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Executive Summary

This report outlines the results of tasks B.p Idéhtification and quantification of the current
and future multi hazard scenario$ performed within WP2 of the CRISAFBproject. It focuses

on the analyses of extreme rainfall and seismic scenarios in the city of Zagreb and flooding
events and static liqguefaction events in the city of Rotterdam. Aft@verview of the potential
hazard scenarios due to earthquakes and extremminfall, using event trees to delineate
potential sequences of hazard events and their caussdfect relationships, deliverable
quantifies the impact of selected earthquake and rainfall / flooding scenarios by performing
numerical simulations or by utilizing the already available data on relevant hazards

Keywords:hazard, scenario, event tree, earthquake, floodirextreme rainfall, retention dam,
embankment
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1 Introduction

This report presents ananalysis of potential hazard scenarios in theCRISAFE o case study
areasz city of Zagreb and city of Rotterdam. The scenarios were analysed through the lens of
critical infrastructure and its potential vulnerabilities, with a particular focus on flash flood
retention system in city of Zagreb and flood prtection embankment section in the city of
Rotterdam. These scenarios ardinked with hazards that have the potential to trigger cascading
events, resulting in impacts greater than those of the initial hazard alone.

The first objective is togive anoverview of the potential hazard scenarios due to earthquakes and
climate extremes, using event trees to delineate potential sequences of hazard events and their
causeeffect relationships. By doing so, we aim to aid the planning of civil protection and disaster
relief operations, thus mitigating the adverse effects of such scenarios domoth the built
environment and the population. The second objective is to quantify the impact of selected
earthquake andrainfall / flooding scenarios by performing numerical simulation®r by utilizing
the already available data on relevant hazard3.he results will be used as input fovulnerability
analysis presented within the deliverable 2.2, as well for thémplementation of the risk
methodologyin case study areas, within th&VP3.

After the introduction, Section2 of the report analyses hazard scenarios in Zagreb case study area
with consideration of extreme rainfall and associated water waves, and seismic hazards. Also,
other relevant hazards are considered including the landslide and liquefaction occurrence. For
the Rotterdam case study area, Section 3, flooding scenarios have been thoroughly examined as
well the staticliquefaction hazard.The report wraps up with Section 4, where the conclusions are
drawn, and knowledge gained from this work is presented.

The overview of the relevant event trees for each case study area is given in Figure 1 (Zagreb case
study area) and Figure 2 (Rotterdam case study area).

Deliverable D2.1 Current and future cascading multi - hazard scenarios
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Figure 1. Event tree for Zagreb case study area

rvenr T
S
— EE—

St HIGH WATER LEVEL LEVEE FAILURE

l

EVENT C

SCOUR

EVENT D1
EXPOSED POPULATION

BUILT ENVIRONMENT & INDUSTRY

TRANSPORTATION INFRASTRUCTURE

EVENT D4
UTILITY INFRASTRUCTURE (SEWAGE, ELECTRICITY, COMMUNICATION ETC)

EVENT D5

— SOCIAL INFRASTRUCTURE (HEALTH,EDUCATIONAL, PUBLIC ETC)

Figure 2. Event tree for Rotterdam case study area

Deliverable D2.1 Current and future cascading multi

- hazard scenarios



il AAA AU %OOT PA

* # ZEOI
"OAT O 1| COAAI AT O . _/\/SAFE\/\_

*
* o %

2 Hazard scenarios in Zagreb case study area

2.1 ldentification of hazard scenarios

2.1.1 Description on hazard scenarios

This chapter presents an overview of the identified hazard scenarios that are relevant to the

stability of the retention dams on Medvednica mountain. The dams constructed on Medvednica

protect the city of Zagreb from floods occurring from heavy rainfall. Aiis problem is of increasing
importance due to climate changeswhich lead to an increase of frequency and duration of heavy

rainfall, even more so for rarer eventgNissen and Ulbrich, 2017; Hosseinzadehtalaei et al., 2020)

Such changes resulting in more incoming water in shorter periods mean that the retentions are

getting filled to higher levelsthan before, producing higher hydraulic loads on the dams. On top

of higher water loads caused by climate changes, there is the unclyamy fact that Zagreb lies in

a seismically active areaThus, to evaluate the safety of the Medvednica dams, analyses should
consider both rainfall and seismic events. The natural question that is posed is whether these two
hazardous events can ocauat the same time, which would drastically increase the probability of

failure, as loads from multiple hazards would act at the same time. This question can, however,

be answered by introducing some assumptiond.he first assumption regarding rainfall events is

OEAO 1T1T1U 1TTA OEECES6 EIT OAT OEOU AOGAT O 1T AAOOO EI
extreme eventsthat might trigger failure, this assumption can be justified when considering such

rare events.Due to the duration of extreme rainfall beiry mostly shorter than one hour, an
assumption must also be made for earthquakes. That assumption considers that any relevant
damage occurs onlyduring the main shock, ignoring all the aftershocks. Theeason for this
assumption is that aftershocks occur over the course of few weeks after the main shock. Thus, if

we would consider the aftershocks, a time period smaller than a week would be unreasonable
(Hynes-Griffin, 1980),AT A EO AT AOGT1 60 1 AOAE OEA 1T OAAO 1T £ 1 ACI
this assumption can also be justified by the type of analyses that will be conducted, where an
AAOOENOAEA8O AEEAAO EO 111U AT 1T OEAAOAA neAtOOET G  (
damage that is retained and transferred through multiple analyses, to be accumulated. Thus, with

these assumptions in place, section 2.1.2 describes the calculation process for estimating the
probability of joint occurrence of two hazard scenariograinfall and earthquake.

The mechanism by which rainfall events may cause failure of a dam is thrduthe increase of
external and internal pressures. A rain falling upstream of the dam has the effect of producing a
water wave defined by some hydrograph showing théow discharge for the duration of the water
wave. Upon reaching the dam, the hydrodynamic pressures are usually neglected, and only the
hydrostatic pressuresare considered in the transient situation of rising water level. The water
ET £ZE1 OOAOA O OE Ayafdistarts flowids tavards tha landwiat sldpk IAsing energy
ET OEA DPOT AAOOh OAPOAOGAT OAA AU EUAOAMdESign EAAAN
requirement for dams is to reduce the hydraulic head to or lower than the landward toe, i.e., to
fully keep the piezometric line within the body The longer the water wave duration, the closer
the water flow through the dam will be to a steady state case, which is the most unfavourable
case. However, fora short duration of extreme rainfall this is not expected to happenBy
propagating through the soil, the water fills the pores and increases the water pressures, which

Deliverable D2.1 Current and future cascading multi - hazard scenarios 7
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in turn reduces effective stresses that are directly proportional to the shear stress of soil. By
reducing the shear strength too much, a sliding failure may occur on the landward slope of the
dam. After the peak water level passes, the focus is redirecténlvards the waterward slope. As
the water recedes, the water from the reservoir drains faster than the water within the dam body,
leaving increased pore pressured the soil, while removing the stabilizing effect of the external
water on the waterward slope. This might cause sliding failure of the waterward slopeA
complete pore pressure distribution throughout the water wave duration can be obtained by
finite element transient flow analyses. An additional effect to the described incoming water wave
is provided by the rainfall occurring not only upstream of the den, but also directly over the dam.
In this case, infiltration of rainwater through the surface of the dam is considered together with
the described water wave effects. Infiltration has the sameffect of increasing pore pressures,
while also removing any favourable suction effects (if considered) The main result of flow
analysesthat is the input for stability analysesis the pore pressure distribution within the dam
body.

