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FLOOD PROTECTION MEASURES TO PROTECT URBAN AREAS

Andre;j Soltész, Lea Cubanova, Adam Janik, Dana Barokova

The contribution is presenting possibilities of comprehensive and complex procedures for proper design of flood
protection measures in several parts of Slovakia. The complex approach consisted of mutual integration of results of
partial mathematical models — rainfall-runoff model, waste water network model, 1-D hydrodynamic modelling of open
channel flow together with partially covered flows, 2-D hydrodynamic modelling of flooding the town residential area.
According to the modelling process appropriate preventive flood protection measures have been designed and
afterwards some of them realised in the territory, i.e. detention reservoirs in the mountain region above the urban
regions. Designed flood protection measures should store the flood wave volume and mitigate the effect of flash floods
on residential areas of small and even larger cities. Several case studies are described in the contribution to emphasize
the variety of flood wave progress, its reduction in discharge and postponing in time in different hydrological,
morphological and geological conditions of sub-mountain regions.

KLCUCOVE SLOVA: flood, flood protection, hydraulic simulations, measures

PROTIPOVODNOVE OPATRENIA NA OCHRANU SIDIEL. Prispevok prezentuje moZnosti komplexnych
navrhov pre vyhovujuce protipovodiové opatrenia vo viacerych Castiach Slovenska. Komplexny pristup spocéiva vo
vzajomnej integracii vysledkov ¢iastkovych matematickych modelov — zrazkovo-odtokového modelu, modelu stokove;j
siete, 1-D hydrodynamického modelovania otvorenych koryt, 2-D hydrodynamického modelovania zaplavenia mestskej
obytnej zony. Podl'a nasimulovanych vysledkov boli navrhnuté vhodné preventivne protipovodiiové opatrenia a nasled-
ne niektoré z nich realizované na uzemi, napr. suché nadrze (poldre) v horskej oblasti nad mestskymi sidlami. Navrho-
vané protipovodnové opatrenia by mali zadrzat’ objem povodiovej viny a zmieriovat’ vplyv bleskovych povodni na
obyvané oblasti malych a dokonca i va¢sich miest. V prispevku je popisanych niekol’ko pripadovych §tadii s cielom
zdbraznit’ rozmanitost’ vyvoja povodiiovych vin, ich splostenie a ¢asovy posun v rdznych hydrologickych, morfolo-
gickych a geologickych podmienkach podhorskych oblasti.
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Introduction

Act No. 7/2010 Coll. on protection against floods
defines the flood as the temporary flooding of a nor-
mally unflooded area due to the effect of natural factors
such as precipitation, snow melting, obstacles created
by glaciers, ice blockade, various barriers constraining
continuous water runoff regardless of whether the
obstacles prevent created water runoff in the stream
river bed or on the terrain. The only cause of the flood
that may be caused by the failure of a technical facility
is a failure of the water structure, while the flood of the
area must cause the water flooded from the river bed.

The flood is a relatively rare phenomenon with extra-
ordinary performance in the runoff process. The genesis
of the devastating floods, in addition to the high preci-
pitation, is caused by many other factors. Besides exis-
ting orographic, hydrogeological, pedological and vege-
tation conditions, it is the saturation of the catchment
area caused by previous precipitation, accumulated
snow, human activity (e. g. forest and agricultural
management, development of the urban areas, rural
settlements and landscape, construction of detention
areas, stream training, etc.) (MZP SR, 2011).

Basic reasons for the flood formation are (Act No.
7/2010):
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e sudden or intense rainfall, which sum exceeds 100
mm per day. Such floods are called flash floods,

e long-lasting rainfall, often several (2-5) days,
exceeding 50-125 mm per m?, whereas it is possible
that similar situation being repeated in a short time.
They are mostly associated with the formation of
long-term depression, in Slovakia, mainly occurring
in summer and autumn,

e snow or ice melting,

e the occurrence of an obstacle in the stream river bed
(e.g. the accumulation of iceberg or wood) and
subsequent flooding of the neighbouring areas.

