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MODELING OF FLOOD HAZARD ZONES FOR HYPOTETHICAL
SCENARI OS OF A$ WI NDAM DIBASRERPAS i RESULT
OF THE PROJECT PL0456 IMPLEMENTATION
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Abstract:

The paper concerns the subject of flood hazards as a result of dam disasté&ld. Nleenber States

are obligated to prepare the flood hazard maps and flood risk maps by the end of 2013 in accordance
with the provisions of Flood Directive 2007/60/EC. One of the extreme types of flood hazards that
should be considered in these documearts threats caused by dam disasters. In the process of
preparation for the implementation of Flood Directive in the abogationed scope, the RZGW in
Krak-w in 20009, undertook the i mplementation, i
the Insttute of Meteorology and Water Management in Warsaw, of the pilot project which final result

was to determine floodplains for assumed disaste
dam Besko. Within the project PL0456,-fioanced by the Norwegn Financial Mechanism and

budgetary appropriations, the two objects were analyzed and disaster scenarios (in total 97 scenarios

for both dams) were developed. Then simulation calculations have been done and based on the
obtained results for the flood wancaused by the dam disaster, the range of floodplain zones were
determined in the valley downstream of the dam. An inventory of buildings and infrastructure at risk

of flooding in case of disaster of both dams were carried out within the determineddinaomes.

Based on the experience from the realization of the Project PL0456 in 2012 dambreak scenarios for
Swinna Pornba reservoir, which is in the final [
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1. INTRODUCTION

Project AFl ood hazards as a r thesRedionalWater d ams
ManagemenBoard in Krakow in partnership with Dams Monitoring Centre. The Project was
supported by a grant from Norway through the Norwegian Financial Mechanism.

Thepur pose of the Project was to determine flc
river valleys, caused by the dam disastersnCra and Besko, in particular: determining the

scope of flood wave spreading, calculation of velocity of flood wave sprgadetermining a

time of reaching the certain locations by flood wave in the river valleys, determining the
water level altitudes in the valley and developing the methodology of flood hazards caused by
dam disaster. Effects of the Project implementati@n spatial analysis of dam disaster and
methodology of flood hazards caused by dam disasters.

Spatial analysis includes mathematical models of the damsicZhaand Besko and
downstream valleys, digital terrain model of the Czarna Staszowska valley ekedgtite
scanning laser method and maps with marked floodplains, caused by dam disasters.
Methodology of flood hazards caused by dam disasters with H@ight 5 m, i ncludes
of dam disasters for gravity and earth dam and also guidelines and megjicalofalications
concerning determining the flood wave volume and its influence in the river valley, caused by

a dam disaster.
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Within the works covered by the Project, the most recent mathematical models were used,
applying digital terrain models eaperting with geographic information systems. Scenarios

of eventual disasters and flood spreading prognosis in the valley downstredam, were
developed for the two reservoirs: Besko (gravity dam) anch¢Zaa(earth dam).

One of the main assumptions ofofect PL0456, besides the results of disaster analyses
carried out for Besko and Cha@&za dams was
during the execution of other project with similar characteristics. The implementation was
carriedoutintheyeart®1 3 on t he $Swinna Pornba Water Res
at the final stage of construction.

2. THE AREA OF ACTIVITY (BASIN AND RESERVOIR)

S§wi nna rddervoinib lacated on th&kawariver, which isright side tributary ofthe
Vistula River.The parameters aheearth dam and reservoiron thevi n n a riveoaren b a
1 length of cresti 604m
1 maximum height 54m
 total capacityi 161million
1 surface of water at max. impoundment lev&D35ha

Legenda:
|:| granica zlewni

’ J granice gmin

siedziby gmin

| zbiorniki

Figure 1:Skawa river catchment area
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Figure2: Aerial photo of th& wi nna déor nba

3. PREPARATI ON OF A HYDRAULI C MODEL OF THE
WATER RESERVOIR

An adequate mapping of a water reservoir dam disaster requires a construction of a hydraulic
model taking into account such elements as the lacapacity of the reservoir at specific
levels of damming, rules of controlling the release devices under their normal and flood
conditions, construction of dam body, arrangement of overflow block and bottom outlets.

