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VALUTAZIONE DELLA 
CAPACITA’ PORTANTE DI UN 

PONTE AD ARCO IN C.A. 
SOGGETTO A VARI SCENARI DI 

DEGRADO

OBIETTIVI



L’obiettivo consiste nell’eseguire le analisi per carichi
verticali su ponti in c.a. – nella fattispecie, analisi statiche
non lineari (Pushdown) – correlate agli scenari di degrado
per corrosione delle barre di armatura.
Per conseguire tale obiettivo, bisogna avere a
disposizione un codice di calcolo avanzato in grado di
“intersecare″ le Pushdown con opportuni modelli di
degrado.







PREMESSE
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STRUTTURA ROBUSTA
………………………………………………….……………………………..

è una struttura che riesce ad 
incassare eventuali errori di 

progettazione, di realizzazione ecc.. 
cioè riesce a sopravvivere dopo un 

determinato evento.
E’ accettabile una eventuale crisi 

strutturale (LOCALE) la quale 
risulta, però, non devastante per il 

sistema (GLOBALE).







Run away di un sistema strutturale da Franco Bontempi

..″qui si nota come un effetto negativo può ingrandirsi esponenzialmente fino 
ad assumere una grandezza che esce dal quadro di riferimento previsto..“



STRUTTURA DEGRADATA
………………………………………………….……………………………..

è una struttura che contiene – ad 
esempio – elementi, le cui sezioni in 

c.a., presentano corrosione delle 
barre di armatura e fessurazione del 

calcestruzzo



”La corrosione è un processo 
spontaneo ed irreversibile″ 





INDIVIDUAZIONE 
DI TRE TIPI DI 
CORROSIONE

a cui è possibile 
associare TRE 
modelli di degrado



MODELLI DI DEGRADO



CORROSIONE UNIFORME
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CORROSIONE LOCALIZZATA



CORROSIONE SOTTO SFORZO



Cervenka Consulting - CTU



TIPOLOGIE DI 
PONTI AD ARCO
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Carrello







Validazione di un modello di 
trave a fibre in grandi 

spostamenti in presenza di 
corrosione. Il test del NIST 

(Lew et al. 2011)
(in collaborazione con Francesco Oliveto)
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Prototipo sperimentale (Lew et.al, NIST 2011)



Modello sperimentale sottoposto a grandi spostamenti (circa 110 cm) e 

modalità di collasso con rottura dell’armatura longitudinale inferiore del 

nodo centrale (Lew et.al, NIST 2011)



Le analisi effettuate come da test sperimentale prevedono l’applicazione di

una forza al centro della trave con intensità pari a 320 kN. Lo stato di danno

(ampiezza fessure) e lo spostamento massimo rilevato sono rispettivamente

circa 70 mm e 1100 mm.







NOTA: IPOTESI DI BASE

Modello di trave a fibre non lineare con individuazione dei punti di 
performance, in grandi spostamenti.



Modello in FaTA Next



Modello in FaTA Next



Applicazione corrosione armature e degrado calcestruzzo intorno 
alle barre



Meccanismi resistenti: TRAVE (OA), ARCO (ABC), CATENARIA (CDE).
TRAVE = flessione e taglio
ARCO = calcestruzzo compresso
CATENARIA = armature tese

NOTA 3:









Effetto arco e catenaria, influenza del degrado: x_corr = 0,00

AZIONE CATENARIA

Barra acciaio
F = 320 KN

Curva di capacità in Push-down 

FaTA Next

IR = λ = 0,985

1100 mm



Con riferimento al modello INTEGRO (Xcorr = 0 mm ), si possono fare 
le seguenti osservazioni sull’affidabilità del modello.

- Il moltiplicatore di carico, coincidente nel caso in esame con l’indice 
di robustezza deterministico, è pari a 0,985 a cui corrisponde un 
carico massimo di circa 315 kN, rispetto a 320kN, con un errore 
massimo di circa il 2%.