For the conditions in Slovakia it is possible to mention

three basic ways through which the floods are flooding

the territory (MZP SR, 2011):

1. surface runoff caused by precipitation, intensive
snow melting or combination of them:

o by inflowing through the terrain from the
hillslopes,

o by preventing or restricting of the water runoff
from the territory into the river beds,

2. by water coming up from the river beds to the banks:

o when the discharge increasing above the flow
capacity of the river bed,

o after the obstruction occurrence in the stream
river bed even at a relatively low discharge,

3. by groundwater rising above the terrain:

o due to the persistent high water levels in the
surrounding streams,

o after high or total saturation of the soil with
water in the previous period when other water
from atmospheric precipitation cannot be
absorbed.

The major part of population and goods are located in
big urban areas so efforts for avoiding flood problems
should be mainly focused on these areas. River over-
flowing does not always cause urban floods; they can
also be caused by high rain intensities over the city
combined with insufficient capacity of the sewer
system. Special attention should be taken to the present
drainage of rainwater, i.e. the capacity of the sewer
systems of our cities (Julinek, Riha, 2017). A strategy to
manage floods in an ecological manner should be based
on improving river basin land-use, prevent in rapid run-
off both in rural and urban areas, and improving
a transnational effort to restore rivers' natural flood
zones. It tends to reactivate the ability of natural
wetlands and floodplains to mitigate flood impacts.
Development of controlled detention reservoirs, which
should be preferably used as extensive grassland or to
restore alluvial forests at selected locations of former
floodplains to reduce flood peaks, is also appropriate. In
residential areas with limited space it is recommended
to complement the flood protection by flood protection
walls, mobile closures, superstructures or simple sand-
bags. The use of non-permanent forms of barrier for
flood protection can provide much needed flexibility

and increased opportunities for effective management of
a wide range of flood events (UN/ECE, 2003).

Flood protection measures

The diversity of the nature makes impossible to apply

everywhere a single method of the protection against

floods. This fact, Law no. 7/2010 Coll. of Laws on flood
protection, is establishing in five basic groups of pre-
ventive technical and non-technical measures to protect

against floods (MZP SR, 2011):

1. Measures that increase the retention capacity of the
catchment or in suitable localities support natural
water accumulation, slow down the water runoff
from the catchment into the stream river beds and
which protect the area from flooding by surface
runoff, e.g. management of the forests, farmlands
and urbanized areas (Kandra et al., 2017).

2. Measures that reduce the maximum flood discharges
in the catchment, e. g. water structures (dams,
weirs), reservoirs and detention reservoirs.

3. Measures that protect areas from flooding by water
from stream river beds, e.g. river improvement
works, dykes or floodplains.

4. Measures that protect areas from flooding by
internal waters, e.g. system of the drainage channels
and pumping stations.

5. Measures which ensure the flow capacity of the
stream river beds, e.g. removal of sediments from
the river beds and vegetation cover from their banks
(Slezingr, 2017).

The procedure of the flood protection measure design
combines into one complex the technical knowledge,
hydraulic calculations and simulations, requirements of
the area of interest and spatial potentials. Each solved
urban area is unique and therefore the design is limited
for different boundary conditions, e.g. bridges, culverts
directly in the stream, buildings very close to the
streams, not sufficient place for the creating of the
flooding areas, etc.

First of all, the basic data are required. Their validity
(recency, accuracy) are the most important for the
beginning of the preliminary design. From these data,
the designer obtains relevant information and values for
the design of the flood protection measures, because it is
not possible to use standardized schemes of the flood
protection, but every design needs an individual
approach. The water management data contains infor-
mation about hydrological situation in the river catch-
ment (daily and annual discharges, precipitations, flood
wave, its peak, duration and volume). The geomorpho-
logical data represent the terrain data, obtained by the
survey and geodetic measurements of the area of
interest. Besides, it is appropriate to use an available
digital map for preliminary design. From these data
should be detected the protected area and problematic
parts. Based on the analysis of geology it is possible to
design a stable cross section of the stream, to choose
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appropriate profile of the detention reservoir, etc. The
designer should make a detailed survey of the stream
and its vicinity, it means topography of the original
stream, to determine the cross sections by the geodetic
measurements and to find out the discharge and water
level in the stream in the same time for achieving the
relevant values for the future mathematical model
calibration. In this way should be obtained a review of
the depths, longitudinal slope of the river bed bottom,
roughness coefficients and structures on the stream.
Next step is the creation of a mathematical model of the
present state in order to identify critical parts of the area
to be protected by the flood protection measures, thus
detecting the flow capacity of the stream that endangers
the neighbouring area with floods. Therefore, 1-D or 2-
D mathematical model shall be used (1-D model is
sufficient for the preliminary design), whose credibility
is increased by calibration. In practice, it is not often
that model is verified, because it is not possible to
perform at the same time a water level and discharge
measurements during flood period.

