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Executive Summary  

This report outlines the results of tasks T2.ρ ȬIdentification and quantification of the current 

and future multi hazard scenariosȭ, performed within WP2 of the CRISAFE project. It focuses 

on the analyses of extreme rainfall and seismic scenarios in the city of Zagreb and flooding 

events and static liquefaction events in the city of Rotterdam. After overview of the potential 

hazard scenarios due to earthquakes and extreme rainfall , using event trees to delineate 

potential sequences of hazard events and their cause-effect 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, flooding, extreme rainfall, retention dam, 

embankment 
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1 Introduction   

This report presents an analysis of potential hazard scenarios in the CRISAFEȭÓ two case study 

areas ɀ 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 protection embankment section in the city of 

Rotterdam. These scenarios are linked 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 to give an overview of the potential hazard scenarios due to earthquakes and 

climate extremes, using event trees to delineate potential sequences of hazard events and their 

cause-effect 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 on both the built 

environment and the population. The second objective is to quantify the impact of selected 

earthquake and rainfall / flooding scenarios by performing numerical simulations or by utilizing 

the already available data on relevant hazards. The results will be used as input for vulnerability 

analysis presented within the deliverable 2.2, as well for the implementation of the risk 

methodology in case study areas, within the WP3. 

After the introduction, Section 2 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 static liquefaction 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). 
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Figure 1. Event tree for Zagreb case study area 

 

 

Figure 2. Event tree for Rotterdam case study area 

 



 

  
 

7 
 

#ÏȤÆÕÎÄÅÄ ÂÙ %ÕÒÏÐÅÁÎ 5ÎÉÏÎ   
'ÒÁÎÔ !ÇÒÅÅÍÅÎÔ .ÕÍÂÅÒ ρπρρτπσσφ 

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

2 Hazard scenarios  in Zagreb case study area 

2.1 Identification of hazard scenarios 

 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. This problem is of increasing 

importance due to climate changes, which lead to an increase of frequency and duration of heavy 

rainfall, even more so for rarer events (Nissen 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 levels than before, producing higher hydraulic loads on the dams. On top 

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

a seismically active area. Thus, 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 occur at 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 assumptions. The first assumption regarding rainfall events is 

ÔÈÁÔ ÏÎÌÙ ÏÎÅ ȰÈÉÇÈȱ ÉÎÔÅÎÓÉÔÙ ÅÖÅÎÔ ÏÃÃÕÒÓ ÉÎ ÁÎÙ ÏÎÅ ÙÅÁÒȢ !Ó ×Å ÁÒÅ ÉÎÔÅÒÅÓÔÅÄ ÉÎ ÔÈÅ ÍÏÓÔ 

extreme events that might trigger failure, this assumption can be justified when considering such 

rare events. Due to the duration of extreme rainfall being mostly shorter than one hour, an 

assumption must also be made for earthquakes.  That assumption considers that any relevant 

damage occurs only during the main shock, ignoring all the aftershocks. The reason 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), ÁÎÄ ÉÔ ÄÏÅÓÎȭÔ ÍÁÔÃÈ ÔÈÅ ÏÒÄÅÒ ÏÆ ÍÁÇÎÉÔÕÄÅ ÏÆ ÒÁÉÎÆÁÌÌ ÄÕÒÁÔÉÏÎȢ (Ï×ÅÖÅÒȟ 

this assumption can also be justified by the type of analyses that will be conducted, where an 

ÅÁÒÔÈÑÕÁËÅȭÓ ÅÆÆÅÃÔ ÉÓ ÏÎÌÙ ÃÏÎÓÉÄÅÒÅÄ ÄÕÒÉÎÇ ÔÈÅ ÅÁÒÔÈÑÕÁËÅȟ ÉÎÓÔÅÁÄ ÏÆ ÃÁÕÓÉÎÇ ÐÅÒÍÁnent 

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 scenariosɀrainfall and earthquake. 

The mechanism by which rainfall events may cause failure of a dam is through the 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 the flow discharge for the duration of the water 

wave. Upon reaching the dam, the hydrodynamic pressures are usually neglected, and only the 

hydrostatic pressures are considered in the transient situation of rising water level. The water 

ÉÎÆÉÌÔÒÁÔÅÓ ÔÈÅ ÓÏÉÌ ÏÆ ÔÈÅ ÄÁÍȭÓ ÂÏÄy and starts flowing towards the landward slope losing energy 

ÉÎ ÔÈÅ ÐÒÏÃÅÓÓȟ ÒÅÐÒÅÓÅÎÔÅÄ ÂÙ ÈÙÄÒÁÕÌÉÃ ÈÅÁÄȟ ÄÕÅ ÔÏ ÔÈÅ ÓÏÉÌȭÓ ÓÍÁÌÌ ÐÅÒÍÅÁÂÉÌÉÔÙ. A design 

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, for a short duration of extreme rainfall this is not expected to happen. By 

propagating through the soil, the water fills the pores and increases the water pressures, which 
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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 redirected towards the waterward slope. As 

the water recedes, the water from the reservoir drains faster than the water within the dam body, 

leaving increased pore pressures in the soil, while removing the stabilizing effect of the external 

water on the waterward slope. This might cause sliding failure of the waterward slope. A 

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 dam, 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 same effect of increasing pore pressures, 

while also removing any favourable suction effects (if considered). The main result of flow 

analyses, that is the input for stability analyses, is the pore pressure distribution within the dam 

body. 

Earthquakes have multiple effects on soils, not all of which are considered here. In general, a 

reduction of shear stiffness is expected as a result of cyclic 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 failure. For 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 total stress 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 ultimate limit states of the structure, in the form of cracks 

that make the dam lose its integrity, potentially causing various other issues. The liquefaction 

mechanism is not considered in this study. However, permanent deformations caused by cyclic 

loading are considered through dynamic numerical analyses, by a reduction in shear stiffness. 

