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Abstract: Certain rural settlements situated in the floodplain area are exposed to a high risk of flash-floods, 
in case a sudden damage appeared in the supply water system network. The purpose of the present research 
is the anticipation of hydrological risk in this type of areas in case of a simultaneous occurrence of two 
types of hazard: torrential rain and damages to the supply water system network. Therefore we will use an 
ArcGIS procedure of building flash-floods scenarios generated by extreme events, namely the high level 
of soil saturation, damages to the supply water system network and a high intensity torrential rain. The 
article presents different scenarios according to the return period (T) of the torrential rain: T= 20 years, 
T=100 years and T=1000 years. The results will highlight the several vulnerability categories of the terrain 
and households related to combined risk. The flash-floods scenarios in the rural settlements that benefit 
from a supply water system network will be of great use to the local administrative authorities for the 
management of combined risk emergencies. 
 
 
Keywords: flood, scenario, return period, rural, water supply network, hazard, susceptibility, 
vulnerability, hydrological risk. 
 
 

 
1. INTRODUCTION 
 
Natural or artificial floods that occur in rural 

areas are issues on which more and more research is 
being done. Flood modeling difficulties for rural 
settlements occur primarily due to the work at a large 
scale that requires the use of data sets which are often 
inaccessible without additional information. Many 
rural settlements are located in small basins that are 
generally not hydrometrically monitored. In addition, 
large scale work requires more spatially details for 
other physical-geographical parameters that are 
involved in this mechanism (leveling, slopes, soils, 
vegetation and others). The situation can become 
complicated if, besides the natural factors of local 
flooding, we add when dealing with a water supply 
network, the risk of damage to water pipe supply 
units. Our paper aims at contributing to solve this 
problem of runoff computation generated 
simultaneously by two factors: torrential rain plus 

discharge appeared due to the accidental damage of 
supply water system network. 

The rural settlements in the confluence area of 
the Lăpuş River with its tributary Chechiş (Romania), 
represent the study area of this research (Fig. 1). This 
area has a water supply system, but since their 
location is the Lăpuş Valley, its areal is exposed to a 
high flash-flood risk in case damage to the supply 
system would appear, overlapping the moment of 
when a torrential rainfall occurred as well. The 
objective of the present paper is a hydrological risk 
assessment and identification of households situated 
in the flash-flood vulnerable areas. In order to fulfill 
the purpose of the present paper, an ArcGIS 
procedure has been elaborated in order to produce 
flooding scenarios generated by torrential rain with 
different return periods, superposed with the 
occurrence of a surplus in runoff due to the damage 
of the water supply network. 
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Figure 1. Location of the studied area on the Lăpuş valley. 

 
Taher & Labadie (1996) have been among the 

first to use GIS so as to develop a Water Distribution 
System Optimization Program knowing the pipes 
sections of a water supply network. Zoppou (2001) 
has compared several models of flow analysis with 
applications in urban environment and for non-urban 
areas, too. A model for the evaluation of flow in 
agricultural areas is presented by Wilkinson et al., 
(2008). Two handbooks for urban-storm water 
infiltration and urban flood risk reduction have been 
elaborated by Sandink (2009, 2011). Amaguchi et al., 
(2012), by making use of GIS possibilities as well, 
have dealt with the modeling and developing of an 
urban basin scale storm runoff event model. The 
spatial and temporal features of rainfall-runoff 
process in the small basins have been discussed by 
Sarpe & Haidu (2017) and a review of methods of 
maximum discharge computation in ungauged river 
basins for Romania has been presented by Voda et al., 
(2018). As compared to the works afore mentioned, 
the present paper deals with the assessment of certain 
extreme flash-floods events generated by the 
combination of a torrential rain event of high intensity 

and the possible runoff occurred due to the 
accidentally damaged water supply network. Another 
new approach consists in the matter that we will 
present scenarios of the combined flash-floods, 
corresponding to the different return periods of the 
torrential rain. 

