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Executive Summary

4EEO OAPT OO DOAOGAT OO OEA 1T OOATITAG T &£ 4AOCE 4c¢
Il OOAOOI AT Ohd xEOEET 71 0E OAAEACA ¢ 1T &£ OEA #2):
vulnerability assessment of two critical infrastructure systems exposed to multiple natural
hazards: (1) a network of retention dams outside the city of Zagreb, Croatia, and (2pamary
flood protection dike in Dijkring 17-1 near Rotterdam, in the Netherlands. Both sites are
representative of critical infrastructure potentially exposedto cascading hazard effects, such as
the interaction of extreme rainfall, seismic events, flooding, and static liquefaction.

The Zagrebretention dams were analysed using geotechnical data and finite element modelling
to evaluate stability under staticloading (flood) and dynamicloading (earthquake). Probabilistic
analyses were used to quantify uncertainties in loading and response, yielding failure
probabilities and displacement distributions.

In Rotterdam, CPTbased soil profiling and FEM simulationsvere used toA OAT OAOA OEA AE
susceptibility to static liquefaction due to scourinduced stress changes. Contractive layers were
identified, and stresspath analysis revealed localised risk zones where liquefaction could initiate.

Fragility curves were generated from probabilistic simulations to link hazard intensity with
failure likelihood, supporting scenario-based risk evaluation.Scour induced static liquefaction
was considered along with rotational failure and piping due to flooding, as well asrapid
drawdown failure following flooding. The approach integrates field data, advanced modelling,
and uncertainty quantification, offering a robust framewaork for multi-hazard resilience planning
in Work Package 3.

Keywords:retention dams,dikes probabilistic analysis soil charactersation, finite element
modelling, fragility curves
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1 Introduction

This report presents a vulnerability assessment of two critical infrastructure systems located in
CRISAFE case study areas: the flafdtod retention dams surrounding the city of Zagreb, Croatia
and a flood protection embankment along the Oude Maas near Rotterdam, in the Netherlands.
Both systems were selected due to their exposure to multiple natural hazards, and their potential
to actas initiators of cascading failure sequences, resulting in impacts greater than those of the
initial hazard alone.In Zagreb, this includes seismic loading and extreme rainfall with associated
flood surges. In Rotterdam, attention is focused on hydrodynamiloading leading to piping
and/or rotational failure, and the potential for static liquefaction due to scour in contractive
subsoils.

The primary objective is to identify and evaluate scenarios in which these natural hazards may
compromise infrastructure performance, either through direct loading or indirect mechanisms
such as liquefaction or progressive instabilityThe approach used is multipronged and utilises
numerical and probabilistic modelling to quantify the response of these systems to the identified
scenarios using sitespecific geotechnical datak-ragility curves were generated from probabilistic
simulations to link hazard intensity with failure likelihood . In doing so, the assessment supports
both short-term emergency planning and longeiterm mitigation strategies. The findings
presented here also serve as a foundation for subsequent risk integration in Work Package 3.

The structure of the report is as follows. Section 2 presents the analysis for the Zagreb retention
system, including dam geometry, subsurface conditions, and results under both rainfall and
earthquake loading scenarios. Section 3 addresses the Rotterdam dike, with a focus static
liquefaction susceptibility, quantifying the impacts of flooding and the role of scouiin initiating
failure. Section 4 summarises the findings and their implications for mulazard risk analysis in
Work Package 3.

Deliverable D 2.2. Vulnerability Assessment of the CI Subjected to Multi -Hazards 5
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2 Analyses of the Medvednica dams

2.1 Introduction

Out of 19 retentiondams located on the southern Medvednica slopes, above the city of Zagreb,
three representative onesare analysed in this study The chosen damsanging in height from 12

m to 26.5 m,arelocatedas follows:| O1 T i A O /e viedt bart of Zagreb Pusti dol dam in
the middle and Jazbinain the eastern part, seeFigure 1 . Analyseswere made to assess their
stability statically after intense rainfall, and dynamially considering seismic activity but
neglecting rainfallz as Deliverable 2.1D2.1) showedthat these two event are highly unlikely to
occur simultaneously. To perform calculations, Plaxis2D and PlaxisLE softwaneere used,to
perform finite element and limit equilibrium methodsrespectively. The dynamic calculationsre
conducted using the numerical finite elements method (FEM), which is also used for static flow
only analyses.The limit equilibrium method (LEM) is used to assess the stability of the dams for
the relevant water levels, during peak level (PL) and rapid drawdown (RDD), as well as during
earthquakes by means of spectral pseudostatic analys@he main aimed results of these analyses
are probabilities of failure (estimated from the factor of safety, FSdf each damfor both the
dynamic and static cases. Additionally, for the dynamic case, the permanent crown displacements
are assessed through a probability distributionfor each dam.The soil parameters for each dam
are held constant (deterministic), while the uncertainties are a result of variable actions.

Py N\

Retention dam
PUSTI DOL

Retention dam
JAZBINA

P 4l
Retention dam CRNOMEREC

[ Case study dams in City of Zagreb

& Retention dams

2 4 km 3

Figure 1. Location of Zagreb retention dams
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Data used for the computational models has been acquired from various relevant sources. The

dams have been constructed between the 1970s and 1990s, but the original design
documentation is mostly missing, therefore limited data has been obtained from them. The

obtained data includes seismic refraction profiles and boreholes with classification and

1 AAT OAOT OU OAOGOGO 11 OAIDPI Abh DPOEIT O OI OEA AAI 08
AAT 06 AOT OO theGahed,GEEA 1 BT EAA O  O&idglCuadiobidalAmaph of GhE T A
OOAAT EOAA - AAOGAAT EAA OI T PDAOGO6 j#01T AOEAT g $AOAIEI
urbanizirane zone,https://www.hgi -cgs.hr/detaljna-inzenjerskogeoloskakarta-podsljemenske
urbanizirane-zone-fza-i-i-fazaii/ ) has been conducted and contains boreholes with material
classification, as well as downhole and MASW profiles. As the project enveloped a large area, the
investigations were sparse, but some of them ended up in the relative vicinity of the dams of

interest. In the phases after the dams were constructed, some were instrumented with
inclinometers to monitor their behaviour. While creating the boreholes for the instruments,

samples have been taken for laboratory investigations and SBTonducted. Additionally, new

CPTu investigations have been performedithin the CRISAFE activitiedrom the crown level of

each analysed dam. For the outer geometry of the dams, the newly available LIDAR data for the

whole country have been used. With the available data, information could be gathered regarding

OEA POI PAOOEAO 1T &£ OEA AAI 06 nditich) &ith End exeptidnf x AT 1 /
OPAAEEAEA Ul T AO xKdtssiwhe® Bata wasicbnip@telyAndiskii®yOWVhere data

was missing, educated guesses amdsumptionshave beenmade. This, however, occurred for the

less important components of a crossection, while the most important ones mostly had

available data. Given that dynamic numerical calculationsere performed, the Hardeningsoil

with small strain stiffness (HSsmall) was used, which requires careful estimation of its
parameters. For this purpose, available data is used directly and through correlations

2.2 Geotechnical characteristics for the three selected dam
sites

s

2211 O1T 1T 1 AOAA AAI

From the LiDAR data, the outer contours of the crossection are taken. The crossection is taken

in the middle of the dam, where théheight is the largest, but the crown is 1 m lower than the rest

I £ OEA AAi AOA O1 OEA OPEI 1 x A UstréArAiasdses throlighthed AA OE
middle, a crosssection that passes through the channel would give the impression of a higher
dam than it actually is. For this reason, a band of 40 m around the profile (20 on each side) is used
to calculate the average elevation fortte dam outer contour.The inner zonation of the dam was
constructed based on the original technical drawing of thenofile for the dam, shown inFigure 2,
which is quite simple with only two componentsz the body and the drain As the CPTu is
performed from the centre of the crown, it passes through the drain material two timegince at
the top and the second time at the base of the dam. It is thused to assess the parameters of both
materials. The investigation stopped at a depth of 13 m, which is below the base of the dam, and
as such it is used taalso estimate the properties ofthe subsoil. A borehole from the time of
construction is also shown inFigure 2, which has helped with the identification of the subsoil

material type.