Consequently, the proposal of flood protection measures
according to the specific situation and conditions can be
specified. The proposal is then inserted into the mathe-
matical model of the present state where the effects of
the proposed measures are found out. Comparing the
results of the analysis of the state without designed
measures and with them, the suitability and effective-
ness introducing flood protection measures can be
evaluated.

Based on the previous information and data should be
stated that each area of interest endangered by flood
event requires individual approach in the design of the
flood protection measures. Examples of proposed flood
protection measures in river basins with different

Fig. 1.
streams (Janik, Soltész, 2017).
Obr. 1.
Soltész, 2017).

conditions solved in last years are presented in the next
chapter.

Case studies and discussion

The following studies will show the possibilities of the
flood protection measures design in different conditions
of small municipalities with relatively small river
catchments but high flood discharges. Every suggestion
has been sensitively tried to use the given site's capa-
bilities with regard to maximum flood protection,
functionality as well as from ecological point of view.

Case study Pila

The village Pila was affected by destructive flash flood
of the Gidra stream in June 2011. After this flood many
buildings, roads and pavements had to be repaired but
the flood protection was still non-existent. After the
simulation of flood without proposed measures it was
proceeded to design detention reservoirs because of
spatial possibilities (wide valley) in mountain region
above the village. The detention reservoirs above the
village were proposed as not too high earth-fill dams.
The reason for such decision was the fact that the
structure better fit into natural landscape of valleys in
Small Carpathians. When proposing detention reservoir,
the most important value is the capacity discharge of
downstream channel and its structures. Usually, structu-
res as bridges or culverts have less capacity than the
channel itself as it was in this case, as well. Firstly, there
were 3 detention reservoirs chosen, after hydraulic eva-
luation two of them were designed for the flood
protection purposes — one on the Kamenny stream and
one (the upper) on the Gidra stream (Fig. 1., Table 1.).

GIDRA - upper
D detention reservoir

G

b,
) GIDRA - lower
detention reservoir
KAMENNY - detention & v
: ERVENY
reservoir EE0 pamen
h KAMENNY

PiLA
oz

Locations of the proposed detention reservoirs on the Kamenny and Gidra

Umiestnenie navrhovanych poldrov na potokoch Kamenny a Gidra (Janik,

Table 1. Dimensions of the proposed detention reservoirs (Janik, Soltész, 2017)
Tabulka 1. Rozmery navrhovanych poldrov (Janik, Soltész, 2017)
Stream Crest Altitude Dam Height Outlet Structure Length Detention
Diameter of Dam Crest Volume
(ma.s. 1) (m) (m) (m) (m’)
Kamenny 306,2 5,6 1,10 80 50 000
Gidra-upper 300,5 55 1,00 140 108 000
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By synergy of the detention reservoirs the meridian flow
has been reduced from original 24.6 m’.s™ to value
11.10 m*.s" and has been delayed by 1,25 hour (Janik,
Soltész, 2017, Pindjakova et al., 2016).

