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Abstract 

The evaluation of the structural behaviour of existing reinforced concrete (RC) bridges represents one 

of the most current structural engineering research topics due to their strategic importance, especially 

if they are subjected to corrosion effects which can lead to a significant reduction of load-bearing 

capacity of the main structural elements (e.g., the piers). In the last decades, different types of 

numerical approaches have been proposed for the evaluation of the structural behaviour of these 

strategic infrastructures, especially after the recent collapses that have affected this type of structures 

during last years. In this paper, the structural behaviour of an existing RC bridge subjected to 

corrosion effects due to carbonation is analysed by means of an efficient procedure based on the 

implementation of a Finite Element Model (FEM) where the main structural elements are 

implemented using only Timoshenko beam elements. The safety level of the bridge has been 

evaluated considering different load conditions (e.g. traffic load, seismic action, etc.) calculated 

according to the Italian Design Code (NTC2018). Finally, a retrofitting intervention is proposed in 

order to guarantee and adequate safety level of the bridge under the considered different load 

combinations. 
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1. Introduction 
 
During last decades, the evaluation of the structural behaviour of existing reinforced concrete (RC) 

bridges has attracted increasing attention in the scientific community and in the designers also 

considering several collapses that have occurred due to incorrect scheduling of the maintenance 

interventions [1-4]. One of the most important aspects which influence the load-bearing capacity of 

existing RC bridges is the presence of the corrosion effects that affect the main structural elements 

[5-9]. For this reason, several researchers have been proposed different approaches to evaluate the 

influence of the corrosion effects on the load-bearing capacity of existing RC bridges both under 

vertical and horizontal loads [10-13]. In [14] an efficient procedure for the evaluation of the structural 

behaviour of existing RC bridges subjected to corrosion effects due to carbonation under horizontal 

loads has been presented. The obtained results showed that the decrease of the load-bearing capacity 

is strictly related to the considered corrosion scenario as a function of the age of the bridge. Gardoni 

et al. [15] have developed a Bayesian approach useful to obtain the seismic fragility curves of the 

bridge components subjected to corrosion effects. In particular, the approach has been applied to two 

existing RC bridges to evaluate their sensitivity to corrosion effects. In [16] a simplified approach 

useful to obtain the maintenance interventions period of existing motorway RC viaducts considering 

the age of the structure has been proposed taking into account three different corrosion scenarios 

(slight, moderate and high). In this research work, corrosion effects have been modelled considering 

a uniform corrosion distribution along the piers with a consequent reduction of steel reinforcements 

area. In Pelle et al. [17] the corrosion effects induced by the chlorides acting on the RC bridge piers 

have been analysed considering the possible achievement of buckling phenomena of the longitudinal 

steel reinforcements. Kumar et al. [18] investigated the effect of cumulative seismic damage and 

corrosion on the life cycle cost of existing RC bridges highlighting that both phenomena significantly 

influence the collapse mechanisms to which an existing RC bridge may be subjected. Ou et al. [19] 

have been evaluated the long-term seismic performance of existing RC bridges subject to corrosion 

phenomena due to the presence of chloride. A sensible reduction of the PGA value which leads to the 

collapse of the first structural element has been observed especially for bridges adjacent to a coastline. 

In Fan et al. [20] the structural performance of RC bridges under multi-hazard effect of vessel impact 

and corrosion has been studied, determining that corrosion deterioration has a significant influence 

on the vessel-impact performance of bridge structures. Yuan et al [21] have analysed the different 

collapse mechanisms of RC concrete costal bridge piers considering the effects of corrosion-induced 

damage. Moreover, in Yuan et al [22] a series of shaking table tests have been performed to evaluate 

the structural performance of coastal bridge piers with different levels of corrosion damage caused 

by chloride penetration. Ma et al [23] analysed the seismic behaviour of thirteen corroded circular 

piers through cyclic loading tests. The results showed that a higher corrosion level could cause a more 

obvious deterioration of the structural strength, stiffness, ductility, and energy dissipation capacity. 