This effect is not considered when calculating the stability of the dam, as simplified procedures 

are employed that consider only the maximum inertial force that a dam would experience during 

the earthquake event. 

 Joint occurrence of rainfall and seismic events 

A description of the individual events is given in the following Sections of this document. This 

section employs the methodology for the calculation of a joint occurrence of high water and 

seismic events demonstrated by Hynes-Griffin (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 hour. While the water wave will last 

longer than the rainfall, an hour will be the time period of reference for this analysis. Ultimate 

limit state analyses in Croatia are conducted for 475-year return period (RP) earthquakes, which 

is therefore chosen as the return period for these analyses. In a year, considering 365 days, there 

are 8760 hours. The annual probability of exceedance of a 475-year RP earthquake is 
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approximately 1/475 , which means that we can calculate the hourly probability of exceedance 

as: 

ὖȟ ρ ώὩὥὶ
ρ

τχυ

ρ

ψχφπ Ὤέόὶί
ςȢτ ρπ  (1) 

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 design-discharge, and the 

spillway discharge, we can calculate the time the water takes to drain from the reservoir. As 

described in Section 2.3., 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 properties. Given that the 

×ÁÔÅÒ ×ÁÖÅÓ ÆÏÒ IÒÎÏÍÅÒÅÃ ÁÎÄ 0ÕÓÔÉ ÄÏÌ ÄÁÍÓ ÈÁÖÅ ÓÉÍÉÌÁÒ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓȟ ×ÈÉÌÅ ÔÈÅ *ÁÚÂÉÎÁ 

water waves are quite different from them, we have two water waves for which analysis is 

ÃÏÎÄÕÃÔÅÄȢ &ÏÒ IÒÎÏÍÅÒÅÃ ÁÎÄ 0ÕÓÔÉ ÄÏÌȟ ÔÈÅ ÍÅÄÉÁÎ ×ÁÔÅÒ ×Áve duration is around 2.7h (varying 

between approx. 1-11h), while for Jazbina it is 9.2h (varying between approx. 4-37h) ɀ as shown 

in the results of Section 2.3. 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 (n) occurs with certainty in a year, is 

calculated from Eq. (2)ȟ ÁÎÄ ÆÏÒ IÒÎÏÍÅÒÅÃȾ0ÕÓÔÉ ÄÏÌ ÉÔ ÉÓ φȢυϼρπ-7, while for Jazbina 2.2×10-6: 

ὖȿȟ ρ ρ ὖȟ  (2) 

where the indices E represent the earthquake event, N the duration of the water wave, Rj the rain 

event, and the exponent n 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. Consequently, 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 the 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 variable, this 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 between ni and ni+1 happens is: 

ὖὲ ȿ ‰ὲ ‰ὲ  (3) 

which multiplied with the previously calculated probability gives the probability of one or more 

earthquakes that exceed the 475-year RP intensity and the water wave lasting within a specified 

range is: 

ὖȟȿ ὖὲ ȿ Ͻὖȿȟ  (4) 

Considering the bounds of the duration distribution, i.e., the lowest and largest expected duration, 

ÔÈÅ ÐÒÏÂÁÂÉÌÉÔÙ ÔÈÁÔ Á ×ÁÔÅÒ ×ÁÖÅȭÓ ÄÕÒÁÔÉÏÎ ×ÉÌÌ ÂÅ ÂÅÔ×ÅÅÎ ÔÈÏÓÅ ÖÁÌÕÅÓ ÉÓ ὖὲ ȿ ρ. For 

this coarse approximation, the probability is equal to that of Eq. (2): 

ὖȟȿ ρϽὖȿȟ  (5) 
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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 proportional to the selected time interval, and the 

probabilities of any duration are actually calculated for the ranges, according to Eq. (3). For small 

enough time steps, the summation becomes an integral. We get the average probability value 

unconditional on duration from Eq. (6)ȟ ÁÎÄ ÆÏÒ IÒÎÏÍÅÒÅÃȾ0ÕÓÔÉ ÄÏÌ ÉÔ ÉÓ χȢπ×10-7, while for 

Jazbina 2.4×10-6: 

ὖȿ ὖὲ ȿ Ͻὖὲ ȿȟ

Ȣ

Ȣ

 (6) 

where the first term represents the probability of the water wave duration being found in a 

specific range defined by the time step considered ɀ the closer the duration is to the mode of the 

distribution, the higher the probability . The second term is the probability of an earthquake 

exceeding 475-year RP intensity occurring during any water wave of duration n ɀ 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 Ὕ: 

ὖȟ
ρ

Ὕ
Ͻὖȿ  (7) 

This value indicates the probability of exceeding a rain event of given intensity R and 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 observing the combined load case at least once 

during the dam lifetime is: 

ὖȟ ȟ ρ ρ ὖȟ  (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, Eq. (8) 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 7.0×10-7 - 2.4×10-6, we can conclude 

that, being so low, the joint occurrence where an earthquake exceeding the 475-year 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.  
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2.2 Rainfall hazard 

 Basin description 

The spatial analysis is oriented towards the basins of three Medvednica retentions: IÒÎÏÍÅÒÅÃ, 

Pusti dol and Jazbina (Figure 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 volumes are also calculated according to the isohypses 

corresponding to the crown elevation of each individual retention (Table 1). 

 

Figure 3. "ÁÓÉÎÓ ÏÆ ÔÈÅ ÒÅÔÅÎÔÉÏÎÓ IÒÎÏÍÅÒÅÃȟ 0ÕÓÔÉ ÄÏÌȟ ÁÎÄ *ÁÚÂÉÎÁ 

Table 1. Retention volumes at the respective crown levels 

Retention Elevation [m.a.s.l.] Volume [m
3
] 

Ļrnomerec 240.0 177546.6 

Jazbina 195.1 969149.1 

Pusti Dol 294.0 143355.9 

 

4ÈÅ IÒÎÏÍÅÒÅÃ ÒÅÔÅÎÔÉÏÎ ÂÁÓÉÎ ÃÏÖÅÒÓ ÁÎ ÁÒÅÁ ÏÆ 4.8 km2, and the most widespread surface cover 

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 



 

  
 

12 
 

#ÏȤÆÕÎÄÅÄ ÂÙ %ÕÒÏÐÅÁÎ 5ÎÉÏÎ   
'ÒÁÎÔ !ÇÒÅÅÍÅÎÔ .ÕÍÂÅÒ ρπρρτπσσφ 

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

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 of 3.58 km2, 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 level. The minimum slope is 0°, the maximum is 75.5°, and the mean slope 

is 24.79°. 