Deliverable D 2.2. Vulnerability Assessment of the CI Subjected to Multi -Hazards 7
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The CPTu raw results are shown ifigure 3. To visualise the material types that the CPTu passes
through, the Soil Behaviour TypgSBT)is calculated and is then filtered through a smoothing
procedure, to obtain an interpretable soil profile, as shown ifrigure 4. The second occurrence of
soil type 7 represents the drain layer at the base of the dam. Everything beneath it represents the
foundation soil. As CPTu results can be harder to interpret in clays that in coarser materials, there
are no correlations for some parameters of fingyrained soils. Given that the whole dam body is
made out of clay, other correlations had to be usdd those cases.

Deliverable D 2.2. Vulnerability Assessment of the CI Subjected to Multi -Hazards 8
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Figure 4. Smoothed Soil Behaviour Type index
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DAM BODWATERIAL

AEA AAT 80 1T AET AT AU | AsSifedHyddulic EodudivitA TolestigaetET ¢ E O
strength parameters of clay, first the parameter N is determined from Eq. (1) (Robertson and
Cabal, 2022)

0 p® Xl I'w (1)
From N, the plasticity index is obtained from Eq(2) (Budhu, 2011).
‘O prmuud (2)

The plasticity index is then used with correlations bysorensen and Okkels (2013)o estimate the
friction angle, which was found to be an average o624°, for an average plasticity index of 16.2%.
The cohesion is estimated to be 9 kPa based on the correlated undrained shear strength through
CPTuThe most notable feature of the HSsmall model is its ability to consider the changes in shear
stiffness with shear strain that occur between very small straihevelsto engineering strain levels.
It is thus important to estimate the appropriate parameters correctly. The constrained modulus
is assessed through the CPTu by using conventional correlations availabletire CPFGuide by
Robertson and Caba{2022). The HSsmall model also considers the stiffness stredspendency
through a power law, as well as its strairdependency through a hyperbolic law. The equation for
stress-dependency is given in E(.3), where Eeq,etiS the constrained modulus at some reference
pressure, pstEO OEA O OA £A O AllisAhd mapoDphiizipaDsirdss at any phintA
,  WATO

°© % F@&no ©
The power for the stress dependency can be then obtained as the slope of a line passing through
the logarithms of the term in brackets from Eq(3) and the constrained modulus at the given
principal stress level.For simplicity, the principal stress is assumed to be vertical anelqualto the
overburden pressure.The slope of the fitted line equals the powem and is equal to 0.852.
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Figure 5. Fitting of the parameterm for the HSsmall model
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The reference oedometer stiffness is then found to be 28.7 MPa. The strelependency of the
dam body material is shown inFigure 6a. The initial shear stiffness follows the same stress
dependency as that defined in E¢3), with the same powem. Its distribution with depth is found
through a correlation with shear wave velocity, which is correlated with CPTu datdhe reference
shear wave velocity of the dam material, for m=0.852, is 80.1 MPand the stressdependency is
shown in Figure 6b. The other stiffnesses areassumed from recommendation as $5=1.25XEq,
and E,=3%Es. To define the shear stiffness reduction curve, the reference strain at whicho G
reduces to 70% of its initial value must be assessed. The correlation given in E4) is used
(Bentley Systems Inc., 2023Ko is estimated as 1O E 1 j 3 Q HtimtBevayefagesprincipal stress
at 100 kPa, the reference strain is 2.1x10 The hydraulic conductivity is also estimated from
CPTu as 7x10 m/s (Figure 6¢). Theflow through unsaturated material is simulated through the
Van Genuchten model functions.

constrained modulus [MPa] initial shear modulus [MPa] hydraulic conductivity [my/s]
50 100 150 200 0 50 100 150 200 250 10 10-° 10-5 107 10-° 10> 10-* 10-3
.
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1 ﬁ_:p 14 é 14 ___—=-
2 £3 27 é’ 27 -—S-:_—‘—-
j J >
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54 1@5— LT
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Figure 6. a) constrained modulus b) initial shear modulus; ¢) hydraulic conductivity
e = chp Al @ p b OEd (4
8 (,d‘O ”

DRAIN MATERIAL

The strength of thedrain material is assessedoy correlation with CPTuto be 40° with zero

AT EAGET T8 4EA AEIT A OA3EIN0 With teqaid Ao tHe GffedD éf BilathtionA O 3
reasonable limits are imposed on the minimum and maximum void ratiosThe stiffness is
assumed to be constant with stress, i.e. m=0, and as such the oedometer stiffness is assessed from
the dataat 3-4.5 m depthand isequal to 65.2 MPgFigure 6a). The Eo and E are assumed with

the same relations defined for the body materialThe initial shear modulus from CPTu does not
comply with the other stiffnesses (it is too low), and thus a correlation bypztoprak and Bolton

(2013) for coarse-grained soils is used, shown in E{5). With the assumed void ratio 0f0.33, G

is 243 MPa For the defined friction angle, KEO ACAET AAl AOI AOGAA OOET ¢ Of
ndouvyx8 &I O EXO KPE) Ane AeferRncefshear strain is 9.2x30 The hydraulic
conductivity is estimated from Figure 6¢ to be 4.6x1 m/s.

Deliverable D 2.2. Vulnerability Assessment of the CI Subjected to Multi -Hazards 1
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FOUNDATION SOIL

The subsaoil is a mixture of clay and gravel, as can also be assessed from the mixed Soil Behaviour

Type from CPTuy as well as the borehole ifrigure 2 that shows that the predominant fraction is

gravel. Thus, no layes are separated in the model, but the subsoil is instead modelled as a single

layer of mixed coarse and fine materialwith equivalent parameters. With the lack of other soil
investigations, the strength parameters are assumed for a clayey gravel type of soil, as c=3 kPa

AT A 3 Ehe dildtaion angle is taken as 5°, and appropriate limits to the void ratio are applied.