Effetto arco e catenaria, influenza del degrado: x_corr = 0,50 mm

AZIONE CATENARIA

Curva di capacità in Push-down 



Effetto arco e catenaria, influenza del degrado: x_corr = 1,00 mm

ROTTURA CATENARIA

Curva di capacità in Push-down 

820 mm



Effetto arco e catenaria, influenza del degrado: x_corr = 1,50

ROTTURA CATENARIA

Curva di capacità in Push-down 



Effetto arco e catenaria, influenza del degrado: x_corr = 2,00

CATENARIA NON SVILUPPATA

Curva di capacità in Push-down 

455 mm



Effetto arco e catenaria, influenza del degrado: x_corr = 2,50

CATENARIA NON SVILUPPATA

Curva di capacità in Push-down 



Effetto arco e catenaria, influenza del degrado: x_corr = 3,00

CATENARIA NON SVILUPPATA

Curva di capacità in Push-down 

0,630

320 mm



CONFRONTI

Catenaria non 
sviluppata
Arching-

action

Rottura catenaria

Azione 
catenaria



VARIAZIONE INDICE DI ROBUSTEZZA IN 
FUNZIONE DEL LIVELLO DI PENETRAZIONE 

DELLA CORROSIONE
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OSSERVAZIONI: 

1. Il test sperimentale ha consentito di raggiungere spostamenti e 
stati di fessurazione elevati (non riscontrabili nelle strutture 
ordinarie in esercizio o allo stato limite ultimo);

2. L’effetto della corrosione uniforme sullo sviluppo completo della 
catenaria in grandi spostamenti è minimo per profondità di 
penetrazione inferiore a 1 mm;

3. Per profondità di corrosione > 1 mm il meccanismo a catenaria non 
si sviluppa (in questo caso l’effetto del degrado comporta una 
prematura rottura delle armature a trazione e instabilità delle 
armature compresse);

4. Nella condizione di corrosione massima Xcorr = 3 mm, la perdita di 
resistenza in termini di indicatore di robustezza rispetto alla 
struttura integra è pari a circa il 56%.



CASO STUDIO
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Per la descrizione dello stato dell’opera si fa riferimento all’articolo
presentato al convegno AICAP da: E. Lo Giudice, G. L. Di Marco, M.
Gallo, R. Mantione, “The bridge over the river Cassibile: a structure in
r/c Bowstring scheme dating 1930”.



OBIETTIVI:

La valutazione della robustezza tramite le analisi pushdown su

modello di struttura integra e danneggiata da corrosione localizzata

delle armature longitudinali (per azione dei cloruri) su diversi scenari

di degrado e si analizza:

a) il PONTE INTEGRO al variare della posizione dei carichi mobili

secondo lo schema 1 riportato nelle NTC 2018;

b) il PONTE con DEGRADO al variare:

 dello scenario di danno;

 della posizione dei carichi mobili secondo lo schema 1 riportato

nelle NTC 2018.

Gli scenari di degrado considerati prevedono la presenza della

corrosione sui seguenti elementi strutturali:

 Corrosione dei pendini di collegamento arcate – travi di impalcato

laterali;

 Corrosione dell’impalcato in c.a. costituito dalle travi principali e

traversi;

 Corrosione dell’impalcato in c.a. + le arcate laterali.



La corrosione sugli elementi strutturali prevista dagli scenari descritti,

prevede una profondità di penetrazione della corrosione pari a

xcorr=1.00 mm e un fattore di Pitting R=3. Ai fini della distribuzione

delle armature corrose sugli elementi strutturali presenti negli

scenari, sono state effettuate le seguenti ipotesi:

 Travi principali: corrosione delle armature longitudinali

all’intradosso e ferri di parete;

 Traversi di collegamento: stessa ipotesi delle travi principali;

 Pendini verticali: corrosione su tutte le armature longitudinali;

 Arcate laterali: corrosione sulle armature longitudinali inferiori,

superiori e di parete.

Sono state escluse dalla valutazione la corrosione delle armature

trasversali e della soletta superiore, trascurando la riduzione della

resistenza a taglio degli elementi, ma rinunciando agli eventuali

contributi della resistenza membranale della soletta in condizioni

estreme per effetto arco e catenaria.



Descrizione dell’opera e rilievo del degrado: il manufatto ha una luce di 30

metri circa, con monta di 6,00 m ed un franco di 5,00 m. L’interasse delle

arcate è di 8,30 m, mentre la carreggiata è larga 7,50 m. Ha quindi un

rapporto tra monta e luce pari a 1/5, valore nella media per ponti del tipo a

spinta eliminata. La sovrastruttura poggia su pile in c.a.



Nella tabella sono riportare le principali caratteristiche geometriche del ponte

e degli elementi strutturali, la distribuzione delle armature e le caratteristiche

fisico-meccaniche dei materiali costituenti il calcestruzzo armato.



