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Executive Summary  

4ÈÉÓ ÒÅÐÏÒÔ ÐÒÅÓÅÎÔÓ ÔÈÅ ÏÕÔÃÏÍÅÓ ÏÆ 4ÁÓË 4ςȢσȟ Ȱ#ÒÉÔÉÃÁÌ )ÎÆÒÁÓÔÒÕÃÔÕÒÅ 6ÕÌÎÅÒÁÂÉÌÉÔÙ 

!ÓÓÅÓÓÍÅÎÔȟȱ ×ÉÔÈÉÎ 7ÏÒË 0ÁÃËÁÇÅ ς ÏÆ ÔÈÅ #2)3!&% ÐÒÏÊÅÃÔȢ )Ô ÆÏÃÕÓÅÓ ÏÎ ÔÈÅ ÄÅÔÁÉÌÅÄ 

vulnerability assessment of two critical infrastructure systems exposed to multiple natural 

hazards: (1) a network of retention dams outside the city of Zagreb, Croatia, and (2) a primary 

flood protection dike in Dijkring 17-1 near Rotterdam, in the Netherlands. Both sites are 

representative of critical infrastructure potentially exposed to cascading hazard effects, such as 

the interaction of extreme rainfall, seismic events, flooding, and static liquefaction. 

The Zagreb retention dams were analysed using geotechnical data and finite element modelling 

to evaluate stability under static loading (flood) and dynamic loading (earthquake). Probabilistic 

analyses were used to quantify uncertainties in loading and response, yielding failure 

probabilities and displacement distributions. 

In Rotterdam, CPT-based soil profiling and FEM simulations were used to ÅÖÁÌÕÁÔÅ ÔÈÅ ÄÉËÅȭÓ 

susceptibility to static liquefaction due to scour-induced stress changes. Contractive layers were 

identified, and stress-path analysis revealed localised risk zones where liquefaction could initiate. 

Fragility curves were generated from probabilistic simulations to link hazard intensity with 

failure likelihood, supporting scenario-based risk evaluation. Scour induced static liquefaction 

was considered along with rotational failure and piping due to flooding, as well as rapid 

drawdown failure following flooding. The approach integrates field data, advanced modelling, 

and uncertainty quantification, offering a robust framework for multi-hazard resilience planning 

in Work Package 3. 

 

Keywords: retention dams, dikes, probabilistic analysis, soil characterisation, finite element 

modelling, fragility curves 
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1 Introduction   

This report presents a vulnerability assessment of two critical infrastructure systems located in 

CRISAFE case study areas: the flash flood retention dams surrounding the city of Zagreb, Croatia 

and a flood protection embankment along the Oude Maas near Rotterdam, in the Netherlands. 

Both systems were selected due to their exposure to multiple natural hazards, and their potential 

to act as initiators of cascading failure sequences, resulting in impacts greater than those of the 

initial hazard alone. In Zagreb, this includes seismic loading and extreme rainfall with associated 

flood surges. In Rotterdam, attention is focused on hydrodynamic loading leading to piping 

and/or rotational failure, and the potential for static liquefaction due to scour in contractive 

subsoils. 

The primary objective is to identify and evaluate scenarios in which these natural hazards may 

compromise infrastructure performance, either through direct loading or indirect mechanisms 

such as liquefaction or progressive instability. The approach used is multi-pronged and utilises 

numerical and probabilistic modelling to quantify the response of these systems to the identified 

scenarios using site-specific geotechnical data. Fragility curves were generated from probabilistic 

simulations to link hazard intensity with failure likelihood . In doing so, the assessment supports 

both short-term emergency planning and longer-term mitigation strategies. The findings 

presented here also serve as a foundation for subsequent risk integration in Work Package 3. 

The structure of the report is as follows. Section 2 presents the analysis for the Zagreb retention 

system, including dam geometry, subsurface conditions, and results under both rainfall and 

earthquake loading scenarios. Section 3 addresses the Rotterdam dike, with a focus on static 

liquefaction susceptibility, quantifying the impacts of flooding, and the role of scour in initiating 

failure. Section 4 summarises the findings and their implications for multi-hazard risk analysis in 

Work Package 3. 
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2 Analyses of the Medvednica dams  

2.1 Introduction  

Out of 19 retention dams  located on the southern Medvednica slopes, above the city of Zagreb, 

three representative ones are analysed in this study. The chosen dams ranging in height from 12 

m to 26.5 m, are located as follows: IÒÎÏÍÅÒÅÃ ÄÁÍ in the west part of Zagreb , Pusti dol  dam in 

the middle and Jazbina in the eastern part, see Figure 1 . Analyses were made to assess their 

stability statically after intense rainfall, and dynamically considering seismic activity but 

neglecting rainfallɀ as  Deliverable 2.1 (D2.1) showed that these two event are highly unlikely to 

occur simultaneously. To perform calculations, Plaxis2D and PlaxisLE software were used, to 

perform finite element and limit equilibrium  methods respectively. The dynamic calculations are 

conducted using the numerical finite elements method (FEM), which is also used for static flow-

only analyses. The limit equilibrium method (LEM) is used to assess the stability of the dams for 

the relevant water levels, during peak level (PL) and rapid drawdown (RDD), as well as during 

earthquakes by means of spectral pseudostatic analyses. The main aimed results of these analyses 

are probabilities of failure (estimated from the factor of safety, FS) of each dam, for both the 

dynamic and static cases. Additionally, for the dynamic case, the permanent crown displacements 

are assessed through a probability distribution for each dam. The soil parameters for each dam 

are held constant (deterministic), while the uncertainties are a result of variable actions. 

 

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

dams have been constructed between the 1970s and 1990s, but the original design 

documentation is mostly missing, therefore limited data has been obtained from them. The 

obtained data includes seismic refraction profiles and boreholes with classification and 

ÌÁÂÏÒÁÔÏÒÙ ÔÅÓÔÓ ÏÎ ÓÁÍÐÌÅÓȟ ÐÒÉÏÒ ÔÏ ÔÈÅ ÄÁÍÓȭ ÃÏÎÓÔÒÕÃÔÉÏÎȟ ÁÓ ×ÅÌÌ ÁÓ ÔÅÃÈÎÉÃÁÌ ÄÒÁ×ÉÎÇÓ ÏÆ ÔÈÅ 

ÄÁÍÓȭ ÃÒÏÓÓ ÓÅÃÔÉÏÎÓȢ In the area, tÈÅ ÐÒÏÊÅÃÔ Ȱ$ÅÔÁÉÌÅÄ ÅÎÇÉÎÅering geological map of the 

ÕÒÂÁÎÉÓÅÄ -ÅÄÖÅÄÎÉÃÁ ÓÌÏÐÅÓȱ ɉ#ÒÏÁÔÉÁÎȡ $ÅÔÁÌÊÎÁ ÉÎĿÅÎÊÅÒÓËÏÇÅÏÌÏĤËÁ ËÁÒÔÁ ÐÏÄÓÌÊÅÍÅÎÓËÅ 

urbanizirane zone, https://www.hgi -cgs.hr/detaljna-inzenjerskogeoloska-karta-podsljemenske-

urbanizirane-zone-fza-i-i-faza-ii/ ) has been conducted and contains boreholes with material 

classification, as well as downhole and MASW profiles. As the project enveloped a large area, the 

investigations were sparse, but some of them ended up in the relative vicinity of the dams of 

interest. In the phases after the dams were constructed, some were instrumented with 

inclinometers to monitor their behaviour. While creating the boreholes for the instruments, 

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

CPTu investigations have been performed within the CRISAFE activities from the crown level of 

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

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

ÔÈÅ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÔÈÅ ÄÁÍÓȭ ÍÁÔÅÒÉÁÌÓ ÁÓ ×ÅÌÌ ÁÓ ÔÈÅ ÓÕÂÓÏÉÌ ÃÏnditions, with the exception of 

ÓÐÅÃÉÆÉÃ ÚÏÎÅÓ ×ÉÔÈÉÎ ÔÈÅ ÄÁÍÓȭ ÃÒÏÓÓ-sections where data was completely missing. Where data 

was missing, educated guesses and assumptions have been made. This, however, occurred for the 

less important components of a cross-section, while the most important ones mostly had 

available data. Given that dynamic numerical calculations were performed, the Hardening-soil 

with small strain stiffness (HSsmall) was used, which requires careful estimation of its 

parameters. For this purpose, available data is used directly and through correlations. 

