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Abstract

Exceptional traffic loads, or overweight loads, represent a critical issue for many of the existing reinforced concrete bridges on the
Italian motor-way network, as these bridges were designed for different loading conditions to those imposed by today’s overweight
convoys. Furthermore, as these structures were mainly built during the twenty-year period between the 1950s and 1970s,
deterioration due to chloride-induced corrosion caused by the use of deicing salts is often observed on both piers and deck members.
This phenomenon has a significant impact on the structural integrity and load-bearing capacity of the structural elements.
Consequently, in-depth structural assessments are required. In Italy, the current standards on these issues are the Italian Design
Code (NTC 2018) and the Existing bridges Guidelines 2022 (LG22). In this paper, the structural performance of existing bridge
decks under exceptional traffic loads is assessed by applying the principles outlined in NTC 2018 and LG 2022.

The results of this assessment are also compared with those obtained from another advanced methodology based on nonlinear static
(push-down) analysis, which considers the nonlinear behavior of materials. By using the push-down analysis, the structural
behavior under incrementally applied loading steps can be monitored, the activation of inelastic hinges can be detected, and, from
the obtained force-displacement capacity curves, the failure load (or failure load factor) can be determined as well. The results
obtained using the commonly adopted linear analysis are compared and discussed with those coming from the push-down
procedure. This is achieved by applying the two different approaches to various deck configurations.
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1. Introduction

Existing bridges represent strategic assets for the European economic system, Biondini and Frangopol (2012).
Ensuring their structural safety under increasing traffic loads, Miluccio et al. (2021), and seismic demand, Zucca et
al. (2023), is mandatory especially in possible inadequate maintenance conditions for materials’ degradation due to
environmental exposure, Zhou (2014). In this study, the structural response of n.8 existing Italian girder-bridge decks
subjected to exceptional traffic loads is investigated through nonlinear static analyses. The results are compared to the
safety verifications prescribed by the Italian Design Code (NTC2018) and Existing bridges Guideline (2022). The aim
is to highlight the role of nonlinear material properties under vertical loads with particular attention to the stress’s
redistribution interesting each structural components of the girder decks. The evaluation of the safety reserve of single
bridge’s decks is a key parameter for the overall management and planning of structural retrofitting interventions. In
the following, Section 2 describes the nonlinear analyses here proposed, Section 3 introduces the case studies in terms
of geometrical features, loads and materials whereas Section 4 reports the nonlinear analyses’ results in terms of Load
Factors. They are also compared to the ones obtained by the linear approach of the Italian code NTC2018. Finally,
Section 5 remarks on the main conclusions.

2. Nonlinear Push-Down analysis

Bridges decks are girder systems designed to withstand traffic and exceptional loads, Givonetti et al. (2023). The
structural failure mechanisms are not usually instantaneous due to the intrinsic redundancy of the structural
configuration. Otherwise, if a reinforced concrete (RC) deck’s elements should exceed the elastic limit, stress
redistribution on the decks’ members would occur for RC’s nonlinear properties, Kheyroddin and Mortezaei (2007)
and Kim et al. (2009). Therefore, the response to exceptional traffic loads can be studied by adopting reinforced
concrete nonlinear properties and performing nonlinear static analyses here referred as push-down analyses,
Khandelwal and El-Tawil (2011) and Givonetti et al. (2024). This kind of analysis consists of an incremental load
applied to the deck implemented in the finite element model (FEM). Consequently, the nonlinear response of the
elements can be monitored step-by-step. In the present research, Midas Civil (version 1.1-2025) is adopted for the
structural modelling and the execution of the analyses. The generic deck is modelled by beam elements with the
monodirectional, multidirectional or fixed supports according to the original design documents, Hambly (2014). The
nonlinear response of the deck is simulated by introducing plastic hinges by means of moment-curvature relations,
Powell (2005) and Derseh and Mohammed (2023). A specific fiber code has been developed in Phyton, Givonetti et
al. (2023), to obtain the moment-curvature diagrams of the investigated structural sections. By Opensees, Marmo et
al. (2021), nonlinear materials properties are assigned to the fibers of the girders and cross beams sections. The
moment-curvature diagrams obtained with this tool are then implemented in the FEM by linearizing them. Push-down
analyses are performed, and the results are expressed in terms of load factor, defined as the multiplier of the allowable
load for the deck, accounting for material nonlinearity and for redistribution of internal forces among the deck
elements, Fallon et al. (2016). To correctly perform valid push-down analyses, it is mandatory to fix the number of
hinges and their position based on the structural configuration of the deck.

