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EXTENDED ABSTRACT

Italian and European transportation networks include a considerable number of
existing bridges, built since the early ‘60s, characterised by simply supported pre-
stressed-concrete (PC) girders with post-tensioned steel tendons. Corrosion of ten-
dons, which may lead to significant loss of structural capacity, cannot be detected by
simple visual inspections and requires advanced and expensive testing by bridge owner
companies. Therefore, procedures aimed at risk-informed prioritisation for network-
scale assessment are needed, to provide fundamental support for drawing up priority
lists to be followed for an optimal allocation of resources to be employed for advanced
inspections and possible retrofit. The thesis presents a study on the fragility of existing
PC girder bridges considering traffic loads, accounting for corrosion-induced effects.
An automated framework is proposed, aiming at the efficient probabilistic structural
assessment of the investigated bridge class accounting for 1) the influence of
knowledge-based uncertainty related to geometric and mechanical properties and 2)
different scenarios including diverse critical corrosion levels and code-compliant traffic
load models. A simplified analytical method and a refined finite element method are
adopted as structure modelling strategies. To simulate corrosion effects, geometric and
mechanical characteristics of prestressing steel tendons are modified by reducing the
steel area and stiffness, ductility and strength properties. For analytic calculations, such
modifications are integrated into a specific algorithm able to estimate variations in flex-
ural and shear bearing capacity of critical cross-sections. In the thesis, the framework
is tested with reference to a dataset of case-study superstructures with different span
lengths and numbers of beams. The obtained fragility curves are deeply discussed,
focusing on the corrosion effect on structural fragility and highlighting the variation of
the corrosion-induced increase in fragility among the selected bridge archetypes. Alt-
hough the proposed methodology presents some simplifications, it could improve the
current practices of risk prioritisation, by supporting transportation authorities in ensur-
ing the safety of the existing bridge stock.



Keywords: Prestressed-concrete bridges, post-tensioning, corrosion, traffic
loads, fragility assessment.



EXTENDED ABSTRACT (A)

La rete infrastrutturale dei trasporti in Italia ed in Europa comprende un numero ele-
vato di ponti esistenti, costruiti dal periodo risalente agli anni ’60 in poi, la cui tipologia
strutturale é caratterizzata da travi semplicemente appoggiate in calcestruzzo armato
precompresso (CAP), realizzate con la tecnica della post-tensione dei cavi. Il fenomeno
della corrosione agente su questi ultimi, il quale puo portare ad una significativa ridu-
zione della capacita strutturale, non puo essere rilevato da semplici ispezioni visive e
richiede tecniche di ispezione avanzate, e costose per i gestori di reti infrastrutturali. Di
conseguenza, nasce l'esigenza di disporre di procedure basate su informazioni di ri-
schio strutturale mirate ad individuare priorita di intervento da impiegare in valutazioni
a scala territoriale. Procedure, che possano offrire un prezioso supporto per stilare liste
di priorita da seguire per un’allocazione ottimale delle risorse per ispezioni speciali e,
eventualmente, interventi di consolidamento. Il presente lavoro di tesi propone uno stu-
dio sulla fragilita al traffico di ponti esistenti a travata in CAP, considerando gli effetti di
degrado indotti dalla corrosione dei cavi su tali strutture. La procedura proposta é au-
tomatizzata, ed ha per obiettivo un’efficace valutazione strutturale di tipo probabilistico
di tale classe di ponti, considerando l'influenza delle incertezze derivanti dalla mancata
conoscenza delle caratteristiche geometriche e meccaniche del sistema. Inoltre, la me-
todologia include la valutazione di diversi scenari di condizioni critiche di corrosione,
utilizzando differenti modelli di carichi da traffico proposti dalle normative vigenti. Nella
procedura vengono adottate due differenti strategie per la modellazione della struttura,
una di tipo semplificato e analitica, ed una numerica piu raffinata ad elementi finiti. Per
simulare gli effetti della corrosione, si adottano modifiche delle proprieta geometriche
e meccaniche dei cavi di precompressione in acciaio, riducendo I'area efficace dei cavi
e le relative proprieta di rigidezza, duttilita e resistenza. Nel caso del calcolo analitico,
la capacita risultante é calcolata mediante uno specifico algoritmo in grado di stimare
le variazioni della capacita flessionale e a taglio dovute alla corrosione nelle sezioni
strutturali piu critiche. Inoltre, si propone un’applicazione della metodologia in riferi-
mento ad un insieme di casi studio, ovvero tipologie strutturali aventi lunghezza di



campata e numero di travi variabile. Le curve di fragilita ottenute sono ampiamente
discusse, con un focus particolare sugli effetti della corrosione sulla fragilita strutturale
e ponendo particolare attenzione alla variazione dell’incremento di fragilita indotto dalla
corrosione tra le differenti tipologie strutturali selezionate. Sebbene la metodologia pro-
posta presenti alcune semplificazioni, essa pud potenzialmente migliorare I'attuale co-
noscenza sui metodi di gerarchizzazione basati sul rischio, fornendo un supporto per
le autorita in ambito dei trasporti, al fine di incrementare la sicurezza del patrimonio
infrastrutturale esistente.

Keywords: Ponti in calcestruzzo armato precompresso, post-tensione, corro-
sione, carichi da traffico, valutazione di fragilita.
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Fragility analysis of prestressed concrete bridges affected by corrosion under traffic loads

1 INTRODUCTION

1.1 Background

The structural performance of existing bridges under traffic loads and natural
hazards significantly affects the serviceability and safety of transportation networks,
which require continuous maintenance and monitoring. For reasons related to the his-
tory and orography of the country, the infrastructure network of bridges in Italy is very
extensive, varied and old, and constitutes one of the most important assets of today's
society. History-wise, 1960s were an extraordinary time for the construction of free-
ways in Europe. In most of European countries, the backbone of the modern freeway
network was built at that time, and the same applies to Italy, when “Autostrada del
Sole”, linking Milan to Rome and Naples was designed and built. With these premises,
it is evident that a large portion of infrastructure in Europe has either reached or is
approaching the end of its intended design life. This creates a pressing need for re-
sources to be allocated toward structure evaluation, repair, and upgrading. Specifically,
entire large groups of structures require assessment to ensure that limited resources
are allocated in a logical and prioritized manner. This calls for the development of rapid
assessment methods for an initial screening, followed by more detailed evaluations
(with the collection of additional data as needed) for a smaller number of cases, and
potentially the implementation of targeted monitoring systems in certain situations.

During the last few years in Italy, the occurrence of some collapse events, due
to a various number of causes, raised the public attention on the topic, which highly
affects not only the public health, but also the local and regional economy. Citing some
iconic examples:

e In February 2013, the partial collapse of Verdura viaduct, in Sicily (Cufalo,
2013), in which no victims were involved, led to a huge economic impact on a
regional scale, due to the lack of alternative roads in the area. As shown in
Figure 1, the masonry arch constituting the deck fell down causing a large
opening in the superstructure, preventing the traffic from crossing the bridge.
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The heavy traffic was consequently transferred from a road of national im-
portance to a winding 30 km-longer path on secondary narrow roads, leading
to time wasting and increasing in costs for freight transport. Secondary roads
and the related infrastructures were therefore endangered, not being designed
to face such an impactful situation, with the possibility of suffering from addi-
tional dangerous problems.

One year later, in 2014, the Petrulla viaduct failure (Redazione ANSA, 2016;
Anania, Badala and D’Agata, 2018) involved some injured people, but no vic-
tims. An entire span of the prestressed concrete bridge failed, breaking at the
middle region of the deck (Figure 1). The following investigations blamed the
collapse on poor construction work. In this case as well, one of the major con-
sequences was on the road network of the area, very difficult to manage due
to the lack of alternative paths, leading to huge difficulties for transports in the
area, also defined as an “odyssey” by some local newspaper (Redazione AGRI-
GENTOOGGIIT, 2018).

—

Figure 1 — Verdura (a) and Petrulla (b) Viaduct failures, Agrigento 2014

In October 2016, the Annone viaduct failure (BBC News, 2016; Di Prisco et al.,
2018) caused one victim. The prestress concrete girder-type bridge failed due
to an exceptional transport-load passage. The reason lied in design errors on
the dapped-end joint at the bearings and lack of maintenance over time, which
led to a brittle failure due to shear stress at the support zone, as shown in Figure
2.

2
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In 2017, another failure episode of a post-tensioned bridge in Fossano (Fulloni,
2017), Piemonte, caused no victims and raised the attention again on con-
struction errors. The prestressed concrete girder-type bridge suddenly col-
lapsed without any vehicle load on the deck, only under its self-weight, due to
a prestressing steel tendon problem. The failure is reported in Figure 2.

ﬂr.,:rw’-‘-“ g T LT T TR i i /8

Figure 2 - Annone Viaduct (a), Lecco 2016, and Fossano Viaduct (b), Cuneo 2017

Back in time, on 23 April 1999, near Messina, the Santo Stefano bridge (Cas-
panello, 2018) collapsed due to its self-weight. The post-tensioned 78m-span
bridge had a box section and was designed in 1954 by Riccardo Morandi and
built two years later, in 1956. The construction technique used for the bridge
was the same as the most famous Polcevera bridge in Genoa. Fortunately, no
victims were involved in the collapse.

The Polcevera bridge failure, in 2018 (Calvi et al., 2019), was the most tragic
of these events. The bridge was designed again by Riccardo Morandi and was
built between 1963 and 1967. A relevant portion of about 243 m of the bridge
collapsed killing 43 people. What was left of the bridge after the tragedy is
shown in Figure 3. The bridge was cable-stayed with single post-tensioned
concrete stays and spans exceeding 200 m and was part of the important na-
tional road A10 managed by Autostrade per I'ltalia S.p.A.. The failure was
mainly caused by the high level of corrosion in the prestressed concrete stays.
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Figure 3 - Polcevera Bridge failure, Genoa 2018

Lastly, on 8 April 2020, a viaduct between Albiano Magra and Caprigliola sud-
denly failed, apparently under its self-weight. Although the bridge was typically
used by over 2,000 vehicles per day, traffic was light that day due to the COVID-
19 travel restrictions, and only two truck drivers sustained minor injuries. Under
normal traffic conditions, the incident could likely have caused many casual-
ties. According to an eyewitness who had driven across the bridge just seconds
before the event, a localized, unidentified damage appeared to propagate rapidly
from the Caprigliola-side abutment, triggering a progressive domino-like col-
lapse (see Figure 4). Immediately after the event, several qualitative hypotheses
were proposed regarding the causes of the bridge failure, including material
degradation, foundation settlement, excessive overload, and a slow landslide
on the Caprigliola slope. According to a recent work (Farneti et al., 2023), the
failure was actually due to the slow landslide pushing on the abutment and
provoking an irreversible change in the arch shape of the adjacent span.
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Figure 4 - Albiano Magra bridge collapse.

The collapse of such important existing bridges (Bazzucchi, Restuccia and Ferro,
2018), proved the elevated vulnerability of the existing bridge stock, which as seen may
lead to relevant economic losses, casualties and transport disruptions affecting urban
and industrial contexts.

1.2 Motivation and objectives

As a natural consequence, transportation management companies have to face
one of the biggest challenges for today’s society: to perform an overall bridge stock
assessment, by evaluating the bridge structural performance against external actions
which may be inappropriately considered in past design codes. The challenges that
such environmentally exposed kind of structures need to face have also become re-
cently more severe because of the climate effects of global warming. In this context,
the number of bridges that would need a detailed assessment is very high. Given such
a high number of structures, performing a refined assessment process for each specific
asset would involve a significant demand of time and cost resources, as they would
require appropriate onsite surveys and material test campaigns to derive reliable nu-
merical models to be analysed under different sources of actions. Such process results
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incompatible with respect to the actual resource availability and available time to carry
them out.

A more eligible option for such a large-scale assessment converges in risk-
informed prioritisation methodologies, as the one reported in Figure 5 by the Italian
Guidelines for existing bridge assessment (Consiglio Superiore dei Lavori Pubblici
(CS.LL.PP.), 2020), which allow the identification of the most risk-critical bridges to be
subjected to targeted assessment and interventions (Nettis, Raffaele and Uva, 2023).

| GEOLOCALIZZAZIONE / CENSIMENTO Livello o |
ISPEZIONI SPECIAL: ponti cap & cavi post-tesi e ¢
pontiin aree ad evidenza di fenomeni alluvionali,
erosionali e franosi, o riconosciute ad elevato —>| ISPEZIONI e REDAZIONE SCHEDE DI DIFETTOSITA’ Livello1 |
rischio idrogeologico, con evidenze di possibile ¢
interferenza con la struttura
| CLASSI DI ATTENZIONE Livello2
Opere con problematiche l i l l
immediate legate alla
tipologia strutturale efo al ALTA MEDIO- ALTA MEDIA MEDIO-BASSA BASSA
materiale (ponti caratterizzati } ! | ! | Vir
da elevata e grave fragilita v —
strutturale) Ispezioni Ispezioni ISP_EZ'?"” %
periodiche periodiche periodiche =
| § 7.4a = £
’ . . ) ¥ | | gz
Casi per cui la valutazione di . : z°
sicurezza & espressamente Moml:.ragglo Ispezioni 38
prevista dalle NTC 2018 continue Straordinarie § 2
| | [a} ,ﬂ
E-
Aggiorname nto l l Z
modelli strutturali B
Livello 3 m
Livello 4 VALUTAZIONE PRELIMINARE
VALUTAZIONE ACCURATA
Operativith (b = 30 anni) | ! } |
. .. Per tutte le classi di attenzione: Programmazione interventi di manutenzione
Trans |tabll.|ta (1, restrizioni d'uso, (BMS Bridge Management System)
tees = 5 anni) — )

Transitabilita (2, limitazioni di carico, ‘

by = 5 anni) AGGIORNAMENTO DELLA CLASSE DIATTENZIONE
I VERIFICA SECONDO NORME TECNICHE per le strutture di significativa importanza
PROGRESSIVO UTILIZZO BIM
Monitoraggio carichi l ‘
da traffico

Livellos

| INTERVENTI DI ADEGUAMENTO | RESILIENZA DELLA RETE

Figure 5 - Risk-based prioritisation procedure in Italian 2020 Guidelines for existing bridge assessment.