A relatively nearby borehole (P5-B1) from the previously mentioned engineering geological

mapping showsan average of 36.®lows with SPT in the surface layers of similar type, which is

in line with the assumptions. From the same project, an MASW profil@5-1) was available

nearby which is used to assess the initial shear stiffness of the subsg#ligure 7a). The graph is

AT T OAOOAA Oi AEOAOAOA PIET OO ET OEA T EAATA T &£ A
shown inFigure 5 to obtain the power for stressdependency, m$.608 (Figure 7b), while G fat

100 kPa was foundtobe 93.7 MR 4 EA 91 O1 ¢8O 11 ADOI OOh ALHOBI AA Ol
found by a correlations givenby Webb (1970) for sand and clayey sands to be 24.5 MPae&eris

taken as Eoret/ 1.25, and Eirer=3%Esorer. FOr KKE T8 1T ¢ @ AT A 1 AfIS50AkRAIWArGhA A

dam in the model, the reference shear strain is 8.8x30 The hydraulic conductivityassumed for

the type of materialto be 1x10-6 m/s. Unsaturated flow is modelled using Van Genuchten model
functions. The void ratio is assumed to be 0.5.
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T T |
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Figure 7.a) Small-strain shear modulus profile from MASW b) fitting for stress-dependency

A summary table of parameters assigned to each region of the model is givenTiable 1, which
also shows the parameters for other dams.
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Table 1. Soil parameters forall materials in each dam model

—_ —n < i - © —
S A 1 = R S B - A B I I L
: Body 17.2 20.6 0.35 28.7 35.9 107.6 80.1 100 0.85 | 2.1 9 26.4 0 0.007 1
(: Drain 19.5 22.0 0.25 65.2 81.5 2445 243 100 0 092 | O 40 10 46 1
(8 Found. soil 17.7 | 209 | 0.33 | 19.6 | 245 73.5 93.7 | 100 | 0608 | 88 | 3 35 5 1 1

Body 20.3 22.6 | 0.234 30 375 1125 | 233.7 | 100 | 0.818 | 1.5 0 45 15 300 1

Screen 185 | 21.4 | 0.30 30 375 75 97.8 | 100 | 0800 | 15| O 40 10 100 1
S Clay toe 16.2 | 204 | 0.40 30 375 | 1125 | 120 | 100 0 1.4 | 10 25 0 0.01 1
% Rock toe 20.8 | 22.8 | 0.20 80 100 250 250 | 100 0 057| 0 45 15 | 10000 1
a Surface layer | 17.7 | 21.0 | 0.333 20 20 60 80 100 0 9.5 7 33 3 7 1
Fractured rock | 22.3 | 23.8 | 0.15 | 150 150 300 640 | 100 0 2 0 50 20 0.5 1
Compact rock | 25 25.5 | 0.05 | 1000 | 1000 | 2000 | 3300 | 100 0 0.76 | 100 | 50 0 0.05 1
Body 17.7 21.0 0.33 40 50 100 130.3 | 100 | 0.600 | 1.9 2 385 | 85 12 1
Crown 17.7 21.0 0.33 30 37.5 75 130.3 | 100 | 0534 | 1.2 2 385 | 85 12 1
o Core 16.8 20.4 | 0.366 25 31.25 62.5 48.3 100 | 0.878 | 6.1 | 19 29 0 |[0.00032| 1
ﬁ Filter 18.5 21.5 | 0.300 40 50 100 200 100 | 0.500 | 1.3 0 40 10 100 1
it
Surface layer | 16.8 20.4 | 0.366 20 25 75 80 100 0 6 19 29 0 0.4 1
Interm. layer 17.2 20.6 | 0.350 16 20 60 100 100 0 55 5 38 5 8 1
Found.soll 15 195 | 0434 | 143 | 17.88 89.4 245 100 0 43 | 20 30.3 0 0.01 1

Deliverable D 2.2. Vulnerability Assessment of the CI Subjected to Multi -Hazards
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2.2.2 Pusti dol dam

Pusti dol is the highest of the analysed dams, 26.5 m. LIiDAR dassbeen used to define the outer
contour of the dam crosssection, across the middle of the dam. Given that the dam is located in a
narrow V-shapedstream valley, the profile is taken as an average of a much smaller band than for
I O1 T 1 AparkiAd5 m on each side. The inner zonation of the dam wasfined based on the
original technical drawing of the profile for the dam, shown inFigure 8, which is also relatively
simple with a coarsegrained body and a finer (but still coarse) screen occupying most of the
cross-section, together with toe materials made from clay (water side) and very coarse (land side)
materials. As the CPTu is performed from the centre of the crowiit, passes through the screen
material and continues through the body. Unfortunately, the CPTu was unable to penetrate
deeper than 7 mz still, the properties of the materials it passes through can be assesseQther
than that, 6 boreholes were available from the originalinvestigation works, along with one
seismic refraction profile in the direction perpendicular to the stream, under the dam crown
made in 198. The top layer detected in the boreholegs made from mixed material, for which
granulometric curves are available from each boreholedDeeper layers are fractured rock and
compact rock. As seen from the characteristic section, a PVC sheet is used in the middle of the
screen to reduce seepage.

BRANA - = B e —

Figure 8./ OECET Al

The CPTu raw results are shown ifrigure 9. As for the previous dam, ¢ visualise the material
types that the CPTu passes through, th8BTis calculated and filtered through a smoothing
procedure, as shown irFigure 10.

Deliverable D 2.2. Vulnerability Assessment of the CI Subjected to Multi -Hazards 14
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DAM BODY MATERIAL

The body material friction angle of 45°, assessed from CPTu, with assumed O cohesion. The
dilatancy angle is set to 15°, with reasonable limits to the minimum and maximum void ratios for
the dilatancy cutoff. From CPT the dry unit weight is 20.3kN/m 3, then assumingthe specific
gravity to be 2.7, the porosityis calculated to be0.305 and the saturated unit weight 22.6 kN/rr$.

The factorm for stiffness stressdependencyis calculated from G obtained from correlation with
CPTu byRix and Stokog(1991), and is0.818, with Gy et = 233.7 MPaGiven that the Eeq values
from CPT are too high to be feasible, it is assumed that a maximum of 80 MPa can occur at high
stresses, giving the reference e to be around 30 MPaassuming the above factom. Ep,refis
taken as 1.25xEoed, while [reras 3xEo er. FOr the defined friction angle, Kis 0.293. Considering

an average major principal stress oR50 kPa, the reference strain is 1.5x1@ The hydraulic
conductivity is 3x10-4 m/s, determined from CPTu.

SCREEN MATERIAL

As the screen material is also coarsgrained, the friction angle is assumed as 40° with 0 cohesion,

and 10° dilatancy angle. Based on the assumption of void ratio 0.3 and specific gravity 2.7, the

unit weights are calculated as 18.5 and 21.4 kN/i(dry and saturated, respectively). The

AT 1T OOOCAET AA AT A 9101 ¢80 11T AOI E AOA OkehaddAi A AO
modulus is taken as 2xkyrr. The small-strain shear stiffnessis determined from the same

correlation with CPTu as for the body, and it is 97.8 MPawith the factor m being 0.80. For

K0=0.357 andA1=100 kPa, the referencestrain is 1.5x104. The hydraulic conductivity is assumed

to be a little smaller than the body, 1x16 m/s.
DAM TOES

For the dam toes on theupstream and downstream sides made from clay and rock materials
respectively, all theirparameters are assessed from experience and recommendations for those
material types, given that there is no investigation data available for them. Their stiffness is
assumed to be constant with varying stress.

