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Abstract

:

The water management of cities and villages faces many challenges. Aging infrastructure systems operate for many years after their theoretical lifetime (operation) with a very high need for reconstruction and repair. The solution is proper rainwater management. The investigated area is part of the cadastral area of the Nitra city. This article is based on the use of geographic information systems (GIS) as tools in proposing water retention measures that are needed to improve the microenvironment of the city. We proceeded in several steps, which consisted of area analysis, survey, surface runoff calculations in urbanized areas, proposal of a suitable solution for given location. For real possibilities of rainwater management procedures, a new site on the outskirts of the city was selected. In the given locality, it was possible to use water infiltration as a solution. The locality has suitable conditions of land ownership, pedological conditions, the slope of the area and also the interest of the inhabitants in the ecological solution. The outlined study indicates the need to continue research on the reliability of rainwater management practices.
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1. Introduction


Rainwater management is a fundamental task in urban areas of city infrastructure. Since ancient times, the water management infrastructure solution of urban settlements [1] has been a fundamental role in planning the structure of the city. In addition to street and road solutions, the most important task was to propose a system of drinking water distribution and drainage of wastewater [2,3]. Water supply has already been recognized in historic cities as one of the greatest challenges for the creation of major cities and administrative centers [4]. The basic tasks of urban planning have been solved since ancient times, such as the ancient cities of Rome, Pompeii, Mesopotamia, ancient India [4,5,6,7]. Sewerage networks were addressed at the same time [8,9,10]. There were two reasons—to prevent the spread of water-related diseases and also to divert excess rainwater from streets and other public open spaces [9]. There was no other solution for rainwater or wetlands during this period—just drainage as soon as possible. Gradually the basic practical approaches of antiquity began to be implemented in the late 19th century and early 20th century, when the needs of rapidly developing cities addressed the issues of water transport in pipelines, their use and wastewater treatment [11]. Methodologies for building water supply networks with the required parameters for their solution in terms of supplying the population with drinking water [12]. Methodologies for rainwater management were developed much later—at the end of the 20th and the beginning of 21st century. The progressive increase of theories, such as blue, green and gray water and their use in urban areas and the accumulation of excess water in the urban area is mentioned nowadays. Spatial planning addresses proposals for areas designed to deal with extreme rainfall events, without endangering urban areas and reducing the share of cities on causing floods in watersheds [13]. The development of urbanized water-sensitive areas takes into account the city’s principle as a sponge and uses methods that open up decentralized rainwater management, greening cities. This method has so far gained attention, especially in Chinese cities [14,15,16], but growing cities in Europe are also becoming vulnerable to floods. Aging infrastructure systems operated for many years after their theoretical lifetime (operation) with a very high need for reconstruction and repair [17,18,19]. At the same time, the effects of climate change are facing increasingly tense socio-economic divisions between societies, pressures due to demographic change or growing doubts about new pollutant threats [18]. According to the current climatic situation, cities should be more inclined to increase local retention and infiltration of rainwater and to apply new knowledge, technologies to the construction and renewal of sewerage networks [20]. It is necessary to address the generation of groundwater resources and the evaporation of retained rainwater with positive effects on the urban microclimate [21,22,23]. Great attention is paid to what is manifesting itself as an increase in extreme weather events within Europe. From, for example, the “polar vortex” [24] in the winter of 2017–2018 or the “Beast from the East” with the cold Arctic winds that occurred in different parts of Europe to the “Lucifer” [25] heat wave, [26,27]. The people of European countries can expect even more unusual extreme weather events in the future [28,29].



Precipitation is in principle recorded where it occurs [30] and brought back into the natural water cycle on site by appropriate systems, if possible [31]. This can be achieved by storage, evaporation, drainage and infiltration, creation of seepage pits, rain gardens, application of green roofs or water-permeable areas [32,33,34]. The main tasks of decentralized rainwater management are evaporation, infiltration, retention, runoff, storage, use, runoff retardation, cleaning and maintenance [32].



It should be emphasized at the outset that there is currently no generally binding legal framework for the application of blue-green infrastructure [35,36] in cities and villages in Slovakia. The implementation of these ecosystem-oriented measures is entirely within the competence of individual local governments and thus depends on their proactive approach in this area.