2.2 Geotechnical characteristics for the three selected dam-

sites  

 IÒÎÏÍÅÒÅÃ ÄÁÍ 

From the LiDAR data, the outer contours of the cross-section are taken. The cross-section is taken 

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

ÏÆ ÔÈÅ ÄÁÍ ÄÕÅ ÔÏ ÔÈÅ ÓÐÉÌÌ×ÁÙ ÂÅÉÎÇ ÌÏÃÁÔÅÄ ÔÈÅÒÅȢ !Ó ÔÈÅ IÒÎÏÍÅÒÅÃ stream passes through the 

middle, a cross-section that passes through the channel would give the impression of a higher 

dam than it actually is. For this reason, a band of 40 m around the profile (20 on each side) is used 

to calculate the average elevation for the dam outer contour. The inner zonation of the dam was 

constructed based on the original technical drawing of the profile for the dam, shown in Figure 2, 

which is quite simple with only two components ɀ the body and the drain.  As the CPTu is 

performed from the centre of the crown, it passes through the drain material two times, once at 

the top and the second time at the base of the dam. It is thus used to assess the parameters of both 

materials. The investigation stopped at a depth of 13 m, which is below the base of the dam, and 

as such it is used to also estimate the properties of the subsoil. A borehole from the time of 

construction is also shown in Figure 2, which has helped with the identification of the subsoil 

material type.  

https://www.hgi-cgs.hr/detaljna-inzenjerskogeoloska-karta-podsljemenske-urbanizirane-zone-fza-i-i-faza-ii/
https://www.hgi-cgs.hr/detaljna-inzenjerskogeoloska-karta-podsljemenske-urbanizirane-zone-fza-i-i-faza-ii/
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Figure 2. /ÒÉÇÉÎÁÌ IÒÎÏÍÒÅÃ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃ ÃÒÏÓÓ-section technical drawing 

The CPTu raw results are shown in Figure 3. To visualise the material types that the CPTu passes 

through, the Soil Behaviour Type (SBT) is calculated and is then filtered through a smoothing 

procedure, to obtain an interpretable soil profile, as shown in Figure 4. The second occurrence of 

soil type 7 represents the drain layer at the base of the dam. Everything beneath it represents the 

foundation soil. As CPTu results can be harder to interpret in clays that in coarser materials, there 

are no correlations for some parameters of fine-grained soils. Given that the whole dam body is 

made out of clay, other correlations had to be used in those cases. 
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Figure 3. #04Õ ÃÏÎÄÕÃÔÅÄ ÆÒÏÍ ÔÈÅ ÃÒÏ×Î ÏÆ IÒÎÏÍÅÒÅÃ ÄÁÍ 

 

Figure 4. Smoothed Soil Behaviour Type index 
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DAM BODY MATERIAL 

4ÈÅ ÄÁÍȭÓ ÍÁÉÎ ÂÏÄÙ ÍÁÔÅÒÉÁÌ ÉÓ ÃÌÁÙȟ ÇÉÖÉÎÇ ÉÔ ÔÈÅ desired hydraulic conductivity. To estimate the 

strength parameters of clay, first the parameter Nkt is determined from Eq. (1) (Robertson and 

Cabal, 2022). 

ὔ ρπȢυ χÌÏÇὊ (1) 

From Nkt, the plasticity index is obtained from Eq. (2) (Budhu, 2011). 

 Ὅ ρπυυὔ  (2) 

The plasticity index is then used with correlations by Sorensen and Okkels (2013) to estimate the 

friction angle, which was found to be an average of 26.4°, for an average plasticity index of 16.2%. 

The cohesion is estimated to be 9 kPa based on the correlated undrained shear strength through 

CPTu. The most notable feature of the HSsmall model is its ability to consider the changes in shear 

stiffness with shear strain that occur between very small strain levels to engineering strain levels. 

It is thus important to estimate the appropriate parameters correctly. The constrained modulus 

is assessed through the CPTu by using conventional correlations available in the CPT-Guide by 

Robertson and Cabal (2022). The HSsmall model also considers the stiffness stress-dependency 

through a power law, as well as its strain-dependency through a hyperbolic law. The equation for 

stress-dependency is given in Eq. (3), where Eoed,ref is the constrained modulus at some reference 

pressure, pref ÉÓ ÔÈÁÔ ÒÅÆÅÒÅÎÃÅ ÐÒÅÓÓÕÒÅȟ ÁÎÄ ʎ1 is the major principal stress at any point. 

Ὁ Ὁ ȟ

„ ὧÃÏÔ•

ὴ ὧÃÏÔ•
 (3) 

The power for the stress dependency can be then obtained as the slope of a line passing through 

the logarithms of the term in brackets from Eq. (3) and the constrained modulus at the given 

principal stress level. For simplicity, the principal stress is assumed to be vertical and equal to the 

overburden pressure. The slope of the fitted line equals the power m and is equal to 0.852. 

 

Figure 5. Fitting of the parameter m for the HSsmall model 
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The reference oedometer stiffness is then found to be 28.7 MPa. The stress-dependency of the 

dam body material is shown in Figure 6a. The initial  shear stiffness follows the same stress-

dependency as that defined in Eq. (3), with the same power m. Its distribution with depth is found 

through a correlation with shear wave velocity, which is correlated with CPTu data. The reference 

shear wave velocity of the dam material, for m=0.852, is 80.1 MPa, and the stress-dependency is 

shown in Figure 6b. The other stiffnesses are assumed from recommendation as E50=1.25×Eoed, 

and Eur=3×E50. To define the shear stiffness reduction curve, the reference strain at which G0 

reduces to 70% of its initial value must be assessed. The correlation given in Eq. (4) is used 

(Bentley Systems Inc., 2023). K0 is estimated as 1-ÓÉÎɉʒɊЀπȢυφȟ ×ith the average principal stress 

at 100 kPa, the reference strain is 2.1×10-4. The hydraulic conductivity is also estimated from 

CPTu as 7×10-9 m/s  (Figure 6c). The flow through unsaturated material is simulated through the 

Van Genuchten model functions. 

 

Figure 6. a) constrained modulus; b) initial shear modulus; c) hydraulic conductivity 

‎Ȣ
ρ

ωὋ
ςὧρ ÃÏÓς• „ ρ ὑ ÓÉÎς•  (4) 

DRAIN MATERIAL 

The strength of the drain material is assessed by correlation with CPTu to be 40° with zero 

ÃÏÈÅÓÉÏÎȢ 4ÈÅ ÄÉÌÁÔÁÔÉÏÎ ÁÎÇÌÅ ÉÓ ÔÁËÅÎ ÁÓ ʒɀ30°=10°. With regard to the effect of dilatation, 

reasonable limits are imposed on the minimum and maximum void ratios. The stiffness is 

assumed to be constant with stress, i.e. m=0, and as such the oedometer stiffness is assessed from 

the data at 3-4.5 m depth and is equal to 65.2 MPa (Figure 6a). The E50 and Eur are assumed with 

the same relations defined for the body material. The initial shear modulus from CPTu does not 

comply with the other stiffnesses (it is too low), and thus a correlation by Oztoprak and Bolton 

(2013) for coarse-grained soils is used, shown in Eq. (5). With the assumed void ratio of 0.33, G0 

is 243 MPa. For the defined friction angle, K0 ÉÓ ÁÇÁÉÎ ÃÁÌÃÕÌÁÔÅÄ ÕÓÉÎÇ ÔÈÅ *ÁËÙȭÓ ÆÏÒÍÕÌÁ ÔÏ ÂÅ 

πȢσυχȢ &ÏÒ ÔÈÅ ÁÖÅÒÁÇÅ ʎ1 of 150 kPa, the reference shear strain is 9.2×10-5. The hydraulic 

conductivity is estimated from Figure 6c to be 4.6×10-5 m/s. 
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Ὃ
υχφπϽὴ

ρ Ὡ

„ᴂ

ὴ

Ȣ

 (5) 

FOUNDATION SOIL 

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

Type from CPTu, as well as the borehole in Figure 2 that shows that the predominant fraction is 

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

layer of mixed coarse and fine material with equivalent parameters. With the lack of other soil 

investigations, the strength parameters are assumed for a clayey gravel type of soil, as c=3 kPa 

ÁÎÄ ʒЀσυЈȢ The dilatation angle is taken as 5°, and appropriate limits to the void ratio are applied. 