SURFACE LAYER

The surface layer detected in the boreholes is a mixed material, it can be characterized as coarse
grained with 20-30% fines and small amounts of rock fragments. The granulometric data can be
utilized to correlate with the hydraulic conductivity by Eq. (6) (Bentley Systems Inc., 2024)

x E A Qdis tlfie saturated volumetric water content, ng and md are the fractions of clay and silt
respectively, s EO OEA CAT T AOOEA 1| AAT,ishhe @évindiric AtandaEElAT AOA O
deviation, assuming a lognormal granulometric function. By taking the average of 2% clay
content, 23% silt content and the rest assumed to be sanithe equation gives7x10-6 m/s.

8
Qf TP

00) 8 0 8 0 8 n (I) 0 8 T[&,, (6)

The strength is assumed based on the fraction contegtcohesion 7 kPa and friction angle 33°
dilatancy 0°. The measured primary wave velocityrom the original seismic refraction profile for
this layer is 385 m/s (mean value) The shear wave velocity is calculated through the expression
giveninEq.(7) 2192.5 m/s, and thus&G T80 MPa. We can assume that the layer has been densified
before construction to at least 20 MPa, which is thus taken asokr and Eeqrer, With Eyr ref taken as
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3xEBsorer. @ is assumed constan{m=0). For the average major principal stress 0600 kPaand a
calculated k, the refererce strainis 9.5x104.

boocp 7
5 q (7)

FRACTURED ROCK LAYER

A layer of fractured rock lies above the compagebck, with primary wave velocity is around 1000

m/s, taken as a mean value between the more fractured and less fractured portions of the layer.

The shear wave velocity is then 500 m/s, which gives a smadtrain shear modulus of around 640

MPa. It is assuA A OEAO EO EO Al 1T OOAT Oh E8A8 [T Em8 "1 OE
assumed to be 150 MPa, while the unloadingeloading modulus is taken as the minimally allowed

2xEso. Equivalent cohesion and friction angle are taken as 0 and 50% iK assumedto be 1, and

the averagemajor principal stress 600 kPa Then the referenceshear strain is 2x104 The

hydraulic conductivity is assumedas 5x107 m/s.

COMPACT ROCK

For the compact rock in the foundation layer, the primary wave velocity is measured as 2290 m/s.

The shear wave velocity is then 1145 m/s, and the smaditrain shear stiffness around 3.3 GPa,

which is also assumed to be constant (m=0). Thedand E.qare assumed to be 1 GPa, while,E

must be taken as a minimum of 2x4g in the HSsmall modelThe HoekBrown model would be

iTOA APPOI POEAOA OiF 1 1TAAI OEEO I AOAOEAI 60 AAEAOE
the assessment of MomCoulomb strength @rameters. The guivalent cohesion isthen assumed

as 100 kPa, and friction angle 50°. The porosity r&-05 and hydraulic conductivty k=5x10-8 m/s

are assumed from literature. Ky is assumed to be 1, anthe average major principalstress ~1060

kPa at the middle of the rocKayer in the model. This giwves the reference shear strain of .6x105.

PVC SHEET

The PVC sheet is 2 mm thick and has been assumed to have a hydraulic conductivity of 5%10
m/s through the sheet.

2.2.3 Jazbina dam

Jazbina dam has the largest retentiomolume of the three analysed dams. LIiDAR data has been
used to define the outer contour of the dam crossection, across the middle of the dam. The width
of the band did not have much influence on the contauthus a 20 m bands taken to flatten the
terrain. The inner zonation of the dam was defined based on thevailable technical drawing of
the profile for the dam, shown inFigure 11, which ismade from 4 materialsz the impermeable
core, the filter material, the body material, and the crown material. Soil characteristics datae
available from the newly conducted CPTu, from boreholes conducted for inclinometer installation
in 2005 (GeokonZagreb d.o.o.wit h laboratory tests for some index properties two boreholes
with SPT and index testsand a seismic refraction profile from 1991 (Institut Geoexpert) and
finally a borehole with SPT and atMASW profile in therelative vicinity of the dam conducted for
the previously mentioned engineeringgeological mapping project The impermeable core is
constructed from material excavated within the reservoir, for which index and mechanical
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properties are available from laboratory tests in 1991 The CPTu penetrates a little bit into the
surface layer, but it is used to assess the properties of the crown material and the impermeable

core. The 1991 boreholes and seismic refraction are used to assess the soils in the foundation.

The boreholes for irclinometer installation are 25 m deep, and they are thus used to assess the
crown material, impermeable core, as well as the foundation soilginfortunately, there is no data
available for the body maerial, other than its classification symbolFrom these investigation
works, it can be concluded that the foundation soil is made of three layers (to a depth of interest),
with the first being a thin fine-grained layer, followed by a very clayey gravel layer, followed again
by a firm silt material layer.
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M1 :500
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Figure 11. Jazbina dantharacteristic crosssection

The CPTu raw results are shown ifrigure 12. As for the previous dars, to visualise the material
types that the CPTu passes through, the SBT is calculated and filtered through a smoothing
procedure, as shown irFigure 13.
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Figure 12. CPTu conducted from the crown ofazbinadam
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Figure 13. Smoothed Soil Behaviour Type index

FIRM SILT LAYER IN THE FOUNDATION SOIL

The deepest layer of interest is made of silt materialt has a consistency index of 1.2with
plasticity index 18.4%) despite being under the water table, which indicates a high degree of
overconsolidation. According to MASW data, the shear wave velocity is relatively constant
throughout this layer with 350 m/s, giving G=245 MPawith m=0 for being constant with depth.
From the inclinometer boreholesd 1 AAT OA@dndyU AAOAO AB.5 kNANR raspectively.
The friction angle is obtained from a correlation withthe plasticity index (Sorensen and Okkels,
2013), and amounts to 30.3°. Cohesion is assumed 20 kPa due to high consistency index. Initial
void ratio is calculated from the measured dry unit weight and assumed unit weight of solids
(e=0.766). The borehole in the relative vicinity of the dam shows8 SPTwith 24-27 blows in this
layer, averaging 25.3. The correlation fronstroud and Butler(1975) gives 14.3 MPa constrained
modulus. For the HSmall model the Eo is taken as 1.25xkq. By is taken as 5xk. For A1=680
kPa and Ky=0.495, the rekrence strain is 4.3x104. Given how this is aroverconsolidated silty
layer, the hydraulic conductivity is safely assumed as 1x30m/s.

CLAYEY GRAVEL IN THE FOUNDATION SOIL

The intermediate coarser layer has shear wave velocities of 230 m/s from MASW data, giving

&=100 MPa, which is assumed constant (m=0). This layer is not found in the newer boreholes

that are in the relative vicinity of the dam, smnly the SPTconducted in the 1991 boreholess

available, with two measurements averaging 31.5 blows. The friction angle is then assessed to be

38°, while cohesion is then assumed 5 kPBilatation angle is taken as 5and appropriate limits

to the void ratio are setCorrelatiol O &I O 91 01 ¢80 | 1 A6 MEaGhu®200Ba AAOx A
is chosen as k. Bedis B0/1.25, and E; is 3xEy. Porosity is assumed 0.8. For A:=360 kPa and

Ko=0.384, the rekrence strain is 5.5x104. According to granulometry data he hydraulic

conductivity is 8x106 m/s.
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SURFACE LAYER

The surface layer of clay has shear wave velocity of 200 mé&cording to MASW datagiving
&=80 MPa. Given thait is required to compact the surface layer before construction of an
earthfill dam to at least 20 MPa, and the fact that this layer is very thin, 20 MRBaassumed for the
constrained modulus. By is 1.25%Eeq, and E=3xEs. Strength parameters are assumed equal as
the impermeable core, given that the material for the core was excavated within the retention
space4 EAU #9 A=19%0btained from triaxial testing of the material K, is then 0.515, awl
for £1=290 kPa, the reérencestrain is 6x104. Themeasuredmaximum dry unit weight measured

is 16.8, from which porosity and unit weights are calculated. Field measurements of hydraulic
conductivity showed k=4x107 m/s.