Case study Levice

Slovak lowlands have been suffering from floods. The
floods are formed in connection with rainfalls (Valent,
et al., 2014), arising water in rivers are rising ground-
water up above the terrain (Veliskova, et al. 2014). The
river which flows through the district of Levice is the
Podluzianka River with right-bank tributaries Cajkov-
sky stream and Rybnicky stream. This area is often
naturally flooded from all rivers during floods. Present
conditions of the flood protection in the Levice district
area are not sufficient. In case that the flood protection

does not be realized in this location, surely flood flow
rates will exceed and it will still cause massive damages
on urban and private properties as in the past. The river
bed training of the Podluzianka River in the central part
of Levice town was done in 2004. The town is protected
with walls situated along the river bed and in the areas
where the bridges are, slide barriers were built. For the
sufficient town protection it is necessary to ensure
increased capacity of the river bed, to remove obstacles
from the river bed, to adjust river banks and to store
flood flow rates in detention reservoirs. Various alterna-
tives were examined (up to 7 detention reservoirs Fig. 2.
were proposed and simulated in one numerical unsteady
flow model) and — on the basis of the economical and
water management assessment — an alternative with 3
detention reservoirs (Table 2.) was chosen (Kelcik et al.,
2016).

e @
S r!«‘.’_\AL

ghtion reservoir

Pdetention rese
PODLUZANY

Fig. 2.

Graphic presentatzon of the area of interest zncludzng situation of rivers and

detention reservoirs (Hec-Ras) (Kelcik et al., 2016).

Obr. 2. Grafické zndzornenie zdaujmovej oblasti s tokmi a poldrami (Hec-Ras) (Kelcik
etal., 2016).
Table 2. Dimensions of the proposed detention reservoirs (Kel¢ik et al., 2016)]
Tabul’ka 2. Rozmery navrhovanych poldrov (Kel¢ik et al., 2016)
Stream Crest Altitude Dam Height Outlet Structure Length Detention
Diameter of Dam Crest Volume
(ma.s. 1) (m) (m) (m) (m’)
Podluzianka (rkm 12,6) 174,5 5,5 2x 1,60 550 670 506
Podluzianka (rkm 19,9) 2485 9.4 1,50 80 84 158
Cajkovsky 202,4 6,9 1,30 365 181 907
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Case study Bardejov

Analysis of the flood protection of the Bardejov town
was performed because of insufficient flood protection
of the centre of the city. Capacity of the Topla River
bed in the urban area of the town of Bardejov is
insufficient resulting in repeated floods. Because it is a
downtown with a dense build-up, it was not possible to
enlarge the dykes by earth, also river bed could not be
improved or extended. Therefore, the flood protection
of the middle part of the city was already realized by

building of concrete walls (Fig. 3.). This realization was
assessed by one dimensional open channel flow model
of the Topla River in Bardejov in non-uniform steady
flow conditions. The results of mathematical modelling
showed that flood protection walls designed and
realized in the central part of the town (phase 1.) must be
supplemented in upstream and downstream sections
(phase II. and III.) to ensure flood protection in the
whole city (Fig. 4.). Recommended measures will
increase flood protection of the town of Bardejov
(Soltész et al., 2018b).

Fig. 3.
(phase 1) (Soltész et al., 2018b).
Obr. 3.
(Soltész et al., 2018b).

Realized concrete flood protection walls in the middle part of Bardejov town

Realizované betonové protipovodiiové steny v centrdlnej casti Bardejova (faza 1)

Fig. 4.
(phase II. and I11.) (Soltész et al., 2018b).

Obr. 4. D
(faza II. a I1L.) (Soltész et al., 2018b).

Ortho-photo map with planned phases of the flood protection of Bardejov town

Ortofoto mapa s planovanymi fazami protipovodiiovych opatreni mesta Bardejov
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Case study Vel'ka Litka

The stream Lukavica flows through the small village
Velka Luka (located between towns Slia¢ and Zvolen).
During common hydrological situation this stream flows
by the minimum water level (few centimetres). Houses
in the central part of the village are built densely along
the stream. River training of the Lukavica stream was
done only partially in different periods and for different
capacities. In addition, there are two road bridges as
well as a railway bridge (culvert) and a ford on the
stream. The problem is the new building development
under the central part of the village which was already
affected by floods (heavy storms and rapid snow
melting — 2009, 2013, 2016). The river bed is loaded
with sediments and overgrown with bush and willows.

Fig. 5.
(S’oltész etal, 2018 a).
Obr. 5.
al., 2018 a).

Fig. 6.

village (Soltész et al., 2018 a).
Obr. 6.

2018 a).