Risk-informed prioritisation is strictly related to the bridge fragility under multi-
ple hazard sources, e.g., seismic loads, flood loads and debris flow, landslides and so
on. Among those latter, a relevant source of fragility for existing bridges is represented
by service traffic loads (Fiorillo and Ghosn, 2018; Miluccio et al., 2021; Sangiorgio et
al., 2022). Current service loads are undoubtedly more severe in terms of the number
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and mass of vehicles with respect to the past. Indeed, as anticipated, most of the ex-
isting bridges were designed considering old design traffic load schemes, which may
be inadequate if compared to the current traffic load demand. Nevertheless, only few
studies discussing the risk related to traffic loads can be currently reported in literature.
Among those, Fiorillo and Ghosn (Fiorillo and Ghosn, 2018) use real field truck data to
perform fragility analysis of existing bridges considering overweight traffic loads in the
United States. Anitori (Anitori, 2021) developed a rational approach for determining a
risk-based optimum time interval between bridge inspections. To illustrate the proposed
procedure using actual bridge data, the work uses highway data from the state of New
York (NYS) in the United States of America (USA) in the form of Weigh-in-Motion (WIM)
truck traffic data and bridge records provided through the National Bridge Inventory
(NBI) database. These data are used to develop a theoretical framework able to define
the evolution of the bridge fragility and increase in risk if a bridge’s inspection is de-
ferred for a limited period of time. Miluccio et al. (Miluccio et al., 2021) perform a
fragility analysis of the class of existing prestressed concrete (PC) girder superstruc-
tures. They consider code-based traffic load models and use statistical distributions of
significant geometric and structural variables to model the variability of structural fea-
tures within the considered bridge typology. Some literature studies focus also on the
time-variant reliability analysis considering traffic loads (Wang et al., 2021; Zhou,
Caprani and Zhang, 2021; Zhou et al., 2023). For example, Zhou et al. (Zhou et al.,
2023) analyse the time-varying reliability of simply supported PC girder-type bridges
accounting for traffic loads and concrete shrinkage and creep. In addition, Zhou et al.
(Zhou, Caprani and Zhang, 2021), with their work, prove the relevant influence of
maintenance works causing traffic congestion on the structural reliability of long-span
bridges.

Time-variant performances play a key role in this context. As anticipated, the
economically flourishing post-war period in Italy, and in some European countries as
well, led to an expansion of civil infrastructure from the 1960s onwards, and hence, the
construction age of many bridges dates back to these years. At this time, the technical
knowledge of civil engineering about the design and construction techniques and
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degradation phenomena of structures over time was much poorer than today, as well
as the traffic load to which the road and infrastructure network were subjected.

As far as design and construction techniques are concerned, the prestressed
concrete technique (see Figure 6) was widely adopted at that time. Prestressed con-
crete had been conceptualised and experimented since the late 1920s, primarily by
Freyssinet. However, even highly skilled and passionate researchers and engineers
such as Torroja in Spain, Dischinger in Germany, and Colonnetti in Italy encountered a
major obstacle, namely, the difficulty of producing high-strength steel, which was es-
sential for the practical use of prestressed concrete. After World War I, the situation
changed rapidly, particularly in ltaly. Between 1945 and 1960 several design manuals
were published, and patents related to elastic coaction, cable anchoring, and other
technologies were deposited or imported. Although prestressed concrete was still con-
sidered to be in its early stages, talented designers like Levi, Cestelli-Guidi, Pizzetti,
Oberti, and Zorzi quickly began applying it to relatively long-span bridges (lori and
Poretti, 2009). Issues such as creep, temperature changes, strand relaxation, redistri-
bution effects in statically indeterminate structures, and nonlinear and ultimate behav-
iour were initially addressed intuitively, or in some cases, overlooked. It was only years
later, with the advent of specialised software, that these complex time-dependent ef-
fects could be accurately modelled. Due to this historical reason, lots of existing bridges
on ltalian territory belong to the prestressed concrete bridge class and are strongly
influenced by the incomplete knowledge of the construction technique, and related
problems, present at the time of their design.
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Reinforced concrete under loading
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Prestressed concrete under loading * e,

Figure 6 - Prestressed concrete (PC) basic principles, a) reinforced concrete cracked under load; b)
post-tensioned concrete before loading; ) post-tensioned concrete after loading.

A fundamental hazard source to be considered while dealing with bridge inter-
vention prioritisation is related to aggressive environmental agents involving structural
degradation of bridge components (Figure 7) and increasing fragility. Besides Italy, in
many European countries, existing bridges built in the post-war period exhibit severe
degradation conditions caused by the combination of aggressive environmental agents
and inadequate durability requirements of materials and structural details. One of the
main consequences of degradation in existing bridges is the corrosion of mild steel
reinforcements and prestressing steel strands or wires, which leads to capacity degra-
dation effects for concrete girder bridges with pre-tensioned and post-tensioned steel.

Particularly, in girders characterised by post-tensioned tendons, corrosion of
strands may be triggered by corrosive agents penetrating through anchorages and may
be enhanced by construction errors, such as incomplete grouting causing voids in the
ducts. As evidenced by some abovementioned recent collapses of bridges in ltaly and
more (Colajanni et al., 2016; Anania, Badala and D’Agata, 2018; Ferro et al., 2022)
corroded tendons in PC bridges may involve significant loss of structural capacity under
gravity loads and cause structural failures.



PhD Alessandro Nettis | XXXVII cycle

Figure 7 - Degradation of concrete structures.

The structural assessment of such bridge typology may be quite challenging
due to 1) the partial or full lack of original design data, e.g., poor knowledge of geomet-
ric and material characteristics or missing information on construction details, and 2)
corrosion effects on internal tendons and presence of voids inside the ducts cannot be
detected and monitored by bridge inspectors via conventional visual surveys as they
are hidden within the girders and might not emerge before failure occurs. Indeed, ac-
cording to the guidelines developed in Italy (Consiglio Superiore dei Lavori Pubblici
(CS.LL.PP.), 2020) and earlier in the United States (FHWA - Office of Research Devel-
opment and Technology, 2013), the condition rating of prestressed girders character-
ised by post-tensioned tendons requires advanced (also referred to as “special” in
(Consiglio Superiore dei Lavori Pubblici (CS.LL.PP.), 2020)) inspections in which non-
destructive and destructive non-invasive tests are used to detect voids and to identify
corroded tendons inside the ducts.

Among special techniques are ultrasonic tomography, impact echo, X-rays, en-
doscopies, acoustic emission and others. To briefly describe some of them:

e The tomographic investigation is a non-destructive technique used to assess
the internal condition of materials and structures by detecting defects, very use-
ful for hidden anomalies in post-tensioned concrete such as cracks, voids and
corrosion of steel tendons.

o The impact echo technique is an ultrasonic test method, based on the propa-
gation of elastic waves, in the material under investigation, generated by the
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impact of a metal sphere. The ultrasonic pulse propagated through the material
is reflected and then detected, revealing the position of a possible internal de-
fect, computed knowing the speed of the wave.

Radiographic investigation, or X-rays, is a non-destructive diagnostic tech-
nique that allows two-dimensional images of the investigated portions to be
obtained. It is based on the ionising radiation diffusion through the material,
emitted by a source and absorbed by a receiver, which allows to point out the
more or less absorbing discontinuities in the investigated material, revealing
voids, cracks and mild and prestressing steel path.

Endoscopic inspection is a semi-destructive investigation method that involves
inserting a camera into the concrete element, up to the inside of steel tendon
ducts, to visually inspect for corrosion or cracks.

In case more detailed investigations are needed, destructive techniques can be
used such as direct surveys with visual inspections and the method of tension re-
lease for measuring the stress state of the steel tendons. Understandably, such
special inspections demand a significant amount of resources in terms of time,
manpower and cost and, therefore, should be appropriately targeted by risk-in-
formed prioritisation strategies (Mazzatura et al., 2023).

In addressing these issues, this PhD thesis reports a novel discussion on the

probabilistic structural assessment (i.e. fragility analysis) of PC girder-type bridges
subjected to traffic loads considering prestressing steel corrosion. Particularly, the
simply supported PC girder-type bridge class characterised by post-tensioned tendons
is analysed, characterised by wide spreading in Europe from the 1960s onwards. The
study presents a methodology aimed at computing fragility curves for PC bridge super-
structures subjected to gravity loads including:

1) The propagation of uncertainties related to structural characteristics, such
as geometrical and mechanical parameters.

2) The potential loss in capacity due to corrosion, modelled by introducing
modifications to the uncorroded prestressing steel constitutive laws.

1
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The methodology can be used for predicting the potential increase of fragility
due to increasing corrosion of prestressing steel. Unlike the existing bridge-specific
methodologies involving significant modelling and analysis effort (Tu, Dong and Fang,
2019; Wang et al., 2021), the presented approach is suitable for portfolio-scale appli-
cations to prioritise diagnostic campaigns (i.e. special inspections) of the prestressing
steel systems and subsequent in-depth assessment. To this aim, the methodology is
composed of different computation modules to be implemented in simple programming
routines which allows for an extensive and automatic analysis of multiple bridges with
low computational effort. Furthermore, the methodology can be implemented following
two different approaches, depending on the adopted structural modelling strategy, i.e.,
a simplified-analytical modelling strategy and a numerical refined one.

It is worth underlining that the methodology can be applied to assess both
bridge-specific or class fragility curves. For single bridges, it can be applied for inves-
tigating the increase of fragility for a given superstructure considering the potential loss
of capacity due to corrosion if knowledge-based uncertainties are included. Alterna-
tively, the procedure can be used for class fragility assessment of conventional PC
bridge superstructures, if statistical distributions related to geometric parameters (e.g.,
span length, number of girders, deck width) are implemented.

In the case-study sections, this study reports novel outcomes on the influence
of tendon corrosion on structural fragility under traffic loads of common typologies of
PC girder-type bridges.

1.3 Outline of the thesis

The thesis is organised as follows:

e Part |, including Sections 2 and 3 provides a state-of-the-art on fragility
assessment of prestressed concrete (PC) bridges, describing the different
modelling strategies available in literature for simulating corrosion of mild
reinforcement or prestressing strands in concrete bridges and presenting
some studies on fragility assessment of degrading bridges.

12
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Section 4 describes the proposed methodology for fragility analysis, par-
ticularly taking into account simply supported girder-type post-tensioned
PC bridges. Particularly concerning traffic load, Section 4.1 provides an
insight into the traffic load models currently available in European standards
for traffic load assessment of bridges.

Section 5 discusses the strategy for predicting the flexural bearing capacity
of PC members with corroded post-tensioned tendons providing a valida-
tion based on experimental test results (Rinaldi, Imperatore and Valente,
2010; Yu et al., 2022).

Section 6 describes the case-study, i.e., six different PC bridge superstruc-
ture archetypes, and how it is statistically processed, from the selection of
variable and deterministic quantities to the sensitivity analysis performed to
estimate the statistically significant sample size to be generated for analy-
Sis.

Section 7 goes through the process of the finite element (FE) model gener-
ation, listing the modelling choices and assumptions adopted for obtaining
an FE model that well represents the response of the analysed bridge typol-
ogies.

The obtained results are deeply discussed in Section 8, highlighting their
pros for risk-informed prioritisation and for addressing targeted inspections
on bridges, and performing a thorough comparison between the two
adopted strategies, analysing common aspects and differences.

The entire work of this thesis together with its main achieved results is fi-
nally summarised in Section 9, providing interesting suggestions for future
developments of this work.

13
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PART | - BACKGROUND ON FRAGILITY
ASSESSMENT OF CORROSION-AFFECTED PC
BRIDGES
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2 CORROSION EFFECTS ON PRESTRESSING STEEL AND
CONCRETE STRUCTURAL MEMBERS

Corrosion in reinforced concrete (RC) structures is a physical phenomenon that
mainly involves the degradation of the steel embedded in concrete members. Such a
destructive mechanism concerns both RC and prestressed concrete (PC) structures,
highly affecting the capacity of structures at material level first, and then involving sec-
tions and elements. The physical mechanism is described in Figure 8. The process
occurs through electrochemical reactions triggered by various environmental and
chemical factors, including the presence of moisture and oxygen after the de-pas-
sivation of the steel due to the presence of aggressive agents such as chlorides and
carbon dioxide (CO). From a physical point of view, the steel wrapped by concrete is
initially well protected from the external environment due to the high pH of the concrete
environment, i.e., around 12-13, which creates a passive layer around the steel mate-
rial. This passive layer is made of iron oxides and is stable and prevents steel corrosion
from starting. Over time, CO2 from the atmosphere can penetrate the concrete and lower
its pH through a process called carbonation. This reduction in pH leads to the de-pas-
sivation of the steel, making it vulnerable to corrosion. Often coming from seawater or
de-icing salts used on road pavements, chlorides can also penetrate the concrete and
destroy the passive protective layer. Once this last is compromised, the steel begins to
corrode through an electrochemical reaction. In a galvanic cell system, certain areas of
the steel become anodic and others cathodic. In the anodic, the iron in the steel oxidizes
and dissolves as ferrous ions (Fe?*), releasing electrons, while in the cathodic these
electrons combine with the oxygen and water to form hydroxide ions (OH). The freed
ferrous ions (Fe?*) react with the available oxygen and water, forming iron oxides and
hydroxides, such as rust (Fe20s). These products occupy much more volume than the
original iron, causing expansion and internal pressure in concrete. These internal
stresses can lead to cracking and spalling of the concrete cover (see Figure 8), further
exposing the reinforcement to corrosion. This finally results in a reduction in the
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structural capacity of the member section and progressive degradation over time, as
the phenomenon can get worse and worse.
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Figure 8 - Physical corrosion mechanism and result on concrete members.

site

To summarize, there are mainly two different sources of depassivation, i.e.,
carbonation and chlorides. At the same time, there can be different corrosion morphol-
ogies, as the phenomenon can be spread all over the material, i.e., uniform corrosion,
or localized in little spots, i.e., pitting corrosion. The differences between the two cor-
rosion modes are shown later in Figure 9. Usually, chloride-induced de-passivation
leads to a pit morphology and can be more dangerous for structural members, as cor-
rosion is focused and goes deep into the material, causing damage localization and
localized failures of members. Basically, three different pitting corrosion modes can be
identified (Franceschini et al., 2022), as shown in Figure 10. At a material behaviour
level, this degradation process leads to steel mass loss, i.e., reduction of steel bar area,
loss of bond strength between steel and concrete, and affects the steel mechanical
properties implying a decrease of stiffness, ductility and strength (Jeon et al., 2019;
Franceschini ef al., 2022; Yu et al., 2022). At member level, this could be translated
into load-carrying capacity and ductility reduction (Rinaldi, Imperatore and Valente,
2010; Belletti et al., 2020). Particularly referring to PC structures, this can be a huge
problem, as the combination of the deterioration and the stress level of the steel tendon
may lead to brittle failures that occur without visual warning signs (Colajanni et al.,
2016; Anania, Badala and D’Agata, 2018; Messina and Proverbio, 2023).