The Jazbina retention basin covers an area of 10.8 km2, 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 basin 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°. 

 Analysis of rainfall 

Data on precipitation were requested and downloaded from the State Hydrometeorological 

Institute  (DHMZ). Data for the period from 1st 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): 

¶ -ÉËÕÌÉçÉ 

¶ Puntijarka 

¶ £ÅÓÔÉÎÅ 

Automatic stations (hourly data): 

¶ Puntijarka 

¶ 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 data from the automatic station 

Puntijarka, in the analysed time series, on 16th 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 which a total of 97.6 mm of rain was recorded. On the same day, 2.9 mm of rain 

ÆÅÌÌ ÁÔ ÔÈÅ ÒÁÉÎ ÇÁÕÇÅ ÓÔÁÔÉÏÎ £ÅÓÔÉÎÅȟ ×ÈÉÌÅ Á ÔÏÔÁÌ ÏÆ ρτ ÍÍ ÏÆ ÒÁÉÎ ÆÅÌÌ ÁÔ ÔÈÅ ÒÁÉÎ ÇÁÕÇÅ ÓÔÁÔÉÏÎ 

-ÉËÕÌÉçÉȢ !ÎÁÌÙÓÉÓ ÏÆ ÈÏÕÒÌÙ ÄÁÔÁ ÆÒÏÍ ÔÈÅ ÁÕÔÏÍÁÔÉÃ ÓÔÁÔÉÏÎÓ 0ÕÎÔÉÊÁÒËÁ ÁÎÄ -ÁËsimir also 

revealed differences in hourly and total daily amounts, and looking at the entire 25-year 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 amount of 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 on the 14th of September 2023 at the Maksimir automatic station, while the 
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highest hourly value from the Puntijarka automatic station was recorded at 13:00 on the 13th of 

June 2018 and amounts to 53.8 mm. From both stations, all hourly values with 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 analysed series 

there were no such extreme hourly values recorded. When the extreme hourly values were 

separated, the surrounding hours and days were additionally analysed in order to establish the 

real duration and intensity of the entire precipitation (Table 2 and Table 3). 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 number of 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 1998ɀ2023 

Date Duration [h]  Quantity [mm]  
Maximum intensity 

[mm/h] 

Average intensity 

[mm/h] 

13 June 2018 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 2020 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 1998ɀ2023 

Date Duration [h]  Quantity [mm]  
Maximum intensity 

[mm/h] 

Average intensity 

[mm/h] 

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 2023 6 77,5 61,0 12,92 

30 July 2014 4 41,2 38,4 10,30 

According to data from DHMZ, 2024. 

Since the primary area of analysis 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 observed 25-year period according to data from the Puntijarka automatic station, 

according to which the median is 0.5 mm of rain per hour (Figure 4). 
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Figure 4. FDC graph based on hourly and multi-hourly data from the Puntijarka automatic 
station for the period 1998 - 2023., based on data from DHMZ, 2024 

 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 

Method ɉ¼ÕÇÁÊȟ ςπρπɊ was used. The general 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 of the 

basin (catchment area), and is as follows: 

ὗ Ὥ ὅ ὃ (9) 

where i represents the rainfall intensity (amount of rainfall per unit of time), C represents 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: 

ὗ ὖ ὉὝ Ὗ ЎὛ Ὅ (10) 

where Q is the flow rate, which is equal to the amount of precipitation P, from which the amount 

of evapotranspiration ET, subsurface runoff U, soil moisture change ɝ3s and interception I are 

subtracted (Sutcliffe, 2004). If Qmax is to be expressed in m3/s, the precipitation intensity i in 

mm/h, and the catchment area A in km2, then the formula takes the form: 
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ὗ πȟςχψὭ ὅ ὃ (11) 

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 of basins A are 

calculated in the ArcGIS program using the Hydrology tool package on a digital elevation model 

with a cell size of 5x5 m. The rational coefficient (runoff intensity coefficient) C represents the 

ratio of the amount of water that falls on the catchment area A to 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, vegetation period, evapotranspiration and other spatial factors. The use of the coefficient 

C is also the biggest disadvantage of this formula because it depends on expert judgment, although 

certain values are defined depending on the slope of the terrain and land cover (Grimaldi and 

Petroselli, 2015). For mountain forest areas during extreme rainfall events, the runoff coefficient 

C is 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 volume V in m3 is calculated as the product of the 

maximum flow and its duration. 

 Analysis of available hydrological data ɀ IÒÎÏÍÅÒÅÃ stream, 

-ÉËÕÌÉçÉ ÓÔÁÔÉÏÎ 

/Æ ÔÈÅ ÏÂÓÅÒÖÅÄ ÓÔÒÅÁÍÓȟ ÏÎÌÙ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ ÈÁÓ Á ÈÙÄÒÏÌÏÇÉÃÁÌ ÓÔÁÔÉÏÎ ÌÏÃÁÔÅÄ ÕÐÓÔÒÅÁÍ 

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 are correlated 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. 