Our study focuses on the villages Chechiş (175 
m mean altitude) and Cărbunari (180 m mean 
altitude) both located generally along several small 
river courses with low altitudes and low slopes, 
favorable to moisturized land. The studied territory is 
a hilly unit, fragmented by valleys with 10-15 degrees 
predominating slopes, nearing to 40 degrees only in a 
few cases. Regarding the soil, it has to be mentioned 
the predominance of clayey soil with a low 
infiltration capacity or clay texture with high 
infiltration capacity and higher retention. About 
vegetation, it should be mentioned that there is a high 
coverage with shrubs and deciduous forests, 
especially in the Northern and Eastern half of the area, 
with high water retention, which therefore can lead to 
quicker discharge coefficients. Some of the large 
areas are covered by agricultural lands that lead to 
higher values of discharge coefficients. 

Many of the papers regarding the GIS in water 
supply networks focus on the design or the 
management of such networks or the setup of a  
geodatabase (Nicoară & Haidu, 2011; Haidu & Ivan 
(2016-a).  

The high intensity torrential rains are indeed a 
possibility in this region (Zaharia et al., 2011; Tudose 
et al., 2013). The production of accidental damages of 
the water supply network and the apparition of an 
uncontrollable runoff are also possible and can have 
a wide number of causes (Keller et al., 2009-a; Keller 
et al., 2009-b). Therefore, Marian et al., (2012) have 
been elaborated a GIS procedure for the computation 
of the volume of surface runoff generated by failure 
pipe. The problem is not solved if one simply 
imagines pipes burst, it is actually necessary to 
calculate the amount of water needed to saturate the 
soil and then the manifestation of the drainage 
process. Unlike town's areas where land is generally 
impermeable (Ivan, 2015; Haidu & Ivan, 2016-b), the 
situation is more complicated in the rural areas where 
it is necessary to take into account the hydrological 
conditions of the land, prior to the torrential rainfall.  

In the present paper the hydrological risk is 
conceived as a result of the union of the three 
components: hazard (torrential rain with high return 
period registered simultaneously with damages of 
water supply network); susceptibility (the level of 
soil water saturation prior to rainfall, pipes with a 
high susceptibility to flooding in case of damage to 
the supply system) and the vulnerability (water 
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volume registered as runoff due to the torrential 
rainfall and the damages produced; affected 
households, different landuse terrains affected). 

 
2. MATERIAL AND METHODS 
 
2.1. Database 
 
The data used in the study is mostly derived on 

the basis of, cartographic materials. The numeric data 
is represented only by the daily precipitation data 
recorded at the meteorological station of Baia Mare 
during the 10th to the 24th September 2012. It would 
have been desirable to also have data from other 
monitoring sites, but since the study area is quite 
small, no other weather station exists, therefore the 
rain was considered uniform throughout the study 
area. In terms of cartographic data, the following 
were used: topographical plans for the villages 
Chechiş and Cărbunari in order to form a polyline 
vector GIS database for contour lines and 
hydrographical network; a digital elevation model 
(DEM) with spatial resolution of 10 m was generated 
with the method Topo to Raster; soil maps in order to 
extract soil type and texture and to build a polygon 
vector GIS database; the database was supplemented 
with attributes for name equivalence in soil types 
classification SRTS 2003 (Florea & Munteanu, 2003) 
and hydrologic soil groups (HSG: A, B, C, D); the 
CORINE Land Cover (2000) database of land usage 
categories is used, too. This information was 
necessary for determining the role of the vegetation 
in the interception of the rainfall and the development 
of the surface runoff. However, to estimate the 
interception, a soil GIS database has been put 
together. For the water supply network a polyline type 
vector GIS database is created; the water mains pipe 
sections database of this rural area contains 406 
sections. The nearest meteorological station is that of 
Baia Mare, situated at 6 km North of the two villages. 
The torrential rains registered here in the period of 
1975-2012 have been used to develop the Intensity-
Duration-Frequency curves from which all of the 
specific return periods (T) have been extracted so as 
to build the flash-floods combined scenarios. 

 
2.2. Methodology 
 
Hydrological characterization of the land 

within the study was made by implementing in 
ArcGIS classic hydrological methods like: the API 
index (Antecedent Precipitation Index) and CN index 
(Curve Number Index). The purpose of study 
algorithm is to identify the high-risk sections of the 
pipe which can generate local flooding in the event of 

damage (but depending on the moisture level of the 
land, as well) and to compute the runoff volume 
generated by technologic hazard (damages to the 
supply network system) and natural hazard (torrential 
rain).  

