Input 3 and Intermediate variable 

 

Fig. 3. Membership functions of the Input 2 

 

Fig. 4. Membership functions of the Fuzzy logic system output 
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Table 1. The numeral values of trapezoidal membership functions and the corresponding lin-

guistic variables of the Input 1, Input 2, Input 3, Intermediate variable and Output 

Input 1, Input 3, Inter-

mediate variable 
Input 2 Output Linguistic variables  

[0, 0, 0.7, 1.3]  [0, 0, 15, 25] Very low (VL) 

[0.7, 1.3, 1.7, 2.3] [0, 0, 1, 2] [15, 25, 35, 45] Low (L) 

[1.7, 2.3, 2.7 3.3] [1, 2, 3, 4] [35, 45, 55, 65] Moderate (M) 

[2.7 3.3, 3.7, 4.3 ] [3, 4, 5, 5] [55, 65, 75, 85] High (H) 

[3.7, 4.3, 5, 5]  [75, 85, 100, 100] Very high (VH) 

 

The inference rules in the fuzzy logic subsystem are defined through “IF - ТHEN”-

clause. The number of rules in the knowledge base (logic matrix) of the two fuzzy logic 

subsystems (FLS) is the following: FLS 1 - 15 and FLS 2 – 25. Some of the inference 

rules are defined as follow: 

IF “Flood susceptibility according to the river bank height above the water level” is 

“Very low” and “Flood susceptibility rate according to the river bed type” is “High” 

THEN “Flood susceptibility according to the river bank height and bed type” is “Low”; 

IF “Flood susceptibility according to the river bank height above the water level” is 

“Moderate” and “Flood susceptibility according to the river bed type” is “High” THEN 

“Flood susceptibility according to the river bank height and bed type” is “Moderate”; 

IF “Flood susceptibility according to the river bank height above the water level” is 

“High” and “Flood susceptibility rate according to the river bed type” is “Moderate” 

THEN “Flood susceptibility according to the river bank height and bed type” is “High”; 

IF “Flood susceptibility according to the river bank height and bed type” is “Very 

low” and “Flood susceptibility according to the overlay analysis of geological-geomor-

phological parameters (map results)” is  “Moderate” THEN “Complex geological-ge-

omorphological flood susceptibility” is “Low”; 

IF “Flood susceptibility according to the river bank height and bed type” is “Low” 

and “Flood susceptibility according to the overlay analysis of geological-geomorpho-

logical parameters (map results)” is “High” THEN “Complex geological-geomorpho-

logical flood susceptibility” is “Moderate”; 

… … … 

IF “Flood susceptibility according to the river bank height and bed type” is “Mod-

erate” and “Flood susceptibility according to the overlay analysis of geological-geo-

morphological parameters (map results)” is “Very high” THEN “Complex geological-

geomorphological flood susceptibility” is “High”; 

IF “Flood susceptibility according to the river bank height and bed type” is “High” 

and “Flood susceptibility according to the overlay analysis of geological-geomorpho-

logical parameters (map results)” is “Very low” THEN “Complex geological-geomor-

phological flood susceptibility” is “Moderate”; 
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IF “Flood susceptibility according to the river bank height and bed type” is “High” 

and “Flood susceptibility according to the overlay analysis of geological-geomorpho-

logical parameters (map results)” is “Very high” THEN “Complex geological-geomor-

phological flood susceptibility” is “High” 

IF “Flood susceptibility according to the river bank height and bed type” is “Very 

high” and “Flood susceptibility according to the overlay analysis of geological-geo-

morphological parameters (map results)” is “High” THEN “Complex geological-geo-

morphological flood susceptibility” is “Very high”. 

The logic matrix with inference rules of one fuzzy logic system with two linguistic 

input variable can be expressed also in the form of table. The logic matrices correspond-

ing to the proposed two fuzzy logic subsystem are represented in Tables 2 and 3. 