Gran parte degli elementi strutturali sono in avanzato stato di degrado, con la 
disgregazione o il distacco dello strato corticale di calcestruzzo. Molto estese 
sono le superfici in cui le armature sono vista. 







Pendini – Espulsione del copriferro, corrosione dell’armatura longitudinale e 
trasversale dei pendini



Azioni variabili da traffico. carichi verticali Q1: Per realizzare le condizioni di

carico più gravose il numero delle colonne di carichi mobili da considerare nel

calcolo è quello massimo compatibile con la larghezza della superficie

carrabile, tenuto conto che la larghezza di ingombro convenzionale è stabilita

per ciascuna corsia in 3,00 m. Nella figura seguente un esempio di

numerazione delle corsie.



Azioni variabili da traffico. Carichi verticali: Q1.

Schema di carico 1 utilizzato ai fini delle analisi di capacità portante push-
down



Valutazione della capacità portante.

La procedura da eseguire è la seguente:

 Creare il modello di calcolo 3D non lineare (geometria, materiali);

 Applicare agli elementi finiti del modello (elementi beam/column a

plasticità diffusa) le distribuzioni dei carichi da traffico stradale per ogni

combinazione dei carichi dello schema 1;

 Definire ed eseguire le analisi statiche non lineari per determinare il

moltiplicatore dei carichi di collasso;

 Calcolare il valore minimo dei moltiplicatori λMIN dei carichi di collasso al

variare della distribuzione dei carichi da traffico stradale che definisce

l’indice di Robustezza del ponte IR;

 La verifica è soddisfatta se λMIN =IR≥1.



Valutazione della capacità portante:

Modello computazionale del ponte in oggetto – Posizione 11 (centrale) dei

carichi mobili



100 kN

100 kN
100 kN

100 kN

150 kN
150 kN

150 kN
150 kN

Corsia 1

Corsia 2



IPOTESI DI BASE 
Adozione del modello di degrado localizzato alla Rodriguez con fattore di 

pitting pari a R = 3



Scenari di degrado:

I Corrosione dei pendini con Xcorr=1.00 mm e fattore di Pit R=3



Scenari di degrado:

II Corrosione dell’impalcato (travi principali e traversi) con Xcorr=1.00 mm e

fattore di Pit R=3



Scenari di degrado:

III Corrosione dell’impalcato ed archi perimetrali con Xcorr=1.00 mm e

fattore di Pit R=3



Risultati delle Analisi:

Si riportano i risultati ottenuti dalle analisi push-down con riferimento agli

scenari di degrado ipotizzati.

I parametri principali da evidenziare sono:

 Curve push-down con rappresentazione stato di danno degli elementi

strutturali e comportamento globale del ponte sotto livelli di carico

crescenti, per struttura integra e danneggiata;

 Andamento dell’indice di Robustezza in funzione dello scenario di degrado

e al variare della posizione del carico mobile, al fine di individuare la

posizione critica dei carichi e il grado di severità dello scenario in termini

di perdita di Robustezza rispetto al ponte integro;

 Andamento dell’indice di Robustezza al variare del tempo con xcorr=0.5-

3.0 mm, nella posizione critica dei carichi mobili e con lo scenario di

degrado.



Stato di danno ponte integro – Curva Pushdown posizione critica. 

Rottura a trazione armature travi impalcato e traversi



Stato di danno ponte con degrado pendini Xcorr=1.0 mm 

Curva Pushdown posizione critica. 

Rottura a trazione armature pendini e collasso impalcato



Indice di robustezza al variare dello  scenario e profondità di corrosione 

(xcorr: 0.5-3.0 mm)



Sezione pendino con degrado, riduzione capacità portante, calcestruzzo 
fessurato con rottura barre a trazione per raggiungimento duttilità ultima

(xcorr: 3 mm = 1 [mm] x 3 [R])



Sezione pendino con degrado, riduzione capacità portante, calcestruzzo 
fessurato con rottura barre a trazione per raggiungimento duttilità ultima

(xcorr: 3 mm = 1 [mm] x 3 [R])

- 30% circa

- 15% circa

- 25% circa



La valutazione tramite analisi pushdown su modelli a plasticità diffusa in

grandi spostamenti con modelli di degrado per corrosione da pitting, tramite

FATANEXT e DEGRADO NEXT, ha permesso di determinare e osservare per il

ponte in oggetto:

 L’indice di Robustezza per la struttura integra e la posizione critica dei

carichi mobili;

 L’indice di Robustezza nella posizione critica in funzione dello scenario e

dell'entità del degrado con xcorr compreso tra 0.5-3.0 mm;

 Lo scenario critico è per corrosione dei pendini, la cui rottura a trazione

comporta il collasso della struttura con una riduzione dell'indice di

Robustezza IR di circa il 50 %;

 I pendini assolvono un ruolo fondamentale in quanto conferiscono alla

struttura il grado di ridondanza oltre che di collegamento tra impalcato e

archi principali.

Nel caso di cedimento di questi ultimi le arcate e l’impalcato non riescono a

ridistribuire le sollecitazioni assorbite dagli elementi verticali per cui si assiste

al collasso improvviso.



https://www.ingenio-web.it/articoli/autori/felitti-matteo/
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Abstract

The robustness of a structural systems is understood as their ability to prevent

or reduce the consequences of a local (exceptional and/or extreme) event. The

current work aims to address the issues related to the evaluation of robustness

of structures with incorporated damage. The case study of an existing rein-

forced concrete arch bridge is investigated in terms of robustness considering

the variation of both the cracking state from concrete spalling and the corro-

sion of reinforcement bars. The damage variation related to these different

matters is assessed both in terms of intensity and occurrence in the various

structural elements of the bridge. Finally, the structural robustness index is

estimated through push-down analysis to make an overall assessment of the

bridge behavior.

KEYWORD S

arch bridge, corrosion, push-down analysis, reinforced concrete, robustness

1 | INTRODUCTION

The durability problems of reinforced concrete structures,
which are deeply felt by researchers and designers, are
often related to corrosion degradation. Typically, these
harmful phenomena for the structural health are induced
by carbonation or attack of substances containing
chlorides.

In fact, over time, reinforced concrete can be sub-
jected to various attack type:

• by carbonation, which consists in the neutralization of
the concrete alkalinity by carbon dioxide from the
external environment, with destruction of the oxide
film used to protect the bars;

• by penetration of chlorides, when a certain noise con-
tent is reached and exceeded on the surface of the rein-
forcements, so to destroy the protective film;

• by dispersed currents, which interfere with the rein-
forcement bars, passing in some parts from concrete to
bars and in other zones from bars to concrete.

When the passivity conditions cease to exist, the cor-
rosive process of the reinforcement bars, which is of an
electrochemical nature, can take place if the concrete
meets water and oxygen. The ignition and propagation
phases involve the following sub-phases (Figure 1a,b):

• Initial phase without corrosion (depassivation) for
t = t(1). It persists until the concentration of aggressive
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agents does not exceed certain limits for the lack of
passivation of reinforcing steel;

• First propagation phase (cracking) up to t = t(2) = tcr1,
where the first crack occurs in the concrete surface
due to the reinforcement corrosion;

• Second propagation phase (spalling), with a higher
propagation speed due to the presence of cracks, up to
t = t(3) = tcr2, when the operation limit state is no lon-
ger satisfied with the concrete spalling;

• Last propagation phase (collapse), denoted by
t = t(4) = tu, when the resistance reduction is such that
the demands imposed by the ultimate limit state are
no longer met.

The aim of the present work is the automatic imple-
mentation of corrosion degradation models of bridges
through a non-linear fiber FEM model, having a force-
based formulation in the field of large displacements

which is setup in the FATANEXT NL calculation code
produced by the STACEC Srl company. The implemented
methodology is applied to a tied arch type concrete arch
bridge dating back to 1930. With this approach, different
corrosion degradation scenarios related to any space–
time distributions with a reasonably reduced time are
examined. Therefore, as final goal of the study, the
robustness indicators for different scenarios and degrees
of corrosion are assessed, so leading to the evaluation of
either the capacity or the residual life of the structure.

2 | MODELING OF CORROSION
DEGRADATION MECHANISMS

The corrosion phenomenon has a considerable influence
on the mechanical behavior of reinforced concrete struc-
tural elements with reference to:

FIGURE 1 (a) Schematic representation of degradation as a function of damage; (b) cover ejection, splitting and spalling failure.1

TABLE 1 Degradation models for decrease of the bar resistant cross-section.