IMPERMEABLE CORE

The impermeable core material is taken from within the reservoirz from the surface layer. The
strength properties are thus taken equal as for the surface layerhe consistency index is between
0.95 and 1 but this is expected as the material is above the water table. Given the max. dry unit
weight and assumed solids unit weighbf 2.7, the porosity is calculated, as well as thieulk unit
weight. The hydraulic conductivity is assessed from CPTu correlations as 3.2x10m/s. &G is also
correlated from CPTu according tdMayne and Rix(1993), giving G et = 48.3 MPa and m=0878.
CPTu gives uncharacteristically low constrained modulus values for this material, which is why
the stress dependency factor is calculated from the shear modulus, and the results for the
constrained modulus are disregardedAccording to general technical conditions for constructing

a dam in Croatia, the clay core should have been compacted to at leastZZ®OMPa. 25 MPa is
chosen, ko is then taken as 1.25xkq, and Er as 2xko. Ky is 0.515, and theaverageA;:=160 kPa
giving the referencestrain of 4.2x104. The density is assumed to be at its maximum, as measured
from the field material.

CROWN MATERIAL

Above the impermeable core there is a relatively thin coarse layer classified as clayey gravel.
From CPTu data it has a friction angle of 38.5°, while the cohesion is assumed 2 RRa.dilatation
angle is taken as 8.5°, and appropriate limits are set to the void ratibhe G, calculated fromRix
and Stokoe(1991) is 130.3 MPa with m=0.534. The hydraulic conductivity is 1.2x19m/s from
CPTu data According to the technical conditions, it should have been compacted to at least 30
MPa, thus 30 MPa is assumed fobdger, then Eo et iS 1.25XBed rer, aNd B ref is 2% Bso,rer. POrosity is
assumed to be 0.33For K,=0.377 andA O A O A=COR kP& the referencestrain is 1.2x104,

DAM BODY

The dam body, which is made from clayey and silty gravel, should have been compacted te185

MPa. For this layer, as well as the filter layer, there is no data available at dlhus, Egedyer IS
assumedto be 40 MPa Esoe=1.25%XEBedrer, aNd By rei=2X%Es0rer. Grrer IS assumed equal to the crown

material, and m assumed 0.6 which is representative of coarsegrained materials. Hydraulic
conductivity is alsoassumedequal to the crown material Kyis 0.377AT A OEA AGDRRAACA K
sothe referencestrain is 1.9x104. For an assumed n=0.33, the unit weights are calculated.
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FILTER MATERIAL

As for the body material, there is no data available for the filter. From the classification symbol, it

should be a wellgraded gravel. Thusassuming n=0.3the unit weights are calculated. Assuming

the compaction requirements are metFoeq et is taken as40 MPa,while Esoref aS1.25%Eseqrer, and
Eurref=2X%Eso rer. Gref IS @assumedto be 200 MPawith m=0.5, based on data and recommendations

for similar materials. The friction angle and cohesion are taken as 40° and 0 kPa respectiveljth

a dilatation angle of 10°and appropriate void ratio limits. KEO OEAT m8ocuxh AT A A&l O
od 180 kPa, the referencstrain 1.3x10-4. Thehydraulic conductivity is assumed to b x10-4 m/s.

2.3 Geotechnical analyses

2.3.1 Introduction and models

Static and dynamic analyses are conducted to assess the probability of failure of the three dams
during seismic events and high intensity rainfall events, which have been shown to have
practically negligible probability of occurring simultaneously in D2.1Three types of analyses are
conducted: 1) static transient numerical analyses for seepage calculations, 2) dynamic lead
deformation analyses for seismic response calculations, and 3) both static and dynamic stability
limit equilibrium analyses. The numerical analyses use thdinite element method (FEM) The
models for the three damsare the samefor all analyses (except the mesh density) andontain
additional terrain two times the length of the dam on each side, i.e. the total length is 5 times the
length of the dam,while the depth of all the models is30 m from the lowest surface pointFor

| OT T 1T AOAA AAi OEA OI OAT 1 14A6\n high, Aot Rusdi Bol iEi€B000E AT ¢ x ¢
long and 64.4 m high, and for Jazbina it is 494 m long and 50 m hidte numerical models
require an adequate mesh of finite elements to provide good result§ his is especially true in
dynamic analysesvhere seismic waves must pass through the soil. The element size depends on
the wavelengthj 1la€kociated with the maximum frequency component with appreciable energy
(fmax) Of the input seismic record, as defined biKuhlemeyer and Lysmer (1973)in Eq.(8), where

Vs miniS the lowest shear wave velocity in a layer.

Q QQO0a Qax Q
OL QI W a GHJSWQ (8)

The fnax is estimated from the power spectrum of the utilized earthquake records one set for
| OT 11 AOAA AFighre 43 Bnd Ehé dtherjfor Pusti dol Figure 14b). For both, fuax is
taken as 10Hz, meaning that most of the energy carried by seismic waves is done so by waves of
frequency 10 Hzand lessKnowing the shear wave velocity distribution within the model regions,
the mesh can be adjusted to have various element sizes at different locatiohs Plaxis 2D 2024

the meshing is done by the following formula(Eq. (9)), where k is the average length of an
element.

8 1 OBnY o &) &) &) (9
Thefactorrp m8nme A O | 0111 AOAA AT A 0OOOE Ail xAO OOA,
are calculated forthe average shear wave velociésin the models. To modify the elements in each
region, the Coarseness Factor is changed for each region, by a factor <1 to reduce the fagfor |
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that region, and >1 to increase itWith that, a dense enough mesh is obtained, without having too
long computation times.
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and Pusti dol(bottom)
As mentioned previously the Hardening Soil Model with small strain stiffness (HSsmall for short)
was used for all materials in the loaddeformation analyses. All the required parameters for the
HSsmall modelasassigned to each region of each damodel, are shown inTable 1. For seepage

analyses, the Van Genuchten modelas used to definethe volumetric water content and
hydraulic conductivity functions for unsaturated flow through soil. Predefined functions based
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material parameters. For the limit equilibrium calculations, the MohrCoulomb model is usedThe

same dammodelswere usedfor dynamic load-deformation, transient seepage, and stabilityand

are shown inFigure 15 as created in Plaxis2D.
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2.3.2 Static analyses

During static seepage analyses, each dam is subjected tdifferent water levels, defined in D2.1
for each dam i.e.each dam has its own set of 9 watdevelsthat depend on the rainfall intensity
and duration (three durations, with threedifferent intensities consideredfor eachduration), and

on the reservoir and dam characteristics. Each watdevel is analysed in two phases. The first is
the rising phase, where the water level rises from the soil up to some level, which is relevant for
the slope stability downstream. The second phase is the rapid drawdown phase (RDD) where the
water reduces from its highest level back down to the toe of the dam. This phase is relevant for
the stability of the upstream slope.For the seepage analyses the mesh has been higtbnsified
compared to the previously described mesio obtain more accurate resultsthis was possibleas
seepage analyses are less computationally intensive than dynamic leddformation analyses.