Table 2. The logic matrix of the first fuzzy logic subsystem 

Input 1 Input 2 Intermediate variable  

VL L VL 

VL H L 

L M L 

L H M 

M L M 

M H M 

H L M 

H M H 

VH L H 

VH H VH 

 

Table 3. The logic matrix of the second fuzzy logic subsystem 

Intermediate variable  Input 3 System output 

VL VL VL 

VL L VL 

VL VH H 

L VL L 

L H M 

L VH H 

M VL L 

M L M 

M VH H 

H VL M 

H M H 

H VH H 

VH M H 

VH H VH 

VH VH VH 
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Here, the fuzzy logic hierarchical system is designed in MATLAB computer  

environment using Fuzzy Logic Toolbox [35]. The two fuzzy logic subsystem are  

based on Mamdani’s inference machines, max/min operations and center of gravity  

defuzzification [36].  

The inference surfaces in 3D for the two fuzzy logic subsystems are shown on  

Figures 5 and 6, respectively as follow: (Input 1, Input 2, Intermediate variable) and 

(Intermediate variable, Input 3, Fuzzy logic system output). 

 

 

Fig. 5. Inference surfaces of the first fuzzy logic subsystem in 3D 

 

Fig. 6. Inference surfaces of the second fuzzy logic subsystem in 3D 
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3 Study area of the Current Research 

The research is done on the example of 2 Municipalities located in South-western Bul-

garia – Kresna and Strumyani (Fig. 7.). The main river in this area is the river Struma. 

This is one of the biggest rivers in Bulgaria. It springs from Vitosha Mountain, near to 

Sofia and flows to South crossing the Bulgarian – Greece boundary. The river collects 

many tributaries from high mountains located to the East and West.  

Considering the prevailing mountainous relief and the gorge nature of the river 

Struma valley, the assessment of the geological-geomorphological conditions for 

floods is made for the low parts of the river valley, and the territories with an altitude 

above 600 m are excluded of the assessment. 

 

 

Fig. 7. Study area 
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The rock varieties in the study area can be divided according to their water retention 

properties, the water permeability and the distribution of surface and underground run-

off. Porous, cracked, cavernous and mixed type (porous and cracked) reservoirs are 

distinguished in the area. Porous reservoir properties have quaternary alluvial and 

deluvial deposits, and Neogene and Paleogene clastic sediments. The weathering crust, 

which is a few meters thick on the granite and the metamorphic rocks can be presented 

as a porous reservoir, as well as the deluvial deposits. Granite and the metamorphic 

rocks have a cracked reservoir. Cavernous reservoirs are found only in highly soluble 

rocks and most often they are carbonates - limestone, dolomite or marble. 

The landforms, which are most vulnerable to floods, and on the other hand, impact 

on the floods propagation are floodplain. Two floodplains (low and high) are developed 

in the river Struma valley, south of the Kresna gorge. There are also dynamic  

river deposits - islands that are 1 to 2 m above the average water level. Due to  

the active hydrodynamics of the river, the height of the floodplains is not  

constant. Often the connectivity of the low floodplain is cut and this increase the flood 

susceptibility and hazard. 

4 Flood Susceptibility Assessment 

4.1 Flood Susceptibility According to the Lithology 

The lithological composition is assessed as a complex indicator, calculated as a 

weighted sum of the susceptibility rates of water permeability, capacity and type of 

rock reservoirs. In this sum 40% weight is given to the indicator type of the reservoir, 

35% - to the water permeability and 25% - to the reservoir capacity. For this purpose a 

GIS polygon layer is created on the base of geological map [22] and field investigations. 

The different rocks are rated from 1 (very low) to 5 (very high) according to their im-

portance for surface runoff retention and the probability for high water (Table 4).  

The flood susceptibility rates are determined by expert assessment and taking into 

account the specific geological-geomorphological conditions of the environment. For 

example, sands and gravels have the highest water permeability, they can collect a  

significant part of slope runoff, convert it into an underground flow, and thus minimize 

the risk of flooding, but already saturated, these can help to form larger surface runoff. 