Earthquakes have multiple effects on soils, not all of which are considered heta.general, a
reduction of shear stiffness is expected as a result ofdic loading and increased shear strains.
Within earthen structures the most notable effect is the induction of inertial forces that in
alternating phases act towards or away from the slope, where in the latter case the effect is highly
unfavourable and might lead to sliding failureFor specific soil types, namely sandy and silty soils,
that are saturated as can be expected underneath a dam, the pore pressure might drastically
increase instantaneously, not allowing the water to drain away from the pores, in a process called
liquefaction. When the pore pressures are increased enough to overcome the tottdess caused
by the overlying soil and structure, the soil loses its strength and behaves like a fluid for until the
excess pore pressures are drained from the pores. In this short duration, large deformations can
occur affecting the serviceability and ulimate limit states of the structure, in the form of cracks
that make the dam lose its integrity potentially causing various other issuesThe liquefaction
mechanism is not considered in this study. However, permanent deformations caused by cyclic
loading are considered through dynamic numericahnalyses by a reduction in shear stiffness
This effectis not considered when calculatingthe stability of the dam, as simlified procedures
are employed that consider only the maximum inertial force that a dam wadd experience during
the earthquake event.

2.1.2 Joint occurrence of rainfall and seismic events

A description of the individual events is given irthe following Sections of this documentThis
section employs the methodology for the calculation of a joint occurrence of high water and
seismic events demonstrated byHynesGriffin (1980). As stated before, to estimate the
probability of an earthquake occurring during the rainfall event the time units of the earthquake
occurrence, defined through a return period,and rainfall duration must be matched.Extreme
rainfall events can be approximately said to last up to one houwhile the water wave will last
longer than the rainfall,an hour will be the time period of reference for this analysisUltimate
limit state analyses in Croatia are conducted fot75-year return period (RP) earthquakeswhich

is therefore chosen as the return period for these analyses. In a year, considering 365 days, there
are 8760 hours. e annual probability of exceedanceof a 475-year RP earthquake is

Deliverable D2.1 Current and future cascading multi - hazard scenarios
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approximately 1/475, which means that we can calculate ghhourly probability of exceedance
as.

o P p
S ETINT - TN

8 pm (1)

C2
S5¢

From rain durations we know the volume of water in the reservoirs, and from the volume, we
know the water surface elevation. From the elevation, the outlet desigdischarge, and the
spillway discharge, we can calculate the time the water takes to drain fno the reservoir. As
described in Section Z., by considering the rainfall volume vs time curve together with the outlet
discharge design curve, spillway discharge design curve, and the volume vs elevation curve for
the water in the retention, we can calculate the resulting water wave propertiessiven that the

x AOAO xAOAO &£ O 10TTiAOAA AT A 0OOOE Ai1 AAI O EA
water waves are quite different from them, we have two water waves for which analysis is
AT 1 AGAGAA8 &1 O 1 O01TT1AOAA AlvddurdiGh@®G@bund7h warydgE A | AAE

between approx. £11h), while for Jazbina it is 9.2h (varying between approx.-87h) z as shown

in the results of Section 2. Then, the probability that one or more earthquakes exceeding the

475-year RP occur in the time when there is water in the reservoir, given that a rain event of

specific intensity producing a water wave of duration () occurs with certainty in a year, is

calculated from Eq(2)h AT A &£ O 1 O1 1T i A OARAWhdeGodlaminai2%16:EO EO ¢ 8

Gsﬁ p p Gﬁ (2)

where the indicesErepresent the earthquake eventN the duration of the water wave,R the rain
event, and the exponent the actual value of the duration of the water wave in hours. Seeing as
an extreme rainfall can hardly be defined by a specific duration, it would be more appropriate to
define its duration in a range of possible value, as a probability distribution. Coaguently, it is
assumed that the water wave duration will have a similar distribution. The intensity may also
vary for an extreme rainfall event, especially for different durations of th event. However, for
this calculation only the duration of the resulting water waves is of importance. In this case the
above probability needs to be multiplied by the probability of any specific duration occurring. For
duration as a continuous variablethis probability can only be calculated for any small range of
durations, and not for a specific value, from the cumulative distribution function. The probability
that any duration betweenn; and ni:1 happens is:

0 ¢ s %o € %0 € (3)

which multiplied with the previously calculated probability gives the probability of one or more
earthquakes that exceed the 47%ear RP intensity and the water wave lasting within a specified
range is:
Ohs 0& 5 Dygp (4)
Considering the bounds of the duration distribution, i.e., the lowest and largest expected duration,
OEA PO AAAEI EOU OEAO A xAOAO xAOADS® AOOADEIT xE
this coarse approximation, the probability is equal to that of Eq2):

Gﬁs p:ﬁsﬁ (5)

Deliverable D2.1 Current and future cascading multi - hazard scenarios 9
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However, if the actual distribution is known, then, to include all possible values of the water level

duration into the calculation, we need to sum over all possible values of duration. In this case the
durations are defined as ranges, with precision propional to the selected time interval, and the
probabilities of any duration are actually calculated for the ranges, according to E@). For small

enough time steps, the summation becomes an integral. We get the average probability value
unconditional on duration from Eq.(6)h AT A A O | OT 1T 1 ACAEMnB®OE AT |
Jazbina 2.4x16:

0 g 0¢ ¢ e 5 (6)

where the first term represents the probability of the water wave duration being found in a
specific range defined by the time step consideregthe closer the duration is to the mode of the
distribution, the higher the probability . The second term is the probability of an earthquake
exceeding 475year RP intensity occurring during any water wave of duratiom z the larger the
duration the higher the probability

All the previously calculated probabilities assume that a highly intense rain event indeed occurs
once a year. To include the uncertainty that the rain event will actually occur in that year, we need
to consider its return period "Y:

P -
D (7)

C2
¢

This value indicates the probability of exceeding a rain event of given intensifgand uncertain
duration, which generates a water wave also of variable duration, and having one or more
earthquakes occur during that time for any single year. For the design working life (DWL) of such
structures (dams), of 100 years, the probability of oberving the combined load case at least once
during the dam lifetime is:

0 & p p Of (8)

As the return period of the rainfall is not available, the last two probabilities are not calculated.
However, we can note that for a rainfall return period equal to the DWL, E(B) equals the results
of Eq.(6). For a lower RP, the probability is higher, and for a higher RP, the probability is lower.
Anyhow, even from the previously calculated probabilities of 7.010-7 - 2.4x10-6, we can conclude
that, being so low, the joint occurrence where an earthquake exceeding the 4y&ar RP occurs
during the short period of high-water level in the reservoir is practically negligible.Thus, the
seismic and rain events are considered separately in all further analyses.

Deliverable D2.1 Current and future cascading multi - hazard scenarios 10
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2.2 Rainfall hazard

2.2.1 Basin description

The spatial analysis is oriented towards the basins of three Medvednica retentions:OT T i , AOA A
Pusti dol and JazbinaKigure 3). The basin delineation and morphometric data are obtained by

GIS analysis of a digital elevation model with a spatial resolution of 2x2 m in the ArcGISPro 3.3
software. For all retentions, maximum volumesare also calculated according to the isohypse
corresponding tothe crown elevation of each individual retention Table1).

(Km«wlﬂ
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:3\\{ QN
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&
\\
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Tumaé
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Table 1. Retention volumes at the respective crown levels

Retention | Elevation [m.a.s.l.]| Volume [m?]
Lr no m 2400 177546.6
Jazbina 195.1 969149.1
Pusti Dol | 294.0 1433559

4EA 101171 AOAA OAOAT OEA4.dkmAaAditieimosBwidEsprénd sufdce cAverA A 1 £
is forest, while in the hypsometrically lower surrounding area around the retention there are
meadows and anthropogenic areas of settlements and roads. Hypsometrically, the lowest point

Deliverable D2.1 Current and future cascading multi - hazard scenarios 11
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in the basin is 228.2 m above sea level, and the highest is 875.8 m above sea level. The mean
altitude is 486.6 m above sea level. The minimum slope angle is 0°, the maximum is 72.47°, and
the mean slope angle value is 23.32°.