Cleaning of the Lukavica river bed in the central part of the village Velkad Lika

Ortho-photo map with the situation of the planned detention reservoir above the

According to hydraulic analyses and simulations based
on the actual geodetic measurements of the area of
interest, it has been proved that even by clean-up of the
river bed (sediment dredging) there is insufficient flood
protection of the municipality (Fig. 5.). Expansion and
the river bed improvement nor the dyke’s construction
is impossible, therefore a detention reservoir was
proposed above the village (Fig. 6.). However, the
volume of the flood wave volume is so big that
arelatively large detention reservoir was proposed as
well as the river bed maintainance in the village. In the
part of expected planned house building damming of
river banks by small walls was proposed, so that the
outflowing discharge from the detention reservoir could
not cause damages anymore (Kamensky, 2003), (Soltész
et al., 2018 a).

.:,j.

Cistenie koryta toku Lukavica v centrdlnej casti dediny Velka Litka (Soltész et

Ortofoto mapa s umiestnenim planovaného poldra nad dedinou (Soltész et al.,
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Conclusion

Flash floods that occur mainly in small water catch-
ments are a specific case of devastating floods caused
by rains with short duration, relatively large and signify-
cantly varying intensity; typically affecting small areas.
The effects of flash floods — if they are not caused by
a series of storms or a progressive flood — will typically
disappear after a few tens of kilometres of flow in
streambed. Since 1995 up to now more than hundred
floods occurred in Slovakia, and the frequency of their
occurrence seems to be increasing (MZP SR, 2011).
Analyses of precipitation volume, runoff, their time
course and situation on the affected river basins confirm
that catastrophic flood events — as large surface range as
well as in small river basins — are definitely caused by
alarge sum of high precipitation intensity that have
fallen into basins almost completely saturated by
previous precipitation.

Flash floods are becoming a phenomenon that
endangers people more and more often in many Slovak
sub-mountain regions. Flash floods also called storm or
sudden floods are a specific type of rain floods which
typical sign is an intensive increase of water level in the
river in a short time period (usually couple of hours).
Mostly appear such floods on small streams in upper
parts of river basins after extreme storm rainfalls.
Rainfall intensity and duration limits are not possible to
determine exactly. They are dependent on many factors
as type and shape of landscape, soil water saturation and
nonetheless they depend on anthropogenic activity
(inadequate land use). Due to the extremely short time
of flood beginning it is very difficult to alarm inhabi-
tants and for carrying out operative flood protection
measures like mobile flood-protection barriers it is
mostly too late. That is the reason why it is necessary to
prepare appropriate flood-protection measures which do
not need any operation and they fulfil their function
automatically.
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PROTIPOVODNOVE OPATRENIA NA OCHRANU SIDIEL

Clanok popisuje povodne, resp. bleskové povodne.
Zaober3 sa ich klasifikaciou podl'a Zakona ¢. 7/2010 Z.
z. 0 ochrane pred povodiami, pricom udava aj mozné
protipovodiiové opatrenia (vycistenie koryta od sedi-
mentov a naletovych drevin, Giprava koryta na zvysenie
jeho kapacity, vystavba hradzi, nadrzi, poldrov, vytva-
ranie oblasti, ktoré je mozné zaplavit bez ohrozenia
zivotov a majetku). Na zdklade skisenosti mozno ale
konStatovat’, ze kazdy pripad treba posudzovat’ indivi-
dudlne, s ohl'adom na hydrologické, morfologicke, ¢i
geologické podmienky danej oblasti postihnutej povod-
flou, resp. opakujucimi sa povodiiami. Ked’ze nastavaju
znaéné vykyvy v pocasi, zrazky st nerovnomerne rozlo-
zené v ramci roka, ako aj v ramci Gzemia Slovenskej
republiky. Preto povodnové situacie vznikaji aj na
miestach, ktoré predtym nebyvali postihnuté tymito
nepriaznivymi hydrologickymi javmi (vybrezenie vody
z toku, zaplavenie extravilanu, intravildnu obci, pivnic
domov, atd’.).