3. Case studies
3.1. Features of the decks

The 8 RC analyzed decks are part of existing Italian bridges built around the 1960s. They differ by themselves for
span, width, number of the beams and crossbeams, and spacing between the structural elements, Table 1. Their

material properties are reported in Table 2. In the moment-curvature fiber code, nonlinear properties are attributed to
the fibers of the generic beam’s simplified section (Fig.1) the Kent and Park model to the concrete, Park et al. (1972);
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the bilinear model with hardening to the steel bars; and the Menegotto-Pinto model for prestressing steel, Menegotto
and Pinto (1973).
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Fig. 1. Beam cross section of the existing bridge (on the left) and Fiber discretization of the beam cross section (on the right)

Table 1. Deck properties of the case studies

Deck number  Span[m] Widthim] beams [-] Beam spacing m]  Cross-beams  Cross-beam spacing [m]

1 27.0 12.3 3 4.50 4 9.0
2 10.0 12.0 6 2.02 5 5.0
3 20.0 12.0 6 2.02 3 5.0
4 12.0 12.3 6 2.00 3 6.0
5 28.5 11.0 4 2.75 5 6.7
6 17.0 12.3 3 4.50 3 8.5
7 23.1 12.3 3 4.50 4 7.7
8 27.0 12.3 3 4.50 4 9.0

Table 2. Material properties of the case studies

Deck number fea [MPa] Reb.fyq Reb. fiy Strands fys ~ Strands i xy Myq K Mgy
[MPa] [MPa] [MPa] [MPa] [1/m] [kNm] [1/m] [kNm]
1 239 3317 500.0 1400.0 1550.0 0.0060 13900 0.0380 15641
2 276 4380 503.7 ; ; 0.0024 1860 0.0598 2100
3 273 4380 503.7 ; ; 0.0018 5400 00425 6210
4 113 4260 489.9 ; ; 00027 2171 0.0616 2543
5 238 373.9 4300 13913 1600.0 0.0060 18780 0.0400 21258
6 15.9 377.8 4345 ; ; 0.0015 6750 00380 7952
7 15.9 377.8 4345 1256.0 1444.4 0.0056 11040 00394 12699

8 15.9 377.8 434.5 1256.0 1444 .4 0.0062 12360 0.0399 14175
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3.2. Loads

The static loads present on the deck are structural self-weight, curbs and parapets, barriers, and paving. They vary
as quoted in the historical design drawings and they are included in the initial non-linear analysis step (dead loads
only), as well as the contribution of prestressing, considering the jacking tension reduced by the prestressing losses
reported in the as-built historical calculation reports. The exceptional traffic load here considered consists of a 54 tons
vehicle with 6 axles (3 in the tractor unit and 3 in the trailer one, respectively, Fig.2). The traffic load is introduced in
FEM by forces reproducing the 54 tons overall load by adopting the specific moving tracer command present in Midas,
Fig. 2.
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Fig. 2. Exceptional transport traffic load (on the left) and Load conversion with mobile tracer.

3.3. Plastic hinges

In the FEM, the plastic hinges with 5-segment line model of Fig.3 are introduced in critical sections where their
activation can be expected (e.g. at midspan of the main girders and crossbeams, as well as in the connection zones
between the girders and the crossbeams themselves). Fig. 3 also shows typical positions of the hinges for one of the
case studies.
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Fig.3. moment-curvature model adopted in the FEM (on the left) and Inelastic hinges distribution of a case study — plan view (on the right).