The aim of the study is mainly focused on the proposal process of rainwater management facilities using geographic information systems (GIS) in new built-up development areas but also on their possible integration into existing urban development with examples of possible blue-green infrastructure implementation in the city structure. The authors try to point out the simplicity and efficiency of rainwater retention where it hits the earth’s surface and its positive effect. Blue-green infrastructure [37] is an environmental urban infrastructure that combines a vegetation component (green infrastructure) and hydrological elements (blue infrastructure), which are represented by rainwater management facilities (RMF). Proposals for rainwater management in the conditions of Slovakia have not been implemented yet and therefore the whole procedure is described in detail in the submitted paper. Implementation to such an extent is basically the introduction of a new way of solving rainwater management.




2. Materials and Methods


2.1. Characteristics and Geographical Location of the Region


A part of the Nitra city cadastral territory was determined as the investigated area. The solved area is delimited by the border of the Nitra city (Figure 1). It is one self-governing region belonging to the Nitra city. For the direct application of water retention measures or blue-green infrastructure, the Chrenová part of Novosady was chosen. This is a newly created district, where water retention measures have been proposed instead of inefficient rainwater drainage, which is not one of the appropriate adaptation measures.



Nitra is one of the oldest and most important cities in Slovakia, spread on the Danube Uplands [38]. The city’s sewer network has been under construction since about 1950 until today. Most of the sewer network was built between 1965 and 1985. The pipelines as well as the components on the sewer network are older than 40 years [39,40].



During this time, the population has almost doubled, and the importance and production of industry has multiplied. Climatic conditions have also changed, especially the intensity of precipitation and temperature. Additionally, the area of built-up zones, which increases the runoff from Nitra during the rain [41] has grown. It makes the sewer network hydraulically overloaded [42].



The landscape of the city of Nitra and the surrounding area are much diversified, which results from its location at the border of the cologne and submontane stage. Carpathian and Pannonian biogeographical elements are represented. The diversity of landscape components is also reflected in the great diversity of habitats and the overall biodiversity of the studied area [43].



Nitra lies on an area stretching between the Zobor massif (587 m) and the hills (Kalvária 215 m, Šibeničný vrch 218.5 m), which can be considered part of the Tribeč Mountains separated by the Nitra river from the main massif. The city cadaster measures 4083 ha, of which the built-up area is 194 ha. Altitude ranges from 138 to 587 m above sea level [42].



In 2001, there were 87,285 inhabitants in the Nitra settlement. The city of Nitra is the fourth largest city in Slovakia, with a population density of 810 per square kilometer [39].



The soil cover of the Nitra is conditioned by the properties of abiotic natural factors, but it is modified by human activity. The forest soils in the Zoborské vrchy area are dominated by cambizems and rendzinas (mostly shallow to medium deep, sandy-clayey, with a higher skeleton content). In the agriculturally utilized hilly area, high-quality deep clay brown soils modal to pseudogley and also partly black earth models predominate, modus fluvizems dominate on the Nitra floodplain and gley, deep, clay-aluminous fluviums dominate. The soils of the built-up area of the city belong to the anti-lands (areas without continuous soil cover) and cultures (garden, viticultural and regulated lands). A more detailed description of soil properties is given in the documentation of [43].



The area of interest of the city belongs to the climatic region (Table 1) in the vast majority of the area from warm to very dry with a mild winter.



We have to consider about the addressed area to solve the proposal of blue-green infrastructure. Different conditions for the proposal are for a detached house, a group of houses and different conditions are for the solution of a larger group of houses and for industrial buildings. Then we have to approach the solution of blue-green infrastructure [44,45] in urban areas [46].




2.2. Proposal Principles


Already in the first phase of planning the infiltration device, it is necessary to make sure that there are no sources of possible pollution in the area of the device hydraulic range, e.g., old landscape loads [47]. In case of doubt, it is necessary to prove by a preliminary investigation that there is no anthropogenic or geological burden with a high ability to release pollution in the area of the planned measure. Furthermore, it is necessary to prove by appropriate surveys or quality analyses that all materials of the infiltration device which come into contact with the seepage water cannot negatively affect the seepage and groundwater during continuous action.