Results ofthe 2D transient seepage analyses for eagtater level phase of ardinite element pore-
water pressuresat all nodes. These pore pressures are then imported into the stabilianalysis
software asdiscrete point datain and usedto interpolat e the pore pressuresatany intermediate
point.

LE analyseswere set up to search for the critical norcircular slip surfaces using the Cuckoo
searchalgorithm and calculat stability using the MorgensternPrice methodassuming ahalf-sine
interslice-force function. The minimum depth of the slip surface to considewas set to 1 m to
avoid tracking insignificant surficial sliding, which could haveled to misleading safetymetrics
when representing the stability of the damThe calculationswere conducted in accordance with
Eurocode 19971 and the Croatiamational annex, where the use of DAS is specifiedhus, all soil
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strength parameters are reduced by the appropriate partial factorsThe results of static LE
analyses are given for 18 scenarios for each dam, i.e. 18 factors of safety are obtaip@dor the
downstream slope and 9 for theupstream slope (3 for each rainfall durationwith 3 different
rainfall intensities). Eachx A O A O proBabilikyl oboCcurrence is defined through their 0.0015,
0.5 and 0.9985ractiles (equivalent ofmean * three standard deviationsn a normal distribution).
Thus, each FS is assuméd correspond to theopposite fractile in their own (FS) distribution, to
estimate the probabilities of failure (FS<1). In other words, the water wave corresponding to the
0.0015 fractile is assumed to generate a FS that corresponds to tBe9985 fractile in its own
distribution. A FS distributionmaythen be inferred from the 0.0015, 0.5 and 0.998&actiles. This
can be done by transforming the value space using the B&ox transformation(Eq.(10)) to make
the 0.0015 and 0.9985ractiles equally distant from the mean, i.e. resemble a normal distribution
(Eg.(11) and (12)).

o L P (10)

By applying Eq.(10) to the three values of the FS, we gé&q.(11), whereA AT A A AOA OEA

and standard deviation of the normal distribution in the transformed space

., O% »p
g ¥ P (11)
oy ,

‘09

From which Eq.(12) followsh x EEAE AAT AA O1 1 OAA A 0 1 OOET C
HONNS HON'S ¢ J0™¢ T (12)

The transformed values correspond to a nhormal distribution in the transformed space. Knowing
the distribution (normal), a large sample is taken, and is converted back to the original space
OOET ¢ OEA O KslaBje shmplté dah théeh e fitteBl with any appropriate distributionAs
Al AgAipi Ah EZECOOA 888 OEI xO OEA AEOOOEAOQOOEII
dam for the 0.9985 fractile of the water waveDespite all of that, the waterevels have minimal
effect on the stability of the dans astheir short duration does not allow water to penetrate far
enoughinto the damto have significant effect on thedownstream side, or to remain within the
dam during the receding phase to have significarninpact on upstream stability . For lower water
levels, it is not only a matter of duration but of water heightBecause of this, the probabilities of
failure calculated from the distributions obtained by the method described are essentially Thus,
only the mean value of the factor of safety is preséed for each damin Table 2, with negligible
probability of failure. As a higher and longer watetevelis applied, it is expected that the FS would
decrease. However, inconsistencies are found in this regard, showing slightly highersi8r a
larger water level than for a smaller waterlevel, indicating thatsmall variations in the results are
also due to criticalsurface searchingmethods.

Deliverable D 2.2. Vulnerability Assessment of the CI Subjected to Multi -Hazards 24



# ZEOT AAA AU %001 B A N
h " OAT O 1| COAAI Ap Ono AF
100 A 1

80 -

60 -

40 -

20

O - T T T
1.260 1.265 1270 1.275 1.280 1285 1.290 1.295 1.300
Factor of safety

Figure 16. FS distributionforl OT T I AOAA AT x1 OO OA A iHractlé warAvavk OOET C 1

Table 2. Results of stability analyses for all dams (mean factors of safety)

Water wave Downstream stability Upstreamstability
Dam fracti AverageFOSfor averageFOS | averageFOSor | averageFOS
ractile
each waterlevel | of all analyses| each waterlevel | of all analyses
0.0015 1.271 1.591
Il oT T 1A 0.5 1.270 1.27 1.600 1.60
0.9985 1.275 1.599
0.0015 1.515 1.650
Pusti dol 0.5 1.505 1.52 1.615 1.63
0.9985 1.535 1.625
0.0015 2.537 1.351
Jazbina 0.5 2.530 2.55 1.406 1.37
0.9985 2.572 1.340

2.3.3 Dynamicanalyses

For the dynamic case, 30 earthquake motionsere artificially created by a procedure explained

in D2.1 and appliedtotheAAOA 1T £ AAAE A AT Bhémdtidhswkr® theh Atledtd T AAT 8
OEA AAOGECT OPAAOOAR TTA &£ O 101171 AOAA AT A * AUAE
OEAO 10111 AOAA AT the sandesol fypelB) uhdetéath Ehéd @dlel, the first

design spectrum uses the acceleration of type A soil (0.26g) corrected for soil type B (0.3129).

Pusti dol lies on rock which corresponds to soil type A, thus the design spectrum for this dam uses

the uncorrected acceleration for soil type A.Thus, two sets & 30 earthquake motions are

I AGAET AAn TTA A1 O 10111 AOAA ADidplatehdnt &é obderveAT A OE A
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over the whole model, and the largestpermanent displacements (and their position of
occurrence) are noted. Horizontal accelerations are also observeat, the crown of the dam and
at the base.The materials in the finiteelement dynamic analyses are all modelled using the
HSsmall model with the parameters defined imMTable 1. The water table is set to the base of the
model, i.e. the materials are all dry.

The histograms of the totalpermanent dam-displacements areshown in Figure 17. The data for
all three damswere fitted nicely by log-normal distributions, also shown inFigure 17. It can be
seen that the order of magnitude of the permanent displacements is a few centimetresith
detected values between 1 and 7 cm.

The acceleration histograms with their corresponding fitted distributions are displayed irFigure

18 for both the crown and base of the dam#gain, the lognormal distribution showed to be the
best fit for the data.The accelerations at the base are expectedly somewhat lower than at the
crown, i.e. the seismic motions are amplified through the dam giving larger accelerations at their
crowns.

=== Crnomerec

/ e =T

= Pysti dol

Jazbina

0.01 0.02 0.03 0.04 0.05 0.06 0.07
Total displacement [m]

Figure 17. Histograms of thepermanent displacementswith fitted log -normal distributions
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Horizontal crown acceleration [g]

Figure 18. Histograms of the crown and base accelerations with fitted legormal distributions

Dynamic LEM analyses are conducted by the spectral pseudtatic approach (Ghobrial et al.,
2015), where the horizontal seismic coefficient is variable through the height of the model,
instead of being equal in all points as in the classic pseudtatic approach.The variation is
defined by Eq(13), where ky is the horizontal seismic coefficient at the bottom of the modet,is
the height of any point measured upwards from the bottom of the modeH: is the total height
from the bottom of the model to the top of the damwhile a and b are constants.