A brittle failure has been obtained for several specimens, owing to the severe damage of stirrups and 

a high axial load. In Lin et al [24] the dynamic behaviour of RC frames subject to corrosion effect 

has been studied via the shaking table test. The results obtained have shown the important effects of 

steel reinforcement corrosion on the response of the displacement, acceleration, and spectral curve of 

the structures.  

Focusing attention on the current literature, other several researchers have been evaluated the 

correlation between the corrosion effects of the main structural elements of the bridges and their 

structural performance [25-34]. 

In this paper the evaluation of the structural behaviour of an existing RC bridge built in 1973 and 

located in Northern Italy is discussed. In particular, the bridge analysed is characterized by one 

carriageway composed by 24 simply supported 36.61 m spans and 23 piers where three of these are 

subjected to significant corrosion effects due to carbonation which interested the longitudinal steel 

reinforcements and the stirrups. Several scenarios which involve different load cases, defined 

according to [35], are presented in order to define the correct maintenance interventions useful to 
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guarantee an adequate safety level of the bridge under vertical and horizontal loads. In particular, the 

manuscript is organized as follows: after a brief introduction (Section 1), the structural modelling 

technique used in this research work is described in detail in Section 2. Section 3 reports the 

description of the case study and the discussion of the results obtained from the execution of the linear 

and non-linear numerical analyses. Finally, in Section 4 the main conclusions, based on the results 

obtained and described in previous Section 3, have been summarized.  

 
 

2. Structural modelling 
 
To evaluate the structural behaviour of existing RC bridges, an efficient procedure based on the 

implementation of simplified Finite Element Models (FEMs) through MIDAS Civil [36] software 

has been used where the main structural elements of the bridges (piers, pier caps and deck) have been 

modelled only with Timoshenko beam elements in order to reduce the computational effort [14]. 

Furthermore, the elastomeric bearings have been introduced in the FEM using general elastic links 

connected to the pier cap and the deck with a system of rigid links. The translational and rotational 

stiffnesses of the elastic links representing the elastomeric bearings have been calculated considering 

as reported in [37]. The abutments are considered as perfect restraints applied at the base node of the 

elastic links representing the elastomeric bearings located at the deck-abutment interface. Also, the 

foundation of the piers has been implemented as perfect restraints applied at the node in 

correspondence to the base of each pier.  

To evaluate the correct dynamic behaviour of the existing RC bridges, the reduction of the gross-

section bending stiffness of the piers due to concrete cracking is introduced considering appropriate 

scale factors calculated according to [38], evaluated starting from the related moment-curvature (M-

χ) diagram. On the contrary, the stiffness of the deck is not reduced considering that during a seismic 

event remain within the elastic range [6,39]. During the evaluation of the dynamic behaviour of the 

bridges, the influence of structural and non-structural masses has been considered while the traffic 

load has been neglected according to as reported in [35].  

Two collapse mechanisms of the piers have been monitored: (i) the ductile failure mechanism which 

is related to the gross-section moment-curvature diagram and characterized by an initial elastic phase 

followed by a large strain hardening plastic behaviour and (ii) the brittle failure mechanism that is 

regulated by the shear strength of the considered structural element. The ductile failure mechanism is 

based on the rotational capacity of the plastic hinge while the brittle mechanism is governed by the 

shear strength of the pier (VR) calculated considering the formulation proposed by [40] for the cyclic 

shear resistance. The materials non-linear behaviour is modelled taking into account the Kent and 

Park model (Fig. 1a) [41] for the concrete and the Park Strain Hardening constitutive law (Fig. 1b) 

[42] for the steel reinforcements. 

 

 
(a) 

 
(b) 

 

Figure 1. (a) Kent and Park and (b) Park Strain Hardening model. 
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The non-linear behaviour of the structure is introduced in the FEM through the application of 

appropriate plastic hinges located in correspondence to the element at the base of each pier where the 

activation of the ductile collapse mechanism is hypothesized. The properties of the plastic hinges 

have been obtained considering as reported in [43,44] both for ductile and brittle collapse mechanism 

(Fig. 2). 

