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ABSTRACT 

The tradition in construction of reinforced concrete arch bridges in Croatia and experiences gained 
through their assessment enabled the improvement of seismic assessment of this type of bridge. In this 
paper, original assessment procedure is overviewed in order to reveal interactions off different types of 
performance indicators. The attempt of their systematization into three main categories: structural, 
environmental and economic indicators is done as a step towards their quantification. 
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1. Introduction 

Reinforced concrete arch bridges are particular structures owing to their robustness and not much may be 
found in existing literature about seismic assessment of this type of bridges. Additionally, existing 
structures are designed according to former design codes using out-of-date methods or even with no 
seismic actions taken into the account at all. Therefore, they do not meet contemporary requirements and 
their levels in terms of seismic performance abilities need to be verified. 

The tradition in construction of such structures in Croatia and gathering knowledge on them through their 
use and maintenance, enabled us to further develop and improve certain aspects of available seismic 
performance methods and to properly incorporate them in a new procedure dedicated to seismic 
assessment of reinforced concrete arch bridges, presented in the chapter 2 & 3 of this paper. The 
procedure, running through levels of assessment, is applicable for the whole arch bridge structure and it 
indicates the most critical bridge details and elements in seismic response. 

Although the interaction of different types indicators that affect seismic performance is inevitable, as 
elaborated through chapters 3 & 4, they need to be segregated in order to more easily identify methods for 
their quantification. Based on experiences in assessing several existing Croatian arch bridges (Mandić 
2008, Franetović et al. 2011, Franetović et al. 2013, Franetović 2014, Zupčić 2016), performance 
indicators for assessment of arch bridges are systematized in the chapter 4 of this paper. A case study 
bridge whose particularities are integrated in this paper is Krk bridge - large reinforced concrete arch 244 
m in span built in 1980. 

2. Seismic assessment procedure 

The seismic assessment procedure is consisted of two levels and several evaluation checks at each 
assessment level. Each evaluation check gives an answer if appointed demand is fulfilled or not. With 
these answers quite precise guideline for seismic retrofit of assessed arch bridge may be brought, which 
than can be presented to the bridge owner who will bring the final decision to retrofit the bridge or not.  

First level of assessment results with more conservative estimate of the bridge state considering seismic 
response than the second level. Therefore for bridges that do not fulfill all checks of the first level it is 
necessary to go through the second level of assessment. As reinforced concrete arch bridges are particular 
structures owing to their robustness, it is found out that performance of arches under seismic design 
situation may be proved already at the first level using linear multimodal analysis. For spandrel columns 
(particularly short ones near the arch crown) it will be necessary to go through the second level of 
assessment based on non-linear pushover analysis. 



Second level requires more numerical and computational effort but it results with less conservative 
estimate of bridge state than the first one and thus with economically favorable retrofitting measures. If 
retrofitting measures will be taken, it is important to apply this same procedure again on the model of 
retrofitted bridge and evaluate the results following the same steps. 

 

Fig. 1.  Seismic assessment procedure flowchart (Franetović, Mandić Ivanković, Radić 2014) 
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3. Interactions in seismic performance assessment  

3.1 Data collection depending on knowledge levels  

To define a correct structural model of the existing structure and to perform adequate structural analysis it 
is necessary to identify existing and desired knowledge level of the existing structure based on the bridge 
importance. These knowledge levels may be obtained with adequate data collection on geometrical 
properties, structural details and the mechanical properties of the constituent materials in conjunction with 
the appropriate confidence factors.  

We need to be aware that the extent of inspections and test would greatly depend on the available costs 
provided by the investor so very often the engineer will need to assess the bridge condition based on a 
limited data collection. So it is of a great importance to establish the most significant locations of the arch 
bridge to be inspected and tested. 

For the bridges of the average importance that are not critical for communications, knowledge level KL2 
is to be required. For bridges of critical importance for maintaining communications, especially in the 
immediate post-earthquake period and for major bridges where longer design life is required the 
knowledge level KL3 would be more appropriate. It is also important what is available from the original 
bridge design – extent of documentation and previous inspections and test reports.  

