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Executive Summary  

This deliverable is a report on the vulnerability assessment of the two case study bridges, i.e. the 

Banija Bridge and the Karlovac Bridge. The deliverable puts forward a methodology for vulnerability 

analysis of bridges subjected to flooding and an advanced modelling approach for simulation of the 

bridge response considering soil-structure interaction. The performed study considers different 

flooding scenarios, including hydrodynamic loads, debris and scour. Several failure mechanisms 

were identified in relation to the considered flooding scenarios. The major outcomes of the 

deliverable are fragility surfaces for the serviceability and ultimate limit state for the two case study 

bridges, which will provide crucial input for the development of the risk forecasting tool within WP5 

and validation activities within WP6. 

Keywords: vulnerability analysis, bridges, fragility surface, numerical modelling, failure mechanism, 

debris, scour. 
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1 Abbreviations and Acronyms  

Abbreviation / Acronym Description 

CPT CONE PENETRATION TEST 

IM INTENSITY MEASURE 

LS LIMIT STATE 

ND NOT DETECTED 

RC REINFORCED CONCRETE 

SLS SERVICEABILITY LIMIT STATE 

SPT STANDARD PENETRATION TEST 

SSI SOIL-STRUCTURE INTERACTION 

UP UTILIZATION PERCENTAGE 

ULS ULTIMATE LIMIT STATE 

WP WORK PACKAGE 



 

 

7 
 

Deliverable 4.2: Fragility curves for bridges subjected to flooding  

CǳƴŘŜŘ ōȅ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴ /ƛǾƛƭ tǊƻǘŜŎǘƛƻƴ  
DǊŀƴǘ !ƎǊŜŜƳŜƴǘ bǳƳōŜǊ утппнм 

2 Introduction  

This deliverable is a report on the vulnerability assessment of the two case study bridges, i.e. the 

Banija Bridge and the Karlovac Bridge. Due to specific hydraulic conditions addressed in 

Deliverable 2.2 [1] , it was reasonable to consider flooding hazards using two parameters, i.e. 

water height and flow velocity. Ergo, fragility surfaces instead of fragility curves need to be 

developed. The main goal of this document is, therefore, to establish fragility surfaces for the 

serviceability and ultimate limit state. They represent the probability of exceeding the designated 

limit states for a given combination of water height and flow velocity. The fragility surfaces will 

provide crucial input for developing the risk forecasting tool within WP5 and validation activities 

within WP6.  

In the first part of the deliverable, two bridges from the case study area City of Karlovac are 

presented along with the available data for the analysis. Following this introductory part, the 

deliverable puts forward a methodology for vulnerability analysis of bridges subjected to flooding 

and an advanced modelling approach for simulation of the bridge response considering soil-

structure interaction. The study considers different flood-loading scenarios, including 

hydrodynamic loads, debris and scour. Special attention is devoted to the explicit simulation of 

the effect of scouring on the distribution of forces in the structure. Several failure mechanisms 

are considered, and the most unfavourable mechanism for the given flooding scenario is 

identified.   

Before the vulnerability analysis, the modelling approach used to analyse the case study bridges 

is validated against the results of ambient vibration measurements. The vulnerability analysis is 

performed separately for the serviceability and ultimate limit state. Since both velocity and water 

height were found to be necessary for precise estimation of the bridge performance, the result of 

the vulnerability analysis is presented with fragility surfaces, which represent an extension of the 

classical fragility curve concept.  

The deliverable concludes with a summary of the most important findings. 
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3 Case study bridges and input data for analysis  

In this chapter, two bridges analysed in the case study area city of Karlovac are presented (see 

Figure 1), with the most relevant data for the vulnerability analysis, such as geotechnical data and 

hydrological data measured bridge modal parameters. 

 

Figure 1: Case study area of the City of Karlovac with the representation of the two case study 

bridges [2]. 

 Banija Bridge 

The Banija Bridge is a steel-riveted girder bridge built between 1945 and 1947 (Figure 2). After 

World War II, the bridge was rebuilt when the older bridge from 1889 was demolished. 