Antecedent Precipitation index (API) was used 
to estimate basin moisture depending on rainfall 
characteristics of the analyzed territory (Heggen, 
2001; Sample & Heaney, 2006; Istanbullougu et al., 
2006; Tramblay et al., 2012).  
The main formula of this method was developed by 
Kohler & Linsley (1949) and is presented below: 
 

 (1) 
 

It  - is API of day t (mm) 
Kt - is a subunitary parameter which depend to 

physical characteristics of basin 
Ii-1 - is precipitation in antecedent day (mm) 
Pt – is precipitation of day t (mm) 

 

In our paper the ArcGIS functionality was used 
for modeling the API index and in order to split the 
hydrological elements like vegetation interception, 
soil water supply and drainage. It was used in the 
sense that the Frevert runoff coefficients determined 
by the slope, soil texture and land, are used for 
completing the equation of the drainage ability 
indicator (Crăciun, 2007; Crăciun et al., 2007, 
Crăciun et al., 2009). 

Another hydrologic index implemented in the 
ArcGIS was the Curve Number (CN) index, a 
component of the SCS-CN method developed by the 
SCS-USDA (1986), completed by EWRI-ASCE 
(2009) and largely explained in the volume edited by 
Mishra et al., (2012). Mainly, it indicates the 
infiltration and runoff capacity for a territory using 
information on soil texture, soil hydrologic class, land 
use and antecedent moisture conditions (AMC). 
Subsequently on the basis of the Curve Number Index 
(CN) was computed the maximum retention potential 
(S), parameter that was used in determining the 
saturation coefficient of the terrain.  

The stages undergone to obtain the maximum 
retention potential (S) with the help of GIS are the 
following: hydrological classification of soils, in 
hydrological soil groups: HSG (A, B, C, D) according 
to the soil infiltration capacity of the terrain and soil 
texture; extraction of the CN values for normal 
antecedent moisture conditions (CN II) according to 
the tables elaborated by SCS-USDA, but with CN 
adapted for the Romanian territory (Chendeș, 2007); 
adaptation of the CN values according to the 
antecedent moisture conditions (AMC I, II, III) 
according to the 5 previous days rainfall quantities.  

The mathematical formulas used in this respect 

tttt PIKI +⋅= −1
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are (Luijten et al., 2002): 
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and determining of the maximum retention 
potential on the basis of the formula 
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The degree of soil saturation has been determined by 
dividing the soil water storage (computed via the 
API) and the maximum retention storage (S). 

The use of GIS capabilities for watershed 
modeling is not a very new challenge. Several authors 
have used the GIS technology in order to automate 
the runoff calculation based on SCS method: Greene 
& Cruise (1995), Sample et al., (2001), Gyori & 
Haidu (2011), Gyori et al., (2016), Khaleghi & 
Mahmoodi (2017). In the present case study the 
working procedure is based on the proposal of Mishra 
et al., (2004), regarding the incorporation of 
antecedent moisture into hydrologic modeling.  

Our methodology is rather different from the 
ArcGIS tool of Zhan & Huang (2004), because it 
includes more facilities for mapping soil hydrological 
characteristics at the cell level, like the work of Haidu 
et al., (2017), and for deriving flood risk associated to 
the water mains network. Except the computation of 
hydrologic indexes, no other formulas are necessary 
to be implemented in GIS. By the use of map algebra, 
overlay procedures, reclassification functions and 
queries, layers which served to generate the desired 
set of maps were obtained, emphasizing the pipe 
sections with high susceptibility to produce local 
flooding. 

Regarding the runoff volume determination, 
the following stages have been undergone. 
1. Computation of runoff available for natural 

drainage 
2. Computation of water quantity generated by the 

natural runoff 
3. Computation of the soil saturation subsequently 

to the torrential rain 
4. Computation of runoff generated by the damage 

of the water supply pipes 
5. Computation of the runoff generated by the 

damage of the pipe and the occurred rainfall. 
There are other methods that can be employed 

so as to make an analysis of the hydrological soil 
conditions on a daily basis. For example, USDA-SCS 
has established a formula for the cumulative 

infiltration. There are as well a series of balance or 
physical methods that stimulate the infiltration 
process (Green and Ampt, Horton’s formula, the 
Philip model). 