For example to reach KL3 when bridge documentation or test reports do not exist, a 60 % of the most 
critical structural cross sections are to be inspected and tested in-situ for material properties. For KL2 it 
will be enough to check 40 % of cross sections. On the other hand, checking details and in situ tests are to 
be performed only for the 20 % of the most critical structural cross sections if documentation is available. 
For KL2 incomplete detailed construction drawings and the information on material properties from the 
original design or test reports or standards at the time of construction need to be available and for KL3 the 
complete detailed construction drawings and previous test reports. 

Important geometrical properties for arch bridges are arch and pier axis, piers’ heights and cross section 
dimensions which need to be established by geometrical surveying and measurements. Sample geometry 
measures on selected element’s locations are to be compared with available outline construction drawings 
from the original bridge documentation and if bridge documentation does not exist a full survey to 
reconstruct the bridge geometry and dimensions is to be performed.  

Table 1.  Data collection and minimum requirements of in-situ inspection and testing 

 

Knowledge level 
KL 

Documentation 
% of critical cross sections Confidence Factor 

CF Details inspection Materials testing 

KL2 
Available incomplete 20% 20% 

1.2 
Not existing 40% 40% 

KL3 
Available complete 20% 20% 

1.0 
Not existing 60% 60% 



Details that need to be inspected at a certain number of critical structural cross sections are depth of 
concrete cover, amount and detailing of longitudinal and shear reinforcement and amount and detailing of 
confining reinforcement in critical regions.  

Cross sections of the bridge are to be defined with their actual as built reinforcement and using 
appropriately materials properties. Mean values of material properties (concrete strength, steel yield 
strength, steel ultimate strength & ultimate strain) are to be established with adequate in-situ testing at a 
certain number of critical structural cross sections plus additional laboratory testing of core samples. 

3.2 Linear dynamic method 

The first level of assessment is based on a linear multimodal spectral analysis with adequate response 
spectrum representing seismic action (elastic one for displacements, and design one for ultimate limit 
state) and employing effective stiffness of columns for capturing through time degradation. 

3.2.1 Seismic action depending on remaining life and ductility capacity  

Design response spectrum representing seismic action depends on soil type, peak ground acceleration and 
behaviour factor.  

For existing bridges, which remaining life (tL) is less than 50 years, it is appropriate to take into the 
account reduced value of peak ground acceleration ag,R  to ag,red that has a probability of exceedance p = 
0,1 in a shorter reference return period TR,red compared to the reference return period of the seismic action 
for the no-collapse requirement TNCR. 

Behaviour factor reflects the ductility capacity of the structure so it will depend on detailing of confining 
reinforcement in critical regions. If there is no presence of seismic detailing of bridge elements (which is 
the case for old bridges designed according to previously valid codes) we cannot rely on their ductility 
capacities and for that reason verification of existing bridges with behaviour factor q = 1,0 would be 
reasonable. 

3.2.2 Effective stiffness for capturing through time degradation  

During inelastic response of arch bridge due to the initial seismic stroke, the greatest deformation 
demands are posed on the shortest columns which results in their excessive cracking and finally after 
damage causing earthquake the need for their repair or retrofit. Upon the cracking of shortest columns and 
appurtenant stiff-ness reduction, deformation requirements are moved following from the crown to the 
coastal columns, which results with their degradation as well. That excessive cracking should be taken 
into the account appropriately with effective stiffness of column cross sections as described in the detail in 
the paper Franetović, Mandić Ivanković & Radić 2014. In this way, the response of the bridge and the 
degradation of its elements through time are described. 

 
Fig. 2.  Krk bridge layout with stiffness ratio of cracked and un-cracked column cross-sections in regions 

of potential plastic hinges 
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Calculation of effective stiffness is an iterative process and the final requirements on certain columns will 
depend on characteristic of pier section but also on geometrical layout of the bridge. Former comprises 
design ultimate moment MRd and the yield curvature Φy of the plastic hinge section and the later includes 
spacing between pair of columns symmetric in relation to the arch crown, mean height of each pier and 
sum of heights of all columns based on which geometrical coefficients and scale factor for each pair of 
column are calculated. 

Example ratio of stiffness EcIeff,in,i / EcIgross,i of cracked and un-cracked column cross sections in regions of 
potential plastic hinges for Krk bridge is shown in percentages in Figure 2. 