The original  construction plans of the bridge are not available. The input data for the analysis was 

obtained from a retrofitting project from 2017([3], [4] ), which was complemented with results of 

a drone and bathymetric survey, and ambient vibration measurements documented in 

Deliverable D3.2 [5] . The results of the drone and bathymetric surveys were used to define the 

geometry, whereas measurements of ambient vibration allow the estimation of the bridge's 

modal properties.  
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Figure 2: Overview of the Banija Bridge: (a) Side view, (b) Detail of the middle pier and well 

foundations, (c) View below the bridge deck, (d) Detail of the roller bearing at the abutment 

The Banija Bridge has two main spans of length 48.6 m, with the middle pier founded in the 

riverbed of the Kupa River. The bridge spans a total length of 97.2 m and has a total width of 12.4 

m. It supports two traffic lines and a pedestrian zone constructed on cantilever beams. The cross-

section of the bridge is presented in Figure 3.  

The two main girders have riveted I-shape cross-sections with varied thicknesses of the flanges 

to follow the bending moment line. The main girders are joined together every 4.05 m by riveted 

transverse beams. The transverse beams are connected with seven I-shaped stringers that 

support the RC slab of the deck (Figure 3).   
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Figure 3: (a) Cross-section of the Banija Bridge in the first span, (b) Cross-section A-A at the base of 

the pier. 

At the abutments, the bridge is supported by longitudinal roller bearings of diameter 20 cm 

(Figure 2d). The transverse displacement is restrained with two shear keys of dimensions 3 cm x 

6 cm. Translation of the bridge at the middle pier is restrained in all directions by the use of shear 

pins of diameter 5 cm.   

The pier and the abutments are made of RC and are covered with stone cladding. The middle pier 

has a rectangular section with rounded ends. The outside dimension of the pier is 13.7 x 2.1 m at 

the bottom and 13.2 x 2.1 m at the top. The height of the pier from the foundation level to the top 

is 7.5 m. The pier is founded on two large well foundations of a diameter of 6.5 m. Due to a lack of 

construction plans, the depth of the foundations was assumed to be equal to the one used for the 

old Banija Bridge from 1889 (5.8 m), for which part of historic construction plans was obtained 

in Croatian State Archives. The depth of the stone cladding was estimated to be equal to 15 cm. 

The abutments are not described herein in detail since they will not be modelled explicitly 

in numerical analysis.  
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The mechanical characteristics of the superstructure were obtained from the destructive testing 

performed with the retrofitting project  [4] . The steel grade for the superstructure was estimated 

to be equivalent to S235 according to EN-1993-1-1 [6], whereas the grade of concrete of the 

bridge deck was estimated to be equivalent to C25/30 according to EN-1992-1-1 [7] . The data for 

the bridge pier and foundations was not available. As a simplification, the quality of the concrete 

was assumed to be the same (C25/30).   

 Karlovac Bridge 

The Karlovac Bridge is an RC three-span road bridge that carries a heavily trafficked bypass road 

(0ÒÉÌÁÚ 6ÅçÅÓÌÁÖÁ (ÏÌÊÅÖÃÁ) over the Kupa River to the city of Karlovac (Figure 4). Search for the 

design documentation of the bridge was conducted in the archives of the city of Karlovac and the 

Croatian State Archives. However, the construction plans of the bridge could not be retrieved. 

Partial information regarding the geometry of the bridge was obtained from a recent bridge 

inspection report [8] . Due to the fact that this report was obtained after the submission of 

deliverable D3.2, some additional details regarding the geometry and materials of the bridge are 

provided herein. 

 

Figure 4: Overview of the Karlovac Bridge: (a) side view, (b) view of the roadway, (c) view on the 

south column, (d) view from below 

 

Considering the type of structural design, it is estimated that the Karlovac Bridge was constructed 

in the mid-70s. The bridge is constructed in RC and has three spans with 25.7 m, 71.9 m and 26.4 

m in length (Figure 5). The total length of the bridge is 124 m. The side spans of the bridge extend 
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continuously over the piers in the middle span with 15.9 m long cantilever segments. At the end 

of these cantilevers, Gerber hinges are constructed to support the middle 40 m long segment of 

the bridge.  