 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 coefficient C 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 values Qmax and water volumes V are calculated, which represent 

the total volume flowing through the stream, or which would fill its space if the retention dam 

were closed. Table 4, Table 5 and Table 6 show scenarios for different rainfall intensities i, 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 

ÉÓ ÎÏ ÐÏÓÓÉÂÉÌÉÔÙ ÏÆ ÔÈÅ ÒÅÔÅÎÔÉÏÎ ÄÁÍÓ ÏÖÅÒÆÌÏ×ÉÎÇȢ 4ÈÅ ÃÌÏÓÅÓÔ ÂÅÉÎÇ ÔÈÅ IÒÎÏÍerec dam whose 

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 ÆÏÒ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ ɉρ ÈÏÕÒ rainfall  
duration) 

Qmax [m
3
/s] C A [km

2
] i [mm/h]  V [m

3
] 

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 which is 969149 m3, 

in theory there is no danger of overflowing during precipitation with an intensity of 60 mm/h for 

one hour (Table 5). 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
3
/s] C A [km

2
] i [mm/h]  V [m

3
] 

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 which is 143356 m3, there 

is theoretically no risk of overflow during a rainfall intensity of 60 mm/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. Values of maximum flow and water volume for the Pusti dol stream (1 hour rainfall 
duration)  

Qmax [m
3
/s] C A [km

2
] i [mm/h]  V [m

3
] 

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 
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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. 

&ÒÏÍ ÔÈÅ ÅØÉÓÔÉÎÇ ÈÏÕÒÌÙ ÄÁÔÁ ÏÎ ÔÈÅ ÆÌÏ× ÏÆ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ ÁÔ ÔÈÅ -ÉËÕÌÉçÉ ÓÔÁÔÉÏÎȟ ÓÅÖÅÒÁÌ 

hydrographs are extracted that show the response of the flow to intense precipitation. Using the 

data on the flow of precipitation and the area of the basin, the volume of water flowing and the 

volume of rain are calculated. Their measure was used to calculate the runoff coefficient C. In the 

first case, the hydrograph from the period between 19:00 on the 24th July 2020 and 7:00 on the 

25th July 2020 is analysed. It shows an increase in flow due to precipitation intensity of 29 mm/h 

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 m3/s. Using the area of the hydrograph, the 

amount of water that flowed in the period from the second to the fifth hour is calculated and is 

5562 m3Ȣ 4ÈÅ ÔÏÔÁÌ ÖÏÌÕÍÅ ÏÆ ×ÁÔÅÒ ÔÈÁÔ ÆÅÌÌ ÉÎ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ ÂÁÓÉÎ ÄÕÒÉÎÇ ÔÈÁÔ ÐÅÒÉÏÄ ÉÓ 

277242 m3, which makes the runoff coefficient C only 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 reach the ground. The soil 

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 is the second analysed hydrograph, which shows hourly flows 

and precipitation in the period from 19:00 on 3rd August 2020 to 9:00 on 4th 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 m3/s. The volume of water that 

flowed in the stream from the second to the fifth hour is 10584 m3. The total volume of rain in the 

entire basin was 136206 m3, 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. 

 

Figure 5. (ÙÄÒÏÇÒÁÐÈ ÏÆ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ ÁÎÄ ÈÏÕÒÌÙ ÐÒÅÃÉÐÉÔÁÔÉÏÎ ÆÒÏÍ ρωȡππ ÏÎ ςτth July 
2020 to 7:00 on 25th July 2020, based on data from DHMZ, 2024 
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Figure 6. (ÙÄÒÏÇÒÁÐÈ ÏÆ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ ÁÎÄ ÈÏÕÒÌÙ ÐÒÅÃÉÐÉÔÁÔÉÏÎ ÆÒÏÍ ρωȡππ ÏÎ σrd 
August 2020 to 9:00 on 4th August 2020, based on data from DHMZ, 2024 

4ÈÅ ÈÉÇÈÅÓÔ ÒÅÃÏÒÄÅÄ ÈÏÕÒÌÙ ÆÌÏ× ÁÔ ÔÈÅ -ÉËÕÌÉçÉ ÓÔÁÔÉÏÎ ÉÓ σȢςυ Í3/s. It was measured on the 11th 

November 2013. The third hydrograph shows hourly flows and hourly precipitation in the period 

from 16:00h on 10th November 2013 to 19:00 on 13th 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 was distributed over several hours. The 

ÖÏÌÕÍÅ ÏÆ ×ÁÔÅÒ ÔÈÁÔ ÆÌÏ×ÅÄ ÔÈÒÏÕÇÈ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ ÉÎ ÔÈÅ ÐÅÒÉÏÄ ÆÒÏÍ ÔÈÅ ÅÌÅÖÅÎÔÈ ÔÏ 

the thirty -third hour is 128700 m3. In the same period, a total of 136689 m3 of rain fell in the 

study area. According to the above, 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 effect on the growth of the hydrograph. Earlier long-term 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 addition to 

the highly saturated soil, this is a period when vegetation 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 favour of greater surface runoff. 
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Figure 7. (ÙÄÒÏÇÒÁÐÈ ÏÆ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ ÁÎÄ ÈÏÕÒÌÙ ÐÒÅÃÉÐÉÔÁÔÉÏÎ ÆÒÏÍ ρφȡππ ÏÎ ρπth 
November 2013 to 19:00 on 13th November 2013, based on data from DHMZ, 2024 

 Conclusions 

In accordance with the above, the Medvednica streams 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. Flow and volume analyses using the rational method have shown that the retention volumes 

ÁÒÅ ÓÁÔÉÓÆÁÃÔÏÒÙ ÉÎ ÔÈÅ ÃÁÓÅ ÏÆ *ÁÚÂÉÎÁ ɉ"ÌÉÚÎÅÃɊ ÁÎÄ 0ÕÓÔÉ ÄÏÌȢ )Î ÔÈÅ ÃÁÓÅ ÏÆ ÔÈÅ IÒÎÏÍÅÒÅÃ 

retention, a higher rainfall intensity in conditions of increased surface runoff 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 of precipitation 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 basin. The water level in each 

retention is proportional to the volume of water in the reservoir, as described by the curves 

shown in Figure 8 for ÔÈÅ IÒÎÏÍÅÒÅÃ ÒÅÔÅÎÔÉÏÎȢ Figure 8 shows two curves: the curve from a study 

from 2004 based on the official 1:5000 map of Croatia (HOK ɀ ȵHrvatska osnovna kartaȰ), and the 

updated curves made for this study based on the new DEM models obtained from LiDAR data. 