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

mapping shows an average of 36.3 blows with SPT in the surface layers of similar type, which is 

in line with the assumptions. From the same project, an MASW profile (P5-1) was available 

nearby which is used to assess the initial shear stiffness of the subsoil (Figure 7a). The graph is 

ÃÏÎÖÅÒÔÅÄ ÔÏ ÄÉÓÃÒÅÔÅ ÐÏÉÎÔÓ ÉÎ ÔÈÅ ÍÉÄÄÌÅ ÏÆ ÅÁÃÈ ȰÌÁÙÅÒȱ ÔÏ ÐÅÒÆÏÒÍ Á ÐÒÏÃÅÄÕÒÅ ÓÉÍÉÌÁÒ ÔÏ ÔÈÁÔ 

shown in Figure 5 to obtain the power for stress-dependency, m=0.608 (Figure 7b), while G0,ref at 

100 kPa was found to be 93.7 MPa.  4ÈÅ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓȟ ÁÓÓÕÍÅÄ ÔÏ ÃÏÒÒÅÓÐÏÎÄ ÔÏ %50,ref, is 

found by a correlations given by Webb (1970) for sand and clayey sands to be 24.5 MPa. Eoed,ref is 

taken as E50,ref / 1.25, and Eur,ref=3×E50,ref. For K0ЀπȢτςφ ÁÎÄ ÁÎ ÁÖÅÒÁÇÅ ʎ1 of 550 kPa under the 

dam in the model, the reference shear strain is 8.8×10-4. The hydraulic conductivity assumed for 

the type of material to be 1×10-6 m/s. Unsaturated flow is modelled using Van Genuchten model 

functions. The void ratio is assumed to be 0.5. 

  

Figure 7. a) Small-strain shear modulus profile from MASW; b) fitting for stress-dependency 

A summary table of parameters assigned to each region of the model is given in Table 1, which 

also shows the parameters for other dams. 
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Table 1. Soil parameters for all materials in each dam model 
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Body 17.2  20.6 0.35 28.7 35.9 107.6 80.1 100 0.85 2.1 9 26.4 0 0.007 1 

Drain 19.5 22.0 0.25 65.2 81.5 244.5 243 100 0 0.92 0 40 10 46 1 

Found. soil 17.7 20.9 0.33 19.6 24.5 73.5 93.7 100 0.608 8.8 3 35 5 1 1 

P
u
s
ti
 d

o
l 

Body 20.3 22.6 0.234 30 37.5 112.5 233.7 100 0.818 1.5 0 45 15 300 1 

Screen 18.5 21.4 0.30 30 37.5 75 97.8 100 0.800 1.5 0 40 10 100 1 

Clay toe 16.2 20.4 0.40 30 37.5 112.5 120 100 0 1.4 10 25 0 0.01 1 

Rock toe 20.8 22.8 0.20 80 100 250 250 100 0 0.57 0 45 15 10000 1 

Surface layer 17.7 21.0 0.333 20 20 60 80 100 0 9.5 7 33 3 7 1 

Fractured rock 22.3 23.8 0.15 150 150 300 640 100 0 2 0 50 20 0.5 1 

Compact rock 25 25.5 0.05 1000 1000 2000 3300 100 0 0.76 100 50 0 0.05 1 

J
a
zb

in
a 

Body 17.7 21.0 0.33 40 50 100 130.3 100 0.600 1.9 2 38.5 8.5 12 1 

Crown 17.7 21.0 0.33 30 37.5 75 130.3 100 0.534 1.2 2 38.5 8.5 12 1 

Core 16.8 20.4 0.366 25 31.25 62.5 48.3 100 0.878 6.1 19 29 0 0.00032 1 

Filter  18.5 21.5 0.300 40 50 100 200 100 0.500 1.3 0 40 10 100 1 

Surface layer 16.8 20.4 0.366 20 25 75 80 100 0 6 19 29 0 0.4 1 

Interm. layer 17.2 20.6 0.350 16 20 60 100 100 0 5.5 5 38 5 8 1 

Found. soil 15 19.5 0.434 14.3 17.88 89.4 245 100 0 4.3 20 30.3 0 0.01 1 
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 Pusti dol dam 

Pusti dol is the highest of the analysed dams, 26.5 m. LiDAR data has been used to define the outer 

contour of the dam cross-section, across the middle of the dam. Given that the dam is located in a 

narrow V-shaped stream valley, the profile is taken as an average of a much smaller band than for 

IÒÎÏÍÅÒÅÃȟ spanning 5 m on each side. The inner zonation of the dam was defined based on the 

original technical drawing of the profile for the dam, shown in Figure 8, which is also relatively 

simple with a coarse-grained body and a finer (but still coarse) screen occupying most of the 

cross-section, together with toe materials made from clay (water side) and very coarse (land side) 

materials. As the CPTu is performed from the centre of the crown, it passes through the screen 

material and continues through the body. Unfortunately, the CPTu was unable to penetrate 

deeper than 7 m ɀ still, the properties of the materials it passes through can be assessed.  Other 

than that, 6 boreholes were available from the original investigation works, along with one 

seismic refraction profile in the direction perpendicular to the stream, under the dam crown, 

made in 1985. The top layer detected in the boreholes is made from mixed material, for which 

granulometric curves are available from each borehole. Deeper layers are fractured rock and 

compact rock.  As seen from the characteristic section, a PVC sheet is used in the middle of the 

screen to reduce seepage. 

 
Figure 8. /ÒÉÇÉÎÁÌ IÒÎÏÍÒÅÃ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃ ÃÒÏÓÓ-section technical drawing 

The CPTu raw results are shown in Figure 9. As for the previous dam, to visualise the material 

types that the CPTu passes through, the SBT is calculated and filtered through a smoothing 

procedure, as shown in Figure 10.  
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Figure 9. #04Õ ÃÏÎÄÕÃÔÅÄ ÆÒÏÍ ÔÈÅ ÃÒÏ×Î ÏÆ IÒÎÏÍÅÒÅÃ ÄÁÍ 

 

Figure 10. Smoothed Soil Behaviour Type index 
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DAM BODY MATERIAL 

The body material friction angle of 45°, assessed from CPTu, with assumed 0 cohesion. The 

dilatancy angle is set to 15°, with reasonable limits to the minimum and maximum void ratios for 

the dilatancy cut-off. From CPTu the dry unit weight is 20.3 kN/m 3, then assuming the specific 

gravity to be 2.7, the porosity is calculated to be 0.305 and the saturated unit weight 22.6 kN/m3. 

The factor m for stiffness stress-dependency is calculated from G0 obtained from correlation with 

CPTu by Rix and Stokoe (1991), and is 0.818, with G0,ref = 233.7 MPa. Given that the Eoed values 

from CPT are too high to be feasible, it is assumed that a maximum of 80 MPa can occur at high 

stresses, giving the reference Eoed,ref to be around 30 MPa, assuming the above factor m. E50,ref is 

taken as 1.25×Eoed, while Eur,ref as 3×E50,ref. For the defined friction angle, K0 is 0.293. Considering 

an average major principal stress of 250 kPa, the reference strain is 1.5×10-4. The hydraulic 

conductivity is 3×10-4 m/s , determined from CPTu. 

SCREEN MATERIAL 

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

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

unit weights are calculated as 18.5 and 21.4 kN/m3 (dry and saturated, respectively). The 

ÃÏÎÓÔÒÁÉÎÅÄ ÁÎÄ 9ÏÕÎÇȭÓ ÍÏÄÕÌÉ ÁÒÅ ÔÈÅ ÓÁÍÅ ÁÓ ÆÏÒ ÔÈÅ ÂÏÄÙȟ ×ÈÉÌÅ ÔÈÅ ÕÎÌÏÁÄÉÎÇ-reloading 

modulus is taken as 2×E50,ref. The small-strain shear stiffness is determined from the same 

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

K0=0.357 and ʎ1=100 kPa, the reference strain is 1.5×10-4. The hydraulic conductivity is assumed 

to be a little smaller than the body, 1×10-5 m/s. 

DAM TOES 

For the dam toes on the upstream and downstream sides made from clay and rock materials 

respectively, all their parameters are assessed from experience and recommendations for those 

material types, given that there is no investigation data available for them. Their stiffness is 

assumed to be constant with varying stress. 

SURFACE LAYER 

The surface layer detected in the boreholes is a mixed material, it can be characterized as coarse-

grained with 20-30% fines and small amounts of rock fragments. The granulometric data can be 

utilized to correlate with the hydraulic conductivity by Eq. (6) (Bentley Systems Inc., 2024), 

×ÈÅÒÅ ʃsat is the saturated volumetric water content, mcl and msi are the fractions of clay and silt 

respectively, dg ÉÓ ÔÈÅ ÇÅÏÍÅÔÒÉÃ ÍÅÁÎ ÐÁÒÔÉÃÌÅ ÄÉÁÍÅÔÅÒ ÁÎÄ ʎg is the geometric standard 

deviation, assuming a log-normal granulometric function. By taking the average of 2% clay 

content, 23% silt content and the rest assumed to be sand, the equation gives 7×10-6 m/s. 