4. Results

The results obtained from elastic and push-down analyses are synthetically resumed in Table 3. They are expressed
in terms of load factors considering the elastic and ultimate limit. From the elastic analysis, the results are named
EL LFy and EL_LF,, while from the push-down analysis the results are NL_LFy and NL LF,. EL LFy and EL LF,
are obtained as the ratio between the residual load and the exceptional transport load, both for the elastic limit and the
ultimate limit. Residual load refers to the maximum traffic load that a structural element can carry, obtained by
subtracting the components of self-weight and permanent loads from the (elastic or ultimate) moment, then converting
this residual traffic moment into load. In Table 3, the percentage increase in the load factor at elastic limit and at
ultimate limit is reported too. The capacity curves for the 8 case studies are shown in Fig. 4. As example for viaduct
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number 1, the plots showing the first activation of the hinges (yielding of girder and crossbeam) and the collapse
mechanism configuration (ultimate limit reached for the first hinge) are shown in Fig.5.
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Fig.4. Capacity curves of the cases study.
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Fig.5. Viaduct n°1: first beam hinge yielding (on the left), first beam hinge collapse (at the center), first crossbeam hinge yielding (on the
right). Note: the first yielding condition is represented in light blue, the collapse is represented in red, and the elastic field is blue.

Table 3. Results in terms of Load Factor (LF) in the elastic and push-down analyses, both for the elastic and ultimate limit.

Deck number EL LF,[-] EL LF,[-] NL LF,[-] NL LF,[-] Increment y [%] Increment u [%]
1 5.35 6.21 6.3 8.4 +15% +26%
2 2.04 2.36 5.65 7.98 +64% +70%
3 1.94 2.44 6.4 8.7 +59% +63%
4 1.59 2.01 3.8 5.3 +58% +62%
5 7.37 8.54 11 17 +33% +50%
6 3.89 4.84 5.5 9.1 +29% +47%
7 4.85 5.82 7.3 10.4 +34% +44%
8 425 5.16 6.03 8.7 +29% +41%

The results in terms of Load Factors previously shown in Table 3 are here graphically analyzed in relation to some
significant features of the case studies, in particular: the span and the number of the main beams (Fig.6), the number
of the cross-beams and the spacings between the beams and the cross-beams (Fig.7), and the number of the
implemented inelastic hinges (Fig.8).
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Fig.6. Relation between Load factor and deck span (on the left) and between Load factor and beam number (on the right)
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Fig.7. Relation between Load factor and crossbeam number (on the left) and between Load factor and beam spacing.
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Fig.8. Relation between Load factor and crossbeam spacing (on the left) and between Load factor and number of inelastic hinges (on the right).

5. Conclusions

Puh-down analyses have been applied to the 8 different girder decks with nonlinear materials’ properties
implemented in the FEMs by means of plastic hinges. Since the stress redistribution guaranteed by the system beams
and crossbeams structural configuration and tacking into account the nonlinear properties of the R.C. elements, the
collapse load detected at the ultimate limit is about 50% higher than the one obtained by conventional elastic analysis,
often indicated in the international codes. According to the parametric analysis discussed in Section 4, it can be
observed that keeping constant the deck’s width but increasing the span’s length, an increase of the load factor values
is observed. It is also due to the increase in the crossbeam’s numbers. On the contrary, maintaining constant the deck’s
width and increasing the number of beams, the load factors generally decrease. In the analysis, when the number of
plastic hinges increases, a more gradual plasticization of the deck can be observed with a significant computational
effort.

References

Biondini, F., & Frangopol, D. M. (2012). Bridge Maintenance, Safety, Management, Resilience and Sustainability. CRC Press.

Derseh, S. A., & Mohammed, T. A. (2023). Bridge structures under progressive collapse: A comprehensive state-of-the-art-review. Elsevier.
https://doi.org/10.1016/j.rineng.2023.101090

Marmo, F., Demartino, C., & Sessa, S.. (2021, July). OpenSees: un potente strumento per il fem. Lo Strutturista, Nr. 07.