 

 
(a) 

 
(b) 

 
Figure 2. Definition of (a) ductile and (b) brittle failure mechanism. 

 
 
The verification criteria adopted in this work are the following: for the ductile collapse mechanism, 

the achievement of the ¾ of the ultimate rotation ϑu (C point in Fig. 2a) while for the brittle failure 

mechanism, the overcome of the above-mentioned shear resistance VR (B=C point in Fig. 2b). 

As mentioned in previous Section 1, the bridge analysed was built in 1973 and 3 of the 24 piers 

showed the presence of significant corrosion effects due to carbonation which involves both 

longitudinal and transverse steel reinforcements. In particular, carbonation happens when the carbon 

dioxide in air penetrates into the concrete volume and reacting with hydroxides, generating 

carbonates. This phenomenon led to a pore solution pH reduction below the value of 8.5 resulting in 

an unstable passive film protecting the surface of steel rebars. It possible to define two main phases 

of the corrosion process development: initiation and propagation.  

Eq. 1 shows the penetration law in a generic concrete volume (which defines the first phase) regulated 

by a parabolic trend [45-47]: 

 

𝑠 =  𝑘 ∙ 𝑡
1

𝑛⁄    (1) 

 
where s represents the thickness of the carbonated concrete layer that depends on the penetration rate 

coefficient k and the time t. As mentioned before, the structure was built around the 1970’s and 

consequently the parameter n, which depends on the concrete characteristics, is taken equal to 2 for 

normal compacted concrete. To introduce the corrosion effects due to carbonation in the structural 

modelling, a simplified analytical model which define the reduction of the longitudinal and transverse 

steel reinforcements area has been adopted. The reduction of steel reinforcements diameter and area 

is calculated following Eq. 2 and 3, respectively. 

 

𝑑(𝑡) =  𝑑0 − 2𝑃(𝑡) = 𝑑0 − 2𝑖𝑐𝑜𝑟𝑟𝑘(𝑡 − 𝑡𝑖), (2) 

𝐴𝑠(𝑡) =  𝜋[𝑑0 − 2𝑖𝑐𝑜𝑟𝑟𝑘(𝑡 − 𝑡𝑖)]2/4, (3) 

 
where t indicates the bridge age, k the penetration rate coefficient in mm/year0.5 and icorr the mean 

corrosion current density expressed in μA/cm2. It is possible to notice that the variation of the steel 

reinforcements diameter d and area As depends on the corroded thickness P(t). Table 1 summarizes 



 5 

the parameters used for the execution of the numerical analyses, where fck is the characteristic cylinder 

concrete compressive strength, icorr is the value of the corrosion current density taking into 

consideration a high corrosion scenario defined according to [48], ti is the initiation time taken equal 

to 13.5 years [49], k is the penetration rate coefficient and εu,0 is the ultimate tensile strain of the steel 

reinforcements. 

Table 1. Corrosion parameters. 

fck  

[MPa] 

icorr 

[μA/cm2] 

ti 

[year] 

k 

[-] 

εu,0 

[%] 

28 5 13.5 0.0116 2 

 
Other several models are proposed in literature to evaluate the corrosion effects due to carbonation 

on the load-bearing capacity of R.C. structures [50,51], but appear more complex to use during design 

phase. 

 

3. Case study 
 
The structural behaviour of an existing RC bridge located in Northern Italy and built in 1973 has been 

analysed. In particular, the bridge is characterized by one carriageway composed by 24 simply 

supported spans which create a linear altimetric layout with a curved planimetric trend. The overall 

width of the of the roadway is about 10.47 m and each span consist of a precast concrete slab of four 

prestressed I girders (Fig. 3). The deck is made by a concrete slab 20 cm thick. Each span is supported 

by 4 x 2 elastomeric bearings located in correspondence to the hammer cap. 