The dams are constructed out of multiple components 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 depend on the water levels in 

the reservoirs, as shown in Figure 9 ÆÏÒ ÔÈÅ IÒÎÏÍÅÒÅÃ ÄÁÍȢ  

 

Figure 8.  6ÏÌÕÍÅ ÖÓ ÅÌÅÖÁÔÉÏÎ ÃÕÒÖÅ ÆÏÒ ÔÈÅ IÒÎÏÍÅÒÅÃ ÒÅÔÅÎÔÉÏÎȟ ÏÌÄ ɉÌÅÆÔɊ ÁÎÄ ÎÅ× (right)  

 

 

Figure 9.  $ÉÓÃÈÁÒÇÅ ÃÕÒÖÅÓ ÆÏÒ ÔÈÅ ÏÕÔÌÅÔ ÔÕÎÎÅÌ ɉÌÅÆÔɊ ÁÎÄ ÓÐÉÌÌ×ÁÙ ɉÒÉÇÈÔɊ ÏÆ ÔÈÅ IÒÎÏÍÅÒÅÃ 
dam 

To consider the effect of the outlet on the water wave height and duration, we thus need the 

rainfall -vs-time curve, the volume-vs-height curve and the outlet-discharge curve. The solution 

can be achieved by solving the following differential equation. 
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ὨὠὌ

Ὠὸ

Ὠὠ

Ὠὸ
ή ȢὌ ή ȢὌ  (12) 

where V [m3] is the volume of water in the retention at any time t [s], qout.(H) and qspill.(H) [m3/s] 

are the functions of the outlet discharge and spillway discharge, respectively, dependent on the 

water depth H [m], Vrain [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 time. The solution to this 

equation has been obtained through a numerical integration scheme.  

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

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

ÁØÉÓ ÔÏ ÒÅÐÒÅÓÅÎÔ ÏÎÌÙ ȰÅØÔÒÅÍÅȱ ÒÁÉÎÆÁÌÌȢ )Ô ÉÓ ÃÏÍÍÏÎÌÙ ÁÓÓÕÍÅÄ ÔÈÁÔ ÒÁÉÎÆÁÌÌ ÉÎÔÅÎÓÉÔÉÅÓ ÈÉÇÈÅÒ 

ÔÈÁÎ ωωϷ ÏÆ ÔÈÅ ÍÅÁÓÕÒÅÄ ÒÁÉÎÆÁÌÌ ÐÅÒÔÁÉÎ ÔÏ ȰÅØÔÒÅÍÅȱ ÅÖÅÎÔÓ ɀ 1 percentile in Figure 4, which 

means that only 1% of the rainfall is expected to be larger than a specific value. The 1 percentile 

for the 1 hour duration (selected as reference) corresponds 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 events. The inverse CDFs for other rainfall durations have been 

scaled in the same range, even though the 10 mm/h does not pertain to the 1 percentile for those 

other durations. The scaled functions are shown in Figure 10 with  gamma distribution CDFs fitted 

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

Table 7. 

 

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 practice to 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 function s (PDF) are also shown in Figure 10. The presented distributions 

show the variation in the volume of water that might fall for a specific rainfall duration , and are 

assumed to be the same for all three analysed dams. As 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 intensity-distribution 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 the mean scale-factor (µSF) is calculated for each. 

These functions are then normalized as shown in Eq. (13), and the resulting normalised functions 

are shown in Figure 11. An average of the scale factors is taken along the horizontal axis and fitted 

with a cubic spline. 

Ὢ

‘
 (13) 

 

Figure 11.  Normalized scaling functions 

To utilize the scaling functions in Figure 11, we now just need to know the mean scale-factor for 

the time of interest. The known mean scale-factors are placed on a graph in Figure 12. They show 

an almost linear trend with rainfall duration. The mean scale-factors 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, from estimated maximum intensities 

according to DHMZ (2023). The estimated values fit nicely with the observed factors, and a good 
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fit was found using a third order polynomial. Having the mean scale-factors 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 function to 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 seen in Figure 13. 

 

Figure 12.  Mean scale factors with rainfall duration 

 

Figure 13.  Observed (fitted) vs scaled FDCs 
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One hour is deemed the average duration. However, the same amount of rain that falls in one hour 

might fall in a shorter or longer period. The 0.15, 50, and 99.85 percentiles are assumed to be 25 

min, 60 min, and 150 min, respectively. These values are based on the available data from DHMZ 

used in Section 2.2., literature, and a short review of the July 2023 storm that hit Croatia (DHMZ, 

2023), regarding extreme rainfall duration. As 25 and 150 min durations are 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 deviations from the mean in a normal distribution. To scale the data 

to fit a normal distribution, the box-cox transformation is employed, Eq. (14)Ȣ 4ÈÅ ÓÁÍÅ ÆÁÃÔÏÒ ʇ 

must apply to all the data. From Eq. (15)ȟ ×ÈÅÒÅ А ÁÎÄ ʎ ÁÒÅ ÔÈÅ ÍÅÁÎ ÁÎÄ ÓÔÁÎÄÁÒÄ ÄÅÖÉÁÔÉÏÎ ÏÆ 

the normal distribution in the transformed space, Eq. (16) arises. 

ὼᴂ
ὼ ρ

‗
 (14) 

 

‘ σϽ„‗ ρ ρυπ 

‘ σϽ„‗ ρ ςυ 

‘
φπ ρ

‗
 

(15) 

 

ρυπ ςυ ςϽφπ π (16) 

An iterative solution is employed, which yielded ʇЀ-0.0509. This is used to create a normal 

distribution with 3.6960 mean and 0.2423 standard deviation. When transformed back to the 

original space, a skewed normal distribution is fitted for sampling during analyses. The best fit 

was found for the median, standard deviations and skewness factor as 60.1, 30.1, and 3.90, 

respectively. The graphs of the original and transformed distributions are shown in Figure 14. 