The Pusti dol retention basin covers an area .58 kn?, and the predominant surface cover is
forest, with roads as linear anthropogenic elements. Hypsometrically, the lowest point in the
basin is 270.6 m above sea level, and the highest is 981.8 m above sea level. The mean elevation
is 586.8 m above sea levellThe minimum slope is 0°, the maximum is 75.5°, and the mean slope

is 24.79°.

The Jazbina retention basin covers an area 9.8 kn?, and the most widespread surface cover is
forest, while in the hypsometrically lower surrounding area around the retention there are
meadows, agricultural areas and anthropogenic areas of settlements and roads. Hypsometrically,
the lowest point in the basn is 184.2 m above sea level, and the highest is 991.7 m above sea level.
The mean elevation is 488.3 m above sea level. The minimum slope is 0°, the maximum is 81.16°,
and the mean slope is 21.12°.

2.2.2 Analysis of rainfall

Data on precipitation were requested and downloaded from the State Hydrometeorological
Institute (DHMZ). Data for the period from1st January 1998 until 31st December 2023, was
analysed, which makes a time series of 25 years. Considering the network of automatic and rain
gauge stations, the following is covered:

Rain gauge stations (daily data):

1 - EEOI EcCE
1 Puntijarka
T £AO0ET A

Automatic stations (hourly data):

1 Puntijarka
1 Maksimir

Extreme precipitation is defined as precipitation of 30 mm or more per hour. Analysis of daily

data at various rain gauge stations on Medvednica clearly shows a distinctly local character in the
manifestation of extreme precipitation. According to hourly éta from the automatic station

Puntijarka, in the analysed time series, o6t June 2018 at 13:00, 53.8 mm of rain fell. At 14:00,

on the same day, 42.9 mm of rain fell. The precipitation itself on the mentioned day lasted a total

of 4 hours, during whicha total of 97.6 mm of rain was recorded. On the same day, 2.9 mm of rain

AT AO OEA OAET CAOCA OOAOGEIT £AOOET Ah xEEI A A
-EEOI ECE8 !'!'TAIUGEO 1T &£ EIT 601U AAOA FEGImrasEA AOO
revealed differences in hourly and total daily amounts, and looking at the entire 2pear series,

12.3% more hours with rain were recorded at the Maksimir station than at the Puntijarka station.

The difference is also visible in the total amounaf rain in the same time series, which is 8% higher

at the Maksimir station. The highest hourly value recorded at the two analysed automatic stations

is 61 mm at 14:00 onthe 14t of September 2023 at the Maksimir automatic station, while the

Deliverable D2.1 Current and future cascading multi - hazard scenarios 12
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highest hourly value from the Puntijarka automatic station was recorded at3:00 on the 13t of
June 2018and amounts to 53.8 mm. From both stations, all hourly valuesvith recorded rain
greater than 30 mm per hour were separated. At both stations it is clear that all such intense rains
were recorded in the period from 2013 to 2023, while in the earlier years of the anadgd series
there were no such extreme hourly valuesecorded. When the extreme hourly valueswere
separated, the surrounding hours ad days were additionally analysed in order to establish the
real duration and intensity of the entire precipitation (Table2 and Table3). The Maksimir station
records more intense extreme rains than the Puntijarka station, which is another reflection of the
distinct local character of such precipitation. Considering the orographic characteristics of
Medvednica and its foothills, and the role of Medvednica as an orogenetic generator of local
precipitation, the same is visible in the larger amounts of rain, the larger numbesf days with
rain, and the higher intensity of precipitation at the Maksimir station.

Table 2. Extreme rainy hours for the Puntijarka automatic station in the period 19982023

Date Duration [h] | Quantity [mm] MaxinErl:]nr:]/irr:]tensity Aver?r?]?nn:]ensity
13 June2018 4 97,6 53,8 24,40
11 June 2019 2 31,1 30,3 15,55
25 July 2017 3 43,9 33,6 14,63
24 July 2020 6 54,2 31,6 9,03
12 June 2014 6 52,5 34,8 8,75
3 August 202(Q 5 42,1 34,6 8,42
15 May 2017 5 40,5 30,7 8,10

According to data from DHMZ, 2024.

Table 3. Extreme rainy hours for the Maksimir automatic station in the period 19982023

Date Duration [h] | Quantity [mm] MaxirrErL:]rrr;/irr]l]tensity Aver?rgr]]i]miansity
13 June 2018 1 46,1 46,1 46,10
19 July 2023 1 39,2 39,2 39,20
26 May 2014 2 45,9 44,6 22,95
28 August 2013 2 34,4 33,0 17,20
14 September 202 6 77,5 61,0 12,92
30 July 2014 4 41,2 38,4 10,30

According to data from DHMZ2024.

Since the primary area ofanalysis is Medvednica hourly data from the Puntijarka automatic
station are taken into account in further analyses. Based on Flow Duration Curves (FDC) such as
those created to review flow frequency, a graph was created with all hours in which rain was
recorded in the observa 25-year period according to data from the Puntijarka automatic station,
according to which the median is 0.5 mm of rain per hourHigure 4).

Deliverable D2.1 Current and future cascading multi - hazard scenarios
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Figure 4. FDC graph based on hourlgnd multi-hourly data from the Puntijarka automatic
station for the period 1998- 2023., based on data from DHMZ, 2024

2.2.3 Methodology for estimating water flow and volume during
extreme precipitation events

In order to estimate the flow, and thus the volume of water during intense rainfall, the Rational
Methodj %O C A E Was gsadp Tin&lgeneral formula of the rational method is that the maximum
flow is the result of the product of the rainfall intensity, the runoff coefficient and the area dhe
basin (catchment area), and is as follows:

0 Qo6 o (9

where i represents the rainfall intensity (amount of rainfall per unit of time), Crepresents the
rational coefficient (runoff coefficient), and A represents the catchment area (basin area). The
formula itself derives from the general water balance formula, which is:

0 0 OY'Y YY O (10)

where Qis the flow rate, which is equal to the amount of precipitatior?, from which the amount
of evapotranspiration ET, subsurface runoffU, soil moisture changes- 3and interception | are
subtracted (Sutcliffe, 2004). If Quax is to be expressed in s, the precipitation intensity i in
mm/h, and the catchment areaAin kmz2, then the formula takes the form:

# | I
" OAT O ! COAAI AT O . /\SAFE\/\_
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Data on precipitation intensity i are obtained from the DHMZ measuring stations, namely the
Puntijarka station and the Zagreb Maksimir station. The areas and boundaries lo&sins A are
calculated in the ArcGIS program using the Hydrology tool package on a digigévation model
with a cell size of 5x5m. The rational coefficient (runoff intensity coefficient) C represents the
ratio of the amount of water that falls on the catchment areAto the amount that flows away with
streams. Its value in theory can range from 0 to 1. The value of the coefficient depends on the
slope of the slopes, soil saturation with water, i.e. the possibility of infiltration, soil type, type of
cover, vegetaton period, evapotranspiration and other spatial factors. The use of the coefficient
Cis also the biggest disadvantage of this formula because it depends on expert judgment, although
certain valuesare defined depending on the slope of the terrain and land covéGrimaldi and
Petroselli, 2015). For mountain forest areas during extreme rainfall events, the runoff coefficient
Cis usually between 0.2 and 0.4, although in extremely wet conditions it can reach higher values,
and in dry conditions much lower. The water volumeé/in m3is calculated as the product of the
maximum flow and its duration.

2.2.4 Analysis of available hydrological datg | OT T | #tréafnA
-EEOI ECE OOAOQEI I

| £/ OEA T AOAOOGAA OOOCAAI Oh TT1U OEA 10111 AOAA OOOR
of the retention, which makes it applicable for hydrological analysis related to the filling of the

retention area with water. Hourly flows are used, which arearrelated with precipitation. Several

situations of intense precipitation are analysed, and situations of the highest measured flows are

also analysed. The hydrograph analysis method is used to calculate the water volume.