 

 
Figure 3. Deck cross-section (measures in cm). 

 
The first twenty piers are characterized by a hollow octagonal cross-section with a height ranging 

between 9.12 m and 67.63 m while the other three piers are characterized by a rectangular section 

and by a height ranging between 2.61 m and 4.73 m. The bridge is made with fck = 28 MPa concrete 

and fyk = 440 MPa steel. 

Fig. 4 shows the FEM of the bridge while Tables 2 and Fig. 5 report, respectively, the main structural 

properties of the RC piers and the related cross-section. 
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Figure 4. FEM of the bridge. 

 

 

Table 2. Main structural characteristics of the piers. 

Pier 

 

[n°] 

Pier shape 

 

[-] 

Height 

 

[m] 

Cross-section 

dimensions 

[m] 

Pier 

thickness 

[m] 

Longitudinal steel 

reinforcement 

[-] 

Stirrups 

 

[-] 

1 Octagonal hollow 19.48 6.8 x 3.6 0.25 116Ø20 Ø8/20 

2 Octagonal hollow 33.28 6.8 x 3.6 0.25 116Ø20 Ø8/20 

3 Octagonal hollow 39.58 6.8 x 3.6 0.25 116Ø20 Ø8/20 

4 Octagonal hollow 48.97 6.8 x 3.6 0.25 116Ø20 Ø8/20 

5 Octagonal hollow 67.63 6.8 x 3.6 0.25 116Ø20 Ø8/20 

6 Octagonal hollow 64.11 6.8 x 3.6 0.25 116Ø20 Ø8/20 

7 Octagonal hollow 42.35 6.8 x 3.6 0.25 116Ø20 Ø8/20 

8 Octagonal hollow 23.78 6.8 x 3.6 0.25 116Ø20 Ø8/20 

9 Octagonal hollow 18.19 6.8 x 3.6 0.25 116Ø20 Ø8/20 

10 Octagonal hollow 15.64 6.8 x 3.6 0.25 116Ø20 Ø8/20 

11 Octagonal hollow 19.71 6.8 x 3.6 0.25 116Ø20 Ø8/20 

12 Octagonal hollow 23.96 6.8 x 3.6 0.25 116Ø20 Ø8/20 

13 Octagonal hollow 15.20 6.8 x 3.6 0.25 116Ø20 Ø8/20 

14 Octagonal hollow 10.95 6.8 x 3.6 0.25 116Ø20 Ø8/20 

15 Octagonal hollow 11.00 6.8 x 3.6 0.25 116Ø20 Ø8/20 

16 Octagonal hollow 12.31 6.8 x 3.6 0.25 116Ø20 Ø8/20 

17 Octagonal hollow 10.61 6.8 x 3.6 0.25 116Ø20 Ø8/20 

18 Octagonal hollow 10.40 6.8 x 3.6 0.25 116Ø20 Ø8/20 

19 Octagonal hollow 15.80 6.8 x 3.6 0.25 116Ø20 Ø8/20 

20 Octagonal hollow 9.12 6.8 x 3.6 0.25 116Ø20 Ø8/20 

21 Rectangular 2.94 10.7x1.0 - 166Ø16 Ø8/20 

22 Rectangular 2.61 10.7x1.0 - 166Ø16 Ø8/20 

23 Rectangular 4.73 10.7x1.0 - 166Ø16 Ø8/20 
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Figure 5. Cross-section of the bridge piers. 
 