An alternative is represented by the methods 
based on the use of certain technologies: 
(tensiometry, reflectometry, electro conductivity, 
neutronics). The development of technology allows 
nowadays having information at a high temporal and 
spatial resolution regarding the hydrological soil 
conditions or those of the Earth’s surface with the 
help of Remote Sensing (Radar or Satellite Images). 
Hence this type of information regarding the 
hydrological conditions of the soil are taken during 
certain missions such as: SMOS (Soil Moisture and 
Ocean Salinity), ESTAR (Electronically Scanned 
Thinned Array Radiometer), ASAR (Advanced 
Synthetic Aperture Radar) on the ENVISAT satellite, 
LEWIS (L-band radiometer for Estimating Water in 
Soils) etc.  

The procedure we have opted for, based on GIS 
so as to evaluate the hydrological conditions of the 
terrain on a daily basis, had been chosen as a 
consequence of the lack of measurements or 
observations needed to apply one of the very well-
known methods. 
 

3. HAZARD 
 

The hazard is the first component of the risk 
concept that must be studied, and refers to the origin 
of the hydrological risk phenomenon/event. We are 
considering two hazard categories: natural or the 
torrential rains and technologic or the damage to the 
water supply network. 

In the case of torrential rains three scenarios 
were considered, with different return period (T) for 
each rain (T=20 years, T=100 years, T=1000 years). 
The quantitative features of torrential rains (intensity 
and duration) were obtained from the intensity-
duration-frequency curves from the Baia Mare 
weather station (based on data measured between 
1975 and 2012). The table 1 presents the 
characteristics of the three precipitation scenarios on 
which the applications were based. 

The water supply network has main pipes with 
diameters from 200 to 800 mm, pipes with 100-150 
mm diameter (in some cases even lower) and branch 
pipes. As regarding the technologic risk, Marian et 
al., (2012) have been noticed that thorough pipe 
damage could produce a discharge more than 60 m3/h 
in the network of Baia Mare region.  

Since the paper is based on damage scenarios 
in different points of the water pipes (possible 
damage points) and not on already registered damage 
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situations, we intended to localize the possible failure 
point of pipes that by breaking would produce serious 
damage. The highly susceptible pipes to determine 
floods in case of damage are indicated in the 
following section. When studying the vulnerability, 
some possible failure points on pipes with high 
damage susceptibility will be considered. 
 

Table 1. Rainfall scenarios. 

 
4. SUSCEPTIBILITY 

 
The second component of the hydrological risk 

analyzed, the susceptibility, refers to the 
manifestation potential of the extreme hydrological 
phenomenon; it comprises the factors triggering the 
occurrence of the hydrological risk phenomenon. In 
our case these factors would be: soil saturation, the 
deterioration of pipes, and the high potential of failing 
pipes to determine floods in areas where water 
infiltration is limited (areas with high soil saturation). 
Lacking a quantified deterioration degree of pipes in 
the two analyzed villages, we considered just the 
evaluation of the soil saturation before the torrential 
rain and the identification of the pipes located in areas 
with high flood susceptibility in case of failure. The 
high flood susceptibility in case of failure was 
estimated according to the soil saturation.  

The applications on soil saturation were 
performed starting from the calculation of soil water 
content (by using the API (Antecedent Precipitation 
Index method), and of the maximum available soil 
moisture (S parameter in SCS-CN method). The map 
of the soil water saturation coefficient shows an 
increase in the values in the forested areas situated on 
sunny slopes with large inclination towards urban 
built-up areas or areas located on shaded slopes and 
on lower slopes. High saturation coefficients can also 
be observed in the riverbeds of the main rivers that 
are draining the study area.  