2.2.5 Estimation of water flow and volume during extreme
precipitation events

When applying the rational formula for calculating the maximum theoretical flow and water
volume, a runoff coefficientC of 0.5 was used. This coefficient value was chosen because it
describes the conditions (soil saturation with water, reduced interception, lower
evapotranspiration, etc.) in which extreme flows can occur during intense rainfall. For each of the
analysed streams, extreme flow value€max and water volumesV are calculated, which represent
the total volume flowing through the stream, or which would fill its space if the retention dam
were closed.Table4, Table5 and Table 6 show scenarios for different rainfall intensitiesi, from

10 to 60 mm/h. If we compare the obtained water volume values with the retention capacity
(volume), it is evident that for all dams, even for rainfall of an intensity equal to 60 mm/h, there
EO 11T DI OOEAEI EOU 1T &£ OEA OAOAT OET 1 erdcAdmQuhdsedD A O &l T »
retention fills up to 82% of its capacity. Thus, event of relatively higher intensities of the analysed
ones would be required for overflowing to occur.
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Table 4. Maximum flow and water volume values®l O OEA |1 OT T 1 AOAakfalOOOAAI
duration)
Qmax[M¥s]| C | A[km?] | i[mm/h] | V [m?]
40,28 0,5| 4,83 60 144900
33,57 0,5| 4,83 50 120750
26,85 0,5| 4,83 40 96600
20,14 0,5| 4,83 30 72450
13,43 0,5| 4,83 20 48300
6,71 0,5| 4,83 10 24150

According to data from DHMZ, 2024.

In the case of the Bliznec stream, that is, the Jazbina retention, the volume of whicB69149 ms,

in theory there is no danger of overflowing during precipitation with an intensity of 60 mm/h for
one hour (Table5). To fill the full capacity of the Jazbina dam in conditions with a runoff capacity
of 0.5, the intensity of rain for one hour should be greater than 150 mm/h.

Table 5. Values of maximum flow and water volume for the Bliznec stream (1 hour rainfall
duration)

Qmax[M¥s]| C | A[km?] | i[mm/h] | V[m?]
90,49 0,5| 10,85 60 325500
75,41 0,5| 10,85 50 271250
60,33 0,5| 10,85 40 217000
45,24 0,5| 10,85 30 162750
30,16 0,5| 10,85 20 108500

15,08 0,5| 10,85 10 54250
According to data from DHMZ, 2024.

In the case of the Pusti dol stream and its retention basin, the volume of whichli43356 ms, there
is theoretically no risk of overflow during a rainfall intensity of 60mm/h for one hour (Table 6).
To fill the full capacity of the Pusti dol retention basin under conditions with a runoff capacity of
0.5, the rainfall intensity for one hour would need to be greater than 70 mm/h.

Table 6. Valuesof maximum flow and water volume for thePusti dol stream (1 hour rainfall
duration)

Qmax[M%¥s]| C | A[km?] | i[mm/h] | V[m?]
29,86 0,5| 3,58 60 107400
24,88 0,5| 3,58 50 89500
19,90 0,5| 3,58 40 71600
14,93 0,5| 3,58 30 53700

Deliverable D2.1 Current and future cascading multi - hazard scenarios 16
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9,95 0,5/ 3,58 20 35800

4,98 0,5| 3,58 10 17900
According to data from DHMZ, 2024.

&Oi i OEA A@EOOEI ¢ EI OOI U AAOA 11 OEA &#i1x 1T £ OEA
hydrographs areextracted that show the response of the flow to intense precipitation. Using the
data on the flow of precipitation and the area ofhe basin, the volume of water flowing and the
volume of rain are calculated. Their measure was used to calculate the ruhobefficientC. In the
first case, the hydrograph from the period between 19:00 on the 24July 2020 and 7:00 on the
25% July 2020 is anaysed. It shows an increase in flow due to precipitation intensity of 29 mrh

in the third hour and 22.5 mm/h in the fourth hour (Figure 5). The maximum flow on the observed
hydrograph was in the third hour and was 1.03 r#/s. Using the area ofthe hydrograph, the
amount of water that flowed in the period from the second to the fifth hour is calculated and is
5562m38 4 EA O OA1 O11 O0i A T &£ xAOAO OEAO Z£AI1T ET OEA
277242 m3, which makes the runoff coefficienConly 0.02. This can be explained by the fact that
this is the warmest part of the year when evapotranspiration is highest. It is also the vegetation
period during which some precipitation is intercepted, so it does not reachthe ground. The sail
itself is very dry during this part of the year and has a high infiltration capacity, and due to the
temperature and lack of moisture in the soil, vegetation has a greater need for moisture thus it
also retains it. A similar example igzhe second analged hydrograph, which shows hourly flows
and precipitation in the period from 19:00 on 3rd August 2020 t09:00 on 4t August 2020. There,
an increase in flow is also visible in the third hour, when the most intense precipitation was
recorded, 23.2 mm/h (Figure 6). The maximum flow was 1.96 #/s. The volume of water that
flowed in the stream from the second to the fifth hour is 10584 m The total volume of rain in the
entire basin was 136206 n3, which means that the runoff coefficient is only 0.08. The reasons for
this are the same as in the previous case, since it is the hottest part of the year.

3.5 1 r 35
3 A 29 - 30
2.5 A 225 F 25 —
- 20 =
o
- 15 &
=
(1]
- 10 =B
- 5
0 0 0 0 0 0 0
— e — 7 0
7 8 9 10 11 12 13
trajanje (sati)

padaling e protok

Figure 5.( UAOT COAPE 1T &£ OEA 10111 AOAA OOOAAI mwhiyA EIT OOI
2020 to 7:00 on 25" July 2020,based on data from DHMZ, 2024
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August 2020 to 9:00 on 4 August 2020, based on data from DHMZ, 2024

4EA EECEAOO OAAT OAAA ET O0I1 U 3&iltiwas méaSure® éhAhe 10E E O1 E ¢ E
November 2013. The third hydrograph shows hourly flows and hourly precipitation in the period

from 16:00h on 10h November 2013 to 19:00 on 13 November 2013 (Figure 7). In this case,

there is not a very good hourly coincidence of flow with precipitation. Also, precipitation is of

relatively low intensity. The highest intensity is 7.8 mm/h recorded in the seventh hour of the

presented period. The highest flow was recorded only in the eighteenth hour. So, this is not a case

of torrential high waters because the increase in flow wasistributed over several hours. The
OiT1 61 A T &£ xAOAO OEAO Ai 1T xAA OEOI OCE OEA 10111 AO
the thirty -third hour is 128700 m3. In the same period, a total of 136689 fnof rain fell in the

study area. According to the abwe, the runoff coefficient would be 0.94, which is extremely high.

The reason for such a high value is that the rainfall from earlier hours, including the one of

greatest intensity, also had an effeadn the growth of the hydrograph. Earlier longterm rainfall

affected the saturation of the soil with water (a total of about 64 mm of precipitation fell on

November 5 and 9), which reduced the possibility of water infiltration into the soil. In additiond

the highly saturated soil, this is a period when vegation has no leaves, which is why interception

is minimal, and there is also no need for water. Also, at this time of year temperatures are lower,

which is why evapotranspiration is low. All of this is in favar of greater surface runoff.
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November 2013 to 19:00 on 18 November 2013, based on data from DHMZ, 2024

2.2.6 Conclusions

In accordance with the above, the Medvednicatreams have torrential characteristics, which
means that they have a very fast reaction to precipitation. The intensity of this reaction, in turn,
depends on other factors, such as soil water saturation, evapotranspiration, type of cover, season,
etc. Fbw and volume analyses using the rational method have shown that the retention volumes
AOA OAOCEOEAAOI OU ET OEA AAOGA T &# »AUAETA j"1EUT,
retention, a higher rainfall intensity in conditions of increased surface unoff can potentially
cause a larger amount of water to flow than the retention can hold. Analyses of existing hourly
flows have shown that the highest recorded flows are lower than those shown in the scenarios
described using the rational method; however,due to increasingly frequent extreme
meteorological phenomena caused by climate change, it is not impossible for extreme rain
episodes to coincide with conditions in which surface runoff is more pronounced, which can lead
to very high flows. An analysis bprecipitation for a 25-year period confirmed the more frequent
occurrence of extreme hourly precipitation, while an analysis of individual rain gauge stations
showed large local differences in the amount and intensity of precipitation.
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2.3 Characteristics of the water waves generated by rainfall