The geometric basis for the mappifgtoh e $Swi nna Por fiba Water Res:«
reservoir capacity <curve 1included in-the s
Updating of Water Management for the Water Reservoir taking into account the Flood

Reserve of 60 million thfor Normal anl Flood Conditions", Hydroprojekt DHV Group,
2011.
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Figure 3 Water reservoir capacity curve

The reservoir bowl was represented by means of 5 cross seamnsocated close to the
upper station of the main dardescribed by the outline of the damdigpthe bottom of the
reservoir and dam slopes as well as by four sections of "virtual' nature. Accepting such
description of the reservoir bowl made it possible to obtain its initial capacity and then to
make corrections till reaching the values bein@aoordance with the documentation (water
reservoir capacity curvepy iterative calibration process in the model of particular levels of
the reservoir filling.

The calibration of the reservoir capacity was carried out for 11 levels of the damming up of
water in the reservoir, taking into account among other things the minimum damming level
(Min PP), normal damming level (Nor PP), maximum damming level (Max PP) as well as the
dam crest level. The differences between the calculated and actual capédthizseservoir

at the subsequent levels of filling were converted into the retention area going into the water
layer closed by the analyzed damming level and distributed among each of five sections in
proportion to the water volume generated by the idda layers in the reservoir sections.
This process was repeated for each damming up level till the time of obtaining a full
convergence of water ordinates generated by the model with ordinates according to the
reservoir capacity curve.

After preparatiorand calibration of the model of the reservoir, the introduction of the rules of
runoff control was started. As in case of a dam disaster analysis the rules of runoff control, in
principle, matter only in the phase of reservoir fillingreceding the daster processhe

rules described in detail in the study carried out by Hydroprojekt were generalized in order to
present general principles of correlation in the scope of runoff and inflow into the reservoir in
particular areas of the reservoir bowl capa
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The developed rules of control were implemented in the reservoir hydraulic model by means
of a set of logic commands making the volume of runoff from the reservoir dependent on
runoff and the actual ordinate of water in the reservoir (see drab@los).
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4. DEVELOPMENT OF SCENARI OS OF A DI SASTER
PORNBA WATER RESERVOI R DAM.

During preparation of a |i st of possible (t
Reservoir dam, the experience resulting from the execution of the Project PLG4&&d
Hazardsas a Resulbf Dam Disasters” wereuse.bhe t echni c al document at
Pornba Water Reservoir made available for t
anal yzed. Two main causes of a pontnean tH oarln bdai
Water Reservoir were taken into account:

1 water overflow over the dam crest leading to the washing of the body in

consequence of reverse erosion and consecutive washing out of the ground,;

1 internal erosion of the dam body (suffosion) leadmthe piping
In both assumed cases the course of erosion phenomena led to appearing of a breach in the
earth body through which the reservoir bowl was emptied from the existing water.
In the first case the basis of the disaster scenarios was an assupofptiontation of
discharge of water from the reservoir in case of occurrence of a flood wave at the entry to the
reservoir. This made it possible to rise the reservoir water level up to the level of the dam
crest (314,50 m a.s.l.) which in consequence \&acondition of starting the process of
washing out of the earth body and appearing of the breach.
In the second case, iromsequence of the structuretohe $Swi nna Pornba Wat
main dam (embankment made from coarse grain earth and core agntloe assumption
enabling a simulation of piping of the dam embankment was a core failure leading to
intensification of filtration phenomena in the body and appearing of a channel, through which
together with filtering water thgrains of the dam embamientearth are washed out.
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The following factors have also been numbered among those influencing the forming and
development rate of the described above phenomena and, in consequence, affecting the
volume of maximum runoff from the damaged dam body [&@d&s well as the shape of the
runoff hydrograph):

1 hydrological conditions in the reservoir drainage area;

1 reservoir filling at the time of disaster;

1 location of the body damage initiation;

1 synchronization grade of the inflow culmination to the resemvdhl the moment of

disaster.