Postup navrhu protipovodiiovych opatreni kombinuje
technické znalosti, hydraulické vypocty a simulacie, po-
ziadavky zaujmovej oblasti, ako aj priestorové moznosti
tej ktorej lokality. Kazda rieSena oblast’ je jedineCna
anavrh je obmedzeny réznymi okrajovymi podmienka-
mi, napr. mostami, priepustami v toku, vystavbou
v blizkosti toku, nedostatocnou plochou na vytvorenie
zaplavovej oblasti, atd. V prvom rade st potrebné o
mozno najaktudlnejSie udaje, a to vodohospodarske
(hydrologické udaje), geomorfologické (zameranie zauj-
movej oblasti — toku (zameranie topografie, hladiny
a prietoku v rovnakom case, potrebné pre kalibraciu
matematického modelu), oblasti s planovanym poldrom)
a geologické. Na zdklade tychto tdajov je mozné
vytvorit’ kalibrovany model st¢asného stavu a na zakla-
de vysledkov z neho ziskanych navrhnat’ vhodné proti-
povodiiové opatrenia. V ¢lanku si d’alej uvedené rdzne
priklady rieSenych pripadovych §tadii protipovodiio-
vych opatreni v mestach a obciach na Slovensku.
Pripadova §tudia Pila — obec Pila bola postihnutd
povodiiou v roku 2011. Poskodené cesty a mosty boli
sice opravené, ale protipovodnové opatrenia stale chy-
bali. Kvoli prekazkam v toku (mosty, priepusty), nebolo
mozné zvacsit kapacitu koryta toku, preto boli simulo-
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vané rozne varianty poldrov umiestnenych na obcou.
Ako najvhodnejsi vysiel variant s dvoma poldrami, a to
na Kamennom potoku a na Gidre.

Pripadova stadia Levice — v okrese Levice spdsobuji
problémy rieka Podluzianka s pritokmi Cajkovsky
a Rybnicky potok. Koryto Podluzianky bolo v Leviciach
upravené v roku 2004 (protipovodiiové steny pozdiz
toku). Na zvySenie kapacity toku bolo navrhnuté
vy¢istenie koryta a iprava brehov, pri€om na zachytenie
povodniovych prietokov boli navrhnuté 3 poldre nad
Levicami (dva na Podluzianke a jeden na Cajkovskom
potoku).

Pripadova Stadia Bardejov — rieka Topl'a nema v Barde-
jove dostatoénu kapacitu na odvedenie povodiovych
prietokov. Ked’Zze centrum je husto osidlené aj popri
ricke, nie je mozné koryto upravit' (rozsirit, menit
smerové a sklonové pomery, navysit zemné hradze),
preto bola realizovand vystavba beténovych protipo-
vodiovych murikov v centralnej ¢asti (etapa 1.). Po
simulaciach v matematickom modeli, bola preukdzana
potreba pokracovat s tymito murikmi ako po, tak aj
proti prudu od realizovanej etapy (etapy II. a III.). Len
tak bude zabezpecena protipovodiiova ochrana Barde-
jova v celom rieSenom useku.

Pripadova stadia Velka Luka — obec je ohrozovana
potokom Lukavica, ktory bol upraveny v r6znych obdo-
biach a na rdzne kapacity. Okolie potoka je husto
osidlené, pricom na potoku su 2 cestné mosty, 1 zelez-
ni¢ny most a brod. Problémom je nova vystavba na pra-
vom brehu v tesnej blizkosti potoka, ako aj pldnovana
vystavba na opac¢nom brehu (postihnuté povodinami
v rokoch 2009, 2013, 2016). Koryto je znacne zanesené
a zarastené, ale ani precistenie by nezvysilo dostatocne
jeho kapacitu. Na zéklade simuldcii v matematickom
modeli boli navrhnuté nasledujuce opatrenia — odstrane-
nie sedimentov z koryta, naletovych drevin z brehov,
vystavba nizkych murikov v centralnej Casti obce a vy-
stavba poldra nad obcou.

KedZze povodne nas ohrozuju stale viac, priCom je to
viac menej neoCakdvany fenomén, je potrebné zabez-
pecit’ ochranu l'udi a majetku vhodnymi protipovodiio-
vymi opatreniami, ktoré budi spiiiat’ ako ekologické,
tak aj ekonomicko-prevadzkové hladiska.
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