The deck has a constant longitudinal inclination of 2%. The width of the bridge deck is 22 m. It 

holds four traffic lanes (2 in each direction) and a pedestrian zone. The traffic lanes are divided 

by a central reserve and are confined with sidewalks on both sides. The cross-section of the deck 

is composed of 6 Y-shaped prefabricated girders and a cast-in-place RC slab (Figure 6). The Y-

shaped girders have a bottom width of 0.5 m and varying height between 1.75 m at the midspan 

and 2.5 m above the piers. The depth of the slab is estimated to be 0.5 m at the location of the 

traffic lines and 0.8 m elsewhere. The total height of the deck varies from 2.5 m to 3.25 m. 

Transverse stiffening beams are constructed in the perpendicular direction to the main beams to 

ensure uniform distribution of loading on all main girders.  

The deck is supported by two RC piers on each side of the bridge. The piers are 5.7 m high and 

have a varying thickness of 1.2 m at the top and 0.8 m at the bottom. The width of the piers in the 

transverse direction is 7.2 m.  

The piers are constructed over a continuous foundation beam with a total height of 2.9 m and a 

bottom width of 5.4 m. The foundation beam is supported by two lines of bored piles. Each line 

consists of 7 bored piles. The depth of the foundation piles could not be established based on the 

performed in-situ investigations. An estimate of the foundation depth was obtained based on the 

preliminary calculation of the bearing capacity of the pile and comparison with the applied loads. 

Consistent results were obtained for a pile diameter of 0.8 m and a length of 10 m. Consequently, 

this input data was assumed. 

Due to the lack of construction plans, the materials characteristics of the concrete and reinforcing 

steel were unknown. The same applies to the location and amount of reinforcement. Some 

information regarding the quality of the material was obtained from limited destructive testing 

performed within the routine inspection of the bridge [8] . The measured in-situ concrete 

compression strengths are summarized in Table 1.  

Table 1: In-situ concrete compressive strength of the Karlovac Bridge components [8]  

Location Compressive 

strength (MPa) 

Abutment  46.2 

Deck   65.7 

Deck  72.6 

 

The results in Table 1 indicate that the concrete strength of the bridge deck is larger than the 

concrete strength at the abutments. Consequently, concrete quality C40/50 according to EN-

1992-1-1 [7]  was assumed for the piers and abutments, and C50/60 for the bridge deck. Tension 

tests of the steel reinforcement were not performed. However, a survey of the reinforcement in 

the column indicated that the reinforcement is composed of smooth bars. According to the 

standards in place at the time of the construction, it was assumed that the tensile strength of the 

reinforcement was 200 MPa.   
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Figure 5: Side and plan view of the Karlovac Bridge 

 

 

Figure 6: Cross-section A-A at the midspan of the Karlovac Bridge 
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 Geotechnical data  

In this section, geotechnical data based on the results of the CPT investigations and boreholes are 

presented for both bridges. 

 Banija Bridge 

The geotechnical characteristics at the site of the Banija Bridge were defined from the results of 

CPT investigations and boreholes performed near the bridge abutments within D3.1 (see Figure 

7). The soil profile was found to be composed of a top 6 meters clay layer with an underlying sand 

layer. Investigations performed directly near the foundations of the piers were not available. For 

the purpose of the modelling of the soil-structure interaction at the piers, it was assumed that the 

characteristics of the sand layer below the embankment are consistent with those of the sand 

below the foundation. Such an assumption was supported with results of geophysical 

investigations, which indicate that a large shear wave velocity is also present below the riverbed 

at a depth larger than 2 m (Figure 8). It was thus considered that the same sand layer is also 

presented below the foundation of the middle pier. Based on the results of Figure 7, it can be seen 

that the energy-corrected number of SPT blows (ὔ  and elastic modulus (Ὁ) at the depth of the 

foundation (depth between 9 and 11 meters) amounted to 35 and 100 MPa, respectively.  

The overburden-corrected number of SPT blows of the sand layer amount to ὔ  = 25. 