All above mentioned factors have been analyzed with the following assumptions:
1) In the scope of hydrology conditions:
1 hydrograph of a water rise with the probability of exceeding the maximum flow p =
1% (100 year water)
1 hydrograph of a water rise with the probability of exceeding the maximum flow p =
0,1% (1000 year water)
1 hydrograph of a water rise with the probability of exceeding the maximum flow p =
0,01% (10000 year water)
1 case of so called "sunny day" (continuouglgliinflow to the reservoir)
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Figure 5 Flood waves hydrographs usedanalysis

In case of the flow rate for the scenario of so called "sunny day" a constant flow rate
amounting to the sum of the guaranteed flow rate downstream of the dam anthgatisé
water needs of water users (in sum 4,48)n

fnormalny poziomipzmdnaeB808&, 6RBom BPp. m. ;

T maksymalny poziomimpazmdmna ehl2a, dMam rP.PPp. m.
2) The following factors have been taken into account for the initiglgitf the reservoir:

1 normal damming level (Nor PR)ordinate 305,50 m a.s.l.;

1 maximum damming level (Max PP)ordinate 312,00 m a.s.l.
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~ Max PP -

1. Korpus zapory 2 gruntdw 4. Galeria kontroino-zastrzykowa 9. Piyty betonowe na skarpie o0wodne).
grubozianistych. 5 Przestora cemertacyjna - uszczelndenie 10, Scianka larsenows<a

TA. Korpus grodzy 11 etapu budowy od wody pedioZa 11, Pochoze skaine.
gormej. 6. DrenaZ zapory. 12. Podiate przygolowane pod nasyp.

2. Redzed 7 gliny — uszczelnienie korpusu 7. Skarpa cdpowistranaz faweczkami,

3. Warstwy ochronre rdzenia. 8. Korona 2apory z droga shazbowa.

Figure 6 Cases analyzer the initial filling of the reservoir

3) For the parameters and location of the baaiypage (breach):
1 for the case of water overflowing over the dam eresishing out of the central part of
the body (central line of the dam earth body);
9 for the case of piping suffosion in the central part of the body (central line of the
dam, ordinateof the piping point 1,5 m above the reservoir bottoire. 277,50 m
a.s.l.
4) The following factors have been analyzed in the field of synchronization of the flood wave
culmination and the time of disaster:
1 lack of synchronization (when the moment ofadi®r initiation is independent from
the course of water rise)
1 full synchronization (when the initiation of the disaster phenomenon occurs at the
moment when the flood wave culmination reaches the reservoir)
5) In the field of the rules of runoff contralbim the reservoir the following factors have been
taken into consideration:
1 normal rules (operation of all discharge devices with full capacity);
1 limited rules (water discharge from the reservoir only through bottom outlets and
waterpower plant).

In congquence of acceptance of the mublriant assumptions for the main dam of the
Swinna Pornba Water Reservoir totally 20 sc
were concernig a case of the overflowing @fater over the dam crest (scenarios@g),
and 14 ones were concerning the piping (scenarig31d} see the table below
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Przelanie przez korone zapory
Scenariusz Fala Qp% Sterowanie Puczqtkawy. puz.lom wody w
zbiorniku
o1 Q1% ograniczone |[Max PP
02 Q01% ograniczone |Max PP
03 Q2 0.01% ograniczone |Max PP
04 Q1% ograniczone |MNor PP
05 Q01% ograniczone |Nor PP
06 Q2 0.01% ograniczone |Mor PP
Przebicie hydrauliczne
Scenariusz Fala Qp% Sterowanie Puczqtkawy_ puz_lam wody w Synchrenizacja
zhiorniku
P1 Q1% normalne Max PP NIE
P2 Q0.1% normalne Max PP NIE
P3 Q0.01% normalne Max PP NIE
P4 Q1% normalne Max PP TAK
P5 Q0.1% normalne Max PP TAK
Pé Q0.01% normalne Max PP TAK
P7 Q1% normalne Mor PP NIE
P8 Q0.1% normalne Maor PP NIE
P9 Q0.01% normalne Mor PP NIE
P10 Q 1% normalne Mar PP TAK
P11 Q01% normalne Mor PP TAK
P12 Q0.01% normalne Maor PP TAK
P13 Q =const. =443 mi/s normalne Max PP -
P14 Q = const. =443 m3/s normalne Mar PP