 

 

Considering as reported in Table 2, it is possible to notice that the bridge is characterized by poor 
construction details typical of the RC bridges built in Italy around the 1970’s, especially regarding 
the stirrups because they are designed to resist to low value of horizontal action.  
As mentioned before, the piers 4, 5 and 6, located near a valley, are subjected to significant corrosion 
effects due to carbonation (Fig. 6) and for this reason four different scenarios have been analyzed to 
evaluate the structural behavior of the bridge:  

• scenario 0, where the structural analyses has been carried out without taking into account the 
corrosion effects; 

• scenario 1, where the corrosion effects have been applied to all the steel reinforcements of the 
piers 4, 5 and 6; 

• scenario 2, where the corrosion effects have been considered acting only in the steel 
reinforcements positioned in the inner perimeter of the hollow octagonal cross-section of the 
piers 4, 5 and 6 while the steel reinforcements of the outer perimeter are not considered in the 
structural verifications;  

• scenario 3, where the steel reinforcements of the inner perimeter of the hollow octagonal cross-
section of the piers 4, 5 and 6 are not considered affected by corrosion effects and those of the 
outer perimeter are not taken into account during the execution of the structural verifications.  

The structural behavior of the bridge has been evaluated considering two different configurations: (i) 

current configuration and (ii) transient design situation (Fig. 7). These two configurations differ in 

the application of traffic loads which in current configurations are considered acting in all the three 

lanes while in transient configuration the application of the traffic loads is limited to two lanes. In 

particular, for the current configuration scenarios 0, 1 and 2 have been considered while for the 

transient configuration the analyses have been carried out taking into account scenarios 2 and 3. 

Table 3 summarizes the steel reinforcements diameter reduction, calculated through previous Eq. 2 

where t is fixed equal to 50 years and icorr is taken equal to 5 μA/cm2 as indicated for high corrosion 

level in [48]. 
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Figure 6. Piers 5 and 6. 

 

 
Figure 7. Flow chart of the present work. 

Table 3. Steel reinforcements diameter reduction. 

d0 

[mm] 

d 

[mm] 

Δd 

[%] 

8 4.5 44.2 

16 12.5 22.1 

20 16.5 17.7 
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3.1 Current configuration 
 
The structural analyses of the bridge considering the current configuration have been performed 

starting from the implementation of a simplified FEM (composed by 801 Timoshenko beam 

elements) as described in previous Section 2 and considering the presence of traffic loads calculated 

as reported in [35]. Furthermore, the seismic action has been calculated based on the seismic 

parameters of the site where the bridge was built and reported in Table 4 where VN is the life of the 

structure, UC is the use category, Cu is the coefficient for use category, VR is the reference life, PVR is 

the probability of exceedance (related to the considered limit state), ST is the topographic coefficient, 

SC is the soil category and PGA indicates the value of the design peak ground acceleration. 

Table 4. Main seismic parameters of the site. 

VN 

[year] 

Uc 

[-] 

Cu 

[-] 

VR 

[year] 

PVR 

[%] 

ST 

[-] 

Sc 

[-] 

PGA 

[g] 

50 IV 2 100 10 1 C 0.068 

 
In first approach, linear dynamic analysis has been carried out considering a behaviour factor equal 

to q = 1.5. As mentioned before, the load combinations have been defined according to as reported in 

[35].   

Table 5 summarizes the range of the safety indices obtained for piers 4, 5, and 6 calculated 

considering the different load combinations and where Sc0, Sc1 and Sc2 indicate scenario 0, 1 and 2, 

respectively. Values of safety index close or greater than one characterizes cases where the security 

level is not adequate. 

Table 5. Range of the safety indices obtained for the current configuration considering the load 
combinations defined according to [35]. 

Pier 4 Pier 5 Pier 6 

Sc0 

[-] 

Sc1 

[-] 

Sc2 

[-] 

Sc0 

[-] 

Sc1 

[-] 

Sc2 

[-] 

Sc0 

[-] 

Sc1 

[-] 

Sc2 

 [-] 

0.11-0.68 0.12-0.76 0.18-0.88 0.11-0.70 0.12-0.80 0.17-1.08 0.09-0.85 0.09-1.03 0.14-1.50 

 
The results show that the safety indices obtained for the pier 4 are characterized by values less than 

one, but still close to one considering the scenario 2. Pier 5 is characterized by maximum value of 

safety indices greater than one in the case of scenario 2 and equal to 0.8 for the scenario 1. The higher 

values of safety indices are obtained for the piers 6 where reach 0.85, 1.03 and 1.5 for the scenario 0, 

1 and 2, respectively, considering the ductile collapse mechanism. Instead, it is important to highlight 

that the lower values of the safety indices obtained are related to the serviceability limit state.   