72 Marco Givonetti et al. / Procedia Structural Integrity 84 (2026) 65-72

Fallon, C. T., Quiel, S. E., & Naito, C. J. (2016). Uniform Pushdown Approach for Quantifying Building-Frame Robustness and the Consequence
of Disproportionate Collapse. Journal of Performance of Constructed Facilities, 30(6), 04016060. https://doi.org/10.1061/(ASCE)CF.1943-
5509.0000912

Givonetti, M., Mairone, M., Asso, R., De Luca, E., Grateron, L. A. B., Masera, D., & Marano, G. C. (2023). Non-Linear Analysis of R.C. and
P.R.C. Girder Bridges. Designs, 7(4). https://doi.org/10.3390/designs7040102

Givonetti, M., Mairone, M., Asso, R., Bohorquez Grateron, L., De Luca, E., Masera, D., Marano, G. C., & Farina, S. (2024). Push-Down Analysis
of Existing Ordinary and Prestressed Concrete Bridges. Italian Concrete Conference ICC.

Hambly, E. C. (2014). Bridge Deck Behaviour. CRC Press. https://doi.org/10.1201/9781482267167

Khandelwal, K., & El-Tawil, S. (2011). Pushdown resistance as a measure of robustness in progressive collapse analysis. Engineering Structures,
33(9), 2653-2661. https://doi.org/10.1016/J. ENGSTRUCT.2011.05.013

Kheyroddin, A., & Mortezaei, A. (2007). Nonlinear Finite Element Analysis of Reinforced Concrete Bridges. Journal of Transportation Research.

Kim, T., Kim, J., & Park, J. (2009). Investigation of Progressive Collapse-Resisting Capability of Steel Moment Frames Using Push-Down Analysis.
Journal of Performance of Constructed Facilities, 23(5), 327-335. https://doi.org/10.1061/(ASCE)0887-3828(2009)23:5(327)

Menegotto, M.; Pinto, P.E. (1973) Method of analysis for cyclically loaded reinforced concrete plane frames including changes in geometry and
non-elastic behavior of elements under combined normal forced and bending. In Proceedings of the IABSE Symposium on Resistance and
Ultimate Deformability of Structures Acted on by Well Defined Repeated Loads, Lisboa, Portugal, 13—14 September 1973.

Midas Civil, version 1.1-2025, distributed by CSP Fea

Miluccio, G., Losanno, D., Parisi, F., & Cosenza, E. (2021). Traffic-load fragility models for prestressed concrete girder decks of existing Italian
highway bridges. Elsevier. https://doi.org/10.1016/j.engstruct.2021.113367

NTC2018. Ministero delle Infrastrutture e dei Trasporti. (2018). Norme tecniche per le costruzioni.

LG22. Ministero delle Infrastrutture e dei Trasporti, C. S. dei L. P. (2022). Linee Guida per la classificazione e gestione del rischio, la valutazione
della sicurezza ed il monitoraggio dei ponti esistenti.

Park, R., Kent, D. C., & Sampson, R. A. (1972). Reinforced concrete members with cyclic loading. Journal of the Structural Division, 98(7), 1341-
1360.

Powell, G. (2005). Progressive Collapse: Case studies Using Nonlinear Analysis. Proceedings of the Structures Congress and Exposition, 1-14.
https://doi.org/10.1061/40753(171)216

Zhou Y, Gencturk B, Willam K, Attar A., 2014, Carbonation-induced and chloride-induced corrosion in reinforced concrete structures. Journal of
Materials in Civil Engineering 2014; 27(9): 1-17

Zucca, M., Reccia, E., Longarini, N., Eremeyev, V., Crespi, P., 2023, On the structural behaviour of existing RC bridges subjected to corrosion
effects: Numerical insight, Engineering Failure Analysis, 152, 2023, 107500