Figure 7 List of all disaster scenarios

Implementation of all disaster scenarios was carried out directly in the hydraulic model of the
reservoir. This model was an integl part of the onglimension hydraulic model for the
Skawa River valley downstream of the dam in
the same time. Its basic elements, besides parameters describing the reservoir capacity,
geometry of the dam and ad of the transformation of inflow into outflow (reservoir
control), was a module responsible for the mapping of the phenomenon of the dam body
di saster itself (6dambreaké modul e)

The mechanism of the development of the dam disaster phenomenon caosedfibwing

of water over the dams crest or piping has been based on the Ehiginsen erosion formula
"sewn in" the calculation program Mike 13uch approach made it possible to directly link

the rate of the forming of the dam body washing out phenomand appearance of a breach
with actual parameters of the dam body earth. The basic physical properties of the earth
required by the calculation program have been estimated on the basis of the technical
documentation of the object and fed in to the nhode

Besides the estimation of geotechnical parameters of the earth the basic parameters of the
geometry of dam body have been defined as well as the assumptions of the initial and final
size of the breach have been accepted.

Besides defining the properiof the earth and initial parameters related to the geometry of
the damage, the maximum possible theoretical size of the breach has been specifiad.
purpose wetknown and used for years empirical formulas of: Froehlicha, MacDonalds &
LangridgeMonopolis as well as of Von Thun & Gillette relying on documented historical
cases of earth dam disastetsoaker the world were applied.
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9 Froehlich Formula

H:E’: reach

= D,]gggzkga i L;ﬂg.sz _-kh;]_'_g
1 MacDonalds & Monopoligormula

i I hZ,Z,
Veroded =y (CZ, ':'%}
.Brmdr = ] -
_ .2,
hy (C+—22)
2
I Von Thun & GilletteFormula
Waeoi = 2.5%h, +C,

Using the above mentioned foulas depending on the cause of disaster (overfipiig) as

well as the assumddling of the reservoir at the moment of disaster (Nor PP, Max PP or PP
corresponding with the dam crest ordinate) various maximum widths of the breach in the
bottom have leen calculated.

Having the specified parameters related to the dam geometry, structure of the earth body, size
of the breach and assumptions concerning the boundary conditions the implementation of
particular scenarios in the hydraulic model was staBethw there are drawings representing

the implementation in the model of an example dam disaster scenario in consequence of the

piping.
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Figure 8 Implementatiorof thedamdisaster scenarimto hydraulicmodel
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5. RESULTS OF SIMULATION CALCULATIONS OF A DAM DISASTER

Ont he basis of the prepared | i st of scenar
Water Reservoir dam were carried out. From among the assumed 20 scenarios the "positive"
results i.e. where the dam disaster caused by overflowing over the creshgraaigurred in

the model were obtained in 16 cases. In 4 scenarios concerning the overflowing of water over
the dam crest the assumed initial conditions appeared to be insufficient to lead to the water
rise up to the level of dam crest and initiate thecpss of overflowing over the crest. Finally,

2 cases of subsequent calculation cases for the scenario of water overflowing over the dam
crest and 14 cases piping have been obtained. A table presenting the specification of
maximum flow rates calculated the dam profile has been included below.