Based on the values of safety indices above illustrated, a reduction of the traffic load has been 

hypothesized (transient configuration) to understand if in this configuration the temporary operation 

of the bridge can be guaranteed. 
 

3.2 Transient configuration 
 
As mentioned in previous Section 2, the transient configuration differs from the current one, described 

in Section 3.1, for the traffic loads considered applied at two of the three lanes. In this case, for the 

execution of the structural analyses, scenarios 2 and 3 have been taken into account. The applied 

loads and their combinations are the same considered for the current configuration. Table 6 reports 

the range of the safety indices calculated for the two analysed scenarios. 
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Table 6. Range of the safety indices obtained for the transient configuration considering the load 
combinations defined according to [35]. 

Pier 4 Pier 5 Pier 6 

Sc2 

[-] 

Sc3 

[-] 

Sc2 

[-] 

Sc3 

[-] 

Sc2 

[-] 

Sc3 

 [-] 

0.15-0.74 0.14-0.69 0.14-1.00 0.13-0.93 0.11-1.00 0.10-0.94 

 

It is possible to notice that, also in this case, the lower values of safety indices calculated are related 

to the serviceability limit state. Pier 4 presents values of safety indices less than one for both the 

scenarios analysed. On the contrary, piers 5 and 6 are characterized by safety indices values equal to 

1 for the scenario 2 which represents a limit condition for safety checks while the results obtained for 

the scenario 3 show values less than one. 

 
3.3 Evaluation of the seismic behaviour  

 
To evaluate the seismic behaviour of the bridge multi-modal pushover analysis has been carried out 

following the approach described in previous Section 2 and considering scenarios 0 and 1 where the 

corrosion effects due to carbonation are applied on each pier of the bridge. According to as reported 

in Table 3, the maximum moment of the cross-section significantly decreases as a function of the 

corrosion level. Fig. 8 shows the trend of the moment-curvature diagram of the base gross-section of 

the pier 4 which clearly shows the correlation between the corrosion effects and the load-bearing 

capacity of the bridge. Furthermore, the corrosion process slightly influences the dynamic behaviour 

of the bridge. In fact, as a reduction of the pier’s stiffness due to corrosion effects, the first natural 

periods are characterized by a slight increase. Table 7 shows the comparison of the fundamental 

vibration modes used for the execution of the multi-modal pushover analysis in terms of period and 

related participating mass.  

Furthermore, no significant variations of the modal shapes occur considering the presence of 

corrosion effects (Fig. 9).   

 

  
Figure 8. Pier 4 moment-curvature diagrams. 
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Table 7. Fundamental periods and related participating masses of the vibration modes used in the 

multi-modal pushover analysis.  

scenario 0 

Mode  

[n°] 

Period  

[s] 

Mass_TRAN_X  

[%] 

Mass_TRAN_Y  

[%] 