Ὧȟ τϽρπ
πȢυ

ρ —

Ȣ

ϽὩ Ȣ Ͻ Ȣ Ͻ Ȣ     Ƞ    ὦ Ὠ Ȣ πȢς„ (6) 

The strength is assumed based on the fraction content ɀ cohesion 7 kPa and friction angle 33°, 

dilatancy 0°. The measured primary wave velocity from the original seismic refraction profile for 

this layer is 385 m/s (mean value). The shear wave velocity is calculated through the expression 

given in Eq. (7) ɀ 192.5 m/s, and thus G0Ђ80 MPa. We can assume that the layer has been densified 

before construction to at least 20 MPa, which is thus taken as E50,ref and Eoed,ref, with Eur,ref taken as 
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3×E50,ref. G0 is assumed constant (m=0). For the average major principal stress of 500 kPa and a 

calculated K0, the reference strain is 9.5×10-4.  

ὺ

ὺ

ςρ ’

ρ ς’
ς (7) 

FRACTURED ROCK LAYER 

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

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

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

MPa. It is assumÅÄ ÔÈÁÔ ÉÔ ÉÓ ÃÏÎÓÔÁÎÔȟ ÉȢÅȢ ÍЀπȢ "ÏÔÈ ÔÈÅ ÃÏÎÓÔÒÁÉÎÅÄ ÁÎÄ 9ÏÕÎÇȭÓ ÍÏÄÕÌÉ ÁÒÅ 

assumed to be 150 MPa, while the unloading-reloading modulus is taken as the minimally allowed 

2×E50. Equivalent cohesion and friction angle are taken as 0 and 50°. K0 is assumed to be 1, and 

the average major principal stress 600 kPa. Then the reference shear strain is 2×10-4. The 

hydraulic conductivity is assumed as 5×10-7 m/s. 

COMPACT ROCK 

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

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

which is also assumed to be constant (m=0). The E50 and Eoed are assumed to be 1 GPa, while Eur 

must be taken as a minimum of 2×E50 in the HSsmall model. The Hoek-Brown model would be 

ÍÏÒÅ ÁÐÐÒÏÐÒÉÁÔÅ ÔÏ ÍÏÄÅÌ ÔÈÉÓ ÍÁÔÅÒÉÁÌȭÓ ÂÅÈÁÖÉÏÕÒȟ ÂÕÔ ÔÈÅ ÕÓÅ ÏÆ ÔÈÅ (3ÓÍÁÌÌ ÍÏÄÅÌ ÒÅÑÕÉÒÅÄ 

the assessment of Mohr-Coulomb strength parameters. The equivalent cohesion is then assumed 

as 100 kPa, and friction angle 50°. The porosity n=0.05 and hydraulic conductivity k=5×10-8 m/s 

are assumed from literature. K0 is assumed to be 1, and the average major principal stress ~1060 

kPa at the middle of the rock layer in the model. This gives the reference shear strain of 7.6×10-5. 

PVC SHEET 

The PVC sheet is 2 mm thick and has been assumed to have a hydraulic conductivity of 5×10-11 

m/s through the sheet. 

 Jazbina dam 

Jazbina dam has the largest retention volume of the three analysed dams. LiDAR data has been 

used to define the outer contour of the dam cross-section, across the middle of the dam. The width 

of the band did not have much influence on the contour, thus a 20 m band is taken to flatten the 

terrain. The inner zonation of the dam was defined based on the available technical drawing of 

the profile for the dam, shown in Figure 11, which is made from 4 materials ɀ the impermeable 

core, the filter material, the body material, and the crown material. Soil characteristics data are 

available from the newly conducted CPTu, from boreholes conducted for inclinometer installation 

in 2005 (Geokon-Zagreb d.o.o.) wit h laboratory tests for some index properties, two boreholes 

with SPT and index tests and a seismic refraction profile from 1991 (Institut Geoexpert), and 

finally a borehole with SPT and an MASW profile in the relative vicinity of the dam conducted for 

the previously mentioned engineering-geological mapping project. The impermeable core is 

constructed from material excavated within the reservoir, for which index and mechanical 
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properties are available from laboratory tests in 1991. The CPTu penetrates a little bit into the 

surface layer, but it is used to assess the properties of the crown material and the impermeable 

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

The boreholes for inclinometer installation are 25 m deep, and they are thus used to assess the 

crown material, impermeable core, as well as the foundation soils. Unfortunately, there is no data 

available for the body material, other than its classification symbol. From these investigation 

works, it can be concluded that the foundation soil is made of three layers (to a depth of interest), 

with the first being a thin fine-grained layer, followed by a very clayey gravel layer, followed again 

by a firm silt material  layer. 

 
Figure 11. Jazbina dam characteristic cross-section 

The CPTu raw results are shown in Figure 12. As for the previous dams, to visualise the material 

types that the CPTu passes through, the SBT is calculated and filtered through a smoothing 

procedure, as shown in Figure 13.  

 

Figure 12. CPTu conducted from the crown of Jazbina dam 
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Figure 13. Smoothed Soil Behaviour Type index 

FIRM SILT LAYER IN THE FOUNDATION SOIL 

The deepest layer of interest is made of silt material. It has a consistency index of 1.2 (with 

plasticity index 18.4%) despite being under the water table, which indicates a high degree of 

overconsolidation. According to MASW data, the shear wave velocity is relatively constant 

throughout this layer with 350 m/s, giving G0=245 MPa with m=0 for being constant with depth. 

From the inclinometer boreholesȭ ÌÁÂÏÒÁÔÏÒÙ ÄÁÔÁ, ɾd and ɾ ÁÒÅ ρυ ÁÎÄ 19.5 kN/m3 respectively. 

The friction angle is obtained from a correlation with the plasticity index (Sorensen and Okkels, 

2013), and amounts to 30.3°. Cohesion is assumed 20 kPa due to high consistency index. Initial 

void ratio is calculated from the measured dry unit weight and assumed unit weight of solids 

(e=0.766). The borehole in the relative vicinity of the dam shows 3 SPT with  24-27 blows in this 

layer, averaging 25.3. The correlation from Stroud and Butler (1975) gives 14.3 MPa constrained 

modulus. For the HSsmall model the E50 is taken as 1.25×Eoed. Eur is taken as 5×E50. For ʎ1=680 

kPa and K0=0.495, the reference strain is 4.3×10-4. Given how this is an overconsolidated silty 

layer, the hydraulic conductivity is safely assumed as 1×10-8 m/s. 

CLAYEY GRAVEL IN THE FOUNDATION SOIL 

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

G0=100 MPa, which is assumed constant (m=0). This layer is not found in the newer boreholes 

that are in the relative vicinity of the dam, so only the SPT conducted in the 1991 boreholes is 

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

38°, while cohesion is then assumed 5 kPa. Dilatation angle is taken as 5° and appropriate limits 

to the void ratio are set. CorrelatioÎÓ ÆÏÒ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÖÁÒÙ ÂÅÔ×ÅÅÎ ρυ-25 MPa, thus 20 MPa 

is chosen as E50. Eoed is E50/1.25, and Eur is 3×E50. Porosity is assumed 0.35. For ʎ1=360 kPa and 

K0=0.384, the reference strain is 5.5×10-4. According to granulometry data the hydraulic 

conductivity is 8×10-6 m/s. 
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SURFACE LAYER 

The surface layer of clay has shear wave velocity of 200 m/s according to MASW data, giving 

G0=80 MPa. Given that it is required to compact the surface layer before construction of an 

earthfill dam to at least 20 MPa, and the fact that this layer is very thin, 20 MPa is assumed for the 

constrained modulus. E50 is 1.25×Eoed, and Eur=3×E50. Strength parameters are assumed equal as 

the impermeable core, given that the material for the core was excavated within the retention 

space. 4ÈÅÙ ÁÒÅ ʒ=29, c=19, obtained from triaxial testing of the material. K0 is then 0.515, and 

for ʎ1=290 kPa, the reference strain is 6×10-4. The measured maximum dry unit weight measured 

is 16.8, from which porosity and unit weights are calculated. Field measurements of hydraulic 

conductivity showed k=4×10-7 m/s. 

IMPERMEABLE CORE 

The impermeable core material is taken from within the reservoir ɀ from the surface layer. The 

strength properties are thus taken equal as for the surface layer. The consistency index is between 

0.95 and 1, but this is expected as the material is above the water table. Given the max. dry unit 

weight and assumed solids unit weight of 2.7, the porosity is calculated, as well as the bulk unit 

weight. The hydraulic conductivity is assessed from CPTu correlations as 3.2×10-10 m/s. G0 is also 

correlated from CPTu according to Mayne and Rix (1993), giving G0,ref = 48.3 MPa and m=0.878. 

CPTu gives uncharacteristically low constrained modulus values for this material, which is why 

the stress dependency factor is calculated from the shear modulus, and the results for the 

constrained modulus are disregarded. According to general technical conditions for constructing 

a dam in Croatia, the clay core should have been compacted to at least 20-25 MPa. 25 MPa is 

chosen, E50 is then taken as 1.25×Eoed, and Eur as 2×E50. K0 is 0.515, and the average ʎ1=160 kPa, 

giving the reference strain of 4.2×10-4. The density is assumed to be at its maximum, as measured 

from the field material. 