Przelanie przez korone zapory

Scenariusz Fala Qp% Sterowanie P:?d?::::is;zilkaum Katastrofa Max. Odptyw
01 Q1% ograniczone Max PP NIE 572
02 Q0.1% ograniczone Max PP NIE 639
03 Q0.01% ograniczone Max PP TAK 25 395
04 Q1% ograniczone Nor PP NIE 240
05 Q0.1% ograniczone Nor PP NIE 572
06 Q0.01% ograniczone Nor PP TAK 23 491

Przebicie hydrauliczne
Scenariusz Fala Qp% Sterowanie P;zzd?::::ﬁg;zirum Katastrofa | Synchronizacja| Max. Odpiyw
P1 Q1% normalne Max PP TAK NIE 21 673
P2 Q0.1% normalne Max PP TAK NIE 21 673
P3 Q0.01% normalne Max PP TAK NIE 21 673
P4 Q 1% normalne Max PP TAK TAK 22 351
P5 Q0.1% normalne Max PP TAK TAK 22 375
P6 Q0.01% normalne Max PP TAK TAK 22790
P7 Q1% normalne Nor PP TAK NIE 11 432
P8 Q0.1% normalne MNor PP TAK NIE 11 620
P9 Q0.01% normalne MNor PP TAK NIE 11 699
P10 Q1% normalne MNor PP TAK TAK 16 126
P11 Q0.1% normalne Nor PP TAK TAK 20 087
P12 Q0.01% normalne Nor PP TAK TAK 24 269
P13 Q = const. = 4.43 mi/s normalne Max PP TAK - 21 665
P14 Q = const. =4.43 mi/s normalne Nor PP TAK - 9 498

Figure 9 Resultsof analyzed dam disasters scenarios

In the case of the scenarios of water overflowing over the dam crest it has turned out that
flood waves with probability of p=1% and p=0,1% incoming te taservoir filled up to the

level Nor PP or Max PP even if "limited™ possibilities of water discharge from the reservoir
are assumed (only both bottom outlets and wadgver plant are in operation) do not make it
possible to rise up the level of watgy to the dam crest levélThese waves are containied

the reservoir causing its rise over the Max PP, but do not create a hazard of overflowing over
the dam crest. The maximum runoff from the dam profile in such cases reaches the following
values: incase of scenarios O1 and O5 the maximum capacity of bottom outlets and water
power plant at Max PP, in case of scenarie tbé maximum harmless runoff. The situation

is different in case of scenario O2 (the maximum runoff from the dam profile of &89 m
when the reservoir level rises about 17 cm above the level of the dam crest, but the rate and
energy of the overflowing water layer is too low to initiate the process of the body washing
out. Only a wave of p=0,01% has a volume big enough to leacktdiliing of the reservoir

above the level of the dam crest and washing out of the earth body. The highest possible
theoretical runoff from the dam profile (breach) has been obtained in scenario O3 (initial level

(
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of the reservoir filling before disasteiMax PP), where it reached the value of as much as 25
395 ni/s. The maximum runoff lower by 20 000 (23 491 r¥s) was obtained in case of
the same wave and the initial level of the reservoir filling of Nor PP.

Scenarios consisting in the initiationtble dam earth body disaster as a result of suffosion of
the earth and piping are characterized by remarkable differentiation of the maximum runoffs
from the dam profile, which is a consequence of the differentiation of the applied initial
conditions.In case of the assumed initial filling of the reservoir on the level of Max PP
independently from the volume of the wave incoming to the reservoir (Q1%, QO0,1%,
Q0,01%) the obtained values of maximum flow rates in the dam profile are similar and
amount to arond 216737 22790 ni/s. Assuming a full synchronization of the flood wave
culmination at the "entry" to the reservoir with the moment of the disaster initiation (scenarios
P4-P6), likewise, has practically no noticeable influence on the obtained maxiomoff
increasing its rate oplby several hundreds of m3&8uch situation results from the fact that
having such a huge volume of water retained in the reservoir (dammed up to the level of Max
PP) the volume of the flood wave itself incoming to the rasereven in case of occurrence

of the culmination flow rate exactly at the moment of initiation of the washing out of the dam
body is so insignificant that it has no noticeable influence on the maximum runoff from the
breach profile being the result afevelopment of filtration phenomena in the earth
embankment of the dam.