1 3.37 0.17 17.38 

2 3.22 22.87 0.97 

4 2.31 2.38 4.13 

6 2.02 0.36 1.79 

7 1.91 1.17 2.73 

8 1.64 5.10 1.42 

10 1.42 11.06 0.37 

12 1.23 0.55 7.21 

13 1.21 1.19 0.83 

14 1.19 0.55 3.57 

16 1.06 8.40 2.17 

18 1.05 0.07 1.53 

19 1.02 6.02 0.05 

20 1.01 2.36 2.24 

23 0.97 1.47 5.18 

26 0.93 0.32 9.93 

35 0.88 0.03 1.23 

38 0.86 2.25 2.17 

42 0.86 1.32 1.39 

43 0.86 1.19 0.04 

49 0.85 1.06 1.15 

scenario 1 

1 3.65 0.76 14.00 

2 3.37 23.38 4.39 

4 2.41 2.31 3.99 

6 2.06 0.49 2.04 

7 1.98 1.42 3.20 

8 1.68 5.45 1.55 

10 1.48 10.90 0.36 

12 1.30 0.60 7.28 

13 1.24 0.87 2.57 

14 1.23 0.57 1.61 

16 1.08 8.85 2.02 

18 1.07 1.03 0.02 

19 1.05 0.55 1.84 

20 1.04 6.65 0.51 

23 0.99 1.45 5.26 

26 0.98 0.30 9.94 

35 0.88 0.09 1.50 

38 0.87 2.28 2.12 

43 0.86 1.79 1.10 

44 0.86 0.76 1.15 

50 0.85 1.07 1.12 
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Figure 9. Comparison of the first vibration mode shape without considering and considering the 

presence of corrosion effects. 

 
Several capacity curves have been obtained for the two scenarios analysed, each corresponding to a 

vibration mode shape characterized by participating mass equal or greater than 1% using a modal 

load profile. Capacity Spectrum Method (CSM) has been adopted for the evaluation of the 

performance point [52,53] which has been calculated taking into account the relevant seismic demand 

spectrum. As a consequence, for each considered vibration mode, it is possible to obtain the internal 

actions acting on the monitored structural elements in correspondence to the performance point. 

These internal actions have been combined using CQC (complete quadratic combination) rule for the 

safety structural checks. An iterative process has been carried out considering the increase of the 

demand spectrum up to the achievement of the required limit state. In this way, it is possible to 

evaluate the peak ground acceleration which lead to the collapse of the first monitored structural 

element (PGAC) and the corresponding return period (RPC) useful to obtain the following risk indices: 

 

𝑅𝐼𝑃𝐺𝐴 =
𝑃𝐺𝐴𝐶

𝑃𝐺𝐴𝐷
 (4) 

𝑅𝐼𝑅𝑃 = (
𝑅𝑃𝐶

𝑅𝑃𝐷
)

0.41

 (5) 

 
where PGAD is the design peak ground acceleration determined according to [35] and RPD the related 

return period. Values close to one or larger than one characterizes cases where the risk level is 

acceptable. On the contrary, values close to zero characterizes high-risk cases.  

Table 8 summarizes the results obtained for the ductile and brittle collapse mechanism, where X 

indicates the direction in correspondence to the longitudinal axis of the bridge and Y the 

correspondence transverse direction. 

It is possible to notice that the value of ductile mechanism risk indices is the same for both the two 

directions due to the characteristics of the first vibration modes which involve a significant 

participating mass in X and Y direction. 
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Table 8. Risk indices. 

 Ductile mechanism Brittle mechanism 

 scenario 0 scenario 1 scenario 0 scenario 1 

 X Y X Y X Y X Y 

RIPGA 3.17 3.17 2.72 2.72 2.02 1.84 1.58 1.43 

RIRP 5.01 5.01 4.05 4.05 2.68 2.35 1.89 1.65 

 

The decrease of the value of the risk indices is evident if the corrosion effects are considered. Despite 

that values always greater than 1 have been obtained. 

Starting from the value of risk indices reported in Table 8, it possible to determine the intervention 

time (IT) for the considered limit state (life-safety limit state in this work) using Eq. 4 [16]: 

 

𝐼𝑇 = 0.105 ∙
min(𝑅𝑃)

𝐶𝑢
 (4) 

 

where IT is the intervention time (in years), min(RP) is the minimum return which characterizes the 

obtained risk indices and Cu represents the use category coefficient considered equal to 2 [35]. In this 

case, the minimum value of risk index is obtained for the Y direction considering the brittle collapse 

mechanism, characterized by a return period equal to 3227 years which defines an intervention time 

equal to 169 years. 