Given the presence of moisture and carbon dioxide in corrosion-related phe-
nomena, the modelling of this process becomes of key importance in today’s civil
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engineering. A common challenge to all sciences fields of modern society concerns
climate changes due to global warming. This process is strictly related to the increasing
presence of CO: in the atmosphere and leads to an increase in temperatures and, con-
sequently, in the presence of moisture. Indeed, hotter air raises its capacity in terms of
moisture content, and the combination of these two factors, i.e., moisture and CO.
increase, raises the probability of corrosion initiation and propagation in environmen-
tally exposed structures. For this reason, understanding how corrosion-related phe-
nomena evolve over time becomes of paramount importance to perform a life-cycle
risk assessment of structures. In literature, there are few studies on this topic (Mortagi
and Ghosh, 2022; Ge, Yang and Kim, 2023), trying to perform a life-cycle assessment
of structures, considering corrosion evolution over time. Global warming makes such
an assessment even more complex, as current trends in climate change must be taken
into account and different evolution scenarios, from the most to the least severe, must
be assumed to obtain a reliable outcome. Climate change, including higher atmospheric
CO: levels, rising temperatures and changes in humidity, accelerates the deterioration
of RC and PC structures, increasing their vulnerability to external hazards.

The corrosion process develops over time in two main stages, i.e., initiation
and propagation. There are different models for corrosion processes in literature, they
can be used differently depending on the objective to achieve. An interesting overview
of the equations that can be used to model the corrosion process evolution and its
effects on the steel material over time is reported in Ge et al. (Ge, Yang and Kim, 2023),
and equations from (1) to (20) are taken from this study.

Focusing on chloride-induced corrosion, as it is the most dangerous for the
abovementioned reasons, the corrosion process starts with chloride ions that from the
external environment gradually diffuse through the concrete cover to the surface of the
reinforcement. Corrosion begins when the chloride concentration at the reinforcement
surface reaches a critical threshold. Temperature and relative humidity are the key cli-
mate-related factors that influence the chloride diffusion coefficient during the corrosion
initiation phase. Considering the effects of temperature and relative humidity at a
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specific site on the chloride diffusion coefficient, the corrosion initiation time ti, can be
estimated with Equation (1).

_241/(1-m)
. d fers =+ (1- )] ()
n =\ &k k k. D.(t, T, RH)ET cl,

In this equation, d.. is the concrete cover depth (mm); k., is the environmental factor;
k. is the curing time correction factor; k; is the testing method factor; D.(t, T, RH) is
the adjusted chloride diffusion coefficient associated with time ¢, temperature T, and
relative humidity RH; t, is the reference time period; m is the aging factor; erf is the
error function; ClL,. is the critical chloride concentration (% of binder mass); and Cl is
the surface chloride concentration (% by mass of binder). This last parameter can be
computed with Equation (2), where W/ is the water cement ratio, and A, and ¢, are
the regression parameter and the error term, respectively, for estimating the uncertainty
of Cls.

Cly = Ags X W/C + s (2)
In addition, the adapted chloride diffusion coefficient D.(t,T,RH), expressed in
[mm?/year] can be expressed according to Equation (3).

D.(t,T,RH) = Dc,refFl(t)Fz (T)F;(RH) (3)

In the above equation D, ..+ is the reference chloride diffusion coefficient [mm?/year],
and F; (t) is the adjustment factor at time ¢, that can be assumed as unit value, ac-
cording to literature references (Ge, Yang and Kim, 2023). The adjustment factors
F,(T) and F;(RH) associated with temperature and relative humidity can be esti-
mated, respectively, through Equations (4) and (5).

S 1
2(T) = exp E(Tre +273 T, + 273) 4

(1—RH)*\ !
<1 tas Rch)> ©)

F;(RH) = exp
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In these last two equations, U is the activation energy of the chloride-diffusion process
[kd/mol], R, is the gas constant, T, is the reference temperature, T, is the current
absolute temperature, and RH,,, is the relative humidity threshold. Other factors can
affect the corrosion initiation time, which need to be certainly further studied in scientific
literature. Surely, the nature of the corrosion initiation process, as well as the propaga-
tion, is strongly uncertain. For this reason, one of the best ways to model the process
consists of probabilistically modelling all the involved parameters, with some probabil-
istic distributions available in literature, and randomly generating samples of these pa-
rameters (Ge, Yang and Kim, 2023). Further research study can be done in this direc-
tion, to enhance the reliability of the data available to model the process.

After corrosion initiation, the propagation phase significantly affects the deteri-
oration of concrete bridges, reflected in the loss of reinforcement cross-sectional area
and other secondary effects. The corrosion rate is a key factor in this process. While
some studies simplify it as a constant over time, some researches in literature (Li,
2003; Vidal, Castel and Frangois, 2007) show that the corrosion rate is influenced by
concrete properties, climatic variations, and changes over a bridge's service life. Thus,
a proper corrosion rate model must account for time-dependent factors. The expression
of the corrosion rate 7,.,,-(t) [mm/year] is described by Equation (6).

rcorr(t) = icorr(t)foRHfCl fort >ty (6)

In this equation i.,,-(t) is the corrosion current density [uA/cm?] at time ¢, and f.,
fru and f; are the modification factors for temperature, relative humidity and chloride
concentration, respectively, expressed in Equations (9), (10) and (11). The corrosion
current density can be estimated by Equation (7), where i, o iS the corrosion current
density at the beginning of corrosion propagation, expressed in Equation (8).

icorr(t) = 0.0116i070 - 0.85(t — t;,) 7027 fort >t (7)

] 37.8(1 —W/,)~L64
Leorr,o = d £ (8)
c
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In these equations d.. is the concrete cover depth (mm), W/ is the water cement ratio,
T, is the annual average temperature [°C], RH,,, is the annual average relative hu-
midity and Cl, and Cl, are the surface and critical chloride concentrations, respec-
tively. Such a computed rate of corrosion is decisive for the determination of the area
loss of the corroded steel, both in case of uniform and pitting corrosion (Ge, Yang and
Kim, 2023).

The rate of corrosion parameter r,,,.- is the key for the steel area loss model.
As mentioned above, two possible corrosion mechanisms have been classified in liter-
ature, i.e., uniform and pitting corrosion. The uniform corrosion model assumes an
equal and continuous area reduction around the steel element. A scheme of this type
of corrosion is shown in Figure 9. The remaining cross-sectional area (mm?) of the
steel element A, (t) attime ¢ can be computed through Equation (12). In this equation,
D, is the initial diameter of the bar or strand (mm), r.,,.-(¢t) is the time-dependent
corrosion rate (mm/year) in Equation (6), and ¢, is the hypothetical time at which the

residual diameter of the element is reduced to zero.

(D}
4 for0<t<t,
2
Ara(®) = {7 (Do = 2 [} 1eore(£)dt) (12)
1:11- fOT'tinStStf
\0 fort >t
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Uniform corrosion Pitting corrosion Deep-pit formation

Figure 9 - Models of corrosion: uniform, pitting and deep-pitting formation (Ge, Yang and Kim, 2023).

The pitting corrosion model exposed in the following is proposed by Ghosh and
Sood (Ghosh and Sood, 2016). Looking at pitting corrosion as depicted in Figure 9, the
associated remaining steel element cross-sectional area A,,(t) (mm?) is expressed
through Equation (13), where A, (t) is the time-dependent remaining cross-sectional
area (mm?) of the uniformly corroded steel element described by Equation (12), 4, is
the pristine steel element cross-sectional-area, and a is the pit width.

Arp(®) = (A (®) = Ag) (1 - %) + Apie(t) 13)

The remaining cross-sectional area of the steel element A,,;,(¢) under localized corro-
sion, as shown in Figure 9, is computed through Equation (14), in which the maximum
pit depth P(t) is expressed with Equation (15).

D? 2D
%—Al — A, for P(t) < \/_2 2
Ay (t) = 2D 14
- A, — A, for\/_ZOSP(t)SDO (1)
0 for P(t) > D,
t
P(t) = Rj Teorr(£)dt fort >ty (1 5)
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In Equation (15), R is the ratio of the maximum to the average pit depth. All the details
on the parameters a, 6, and 6,, whose geometric meaning is shown in Figure 9, can
be found in Val and Melchers (Val and Melchers, 1997) and are reported in below Equa-
tions from (16) to (20).

1] (Dg\? D, P(t)?
A1—§_91(7) —45 T, l (16)
1[ P(t)?
4y =5 0,P(t)? —a I()to) l (17)

P(t)?
a = 2P(t) /1—[ D l (18)

0, = 2sin~! (Z—j) (19)
0, = 2sin~! (%) (20)

It is worth stressing again the point that lots of parameters are involved in the determi-
nation of area loss of corroded steel elements. Statistical distribution can be adopted
to model this behaviour, which is actually highly probabilistic. Different distributions are
available in literature, depending on the external environment (Mortagi and Ghosh,
2022; Ge, Yang and Kim, 2023). Actually, this last concept represents a major limitation
for this approach at the current state of the art, i.e., lots of assumptions need to be
taken into account to perform such a probabilistic assessment. As a consequence, the
corrosion rate - and, hence, all the corrosion modelling processes - is strongly depend-
ent on these assumptions. It would be desirable for future developments to investigate
these aspects more in detail, collecting more data for defining reliable statistical distri-
butions. This would allow more reliable studies on degradation effects on environmen-
tally exposed structures based on such a probabilistic approach.
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Experimental studies for investigation on corrosion effects on prestressing steel
material can be found in literature. Laboratory experimental test results on several
strands extracted by naturally corroded PC beams are reported by Franceschini et al.
(Franceschini et al., 2022), who propose a corrosion-affected constitutive model. In
particular, the authors proposed a modified stress-strain relationship for corroded
strands, according to experimental evidence from real strands extracted from full-scale
beams exposed for 10 years to chloride action from seawater. A total of 24 strand
samples (4 uncorroded and 20 corroded) were analysed. Mass loss was measured
and parameters like maximum pit depth and cross-sectional loss were estimated using
a 3D laser scanner. Each corroded wire was classified into three different pit morphol-
ogies, shown in Figure 10.
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Figure 10 - Three different pit morphology (Franceschini et al., 2022)

Regression analyses were performed to study how the ultimate strength and
strain of the corroded strands changed with the level of corrosion. A new CPS-model
for corroded strands was introduced, based on the assumption that the strand behaves
like multiple springs in parallel, with failure occurring when the most corroded wire
breaks. To give an idea of the corroded steel behaviour, the obtained model, i.e., CPS-
model, is graphically shown below in Figure 11. It is evident that the stress-strain
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relationship of the material is modified in terms of ultimate strength and ultimate strain
as the steel area loss y;,ss, described by Equation (21), increases.
A
Hioss = — (21)

Aoutwire,o

In this equation, A}, is the wire area loss, experimentally measured or analytically com-
puted, and Aqytwireo 1S the uncorroded cross-sectional area of the external wire. The
uncorroded steel material failed with a significant plastic deformation at the hardening
stage. However, as area loss increases, the hardening phase decreases fill a threshold
limit characterised only by the elastic and yielding phases. This critical area loss value
Wi IS Of key importance in modelling the corroded steel behaviour, since it governs
the presence of the hardening phase and determines the ductile or brittle failure of the
material. It is worth specifying that different critical cross-sectional loss leading to the
loss of the hardening phase in the stress-strain curve was identified for each pit type.
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Figure 11 - Stress-strain behaviour of a corroded steel wire as a function of the cross-sectional loss
(Franceschini et al., 2022).
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Key outcomes of the study include a database of maximum pit depth, ultimate
strength, and strain in relation to mass loss and cross-sectional loss, with a new rela-
tionship between pit depth and cross-sectional loss proposed. Tensile tests showed
that ultimate strength and strain depend on cross-sectional loss, and critical cross-
sectional loss values y;,,, for three different pit morphologies were established as equal
to 8.1%, 10.7%, and 5.4%. These values have key importance for the work proposed
in this thesis, as will be specified in the following Section 4. Finally, an operational
procedure was suggested for assessing prestressing elements in service by measuring
maximum pit depth on corroded wires, enabling the application of these findings to
real-world structures.

Other experimental results on this topic are shownin Yu et al. (Yu et al., 2022),
alongside new constitutive laws for corrosion-affected mild and prestressing steel,
which are calibrated on tension tests of samples of corroded prestressing steel strands
and wires. This paper investigates the deterioration of prestressing tendons and PC
beams due to corrosion. In the study, the corrosion process is artificially induced. Re-
sults of the experimental tests performed on corroded strands are shown in Figure 12.
It is clearly visible how corrosion, expressed in this case through a steel mass loss
parameter n, (see Equation (22), where m, is the mass before corrosion and m,,
is the mass after the corrosion process), affects the steel behaviour both in case of

prestressing strands and wires.
My — Meorr
Ns=—"T—— (22)

my

As corrosion level n, increases, ultimate strength and strain reduce, together with a
slight reduction in elastic modulus for strands.
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Figure 12 - Load-deformation curves of rupture tests on (a) differently corroded strands and (b)
differently corroded wires (Yu ef al., 2022).

For the abovementioned reasons, a stress-strain relationship model like the one in Fig-
ure 13 is proposed for analytical calculations considering degradation in prestressing
steel. All the parameters involved in such a simple model will be thoroughly discussed
in Section 4, as this model plays a fundamental role for this thesis’ purpose.
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Figure 13 - Constitutive model for corroded prestressing steel (Yu et al., 2022).

An analytical method was also proposed in this study, to evaluate the flexural
behaviour of corroded beams. Experimental results showed that corrosion-damaged
beams failed either through tendon rupture or concrete crushing, with the cracking,
yield, and ultimate loads decreasing significantly as corrosion worsened. As corrosion
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increased, the load-deflection behaviour of prestressed beams became similar to that
of non-prestressed beams. A theoretical method for predicting the ultimate bearing ca-
pacity of beams with corroded tendons was proposed and validated using experimental
data and comparison with test results taken from literature. As mentioned above, such
analytical method and constitutive models can be very useful for the methodology pro-
posed by the present thesis, thanks to their straightforwardness in application. Indeed,
aiming at prioritisation on a large-scale assessment, the proposed procedure needs
easy and fast modelling and analysis methods, as will be detailed in Section 4.

As far as effects of corrosion on concrete structural members are concerned,
an increasing number of literature studies have been recently published regarding deg-
radation in concrete structures, investigating both natural and artificial corrosion on
mild and prestressing steel. Laboratory investigations on steel material have been car-
ried out, as well as experimental investigations on corroded reinforced concrete and
prestressed concrete members.