Uniform corrosion Localized corrosion by Rodriguez et al.2 Localized corrosion by Val et al.3

δ¼ x
D0

!
As δð Þ¼As0 � 1�δAs,u δð Þ½ �
δAs,u δð Þ¼ 1 if δ> 0.5
δAs,u δð Þ¼ 4 �δ � 1�δð Þ if 0≤ δ≤ 0.5

δ �R
As δRð Þ¼As0 � 1�δAs,pR δRð Þ� �

δAs,pR δRð Þ¼ 2δR� δRð Þ2 if 0≤ δR≤ 1

1 if δR≤ 1

(
Apit tð Þ¼A1þA2 if p tð Þ≤ D0ffiffiffi

2
p

Apit tð Þ¼A0�A1þA2 if
D0ffiffiffi
2

p ≤ p tð Þ≤D0

Apit tð Þ¼A0 if p tð Þ≥D0

8>>>>><
>>>>>:

αpit ¼Apit tð Þ=A0
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a. Reduction of the cross-section of reinforcing bars;
b. Decrease of the mechanical features (strength and

ductility) of steel;
c. Cracking of concrete with reduced compressive

strength;
d. Deterioration of the adhesion mechanism.

Corrosion leads to the reduction of both the bar cross-
section and the elongation capacity of the intact part of
the reinforcement bar, with all the negative consequences
on structural ductility. Iron oxide (rust), which is the
product of the corrosion process, generates a volume
larger than that of the basic metal. This produces radial
compression stresses (Sc) in the concrete surrounding the
bar and, for equilibrium, the emergence of circumferen-
tial tensile stresses (Sr). When these latter pressures reach
the concrete tensile strength, the formation of cracks
orthogonal to the tensile isostatics occur, usually leading
toward the complete expulsion of the cover (spalling fail-
ure of Figure 1b).

The concrete-bars perfect bond is one of the
fundamental properties ruling the satisfactory behav-
ior of reinforced concrete elements. It is worth notic-
ing that the adherence between materials is also
influenced by corrosion through the following
mechanisms:FIGURE 2 Residual resistance of corroded reinforcing bars.6,7

FIGURE 3 Cocrete parts

damaged by corrosion of bars.7

FIGURE 4 Picture and

front view of the bridge on the

Cassibile river.
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• cracking of concrete;
• change of properties at the steel-to-concrete interface;
• less confinement of concrete due to the corrosion of

stirrups;
• instability of longitudinal reinforcement due to con-

crete spalling;
• reduction of the cyclic response under horizontal

actions with decrease of both the dissipated energy and
the rotational capacity of structural elements.

The reduction of the reinforcement bar cross-section
can be evaluated according to the degradation models
depicted in Table 1.

The variation of the steel mechanical properties
according to the Val et al.'s model3 can be determined
based on the following linear relationship (Figure 2):

f ¼ 1�β �Qcorrð Þ � f 0 ð1Þ

where f 0 is the yielding or ultimate strength of the
intact bar, Qcorr is the corrosion level [%] and β is equal

to 0.5. Qcorr is calculated by means of the Stewart's
formulation4:

Qcorr ¼ αpit ¼Apit tð Þ=A0 ð2Þ

where Apit is the corroded bar area, function of the time t,
and A0 is the original area of the element without corrosion.

In the case of localized corrosion with the Rodriguez's
approach,2 uniform corrosion formulas can be used con-
sidering the pitting factor R. For the pit model following
the Val et al.'s approach,3 the reduction of the steel ulti-
mate deformation from the value ε0su ¼ εsu, for virgin
material, up to ε0su ¼ εsy, for the complete ductility loss, is
evaluated through the following formula [8]:

ε0su ¼ εsyþ εsu� εsy
� � � 1� αpit

αpit,max

� �
if αpit ≤ αpit,max ð3Þ

The trend is linear and is proportional to the reduc-
tion of area caused by pitting, as defined in the following
expression:

TABLE 2 Geometrical features and

reinforcement type of bridge sections.
Bridge geometry

L [m] m [m] p [m] w [m] f [m] L/m [m]

30.00 6.00 8.30 7.50 5.00 ≤1/5—eliminated thrust bridge

Geometry of sections

Lateral main
beams

Central
main beam

Secondary
beams

Tie-
beams

Arches
Slan

b
[cm]

h
[cm]

b
[cm]

h
[cm]

b
[cm]

h
[cm]

b � h
[cm]

b
[cm]

h
[cm]

h
[cm]