Na Q p O= (13)

It should be noted that forb=1 the variation is a straight line, forb<1, the curve has an exponential
form, and forb>1 it has a logarithmic form.The shape of the curve is governed by ttecoordinate

of the base and the value of the base acceleration, both relative to the moetlettom and the dam
crown. As the goal is to calculate the probability of failure, Monte Carlo simulations are used. This
means that sampling must be done from both the base and crown acceleration distributions
simultaneously, tocreate a variable k according to Eq(13). As sampling from two distributions

is required, the correlation between the accelerations at the crown and base of the dams is
investigated. The found correlation coefficients are 0.29n18poc AT A m8omn A O | OT 11
and Jazbinarespectively. These coefficients governed the samplingf the accelerations from the
defined distributions. Then, an automatic fittingprocedure is employed to find thea and b
coefficients from Eq.(13) for each pair of observations. Considering the expected shape of the
first mode of vibration of a dam, all curves with an exponential form are not considered, i.e. only
curves with bl pare considered, while the rest are discardedl o additionally consider the ability

of earthen structures to deform, the factorr from Eq. (14) is taken as 2, according tdhe
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recommendations given by Eurocode 19941. The factor Sfor different soil types in Eq.(14) is
already considered during the fitting of the earthquake records to the design spectra.

- ®» JY

Q 0 (14)
The vertical seismic coefficient is notconsidered, i.e. k=0. All calculations are again done in
accordance with Eurocodel997-1, where the partial factors for seismic calculations are equal to
1.To calculate the probabilities of failure, 1000 LE analyses with the variable kere conducted
(with all other settings equal to the described static analyses)for both sides of the damThe
obtained datawas then fitted with probability distributions z either the Gumbel or the skewed
normal distributions . From the respective cumulative distribution functions, the probability of
getting a FS<lwas calculated, as shown iffable3. As the earthquake motion causes accelerations
in both directions, both sides of a dam must be considered to assetsoverall stability.

Table 3. Conditional pOT AAAETI EOEAO 1T &£ AT OE O1I 1 PAOGE ET OOAAEI E

Dam Upstreamprobability of failure [%] | Downstream probability of failure [%]
| OT T 1 A 0.35 12.1
Pusti dol 87.7 84.4
Jazbina 12.3 2.7x10%

Pusti dol, due to its geometry and materials seems te the most vulnerable of the three analysed
dams, with very high probabilities of slope instabilities on both sidesThe other two dams both
have relatively high probabilities of slope instability on one side, and negligible probabilities on
the other side.It should be noted that the reported probabilities are:

a) Conditional probabilities that should be multiplied annual probabilities of earthquake
occurrence to get total annual probabilities of failure. The annual probability of
occurrence of a 475RP earthquake is roughly 1/475, which would reduce the max.
probabEl EQU 1T £ AAEI OOA A1 O 10111 AOAA O mn8mcub
Jazbina.
b) Probabilities of slope failure with slip surfaces only a couple of metres deep. This means
that a slope failure does not equal dam collapse. However, both slopes failing would result
in greater damage than if a slope failed alone. In this regard, the maatinerable is Pusti
dol that hasa high probability of failure for both slopes, while the other two dams have
relatively high probabilities only on one of their slopes.

2.4 Flood simulation analyses due to dam failure

2.4.1 Introduction and methodology

&1 AOGE A1 TTA OAAT AOGETI O 11 OEA OOOAAI O 10111 AOAAL
analyzed without the presence of current retention dams. The flood event considered was a flash

flood scenario triggered by rainfall with an intensity of 29.5 mm/h laging for 134 minutes. Based

on these values, using the Rational Methgd %O C A E fihe maximom(discharges Qmax were
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calculated and hydrographs showing the flow rates over time were generated. The general
formula of the Rational Method is that the maximum discharge is the product of rainfall intensity,
runoff coefficient, and catchment area, and it is as follows:

0 " B (15)

where i represents rainfall intensity (amount of rainfall per unit of time), Cis the runoff
coefficient, andA is the catchment area. If @ is to be expressed in m3/s, rainfall intensityi in
mm/h, and catchment areaAin km?, then the formula becomes:

0 ] Y YT D (16)

Hydrographs were created using their formula and by calculating the time of concentration
which is the time needed to reach the maximum discharg@nax. For the calculation of time of
concentration, theKirpich equation was used(Kirpich, 1940):

0 m@rpwd® OY 8 (17)

where tc is the time of concentration in minutesL is the length of the main flow path in meters,
and Sis the slope of the flow path. Values @fand Swere calculated using a digital elevation model
(DEM).

The resulting hydrographs and flow values were used as input variables in the HEE2ORAS
software. A 2D unsteady flow simulation model was used to display and analyse flood scenarios
on the streams. In the HERAS a square computational mesh with a base afal resolution of
3x3 m was developed for the wider floodplain area, while along breaklines a finer spatial
resolution of 0.5x0.5 m was applied. Along the central breakline of the stream channel, the
resolution was further refined to 0.3x0.3 m to enablenore accurate spatial differentiation of
hydraulic variability and to guide the flow direction within the channel.

A digital elevation model (DEM) with a spatial resolution of 1x1 m, obtained from LIDAR data,
was used as the topographic base layer. The DEM was modified in selected areas to provide a
more realistic representation of flow under urban conditions and in tle zones where existing
retention dams are located. In the urbanized sections of the stream channels, where segments of
several tens of meters are covered by roads, railway infrastructure, and other structures, it was
not feasible to explicitly model suchéatures as culverts or similar hydraulic structures due to the
spatial resolution limitations of the DEM. Instead, the DEM was adjusted in these areas by defining
an open channel with a crossectional profile similar to that of adjacent uncovered segments
thereby avoiding potential numerical instabilities and altered distributions of flow velocity and
depth.

Due to the absence of reliable bathymetric data for most profiles, the model was calibrated
through an iterative procedure. The calibration process involved assessing the numerical stability
of the model, its sensitivity to variations in key input parametes (such as the Manning roughness
coefficient), and conducting multiple simulations on different stream segments to achieve stable
solution convergence.

An important part of modelling in HECGeoRAS is determining surface roughness, i.e., the
Oi OCET AOGO 1T &£# OEA OOOAATI AAA AT A OOO001 O1T AET ¢ AOA,
coefficient n, in combination with terrain configuration, the flow characteristics and surface flow
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OA1T T AEOU AOA AAOAOI ET AA8 41 AA Okniore Rrécidely;adand ET C6 O
use base map was created. Land use types were classified into buiit (urban) areas, forests,
grassy/cultivated areas, and water bodies. The types were determined based on digital ortho

photo maps for 2021. year from State Geodetiddministration. Land cover was vectorized in

ArcGISPro 3.4.2 software in 1:500 scale. Each surface type was assigned a specdaefficient

value, according to literature(Chow, 1959; Asante et al., 2008; USACE, 202@gnerally, lower

values of coefficientn describe smooth surfaces with fast water runoff, while higher values

indicate rougher surfaces with slower runoff.

In addition to land use, buildings were specifically singled out and assigned very higihvalues
because they act as obstacles. Also, streambeds were divided into sections with different
coefficient values, depending on the degree and type of channel modification, as well as materials
present in the streambed.