CROWN MATERIAL 

Above the impermeable core there is a relatively thin coarse layer classified as clayey gravel.  

From CPTu data it has a friction angle of 38.5°, while the cohesion is assumed 2 kPa. The dilatation 

angle is taken as 8.5°, and appropriate limits are set to the void ratio. The G0, calculated from Rix 

and Stokoe (1991) is 130.3 MPa with m=0.534. The hydraulic conductivity is 1.2×10-5 m/s  from 

CPTu data. According to the technical conditions, it should have been compacted to at least 30 

MPa, thus 30 MPa is assumed for Eoed,ref, then E50,ref is 1.25×Eoed,ref, and Eur,ref is 2×E50,ref. Porosity is 

assumed to be 0.33. For K0=0.377 and ÁÖÅÒÁÇÅ ʎ1=100 kPa, the reference strain is 1.2×10-4. 

DAM BODY 

The dam body, which is made from clayey and silty gravel, should have been compacted to 35-40 

MPa. For this layer, as well as the filter layer, there is no data available at all. Thus, Eoed,ref is 

assumed to be 40 MPa, E50,ref=1.25×Eoed,ref, and Eur,ref=2×E50,ref. G0,ref is assumed equal to the crown 

material, and m assumed 0.6, which is representative of coarse-grained materials. Hydraulic 

conductivity is also assumed equal to the crown material. K0 is 0.377 ÁÎÄ ÔÈÅ ÁÖÅÒÁÇÅ ʎ1 160 kPa, 

so the reference strain is 1.9×10-4. For an assumed n=0.33, the unit weights are calculated. 
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FILTER MATERIAL 

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

should be a well graded gravel. Thus, assuming n=0.3, the unit weights are calculated. Assuming 

the compaction requirements are met, Eoed,ref is taken as 40 MPa, while E50,ref as 1.25×Eoed,ref, and 

Eur,ref=2×E50,ref. G0,ref is assumed to be 200 MPa with  m=0.5, based on data and recommendations 

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

a dilatation angle of 10° and appropriate void ratio limits. K0 ÉÓ ÔÈÅÎ πȢσυχȟ ÁÎÄ ÆÏÒ ÔÈÅ ÁÖÅÒÁÇÅ ʎ1 

od 180 kPa, the reference strain 1.3×10-4. The hydraulic conductivity is assumed to be 1×10-4 m/s. 

2.3 Geotechnical analyses 

 Introduction and models 

Static and dynamic analyses are conducted to assess the probability of failure of the three dams 

during seismic events and high intensity rainfall events, which have been shown to have 

practically negligible probability of occurring simultaneously in D2.1. Three types of analyses are 

conducted: 1) static transient numerical analyses for seepage calculations, 2) dynamic load-

deformation analyses for seismic response calculations, and 3) both static and dynamic stability 

limit equilibrium analyses. The numerical analyses use the finite element method (FEM). The 

models for the three dams are the same for all analyses (except the mesh density) and contain 

additional terrain two times the length of the dam on each side, i.e. the total length is 5 times the 

length of the dam, while the depth of all the models is 30 m from the lowest surface point. For 

IÒÎÏÍÅÒÅÃ ÄÁÍ ÔÈÅ ÔÏÔÁÌ ÍÏÄÅÌ ÌÅÎÇÔÈ ÉÓ ÔÈÅÎ ςχσȢς Í ÁÎÄ 44.6 m high, for Pusti dol it is 500 m 

long and 64.4 m high, and for Jazbina it is 494 m long and 50 m high. The numerical models 

require an adequate mesh of finite elements to provide good results. This is especially true in 

dynamic analyses where seismic waves must pass through the soil. The element size depends on 

the wavelength ɉʇɊ associated with the maximum frequency component with appreciable energy 

(fmax) of the input seismic record, as defined by Kuhlemeyer and Lysmer (1973) in Eq. (8), where 

vs,min is the lowest shear wave velocity in a layer. 

ὃὺὩὶὥὫὩὉὰὩάὩὲὸὛὭᾀὩ
‗

ψ

ὺȟ
ψϽὪ

 (8) 

The fmax is estimated from the power spectrum of the utilized earthquake records, one set for 

IÒÎÏÍÅÒÅÃ ÁÎÄ *ÁÚÂÉÎÁ ɉFigure 14a) and the other for Pusti dol (Figure 14b). For both, fmax is 

taken as 10 Hz, meaning that most of the energy carried by seismic waves is done so by waves of 

frequency 10 Hz and less. Knowing the shear wave velocity distribution within the model regions, 

the mesh can be adjusted to have various element sizes at different locations. In Plaxis 2D 2024 

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

element.  

ὰ ὶϽπȢππφϽ ὼ ὼ ώ ώ  (9) 

The factor reϼπȢππφ ÆÏÒ IÒÎÏÍÅÒÅÃ ÁÎÄ 0ÕÓÔÉ ÄÏÌ ×ÁÓ ÕÓÅÄ ÁÓ πȢπρȟ ×ÈÉÌÅ ÆÏÒ *ÁÚÂÉÎÁ πȢππωȟ ×ÈÉÃÈ 

are calculated for the average shear wave velocities in the models. To modify the elements in each 

region, the Coarseness Factor is changed for each region, by a factor <1 to reduce the factor le for 
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that region, and >1 to increase it. With that, a dense enough mesh is obtained, without having too 

long computation times. 

 

 

Figure 14. 0Ï×ÅÒ ÓÐÅÃÔÒÕÍ ÏÆ ÔÈÅ ÕÔÉÌÉÚÅÄ ÅÁÒÔÈÑÕÁËÅ ÒÅÃÏÒÄÓ ÆÏÒ IÒÎÏÍÅÒÅÃ ÁÎÄ *ÁÚÂÉÎÁ ɉÔÏÐɊ 
and Pusti dol (bottom)  

As mentioned previously the Hardening Soil Model with small strain stiffness (HSsmall for short) 

was used for all materials in the load-deformation analyses. All the required parameters for the 

HSsmall model, as assigned to each region of each dam-model, are shown in Table 1. For seepage 

analyses, the Van Genuchten model was used to define the volumetric water content and 

hydraulic conductivity functions for unsaturated flow through soil. Predefined functions based 
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on descriptive grain sizes weÒÅ ÕÓÅÄ ÁÓ ȰÔÅÍÐÌÁÔÅÓȱ ÆÏÒ ÔÈÅ ÁÃÔÕÁÌ ÆÕÎÃÔÉÏÎÓȟ ÁÄÊÕÓÔÅÄ ×ÉÔÈ ÔÈÅ 

material parameters. For the limit equilibrium calculations, the Mohr-Coulomb model is used. The 

same dam models were used for dynamic load-deformation, transient seepage, and stability, and 

are shown in Figure 15 as created in Plaxis2D. 

 

 

 

Figure 15. -ÏÄÅÌ ÆÏÒ ÁɊ IÒÎÏÍÅÒÅÃȟ ÂɊ 0ÕÓÔÉ ÄÏÌ ÁÎÄ ÃɊ *ÁÚÂÉÎÁ ÄÁÍÓ 

 Static analyses 

During static seepage analyses, each dam is subjected to 9 different water levels, defined in D2.1 

for each dam, i.e. each dam has its own set of 9 water levels that depend on the rainfall intensity 

and duration (three durations, with three different intensities considered for each duration), and 

on the reservoir and dam characteristics. Each water level is analysed in two phases. The first is 

the rising phase, where the water level rises from the soil up to some level, which is relevant for 

the slope stability downstream. The second phase is the rapid drawdown phase (RDD) where the 

water reduces from its highest level back down to the toe of the dam. This phase is relevant for 

the stability of the upstream slope. For the seepage analyses the mesh has been highly densified 

compared to the previously described mesh to obtain more accurate results, this was possible as 

seepage analyses are less computationally intensive than dynamic load-deformation analyses. 

Results of the 2D transient seepage analyses for each water level phase of are finite element pore-

water pressures at all nodes . These pore pressures are then imported into the stability-analysis 

software as discrete point data in and used to interpolat e the pore pressures atany intermediate 

point. 