Regarding that sands and gravels are usually related to high level of ground water they 

have to be rated with higher flood susceptibility in the complex assessment. About the 

reservoir type, the karst and pore reservoirs are rated with lower flood susceptibility 

considering their surface water-retaining properties relative to surface runoff,  

and cracked reservoirs have a higher coefficient because they determine a greater sur-

face runoff. 

Based on the susceptibility rates for the above indicators the resultant indicator of 

flood susceptibility is determined by weighted sum overlay in ArcGIS environment 

(Fig. 8). 
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Table 4. Flood susceptibility according to the lithology 

Rocks 

Flood susceptibility rates 

Water 

 permeability 

Capacity of the 

reservoir 

Type of the 

reservoir 

amphibolites and amphibole gneiss 4 3 4 

layered ortho-amphibolites 3 3 4 

biotite and two-mica gneisses, 

migmatites, amphibolites 
4 3 4 

gneiss, gneiss-shale, schist, marbles, 

amphibolites 
3 3 4 

garnet-biotite-muscovite gneisses 4 4 4 

metamorphosed gabroids and  

ortho-amphibolites 
3 4 4 

marbles, slates 2 3 2 

normal and subalkaline dacites, 

trachidacites, andesite and 

trachyandhesitis 

4 3 4 

biotite granite and quartz monzonite 5 3 4 

porphyroid granites and 

granodiorites 
4 3 4 

sandstones, alevrolites, clays 3 2 2 

equally-grained biotite granite to 

granodiorite 
5 3 4 

boulders, pebbles, sands 2 3 1 

sands and pebbles 3 3 1 

pebbles, sandstones and clays 4 4 1 

sandy clays, pebbles 4 4 1 

pebbles, sandstones, conglomerates 2 3 1 

conglomerates, sandstones 2 3 1 

marble breccias 1 2 3 

breccias-conglomerates,  

conglomerates, sandstones 
2 3 1 

 

4.2 Flood susceptibility according to the slopes 

The slopes of the topographic surface affect the flow rate of slope runoff and the water 

retention, and in this relation the possibility of flooding. The slopes are calculated by 

ArcGIS (Spatial Analyst Tools > Surface) based on the digital elevation model (SRTM) 

[26] and are rated to susceptibility as follow (5 – very high, 1 – very low), (Table 5).  

The suggested rates concern river floods and are not applicable for torrential floods 

or debris floods. In interpreting and assessing the slopes, ridges and watersheds lines  
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are excluded. The spatial distribution of the slope flood susceptibility is presented on 

Figure 9. The areas steeper than 20⁰  are also excluded from the assessment. 

Table 5. Flood susceptibility according the slope of the topographic surface 

Slope, degree 
Flood susceptibility 

rates 

0 - 3 5 

3 – 6 4 

6 - 10 3 

10 - 15 2 

15 - 20 1 

> 20 Not applicable 

 

 

Fig. 8. Flood susceptibility according to the lithology 
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Fig. 9. Flood susceptibility according to the slopes 

Very high and high flood susceptibility is observed south of the town Kresna in the 

low parts of the river Struma valley. This is determined by small slopes of the topo-

graphic surface which is a condition for retention of the surface runoff and also higher 

level of ground water contribute to high flood susceptibility. 

 

4.3 Flood Susceptibility According to the Fluvial Relief 

Floodplains and fluvial fans (alluvial and proluvial) are evaluated for flood  

susceptibility of fluvial relief. Having regards the closest relation of floodplains and 

fans to hydrological processes, floodplains are rated as most susceptible to floods (5) 

and fluvial fans - as highly susceptible (4) (Figure 10). 

 

4.4 Flood Susceptibility According to the Distance from Streams 

The distance from rivers and streams is assessed in relation to the possibility of high 

water to flood adjacent areas. Five distance zones are generated by ArcGIS Analysis 

Tools - Proximity - Multiple Ring Buffer. They are rated according to the possibility to 

be flooded from 1 (very low) to 5 (very high). For the aim of spatial overlay analysis 
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the polygon layer is converted in raster format. The result of the assessment of flood 

susceptibility by distance from streams is presented on Figure 11. Areas higher than 

600 m are excluded of the assessment. 