3.3 Non-linear static method 

Second level of assessment is based either on non-linear single-mode pushover analysis N2 (Kappos et al 
2012) or Modal Pushover Analysis MPA (Paraskeva & Kappos 2010; Kappos et al 2012) if necessary. In 
this static method, selecting appropriate load pattern that will produce adequate dynamic response of the 
bridge is crucial. Analysis is to be carried out in two horizontal directions until a target displacement in 
transversal and longitudinal direction is reached at the reference points, respectively.   

3.3.1 Distribution of load for adequate dynamic response  

Dynamic specificity of arch bridges is the flexibility of an arch as support for spandrel columns and great 
amount of the bridge mass located generally in the middle of the bridge, what comes from the position and 
the mass of arch. So, due to this bridge flexibility and position of centre of mass it has been recognized for 
concrete arch bridges that first few horizontal (transversal parabolic shape and longitudinal translation of 
the structure) mode shapes with medium to long periods are extremely dominant (meff > 60%). 

If assessed arch bridge has a dominant mode shape in longitudinal or transversal direction with effective 
mass of more than 75% of a total mass (Isaković & Fishinger 2006), single mode pushover N2 based on 
this mode shape may be applied which will neglect the higher mode shapes. In this case, two possible load 
distributions are proposed: constant horizontal load along the deck and the second one, horizontal load 
proportional to the dominant mode shape with the largest participation factor in the considered direction. 
First type of loading (constant along the deck) produces more overall seismic force on bridge structure and 
covers the possible higher mode effects on costal columns closer to the abutments and the second type of 
loading (proportional to mode shape) imposes greater demands on spandrel columns closer to the arch 
crown. 

Otherwise Modal Pushover Analysis is necessary using all modes whose participation factor is more than 
1% and which will altogether capture at least more than 80% of a total mass. In this case, load 
distributions proportional to each significant mode of the bridge are to be used, with both horizontal and 
vertical seismic load components, the last one particularly important for the analysis of the arch bridge in 
longitudinal direction. If analogy between spandrel columns on arch bridges with bridges with short 
central column (Kappos et al 2012; Isaković & Fischinger 2011) is withdrawn (greatest demands are 
posed on the shortest columns) it may be noticed that, together with the dominant parabolic mode shape in 
transversal direction, significant mode for MPA will be a diagonally symmetric (S-shaped) mode with the 
largest transversal displacement at the tops of the highest abutment piers. On the other hand along with the 
significant translation of bridge deck in longitudinal direction, additional significant mode for MPA will 
be longitudinal arch translation with one half of the arch decays and other half rises. 

3.3.2 Reaching target displacements in adequate reference points 

If the conditions are met for the application of N2 analysis in the longitudinal and transversal direction, 
the reference points will be in the middle of the bridge at the bridge deck level.  

When MPA needs to be carried out, reference points in longitudinal direction are commonly: anywhere at 
the bridge deck, the node in the quarter point of the arch span and the point at the middle of the highest 
abutment pier (local oscillation of the highest pier). Reference points in transversal direction are 



commonly: in the middle of the bridge at the bridge deck level and at the tops of the highest abutment 
piers at the bridge deck level. 

The target displacement of the arch bridge as a multimodal degree of freedom MDOF system in observed 
reference point dT is to be calculated from the target displacement of the idealized equivalent single degree 
of freedom SDOF system dT* multiplied with the transformation factor Γ according to step by step 
implementation of the N2 method for bridges (Kappos et al. 2012). When MPA needs to be carried out 
displacement demand is to be calculated combining each separate pushover analysis following significant 
mode shape and adequate reference point. 

 

Fig. 3.  Dominant mode shapes and reference points for construction of capacity curves for single mode 
pushover in longitudinal and transversal direction 

        
+ the point at the middle of the highest abutment pier (local oscillation of the highest pier) 

Fig. 4.  Additional most important mode shapes and reference points for construction of capacity curves 
for multimodal pushover in longitudinal and transversal direction 

4. Performance indicators interactions and categorization 

Interaction of different types of indicators that affect seismic performance is inevitable, but they need to 
be segregated in order to more easily identify methods for their quantification and levels of their influence 
to a seismic performance of an arch bridge. In the following text performance indicators are systemized 
into three main categories as structural, environmental and economic ones but having in mind their most 
important interactions. 