They show the variation in rainfall duration for  which a fixed volume of water might occur.  

 

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 both the distribution of duration, and the distribution s of intensities given a specific 

duration, we can plot a joint probability distribution as shown in Figure 15. From the joint PDF, 

samples can be taken to conduct the analyses.  

 

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 distributions. For 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 in Table 8.  

Table 8. Rainfall intensities [mm/h] and total volumes [m3] for specific rainfall durations, for the 
IÒÎÏÍÅÒÅÃ ÒÅÔÅÎÔÉÏÎ 

duration [min]  
intensity [mm/h] volume [m

3
] 

0,015 0,5 0,9985 0,015 0,5 0,9985 

24,5 13,7 18,0 96,6 13 510 17 750 95 260 

60,1 10,2 13,0 54,8 24 633 31 395 132 342 

135,4 7,4 9,2 29,5 40 329 50 139 160 771 

 

4ÈÅ ÅÆÆÅÃÔÓ ÏÆ ÁÎÙ ÓÐÅÃÉÆÉÃ ÉÎÔÅÎÓÉÔÙ ÌÁÓÉÎÇ ÏÎÅ ÈÏÕÒ ÁÒÅ ÓÈÏ×Î ÆÏÒ ÔÈÅ IÒÎÏÍÅÒÅÃ-retention basin 

in Table 4, and are represented as volumes. In other words, a total heigh of rainfall [mm] 

generates a specific volume of water in the retention [m3], and the volumes are calculated for the 
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total rain in one hour. Thus, the intensities in Table 8 can be multiplied by the duration to get the 

total rainfall [mm] , to obtain the volume [m3] from Table 4, which is then stretched and applied 

over the original time period.  

As the volumes in 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 in Figure 8 and Figure 9 are used to generate 

elevations/volume vs time curves of the incoming water waves, by solving Eq. (12). The water 

wave graphs are show for all combinations (9) in Figure 16. It is assumed that the water wave 

peak elevation and duration calculated from the rainfall  0.15, 50, 99.85 percentile values, also 

correspond to the same percentiles in their corresponding distributions. 

 

Figure 16.  Graphs of water wave volume- and elevation-vs-time for each analysed rainfall 
duration ÁÔ ÔÈÅ IÒÎÏÍÅÒÅÃ ÄÁÍ ÂÁÓÉÎ 

The same procedure is repeated for the Pusti dol dam. Figure 17 and Figure 18 show the volume 

vs elevation curves and the discharge curves for both the outlet and spillway, respectively. Table 

9 shows the rainfall volumes for the corresponding rainfall durations and percentiles, and Figure 

19 the water wave curves for the 9 combinations for the Pusti dol retention. 

Finally, the same procedure is one again repeated for Jazbina dam, where Figure 20 shows the 

volume vs elevation graphs,  Figure 21 the outlet and spillway discharge curves, Table 10 the 

rainfall volumes for each combination of duration and percentile, and Figure 22 the water waves 

peak elevation and duration. 
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Figure 17.  Volume vs elevation curve for the Pusti dol retention, old (left) and new (right) 

  

Figure 18.  Discharge curve for outlet tunnel (left) and spillway (right) of the Pusti dol dam 

 

Table 9. Rainfall intensities [mm/h] and total volumes [m3] for specific rainfall durations, for the 
Pusti dol retention 

duration [min]  
intensity [mm/h] volume [m

3
] 

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 

135,4 7,4 9,2 29,5 29 892 37 163 119 163 
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Figure 19.  Graphs of water wave volume- and elevation-vs-time for each analysed rainfall 
duration at the Pusti dol dam basin 

 

  

Figure 20.  Volume vs elevation curve for the Jazbina retention, old (left) and new (right) 
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Figure 21.  Discharge curve for the outlet tunnel (left) and spillway (right) of the Jazbina dam 

 

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

duration [min]  
intensity [mm/h] volume [m

3
] 

0,015 0,5 0,9985 0,015 0,5 0,9985 

24,5 13,7 18,0 96,6 30 348 39 874 213 989 

60,1 10,2 13,0 54,8 55 335 70 525 297 290 

135,4 7,4 9,2 29,5 90 594 112 630 361 151 

 

 

Figure 22. Graphs of water wave volume- and elevation-vs-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 last from 70min up to 

36.7h and fill up to 70% of the ÄÁÍ ÈÅÉÇÈÔ ÆÏÒ IÒÎÏÍÅÒÅÃȟ φφϷ ÆÏÒ 0ÕÓÔÉ ÄÏÌȟ ÁÎÄ συϷ ÆÏÒ *ÁÚÂÉÎÁ. 

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), is ÁÒÏÕÎÄ ρφπ ÍÉÎ ÆÏÒ IÒÎÏÍÅÒÅÃ ÁÎÄ 0ÕÓÔÉ 

dol, filling up to 10-11% of the dam height. The median for Jazbina is around 550 min and 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 conditions. The 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 475-year RP earthquakes reaching up to 0.28g (Figure 23). Due to the 

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

ÆÏÒ ÔÈÅ ÃÉÔÙ ÏÆ :ÁÇÒÅÂ ÔÈÒÏÕÇÈ ÔÈÅ ÐÒÏÊÅÃÔ Ȱ:ÁÇÒÅÂ ÃÉÔÙ ÓÅÉÓÍÉÃ ÒÉÓËȱ ÆÕÎÄÅÄ ÔÈÒÏÕÇÈ ÔÈÅ %5 ÆÕÎÄÓ 

for regional development (https://potresnirizik.zagreb.hr/o -projektu/potresni -rizik/14 ). The 

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

PGA value at rock level can be estimated at 0.26g. This value will be held relevant for further 

calculations. 