LE analyses were set up to search for the critical non-circular slip surfaces using the Cuckoo 

search algorithm and calculate stability using the Morgenstern-Price method assuming a half-sine 

interslice-force function. The minimum depth of the slip surface to consider was set to 1 m to 

avoid tracking insignificant surficial sliding, which could have led to misleading safety metrics 

when representing the stability of the dam. The calculations were conducted in accordance with 

Eurocode 1997-1 and the Croatian national annex, where the use of DA3 is specified. Thus, all soil 

a) 

b) 

c) 



 

  
 

24 
 

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

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

strength parameters are reduced by the appropriate partial factors. The results of static LE 

analyses are given for 18 scenarios for each dam, i.e. 18 factors of safety are obtained ɀ 9 for the 

downstream slope and 9 for the upstream slope (3 for each rainfall duration with 3 different 

rainfall intensities). Each ×ÁÔÅÒ ÌÅÖÅÌȭÓ probability of occurrence is defined through their 0.0015, 

0.5 and 0.9985 fractiles (equivalent of mean ± three standard deviations in a normal distribution). 

Thus, each FS is assumed to correspond to the opposite fractile in their own (FS) distribution, to 

estimate the probabilities of failure (FS<1). In other words, the water wave corresponding to the 

0.0015 fractile is assumed to generate a FS that corresponds to the 0.9985 fractile in its own 

distribution.  A FS distribution may then be inferred from the 0.0015, 0.5 and 0.9985 fractiles. This 

can be done by transforming the value space using the Box-Cox transformation (Eq. (10)) to make 

the 0.0015 and 0.9985 fractiles equally distant from the mean, i.e. resemble a normal distribution 

(Eq. (11) and (12)). 

ὼᴂ
ὼ ρ

‗
 (10) 

By applying Eq. (10) to the three values of the FS, we get Eq. (11), where А ÁÎÄ ʎ ÁÒÅ ÔÈÅ ÍÅÁÎ 

and standard deviation of the normal distribution in the transformed space. 

‘
ὊὛȢ ρ

‗
 

‘ σϽ„
ὊὛȢ ρ

‗
 

‘ σϽ„
ὊὛȢ ρ

‗
 

(11) 

From which Eq. (12) followsȟ ×ÈÉÃÈ ÃÁÎ ÂÅ ÓÏÌÖÅÄ ÆÏÒ ʇ ÕÓÉÎÇ ÁÎ ÉÔÅÒÁÔÉÖÅ ÐÒÏÃÅÄÕÒÅȢ 

ὊὛȢ ὊὛȢ ςϽὊὛȢ π (12) 

The transformed values correspond to a normal distribution in the transformed space. Knowing 

the distribution (normal), a large sample is taken, and is converted back to the original space 

ÕÓÉÎÇ ÔÈÅ ÓÁÍÅ ʇ ÖÁÌÕÅȢ 4Èis large sample can then be fitted with any appropriate distribution. As 

ÁÎ ÅØÁÍÐÌÅȟ ÆÉÇÕÒÅ ȢȢȢ ÓÈÏ×Ó ÔÈÅ ÄÉÓÔÒÉÂÕÔÉÏÎ ÏÂÔÁÉÎÅÄ ÆÏÒ ÔÈÅ ÄÏ×ÎÓÔÒÅÁÍ ÓÌÏÐÅ ÏÆ IÒÎÏÍÅÒÅÃ 

dam for the 0.9985 fractile of the water wave. Despite all of that, the water levels have minimal 

effect on the stability of the dams as their short duration does not allow water to penetrate far 

enough into the dam to have significant effect on the downstream side, or to remain within the 

dam during the receding phase to have significant impact on upstream stability . For lower water 

levels, it is not only a matter of duration but of water height. Because of this, the probabilities of 

failure calculated from the distributions obtained by the method described are essentially 0. Thus, 

only the mean value of the factor of safety is presented for each dam in Table 2, with negligible 

probability of failure. As a higher and longer water level is applied, it is expected that the FS would 

decrease. However, inconsistencies are found in this regard, showing slightly higher FSs for a 

larger water level than for a smaller water level, indicating that small variations in the results are 

also due to critical-surface searching-methods. 
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Figure 16. FS distribution for IÒÎÏÍÅÒÅÃ ÄÏ×ÎÓÔÒÅÁÍ ÓÌÏÐÅ ÄÕÒÉÎÇ πȢωωψυ-fractile water wave 

 

 

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

Dam 
Water wave 

fractile 

Downstream stability  Upstream stability  
Average FOS for 
each water level 

average FOS 
of all analyses 

average FOS for 
each water level 

average FOS 
of all analyses 

IÒÎÏÍÅÒÅÃ 
0.0015 1.271 

1.27 
1.591 

1.60 0.5 1.270 1.600 
0.9985 1.275 1.599 

Pusti dol 
0.0015 1.515 

1.52 
1.650 

1.63 0.5 1.505 1.615 
0.9985 1.535 1.625 

Jazbina 
0.0015 2.537 

2.55 
1.351 

1.37 0.5 2.530 1.406 
0.9985 2.572 1.340 

 

 Dynamic analyses 

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

in D2.1 and applied to the ÂÁÓÅ ÏÆ ÅÁÃÈ ÄÁÍȭÓ ÎÕÍÅÒÉÃÁÌ ÍÏÄÅÌȢ The motions were then fitted to 

ÔÈÅ ÄÅÓÉÇÎ ÓÐÅÃÔÒÁȟ ÏÎÅ ÆÏÒ IÒÎÏÍÅÒÅÃ ÁÎÄ *ÁÚÂÉÎÁ ÄÁÍÓȟ ÁÎÄ ÁÎÏÔÈÅÒ ÆÏÒ 0ÕÓÔÉ ÄÏÌ ÄÁÍȢ 'ÉÖÅÎ 

ÔÈÁÔ IÒÎÏÍÅÒÅÃ ÁÎÄ *ÁÚÂÉÎÁ ÂÏÔÈ ÈÁÖÅ the same soil (type B) underneath the model, the first 

design spectrum uses the acceleration of type A soil (0.26g) corrected for soil type B (0.312g). 

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

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

ÏÂÔÁÉÎÅÄȟ ÏÎÅ ÆÏÒ IÒÎÏÍÅÒÅÃ ÁÎÄ *ÁÚÂÉÎÁȟ ÁÎÄ ÔÈÅ ÏÔÈÅÒ ÆÏÒ 0ÕÓÔÉ ÄÏÌȢ Displacements are observed 



 

  
 

26 
 

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

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

over the whole model, and the largest permanent displacements (and their position of 

occurrence) are noted. Horizontal accelerations are also observed, at the crown of the dam and 

at the base. The materials in the finite-element dynamic analyses are all modelled using the 

HSsmall model with the parameters defined in Table 1. The water table is set to the base of the 

model, i.e. the materials are all dry. 

The histograms of the total permanent dam-displacements are shown in Figure 17. The data for 

all three dams were fitted nicely by log-normal distributions , also shown in Figure 17. It can be 

seen that the order of magnitude of the permanent displacements is a few centimetres, with 

detected values between 1 and 7 cm. 

The acceleration histograms with their corresponding fitted distributions are displayed in Figure 

18 for both the crown and base of the dams. Again, the log-normal distribution showed to be the 

best fit for the data. The accelerations at the base are expectedly somewhat lower than at the 

crown, i.e. the seismic motions are amplified through the dam giving larger accelerations at their 

crowns. 

 

 

Figure 17. Histograms of the permanent displacements with fitted log -normal distributions  
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Figure 18. Histograms of the crown and base accelerations with fitted log-normal distributions  

Dynamic LEM analyses are conducted by the spectral pseudo-static approach (Ghobrial et al., 

2015), where the horizontal seismic coefficient is variable through the height of the model, 

instead of being equal in all points as in the classic pseudo-static approach. The variation is 

defined by Eq. (13), where kh0 is the horizontal seismic coefficient at the bottom of the model, z is 

the height of any point measured upwards from the bottom of the model, Ht is the total height 

from the bottom of the model to the top of the dam, while a and b are constants. 

Ὧ ᾀ Ὧ ρ ὥ
ᾀ

Ὄ
 (13) 

It should be noted that for b=1 the variation is a straight line, for b<1, the curve has an exponential 

form, and for b>1 it has a logarithmic form. The shape of the curve is governed by the z-coordinate 

of the base and the value of the base acceleration, both relative to the model-bottom and the dam 

crown. As the goal is to calculate the probability of failure, Monte Carlo simulations are used. This 

means that sampling must be done from both the base and crown acceleration distributions 

simultaneously, to create a variable kh according to Eq. (13). As sampling from two distributions 

is required, the correlation between the accelerations at the crown and base of the dams is 

investigated. The found correlation coefficients are 0.29, -πȢρσ ÁÎÄ πȢσπ ÆÏÒ IÒÎÏÍÅÒÅÃȟ 0ÕÓÔÉ ÄÏÌ 

and Jazbina, respectively. These coefficients governed the sampling of the accelerations from the 

defined distributions. Then, an automatic fitting procedure is employed to find the a and b 

coefficients from Eq. (13) for each pair of observations. Considering the expected shape of the 

first mode of vibration of a dam, all curves with an exponential form are not considered, i.e. only 

curves with bІρ are considered, while the rest are discarded. To additionally consider the ability 

of earthen structures to deform, the factor r from Eq. (14) is taken as 2, according to the 



 

  
 

28 
 

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

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

recommendations given by Eurocode 1997-1. The factor S for different soil types in Eq. (14) is 

already considered during the fitting of the earthquake records to the design spectra.  