As described in the previous sections, rainwater falling over a whole drainage basin
corresponding to one of the three analysed dams causes the water to accumulate in the retention
by directly providing water or by surface flow from the rest of the basinThe water level in each
retention is proportional to the volume of water in the reservoir, as described by the cunee
showninFigure8for OEA | O1 T 1 A ORighre &sAovAtivaiinied: tBe curve from a study
from 2004 based on the official 1:5000 map of CroatiaHOKz rHrvatska osnovnakarta), and the
updated curves made for this study based on the new DEM models obtained from LiDAR data.
The damsare constructed out of multiple componens that include outlet tunnels that let water
flow underneath the dams, and spillways that let water overflow them when it reaches specific
levels. These components are designed with discharge curves that depesridthe water levels in

the reservoirs, as shown irFigure9 &£l O OEA 1 OT 11 AOAA AAI 8
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dam
To consider the effect of the outlet on the water wave height and duration, we thus need the

rainfall -vs-time curve, the volumevs-height curve and the outletdischarge curve. The solution
can be achieved by solving the following differential equation.
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where V[m3] is the volume of water in the retention at any timet [s], gout(H) and gspin.(H) [m3/s]
are the functions of the outlet dischargeand spillway discharge, respectivelydependent on the
water depth H [m], Viain [M3] is the volume of water provided by the rain directly over the
retention and by surface flow from the rest of the basin as a function of tim&he solution to this
eguation has been obtained through a numerical integration scheme

To incorporate variability for probabilistic analyses, the percentile function inFigure 4, which is

equal to theinverse CDF (cumulative distribution function), has been scaled along the horizontal

AGEO O OADPOAOGAT O TT1 U OADOOAI A6 OAET £ZA1 18 ) O E
OEAT wwb T &£ OEA 1 AAOOOAA OAEI1 pa&éehtile in Pidutzd Avkith O1T OA
means thatonly 1% of the rainfall is expected to be larger than a specific value. The 1 percentile

for the 1 hour duration (selected as referenceforresponds to rain intensity of 10 mm/h. The

range between 0 and 1 percentiles has been stretched between 0 and 100 percentiles, which now

define the CDF of only the extreme event¥he inverse CDFs for other rainfall durations have been

scaled in the same range, even though the 10 mm@voes notpertain to the 1 percentilefor those

other durations. The scaled functiorsare shown in Figure 10 with gamma distribution CDFsfitted

to them. The best fits were achieved with the shape, location and scale parameters akown in

Table7.
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Figure 10. Scaled FDC for extreme rainfall intensities (left) and gamma distribution PDF (right)

Table 7. Statistical parameters of the gamma distributions fitted to rainfall intensity data for
various durations

duration [h] | shape | location | scale
1 0,6385| 10,1459| 8,1331
2 0,9328| 7,7917 | 3,6763
3 0,7077| 6,7730 | 3,3251
4 0,8299| 5,9388 | 2,3685
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The gamma distribution has been used in practicéo describe the distribution of depth of
precipitation in storms (Chow et al., 1988) The variability of rainfall intensity will now be defined
through these graphs, as gamma probability distribution s of extreme intensities whose
probability density functions (PDF) are also shown in Figure 10. The presented distributions
show the variation in the volume of water that might fallfor a specificrainfall duration ,and are
assumed to be the same for all three analysed dandss already demonstrated, the distribution of
rainfall intensity differs for different rain durations. To capture this behaviour, an attempt has
been made to define a unique scaling function that scales the intensit§stribution for 1h
duration, to the distributions for any other duration. The scaling is done on the inverse CDFs.
First, the function for 1h is divided by the functions for 2, 3, and 4 hours, respectively. The results
are scale function for each specific time, and theean scalefactor (usp is calculated for each.
These functions are then normalized as shown in E¢L3), and the resulting normalised functiors
areshown inFigure11. An average of the scale factors is taken along the horizontal axis and fitted
with a cubic spline.

Q (13)
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3h
@ 4h
- fitted cubic spline
254 2 P
o
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Figure 11. Normalized scaling functions

To utilize the scaling functions inFigure 11, we now just need to know the mean scalfactor for
the time of interest. The known mean scaléactors are placed on a graph ifigure 12. They show
an almost linear trend with rainfall duration. The mean scaldactors for 2, 3 and 4 hours are
obtained from the observed percentile functions (inverse CDFs). Additionally, we added two scale
factors pertaining to 10 and 20 minutes durations, fom estimated maximum intensities
according toDHMZ (2023). The estimated values fit nicely with the observed factors, andgmod
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fit was found using a third order polynomial.Having themean scalefactors for any duration, the
normalization from Eq.(13) can be reversed to obtain the true functions. It must be noted that
the normalization brings the scaling functionto a constant of 1 for the rainfall duration of 1h,
which is the base function that is scaled to obtain the functions for other durations. The scaled

functions for 2, 3 and 4h show a close fit with the observed functions, as seerFigure 13.
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Figure 12. Mean scale factors with rainfall duration
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Deliverable D2.1 Cu

rrent and future cascading multi - hazard scenarios

23



P #7EOT AAA AU %OOT PA =]l
" OAT O | GOAAT AT O . —/\/SAF

One houris deemed the average duration. However, the same amount of rain ttialis in one hour

might fall in a shorter or longerperiod. The 0.15, 50, and 99.85 percentiles are assumed to bg 2

min, 60 min, and 150 min, respectivelyThese valuesare based on the available data from DHMZ

used in Sectior2.2., literature, and a short review of the July 2023 storm that hit CroatitDHMZ,

2023), regarding extreme rainfall duration As25 and 150 min durationsare not equally distant

from the mean, they are first transformed to fit a normal distribution from which a sample is
generated.In the transformed space, the 50 percentile is the median, while the 0.15 and 99.85
correspond to+ 3 standard deviationsfrom the mean in a normal distribution.To scale the data

to fit a normal distribution, the box-cox transformation is employed, Eq(14)8 4 EA OAIT A AEAAC
must apply to all the data. From Eq.15)h xEAOA A AT A £ AOA OEA 1 AAT A
the normal distribution in the transformed space, Eq(16) arises.

e 2P (14)

0 _ p Cu (15)

pumT CuL ¢ T (16)

An iterative solution is employed, whichyielded 1 ED.0509. This is used to create a normal
distribution with 3.6960 mean and0.2423 standard deviation. When transformed back to the
original space, a skewed normal distribution is fitted for samplingduring analyses. The best fit
was found for the median, standard deviations andskewnessfactor as 60.1, 30.1, and 3.90,
respectively. The graphs of the original and transformed distributions are showrin Figure 14.

They show the variation in rainfall duration for which a fixed volume of water mightoccur.
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Figure 14. Graphs of transformed(left) and original-scale(right; sampled from transformed,
and fitted on original) distributions of rainfall duration
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Considering boththe distribution of duration, and the distribution s of intensities given a specific
duration, we can plot a joint probability distribution as shown inFigure 15. From the joint PDF,

samples can be taken to conduct the analyses.
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Figure 15. Joint probability distribution of rainfall intensity and duration

To generate the different water waves arising from specific rainfall intensity and duration values,
three values are selected for intensity and three more for durations. These values correspond to
the 0.15, 50, and 99.85 percentiles of the distributionsror durations they are 24.5, 60.1, and
135.4 min, respectively. For each of these durations, the corresponding intensity distribution is

used to calculate the correct percentiles, which are shown ifiable 8.