Extracting the areas having the coefficient of 
soil water saturation ≥ 0.5, we have generated the 

raster map (Fig. 2) of areas likely to produce local 
flooding at a daily scale (one of the end result). 
Extracting the areas having the saturation coefficient 
successively > 0.5, > 0.7 and >0.9, we have defined 
three categories of susceptibility to local flooding: 
moderate, high and very high (Fig. 3). The figure 
presents the pipe sections with different degrees of 
susceptibility, in relation to the water saturation 
coefficient for the villages of Chechiş, and Cărbunari.  
 

 
Figure 2. Susceptible areas to local flooding caused  
by potential damages to the water supply network. 

 
Table 2. Cases of damages produced in 2012 
within Chechiș and Cărbunari settlements. 

Chechiş Cărbunari  

Date Adress  Date Adress 

07-02-2012  No.116 16-02-2012  No.205 

07-02-2012  No.17  02-04-2012  No.37 

29-03-2012  No.139 26-04-2012  No.144 

01-04-2012  No.79 10-05-2012  No.56/A 

07-05-2012  No.211 22-05-2012  No.214 

03-06-2012  No.101 04-06-2012  No.156 

15-07-2012  No.196A 05-06-2012  No.136 

11-08-2012  No.138 20-06-2012  No.104 

20-08-2012  No.196   
 

According to the results, a nearly saturated 
ground (soil saturation coefficient > 0.9) would show 
a number of 21 sections of pipe to be with high 
susceptible to produce local flooding in Chechiş, and 
11 sections in Cărbunari. 

Indicators Scenarios 
1 

Scenarios 
2 

Scenarios 
3 

Return period 
(years) 

1000 100 20 

Probability (%) 0,1 1 5 

Rain duration 
(min) 

30 30 30 

Rain intensity 
(mm/min) 

0,6 0,47 0,29 

Rain quantum 
(mm) 

18 14,1 8,7 
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The mean use span of water pipes is 8 to 10 
years. The steel and asbestos cement pipes require 
high maintenance costs if used longer, because of 
cracks or frequent failure. The recorded maintenance 
interventions between 2001 and 2010 indicate a 
frequency of 4,4 damages/km/year, and an average of 
3 to 5 failures per day. Table 2 shows an overview of 
damages registered in Chechiș and Cărbunari in 2012.  
 

 
Figure 3. Pipe sections with different degrees of 

susceptibility for local flooding, in relation to the water 
saturation coefficient for two villages:  

Chechis and Cărbunari. 
 
They happened because of the pipes’ age (over 31.5% 
have they use span exceeded), the poor quality of the 
metal pipes, the poor quality of fitting or the poor 
anticorrosive protection against the high soil acidity 
resulted from the sulphurous dioxide emanated by the 
Chemical Plant in Baia Mare and the high 
concentration of oxygen (more than 14mg/dm3) in the 
source water. 

5. VULNERABILTY 
 
Vulnerability, the third component of the risk 

concept, refers to the consequences resulting from the 
manifestation of the hydrological extreme 
phenomenon in the context of the fragility and the 
response capacity of the society (Albano et al., 2017; 
Haidu & Ivan, 2016-c). In our case, the studied 
consequences derived from the occurrence of the two 
hazards (torrential rain and damage to the water 
supply network) are the water volume and the 
affectedness degree of the local community. Actually, 
we intend to answer to the following questions: 

1. How much will the surface runoff mean? 
2. Who will be affected by the surface runoff? 

According to the results presented in “Fig. 3” two 
possible damage points were identified for the pipes 
categorized as “pipe section with very high 
susceptibility”. An “extreme” scenario was created 
choosing two possible damage points for the pipes 
located on the upstream slopes (Fig. 4). 

For both possible damages a total failure of 5h 
duration was considered. The average discharge of 
the water supply network being of 24 m3/h, a total 
volume of 120 m3 is evacuated by the pipe during the 
failure. The evaluation of the runoff considered also 
successively the three precipitation scenarios detailed 
in table 1. 

According to the applications performed, the 
relationships between the distance from the damage 
location covered by the runoff along the flow path and 
the different return periods were used to create new 
original graphs, figure 5 and figure 6. They represent 
scenarios of mixed runoff (natural and technologic) 
because for successive return periods the water 
volume can be estimated along the torrential path.  