Focusing on corroded PC beam performance, experimental studies under nat-
ural or artificial corrosion of tendons have been developed. A significant study on arti-
ficial corrosion has been performed by Rinaldi et al. (Rinaldi, Imperatore and Valente,
2010). The researchers performed experimental tests to analyse the flexural behaviour
of nine artificially corroded PC beams. The standard beam used for the test is shown
in Figure 14. Prestressing is provided by 3'2-inch (about 12 mm in diameter) — seven-
wire strands, two placed at the bottom of the section and one at the top. The nine pre-
tensioned beams (section size 200x300 mm; total length 3000 mm) were subjected to
four-point bending, displacement-controlled tests in laboratory. Actually, three beams
were left uncorroded and six were corroded up to a corrosion percentage level of 7%,
14% and 20%, for each strand. A comparison between the experimentally obtained
results and the analytically computed bending moment resistance was also performed
to test the validity of the widespread analytical model for capacity computation when in
presence of corrosion.
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Figure 14 - Standard beam for testing (Rinaldi, Imperatore and Valente, 2010).

As clearly visible in Figure 15, the study found that corrosion of prestressed
strands significantly impacts the overall performance of simply supported beams under
bending, affecting both load capacity and failure modes. Unlike uncorroded beams,
which fail due to concrete crushing, beams with moderate (14%) and severe (20%)
corrosion levels failed because of strand rupture. Even beams with a low corrosion level
(7%) exhibited reduced ductility and sudden failure due to simultaneous failure of both
concrete and strands. As far as the failure for concrete crushing is concerned, the per-
formance of uncorroded beams is clearly influenced by concrete quality, particularly
with low-grade concrete, where strand slip and prestress loss were observed.
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Figure 15 - Load - midspan displacement curves (Rinaldi, Imperatore and Valente, 2010)

To better understand the results, the analytical ultimate load was calculated
using sectional models. As reported in Figure 16, for beams with severe corrosion, their
ultimate behaviour was comparable to beams with only one strand wire and conven-
tional reinforcement or beams with only conventional reinforcement. The analysis
showed that standard methods for assessing corrosion in steel reinforcement, such as
reducing the rebar diameter based on mass loss, do not apply to prestressed elements.
This is because pitting corrosion causes localized stress, leading to sudden strand rup-
ture and brittle failure. Corrosion levels over 7% mass loss alter the failure mode, and
for levels around 15-20%, the ultimate load can be estimated by assuming the pres-
ence of one or two intact wires, plus conventional reinforcement.
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Figure 16 - Comparison between analytical ultimate force and experimental outcomes (Rinaldi,
Imperatore and Valente, 2010)

As for naturally induced degradation, few studies have been provided on exist-
ing PC bridge members. An interesting experimental study on the shear behaviour of
naturally corroded PC beams has been performed by Belletti et al. (Belletti et al., 2020).
The paper presents and discusses the results of experimental tests on seven naturally
corroded PC beams and one uncorroded control beam. To investigate the effects of
corrosion on shear capacity, four-point bending tests to failure were performed. Key
outcomes from visual inspections, such as crack pattern maps, and also mass loss
measurements, were correlated with observed shear failures and displacement meas-
urements, to figure out some important information on shear mechanisms in presence
of corrosion phenomena.

The tests led to some important conclusions. For example, the tests proved that
corrosion in the strands caused strain localization and premature failure. Beams with
similar shear span-to-depth ratios showed decreased shear resistance as the level of
corrosion increased. The beneficial effects of prestressing on shear capacity were se-
verely compromised by corrosion, which led to increased interaction between bending
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and shear mechanisms due to the reduced tensile resistance of corroded strands.
Higher corrosion levels in certain areas of the PC beams resulted in larger diagonal
crack openings, negatively affecting the aggregate interlock mechanism. Lastly, this
study emphasizes the importance of understanding corrosion distribution along PC
members to predict the impact of strain localization on structural behaviour.
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3 PROBABILISTIC ASSESSMENT OF DEGRADING CONCRETE
BRIDGES

Despite the highlighted limitations associated with this approach (see Section
2), corrosion evolution models for taking into account the time-variant performance of
structures have been used in literature for studies on bridge assessment to different
hazards. To the author’s knowledge, there is a very low number of scientific works on
PC bridges at the current state-of-the-art (Wang et al., 2021; Al-Mosawe, Neves and
Owen, 2022), but more analyses can be found on RC bridges. Particularly, interesting
studies dealing with time-variant seismic risk assessment can be pointed out (Ghosh
and Sood, 2016; Mortagi and Ghosh, 2022; Ge, Yang and Kim, 2023).
Among those, Ghosh et al. (Ghosh and Sood, 2016) present a framework for develop-
ing seismic fragility curves for ageing highway bridges, focusing on chloride-induced
corrosion. The framework includes two key models: a pitting corrosion deterioration
model for RC bridge columns and time-evolving capacity distributions for different
damage states. A time-dependent area loss model for pitting corrosion is proposed,
followed by capacity limit state distributions based on pushover analysis using the
Monte Carlo method. Both pitting and uniform corrosion models are used to assess
bridge fragility. Full-scale finite element models are developed for a case study of a
multi-span continuous steel girder bridge subjected to corrosion. By comparing fragility
curves derived from realistic pitting corrosion models with those from uniform corro-
sion models using traditional, time-invariant capacities, the study reveals that pitting
corrosion causes a time-dependent shift in the mean and uncertainties of column ca-
pacity distributions, with fragility curves following a generalised extreme value (GEV)
distribution, unlike the lognormal distribution typically assumed for uniform corrosion.
The comparison also shows that uniform corrosion fragility analysis significantly over-
estimates the structural resilience of ageing bridges. To give a graphical idea of what
kind of results can be achieved with this process, examples are shown in Figure 17 and
Figure 18. Sensitivity analysis shows that factors like concrete cover depth and water-
cement ratio critically affect seismic vulnerability, with smaller cover and higher
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permeability, accelerating corrosion initiation and steel section loss. The study con-
cludes by recommending the use of more realistic deterioration models for future seis-
mic fragility assessments, suggesting these models to be extended to other critical
bridge components, such as bearings. It also highlights the importance of incorporating
time-varying corrosion effects into life-cycle analysis for a more accurate assessment
of ageing bridges' seismic vulnerability.
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Figure 17 - (a) GEV distribution fit to 10000 column curvature ductility ratios for the moderate damage
state at 75 years of pitting corrosion obtained using pushover analysis, and (b) time-evolution of capacity
damage state distributions at 25, 50, 75 and 100 years of pitting corrosion. The dotted lines indicate the
time-dependent changes in the mean of the fitted distributions to the different damage states (Ghosh and
Sood, 2016).
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Comparison of system level fragility curves for Slight (S), Moderate (M), Extensive (E), and Complete
(C) at the end of service life (100 years) under pitting corrosion using time-evolving seismic demand
and capacity models (Ghosh and Sood, 2016).

Another interesting work is the one realised by Mortagi et al. (Mortagi and
Ghosh, 2022). The authors present a study on seismic loss assessment of ageing
bridges. Particularly, their study proposes a framework for evaluating the lifetime seis-
mic economic losses of ageing highway bridges, considering both future climate
change effects and time-dependent chloride ingress. The study uses a realistic pitting
corrosion model for RC bridge components, instead of the traditional uniform corrosion
model. Climate change models from IPCC (Intergovernmental Panel on Climate
Change) (Climate Change 2013: The Physical Science Basis. Contribution of Working
Group | to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change, 2013) are taken into account, downscaled from global circulation models.
Climate scenarios are introduced by the notion of Representative Concentration Path-
ways (RCPs). According to IPCC, these are scenarios that include different time series
of emissions and concentrations of the full suite of greenhouse gases or whatever
chemically active gases are in the atmosphere, as well as land use or cover (IPCC,
2019). Two different RCPs are considered in the study. The full selection of scenarios
includes: (a) ageing-only, which disregards any future climate change events; (b) age-
ing with RCP 4.5 ("moderate") climate change and lifetime chloride ingress; and ageing
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with RCP 8.5 ("extreme") climate change and lifetime chloride ingress. An example of
trend of annual temperature in the two IPCC scenarios is reported in Figure 19.
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Figure 19 - Variation in annual temperature corresponding to the RCP 4.5 and RCP 8.5 scenarios for
South Caroline up to the year 2100. The historical temperature model and the recorded observations of
actual temperature originate from the year 1950 (Mortagi and Ghosh, 2022).

The framework integrates uncertainties related to bridge modelling, structural
characteristics, deterioration parameters, climate change scenarios, seismic repair
techniques, and associated repair costs. Two bridges of different typologies but having
similar geometries were analysed: a multi-span continuous (MSC) steel-girder bridge
and an MSC concrete-girder bridge, both located in Charleston, South Carolina. A
scheme of the bridges is shown in Figure 20.
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Figure 20 - A scheme of the two case-study bridges (Mortagi and Ghosh, 2022).

The paper points out key conclusions about the consideration of climate
change's effects on deteriorating bridge structures. What is interesting for this thesis’
objective is reported in Figure 21, where the output of the procedure in terms of fragility
curve variation with different climate scenarios is shown. It is visible that climate
change and chloride ingress significantly affect the seismic performance of both bridge
types. Indeed, the reduction in median PGA estimates for bridge columns at 50 years
of service life ranges from 17.25% to 39.89%, depending on the bridge type and the
considered scenario. However, for the sake of completeness, there are other important
outcomes to record. For example, analyses show that steel bridge columns are more
fragile, but concrete bridge columns are more affected by ageing and climate change.
Neglecting ageing and deterioration variation with different climate change scenarios
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leads to underestimating seismic losses for both bridge typologies. Conclusions also
highlight that seismically designed bridges are less affected by climate change than
non-seismically designed ones. The whole process followed in the study emphasises
the importance of explicitly considering climate change in seismic economic loss as-
sessments of ageing bridges, as it can help decision-makers better allocate resources
for structural upgrades.
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Figure 21 - Seismic fragility curves at 50 years of life for columns of (a) MSC steel bridge and (b) MSC
reinforced concrete bridge (Mortagi and Ghosh, 2022).

A significant work is the one performed by Ge et al. (Ge, Yang and Kim, 2023).
This paper presents an improved framework for assessing the seismic vulnerability and
risk of deteriorating RC bridges. It focuses on: (a) corrosion initiation and propagation
influenced by climate change, (b) time-dependent corrosion rate, (c) seismic fragility
analysis using a 3D finite element (FE) model, and (d) the integration of continuous
deterioration due to corrosion, climate change, earthquakes, and flood-induced scour
into a time-dependent risk assessment. The framework consists of three key compo-
nents:

1. Bridge deterioration prediction: this part models chloride-induced corrosion
with climate change effects, incorporating variations in temperature and humid-
ity to adjust chloride diffusion and corrosion rates. Both uniform and pitting
corrosion models are considered, with and without climate change influences.

40



Fragility analysis of prestressed concrete bridges affected by corrosion under traffic loads

Particularly, four deterioration scenarios are taken into account: (a) uniform
corrosion without climate change (U w/o C); (b) pitting corrosion without cli-
mate change (P w/o C); (c) uniform corrosion with climate change (U w/ C);
and (d) pitting corrosion with climate change (P w/ C). Climate change data are
obtained from the NASA Prediction of Worldwide Energy Resources (POWER).

2. Time-dependent seismic fragility analysis: a 3D FE model of the bridge is up-
dated at each time step to reflect corrosion initiation and propagation. Nonlinear
time history analyses are then performed to generate seismic fragility curves
under selected ground motion intensities.

3. Time-dependent risk assessment: this involves predicting local scour depth due
to floods based on the Hydraulic Engineering Circular (HEC)-18 guidelines and
incorporating it into the FE model for a comprehensive seismic fragility assess-
ment. The framework is demonstrated using a case study of an existing multi-
span RC girder bridge, represented in Figure 22.
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Figure 22 - Bridge modelling for case-study application (Ge, Yang and Kim, 2023)

Fragility curves obtained from the procedure are reported in Figure 23. In this
figure the changes in seismic fragility at 0, 35 and 70 years are described, for each
adopted limit state and for each climate change scenario assumed. The intensity meas-
ure (IM) adopted in this case-study application is the peak ground acceleration (PGA).
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Figure 23 - Time-dependent seismic fragility curves of bridge column under four deterioration scenarios:
(@) Uw/o C; (b) Pw/o C; (c) Uw/C; (d) Pw/C (Ge, Yang and Kim, 2023).

In the final part of the work, the authors performed also a risk analysis based
on two further scenarios, i.e., with or without considering flood-induced scour. For the
sake of brevity, those last results are not herein reported, as the most important out-
come for this thesis’ aim concerns the variation in fragility curves due to degradation
effects. To conclude, the key findings of the work include:
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« (limate change accelerates the initiation and propagation of corrosion, partic-
ularly in scenarios where both pitting corrosion and climate change (P w/ C)
are considered. Neglecting climate change underestimates the deterioration im-
pact on seismic performance.

« The level of structural deterioration significantly affects seismic fragility. Bridge
columns with greater reinforcement loss (due to corrosion) show higher seis-
mic demand and a greater probability of exceeding damage thresholds, with
the P w/ C scenario being the most vulnerable.

« Flood-induced scour weakens the foundations, further increasing seismic fra-
gility. Bridges in flood-prone areas under P w/ C conditions are the most vul-
nerable to seismic damage among all scenarios studied.

« Anincrease in the PGA leads to an increase in the expected risk due to the
increased severity of the bridge damage. Moreover, the expected risk for the
case considering the flood hazard was larger than that without considering the
flood hazard under the same deterioration and seismic conditions.

Another interesting aspect of this work consists in highlighting the limitations
of the corrosion evolution models currently at disposal in scientific literature. Indeed,
the corrosion initiation and propagation prediction are highly dependent on the models
adopted. In this particular study, the models for predicting corrosion processes were
chosen based on their advantages, limitations, relevance to the work’s objectives and,
above all, the availability of relevant information. However, it is crucial to validate the
adopted models for practical applications of corrosion evolution and, consequently, of
structural degradation predictions.

Interesting literature insights on degradation evolution models applied to PC
bridges, with particular reference to their superstructures, can be also pointed out. Use-
ful information can be gathered in the work of Wang et al. (Wang et al., 2021), who
introduce a novel approach for assessing the time-variant reliability and redundancy of
multi-girder bridges, taking into account load-carrying mechanisms due to the trans-
verse connection of longitudinal girders, and plastic redistribution. A new system-level
redundancy indicator is proposed in the study, to evaluate performance based on load
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distribution and plastic redistribution among multiple girders. Most importantly, the
study also investigates the negative impacts of material deterioration on structural ca-
pacity, ductility, redundancy, and load-carrying mechanisms. A detailed computational
framework is developed, including an incremental nonlinear finite element analysis. The
approach is validated through two full-scale destructive tests on deteriorated girder
bridges, an RC and a PC bridge, showing that time-variant factors significantly influence
the ultimate load-carrying capacity and reliability of ageing bridge structures.