The material load of the rainwater runoff consists of the primary precipitation pollution and the secondary load arising during the runoff process [48]. Drains from paved areas are broken down for the purpose of deliberate infiltration in terms of the pollutants concentration and the possible impact on groundwater [49].




2.3. Hydrogeological Survey


A detailed hydrogeological survey of the area is necessary for the proper functioning of rainwater management facilities. It is also necessary to carry out a probe survey due to the change of layers caused by construction activities in the urbanized area. Old environmental burdens are also an important parameter in the survey. The necessary research also requires the impact of infiltration on the geological stability of the area. It is necessary to pay close attention to the possible case of soils in certain localities, which become unstable after soaking in water.



2.3.1. Permeability of Infiltration Space


An essential condition for infiltration of precipitation runoff is sufficient permeability of soil and underground rock layers (Table 2). The permeability of soils depends mainly on the grain size, the curve of their grain size and ease. The soil structure and water temperature are equally decisive. The permeability of the rocks is expressed by the permeability coefficient kf.



In the case of incoherent rocks, the value of the coefficient is generally between 1.10−2 and 1.10−10 m.s−1. Kf values lower than 1.10−6 can only be used for infiltration with accumulation (controlled retention), so it is necessary to supplement the proposal by draining the flow. With a permeability coefficient greater than 1.10−3 m.s−1, in small thicknesses of the overburden, rainwater seeps so fast up to the groundwater level that it is not possible to achieve a residence time enough for sufficient purification by chemical and biological processes.



If the kf values are lower than 1.10−6 m.s−1, the swelling time in the infiltration device is long. This can trigger anaerobic processes in the unsaturated zone that could adversely affect its ability to capture and transform pollution. It must be taken into account that any artificial topsoil has a lower permeability than the subsoil and that its kf value is therefore decisive.



The hydraulic properties of the selected location must be sufficiently demonstrated by probes or boreholes to the extent corresponding to the size of the equipment and the considered infiltration flow.



Hydropedological Survey


Hydropedological survey carried out in this area found relatively low values of infiltration (infiltration) capacity of soils. The survey was performed at two localities with the number of 2 probes at individual depths (Table 3 and Table 4).



The value at a depth of 0.75 m is important for us. After conversion to units used in m.s−1, it is 3.920.10−5 and this is almost the limit value for infiltration and in the lower layer at a depth of 100 cm it is 9.676.10−6 and this is already the limit value for infiltration.



There is a second locality of the connection of Žitná, Repková and Želiarska streets (Table 4) and there are the survey values similar.



After conversion to the units used in m.s−1, it is 1.251.10−5 and this is almost the limit value for infiltration and in the lower layer at a depth of 100 cm it is 1,484.10−5, a similar value as in the previous depth.



Therefore, it is necessary to create in the solution:




	
Conditions for infiltration from the surface into the infiltration device by replacing the original soil with well-permeable soil or mixing the original soil with fine sand or other well-permeable material.



	
Conditions for the accumulation of water volume from design rainfall for longer-term infiltration.



	
Protection of the device against the ingress of unsuitable particles that would compromise the retention space, e.g., using geotextiles.








Water retention in the soil environment before infiltration will be solved by retention in the porosity of the aggregate-we consider about 30% of the aggregate volume and in the full volume of the inserted pipes internal environment—100% of the volume.





2.3.2. Surface Runoff Volume


It expresses the amount of water for which retention measures need to be proposed. The intermediate step is to calculate the largest discharge of rainwater from the surface runoff, assuming a constant value of the design rainfall [50]. It is given by the equation:


  Q = Ψ . q .   ∑     S   [ l .  s  − 1   ]  



(1)




where: Q—discharge of precipitation water from surface runoff [l.s−1], Ψ—runoff factor, q—rainfall yield (l.s−1.ha−1), S—area receiving rain (ha).





2.4. Infiltration Space Volume


The thickness of the infiltration area, relating to the average annual maximum groundwater level, should always be at least 1.0 m to ensure a sufficient seepage path for the supplied drains. With a high load of precipitation runoff and high permeability of the infiltration space, its thickness should be as high as possible [50].