 

 

Fig. 10. Flood susceptibility of fluvial landforms 

4.5 Geological-geomorphological Flood Susceptibility 

The assessment of the geological-geomorphological flood susceptibility is done by the 

weighted sum overlay in ArcGIS environment of the 4 generated raster layers, present-

ing the flood susceptibility rates for lithology, slopes, fluvial relief and distance from 

the streams. In order to determine the weighting rates of these factors, an analytical 

hierarchy process is used. As a result of the analysis, the following weight coefficients 

were applied: 

 distance from streams - 45%; 

 fluvial relief - 35%; 

 lithology - 13% and  

 slopes - 7%. 
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The output raster of the weighted sum overlay is shown in Figure 12. Taking into 

account the environmental characteristics of the investigated area, the analysis excludes 

areas with mountainous relief, higher than 600 m above sea level. 

 

 

Fig. 11. Flood susceptibility of fluvial landforms 

If it considers the floodplain as a most susceptible to flooding, the results of the 

overlay analysis show that not always the whole floodplain is very high susceptible. 

The susceptibility rates depends on the other environmental parameters, for instance 

distance from river and retention capacity of the alluvial layer. 

 

4.6 Simulation results from fuzzy logic model 

Regarding to the above results, additional 2 parameters are considered for more detailed 

assessment of geological-geomorphological flood susceptibility. These are “River bank 

height above the water level, [m]”and “River bed type”. Each one of them is rated ac-

cording the possibility for flood propagation on the base of literature review and expert 

assessment (Table 1 and Table 6). 
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Fig. 12. Geological-geomorphological flood susceptibility 

Table 6. River bank and bed flood susceptibility 

Parameters Flood susceptibility rates  

River bank height above the water level (m) 

> 3.5 VL  

3.5 – 2.5 L  

2.5 – 1.5 M  

1.5 – 0.5 H  

< 0.5 VH  

River bed type 

Sandy L  

Mixed (partly sandy and partly rocky) M  

Rocky, bedrock H  

 

Taking into account the discontinuous nature of available data about river bank 

height and river bed type, a fuzzy logic model is suggested for determining the complex 

geological-geomorphological flood susceptibility. 



93 

 

Here, several simulations with proposed fuzzy logic model were done using partic-

ular input values in order to calculate the rate of the “Complex geological-geomorpho-

logical flood susceptibility” (Fuzzy logic system output) of the study area. Some simu-

lation results are show in Table 7. 

The obtained output values (crisp values, established numerical value) from the 

fuzzy logic model after the defuzyfication belong to one of the five sub-intervals of the 

interval [0, 100].  

These five sub-intervals are used to determine the rate of the  

“Complex geological-geomorphological flood susceptibility” of study the region as 

shown in Table 7. The sub-intervals are defined as follows: 

IF the value of “Complex geological-geomorphological flood susceptibility” ϵ [0, 20) 

THEN the “Flood susceptibility rate” is Very low; 

IF the value of “Complex geological-geomorphological flood susceptibility” ϵ [20, 40) 

THEN the “Flood susceptibility rate” is Low; 

IF the value of “Complex geological-geomorphological flood susceptibility” ϵ [40, 60) 

THEN the “Flood susceptibility rate” is Moderate; 

IF the value of “Complex geological-geomorphological flood susceptibility” ϵ [60, 80) 

THEN the “Flood susceptibility rate” is High; 

IF the value of “Complex geological-geomorphological flood susceptibility” ϵ [80, 100] 

THEN the “Flood susceptibility rate” is Very high. 
 