 

Figure 23. Croatian seismic hazard map for 475-year RP 

https://potresnirizik.zagreb.hr/o-projektu/potresni-rizik/14
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Figure 24.  Updated seismic hazard map for the city of Zagreb showing PGA at rock level for 
475-year RP earthquakes, with the study area marked by the dotted 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 pseudo-static slope stability analyses. For the 

first kind of analyses, a whole seismic record is required for 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 occurs during an earthquake. 

Since probabilities of failure are of interest, variations in the earthquake loadings are required 

for both types of analyses. To create a variation in seismic records, 30 different records are used 

that must conform to the same design spectral acceleration diagram, and from which the variation 

in PGA is obtained. Thus, the first step is to obtain 30 seismic records. This is done through an 

artificial  generation of seismic record time series based on the desired design spectral 

acceleration diagram and the expected source parameters for this location. 

The design spectral acceleration in Croatia is defined by the EN1998-1 norm, for specific ground 

type and PGA. Based on field MASW investigations, the ground type of the top 30 m of soil is 

estimated at ÏÒ ÃÌÏÓÅ ÔÏ ÅÁÃÈ ÌÏÃÁÔÉÏÎ ÔÈÒÏÕÇÈ ÔÈÅ ÁÖÅÒÁÇÅ ÓÈÅÁÒ ×ÁÖÅ ÖÅÌÏÃÉÔÙ ÉÎ ÔÈÁÔ ȰÌÁÙÅÒȱ, vs,30, 

and the table in Figure 25. However, the numerical models themselves consider the effect of the 

top 30 or so meters of soil as they are 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 the shear wave velocity diagrams in the top 30 

m (e.g., Figure 26), and assuming that an increasing trend is generally expected for increasing 

depth, the soil type for the next 30 m below the first can be assessed. For all 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/s. The PGA for the spectral acceleration 
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diagram is taken as the maximum PGA expected for 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. 

 

Figure 25.  Ground type selection table 

 

Figure 26.  3ÈÅÁÒ ×ÁÖÅ ÖÅÌÏÃÉÔÙ ÄÉÁÇÒÁÍÓ ÆÏÒ IÒÎÏÍÅÒÅÃ ɉÌÅÆÔɊȟ 0ÕÓÔÉ ÄÏÌ ɉÍÉÄÄÌÅɊ ÁÎÄ *ÁÚÂÉÎÁ 
(right) dams 
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Figure 27.  Spectral acceleration diagram based on EC8 elastic response spectrum with 

ag,max=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 as ML6 

(Lokmer et al., 2002), with a focal depth of 17 km and epicentre coordinates reported by Herak 

et al. (2021). According to -ÁÒËÕĤÉç ÁÎÄ (ÅÒÁË ɉρωωωɊ, a ML6 corresponds to a 150-year RP 

earthquake, while the estimated local magnitudes for 100-year and 1000-year RPs are ML5.8 and 

ML6.7 respectively. By logarithmic interpolation we can assess the 475-year RP earthquake 

magnitude to be approximately ML6.4. The conversion from local magnitude (ML) to moment 

magnitude (MW) given by Herak (2020) on average yields a magnitude 0.1 lower, i.e., MW6.3. 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 km (Figure 28). Even though these source 

parameters do not produce PGA values corresponding to the 475-year RP hazard maps according 

to the attenuation relationship by 0ÒÅÌÏÇÏÖÉç ÅÔ ÁÌȢ ɉρωψυɊ and given in -ÁÒËÕĤÉç ÁÎÄ (ÅÒÁË 

(1999) ɀ 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 II is assumed. The importance class might be of class III 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 ltd., by inputting  the 

earthquake parameters ɀ intra -plate regime, near-field earthquake, MW6.3, hypocentral distance 

19.03 km, and site effects of Eurocode 1998-1 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 target spectral acceleration diagram, using SeismoMatch, 

Seismosoft ltd. According to Eurocode 1998-1, 3.2.3.1.2(4) (EN 1998-1, 2004), the matching must 

be such that the mean of the spectral accelerations calculated from all time-histories must be 

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

between 0.2×T1 and 2×T1, where T1 is the fundamental period of the structure ɀ in this case the 

dams. From Figure 29 ÉÔ ÃÁÎ ÂÅ ÓÅÅÎ ÔÈÁÔ ÔÈÉÓ ÃÒÉÔÅÒÉÏÎ ÉÓ ÓÁÔÉÓÆÉÅÄ ÆÏÒ ÁÌÌ 4ЅςÓȢ 4ÈÉÓ ÍÅÁÎÓ ÔÈÁÔ 

ÔÈÅ ÆÕÎÄÁÍÅÎÔÁÌ ÐÅÒÉÏÄ ÏÆ ÔÈÅ ÄÁÍÓ ÍÕÓÔ ÂÅ ЅρÓ ÔÏ ÊÕÓÔÉÆÙ ÔÈÅ ÁÐÐÌÉÃÁÔÉÏÎ ÏÆ ÔÈÅÓÅ ÁÒÔÉÆÉÃÉÁÌ 

records (which is expected). For the load-deformation analyses, each individual accelerogram 

(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 

ÄÁÍȭÓ ÆÕÎÄÁÍÅÎÔÁÌ ÐÅÒÉÏÄȢ 4ÈÅ ÄÉÓÔÒÉÂÕÔÉÏÎ ÉÓ ÃÁÌÃÕÌÁÔÅÄ from the response spectra of all the time 

histories. It is often cited that strong motion parameters are log-normally distributed (Kramer, 

1996), hence the log-normal 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/minus-one-standard-deviation-curves on Figure 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 in Figure 30. 
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Figure 29.  Design spectrum and mean spectrum of the individual time histories 

 

Figure 30.  Example PGA distribution from the acceleration spectrum 
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2.5 Other relevant hazards 