50 80 20 80 25 80 36 � 30 50 100 12–15

Materials—Knowledge level LC2 ! FC = 1.20

Calcestruzzo Acciaio

fcm [Mpa] fcm-res [%] εcu [%] εtu [%] fym [Mpa] εcu [%] εtu [%]

18.00 20 0.20 0.35 320.0 6.00 10.00

Reinforcement of cross-sections

Section type

Longitudinal bars Stirrups

Down Top Intermediate
Left
support Middle

Right
support

Lateral main
beams

5ϕ20 5ϕ20 1 + 1ϕ20 1ϕ6/25 1ϕ6/25 1ϕ6/25

Central main
beam

3ϕ20 3ϕ20 2 + 2ϕ20 1ϕ6/20 1ϕ6/20 1ϕ6/20

Secondary
beams

3ϕ18 3ϕ18 - 1ϕ6/20 1ϕ6/20 1ϕ6/20

Tie-beams 5ϕ20 5ϕ20 1ϕ20 1ϕ8/15 1ϕ8/15 1ϕ8/15

Arches 6ϕ20 6ϕ20 2 + 2ϕ20 1ϕ8/20 1ϕ8/20 1ϕ8/20

FORMISANO ET AL. 4507

 17517648, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/suco.202200374 by C

ochraneItalia, W
iley O

nline L
ibrary on [16/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



αpit ¼Apit tð Þ=A0 ð4Þ

From several experimental studies conducted to eval-
uate the parameter αpit,max,

4 it is seen that it oscillates
between 0.5 and 0.1.

The concrete degradation is herein modeled so to
grasp in a simple way the main consequences on the
bridge global behavior. In particular, the damage to the
material in the area surrounding the corroded reinfor-
cing bars with a compressive strength decreases.5 The
concrete parts located near the reinforcing bars, which
could be damaged, must therefore be identified. Unlike
other simplified models,8 where the characteristics of
the degraded material are assigned a priori to all the
elements of the compressed zone cover, the model pro-
posed in Reference 7 foresees that only the elements
included in a circle of the bar radius equal to the cover
are subject to degradation; moreover, only in the ele-
ments outside the confined core the degradation is acti-
vated (Figure 3).

Despite being a simplified model, it can be used to
find the different damage mechanism dependent on the
arrangement of bars: if the bars are very close to each
other, the cover will tend to detach according to a hori-
zontal fracture plane; instead, if the bars are far away or

are placed in the corners, the damage will be concen-
trated in the part near the bar, with inclined fracture
planes. Degradation of the compressive strength for
cracked concrete elements is modeled with reference to
the following relationship7:

f c,red ¼ f c= 1þK � εt=εc0ð Þ ð5Þ

where K is a coefficient related to the roughness and
diameter of the bars, which can be assumed equal to 0.1
for ribbed bars of medium diameter; fc is the peak value
of the compression strength corresponding to the strain
εc0, which can be calculated as:

εc0 ¼ 0:0017þ0:0010 � f cm=70ð Þ ð6Þ

being fcm = fc + 8 (MPa) the concrete average strength. εt
represents the swelling transverse deformation of the sec-
tion, which can be calculated as:

εt ¼nbars �w=bi ð7Þ

where bi is the width of the considered section part, w is
the average slot opening for each bar and nbars is the
number of bars present in bi.

FIGURE 5 Views of transverse beams (a), longitudinal beams (b) and tie-beams (c) with spalling of concrete cover, corrosion of the

longitudinal reinforcement (d) and flaking of the transverse reinforcement.
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3 | THE CASE STUDY

To better understand the effect of pitting corrosion degra-
dation as a function of the corrosive state on the struc-
tural robustness of bridges, a case study is herein
examined.

The SS 115 road, which connects Trapani with Syra-
cuse passing through Agrigento, crosses the Cassibile
river near the municipality with a reinforced concrete
tied arch bridge with eliminated thrustes (Figure 4a,b).

This artifact was built in 1930 by the Ferrobeton
enterprise. This bridge static scheme was largely used for
RC constructions in the pre-war period for river crossings
in flat areas, where there is a limited height difference
between the roadway and the substructures.