In case of the initial level of the reservoir filling of Nor PP the size and volume dfothae

wave has also no remarkable influence on the maximum runoff from the damaged dam
section (scenarios RP9). This runoff is almostwo times lowerthan runoffin scenario$ 1-

P3 and reaches the level 14327 11699 ni/s. In these cases, however, in consequence of
much smaller water volume retained in the reservoir (dammed up to NdrtErfPes out that
synchronization of the moment of entering of the culmination flood wave to the reservoir with
its washing out remarkably influences the rate of the maximum runoff (scenarig31R)L0

The remarkable volume of water retained in the audtion of the flood wave reaching the
dam profile in this case accelerates the process of the body erosion (which in the initial
phase of development proceeds mildlier than when theviesdilling is higher), which
considerably "raises" the rate dfet culmination runoff up to the value around 126 nv/s

(wave Q1%), 2@87 ni/s (wave Q0,1%) and 2269 nt/s (wave Q0,01%).

Separate analyzed scenarios of a dam disaster in consequence of the piping were scenarios for
so called 'sunny day' (scenarios3Pdnd P14). Such cases mean that at the moment of the
disaster the conditions in the reservoir drainage area do not have features of a flood situation,
i.e. the value of inflow to the reservoir is on an even low level. In such situation the factor
having a influence on the development of erosion phenomena in the dam body and the
maximum obtained runoff from the breach is the volume of water retained in the reservoir a
the moment of failure. In the analyzed scenarios the maximum runoff reached the value of
9498 m3/s- for the assumed reservoir filling of Nor PP, andsB5 ni/s- on the level of Max

PP

6. STUDY OF FLOOD ZONE LIMITS FOR THE ASSUMED DAM DISASTER
SCENARIOS

On the basis of the results of hydraulic
Water Reservoir dam for all disaster scenarios (independently from obtained results) the
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maximum range of floodplain zones in the Skawa River valley downstream fromrthe da
have been defined.

The process of generating the floodplain zones consisted in the development of so
called numerical model of water surface in the GIS tool based on ordinates of water surface in
particular valley sections and then "intersect” it whie humerical model of the terrain. In
consequence of the intersection the lines describing the maximum reaches of the flood zones
for particular disaster scenarios have been obtained.

The area contained by the lines have been interpreted and processddohas
orthophotomaps and DTMIliminating potential discontinuities and ineffective flodelow
there is a map representing all generated floodplain zones.

Figure 9 Flood zones irthe Skawa river valley for all analyzedisasters scenarios
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7. SELECTION OF THE FINAL DISASTER SCENARIO AND DEFINITION OF
PROPAGATION OF THE FLOOD WAVE FRONT IN THE VALLEY.

Taking into consideration the number of obtaisednarios (and at treametime the
limits of floodplain zones) a selection of the most representative scéoarisualization of
the results of model calculations of the dam disaster has been made. It was assumed that such
scenari o wil/|l be the O&6worstd one i.e. such
floodplain zone will have the largest reach and thghést rate of the culmination flow
downstream of the dam (scenario O3, Qmax 325 ni/s). This scenario represents the
largest theoretically possible area of the floodplain zone in case of the main dam disaster
theseti on from the $Swinna Pornba dam downstre
Vistula.

Below the longitudinal profile of the Skawa River represents fillings (blue areas) and
flows (red line) in the valley occurring at the moment of reaching the maximnoff from
the section of the breach in the dam body.
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Figure 10 Reservoir and the Skawa rivealley downstreanthedam profile

The floodplain zone in the obtained scenario (O3) covers an area over 20 times as
large as the zone defined for a nakdtaod phenomenon of probability of exceeding the
maximum flow equal to p=1% (tantamount to the area of a "special flood hazah#'").
drawing below represents a comparison of the limits of the both zones.
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Figure 11 Comparisoroff | o od 2z o reene of & rand@kBosdemario