Table 8. Rainfall intensities [mm/h] and total volumes [m?] for specific rainfall durations, for the
| OTT1T AOAA OAOAT OET I

_ _ intensity [mm/h] volume [m”]
duration [min]
0,015| 0,5 | 0,9985| 0,015| 0,5 | 0,9985
24,5 13,7 | 18,0| 96,6 | 13510| 17 750| 95 260
60,1 10,2 | 13,0 54,8 | 24 633| 31 395| 132 342
135,4 74 | 9,2 | 29,5 |40329| 50 139| 160 771
AEA AEEAAOO 1T &£ AT U OPAAEELZEA EIT OAT OE&dutiohbhgnET ¢ 1 1 A

in Table 4, and are represented as volumedn other words, a total heigh of rainfall [mm]
generates a specific volume of water in the retention [#), and the volumes are calculated for the

25
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total rain in one hour. Thus, the intensities inTable 8 can be multiplied by the duration to get the
total rainfall [mm] , to obtain the volume [?] from Table 4, which is thenstretched and applied
over the original time period.

As the volumesin Table 4 increase linearly with intensity, they can be linearly interpolated.
Regarding rainfall duration, it is assumed that the volume of rainwater increases linearly with
time. The table values as well as the graphs iRigure 8 and Figure 9 are usal to generate
elevations/volume vs time curves of the incoming water waves, by solving E({L2). The water
wave graphs are show for all combinations (9) irFigure 16. It is assumed that the water wave
peak elevation and duration calculated fronthe rainfall 0.15, 50, 99.85 percentile values, also
correspond to the same percentiles in their corresponding distributions.
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Figure 16. Graphs of water wave volumeand elevationvs-time for each analysedainfall
duraionAO OEA 1 0111 AOAA AAI AAOQEI
The same procedure is repeated for the Pusti dol dafigure 17 and Figure 18 show the volume
vs elevation curves and the discharge curves for both the outlet and spillway, respectiveiable

9 shows therainfall volumes for the corresponding rainfall durations and percentiles, andrigure
19 the water wave curves for the 9 combinations for the Pusti dol retention.

Finally, the same procedure is one again repeated for Jazbina dammere Figure 20 shows the
volume vs elevation graphs, Figure 21 the outlet and spillway discharge curvesTable 10 the
rainfall volumes for each combination of duration and percentile, an&igure 22 the water waves
peak elevation and duration.
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Table 9. Rainfall intensities [mm/h] and total volumes [m3] for specific rainfall durations, for the

Pusti dol retention

_ _ intensity [mm/h] volume [m”]
duration [min]
0,015| 0,5 | 0,9985| 0,015 0,5 0,9985
24,5 13,7 | 18,0| 96,6 | 10 014| 13 157| 70 607
60,1 10,2 | 13,0| 54,8 | 18 258| 23 270| 98 092
1354 74 | 9,2 | 29,5 |29892| 37 163| 119 163
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Deliverable D2.1 Current and future cascading multi

- hazard scenarios

28



fEOT AAA AU %001 B A AN

. A
N OAT O | COAAI AT O . _/\/SAF

196,00 I T | T I

193,50 T

14,00 +— - X ' =
194,00 v—hsz.mmmmm!qspon 3.93 mYlsec | iy 193,00 7 192.51 MAKSIMALNI USPOR ~ 22.00 m¥isec )

192,00 | — /

190,00 +— - 192,50 — - ]

188, —— ! /
88,00 / 192,00

186,00 | /
184,00 +———— A 191,50 - -

182,00 % 194,00 4 J‘
180,00 —
190,50 -
178,00
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00 4,50 190.00

VISINA (m n.m.)

VISINA {m n.m.)

PROTOK (m’/sec) |
189,50
—— CIEV PROMJERA 700 mm S8 OTVORENOM [ZLAZNOM ZAPORNICOM 0,00 500 10,00 15,00 20,00 26,00 30,00
Napomena: Kota ulaza u temeljni ispust je 184.14 m n. m PROTOK (m’isec)

Figure 21. Discharge curve for the outlet tunnelleft) and spillway (right) of the Jazbinadam

Table 10. Rainfall intensities [mm/h] and total volumes [m3] for specific rainfall durations, for
the Jazbina retention

intensity [mm/n] volume [m’]
0,015| 0,5 | 0,9985| 0,015 0,5 0,9985
24,5 13,7 | 18,0| 96,6 | 30 348| 39874 | 213 989
60,1 10,2 | 13,0| 54,8 | 55335| 70525 | 297 290
135,4 7,4 | 9,2 | 29,5 |90594| 112 630| 361 151
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Figure 22. Graphs of water wave volumeand elevationvs-time for each analysed rainfall
duration at the Jazbina basin
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From Figure 16, Figure 19 and Figure 22 we can see that the water waves lagtom 70min up to

36.7hand fillupto70%ofthe AAT EAECEO &I O 1 0111 AOAAR o@oeb A O 0
The median duration and peak elevation of the water wave, calculated from the 50 percentile of

rainfall duration (60.1 min) and intensity (13 mm/h),isAOT OT A poemnm T ET A& O | OT T
dol, filling up to 10-11% of the dam height. The median for Jazbina is around 550 nand fills up

to 6.5% of the dam height.

The water waves that resulted from the 9 combinations for each dam will be used to conduct
analyses, whose results will be utilized to probabilistically estimate the displacements and factors
of safety for sliding stability of the dams in static conditionsThe seismic evaluation of the dam is
described in the following section.
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2.4 Seismic hazard

As seen from the national seismic hazard maps of Croatia, the city of Zagreb, including the

adjacent mountain of Medvednica, are in one of the most seismically hazardous areas, with peak

ground accelerations for 475year RP earthquakes reaching up to 089 (Figure 23). Due to the

recent (2020) earthquakes in Zagreb and Banovina regions, the hazard maps have been updated

£l O OEA AEOU 1T &£ : ACOAA OEOI OCE OEA DPOIEAAO 0O: AcC
for regional development (https://potresnirizik.zagreb.hr/o -projektu/potresni -rizik/14 ). The

updated and, more importantly, higher resolution map is shown itfrigure 24. From this map, the

PGA value at rock level can be estimated at 0.26this value will be held relevant for further

calculations.
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Poredbeno vrsno ubrzanje tla tipa A
s vjerojutnosti premasaja 10 % u 50 godina
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Figure 23. Croatian seismic hazard map for 47%ear RP
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Figure 24. Updatedseismic hazardmap for the city of Zagrebshowing PGA at rock level for
475-year RPearthquakes with the study area marked by thedotted ellipse

To analyse the effect of earthquakes on the stability of the dams, various types of analyses will be
conducted, including dynamic finite element and pseudgtatic slope stability analyses. For the
first kind of analyses, a whole seismic record is requiredor it to be applied at the bottom
boundary of the model. For stability analyses, only the peak ground acceleration (PGA) is
required, which describes the maximum ground acceleration that occerduring an earthquake.
Since probabilities of failure are of mterest, variations in the earthquake loadings are required
for both types of analysesTo create a variation in seismic records, 30 different recordare used
that must canform to the same design spectral acceleration diagrapand from which the variation

in PGA is obtainedThus, the first step is to obtain 30 seismic records. This is done througin
artificial generation of seismic record time series based on the desired design spectral
acceleration diagramand the expected source parameters for this lation.