Table 7. Simulation results for the rate of the Complex geological-geomorphological flood sus-

ceptibility from the fuzzy logic model 

Flood susceptibility rates 

Input 1 Input 2 Input 3 Output 

1.5 2.5 0.8 30 L 

0.5 

0.8 

2.2 

3.5 

2.8 

4.5 

4.0 

3.5 

3.3 

4.2 

4.3 

4.3 

0.6 

2.5 

2.0 

3.5 

0.8 

3.2 

3.0 

2.3 

2.3 

3.7 

3.7 

3.7 

3.0 

4.3 

1.8 

1.2 

3.5 

2.8 

4.0 

3.8 

4.2 

4.5 

2.8 

2.8 

3.3 

3.0 

3.0 

14.1 

11 

50 

50 

60 

89.7 

77.1 

70 

70 

72.9 

90 

79.1 

39 

VL 

VL 

M 

M 

H 

VH 

H 

H 

H 

H 

VH 

H 

L 
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The simulation results show the importance of the river bank height in flood suscep-

tibility, following the observed cases where floodplains are not equally inundated dur-

ing flood events (Table 7).  

For example if the geological-geomorphological flood susceptibility is Very low to 

Low (Input 3 = 0.8), the river bed is partly sandy and partly rocky (Moderate flood 

susceptibility, Input 2 = 2.5) and the height of the river bank is 3 m (Input 1 = 1.5, Low 

flood susceptibility), then the Complex geological-geomorphological flood susceptibil-

ity is Low (Output = 30).  

If the initial assessment of flood susceptibility of the overlay analysis of geological-

geomorphological indicators is moderate to High (Input 3 = 2.8) and the height of the 

river bank above the water level is 0.5 - 1m (Moderate to High flood susceptibility, 

Input 1 = 3.3), and the flood susceptibility according to the river bed type is High to 

Moderate (Input 2 = 3.7), then the Complex geological-geomorphological flood sus-

ceptibility is High (Output = 70).  

On the other side if the river bank is higher than 3.5 m (Input 1 = 0.6, Very low flood 

susceptibility) and the flood susceptibility resulted by the overlay analysis of geologi-

cal-geomorphological indicators is Moderate to High (Input 3 = 3), although the high 

value of Input 2 = 4.3, then the Complex geological-geomorphological flood suscepti-

bility is Low (Output = 39). 

The observed changes in the flood susceptibility rates after applying suggested logic 

frame show increasing of the of the susceptibility rates and in some cases could lead to 

overestimating the susceptibility but following the precautionary principle in disaster 

risk reduction we consider that the simulation results can be used at the first stage of 

flood management process and are helpful for informative decision making. 

5 Conclusions 

The applied weighted sum overlay analysis of flood susceptibility rates according to 

the lithology, slope, fluvial relief and distance from streams for the investigated areas 

of the river Struma valley (municipalities Kresna and Strumyani) shows high and very 

high flood susceptibility in the lowest parts of the river Struma valley, south of the town 

Kresna to the Bulgaria – Greece border. The geological-geomorphological features of 

the area influence the redistribution of the runoff of the surface and the underground 

component as well as the time for which the slope flow reaches the riverbed. Regarding 

the assessment of geological prerequisites for floods special attention have to be given 

on the indicators related to rock resistance of weathering and erosion, porosity and 

cracks that influence the water permeability and flood retention capacity. About the 

geomorphological prerequisites the most sensitive are floodplains, alluvial and  

proluvial fans.  

The result of the analysis provides information about flood sensitive areas and can 

be used as the basis for organizing monitoring to minimize the risk of flooding. The 

data obtained should be interpreted in relation to the hydro-climatic conditions and, 

particularly, taking into account the quantity and duration of precipitation. Having re-

gard the limit of the available data application of fuzzy logic gives good result. The 
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suggested flood susceptibility model can be used as a basis for further development of 

a complex flood susceptibility assessment by adding other indicators as precipitation, 

stream flow, soils, vegetation etc. and can be considered as a first step of flood hazard 

assessment. 

The fuzzy logic model is designed as a two-level hierarchical system with three in-

puts and one output.  Each level of the system is consisted of one fuzzy logical subsys-

tem with two inputs. The fuzzy logic system output gives the complex assessment for 

geological-geomorphological flood susceptibility of study area regarding the interac-

tion of the three inputs.  