In the case of harmless drains and low material loads, a volume of infiltration space of less than 1.0 m may be permitted for surface and overtaking infiltration in justified cases. It must be taken into account that in such a case it is possible to capture practically only solid particles and substances adsorbed thereon. Precipitation drains can enter directly into groundwater at thicknesses less than 0.5 m [51].



Even when designing infiltration devices, care must be taken to ensure that the unsaturated zone required for the cleaning process is preserved as much as possible.




2.5. Design Rainfall


For the design of a rainwater infiltration device, it is usually necessary to use design rainfalls [52] with a lower frequency of occurrence—0.2 or 0.1 year−1. No flooding of the device must occur during the selected design rainfall. For the indicative duration of the design rainfall, it proposes [51] to propose a surface infiltration based on a duration of T = 10 min (it is recommended that for a drainage system that drains [38] through flat parts and areas where water can be retained, this time was increased to 15 min). When calculating the overhang, groove and shaft infiltration, it is recommended to take into account the different durations. If we find the most unfavorable condition, we will suggest the system. In connection with the considerations of the overflows frequency, it is necessary to consider the situation when the infiltration object would fail, e.g., as well as after the freezing period.




2.6. Infiltration Devices Proposal


The derivation of the following dimensioned algorithms is based on the assumption of homogeneous soil conditions.



The permeability of unsaturated soil is less than the permeability of saturated soil. In simple terms, the permeability coefficient for the unsaturated zone was expressed as [51]:


   k  f , n   =    k f   2   



(2)







Darcy’s law is taken as the hydraulic basis to determine the infiltration intensity:


   v f  =  k f  . J  



(3)




where: vf—filtration rate in the saturated zone (m.s−1), kf—saturation zone permeability coefficient (m.s−1), J—hydraulic gradient (m.m−1).



The accumulation volume must be chosen depending on the intensity and duration of the precipitation so that it is maximal according to [50,51,53]. This guarantees the required operational reliability.




2.7. Use of GIS in Territorial Analysis


Geographic information systems GIS make it easier to collect all information related to the area [54] and even process a big part of the information and provide us with direct outputs. The investigated locality was processed using QGIS 3.16.3. Data from aerial laser scanning products in Slovakia [55] „Source of Aerial Laser Scanning (ALS) products: Geodesy, Cartography and Cadaster Authority of the Slovak Republic (GCCA SR) were used in the process of the maps creation. Figure 2 summarizes the key steps in the main methods used to create the proposal. We started with two basics, the digital elevation model (DEM 5.0) and the digital surface model (DSM 1.0). These are two very similar models. The same methodology was applied for both substrates.




2.8. Precipitation and Air Temperature Analysis of the Area of Interest


For the analysis of air temperature and precipitation development, we used data from meteorological stations in Nitra and the surrounding rural landscape for the last 5 years (Figure 3). These are average values over the last five years and as we can see, temperatures in the city and the volume of precipitation are visibly influenced by the intensity of the urban landscape. The average total precipitation in Nitra for the years 2015–2019 is around 467.6 mm and the average temperature is 10.6 °C. In the peripheral rural landscape of the city of Nitra, precipitation is higher and the temperature lower. In rural areas, the total precipitation for the average of 2015–2019 is 507.5 mm and the temperature is 8.6 °C.





3. Results


3.1. Surface Runoff of the city


Most of the rainwater volume flows down the paved surface of the river basin into the rain gutters and is drained from the urbanized river basins through the sewer network. In addition to volume, the surface runoff rate is also important [56], which is manifested by a reduced ability to transform the peak flow [57]. Therefore, when proposing water retention measures, it is necessary to take into account the surface runoff, in our case the value of 0.9, which represents paved areas. It was calculated as the runoff coefficient.



The results of runoff routes (Figure 4) are expressed by a comparison of two data DEM 5 and DSM 1, which we used for the same area with the same methodology and visible result. In several cases, the drainage routes at DEM 5 pass through buildings. Drainage routes DSM 1 are more accurate and counts with objects.