 

 
Figure 5. Total runoff volume according to the distance 
of the flow path for different return periods, damage 1. 
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Figure 4. Damage points and the flow path in case of damages to the supply network system  

and a torrential rain (T = 1000 years). 
 

 
Figure 6. Total runoff volume according to the distance of 

the flow path for different return periods, damage 2. 
 
As a result of infiltration, a decrease in the 

volume of flowing water is emphasized for the first 50 
m to 60 m downstream from the „technologic source” 
in the case  of damage point no 1 scenario. After the 
distance of 60 m, the runoff volume has a general 
increasing trend, especially due to the augmentation of 
water supply from the slopes. On this general 
increasing trend two sudden augmentations of the 
water volume appear: between 100 m and 150 m away 
from the damage point and downstream from the point 

situate 300 m away from the damage point. In addition 
to the water volume coming from the slopes, the 
explanation lies in the higher soil saturation that favors 
the flow in the two mentioned sectors. 

A similar runoff evolution is observed for the 
damage point no. 2 scenario as well, the only 
difference being the occurrence of a sole sector with 
increase water volume; it appears at 150 m - 200 m 
downstream from the damage point. 

The vulnerability, expressed in the affectedness 
of the villages, is summarized in tabel 3, for the results 
of the scenario when a torrential rain with T = 1000 
years return period overlaps a damage situation. For 
the 5 hour pipe failure alone, the flow path is of 187m 
for the damage point no 1 scenario or 253m for the 
damage point no. 2 scenario. When associated with a 
torrential rain of return period T = 1000 years, the 
runoff is along the whole flow path (430m and 490m ) 
down to the Chechiș river. If the damage point no. 1 
scenario is considered, only the pipe failure would 
affect by flooding or excessive moisture 2 households, 
1 arable land and 1 grassland. If a torrential rain of T = 
1000 years return period overlaps the pipe failure the 
number of affected elements increases (3 households, 
3 arable lands and 2 grasslands). The morphological 
and hydrological characteristics of the area would 
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Table 3. Comparative analysis of the hydrological impact generated by flooding.The case of only technologic damage  
to the water supply network versus the combinated events (technologic damage plus torrential rain with p=0.1%). 

 

Damage  
case Scenarios Flow 

Length (m) 

Total runoff depth (mm/m2) at 
Distance of ”x” from the damage point location 

50 m 100 m 200 m 400 m 

1 

Only damage 187 m 676 431 0 0 

Damage + torrential 
rain 430 m 1066 1074 4249 5369 

Landuse category affected 
1 household /  
farm yards, 
1 grasslands 

2 household /  
farm yards,  

1 grasslands,  
1 arable 

3 household /  
farm yards,  

2 grasslands,  
1 arable 

3 household /  
farm yards,  

2 grasslands,  
3 arable 

2 

Only damage 253 m 952 631 279 - 

Damage + torrential 
rain 490 m 1381 1958 6358 7839 

Landuse category affected 
1 household /  
farm yards, 
1 grasslands 

2 household /  
farm yards, 
2 grasslands 

5 household /  
farm yards, 
2 grasslands 

11 household /  
farm yards, 

3 grasslands, 
1 orchard 

 
determine more extensive damage in the case of 
damage point no. 2 scenario, also because of the 
higher number of elements at risk. 

 
6. CONCLUSIONS 

 
The study of the hydrological risk components 

in rural areas, risk induced by natural phenomena 
(torrential rains) or humanly induced (technologic 
damage to the water supply network) brings elements 
of novelty to the research. 

The applications performed according to the 
three scenarios emphasize the following: 

1. The two hazard categories considered 
(torrential rain and the damage to the water supply 
network) generate a total runoff that increases along 
the flow path. A similar trend is observed also if the 
torrential rain is the only source of the runoff. The 
explanation lies in the additional water volume 
coming from the slopes. 

2. If the pipe damage is the only water source 
of the runoff, the volume decreases along the 
downstream flow path because of the graduate 
infiltration.  

3. Obviously, the combined action of the two 
types of hazard has more serious consequences than 
in the case when they occur separately. 

4. The results of the study indicate that in order 
to create different risk scenarios, every village should 
be studied individually and that it should have an 
individual risk management plan for floods of 
combined factors. 
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