 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 all active and inactive mass 

movements mostly based on surface observations and terrain morphology, as well as aerial 

measurements like LiDAR scanning. Figure 31 ÓÈÏ×Ó ÔÈÅ ÁÒÅÁÓ ÁÒÏÕÎÄ ÔÈÅ IÒÎÏÍÅÒÅÃȟ 0ÕÓÔÉ ÄÏÌȟ 

and Jazbina retentions, respectively, with the areas of potential sliding. The map is part of the 

Geotechnical cadastre of the city of Zagreb (Grad Zagreb, 2022). As seen from the figures, only the 

IÒÎÏÍÅÒÅÃ ÄÁÍ ÈÁÓ ÐÏÔÅÎÔÉÁÌ ÓÌÉÄÉÎÇ ÍÁÓÓÅÓ ×ÉÔÈÉÎ ÔÈÅ ÁÒÅÁ ÏÆ ÉÔÓ ÒÅÓÅÒÖÏÉÒȢ 4ÈÅ ÍÁÐÐÅÄ ÁÒÅÁÓ 

in Figure 31 are classified as old and shallow landslides, but still active. 

 

Figure 31.  !ÒÅÁÓ ÁÒÏÕÎÄ ÔÈÅ IÒÎÏÍÅÒÅÃ ɉÌÅÆÔɊȟ 0ÕÓÔÉ ÄÏÌ ɉÍÉÄÄÌÅɊ ÁÎÄ *ÁÚÂÉÎÁ ɉÒÉÇÈÔɊ ÄÁÍÓ 

 

Figure 32.  Landslide vulnerability (left) (Gazibara et al., 2023a) and susceptibility (right) 

(Gazibara et al., 2023b) maps 
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A separate study as part of the PRI-MJER (www.pri -mjer.hr) project has mapped only one much 

ÓÍÁÌÌÅÒ ÌÁÎÄÓÌÉÄÅ ×ÉÔÈÉÎ ÔÈÅ IÒÎÏÍÅÒÅÃ ÒÅÓÅÒÖÏÉÒ ÁÒÅÁȟ ×ÈÉÌÅ ÔÈÅ ÏÔÈÅÒ Ô×Ï ÄÁÍÓ ×ÅÒÅ ÎÏÔ ×ÉÔÈÉÎ 

the study area. The left of Figure 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 stability 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 stability of the potential landslides must be calculated, the volume of soil that 

will end up in the retention estimated, and the analyses described in the previous Sections 

repeated given the modified elevation-to-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 PRI-MJER 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-3), 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 mass to assess its stability in the exact conditions that 

are applied to the described analyses in previous sections. 

 

Figure 33.  Comparison of precipitation conditions for landslide activation in NW Croatia, with 

global and regional intensity-duration (ID) limit curves (Jagodnik et al., 2023)  

http://www.pri-mjer.hr/
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 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 water 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 physical-mechanical characteristics of the soil. Namely, 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 of the dams, then the liquefaction potential is 

also tied to the simultaneous occurrence of a high water which will saturate the soil and a strong 

earthquake, as calculated in Section 2.1.2. Liquefaction mostly occurs in sands and silty sands, up 

to a depth of 10-20 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 boreholes ɀ where the correct type of 

material is identified. To analyse the potential for its occurrence, there are two methods used in 

practice ɀ empirical (or cyclic stress approach) and numerical.  

The cyclic stress approach is based on estimating the earthquake induced loading ɀ in terms of 

cyclic shear stresses ɀ and the liquefaction resistance of soils. This is done based on laboratory 

tests, but is now often estimated through CPTu field investigations. 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. Liquefaction 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 small-strain behaviour of 

soils, excess pore pressures are calculated. Based on the ratio of excess pore pressure to initial 

effective stress, named excess pore pressure ratio (ru), the soil elements where liquefaction 

occurs are identified by having ru greater than 0.7. 

Based on the liquefaction zonation criteria given by ISSMGE (1999), 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 modÅÌÓȟ ÁÎÄ ÅØÐÅÒÔÓȭ ÅØÐÅÒÉÅÎÃÅÓȢ 4ÈÅ ÍÁÐȟ ÃÒÅÁÔÅÄ ÂÙ 

6ÅÉÎÏÖÉç ÅÔ ÁÌȢ (2007), is reproduced in 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 double-check 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 intensity-duration 
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3 Hazard scenarios  in Rotterdam case study area  

3.1 Site selection and description ɀ background 

Dikes or embankments used for flood defences are critical infrastructure for the protection of 

people and property in low-lying areas. In the Netherlands approximately 60% of the country, by 

area, is below sea-level 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 systems that 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 Dikes.  

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 assessed probabilistically 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 oversteepening 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 investigation work, completing more than 5,000 cone penetration tests (CPTs) 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 from Vergouwe (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 in Figure 35, where high risk areas are highlighted in red. 
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Figure 35 73($ȭÓ ÓÔÁÔÉÃ ÌÉÑÕÅÆÁÃÔÉÏÎ ÒÉÓË ÁÓÓÅÓÓÍÅÎÔ ÆÏÒ :ÕÉÄ (ÏÌÌÁÎÄ ɉ(ÏÏÇ ÉÓ ÈÉÇÈȟ ,ÁÁÇ ÉÓ 
low)  

One of the areas determined to be of highest concern was Dikesring 17-1 and 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 channel 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 see Figure 

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. 

 

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 in Figure 38. As shown, the dike 

is subdivided into four sections, based on difference in soil properties. A corresponding soil model 

is developed for each section, 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 appendix 

names corresponding to the legend names in Figure 38 for clarity . 
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Figure 38 Satellite image of the CRISAFE project site showing 4 sections considered. 
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Along the dike section of the CRISAFE project, extensive CPT records exist at regular 200m 

intervals, see Figure 39. Figure 40 shows the results from two CPT records in this area along with 

an interpreted soil profile based on the Ic 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 determine their susceptibility to scour and 

static liquefaction. An example of Robertson's (2016) Soil Behaviour Chart used to identify the 

contractive and dilative layers is shown in Figure 41. 

 

 

Figure 39 Existing Site investigation at Dikesring 17-1 and 17-2 

 




