The fuzzy logic model for flood susceptibility rate can be used as a basis for further 

development of a complex flood susceptibility assessment by adding other indicators 

as precipitation, stream flow, soils, vegetation etc. and can be considered as a first step 

of flood hazard assessment. 

References 

1. EEA: Mapping the impacts of natural hazards and technological accidents in Europe. EEA 

Technical report, no. 13 (2010). 

2. CRED: Disaster data: A balanced perspective. CRED Crunch, Centre for Research on the 

Epidemiology of Disasters (CRED), no. 17, Brussels (2009). 

3. Directive 2007/60/EC of the European Parliament and of the Council of 23 October 2007 

on the assessment and management of flood risks, OJ L 288, 6.11.2007, pp. 27–34 (2007). 

4. Horritt, M.S., Bates, P.D.: Evaluation of 1D and 2D numerical models for predicting river 

flood inundation. J. Hydrol. 268 (1), 87–99. (2002). 

5. Wrachien, D., Mambretti, S.: Mathematical models for flood hazard as sessment. Int. J. Saf. 

Secur. Eng. 1 (4), 353–362 (2011). 

6. Fenicia, F., Kavetski, D., Savenije, H.H., Clark, M.P., Schoups, G., Pfister, L., Freer, J., 

Catchment properties, function, and conceptual model representation: is there a correspond-

ence? Hydrological Processes 28(4), 2451-2467 (2014).  

7. Samela, C., Troy, T.J., Manfreda, S.: Geomorphic classifiers for flood-prone areas delinea-

tion for data-scarce environments, Advances in Water Resources 102, 13-28 (2017).  

8. Junk, W.J., Bayley, P.B., Sparks, R.E.: The flood pulse concept in river-floodplain systems. 

In D. P. Dodge (ed.), In: Proceedings of the International Large River Symposium, Canadian 

Special Publication in Fisheries and Aquatic Science, vol.106, pp. 110–127 (1989). 

9. Baker, V.R., Webb, R.H., House, P.K.: The scientific and societal value of paleoflood  

hydrology. In: P. K. House, R. H. Webb, V. R. Baker and D. R. Levish (eds.), Ancient 

Floods, Modern Hazards: Principles and Applications of Paleoflood Hydrology. Water Sci-

ence and Application Series, vol. 5, pp. 127–146 (2002). 

10. Lastra, J., Fernández, E., Díez-Herrero, A., Marquínez, J.: Flood hazard delineation com-

bining geomorphological and hydrological methods: an example in the Northern Iberian 

Peninsula. Natural Hazards 45(2), 277–293 (2008). 

11. Benito, G., Hudson, P. F.: Flood hazards: the context of fluvial geomorphology. In:  

Alcántara-Ayala, I., Goudie, A.S. (eds.), Geomorphological Hazards and Disaster  

Prevention, pp. 111-128 (2010).  

12. Patton, P. C., Baker, V. R.: Morphometry and Floods in Small Drainage Basins Subject to 

Diverse Hydrogeomorphic Controls. Water Resources Research 12(5), 941-952 (1976). 



96 

 

13. Dimitriu, D.: Geomorphic effectiveness of floods on Trotuş River channel (Romaia)  

between 2000 and 2012. Carpathian Journal of Earth and Environmental Sciences 11(1), 

181-196 (2016). 

14. Jain V., Sinha R.: Geomorphological Manifestations of the Flood Hazard: A Remote  

Sensing Based Approach. Geocarto International 18(4), 51-60 (2003). 

15. Pradhan, B.: Flood susceptible mapping and risk area delineation using logistic regression, 

GIS and remote sensing. Journal of Spatial Hydrology 9(2) (2009). 

16. Tehrany, M.S., Pradhan, B., Jebur, M.N.: Flood susceptibility mapping using a novel  

ensemble weights-of-evidence and support vector machine models in GIS. Journal of Hy-

drology 512, 332–343 (2014).  

17. Kourgialas, N. N., Karatzas, G. P.: Flood management and a GIS modelling method to assess 

flood-hazard areas - a case study. Hydrological Sciences Journal 56(2), 212-225 (2011).  