To assess the system redundancy, three typical failure modes are identified,
based on the investigation of real-world accidents of multi-girder bridges. A principal
distinction can be highlighted between single-girder failure mode (SGFM) and multi-
girder failure mode (MGFM). Based on the bridge design specification, the MGFM can
be divided into multi-girder failure mode under elastic distribution of the load (MGFM-
ED) and multi-girder failure mode by considering the plastic redistribution of the load
(MGFM-PR). SGFM can happen when transverse connection fails and the load-trans-
ferring capacity of the bridge is cut off. In this case, any single girder within the system
that exceeds ultimate limit states (ULS) will cause a structural failure. If the transverse
connection works, the bridge is able to distribute the load among the girders according
to the component stiffness, in an initial elastic stage. When the first among the beams
reaches its ULS the MGFM-ED can be considered as reached and the bridge can be
regarded as failed. However, the ULS of the first beam does not represent the ULS of
the entire system in a girder bridge. Indeed, after that point, the deck is able to show a
plastic redistribution of stresses, reaching its ULS beyond the MGFM-ED. This limit
state is defined as MGFM-PR.

The output of such an assessment procedure is reported in Figure 24. As men-
tioned above in the previous section, the aim of showing the obtained results is to
highlight how corrosion evolution modelling can affect the performance of structures
over time. For this reason, there is no need to go further in detail for the whole proposed
procedure in this thesis. What is important to note from Figure 24 is that the reliability
of the system with respect to the three listed limit states, and, consequently, the relia-
bility index of the entire system, is highly reduced by degradation during its service life.
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Key findings of the work are that material deterioration affects both resistance and duc-
tility of girders, reducing their capacity to redistribute loads. The used model is validated
through full-scale destructive tests of two deteriorated bridges, showing strong agree-
ment between test data and simulations. With such a validated model, the study high-
lights the importance of time-variant load-carrying mechanisms and redundancy in the
structural reliability of ageing bridges, suggesting that these factors are crucial for de-
signing more resilient structures and for properly assessing the existing ones.
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Figure 24 - Obtained time-variant reliability of the two analysed bridges (Wang et al., 2021).

The last interesting reference on corrosion evolution processes on PC bridges
is the work made by Al-Mosawe et al. (Al-Mosawe, Neves and Owen, 2022). This work
is based on a slightly different model for corrosion evolution processes compared to
the one exposed in Section 2. The article evaluates the reliability of the deteriorated
Ynys-y-Gwas segmental post-tensioned (PT) concrete bridge, focusing on the corro-
sion of prestressing strands, a major cause of degradation in PT concrete bridges. The
bridge is represented in Figure 25.
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Figure 25 - Cross-section of the Ynys-y-Gwas bridge (Al-Mosawe, Neves and Owen, 2022).

A framework for assessing the reliability of existing PT bridges is developed
using a three-dimensional finite element model to simulate the bridge’s nonlinear be-
haviour. Corrosion is modelled by reducing the strand area over time and accounting
for randomly generated pit depths at beam joints.

Key findings of the work include:

« Corrosion initiation occurred early, with an estimated time of 0.773 years, sug-
gesting that the bridge was vulnerable to corrosion soon after construction.
« Over 30 years, localized corrosion reduced the reliability index to nearly zero

(0.27), indicating failure.

» Sensitivity analysis shows that corrosion significantly impacts the reliability,
particularly affecting the resistance moment, while other factors remain stable.
» The importance of the knife edge load decreases with corrosion, while the re-
sistance moment's role becomes more prominent.
Such an analysis proves that corrosion evolution modelling is key not only for predic-
tions, but also to piece together what happens in bridge-specific failure events, learning
from errors for future assessment or design procedures. Finally, it is worth mentioning
that the last listed finding also plays an important role for the outcome of this thesis
work, as will be seen in Section 8.
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PART Il - PROPOSAL OF A METHODOLOGY FOR
THE FRAGILITY ANALYSIS
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4 WORKFLOW OF THE METHODOLOGY

As far as refined assessment methods are concerned, different works have
been proposed in literature so far, considering PC bridges subject to the hazard com-
bination of steel corrosion and traffic loads. However, as recently highlighted by the
Italian bridge issue, the need to investigate the field of large-scale assessment methods
is emerging today. The aim is to identify priorities for in-depth assessment within a set
of bridges to be evaluated, in order to optimise the allocation and use of the few re-
sources available. Keeping a clear overview of the infrastructure network to which these
bridges belong is key to achieving the objective.

At a first stage, at a network level, bridge classification is essential. Each bridge
class, given a specific territorial context, presents different materials and exposure to
external hazards and follows diverse design and construction rules. As a consequence,
different suitable analysis methods exist for a generic structure belonging to a particular
bridge class, as a function of its load-carrying mechanism, construction materials or
even the structure limit state for which the analysis is meant to be performed. Never-
theless, in a large-scale comprehensive assessment methodology, the structural anal-
ysis may represent just one single step, while other common steps to every bridge
class can be identified.

With this background, this thesis work aims at proposing and investigating the
application of a large-scale fragility assessment methodology for prioritisation. It is
worth mentioning that fragility assessment represents just one of the three concurrent
factors (hazard, vulnerability and exposure) determining the broader concept of risk.
Future statistics studies on the involved external hazards, i.e., steel corrosion and traffic
loads, may lead to a more reliable risk evaluation, compared to the actual knowledge
on these topics. Common steps, suitable for every bridge class, are proposed in the
present methodology, e.g. uncertainties modelling or fragility curve construction
method. These steps can be applied to the assessment of every kind of structure class.
At the same time, to provide an application of the proposed procedure, a case-study
bridge class is herein identified. For the abovementioned deeply discussed reasons,
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one of the most widespread structural bridge classes over Italian territory is the simply
supported, post-tensioned prestressed concrete, girder-type bridge class. The pro-
posed methodology is suitable for this specific bridge class, but changing the structural
analysis method, under data availability assumption, its use may be interestingly ex-
tended to other different bridge classes.

In this section, the proposed methodology for fragility analysis considering the
involved uncertain parameters is described. It is composed of different computation
modules shown in Figure 26. In the following, after a detailed discussion on the avail-
able code-compliant traffic load model adopted for the analysis, the statistical sampling
technique, the simplified modelling strategy, the analysis procedure and the algorithm
to achieve fragility curves are presented.
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Figure 26 - Flowchart for fragility analysis.
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4.1 Description of traffic load models

Before entering the details of the proposed methodology, it is worth presenting
a discussion on the adopted traffic load models. Traffic is one of the most impactful
external actions on bridges. A heavy traffic event, especially when combined with high
degradation, may lead to structural failure, as clearly demonstrated by events like bridge
collapses listed in Section 1.1. For this reason, when dealing with large-scale risk as-
sessment aimed at prioritisation, traffic load actions on structures cannot be neglected.
There is a strong potential in such an assessment on a regional basis, as it may con-
stitute a powerful tool for decision-making, useful for warning of critical situations re-
quiring traffic closures, but also load restrictions. This affects the entire road served by
a critical infrastructure, and, consequently, the entire road network affected by any rel-
ative changes.

Different possibilities can be found in current standards to model the traffic ac-
tion on structures, Eurocode EN1991-2 (CEN, 2003) is certainly one of the best op-
tions. As the thesis work is basically set in the Italian context, also the Italian code for
construction and the Italian Guidelines for bridge assessment (Ministero delle Infrastrut-
ture e dei Trasporti, 2018; Consiglio Superiore dei Lavori Pubblici (CS.LL.PP.), 2020)
can be followed for this purpose. Finally, more advanced modelling options can be
found in literature (Fiorillo and Ghosn, 2018; lervolino et al., 2023; Testa et al., 2023),
useful for advanced probabilistic applications.

4.1.1 Eurocode traffic load model

“EN 1991-2 defines models of traffic loads for the design of road bridges, foot-
bridges and railway bridges” (CEN, 2003). Such a clear statement sets the main goal
of Eurocode 1 — Part 2, which defines traffic loads on bridges on a European scale. The
scope of the standards is defining imposed loads (models and representative values)
associated with road traffic, pedestrian actions and rail traffic which include, when rel-
evant, dynamic effects and centrifugal, braking and acceleration actions and actions
for accidental design situations. Such actions are intended to be used for the design of
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new bridges, but, at the same time, represent a fundamental reference suitable for as-
sessment and, consequently, for this thesis’ purposes.

Traffic actions on road bridges, which are of interest to the present work, con-
sist of variable actions, which can be represented by various models. For normal con-
ditions of use, the traffic loads should be considered as variable actions and their rep-
resentative values are: characteristics or nominal values, i.e., statistical values corre-
sponding to a limited probability of being exceeded on a bridge during its design work-
ing life, frequent values and quasi-permanent values. To give an idea, for the Traffic
Load Model 1 (LM1), detailed in the following, the characteristic values represent the
load intensity with a 1000-year return period for traffic on the main roads in Europe, or
alternatively, the value with probability of exceedance of 5% in 50 years.

A specific bridge structure can be designed, and also assessed, for various
situations. The most interesting situations coincide with the most critical, which can be
different depending on each particular structure. The most critical load cases, depend-
ing on their effects on the structure, shall be identified when dealing with either design
or assessment.

Eurocode defines load models that should be used for bridges with loaded
length less than 200 m. It is worth mentioning that the value of 200 m corresponds to
the maximum span length taken into account for the calibration of LM1 and for lengths
over this value the use of such a model is safe-sided. All the proposed models and
associated rules are intended to cover all normally foreseeable traffic situations. How-
ever, specific models may be defined in each National Standard for the individual pro-
ject to be used for bridges equipped with appropriate means including road signs in-
tended to strictly limit the weight of any vehicle. Indeed, in Italy, other models can be
identified, proposed by the new “Guidelines for risk classification, safety assessment
and structural health monitoring of existing bridges” (Consiglio Superiore dei Lavori
Pubblici (CS.LL.PP.), 2020), that may be useful for this thesis’ purpose and will be
detailed in the following.

Traffic loads consist of cars, lorries and special vehicles. However, it is im-
portant to note that such traffic models do not describe actual loads. They have been
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selected and calibrated so that their effects represent the maximum effects for a refer-
ence period of 100 years.

One of the main aspects to establish in order to apply such load models is the
carriageway width. The carriageway is defined by standards like “the part of the road
surface, supported by a single structure (deck, pier, etc.), which includes all physical
traffic lanes (i.e., as may be marked on the road surface), hard shoulders, hard strips
and marker strips”. The carriageway width, indicated as w, should be measured be-
tween kerbs or between the inner limits of vehicle restraint systems. This portion of the
deck has to be divided into different notional lanes of different width, w;. Specifically,
the standards’ definition of notional lane is the following: “Strip of the carriageway,
parallel to an edge of the carriageway, which [...] is deemed to carry a line of cars
and/or lorries”. The width w; of a notional lane on a carriageway and the greatest pos-
sible whole (integer) number n; of such lanes on this carriageway are defined in stand-
ards, here reported in Table 1. The difference, where relevant, between the total area of
the carriageway and the sum of the areas of the notional lanes is named remaining
area.

Table 1 - Number and width of notional lanes (CEN, 2003).

Carriageway Number of Width of a Width of the
width w notional lanes notional lane w, remaining area
w<54m n =1 3m w-3m
54m<w<6m =2 g 0
w
bm<w nlzlnt(g) 3m w-3Xn

For each individual verification, e.g., for a verification of the ultimate limit state
of resistance of a cross-section to bending moment, the number of lanes to be taken
into account as loaded, their location on the carriageway and their numbering should
be so chosen that the effects from the load models are the most adverse. In order to
establish an order of lanes, from the most unfavourable to the least, giving the possi-
bility to exclude the lanes whose contribution is favourable for the cross-section and
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the stress under verification, Eurocode proposes a numbering system for the notional
lanes on the carriageway, as shown in Figure 27. In the figure, w is the carriageway
width, w; is the notional lane width, the lanes are numbered with numbers 1, 2 and 3
and number 4 is for the remaining area. The lane giving the most unfavourable effect is
numbered as Lane Number 1, the lane giving the second most unfavourable effect is
numbered as Lane Number 2 and so on.
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Figure 27 - Example of the Lane Numbering in the most general case (CEN, 2003).

Beyond the transversal distribution of notional lanes, also the longitudinal dis-
tribution of traffic loads is regulated by the Eurocode. Indeed, it is specified that for
each individual verification, the load models, on each notional lane, should be applied
on such a length and so longitudinally located that the most adverse effect is obtained.
Also on the remaining area, the associated load model should be applied on such
lengths and widths in order to obtain the most adverse effect.

Going into the details of the traffic load model proposed by Eurocode, it is im-
portant to note that characteristic loads, as defined above, are intended for the deter-
mination of road traffic effects associated with service and ultimate limit state verifica-
tion. This latter is exactly the objective of this thesis work, as will be specified below.
Citing the European standards, here are reported all the Load Models (LM) therein pro-
posed, pointing out the most interesting for the present work.
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a) Load Model 1 (LM1): Concentrated and uniformly distributed loads, which
cover most of the effects of the traffic of lorries and cars. This model should
be used for general and local verifications.

b) Load Model 2 (LM2): A single axle load applied on specific tyre contact areas
which covers the dynamic effects of the normal traffic on short structural mem-
bers.

c) Load Model 3 (LM3): A set of assemblies of axle loads representing special
vehicles (e.g. for industrial transport) which can travel on routes permitted for
abnormal loads. It is intended for general and local verifications.

d) Load Model 4 (LM4): A crowd loading, intended only for general verifications.

It is worth mentioning what is the standards’ definition of “abnormal load”, that is

a “vehicle load which may not be carried on a route without permission from the

authority”.

The LM1 is the LM to be used in this work, aiming at general verification, and
for this reason, is the only one to be detailed herein. According to Eurocode, it consists
of two partial systems. The first is represented by double-axle concentrated loads, also
called tandem system (TS). These are defined in the standards as an “assembly of two
consecutive axles considered to be simultaneously loaded”. For the assessment of
general effects, no more than one TS should be taken into account for each notional
lane, each TS should be assumed to travel centrally along the axes of notional lanes
and each axle has two identical wheels, so that the total axle weight is divided into two
parts, one half for each wheel. The second system is represented by uniformly distrib-
uted loads (UDL). These should be applied only in the unfavourable parts of the influ-
ence surface, both longitudinally and transversally, as mentioned above, and on each
notional lane plus the remaining area. It is worth noting that LM1 is intended to cover
flowing, congested or traffic jam situations with a high percentage of heavy lorries. In
general, when used with the basic values, as in this work, it covers the effects of a
special vehicle of total weights equal to 600 kN. The details of LM1 are shown in Figure
28 and the basic load intensities, i.e., without taking into account the relative load am-
plification factors ay; and a;, are reported in Table 2.
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Figure 28 - Application of Load Model 1(CEN, 2003).
Table 2 - Load Model 1: characteristic values (CEN, 2003).