Ὧ
ὥϽὛ

ὫϽὶ
 (14) 

The vertical seismic coefficient is not considered, i.e. kv=0. All calculations are again done in 

accordance with Eurocode 1997-1, where the partial factors for seismic calculations are equal to 

1. To calculate the probabilities of failure, 1000 LE analyses with the variable kh were conducted 

(with all other settings equal to the described static analyses), for both sides of the dam. The 

obtained data was then fitted with probability distributions  ɀ either the Gumbel or the skewed-

normal distributions . From the respective cumulative distribution functions, the probability of 

getting a FS<1 was calculated, as shown in Table 3. As the earthquake motion causes accelerations 

in both directions, both sides of a dam must be considered to assess its overall stability.  

Table 3. Conditional pÒÏÂÁÂÉÌÉÔÉÅÓ ÏÆ ÂÏÔÈ ÓÌÏÐÅÓȭ ÉÎÓÔÁÂÉÌÉÔÙ ÆÏÒ ÁÌÌ ÔÈÒÅÅ ÄÁÍÓ  

Dam Upstream probability of failure [ %] Downstream probability of failure  [%]  
IÒÎÏÍÅÒÅÃ 0.35 12.1 
Pusti dol 87.7 84.4 
Jazbina 12.3 2.7×10-6 

 

Pusti dol, due to its geometry and materials seems to be the most vulnerable of the three analysed 

dams, with very high probabilities of slope instabilities on both sides. The other two dams both 

have relatively high probabilities of slope instability on one side, and negligible probabilities on 

the other side. It should be noted that the reported probabilities are: 

a) Conditional probabilities that should be multiplied annual probabilities of earthquake 

occurrence to get total annual probabilities of failure. The annual probability of 

occurrence of a 475-RP earthquake is roughly 1/475, which would reduce the max. 

probabÉÌÉÔÙ ÏÆ ÆÁÉÌÕÒÅ ÆÏÒ IÒÎÏÍÅÒÅÃ ÔÏ πȢπςυϷȟ ρȢψυϷ ÆÏÒ 0ÕÓÔÉ ÄÏÌȟ ÁÎÄ πȢπςφϷ ÆÏÒ 

Jazbina. 

b) Probabilities of slope failure with slip surfaces only a couple of metres deep. This means 

that a slope failure does not equal dam collapse. However, both slopes failing would result 

in greater damage than if a slope failed alone. In this regard, the most vulnerable is Pusti 

dol that has a high probability of failure for both slopes, while the other two dams have 

relatively high probabilities only on one of their slopes.   

2.4 Flood simulation analyses due to dam failure 

 Introduction and methodology 

&ÌÁÓÈ ÆÌÏÏÄ ÓÃÅÎÁÒÉÏÓ ÏÎ ÔÈÅ ÓÔÒÅÁÍÓ IÒÎÏÍÅÒÅÃȟ "ÌÉÚÎÅÃȟ ÁÎÄ 0ÕÓÔÉ ÄÏÌ ×ÅÒÅ ÏÂÓÅÒÖÅÄ ÁÎÄ 

analyzed without the presence of current retention dams. The flood event considered was a flash 

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

on these values, using the Rational Method ɉ¼ÕÇÁÊȟ ςπρπɊ, the maximum discharges Qmax were 
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calculated and hydrographs showing the flow rates over time were generated. The general 

formula of the Rational Method is that the maximum discharge is the product of rainfall intensity, 

runoff coefficient, and catchment area, and it is as follows: 

ὗ ὭϽὅϽὃ (15) 

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

coefficient, and A is the catchment area. If Qmax is to be expressed in m³/s, rainfall intensity i in 

mm/h, and catchment area A in km², then the formula becomes: 

ὗ πȢςψχϽὭϽὅϽὃ (16) 

Hydrographs were created using their formula and by calculating the time of concentration tc 

which is the time needed to reach the maximum discharge Qmax. For the calculation of time of 

concentration, the Kirpich equation was used (Kirpich, 1940): 

ὸ πȢπρωυϽὒȢ ϽὛ Ȣ  (17) 

where tc is the time of concentration in minutes, L is the length of the main flow path in meters, 

and S is the slope of the flow path. Values of L and S were calculated using a digital elevation model 

(DEM). 

The resulting hydrographs and flow values were used as input variables in the HEC-GeoRAS 

software. A 2D unsteady flow simulation model was used to display and analyse flood scenarios 

on the streams. In the HEC-RAS a square computational mesh with a base spatial resolution of 

3×3 m was developed for the wider floodplain area, while along breaklines a finer spatial 

resolution of 0.5×0.5 m was applied. Along the central breakline of the stream channel, the 

resolution was further refined to 0.3×0.3 m to enable more accurate spatial differentiation of 

hydraulic variability and to guide the flow direction within the channel.  

A digital elevation model (DEM) with a spatial resolution of 1×1 m, obtained from LiDAR data, 

was used as the topographic base layer. The DEM was modified in selected areas to provide a 

more realistic representation of flow under urban conditions and in the zones where existing 

retention dams are located. In the urbanized sections of the stream channels, where segments of 

several tens of meters are covered by roads, railway infrastructure, and other structures, it was 

not feasible to explicitly model such features as culverts or similar hydraulic structures due to the 

spatial resolution limitations of the DEM. Instead, the DEM was adjusted in these areas by defining 

an open channel with a cross-sectional profile similar to that of adjacent uncovered segments, 

thereby avoiding potential numerical instabilities and altered distributions of flow velocity and 

depth. 

Due to the absence of reliable bathymetric data for most profiles, the model was calibrated 

through an iterative procedure. The calibration process involved assessing the numerical stability 

of the model, its sensitivity to variations in key input parameters (such as the Manning roughness 

coefficient), and conducting multiple simulations on different stream segments to achieve stable 

solution convergence. 

An important part of modelling in HEC-GeoRAS is determining surface roughness, i.e., the 

ÒÏÕÇÈÎÅÓÓ ÏÆ ÔÈÅ ÓÔÒÅÁÍÂÅÄ ÁÎÄ ÓÕÒÒÏÕÎÄÉÎÇ ÁÒÅÁ ɉÆÌÏÏÄÐÌÁÉÎɊȢ 5ÓÉÎÇ -ÁÎÎÉÎÇȭÓ ÒÏÕÇÈÎÅÓÓ 

coefficient n, in combination with terrain configuration, the flow characteristics and surface flow 
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ÖÅÌÏÃÉÔÙ ÁÒÅ ÄÅÔÅÒÍÉÎÅÄȢ 4Ï ÄÅÔÅÒÍÉÎÅ -ÁÎÎÉÎÇȭÓ ÒÏÕÇÈÎÅÓÓ ÃÏÅÆÆÉÃÉÅÎÔ n more precisely, a land 

use base map was created. Land use types were classified into built-up (urban) areas, forests, 

grassy/cultivated areas, and water bodies. The types were determined based on digital ortho 

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

ArcGISPro 3.4.2 software in 1:500 scale. Each surface type was assigned a specific n coefficient 

value, according to literature (Chow, 1959; Asante et al., 2008; USACE, 2024). Generally, lower 

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

indicate rougher surfaces with slower runoff. 

In addition to land use, buildings were specifically singled out and assigned very high n values 

because they act as obstacles. Also, streambeds were divided into sections with different 

coefficient values, depending on the degree and type of channel modification, as well as materials 

present in the streambed. 

The methods used naturally have their limitations; however, they are the most applicable in the 

cases studied. It is important to note that the 1×1 m resolution digital elevation model is prone to 

errors, especially in the case of streams whose channel width is relatively narrow (on average 

from 1 to 3 meters, rarely more). It should also be emphasized again that certain parts of the 

streambeds in the digital elevation model were modified, especially in cases where the streambed 

is covered by urban infrastructure and in the previously mentioned areas of the retention dams. 