According to empirical SPT relations, the corresponding shear angle amount to 40° degrees [9]  

and the relative density amount to 0.60 [10] . Based on nearby boreholes, the dry unit weight of 

the soil was assumed to amount to 19.8 kN/m3. The buoyant unit weight of 9.8 kN/m3 was thus 

used for modelling soil-structure interaction at the middle pier due to the fact the foundation is 

located in the riverbed. Due to lower overburden pressure at the foundation level of the middle 

pier (57 kPa), the elastic modulus from Figure 7 was reduced in accordance with the Janbu 

approach [11]  (referenced according to [12] ) to account for pressure-dependent stiffness 

characteristic of the soil. The estimated Ὁ at overburden pressure of 57 kPa amounted to 53 MPa. 

!ÓÓÕÍÉÎÇ Á 0ÏÉÓÓÏÎȭÓ ÒÁÔÉÏ ÏÆ πȢσ ÆÏÒ ÓÁÎÄÓȟ ÔÈÅ ÓÈÅÁÒ ÍÏÄÕÌÕÓ ɉὋ) was estimated to be 19 MPa. 

The ὔ  was also transformed to consider lower overburden pressure. Based on  

ὔ  = 25, the equivalent ὔ  amounted to 19. The considered soil characteristics for modelling 

of soil-structure interaction at the middle pier of the Banija Bridge are summarized in Table 2.  



 

 

15 
 

Deliverable 4.2: Fragility curves for bridges subjected to flooding  

CǳƴŘŜŘ ōȅ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴ /ƛǾƛƭ tǊƻǘŜŎǘƛƻƴ  
DǊŀƴǘ !ƎǊŜŜƳŜƴǘ bǳƳōŜǊ утппнм 

 

 

Figure 7: Results of CPTu investigation performed near the Banija Bridge abutment.  

Ground level in the riverbed 

Ground level in the riverbed 
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Figure 8: Soil shear wave velocity profile near the location of the Banija Bridge. 

 

Table 2: Soil characteristics for modelling of soil-structure interaction for the Banija Bridge 

Parameter Value  

Effective shear angle (•) 40° 

Effective cohesion (ὧ)  0 kPa 

Soil unit weight (‎) 19.8 kN/m3 

0ÏÉÓÓÏÎȭÓ ÒÁÔÉÏ ɉʉ) 0.30 

Elastic modulus (Ὁ) 50 Mpa 

Shear modulus (Ὃ) 19 Mpa 

Equivalent SPT blows (ὔ ) 19 

 Karlovac Bridge 

The geotechnical characteristics of the Karlovac Bridge were obtained from a borehole performed 

near the location of the south embankment within D3.1 (Figure 9). The borehole indicated that 

the soil profile is similar to the profile near the Banija Bridge, with the exception that the top layer 

is composed of clayey gravel instead of clay. The bottom layer is again medium dense sand. The 

average ὔ  in the location of the pile foundation amount to 33, which results in the overburden-

corrected number of SPT blows ὔ  at the mid-height of the pile foundation amount of 21. This 

value is very similar to the ὔ  obtained for the foundation of the Banija Bridge. Considering 

that average overburden pressures at the location of the foundations are also similar (about 60 

kPa), it was considered appropriate to consider the same geotechnical parameters as used for the 

Banija Bridge (see Table 2). 
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Figure 9: Borehole performed near the Karlovac Bridge embankment  

 Hydrological data  

The hydrological data for the analysis of the two bridges was obtained from the results of 

deliverable D2.2 [1] . The data was obtained for the Karlovac measuring station, which is located 

20 m on the upstream side of the Banija Bridge and about 400 m downstream of the Karlovac 

Bridge. The intensity of the flood was defined based on water height (H) and mean 

flow velocity (V). The hydrological situation at the measuring station is rather complex, as a 

stream stage-discharge curve (rating curve) shows a hysteretic behaviour (Figure 10). This 

indicates a non-stationary flow due to the influence of nearby effluents. The relationship between 

H and V is thus not uniquely defined. An estimation of the H-V relation was obtained from 

numerical simulations [13] , which were conducted for three historical flood events from the years 

2005, 2014 and 2015 (Figure 10). In this study, the results of the simulations were idealized 

considering three possible scenarios, i.e. a lower-bound, the best estimate and an upper-bound 

flow velocity scenario. All three scenarios simplistically consider a constant flow velocity for 

water height above the zero mark.   

  

Top of the pile foundation 

Bottom of the pile foundation 












































