. Tandem system TS UDL system
Location
Axle loads Q;;, (kN) Qix OF ;i (KN/m?)

Lane Number 1 300 9
Lane Number 2 200 2,5
Lane Number 3 100 2,5
Other lanes 0 2,5
Remaining area (q,«) 0 2,9

It is worth noting that where general and local effects can be calculated separately, the
general effects may be calculated by using simplified rules, e.g. for spans greater than
10 m, each TS is replaced in each lane by a one-axle concentrated load of weight equal
to the total weight of the two axles.
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Finally, it is worth mentioning Load Model 3 (LM3), which is meant for defining
special vehicles that, where relevant, may be taken into account for specific analyses,
like the different LM proposed by Italian Guidelines.

4.1.2 Traffic load models in ltalian standards

According to Eurocode (CEN, 2003), National Annexes may define alternative
traffic load models. In Italy, two main standards are in force dealing with design and
assessment of bridges (Ministero delle Infrastrutture e dei Trasporti, 2018; Consiglio
Superiore dei Lavori Pubblici (CS.LL.PP.), 2020), and hence, proposing different traffic
load models. In this subsection, the relative traffic load models are analysed.

In 2018, the Ministry of Public Transportation and Infrastructure issued the “Ag-
giornamento delle Norme tecniche per le costruzioni” (Ministero delle Infrastrutture e
dei Trasporti, 2018), the national standards for the design and assessment of structures
and infrastructures. In the fifth chapter of this document, the design rules for bridges
are discussed. External actions on bridges are also reported in this section. Specifically,
traffic Load Model 1 proposed by these standards, which is of interest for the present
work, is exactly the same as the Eurocode. According to European standards, traffic
model application rules, e.g., longitudinal and transversal placement of notional lanes
in the worst combination for a specific verification, together with load shapes and in-
tensities are taken into account in the same way as defined in the previous section.
For the sake of completeness, the other traffic load models, alongside relative figures
(Figure 29 and Figure 30) for a better understanding of the adopted schemes, are herein
reported.

Traffic load models, including dynamic effects, are defined with the following
Load Models (LM):

a) Load Model 1: as Eurocode LM1 (see Figure 29).

b) Load Model 2: single-axle load applied on specific rectangular-shaped tyres.
The scheme is taken into account as a reference for local verification and is
placed with longitudinal axis in the worst position. However, when relevant,
only one wheel of 200 kN may be taken into account (see Figure 30).
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c)

f)

Load Model 3: an isolated load equal to 150 kN with rectangular shape, used
for local verification on sidewalks not protected by vehicle barriers (see Figure
30).

Load Model 4: an isolated load equal to 10 kN with squared shape, for local
verifications on sidewalks protected by vehicle barriers and on footbridge (see
Figure 30).

Load Model 5: crowd loading, if relevant, should be represented by a Load
Model consisting of a uniformly distributed load (which includes dynamic am-
plification) equal to 5 kN/m?. This model should be applied on the relevant parts
of the length and width of the road bridge deck, the central reservation being
included where relevant. This loading system is intended for general verifica-
tions (see Figure 30).

Load Models 6a, 6b, 6¢: for bridge length greater than 300 m.

More details on each Load Model can be found on Italian standards (Ministero delle
Infrastrutture e dei Trasporti, 2018) and are not herein reported as not of interest.
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Figure 29 - Load Model 1 in ltalian standards (Ministero delle Infrastrutture e dei Trasporti, 2018).
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Figure 30 - Load Model 2, 3, 4 and 5 in Italian standards (Ministero delle Infrastrutture e dei Trasporti,
2018).

The Polcevera bridge failure in 2018 (Bazzucchi, Restuccia and Ferro, 2018)
highlighted many weaknesses in the infrastructure management system held by Italian
road managers at that time. The catastrophic event pushed the I[talian government to
seek solutions to the problem. As a consequence, national “Guidelines for risk classi-
fication, safety assessment and structural health monitoring of existing bridges” (Con-
siglio Superiore dei Lavori Pubblici (CS.LL.PP.), 2020) were issued in 2020 by the High
Council of Public Works, aiming at representing a big step in this direction.

The Guidelines outline a procedure for managing the safety of existing bridges,
aiming at preventing significant damage and keeping risks for bridges at acceptable
levels. The document is divided into three main parts: risk assessment and classifica-
tion, safety verification, and monitoring of bridges and viaducts, therein defined as
“structures with a span length greater than 6.0 m”. The document presents a multi-
level approach, starting from the preliminary inventory of structures to define an "atten-
tion class" that guides further detailed steps of safety verification. These preliminary
classification and subsequent detailed verification provide valuable information for as-
sessing the resilience of the entire transport network. It explains how to perform initial
and special inspections and assess major risks (structural, seismic, and
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hydrogeological), which are then combined into an overall classification. The guidelines
provide tools to preliminarily assess the territorial status of bridges at a large scale and
establish priorities for monitoring, detailed verification, and retrofit interventions. While
applicable to both road and rail bridges, the document focuses on operational details
for road bridges.

The use of a multi-level approach for managing existing bridges is justified by
the large number of infrastructures in ltaly. The complexity and, consequently, the cost
of inspections, investigations, monitoring, and verifications are calibrated by assessing,
even approximately and qualitatively, the actual need and urgency based on the current
state of the structure. This leads to a consistent and uniform method, across different
infrastructure types, for evaluating the "attention class". The proposed multi-level ap-
proach includes broad, territorial-level evaluations, such as surveys, inspections, and
classifications, as well as more detailed, complex assessments focused on individual
structures. Specifically, through an initial analysis of the entire infrastructure network,
which includes gathering as much information as possible and conducting structured
visual inspections, an "attention class" is assigned to each bridge. This classification
then determines the complexity and type of any subsequent investigations that may be
required, which are appropriately scaled and optimized.

An overview of the procedure is shown in Figure 5 in Section 0. The multi-level
approach is developed over six levels, each with increasing depth and complexity.
Briefly:

» Level 0 involves gathering data on all structures and their main characteristics
through the collection of available information and documentation.

« Level 1, which extends to all structures surveyed at Level 0, includes direct
visual inspections and a quick assessment of the structure and the geomor-
phological and hydraulic characteristics of the area. This aims to identify the
state of deterioration, the main structural and geometric features, and potential
risks from landslides or hydrodynamic actions.
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o Level 2 establishes the "attention class" for each bridge, based on hazard, vul-
nerability, and exposure parameters derived from previous levels. Depending
on this classification, the process moves to one of the subsequent levels.

« Level 3 includes preliminary assessments to determine, alongside the analysis
of the type and severity of the damages noted during Level 1 inspections,
whether more detailed checks (Level 4) are necessary.

« Level 4 involves detailed evaluations following the current Italian code for con-
struction (Ministero delle Infrastrutture e dei Trasporti, 2018).

» Level 5 (not explicitly covered in the Guidelines) applies to bridges of significant
importance within the network. For these structures, more sophisticated anal-
yses, such as resilience studies of the road network or transportation system
they belong to, are recommended. This includes evaluating the bridge’s rele-
vance to transportation, its interaction with the road network, and the socio-
economic impact of a potential service interruption.

As the process moves from Level 0 to Level 5, the complexity, detail, and cost
of investigations and analyses increase, but the number of infrastructures involved, and
the uncertainty of the results, decreases.

In Part Il of Guidelines, particularly in Chapter 6, indications for level 4 assess-
ment are provided. For such a detailed assessment, the document provides various
traffic load models for different purposes. Firstly, the document states that existing
bridges for which a lack of continuous and correct structural maintenance has been
perpetrated over time are generally affected by numerous degradation phenomena due
to environmental actions. Therefore, it is needed to carefully take into account the actual
conditions of the bridge and a degradation-affected configuration for its assessment,
in case of capacity reduction.

Once established that the assessment of a structural work cannot neglect the
definition of its degraded configuration, the Guidelines classify the actual state of a
bridge in function of its capacity to bear the demand defined by the standards. Accord-
ing to this classification, a bridge can be defined as:
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1) Adequate, a bridge that meets the verification requirements according to the
Iltalian code for construction (Ministero delle Infrastrutture e dei Trasporti,
2018), using the specified loads and relative partial safety factors.

2) Operational, a bridge that meets verification requirements following the princi-
ples of the Italian code but with reduced reference time for evaluating partial
safety factors for loads and materials. The indicative reference time assumed
in these Guidelines is 30 years.

3) Serviceable, a bridge that meets verification requirements over a short-term
period during which improvement or operational works are planned and imple-
mented, with measures such as (a) "load limitations" or (b) "restricted use of
the bridge". The reference time for evaluating partial safety factors for loads and
materials is further reduced, with a maximum of 5 years assumed in these
Guidelines.

For the first two conditions, the adopted traffic load model, as stated above, is
the same as the Italian code. For the serviceability condition, the traffic load model can
be the one of Italian code, but in case of traffic limitation, a distinction between code-
compliant traffic load model, i.e., from Italian code for constructions, and “Road Code”
(Ministero delle Infrastrutture e dei Trasporti, 1992) traffic load model is needed. This
is because any traffic limitation needs to be compatible with the Italian road code. For
safety verification purposes, with a reference time of 5 years during which the minimum
safety level at the ultimate limit state must still be ensured, different loads to be used
with relative partial safety factors are provided. This addresses the crucial issue of op-
erational verification of the load limitations imposed through measures defined by the
Italian road code.

Four different types of serviceability levels for the Italian road code traffic load
model are defined in the Guidelines, graphically shown in Figure 31, Figure 32 and
Figure 33:

1) Heavy vehicle serviceability, a traffic load model considering a lorry of 5 axles
with a total weight equal to 440 kN (44 t), which is a standard limitation im-
posed by the Italian road code. This tandem system model is combined with a
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uniformly distributed load acting on the remaining part of the notional lane of
intensity equal to 9 kN/m?, like in the notional Lane Number 1 defined in Italian
code for constructions.

Autoarticolato & assi 44 t
9 kN/m2 A0 kN 120 kN10O kN10O kN 20 KN 9 kM/m2

15 32 22 1313 15

Figure 31 - Heavy traffic load model conforming to the Italian Road Code, a possible distribution
(Consiglio Superiore dei Lavori Pubblici (CS.LL.PP.), 2020).

2) Medium vehicle serviceability, a traffic load model considering a lorry of 3
axles with a total weight of 260 kN (26 t), according to specific limitations of
the Italian road code. The tandem system is combined again with a uniformly
distributed load acting on the remaining part of the notional lane, with a lower

intensity of 7.5 kN/m2.
T

1,6 4,2 1,6 1,8
9

Figure 32 - Medium traffic load model conforming to the Italian Road Code, a possible distribution
(Consiglio Superiore dei Lavori Pubblici (CS.LL.PP.), 2020).

3) Light vehicle serviceability, a traffic load model considering a light lorry of 2
axles with a total weight of 75 kN (7.5 t), corresponding to another specific
limitation of Italian road code. This tandem system is combined with a uni-
formly distributed load acting on the remaining part of the notional lane with an
intensity equal to 4.2 kN/m?.
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Figure 33 - Light traffic load model conforming to the Italian Road Code, a possible distribution (Consiglio
Superiore dei Lavori Pubblici (CS.LL.PP.), 2020).

4) Superlight vehicle or only-vehicles serviceability, a simple traffic load model
with a notional lane made of only uniformly distributed load with intensity of 2.5
kN/m?.

Such defined traffic load models apply to all open lanes, assuming a notional lane

width of 3.0 m, following the current Italian building code. Additionally, if there are

no physical barriers, they also extend to hard shoulders and access lanes. Loads
must be placed along both carriageways in both directions of travel, longitudinally
and transversally in the most unfavourable positions.

More details about the traffic load models and their applications can be found in the

Guidelines. For the sake of brevity, these details are not herein fully reported, as

these concepts are what strictly concerns the present thesis work.

4.2 Modelling uncertainties of geometric and mechanical properties

Geometric and mechanical parameters affecting the structural safety assess-
ment of the investigated bridge superstructure (or a given archetype bridge, for class
fragility analysis) are required as input for the proposed approach. In practical applica-
tion, geometric parameters which can be accurately deduced by design blueprints or
by using on-site measurements (Nettis, Saponaro and Nanna, 2020) (e.g. superstruc-
ture width and length, dimensions of structural components) can be deterministically
modelled (Step 1b in Figure 26). Conversely, the determination of accurate values for
geometric dimensions of components which may be difficult to inspect (e.g. slab width,
beam spacing or height, beam web thickness) and mechanical parameters of materials
(e.g., concrete compressive strength, ultimate and yielding tensile stress and strain of
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prestressing and mild steel) would require running an appropriate diagnostic campaign
based on non-destructive and destructive tests, involving inevitably additional efforts in
the assessment process in terms of time and financial resources. Specifically, post-
tensioned PC bridges require special inspections, as discussed in Section 1.2, to be
considered as fully inspected, entailing further additional cost and time. In the proposed
methodology, such unknown variables (Step 1a in Figure 26) are considered epistemic
(i.e., knowledge-based (Bradley, 2010)) and aleatory uncertainties and are modelled
via statistical distributions and relationships. Note that, according to Celik and Elling-
wood (Celik and Ellingwood, 2010), epistemic uncertainties derive from imperfect
knowledge and can be reduced by using further measurements and tests, while aleatory
uncertainties represent variables (i.e., mechanical parameters of structural materials)
which are inherently random in their nature. To this scope, several literature studies
provide statistical distributions and regression models derived from statistical analysis
for uncertain structural parameters such as prestressing and mild steel tensile strength
and concrete compressive strength (Jacinto et al., 2012; Zelaschi, Monteiro and Pinho,
2016; Miluccio et al., 2021).

After the definition of deterministic and probabilistic variables, the Latin Hyper-
cube Sampling (LHS) (McKay, Beckman and Conover, 1979; Iman and Conover, 1982)
is used as a statistical sampling technique for the random generation of a sample of
bridge model realisations (Step 1c in Figure 26). The LHS technique is applied to es-
tablish random samples of probabilistic variables to assign to each model realisation.
The model realisations exhibit the same deterministic parameters, but different uncer-
tain parameters depending on the atiributed random samples. A sensitivity analysis
(Silva et al., 2014) can be carried out to identify a robust number of realisations for the
sample to generate (e.g., see Section 6.3).