4.1 Structural indicators 

Structural indicators may be recognized through geometry, details and material properties (and their 
changes) as elaborated through chapter 3.1. Additional indicators important for seismic performance of the 
arch bridge are integrity of the arch bridge and dynamic properties.  

Integrity comprises revealing connection between members (arch-pier, pier-superstructure, arch-
superstructure), superstructure system (continuous superstructure or the simply supported set of beams) 
and support conditions. For example at the original superstructure of Krk bridge, designed as series of 
simply supported grillages, cross beams at supports were fixed to spandrel columns and were cut at 2/3 of 
their depth, measured from the top to reduce the joint response of the arch and the superstructure. Namely, 
designer believed that this influence would not have been negligible for such long relatively deformable 
arch. Later on, affixed connections through cross girders were destroyed, elastomeric bearings were built 
in and new pretensioned cross girders executed (Figure 5). 



Dynamic properties will depend on ductility capacities influenced with confining reinforcement detailing, 
on existing distribution of masses at the structure and adequate stiffness distribution of cross sections. 
Effective stiffness for linear dynamic method will depend on geometrical layout of the arch bridge as 
elaborated in chapter 3.2.2. Distribution of load for different pushover analysis, as seen from chapter 3.3, 
will depend on significant mode shapes of the structure which might be changed due to changes of 
stiffness or structural joints for example. 

 
 
Fig. 5.  Pier - superstructure connection detail at the Krk bridge before and after the reconstruction and 
appropriate detail of the global model of existing structure 

4.2 Environmental indicators  

Environmental indicators include exposure parameters which causes deterioration processes and structural 
degradation but also peak ground acceleration and terrain category as parameters influencing seismic 
activity. 

Over the years many deficiencies and advanced stage of deterioration processes were identified on older 
Adriatic Bridges. Chloride attack due to maritime exposure, followed by cracking, delamination, splitting 
and peeling off of concrete is identified as major deterioraion mechanism. Bridges are located in regions 
of high seismicity and some of them built decades ago were designed with no regard to seismic actions at 
all. Additional accelerator of  structural degradation was underestimation of maintenance role in the past, 
mainly due to lack of funding for regular maintenance activities. 

As example, very aggressive marine environment including very high salinity (approximately 3,5%), very 
strong winds carying sea spray and winter drops of temperature below freezing point., too thin designed 
concrete cover of only 2.5 cm and lack of adequate protective coating are the reasons why Krk bridge is 
under technically demanding and expansive repair works through the whole lifetime. Already several 
years after its completion more than 20 systems were tested on-site to find the best solution for the 
protection of the entire rc structure.  

In the 1990’s very complex multipurpose moveable scaffolding was constructed to repair the columns and 
different techniques were introduced depending on the height above the sea. In general on short columns 
and on high columns above 15 m above sea level, 2 cm of concrete cover was demolished and 
reconstructed with 2 cm of high quality repair mortar and in some parts with 5 cm of high strength micro-
reinforced concrete. It was considered that weakened cross section of short columns (about 15%) is 
compensated by the increase of compressive strength of concrete, from concrete grade C40/50 after bridge 
construction up to C60/75 which was estimated lately on a number of cores from the structures. For piers 
S21 to S26 and S28-S31 high quality mortar M45 and polymeric coating was used for webs and micro-
reinforced concrete MC60/75 and impregnation for flanges. On lower parts of high columns (S20 and 27), 
up to 20 m above sea level, from which 3 cm or even more of concrete cover was demolished, 
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reconstruction was made with 5 cm of high strength self-compacted concrete MC60/75 reinforced with 50 
kg steel fibres per m3 of concrete volume (Beslać, Tkalčić & Štemberga 2008; Institut IGH 2001). The 
concrete was designed to be of the same compressive strength and static modulus of elasticity as the 
concrete in columns (C60/75, E 40 to 45 GPa). Starting from the year 2004 the arch has been repaired by 
removal of 2 to 3 cm of the contaminated concrete, its subsequent replacement with shotcrete and adding 
protective coating. 
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Fig. 6.  Deterioration, details of repaired piers and repair of Krk bridge piers from movable complex 
scaffolding 
 
Starting from the year 2004 the arch has been repaired by removal of 2 to 3 cm of the contaminated 
concrete, its subsequent replacement with shotcrete and adding protective coating. During 2010 an 
investigation into the efficiency of 9 protective systems was carried out (Ille, Bleiziffer & Beslać 2011). 