18. Tosic, R., Lovric, N., Dragicevic, S., Manojlovic, S.: Assessment of torrential flood suscep-

tibility using GIS matrix method: Case study – Vrbas river basin (B&H). Carpathian Journal 

of Earth and Environmental Sciences 13(2), 369-382 (2018).  

19. Kafira, V., Albanakis, K., Oikonomidis, D.: Flood susceptibility assessment using G.I.S. An 

example from Kassandra Peninsula, Halkidiki, Greece. In: Proceedings on 10th International 

Congress of the Hellenic Geographical Society, Thessaloniki, Greece, pp. 287-308 (2014). 

20. Kazakis, N., Kougias, I., Patsialis, T.: Assessment of flood hazard areas at a regional scale 

using an index-based approach and Analytical Hierarchy Process: Application in Rhodope–

Evros region, Greece. Science of the Total Environment 538, 555–563 (2015).  

21. Nikolova, V., Zlateva, P.: Geoinformation Approach for Complex Analysis of Multiple  

Natural Hazard. Int. Arch. Photogramm. Remote Sens. Spatial Inf. Sci., XLII-3/W4,  

pp.375-381 (2018).  

22. Zagorchev, I. (ed.): Geological map of Bulgaria, 1: 100 000, map sheets Blagoevgrad, 

Razlog, Petrich, Bulgaria (1991). 

23. Kostadinov, Т.: Geomorphological map of part of Pirin and Struma, 1:50000, Bulgaria 

(1967). 

24. Galabov, Z., Mishev, K., Popov, V.: The terraces in the river Struma valley between Kresna 

and Rupelski gorges. In: Bulletin of the Geographical Institute - BAS, vol. 6, pp. 23-41  

(in Bugarian) (1962). 

25. CORINE Land Cover 2012 project, http://eea.government.bg/bg/projects/korine-14/index 

26. NASA JPL: NASA Shuttle Radar Topography Mission, Swath Image Data [V 003]. NASA 

EOSDIS Land Processes DAAC (2014).  

27. Velev D, Zlateva P.: Information system framework for integrated risk assessment from nat-

ural disasters. International Archives of the Photogrammetry. Remote Sensing and Spatial 

Information Sciences - ISPRS Archives 42 (3W4), 535-541 (2018). 

28. Leonardi, G., Palamara, R., Cirianni, F.: Landslide susceptibility mapping using a fuzzy ap-

proach. Procedia Engineering 161, 380–387 (2016). 

29. Carvalho, P. V. R., et al.: A fuzzy model to assess disaster risk reduction maturity level 

based on the Hyogo Framework for Action. Nat Hazards 83, 309–326 (2016). 

30. Zimmerman, H.: Fuzzy set theory and it applications. Kluwer Academic Publishers, Norwell 

MA, USA (1996). 

31. Barnabas Bede: Mathematics of Fuzzy Sets and Fuzzy Logic. Springer-Verlag Berlin  

Heidelberg (2013). 

32. Nikolova, M., Nikolov, V.: Assessment of the impact of geomorphologic and hydroclimatic 

factors on the flood hazard in river basins. Studia Geomorphol Carpath Balcanic 45,  

119-133 (2011). 

http://eea.government.bg/bg/projects/korine-14/index


97 

 

33. Nikolova V, Zlateva P.: Assessment of flood vulnerability using fuzzy logic and  

geographical information systems. In: Murayama Y., Velev D., Zlateva P. et al (eds),  

Information technology in disaster risk reduction 2016, IFIP Advances in Information and 

Communication Technology, vol. 501. Springer, Cham, pp 254-265 (2017).  

34. Perera, E., Lahat, L.: Fuzzy logic based flood forecasting model for the Kelantan River  

basin, Malaysia. Journal of Hydro-environment Research 9, 542–553 (2015). 

35. Mathworks: Matlab, https://www.mathworks.com/products/matlab.html 

36. Gilat, A.: MATLAB - An Introduction with Applications. 4th ed., Wiley, New York (2011). 