4.3 Modelling strategies

4.3.1 Simplified structural modelling and analysis

In such an assessment, which is meant to be suitable at a regional scale, sim-
plification is key to guarantee the usability of the procedure. For this reason, following

65



PhD Alessandro Nettis | XXXVII cycle

the sampling process described in the previous section, each bridge realisation is an-
alysed by using a simplified modelling and analysis strategy (Step 2a in Figure 26).
This latter is aimed at the analytical computation of the structural demand of the beams
of a bridge superstructure under a given traffic load intensity. It does not require the
use of finite-element modelling and can be easily implemented in programming rou-
tines, facilitating the extensive and automatic application on multiple bridges within a
given network.

The simplified modelling and analysis strategy adopted in this study is suitable
for the structural assessment of a simply supported girder-type superstructure sub-
jected to gravity loads. Particularly, the so-called Courbon-Albenga method (Albenga,
1930) is used for calculating the maximum flexure and shear demands for the girders
of a given bridge grillage superstructure. This method assumes an infinite flexural stiff-
ness of the transverse diaphragms and a negligible torsional stiffness of the girders
and, therefore, results appropriate for bridge superstructures exhibiting a high
length/width ratio, which is a common geometric characteristic of existing roadway
bridges. Under these hypotheses and regardless of the position of the diaphragms, the
transverse distribution of a given load on the deck among the different girders can be
analytically simulated by using distribution coefficients depending only on the number
and position of the girders. Although simplified, the proposed approach induces a con-
servative estimate in terms of stress demand with respect to a refined numerical mod-
elling strategy which accurately accounts for the hyperstatic effects related to the trans-
verse load distribution (e.g., (Messina and Proverbio, 2023)). For bridges not reflecting
the abovementioned applicability assumptions of the method, such as continuous
decks or with beams whose torsional stiffness is not negligible or even bridges without
diaphragms, a numerical model should be used to predict the stress distributions in
girders under traffic loads.

Gravity loads in terms of self-weight of the bridge elements and non-structural
components are simulated by using uniformly distributed loads. Traffic loads (Step 2¢c
in Figure 26) are modelled by adopting the load schemes (Table 2 in Section 4.1.1)
provided by Eurocode 1 — Part 2 (CEN, 2003), which is the same as in the Italian
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building code “Norme Tecniche per le Costruzioni 2018” (Ministero delle Infrastrutture
e dei Trasporti, 2018), as deeply discussed in Section 4.1. For each model realisation,
the demand parameters extracted from the analysis are the maximum bending moment
Mp mia, ecorded at mid-span, and the maximum shear demand Vj, ,,,,, recorded at
the support, for the edge girder. The number and arrangement of loaded traffic lanes to
be considered in the analysis and the tandem load position along the deck are defined
according to the code-prescribed position, i.e., in such a way as to maximise the flex-
ural and shear demand for the edge girder. To this scope, the traffic lanes are located
adjacent to the kerb (as shown in Figure 38 in Section 6.1). Only the traffic lanes giving
an unfavourable stress contribution to the edge girder are considered in the analysis.
No variability in the lateral position of the traffic lanes with respect to the deck longitu-
dinal axis is considered. The tandem load system is assumed acting alternatively at the
mid-span and at the support cross-sections to determine Mp, ,,,;4 and Vp g, réspec-
tively. Once gravity and traffic loads are modelled, their contributions on the edge girder
are computed through the Courbon-Albenga method and a pair of Mp, 4, Vp sup 1S
retrieved for each model realisation.

4.3.2 FE structural modelling and analysis

Simplified modelling allows for very fast analyses, which are essential for large-
scale assessment. However, it is important that such analyses provide an effective and
reliable result as well. Greater reliability is certainly provided by numerical finite element
(FE) models, which can capture the effects of load redistribution between structural
members. To perform more reliable analyses and to compare them with the analyses
produced by simplified modelling, a suitable finite element (FE) model can be adopted
for the class of simply supported girder-type PC bridges (Step 2b in Figure 26). To
realise such a model is obviously much more complex in terms of computational effort,
from the global and local geometry to the definition of materials, loads and gravity anal-
ySes.

To best represent the characteristics of this structural typology, and at the same
time try to mitigate the analysis computational costs, a plane grillage model is adopted
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in this study, with beams, diaphragms and slabs represented by linear and non-linear
beam elements. In particular, one-dimensional non-linear elements and section fibre
modelling are chosen to model beams and diaphragms, while the slab contribution is
modelled separately according to the considered direction, i.e., transverse or longitudi-
nal. As for the longitudinal contribution, the slab is merged into the longitudinal beam
section, by modelling a composite section for the generic one-dimensional beam mem-
ber. As for the transverse direction, one-dimensional linear elastic elements are adopted
to model the relative slab contribution. The modelling choices to be considered for the
definition of such a model are much more and more complex than the modelling pro-
cess described in the previous section and are discussed more in detail in section 7.
However, it is worth specifying that, for the sake of comparison with the previous
method, the adopted model is only suitable for the class of PC bridges assessed in this
thesis.

Such a model allows the equations governing the structural analysis problem
to be solved without being constrained to the strong assumptions, and therefore limi-
tations, associated with the Courbon-Albenga method, which is needed in the simplified
case described in the previous section. As a consequence, through an FE model, it is
possible to extend the evaluation to bridges that do not meet the assumptions of the
Courbon-Albenga method, i.e. bridges with a low length-to-width ratio or bridges with-
out diaphragms.

Even more important is to emphasise the possibility provided by the FE model-
ling strategy to realise a non-linear type model, capable of also capturing the plastic
response of the structure, both at the level of the individual element and at the global
level of the entire structure, which presents a stresses redistribution capacity that goes
beyond the achievement of the ultimate limit state of the most stressed element. This
allows the response of the structure to be recorded in its completeness, guaranteeing
a more accurate and truthful evaluation.

The modelling of the gravitational loads, i.e., self-weights and traffic loads, will
also be dealt with more in detail in the following. As for traffic load models, the schemes
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proposed by the Eurocode 1 — Part 2 (CEN, 2003) and by Italian Guidelines (Consiglio
Superiore dei Lavori Pubblici (CS.LL.PP.), 2020) are adopted.

These loads are applied to the structure using a “push-down” displacement-
control numerical procedure, which allows recording the plastic response of the struc-
ture, whose non-linear elements exhibit a certain ductility before reaching complete
failure. The analysis basically consists of gradually pushing the structure with the pre-
viously defined load system in several steps, monitoring the vertical displacement of a
selected control node. The amplitude of each step can be decided and determines the
accuracy and computational effort of each analysis. At the end of each step, the strain
and stress characteristics of the materials can be monitored in each defined section,
including critical forces like My, ,,,;4 at midspan and Vj, ,,,, at the support zone of the
most loaded beam.

4.4 Capacity models accounting for corrosion effects

For each model realisation, the demand parameters for flexure and shear
(Mp mia and Vp &), Calculated as above, are compared with the corresponding ca-
pacity (M¢ miq and V¢ 5., Step 3a in Figure 26). Regarding shear capacity V¢ ,,,, at
support zones, the same analytical formulation, reported in Equation (24), is adopted
for the two different modelling strategies. Differently, for computing flexure capacity
M miq at the generic beam middle section, the computational approach adopted by
the two modelling strategies differs substantially, although achieving consistent numer-
ical results.

An analytical model, through a more or less complex algorithm, which is de-
tailed in Section 5.2 and graphically described in Figure 36, is adopted for computing
the flexural capacity of a generic beam for the simplified strategy. The algorithm basi-
cally consists of solving the translational and rotational equilibrium equations for the
analysed cross-section in either concrete crushing or tendon rupture conditions.

On the other hand, the refined fibre model of the numerical strategy allows for
monitoring the stress or strain state of each fibre of a generic cross-section belonging
to any structural member. For this reason, in the FE model, the attainment of the ultimate
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flexural capacity of a generic beam is achieved when the first fibre of any cross-section
fails during the analysis, reaching its ultimate strain value. Hence, the flexural capacity
M miq for the generic cross-section of the beam equals the bending moment demand
corresponding to the step at which the fibre failure occurs.

Several corrosion scenarios are assumed to estimate the influence of corrosion
on capacity (Step 3b in Figure 26). From a physical point of view, as deeply discussed
in Section 2, the phenomenon of corrosion affects steel properties, reducing its mass,
stiffness, strength and deformability. To model corrosion effects, a parameter & is de-
fined via Equation (23), as the equivalent percentage reduction of the corroded steel
area, i.e., the ratio between the loss of corroded steel area during the corrosion process
and the initial area of non-corroded steel.

f=—t="C_ (23)

This parameter appropriately summarizes corrosion effects and can be related analyti-
cally to steel geometric and mechanical properties modification. For this reason, in the
present procedure, flexure and shear capacity are computed considering given percent-
ages & of corroded tendon area in the related critical sections. In particular, the flexure
capacity modelling (M. ,;4) is carried out considering the residual steel area and the
corrosion-induced effects on the constitutive law (i.e. reduction of the elastic modulus
and ultimate strength and deformation). Details and equations are extensively reported
in Section 5, together with a validation of the adopted procedure.

Regarding the shear capacity (V¢ ,,;,), the computation follows the study pro-
posed by Miluccio et al. (Miluccio et al., 2021), where three different shear capacity
models recommended by the Eurocode (CEN, 2004) were tested. The first can be used
for RC beams in a cracked configuration with a low amount of shear reinforcements;
the second model applies for PC beams in uncracked configuration considering the
prestressing contributions; the third model suits for cracked RC beams considering a
strut-and-tie resisting mechanism. In (Miluccio et al., 2021), the second shear model-
ling strategy, which is also currently used in the Italian building code (Ministero delle
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Infrastrutture e dei Trasporti, 2018), turned out to be the most accurate for PC simply
supported girder bridges assuming that shear cracks are absent at the beam supports,
and is used herein for the proposed procedure. Particularly, the shear capacity Vy is
computed through Equation (24), in which b,, is the girder web width; J is the second
moment of area; S, is the first moment of area above and about the centroidal axis;
fet is the concrete tensile strength; o, is the average compressive concrete stress due
to residual prestressing action o;,,.

J
Ve =<—by |f& + Ocpfet (24)
xG

Other advanced formulations for shear strength computation can be adopted
(Park, Kang and Choi, 2013) without compromising the efficiency of the presented
procedure. It is worth noting that, by modelling shear capacity through Equation (24),
the real distribution of tendons in the beam section at the support zone is neglected. In
fact, the effect of post-tensioning compression stress is taken into account only
through o, term, i.e., the sectional average compressive concrete stress, which de-
creases by increasing the corrosion level of steel tendons. Finally, it is also important
to point out that the beneficial counter-shear contribution provided by the uplift of the
prestressing tendons in the PC-beam supports is neglected in this procedure. This
leads to a conservative shear response evaluation, which is important to keep in mind
for the conclusions drawn in Section 8. However, such a beneficial contribution in most
cases turns out to be so small compared to shear demand at the ultimate limit state,
which is the objective of this assessment procedure, that it can be neglected without
producing big errors in practical evaluations. Besides, the adopted simplified formula-
tion is suitable for the application of the proposed framework on PC girder bridges
characterised by an uncertain tendon layout at the supports. This is a common issue
in the absence of detailed blueprints and surveys based on advanced non-destructive
scanning technologies aimed at detecting the tendon layout. Note that to reduce the
inaccuracies associated with this latter approximation, a parabolic tendon distribution
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equivalent to the actual tendon distribution could be used in future developments of the
methodology.

At the current stage of development, as in previous studies (Kim and Song,
2021), fatigue failures are not accounted for in the present methodology. Note that
corrosion induces a reduction in cross-section tendon area, and it can also embrittle
the response of the prestressing steel, mainly in the pits of the wires, leading to in-
creasing stress variation and consequent potential fatigue failures under load cycles.
Therefore, with the increasing corrosion influence, the fatigue-corrosion interaction
should be considered through time-variant reliability analyses to estimate variations of
the failure probability over time and the structure residual service life (depending on the
expected future evolution of both corrosion and traffic load cycles) (Su et al., 2022;
Guo et al., 2024).

4.5 Computation of fragility functions

The last step of the proposed procedure consists of the evaluation of bridge
fragility, by developing fragility curves expressing the probability of failure for a given
intensity of traffic loads (Step 4 in Figure 26). The failure can be achieved for either
flexure or shear demand exceeding the corresponding capacity. To compute fragility
curves, an approach based on the multi-stripe seismic fragility analysis method pro-
posed by Baker (Baker, 2015) is adopted.

First, a given corrosion scenario (£) is assumed and the capacity values M ;4
and V¢ s, for the edge girder are computed for each model realisation. Subsequently,
each of the N bridge model realisations generated is analysed considering an increasing
intensity value of the traffic load scheme which adds to the gravity load due to structural
and non-structural components. For this purpose, a set of M load schemes is defined,
in which the magnitude of the adopted traffic load model (Section 4.3.1) is multiplied
by a factor « which is used as load intensity measure (IM) for the fragility analysis. The
factor a ranges from 0 to an upper limit which should be calibrated to achieve both
flexural and shear failures for most of the generated model realisations. The scaling of
the code-based traffic load model is deemed to simply approximate real traffic load
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scenarios having variable intensity. This simplification fosters the efficiency of the
adopted analysis procedure and suits for prioritisation purposes. More accurate traffic
load models having different intensities can be developed and implemented in the pro-
posed procedure, both taken from different standards, as discussed in Section 4.1, or
on the basis of network-specific traffic scenario simulations, about these latter some
references are reported in Section 9.2 about the possible future developments of the
work. Note that this latter refined strategy for traffic load modelling is hardly feasible in
the field of prioritisation analysis. Indeed, the derivation of accurate traffic load models
requires the availability of weight-in-motion (WIM) systems and traffic data collected
over wide period intervals, eventually supported by surveillance cameras (Zhou et al.,
2024), to detect the spatiotemporal distribution of bridge loads and run probabilistic
analysis to derive traffic load models having specific parameters (e.g. number of vehicle
axles, axle load and axle spacings) (Fiorillo and Ghosn, 2018).

For each model realisation a demand dataset of M values of Mp, ,,,;4(a) and
Vp sup (@) is computed. To calculate fragility curves, the abovementioned demand da-
taset is converted into demand-to-capacity ratio (DCR) ones, by dividing the demand
values Mp ;4 (a) and Vp &, () for the corresponding sectional capacity M ,,;4 and
Ve sup according to Equations (25) and (26) Finally, for the analysed bridge, two MxN
datasets of DCR;(a), DCR,(a) are obtained.