Accumulation of runoff (Figure 4a) is expressed on a scale from low to very strong. It is a low accumulation in our case. The length of the runoff in the urbanized area (Figure 4b) in the area of interest represents the interface from 25 to 100 m.



It is necessary to find out the runoff accumulation (Figure 5a) and runoff length in an urbanised area (Figure 5b) by GIS software to calculate the rainwater flow from the urbanised area.



In order to confirm the suitability of the proposed measures, we calculated the flow of rainwater from the surface runoff (Table 5), at different intensities of rainfall yield. In our case, we calculated rainfall yield q5, q10 and q30 with the runoff coefficient for impermeable surfaces. This is the intensity of the rain in l.s−1.ha−1 for 5 min, 10 min and 30 min.




3.2. Locality proposal for the Application of Measures


We propose measures marked as measures A to D to capture outflow water from surface runoff. If we take the street link Pod Novosadmi and Tormošská (Figure 6) as the highest point of the area, then surface runoff drains into both streets and their capture is possible at the intersection of streets Pod Novosadmi and Sadová and then at the end of Pod Novosadmi street. Part of the water flows west along Tormošská Street, but it continues at the end to the territory administered by the city itself. Therefore, it is necessary to build measures to capture the drained water on the border. Here we propose measure D.



Water from streets between Pod Novosadmi Street and the edge of the built-up area are addressed as part of a measure for the upper part of the street. Water from the streets—the upper part of Žitná Street and the second part of Sadova Street—are addressed in joint measure B.



The third part of Sadova Street, together with the waters from the upper part of Repkova Street, is solved by capturing the waters in measure C.



At the end of Pod Novosadmi Street at its lowest part, a small wetland infiltration evaporation area could be built on unused land to drain water from the lower part of the street. This element is not in the plan due to its location in the public area of the city but would create the necessary change of the unused area.




3.3. Proposed Measure


Infiltration and retention groove is one of the possible solutions for the rainwater in the Novosady area, given that most engineering networks and house connections have already been built and currently all existing lines, including energy and notification networks, need to be addressed by crossing.



The infiltration groove is a deep line infiltration device filled with a permeable gravel material with a grain size of 8/16/32 mm, with a retention created by inserting drainage pipes (Figure 7; Figure 8), which create a free retention space with infiltration into more permeable soil layers. The water supply is secured over the surface and the enter or end shaft. The surface water supply will be carried out through a grassy lane with partitions at a distance of about 10 m, which will reduce the speed of the drained water and create a very short water retention for soaking during rain. The enter and end shafts allow the inflow of water from the connected streets and at the same time create conditions for the capture of the introduced impurities, which improves the pre-treatment of the rainwater flowing into the infiltration device, thus preventing the infiltration spaces from clogging.



It is necessary to combine infiltration with sufficient accumulation capacity for a longer infiltration period in case of insufficient infiltration capacity of the soil environment (approximately K < 1.10−6 m.s−1) and infiltration equipment, proven by geological survey.



The proposed installation of infiltration grooves is shown in the situation of the area (Figure 6). Each street is marked whether it is infiltration with one, two or three drainage pipes with a diameter of DN 200. In the situation is drawn a system for slowing down the so-called water. partitions, every 10 m. The material used for the partition system is a pavement concrete curb with dimensions of 1000 × 50 × 200 mm. The entire system of infiltration grooves is connected under the communication into an unified network with a final spillway. Cross-section of the infiltration groove with the fitting of flexible drainage pipes PVC-U DN 200, with perforation (Figure 7). The section also shows the basic parameters for backfill and backfill fractions, geotextile placement, infiltration groove shape.



Proposal for the solution of passages through the infiltration groove was also created for the needs of access to the houses (Figure 8). Two variants were proposed, the first copying the terrain overlay (Figure 8A) and the second in the flat (Figure 8B) but using additional drainage and permeable material.