The design spectral acceleration in Croatia is defined by the EN1998norm, for specific ground
type and PGABased on field MASW investigations, the ground type of the top 30 m of soil is
estimatedatl O A1 1T OA O AAAE 11 AAQCEIT OEOI OCE kA AOAO/
and the table inFigure 25. However, the numerical models themselves consider theffect of the
top 30 or so meters of soil as thewre directly simulated in the models. Which means that the
artificial accelerograms must be generated for the soil type found underneath the model bottom
boundary, i.e., the top 30 m of soil. By looking at thehear wave velocity diagrams in the top 30
m (e.g.,Figure 26), and assuming that an increasing trend is generally expected fircreasing
depth, the soil type for the next 30 m below the first can be assessed. Falt the three analysed
dams, even if the first 30 m differ by type, the soil immediately underneath them can all be
classified as type B with average velocities > 360 m/he PGA for the spectral acceleration
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diagram is taken as the maximum PGéxpectedfor a 475-year RP at the locations of the dams, as
0.26g.Thus, the spectral acceleration diagram used to fit the artificial accelerograms is shown in
Figure 27.

Luoma (my
]

Ground
type

Description of stratigraphic profile

Parameters

ve30 (M/S) Vspr

¢y (kPa)

(blows/30¢m)

Rock or other rock-like geological
formation, including at most 5 m of
weaker material at the surface.

> 800

Deposits of very dense sand, gravel, or
very stiff clay, at least several tens of
metres in thickness, characterised by a
gradual increase of mechanical
properties with depth.

360 - 800

> 50

Deep deposits of dense or medium-
dense sand, grave! or stiff clay with
thickness from several tens to many
hundreds of metres.

180 - 360

15-350 70 -250

Deposits of loose-to-medium
cohesionless soil (with or without some
soft cohesive layers), or of
predominantly soft-to-firm cohesive
soil.

<180 <15

<70

A soil profile consisting of a surface
alluvium layer with v, values of type C
or D and thickness varying between
about 5 m and 20 m, underlain by
stiffer material with v, > 800 m/s,

M

Deposits consisting, or containing a
layer at least 10 m thick, of soft
clays/silts with a high plasticity index
(P1> 40) and high water content

(indicative)

< 100 10-20

Deposits of liquefiable soils, of
sensitive clays, or any other soil profile
not included in types A — E or S,
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Figure 25. Ground type selection table
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Figure 27. Spectral acceleration diagram based on EC8 elastic response spectrum with
ayma=0.26g and soil type B

The source parameters are taken from a real earthquake that occurred in 1880 in epicentral area
of Medvednica mountain. The local magnitude of the earthquake has been estimated a$ M
(Lokmer et al., 2002) with a focal depth of 17 km andpicentre aordinates reported by Herak

et al. (2021). According to- AOEOHEc¢ AT A, a M6QAriéspgngs douacdBRyear RP
earthquake, while the estimated local magnitudes for 10§ear and 1000year RPs are 6.8 and
M.6.7 respectively. By logarithmic interpolation we can assess the 4Atear RP earthquake
magnitude to be approximately M6.4. Theconversion from local magnitude (M) to moment
magnitude (Mw) given byHerak (2020) on average yields a magnitude 0.1 lower, i.e.\W.3. Given

the epicentre of the earthquake and the assumed focal depth, we can calculate the average
hypocentral distance to the dam sites to be 19.03 knmF{gure 28). Even though these source
parameters do not produce PGA values corresponding to the 4%&ar RP hazard maps according

to the attenuation relationship by 0 OAT T CT OE¢ &hdgivéniirs AjOEQWEG AT A (A
(1999) z approximately 0.19g, they are used as reference earthquake parameters, while the
records are scaled to the 0.26g PGA of the spectral acceleration diagram. 5% damping is assumed,
and the importance class Il is assumed. The importance class might be afsd 111 if the reservoir

was full during collapse. However, this case has been shown to be highly unlikely.
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Figure 28. Epicenter of the 1880 Zagreb earthquake and the epicentral distances to the dams

The 30 seismograms are created using the SeismoArtif software, Seismosoft Itd.ifputting the

earthquake parametersz intra-plate regime, nearfield earthquake, My6.3, hypocentral distance

19.03 km, and site effects of Eurocode 1998 soil type B which corresponds to the NEHRP soil

class C with average shear wave velocity of 520 m/s. After the creation of the accelerograms they

are modified to match to the defined arget spectral acceleration diagram, using SeismoMatch,
Seismosoft Itd. According to Eurocode 1998, 3.2.3.1.2(4YXEN 19981, 2004), the matching must

be such that the mean of the spectral accelerations calculated from all tinhéstories must be

larger than axS at T=0, and larger than 90% of the design spectral acceleration at all periods

between 0.2xT; and 2xTy;, where T; is the fundamental period of the structurez in this case the

dams.From Figure29E O AAT AA OAAT OEAO OEEO AOEOAOEIT EO
OEA »£EO1T AAiI AT OA1 DPAOET A 1T &£ OEA AAI O 1060606 AA spo
records (which is expected). For the loadleformation analyses, each individual acderogram

(time history) will be employed as a boundary condition. For the limit equilibrium analyses where

the PGA values are required, they will be sampled from a distribution corresponding to each

AAI 60 £O1T AAT AT OAT DPAOET A gomahe fespdnEeledra & dldEtime EO AA
histories. It is often cited that strong motion parameters are loghormally distributed (Kramer,

1996), hence the lognormal distribution is also selected here. From the normally distributed

logarithms of the accelerations from each time history at any specific period (T), we calculate the

standard deviation and construct the plus/minusone-standard-deviation-curves onFigure 29.

These two curves have been smoothed. The example distribution at an arbitrary period T

(marked with green dotted line in Figure 29), is shown inFigure 30.
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Figure 30. Example PGA distribution from the acceleration spectrum
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2.5 Other relevant hazards

2.5.1 Landslides

Along the earthquake and rainfall hazards, which will be considered separately, there are other

potential hazards worth mentioning. The first regards landslides within the reservoir areas.

Extensive mapping has been conducted in the past to register alltae and inactive mass

movements mostly based on surface observations and terrain morphology, as well as aerial
measurements like LIDAR scannindgzigure310ET x O OEA AOAAO AOI O1T A OEA |
and Jazbina retentions, respectively, with the areas of potential sliding. The map is part of the
Geotechnical cadastre of the city of Zagrdlsrad Zagreb, 2022) As seen from the figures, only the

I OT 11 AOAA AAi EAO bi OAT OEAI OI EAETC I AOOAO xEOEL
in Figure 31 are classified as old and shallow landslides, but still active.

Figure 32. Landslide vulnerability (left) (Gazibara et al., 2023asnd susceptibility (right)
(Gazibara et al., 2023bjnaps
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A separate study as part of the PRUJER www.pri -mjer.hr) project has mapped only one much

Oi AT 1 AO 1 AT AOI EAA xEOEET OEA 10111 AOCAA OAOGAOOI EC
the study area. The left oFigure 32 shows the landslide vulnerability map, and the right shows

the terrain susceptibility to movements, which shows a larger are of increased susceptibility

other than the mapped landslide.

The effect of landslides occurring within the reservoir area is that of reduction in the reservoir
holding capacity. For any rainfall during which failure occurs, this will lead to an increase in the
water wave peak elevation, which might affect the stabity of the dam. For intense and long
rainfalls, and depending on the failed and accumulated volume of soil, the increase might even
rise above the crown height and lead to overflowing. To assess the probability and consequences
of this event, the stabilityof the potential landslides must be calculated, the volume of soil that
will end up in the retention estimated, and the analyseslescribed in the previous Sections
repeated given the modified elevatiorto-volume curves. As rainfall is one of the primary causes
of landslides, it is likely that a landslide might be activated during an extreme rainfall such as the
ones being considered in this study. From the analyses conducted as part of the RRER project
and reported in Jagodnik et al. (2023) of all the analysed landslide failure in Croatia, and
specifically the ones in NW Croatia, occurred due to rain events lasting over 24 hours, which is
much longer than the rainfall events considered in this study, with average intensities lower than
4.54 mm/h (Figure 33). The definition used for rainfall duration in Figure 33 allows for up to
three days without rainfall for the event to be considered as a single event (KR, which is the
reason for the very long durations in the figure. A more detailed assessment would involve the
analyses of each individual moving land maste assess its stability in the exact conditions that
are applied to the described analyses in previous sections.