 

 
3.4 Retrofitting intervention  

 
Considering the results obtained for the different scenarios described in previous Sections 3.1, 3.2 

and 3.3, a retrofitting intervention involving the piers 4, 5 and 6 has been carried out in order to 

guarantee an adequate safety level of the bridge also in current configuration. In particular, piers 

cladding characterized by a thickness equal to 20 cm, have been realized having 92Ø16 longitudinal 

B450C steel rebars confined by Ø12/10 cm stirrups. The retrofitting intervention has been 

implemented in the FEM through the variation of the section properties of the beam elements 

representing the piers, according to as reported in Section 2 (Fig. 10). The construction phases of the 

proposed intervention have been illustrated in detail in Fig. 11. 
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Figure 10. Retrofitting intervention of the pier 4: FEM implementation. 
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Figure 11. Construction phases of the retrofitting intervention. 

 
Also in this case, the reduction of the gross-section bending stiffness of the piers due to concrete 

cracking has been taken into account, through the introduction of appropriate scale factor calculated 

as shown in Section 2. The load combinations considered for the analysis of the structural behaviour 

of the retrofitted configuration are the same described in Section 3.1, defined according to [35]. Table 

9 summarizes the results, expressed in terms of safety indices, considering the scenario 2 (considered 

the worst-case scenario in terms of structural safety) with the execution of the retrofitting intervention. 

Table 9. Range of the safety indices obtained for retrofitted configuration, considering the load 
combinations defined according to [35]. 

    Pier 4  Pier 5                     Pier 6 

Sc2 (retrofitting intervention) 

[-] 

0.12-0.59 

Sc2 (retrofitting intervention) 

[-] 

0.13-0.72 

Sc2 (retrofitting intervention) 

[-] 

0.12-0.64 

 
The results show that the safety indices are characterized by values always lower than one, also 

considering the traffic loads acting on the three lanes. 

 
 

4. Conclusions 
 
In this paper, the structural behaviour of an existing RC bridge subjected to corrosion effects acting 

on some piers (in particular the piers 4, 5 and 6) is discussed. To evaluate the safety level of the 

bridge, four different scenarios have been analysed: (i) scenario 0, where the structural analyses has 

been carried out without taking into account the corrosion effects acting on the piers 4, 5 and 6, (ii) 

scenario 1, where the corrosion effects have been applied to all the steel reinforcements of the piers 

4, 5 and 6, (iii) scenario 2, where the corrosion effects have been considered acting only in the steel 

reinforcements positioned in the inner perimeter of the hollow octagonal cross-section of the piers 4, 

5 and 6 while the steel reinforcements of the outer perimeter are not considered in the structural 

checks and (iv) scenario 3, where the steel reinforcements of the inner perimeter of the hollow 

octagonal cross-section of the piers 4, 5 and 6 are not considered affected by corrosion effects and 

those of the outer perimeter are not considered in the structural checks. The structural analyses have 

been carried out taking into account an efficient approach where the main structural elements of the 
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bridge (piers, pier caps and deck) have been introduced in the FEM using only Timoshenko beam 

elements while the corrosion effects due to carbonation has been taken into account as reduction of 

steel reinforcements diameters. The results have shown an inadequate safety level of the structure 

especially in the presence of traffic loads. For this reason, a transient configuration has been analysed 

considering a reduction of the traffic loads acting on the existing RC bridge, to evaluate the possibility 

of maintaining the operativity of the structure.  

In addition, the seismic performance of the bridge has been studied in detail using multi-modal 

pushover approach and considering scenarios 0 and 1 where the corrosion effects are considered 

acting on all the piers of the bridge at the same time. The results obtained have been summarizes with 

appropriate risk indices expressed in terms of peak ground acceleration and related return period and 

have shown that, de-spite the reduction of these indices as a function of corrosion effects, the analysed 

bridge is not characterized by a significant vulnerability under seismic action.  

Finally, a retrofitting intervention on piers 4, 5 and 6, which consists in the realization of piers 

cladding characterized by a thickness equal to 20 cm and having 92Ø16 longitudinal B450C steel 

rebars confined by Ø12/10 cm stirrups, has been proposed to guarantee an adequate safety level of 

the bridge under all the load combinations defined by [35]. 
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