4. Discussion


Interest in water retention [58] in urban areas has been growing in the last decade. New legislation is being prepared, technical standards in several countries are being adapted to specific localities by proposing blue-green infrastructure, which includes major rainwater problems [53]. The disadvantage of cities is that they have a long-term approval of spatial planning documentation. Therefore, the promotion of new ways of rainwater management [59] is slowly getting into practice. It is similar in the solved area of the city of Nitra. Finding places to solve encounters many problems-land ownership, soil conditions, slope of the area, protection zones of other above-ground and underground objects or contamination of the area in recent years.



The city of Nitra solves all the above problems in finding suitable sites for rainwater management. The problem is simple. The city as the owner of a sewer network, which is due to new construction, population growth and paved areas very hydraulically and materially overloaded and needs a significant reconstruction or water retention in the area to reduce the hydraulic load. Both methods are costly and time consuming. Therefore, during the construction of new residential zones, the city allows the inhabitants only the statutory safe drainage of wastewater. The solution of rainwater management is therefore up to the inhabitants of the new localities and this is the solution that we presented and prepared for this locality.



In the given locality, it was possible to use water infiltration as a solution. At the locality [60] there are suitable conditions of land ownership, pedological conditions, the slope of the territory and also the interest of the inhabitants in the ecological solution. Soil for infiltration has borderline properties for infiltration, but as a detention-infiltration solution, rainwater management is possible. However, there are many localities in the city with a high level of groundwater, areas with a great slope, where there is a risk of landslides when getting wet. There are also several localities in the city after previous industrial companies, which have already disappeared but dangerous substances for groundwater were used on their premises.



The decision on suitable sites therefore needs a detailed knowledge of current and historical conditions. Urban areas are characterized by a high proportion of impermeable areas (e.g., roads, roofs of buildings), which in urban centers reaches 70% or more [61]. Water raining on the surface of a river basin during precipitation cannot naturally infiltrate the groundwater collector. The level of evapotranspiration (evaporation) is also reduced compared to natural conditions [62].




5. Conclusions


This study is based on the use of QGIS tools in proposing water retention measures that are needed to improve the city’s microenvironment. We use two variants for surface runoff determination using QGIS. The first variant, based on the DEM 5 model, evaluates the area of interest without any obstacles, which means that it does not take into account obstacles in the form of buildings, roads and others. The second variant is processed using DSM 1, which evaluates the area of interest with obstacles in the form of trees, buildings and evaluates the bypass around these areas. The underlying model DSM 1 is more suitable for the use and rapid analysis of the area, but if it is an open space territory, DEM 5 is more suitable. In an urbanized area, the first variant is more suitable for the application of water retention measures, as a basis for the specific location of the measure, which support the collection of rainwater in the area. This causes an improvement in the microenvironment of the area and saves the city’s budget in building a heavy rainwater drainage system, which has no positive effect on the microclimate. The results of the study presented in this document have a practical possibility of application and can be used as a guide for potential investors because it is necessary to take into account the application of rainwater management during the initial planning of the area. This will simplify processes and reduce errors when crossing with engineering networks. The outlined study indicates the need to continue research on the reliability of rainwater management practices. It is necessary to adapt the application of similar proposals in practice.



The city of Nitra was selected as a representative city, which will be used as a model city for Slovakia in creating a methodology for the application of blue-green infrastructure (BGI). At present, the territory of Slovakia is dealing with the issue of heavy rains and the changing climate. Therefore, it was necessary to start steps for the application of BGI in an urbanized country in Slovakia. The city of Nitra is a model area for the application of BGI, because we obtained our own and comprehensive data from the city, soil and climatic conditions. Basic monitoring will be performed, which will help other cities in the country.
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Figure 1. Area of interest of the city of Nitra with a marked location of a specific design. 
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Figure 2. Main steps in creating a proposal. 
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Figure 3. Comparison of precipitation and temperatures in the city of Nitra and the Malanta (located 7 km from the city of Nitra) for the years 2015–2019. 
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Figure 4. Runoff routes result using (a) digital elevation model (DEM) 5 and (b) digital surface model (DSM) 1. 
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Figure 5. Runoff accumulation (a) and runoff length in an urbanized area (b). 
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Figure 6. Micro basins of the area with drawn water retention measures and streets of the area of interest. 
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Figure 7. Cross-sections of the drainage pipe bearing–(a) installation of three drainage pipes (DN 200)–(b) installation of two drainage pipes (DN 200)–(c) installation of only one drainage pipe (DN 200). 
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Figure 8. Proposal of the solution of crossings through the infiltration groove before entering the estate—(A) copying the terrain overlay—(B) In the flat but using additional drainage and permeable material. 
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Table 1. Climate region code.