 Results and discussion 

 IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ 

4ÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ ×ÁÓ ÁÎÁÌÙÓÅÄ ÁÌÏÎÇ ÔÈÅ ÅÎÔÉÒÅ ÌÅÎÇÔÈ ÏÆ ÉÔÓ ÆÌÏ×Ȣ )Ô ÉÓ ÏÎÅ ÏÆ ÔÈÅ ÆÅ× ÓÔÒÅÁÍÓ 

in Zagreb that has most of its flow open from the source to the mouth. When calculating the 

maximum discharge Qmax using the rational method, a high runoff coefficient C of 0.5 was used in 

order to produce an extreme flood scenario. The Qmax ÏÆ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ ÕÎÄÅÒ ÔÈÅ 

described conditions is 28.7 m³/s. The time of concentration tc, i.e., the time needed to reach 

ÍÁØÉÍÕÍ ÄÉÓÃÈÁÒÇÅ ÆÏÒ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔream, is 50 minutes (Table 4). The duration of the peak 

was 30 minutes, after which the discharge values went down (Figure 19; Table 4).  

 

Table 4. Discharge values through time in the observed scenario 

Duration (min)  Discharge (m³/s)  

0 0.5 

10 5.44 

20 10.88 

30 16.32 

40 21.75 

50 28.7 

60 28.7 

70 28.7 
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80 28.7 

90 24.47 

100 19.03 

110 13.6 

120 8.16 

130 2.72 

 

 

Figure 19. (ÙÄÒÏÇÒÁÐÈ ÏÆ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ ÉÎ ÏÂÓÅÒÖÅÄ ÓÃÅÎÁÒÉÏ 

The model indicates that, in this scenario, flooding would occur in the first analysed sectionɂat 

the upper part of the stream where the existing retention dam is located. Water would overflow 

the channel but remain confined within a narrow area due to the terrain configuration, 

specifically the steep and narrow valley sides (Figure 20). Most of the flooding occurs upstream 

of the retention structure, where urban development begins and houses appear along the stream 

banks (Figure 20). This scenario aligns with several flash flood events recorded in recent years. 

Downstream of the current dam location, the stream only overflows in small, shallow pockets. 

In the second section (Figure 21), the stream is still confined by steep valley sides, which limit 

flooding to only a few small areas. According to the model results, very few houses are at risk, and 

most of the water remains within the channel. 
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Figure 20. Flooding model ÏÆ ÔÈÅ ÆÉÒÓÔ ÓÅÃÔÉÏÎ ÏÆ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ 
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Figure 21. &ÌÏÏÄÉÎÇ ÍÏÄÅÌ ÏÆ ÔÈÅ ÓÅÃÏÎÄ ÓÅÃÔÉÏÎ ÏÆ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ 
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Figure 22. &ÌÏÏÄÉÎÇ ÍÏÄÅÌ ÏÆ ÔÈÅ ÔÈÉÒÄ ÓÅÃÔÉÏÎ ÏÆ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ 
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Figure 23. &ÌÏÏÄÉÎÇ ÍÏÄÅÌ ÏÆ ÔÈÅ ÆÏÕÒÔÈ ÓÅÃÔÉÏÎ ÏÆ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍ 

The third section analysed marks a transition from the narrow valley to a broad floodplain. Here, 

the stream gradient decreases, resulting in slower water velocity. Consequently, this is the area 

where most of the flooding occurs, posing the highest flood risk and potential for damage, 
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particularly due to its urban character (Figure 22). Although the stream is channelled and 

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

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

railway line (running eastɀwest) on the right bank, with relatively shallow flood depths, except 

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

ÆÌÏÏÄÅÄ ÁÒÅÁÓ ÁÒÅ ÄÏ×ÎÓÔÒÅÁÍ ÏÆ ÔÈÅ ÒÁÉÌ×ÁÙȟ ÏÎ ÔÈÅ ÌÅÆÔ ÂÁÎË ÏÆ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍȢ 4ÈÅ 

flooded zone just south of the railway features relatively deep water. The fourth, southernmost 

flooded areaɂon the right bankɂis the largest in extent, though water depths there are relatively 

shallow. 

In the fourth and final section of ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍȟ ÔÈÅ ÃÈÁÎÎÅÌ ÉÓ ÌÁÒÇÅÌÙ ÓÔÒÁÉÇÈÔ ÁÎÄ 

bordered by levees. No flooding occurs in this segment, and the water remains fully contained 

×ÉÔÈÉÎ ÔÈÅ ÌÅÖÅÅÓ ÁÌÌ ÔÈÅ ×ÁÙ ÔÏ ÔÈÅ ÃÏÎÆÌÕÅÎÃÅ ×ÉÔÈ ÔÈÅ 6ÒÁÐéÁË ÓÔÒÅÁÍ ÁÎÄ ÕÌÔÉÍÁÔÅÌÙ ÔÈÅ 3ÁÖÁ 

River (Figure 23). 

 Bliznec stream 

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

drainage system. When calculating the maximum discharge Qmax using the rational method, a high 

runoff coefficient C of 0.5 was used in order to produce an extreme flood scenario. The Qmax of the 

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

ÔÉÍÅ ÎÅÅÄÅÄ ÔÏ ÒÅÁÃÈ ÍÁØÉÍÕÍ ÄÉÓÃÈÁÒÇÅ ÆÏÒ ÔÈÅ IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍȟ ÉÓ φπ ÍÉÎÕÔÅÓ ɉTable 5). The 

duration of the peak was 30 minutes, after which the discharge values went down (Figure 24; 

Table 5).  

 

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

Duration (min)  Discharge (m³/s)  

0 0 

10 8.78 

20 17.56 

30 26.34 

40 35.12 

50 43.9 

60 44.49 

70 44.49 

80 44.49 

90 39.51 

100 30.73 

110 21.95 

120 13.17 

130 4.39 
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Figure 24. Hydrograph of the Bliznec stream in observed scenario 

The model indicates that, in this scenario, flooding would occur in the first analysed section - at 

the upper part of the stream where the existing retention dam is located. Water would overflow 

the channel and flood the parts of the roads and houses nearby, despite the terrain configuration 

(Figure 25). Most of the flooding would occur on the location of the current retention structure, 

but also in the areas upstream (Figure 25). The depths would mostly be below 0.5 meters. Similar 

floods have occurred in this area, but were mainly caused by heavy rain accumulating on the road 

rather than stream water.  

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

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

a wider area on the left bank side (Figure 26Ɋȟ ÊÏÉÎÉÎÇ ÔÈÅ ×ÁÔÅÒ ×ÉÔÈ ÔÈÅ £ÔÅÆÁÎÏÖÅÃ ÓÔÒÅÁÍ ÃÌÏÓÅ 

to the Dubrava hospital. The flood depths would remain relatively shallow.   

In the third and final section of the Bliznec stream, the channel is largely straight and flows near 

the Maksimir park. The flooding occurs at the end of this segment, around 200 meters before the 

entrance to the underground drainage system. According to the model the flooding would occur 

on both the right and left bank, but at relatively shallow depths.  
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Figure 25. Flooding model of the first section of the Bliznec stream 

 
Figure 26. Flooding model of the second section of the Bliznec stream 
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 Pusti dol stream 

4ÈÅ 0ÕÓÔÉ ÄÏÌ ÓÔÒÅÁÍ ɉÔÏÇÅÔÈÅÒ ×ÉÔÈ 'ÒÁéÅÃ ÓÔÒÅÁÍɊ ×ÁÓ ÁÌÓÏ ÁÎÁÌÙsed till the point where the 

flow is directed to the underground drainage system. When calculating the maximum discharge 

Qmax using the rational method, a high runoff coefficient C of 0.5 was used in order to produce an 

extreme flood scenario. The Qmax of the Pusti dol stream under the described conditions is 23.54 

m³/s. The time of concentration tc, i.e., the time needed to reach maximum discharge for the 

IÒÎÏÍÅÒÅÃ ÓÔÒÅÁÍȟ ÉÓ τπ ÍÉÎÕÔÅÓ ɉTable 6). The duration of the peak was 60 minutes, after which 

the discharge values went down (Figure 27; Table 6).  

Table 6. Discharge values of the Pusti dol stream through time in the observed scenario 

Duration (min)  Discharge (m³/s)  

0 0 

10 7.51 

20 15.01 

30 22.52 

40 23.54 

50 23.54 

60 23.54 

70 23.54 

80 23.54 

90 23.54 

100 23.54 

110 18.76 

120 11.26 

130 3.75 

 

 
Figure 27. Hydrograph of the Pusti dol stream in observed scenario 
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In the case of the Pusti dol stream the flooding would occur only in a few narrow places close to 

the stream channel. In the first analysed section most of the stream is confined in the narrow 

valley with the steep sides. Even when the stream enters the urbanized area the relief 

configuration does not allow the flooding to occur, because of the steep valley sides and high 

channel gradient. Small narrow flooding would occur only in the areas close to the stream 

channel, which includes a few houses and roads (Figure 28; Figure 29). A relatively large flooded 

area occurs in the section about 600 meters before the stream flows into the underground 

drainage system. Here the water would flood the main road and several houses over a stretch 

about 200 meters long, but would remain relatively confined to the area surrounding the stream.  

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
















































