Interaction of environmental indicators and structural ones is obvious. Structural parameters such are cross 
section dimensions or effective reinforcement might be changed due to deterioration processes from 
combined exposure to the sea and wind or on the other hand because of applied repair activities. This may 
result in reducing or improving a certain structural performance ability.   

4.3 Economic indicators 

Economic indicators will firstly comprise founding for different inspections methods for establishing 
desired knowledge level of existing structure as elaborated in chapter 3.1. Higher knowledge level for a 
bridge of critical importance will require more extensive inspection works and comprehensive bridge 
monitoring. 

Secondly, they will depend on the proper maintenance program offered and adequate activities performed 
previously at the existing bridge. Underestimation of maintenance role in the past, will increase 
deficiencies and deterioration as mentioned in section 4.2 and will require technically demanding, very 
difficult to perform and expensive repair works. 

Finally, costs of different retrofit measures that may be offered within the remaining life time of the 
structure based on the bridge assessment results (decision for limitation of bridge displacements or 
decision for strengthening bridge elements as seen on figure 1) will influence performance from the 
economic point of view. 

 



Table 2.  Categorisation of performance indicators related to seismic assessment of arch bridges 

Structural indicator 
Geometry 
arch axis (deformations) 
pier axis (inclinations/deformations) 
geometrical coefficient of columns 
scale factor for columns 
column global stiffness 
Cross section details 
outer dimensions 
depth of concrete cover (inadequate) 
amount and detailing of longitudinal 
reinforcement  
amount and detailing of shear reinforcement  
amount, spacing and detailing of confining 
reinforcement (piers) 
design ultimate moment of the plastic hinge 
section 
yield curvature of the plastic hinge section 
effective stiffness of cross section  
Materials 
concrete strength 
confined concrete strength 
steel yield strength 
steel ultimate strength and ultimate strain 
modulus of elasticity 
Integrity and structural details 
arch-pier connection (level of restrain) 
pier-superstructure connection 
arch-superstructure connection 
superstructure system (level of continuity) 
support conditions (free and fixed translations 
and rotations) 
allowable displacement at abutments 
Dynamic properties/behaviour 
confining reinforcement detailing 
behaviour factor 
chord rotation capacity  
distribution of masses at the structure  
stiffness distribution of cross sections 
equipment properties (elastomeric bearings, 
dampers, shock transmitters) 
dominant mode shapes and effective masses 
position of reference points 
target displacements 
 
 

Environmental indicator
Damage degree or deterioration processes 

influencing structural degradation

chloride ingress (concentration in concrete 
cover)

carbonation depth
corrosion process

alkalinity properties
delamination of concrete cover

cracks width and spacing
area of de-bonded concrete

reinforcement corrosion
remaining cross section

….
Exposure parameters

height of sea- water splashing (wind influence)
height of tides influence

depth of de-icing agents influence
humidity

temperature drops
Seismic activity

peak ground acceleration
terrain category

 
 
 
 
 
 

Socio-Economic indicator
reference return period

remaining lifetime of a bridge
reduced value of peak ground acceleration

bridge importance / consequence class
number of critical cross sections

number of critical points in each cross section

extent of documentation and previous 
inspections and test reports

knowledge level / confidence factor
cost of different inspection, testing, 

monitoring methods

previous maintenance activities 
(underestimation, lack of founding)
costs of different retrofit measures

 



5. Conclusions  

In this paper, interactions off different types of indicators influencing seismic performance of reinforced 
concrete arch bridge is revealed by overviewing seismic assessment procedure of existing bridges. 
Although the interaction of different types of indicators is inevitable they need to be segregated to more 
easily identify methods for their quantification. Performance indicators are systemized into three main 
categories: structural, environmental and economic indicators. This paper aims to contribute COST 
Actions TU 1406 (Quality specifications for roadway bridges, standardization at a European level) and 
TU 1402 (Quantifying the value of structural health monitoring) in order to categorize performance 
indicators for road bridges.  
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