Table 1. Climate region code.





	Region Code-Characteristics
	TS > 10°C
	td > 5 °C

(dni)
	VI–VIII

(mm)
	Tjan.

(°C)
	Tveget.

(°C)





	00—very warm, very dry, lowland
	>3000
	242
	200
	−1–2
	16–17







Note: TS > 10 °C-sum of average daily temperatures above 10 °C; td > 5 °C-length of period with air temperature above 5 °C in days; VI–VIII—Climate irrigation indicator according to Budyk (difference of potential evaporation and precipitation in mm); Tjan.—average air temperature in January; Tveget.—average air temperature during the growing season (IV–IX).
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Table 2. Rock permeability classification and filtration coefficient kf [50].
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	Permeability Class
	Rocks According to Degree of Permeability
	Filtration Coefficient kf (m.s−1)





	I
	Very strongly permeable
	1.10−1



	II
	Strongly permeable
	1.10−2



	III
	Quite strongly permeable
	1.10−3



	IV
	Slightly permeable
	1.10−4



	V
	Quite poorly permeable
	1.10−5



	VI
	Poorly permeable
	1.10−6



	VII
	Very poorly permeable
	1.10−7



	VIII
	Subtly permeable
	1.10−8
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Table 3. Hydropedological survey at locality 1.
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	Saturated Hydraulic Conductivity (mm.min−1)
	25 cm
	50 cm
	75 cm
	100 cm





	Probe 1
	0.0227
	2.8166
	2.8325
	0.3817



	Probe 2
	0.0678
	0.6554
	1.8722
	0.7795



	Mean
	0.0452
	1.7360
	2.3524
	0.5806
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Table 4. Hydropedological survey at locality 2.
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	Saturated Hydraulic Conductivity (mm.min−1)
	25 cm
	50 cm
	75 cm
	100 cm





	Probe 1
	0.4066
	0.0616
	0.7559
	1.6299



	Probe 2
	0.0215
	0.0916
	0.7455
	0.1508



	Mean
	0.2141
	0.0766
	0.7507
	0.8904
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Table 5. Rainwater flow from surface runoff at different variations of the design rainfall.
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	Territory
	Rain Receiving Area (m2)

S
	Rainfall Yield

(l.s−1.ha−1)

q5
	Rainfall Yield

(l.s−1.ha−1)

q10
	Rainfall Yield

(l.s−1.ha−1)

q30
	Runoff Factor

Ψ
	Rainwater Flow from Surface Runoff (l.s−1)

Q5
	Rainwater Flow from Surface Runoff (l.s−1)

Q10
	Rainwater Flow from Surface Runoff (l.s−1)

Q30





	A
	1340.13
	237
	166
	78
	0.9
	28.58
	20.02
	9.41



	A1
	2250.22
	237
	166
	78
	0.9
	48
	33.62
	15.8



	A2
	11,453.10
	237
	166
	78
	0.9
	244.29
	171.11
	80.4



	A3
	3097.30
	237
	166
	78
	0.9
	66.07
	46.27
	21.74



	A4
	5034.48
	237
	166
	78
	0.9
	107.39
	75.22
	35.34



	C1-1
	9661.93
	237
	166
	78
	0.9
	206.09
	144.35
	67.83



	C1-2
	24,294.33
	237
	166
	78
	0.9
	518.2
	362.96
	170.55



	C
	21,804.08
	237
	166
	78
	0.9
	465.08
	325.75
	153.06



	C1
	1071.10
	237
	166
	78
	0.9
	22.85
	16
	7.52



	D
	2466.24
	237
	166
	78
	0.9
	52.6
	36.85
	17.31



	D2
	8494.82
	237
	166
	78
	0.9
	181.19
	126.91
	59.63



	D3
	373.04
	237
	166
	78
	0.9
	7.96
	5.57
	2.62
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