The methods used naturally have their limitations; however, they are the most applicable in the
cases studied. It is important to note that the 1x1 m resolution digital elevation model is prone to
errors, especially in the case of streams whose channel widis relatively narrow (on average
from 1 to 3 meters, rarely more). It should also be emphasized again that certain parts of the
streambeds in the digital elevation model were modified, especially in cases where the streambed
is covered by urban infrastiucture and in the previously mentioned areas of the retention dams.

2.4.2 Results and discussion

2431 0111 AOAA OOOAAI

4EA 101171 AOAA OOOAAI xAO AT AT UGAA AiT1¢ OEA Al OE
in Zagreb that has most of its flow open from the source to the mouth. When calculating the

maximum dischargeQnax using the rational method, a high runoff coefficienCof 0.5 was used in

order to produce an extreme flood scenario. Th&nwx | £ OEA 1 0111 AOAA OOOAA
described conditions is 28.7 m3/s. The time of concentratiort, i.e., the time needed to reach

i AGEI O AEOAEAOCA rd&m0s50midutes T@bleid)l Thedbiratiortobihe peak

was 30 minutes, after which the discharge values went dowriF{gure 19; Table4).

Table 4. Discharge values through time in the observed scenario

Duration (min) Discharge (m?3/s)
0 0.5
10 5.44
20 10.88
30 16.32
40 21.75
50 28.7
60 28.7
70 28.7
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80 28.7
90 24.47
100 19.03
110 13.6
120 8.16
130 2.72
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Figure 19.( UAOT COAPE 1T &£ OEA 101171 AOAA OOOAAI EI
The model indicates that, in this scenario, flooding would occur in the first anadgd sectiore at
the upper part of the stream where the existing retention dam isocated. Water would overflow
the channel but remain confined within a narrow area due to the terrain configuration,
specifically the steep and narrow valley sidesKigure 20). Most of the flooding occurs upstream
of the retention structure, where urban development begins and houses appear along the stream

banks (Figure 20). This scenario aligns with several flash flood events recorded in recent years.
Downstream of the current dam location, the stream only overflows in small, shallow pockets.

In the second section Figure 21), the stream is still confined by steep valley sides, which limit
flooding to only a few small areas. According to the model results, very few houses are at risk, and
most of the water remains within the channel.
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The third section analysed marks a transition from the narrow valley to a broad floodplain. Here,
the stream gradient decreases, resulting in slower water velocity. Consequently, this is the area
where most of the flooding occurs, posing the highest floodsk and potential for damage,
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particularly due to its urban character Figure 22). Although the stream ischannelled and

protected by levees on both banks, under this extreme scenario, overtopping still occurs. Flooding

affects both sides of the stream but in different locations. The first affected area lies north of the

railway line (running eastzwest) on the right bark, with relatively shallow flood depths, except

where water flows beneath the railway and onto the road Eigure 22). The second and third

Al TTAAA AOAAOG AOA Al x1 OOOAAI 1T &# OEA OAEI xAUh 11
flooded zone just south of the railway features relatively deep water. The fourth, southernmost

flooded area on the right bank? is the largestin extent, though water depths there are relatively

shallow.

In the fourth and final section of OEA | OT T i AOAA OOOAAIi h OEA AEATTA
bordered by levees. No flooding occurs in this segment, and the water remains fully contained
xEOEET OEA 1 AGAAOG Ai1 OEA xAu O1 OEA Al 1T &£ OAT AA

River (Figure 23).

2.4.4 Bliznec stream

The Bliznec stream was analed till the point where the flow is directed to the underground

drainage system. When calculating the maximum dischar@@.xusing the rational method, a high

runoff coefficient Cof 0.5 was used in order to produce an extreme flood scenario. TQrax0f the

Bliznec stream under the described conditions is 44.49 m3/s. The time of concentratidg i.e., the

OEi A TAAAAA O OAAAE | AgEIi Oi AEOAEAO OG5 Ahed OEA |
duration of the peak was 30 minutes, after which the discharge values went dowikigure 24;

Tableb).

Table 5. Dischargevalues of the Bliznec stream through time in the observed scenario

Duration (min) Discharge (m?3/s)
0 0

10 8.78

20 17.56
30 26.34
40 35.12
50 43.9

60 44.49
70 44.49
80 44.49
90 39.51
100 30.73
110 21.95
120 13.17
130 4.39
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Figure 24.Hydrograph of the Bliznec stream in observed scenario

The model indicates that, in this scenario, flooding would occur in the first anadgd section- at
the upper part of the stream where the existing retention dam is located. Water would overflow
the channel and flood the parts of the roads and houses nearlgespite the terrain configuration
(Figure 25). Most of the flooding would occur on the location of the current retention structure,
but also in the areas upstreamKigure 25). The depths would mostly be below 0.5 meters. Similar
floods have occurred in this area, but were mainly caused by heavy rain accumulating on the road
rather than stream water.

In the second section Figure 26), the stream continues to flood the area around the channel, i.e.

the narrow floodplain. In the area where the valley reaches the floodplain the flooding occurs in

a wider area on the left bank sideRigure26dh ET ET ET ¢ OEA xAOAO xEOE OEA
to the Dubrava hospital. The flood depths would remain relatively shallow.

In the third and final section of the Bliznec stream, the channel is largely straight and flows near
the Maksimir park. The flooding occurs at the end of th segment, around 200 meters before the
entrance to the underground drainage system. According to the model the flooding would occur
on boththe right and left bank, butat relatively shallow depths.
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Figure 25. Flooding model of the first section of the Bliznec stream

Figure 26. Flooding model of the second section of the Bliznec stream
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2.4.5 Pusti dol stream
4EA 0OOOE Al1 OOOAAI j O CAOEAgd tit theddsint wiiele ¢hd A OO OA
flow is directed to the underground drainage system. When calculating the maximum discharge
Qnaxusing the rational method, a high runoff coefficienCof 0.5 was used in order to produce an
extreme flood scenario. Theax of the Pusti dol stream under the described conditions is 23.54
m3/s. The time of concentrationtc, i.e., the time needed to reach maximum discharge for the
I OT 11T AOAA OO OA Alallie6)EThe duratior oFthe Pedldvias §0 minutes, after which
the discharge values went downFigure 27; Table6).
Table 6. Discharge values of the Pusti dol stream through time in the observed scenario
Duration (min) Discharge (m?3/s)
0 0
10 7.51
20 15.01
30 22.52
40 23.54
50 23.54
60 23.54
70 23.54
80 23.54
90 23.54
100 23.54
110 18.76
120 11.26
130 3.75
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Figure 27.Hydrograph of the Pusti dolstream in observed scenario
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In the case of the Pusti dol stream the flooding would occur only in a few narrow places close to
the stream channel. In the first analysed section most of the stream is confined in the narrow
valley with the steep sides. Even when the stream enters the hanized area the relief
configuration does not allow the flooding to occur, because of the steep valley sides and high
channel gradient. Small narrow flooding would occur only in the areas close to the stream
channel, which includes a few houses and roadBEigure 28; Figure 29). A relatively large flooded
area occurs inthe section about 600 meters before the stream flows o the underground
drainage system. Here the water would flood the main roadral several housesover a stretch
about 200 meters long, butwould remain relatively confined to the areasurrounding the stream.

Figure 28. Flooding model of the first section of the Pusti dol stream
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