The bridge type with eliminated thrust (tied arch type)
under study is made of a deck sustained by a couple of
overhanging arches through tie-beams. The bridge has a
span with length (L) of about 30.00 m, with a rise (m) of
6.00 m and a hydraulic franc (f ) of 5.00 m; the pitch (p)
between arches is 8.30 m, while the roadway width (w) is
7.50 m. Therefore, it has a ratio between rise and span
equal to 1/5, which represents a typical average value for
bridges with eliminated thrust.9 The superstructure rests on
rc piles. The deck consists of a 15 cm thick slab armed with
smooth steel bars and is supported by a sequence of beams,
which have rectangular cross-section with height of 0.85 m
and base of 0.25 m and are alternatively sustained by tie-
beams. These beams, having pitch of 1.40 m, have a slightly
tapered section at their ends, which are connected to the
edge longitudinal beams. Such latter members, fulfilling the
task of thrust bearing, also have a rectangular section with
a height of 0.85 m and a base equal to 0.50 m. The arches
are connected transversely by two 0.25 � 0.80 m beams
having the bracing function of the structure. The tie-beams,
10 for each arch, are placed with an interaxis of 2.86 m and
have a 0.36 � 0.30 m rectangular cross-section. The road is
completed with an original massif and a pavement package
that, due to the succession of numerous stretches of bitumi-
nous conglomerate, has reached a thickness varying
between 0.16 and 0.19 m.

Table 2 shows the main geometrical features of struc-
tural elements, the number and type of reinforcement
bars and the physical-mechanical properties of the bridge
materials.

The bridge over the Cassibile river had a recent tempo-
rary closure, prudently adopted following the results of a
preliminary investigations campaign aimed at assessing its
safety conditions. In fact, considering the significant impor-
tance of the bridge within the road system of that zone, the
Managing Body decided to deepen the study to better define
the bridge service capacity. In the following the real state of
the structure and the related degradation conditions are

presented. From the bridge observation, it is apparent that
most of the structural elements show an advanced state of
degradation, which is manifested by the disintegration or
detachment of the concrete cover (Figure 5). In fact, the
bridge surfaces showing cover spalling with bars exposed to
environmental actions are very extensive. Longitudinal
reinforcing bars with diameter of 20 mm do not yet show
worrying signs of section reduction, while stirrups are
strongly affected by corrosion. The degradation is due to a
set of causes, such as the high permeability of the concrete,
the aggressive environmental conditions aging on the struc-
ture and a prolonged leaching of the bridge lateral and
intradossal surfaces due to rainwater coming from the road.
Much more information on the health state of the bridge
are available in Reference 9.

FIGURE 6 FEM model of the bridge with loads in the middle

of the deck (a) and degraded structural models: (b) deterioration

scenario I with corrosion of tie-beams (xcorr = 1 and R = 3);

(c) deterioration scenario II with corrosion of deck beams (xcorr = 1

and R = 3); (d) deterioration scenario III with corrosion of deck

beams and lateral arches (xcorr = 1 and R = 3).
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Signs of a cortical healing operation are detected, but
they are considered as inadequate, as shown in the above
photographic documentation. The reasons of this insuc-
cess are due to the inadequacy of the mechanical charac-
teristics of the filler material, too rigid compared to the
base material and, probably, to the inadequate support
preparation before the intervention.

From in situ survey, it is not possible to detect the
bridge support types. Therefore, in the numerical analysis
reference is made to the construction technique of the
time, which provided for this type of structures external
constraints with a hinge on one side and a sliding support
on the other side.10

4 | ANALYSIS METHODOLOGY
AND FEM MODELING

The robustness evaluation of the bridge, which is done
through push-down analysis based on traffic loads
applied to both the original model and that damaged by
pitting corrosion of longitudinal reinforcements, is made
through the following steps:

1. Assessment stage of the influence of the mobile loads
defined as loading scheme n.1 according to the Italian
standard code NTC 201811;

2. Evaluation phase considering both different degrada-
tion scenarios and position of the mobile loads in the
loading scheme n.1 as detrimental issues.

The considered degradation scenarios foresee the
presence of corrosion on the following structural
elements:

• Tie-beams connecting lateral arches with deck side
beams;

• Longitudinal and transverse beams of the reinforced
concrete deck;

• Reinforced concrete deck and lateral arches.