100
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0,01 1 10 100 1000
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Klizista evidentirana u regionalnom katalogu
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Caine (1980)

Clarizia i dr. (1996)
e CrOS1a i Frattini (2001)
— Guzzetti | dr. (2007)
Guzzetti i dr. (2008)

Figure 33. Comparison of precipitation conditions for landslide activation in NW Croatia, with
global and regional intensityduration (ID) limit curves (Jagodnik et al., 2023)
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2.5.2 Liquefaction

Liquefaction is another potential hazard that becomes problematic if it occurs beneath or at the
toes of the dams. It is a process that occurs during quick loading, such as earthquake loading, in
which pore pressures increase so drastically, due to the wait not being able to escape the pores
in such a short time, that the shear strength reduces to nothing. The conditions for this to occur
are tied to the type and physicaimechanical characteristics of the soilNamely, saturated soils
with uniform grain size, loosely packed, with specific grain sizes and liquid limit, density, and
initial stress state, all contribute to liquefaction susceptibility. A key thing to note is that the
groundwater level is usually within a few meters of the ground surface where liquefaction mostly
happens. If this is naturally not the case in the area die dams, then the liquefaction potential is
also tied to the simultaneous occurrence of a high water which will saturate the soil armdstrong
earthquake, as calculated in Section.2.2. Liquefaction mostly occurs in sands and silty sands, up
to a depth of 1620 m, where the excess pore pressures might still overcome the overburden
stress, but has been observed in the finer silts and the coarser gravels too. It is relatively simple
to find the potential locations by means of conventional boreholeg where the correct type of
material is identified. To analyse the potential for its occurrence, there amsvo methods used in
practice z empirical (or cyclic stress approach) and numerical.

The cyclic stress approach is based on estimating the earthquake induced loadinin terms of
cyclic shear stresseg and the liquefaction resistance of soils. This is done based on laboratory
tests, but is now often estimated through CPTu field investigians. The earthquake loading is
characterized by a factor called cyclic stress ratio (CSR), while the liquefaction resistance through
the cyclic resistance ratio (CRR). The safety factor against liquefaction is then defined as the ratio
of CRR to CSR. Luefaction is deemed to occur in soils where the factor of safety is less than 1.25.

Numerical methods, on the other hand, consider actual earthquake motions as inputs to the
models. Coupled with adequate constitutive models that consider the smadtrain behaviour of
soils, excess pore pressures are calculated. Based on the ratio of exgesre pressure to initial
effective stress, named excess pore pressure ratioy]r the soil elements where liquefaction
occurs are identified by having ¢ greater than 0.7.

Based on the liquefaction zonation criteria given bySSMGHE1999), a liquefaction potential map

has been made for the city of Zagreb area, including Medvednica mountain. The used data
consisted of historical data from the 1880 Zagreb earthquake, hydrogeological data of the Zagreb

aquifer, age of deposits, geological médi Oh AT A AgGPAOOOE A@BPAOEAT AAO
6 AET T O@eo7)Aihepduded n Figure 34, with the locations of the dams showing. It shows

that Jazbina is the only dam with a potential for liquefaction hazard. However, additional local
investigations around the other dams would be useful to doubleheck the map, and possibly

calculate the liquefaction hazard using any of the described methods.
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Figure 34. Comparison of precipitation conditions for landslide activation in NW Croatia, with
global and regional intensityduration
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3 Hazard scenarios in Rotterdam case study area

3.1 Site selection and descriptiory background

Dikes or embankments used for flood defenceare critical infrastructure for the protection of
people and property inlow-lying areas.In the Netherlandsapproximately 60% of the country, by
area, isbelow sealevel requiring flood protection from over 17,800km of dikes(Reale et al.,
2023). As most of the major Dutch urban centres are located in this region, the consequences of
failure are extremely severe, as a result maintaining and managing these infrastructure systems
is of utmost importance(Vergouwe, 2014). Approximately 3800 km of these dikes are considered
primary dikes as they protect the coast and inland river systemthat have large fluctuations in
water level during normal operation. The remainder protect polders where water levels are
artificially maintained with little to no fluctuation. Hicks et al.(2019) estimated that the Dutch
government spent roughly 1 billion euros annually to maintain and upgrade these Dikes. Regional
water governing authorities, known as waterboards are responsible for the inspection,
monitoring, reporting and maintenance of these [kes.

The water governing authority in Zuid Holland, Waterschap Hollandse Delta (WSHD), are
responsible for approximately 200km of primary dikes protecting Rotterdam and its surrounding
areas from flood inundation from the Maas River. Dikes safety is assessedlpabilistically for a
wide variety of different failure mechanisms. However, the present system does not consider
failure due to static liquefaction. This mechanism could happen if flooding of the River Maas
caused river channel scour, thereby oversteepeng dike slopes and initiating static liquefaction.
During regular surveys of the riverbed WSHD have noticed extensive scouring at certain locations
in the river Maas channel. To determine the sites of critical concern, WSHD have undertaken
extensive site nvestigation work, completing more than 5,000 cone penetration tests (CPTSs) to
identify soil layers and locate potentially problem soils (contractive granular soils layers)
susceptible to liquefaction (de Gast et al., 2022) The results from this analysis have been
combined with assessment criteria fromVergouwe (2014) which identifies high risk locations
based on the bathymetry of the river basin and physical geometry of the dike. The results from
the combined analysis can be seen irigure 35, where high risk areas are highlighted in red.
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One of the areas determined to be of highest concern was Dikesring-17and 17-2. The site has

no history of static liquefaction but was found to have extensive contractive sand layers and there
was evidence of progressive scour pits found in the river clmel at the base of the dike body. In
the last safety assessment of dikes, this area received a grade C, which corresponds to an annual
failure probability of 1:3000. This is considered to be a below average, performance ségure

36 and Figure 37. Importantly this assessment did not include the likelihood of failure due to
static liquefaction which is likely to substantially increase the probability of failure.

. A+ Dike route more than meets the signalling value
171 . A Dike section meets the signalling value.

HEw) B Dike section meets the lower limit, but not the signalling
989 r i ] value.

C The dike section does not meet the signalling value or
the lower limit.

D The section falls far short of the signalling value and the
lower limit.

Assessment of a dike section that has not yet been
21 released for which a safety assessment has not yet been
released by the barrier manager.

No dike section without a safety assessment.

Figure 36 Dikesring 17-1 and 17-2 received a safety assessment rank of C in the last
assessment round (2022)
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Figure 37 Dikesring 17-1 and 17-2 received an estimated annual probability of failure of
1:3000

An annotated satellite overview of the project site is presented ifrigure 38. As shown, the dike

is subdivided into four sectionspased on difference in soil properties. Aorresponding soil model

is developedfor eachsection, based on a soil investigation (SI) campaign that included CPTs and
boreholes conducted by Fugro at the request of WSHD. Different colors are used to distinguish
between the sections. The soil models are included in the report as appendices, with the apgix
names corresponding to the legend names iRigure 38 for clarity .
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Figure 38 Satellite image of the CRISAFE project sgdowing 4 sections considered
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Along the dike section of the CRISAFE projectxtensive CPT records exist at regular 200m
intervals, seeFigure 39. Figure 40 shows the results from two CPT records in this area along with
an interpreted soil profile based on the J index and soil behaviour type(Robertson, 1990) The
subsurface is characterised by successive layers of sand and clay layers with some of the sand
layers suggesting contractive behaviour. Profiles with extensive contractive zones will be
evaluated further in the CRISAFE project in order to determineneir susceptibility to scour and
static liquefaction. An example oRobertson's (2016) Soil Behaviour Chart used to identify the
contractive and dilative layers is shown inFigure 41.

Figure 39 EXxisting Site investigation at Dikesring 171 and 17-2

Deliverable D 2.1. Current and future cascading multi - hazard scenarios 45






















