The corrosion of the structural elements foreseen by
the hypothesized scenarios is based on both a corrosion
depth xcorr = 1.00 mm and a pitting factor R = 3.12 About
the distribution of corroded reinforcements of structural
elements, the following hypotheses are made:

• Main longitudinal beams and connecting transverse
beams: corrosion of lower longitudinal reinforcements
and intermediate bars;

• Tie-beams: corrosion of all longitudinal reinforce-
ment bars;

• Side arches: corrosion of the lower, upper and interme-
diate longitudinal reinforcements.

FIGURE 7 Damage state of the real configuration of the bridge.
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From the analyses carried out considering
the above assumptions, it is possible to identify the crit-
ical position of the load minimizing the robustness
indicator.

Finally, on this configuration of loads in critical posi-
tion, for all the hypothesized scenarios, an evaluation of
the robustness index as a function of the time, that means
by changing the xcorr corrosion depth from 0.50 to
3.00 mm (R = 3), is done.

Operatively, after the creation of the bridge FEM
model (Figure 6a), to define its ultimate bearing capacity
and the related robustness index, reference is made to
non-linear models with three embedded corrosion degra-
dation models (Figure 6b–d), in which a non-linear static
push-down analysis is performed under displacement
control by modifying the control node with the position
of the mobile load. This analysis procedure is carried out
by the following steps:

FIGURE 8 Damage state of the degraded configuration of the bridge (a) and details on both the failure of bars and the amount of

deteriorated concrete portions of tie-beams (b).
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• Apply to the FEM model with distributed plasticity the
distributions of traffic loads for each combination of
the scheme n.1;

• Perform non-linear static analyses to determine the
multiplier of collapse loads according to the loading
combination reported in Equation (8)11:

Sd¼ γGGKþ λ γQQ1K

� �¼Rd f Kγ=FC
	 


ð8Þ

• Calculate the minimum value of collapse load multi-
pliers lMIN as the distribution of loads from road traffic

changes. This identifies the robustness index IR of the
bridge;

• Verify the bridge robustness, which is acceptable if
lMIN = IR ≥ 1.

5 | ANALYSIS RESULTS

Results of the carried-out push-down analyses are
expressed under form of both the damage state of struc-
tural elements and the overall behavior of the intact and
damaged bridge under increasing loading. In particular,

FIGURE 9 Variation of the robustness index versus (a) the position of the mobile loads and (b) the loading scenario and the corrosion

depth (xcorr = 0.5/3.0 mm).
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the trend of the robustness index is reported as a
function:

• of the degradation scenario, in order to identify, among
the different loading positions considered, the critical
one and the severity degree of the scenario in terms of
robustness loss with respect to the intact bridge;

• of the time, that means with xcorr varying from 0.5 to
3.0 mm, under the degradation scenarios by consider-
ing the critical position of the mobile loads.

The damage state of the bridge in the actual configu-
ration is plotted in Figure 7, where it is apparent that the
tensile failure of reinforcement beams of both deck longi-
tudinal beams and transverse beam is noticed. On the
other hand, the damage state of tie-beams (scenario I) is
characterized by the tensile failure of their reinforcement
bars and the deck collapse, as shown in Figure 8a. More-
over, in Figure 8b the point of the curve when bars fail is
shown and the degraded concrete parts are highlighted
in the fiber model of the VSQNEXT calculation code,
which is an applicative program of the FATANEXT NL
software. In Figure 9a, the robustness index of both the
original and degraded bridge is plotted as a function of
the mobile loads position. The results show that the
degraded bridge has an index about 64% than that of the
original state bridge. In Figure 9b, the variation of the
robustness index versus both the scenario variation and
the considered corrosion level (xcorr from 0.5 to 3.0 mm)
is plotted.

6 | CONCLUSIONS

The research activities performed on the inspected bridge
have led toward the following conclusions:

• The minimum robustness index, which is strongly var-
iable with the position of mobile loads, was deter-
mined considering the traffic load critical position,
defined as a function of both the scenario and the
extent of degradation (corrosion depth between 0.5
and 3.0 mm);

• The critical scenario was attained due to the tensile
failure of corroded tie-beams, which induce the struc-
tural collapse with a reduction of the robustness index
of about 50%–70%;

• The tie-beams played a fundamental role, since they
gave to the bridge the right degree of redundancy, as
well as the proper connection between the deck and
the main arches to have a static scheme with elimi-
nated thrust. When they prematurely collapsed, the
arches and the deck were not able to redistribute the

stresses absorbed by the vertical elements, so that the
sudden collapse of the bridge was attained.
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