M ,mi (0()
DCR;(a) = % (25)
V,sup (@)
DCRy(a) = —DVC - (26)
Sup

Fragility curves for the investigated bridge superstructure express the probabil-
ity of reaching or exceeding a value of the demand equal to the capacity for a given
traffic load multiplier. The failure for a given & and a given model realisation is achieved
when the condition in Equation (27) is satisfied.

DCR,(@) = max(DCR;(&), DCRs(@)) = 1 (27)
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The probability of failure P[failure|a = @] conditioned to the load multiplier
@ is calculated as the ratio between the number of realisations associated with failure,
N¢qi; (number of times the condition DCR.(a) = 1 holds in a randomly generated
sample of realisations) and the total sample size N (as reported in Equation (28)).

P[failurela = a] = P[DCRy(a) = 1|a = a] = Ngq;/N (28)

Finally, the final fragility function is derived by fitting a cumulative probability
distribution (CDF) to the dataset of M values of P[failure|a = @], i.e., the dataset of
fragility points. Particularly, two probability distribution functions are fitted to such da-
taset, namely the lognormal cumulative distribution and the generalised extreme value
(GEV) distribution. According to the obtained different cases, the type of probability
function that best performs the fitting of the observed data is used. To find the best
estimate of the parameters of the CDFs, the method of moments (Baker, 2015), i.e.,
finding the CDF’s parameters such that the resulting distribution has the same moments
as the distribution obtained from the observed data, or the least square method are
used as parameter estimation methods. Clearly, fragility curves can be also computed
by referring only to shear or flexural failures if P[DCRf(a) = 1|a = @] and
P[DCRy(a) = 1|a = &] are directly computed without computing DCR,(&). In this
case, the fragility curves may be used to understand the critical mechanisms between
failure and shear for addressing appropriate inspections or interventions.

To investigate the influence of tendon corrosion on the fragility of a single bridge
typology, fragility functions are calculated for several intensity of corrosion scenarios,
by repeating the abovementioned process for different & values. Particularly, for fragil-
ity-informed prioritisation, the analyst should repeat the calculations by starting with a
value of ¢ = 0 (uncorroded configuration) until a ¢ value for which most of the bridge
realisations are affected by a failure under gravity loads.
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o MODELLING FLEXURAL CAPACITY CONSIDERING CORRO-
SION EFFECTS

Recently, experimental studies about PC beam performance under natural or
artificial corrosion of tendons have been developed. Some of them are listed in Section
2 (Rinaldi, Imperatore and Valente, 2010; Jeon et al., 2019; Belletti et al., 2020) and
the most interesting results achieved are also therein discussed. The same holds for
experimental tests on corroded prestressing strands or wires, whose behaviour under
chloride-induced degradation has been investigated (Franceschini et al., 2022, 2023,
Yu et al., 2022). To sum up the abovementioned discussion on corrosion, thoroughly
addressed in Section 2, laboratory experimental test results on several strands ex-
tracted by naturally corroded PC beams are reported by Franceschini et al. (Frances-
chini et al., 2022), who propose a simplified corrosion-affected constitutive model. In
particular, the authors proposed a modified stress-strain relationship for corroded
strands, according to experimental evidence from real strands extracted from full-scale
beams exposed for 10 years to chloride action from seawater. Regarding artificially
induced degradation, further laboratory experimental test results are available in Rinaldi
et al. (Rinaldi, Imperatore and Valente, 2010), who studied PC beam and steel strand
behaviour subjected to man-made accelerated corrosion. Experimental test results on
several artificially corroded PC beams are reported in the work, which records a sizable
reductive effect on the flexural capacity of corrosion-affected members. Other experi-
mental results on this topic are shown in Yu et al. (Yu et al., 2022), alongside new
constitutive laws for corrosion-affected mild and prestressing steel, which are cali-
brated on tension tests of samples of corroded prestressing steel strands and wires.
Particularly, these last constitutive models can be very useful for the methodology de-
scribed in Section 4.

Herein, two different flexural bearing capacity modelling strategies of different
accuracy and analytical complexity are tested to be included in the proposed fragility
analysis approach. The investigation is performed via the application of the simplified
modelling strategy, due to the low computational effort required. The first flexural
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capacity modelling strategy considers corrosion as a simple prestressing steel tendon
area reduction, while the second one introduces additional corrosion-induced effects
on mild and prestressing steel constitutive laws. The application of both strategies is
discussed in the following, by comparing the analytical results with experimental results
available in literature (Rinaldi, Imperatore and Valente, 2010; Yu et al., 2022).

5.1 Method I: Tendon area reduction

The first modelling strategy (I procedure hereafter) considers corrosion influ-
ence in the flexural bearing capacity calculation as a simple prestressing tendon area
percentage reduction &, and no stress-strain relationship modifications are adopted.
The investigation of a strategy accounting for such a simplification assumption aims at
establishing whether the problem of modelling corrosion influence in flexural bearing
capacity of PC members can be solved with low expensive analyses in terms of time
and computational effort or if more refined methodologies are needed.

The beam cross-section scheme adopted for computing the ultimate bending
moment is represented in Figure 34. The sum of the areas of each single rebar and
strand or tendon is considered as lumped in the corresponding centroids, for mild and
prestressing steel, respectively, either at the top or at the bottom of the investigated
cross-section. The computation of the ultimate bending moment, M,,, is based on the
following assumptions:

1) Plane cross-sections and perfect steel-concrete bond after flexural defor-

mation;

2) Stress-block model for concrete constitutive law in compression;

3) Elastic-perfectly plastic behaviour for mild and prestressing steel.
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Figure 34 - Beam cross-section model for ultimate bending moment computation. €, and C; are the
compression resultant force for concrete and upper steel reinforcements; 7, and T are the tensile
resultant force for prestressing and bottom steel reinforcements; &' and & are the strains of the mild
top and bottom steel; ¢, is the ultimate compressive strain of concrete; Ae, is the tensile strain
increment of the prestressing steel tendons. Other symbols adopted in the figure are explained in the
main text.

Flexure capacity calculation requires the computation of prestressing tendon
area in balanced rupture hypothesis, defined as the failure given by the simultaneous
attainment of ultimate compression strain ., for upper concrete fibre and yielding ten-
sile strain for mild and prestressing steel e,,. This is necessary for distinguishing the
cases between fragile and ductile flexural failures for the analysed cross-section, lead-
ing to different ways of ultimate bending moment calculation.

It is worth specifying that, for appropriate design of prestressed girders, a duc-
tile failure can always be considered, as the prestressing tendon area is always less
than the balanced one. Furthermore, the reduction of steel area due to corrosion facili-
tates ductile failures. Therefore, generally, the computation of the ultimate bending mo-
ment M,, is performed through Equation (29), where A, and A are the prestressing
steel and mild steel areas, f,, 5, and f,, are the prestressing and mild steel conventional
yielding strengths, respectively, and z is the internal lever arm, i.e., the distance be-
tween the compression and tension resultant forces, depending on the neutral axis po-
sition (leading to different area values of the concrete compression zone and conse-
quently different heights of compression resultant force).
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M, = (Apfp,01 + Asfy)z (29)

In (rare) case of non-ductile failure, the ultimate bending moment M,, can be
computed through Equation (30), herein reported for the sake of completeness, where
f. is the ultimate compression strength of concrete, A, indicates the area of the con-
crete compression zone; oy, o, and o,, are the stresses of the upper and bottom mild
steel and prestressing steel reinforcements, respectively; As, A and A, are the areas
of upper and bottom mild steel and prestressing steel reinforcements, respectively; and
Yal» Ya, and Ya, are the upper and bottom mild steel and prestressing steel reinforce-

ment height (i.e. distance from the upper edge), respectively, as represented in Figure
34.

M, = 0.6xf.A; + (03A9)|x = ya| + (0545 (va, — %) + (0p4p) (va, =) (30)

5.2 Method II: Effect of modifications of steel constitutive laws

The second strategy (Il procedure hereafter) is based on the same basic as-
sumptions of the first strategy (i.e., points 1), 2), and 3), in Section 5.1). Steel areas
are modelled as lumped in their centroids as in the first strategy. However, both mild
and prestressing steel area reduction and modification of stress-strain relationships (Yu
et al., 2022) are considered with increasing corrosion levels.

The stress-strain model adopted for simulating the prestressing steel response
is modified based on the influence of corrosion degree ¢, (defined according to Equa-
tion (23)) and it is described in Equation (31) and Figure 35. In particular, a critical
value of corrosion &, ., is defined as that specific corrosion value corresponding to the
transition from an elastic-plastic law to a simply elastic stress-strain relationship. The
constitutive relationship for corroded prestressing steel is expressed as follows.

EpcEpe for &pe < &pye

0.15f, foré, <§

pe = 1 | 085 puc + (£pc — €pyc) <ﬁ> for epc > epyc b (31)
kechpc for fp = Sep,cr
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In the above equations, Eyc, fpuc, €puc are the elastic modulus, ultimate
strength and ultimate strain of corroded prestressing tendons, respectively; whereas
£pyc 18 the prestressing steel yielding strain (Equation (32)) computed as the ratio be-
tween £, and E,,.. The prestressing steel yielding stress, f,,,., i.e., the stress corre-
sponding to strain equal to 1%, for steel strand is evaluated according to Equation (33),
following the Probabilistic Model Code (Joint Committee on Structural Safety, 2001).

Joye
Epyc = ;7"” (32)
fpyc = 0-85fpuc (33)
Epe, fouc and gy, are defined according to Equations (34), (35) and (36).
Epc = ﬁEcEp (34)
Apuc
foue = mfpu (35)
Epuc = ﬁpucepu (36)

These are respectively dependent on E,, f,, and &,,, i.e., the prestressing
steel elastic modulus, ultimate tensile strength and ultimate tensile strain in the uncor-
roded configuration, and on three coefficients expressing the influence of corrosion. In
particular, in Equation (34), PBg. is the relative elastic modulus, defined as the ratio
between E,,. and E,,, which can be estimated via Equation (37); in Equation (35), a,,.
is the ratio between the ultimate load of corroded prestressing steel and the ultimate
load of non-corroded prestressing steel and is estimated via Equation (38); finally, in
Equation (36), the coefficient 5, is the ratio between the ultimate strain of corroded
prestressing steel and the ultimate strain of uncorroded prestressing steel, and is esti-
mated via Equation (39). Equation (36) holds for values of corrosion degree lower than
a critical threshold, discussed more in detail later on, beyond which the loss of the
stress-strain law plastic branch is recorded in experimental tests (Yu et al., 2022).
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_ 1 for steel wires
Pec = {1 —0.848¢&, for steel strands (37)
_ (1=1.935¢, for steel wires
Ppuc = {1 —2.683¢, for steel strands (38)
Byuc = 1 —9.387¢, (39)

The use of Equations (36) and (39) can lead to numerical issues due to the
experimental nature of the relationships. Indeed, Equation (39) leads to a significant
reduction of the modified ultimate strain ratio 5., with increasing corrosion level &,.
Therefore, the corroded ultimate strain ¢,,,,. can assume values lower than the modified
yielding strain &,,,.. This issue should be checked with increasing corrosion level sce-
narios to avoid numerical problems when computing the flexural bearing capacity of a
generic cross-section.

More details about the modified stress-strain relationship of prestressing steel
can be found in Yu et al. (Yu et al., 2022). In accordance with this study, a very first
value of 0.08 can be adopted as critical level of corrosion degree &, ... However, it is
worth mentioning that further numerical issues can arise in computing the flexural ca-
pacity if such a fixed value of critical corrosion degree is adopted. More in detail, the
balanced corrosion degree and the consequent ultimate bending moment computation
are obtained by solving the translational equilibrium equation (TEE), via an iterative nu-
merical method (i.e. the bisectional method) for the analysed section. The definition of
a reduced ultimate strain &,,,. through two different formulations (for lower and higher
corrosion values with respect to a fixed critical corrosion value &, .,) introduces a
mathematical discontinuity in the modified stress-strain relationship for corroded steel
(Equation (31)). As observed through the analysis of multiple bridge realisations in the
case study section, such discontinuity can prevent the iterative process of finding con-
vergence and the solution for the TEE. Note that, although the &, .. is fixed in (Yu et al.,
2022), Franceschini et al. (Franceschini et al., 2022), albeit referring to corrosion trig-
gered by a specific external agent among all the possible ones, i.e., chloride-induced
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corrosion, in their experimental study found variability of this critical threshold &, .,
suggesting the adoption of a range of values to implement this threshold in the corro-
sion model. Therefore, considering the outcomes in (Franceschini et al., 2022), a mod-
ification of the model proposed in (Yu ef al., 2022) is adopted in this study, which leads
to slightly different values of critical corrosion degree &, ., realisation-by-realisation.
The modification aims to avoid the discontinuity in the stress-strain relationships for
corroded prestressing steel and prevent convergence issues. To check the physical
consistency of the obtained &, .,- values, such a variation has been analysed through-
out the randomly generated sample for the selected case-study (see Section 6), and an
average value of critical corrosion degree approximately equal to 0.08 has been found,
alongside with values that appropriately match the interval reported in Franceschini et
al. (Franceschini et al., 2022). Therefore, although based on a numerical criterion with-
out any physical basis, such modification is deemed reasonable and is herein adopted
as necessary for solving the flexural capacity problem. However, it is worth mentioning
that this represents a limitation of the adopted model for corroded prestressing steel,
which can be overcome by adopting more accurate corroded steel models.

a) % A b) Os A
fpuc/ 7777777777777 fsuc/ 777777777777 -
O85fpuc L i fsyé . - i
Se S E
gp €oyc €puc & i €syc Esuc s
cr
& Epe & Es

Figure 35 - Modified stress-strain relationship for corrosion-affected a) prestressing steel strands and b)
mild reinforcing steel.

In the second strategy, also a corrosion-affected stress-strain relationship for
mild reinforcement can be considered, inspired by the model proposed by Yu et al. (Yu
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etal., 2022). In the proposed methodology, an elastic-plastic law is adopted, described
in Equation (40) and Figure 35.

( E &g foreg < f]SEyC
s
oo = (40)
€sc ~ Esyc fsyc
fsyc + (fsuc - fsyc) fOT' Esc > E
Esuc ~ Esyc s

In this equation, E, is the elastic modulus of non-corroded mild reinforcement,
fsyer fsuer €syc AN &4, are the yielding and ultimate strength and strain of corroded
steel rebars, respectively, computed via Equations from (41) to (44).

As for the prestressing steel model, this law depends on three parameters, i.e.,
fsyer fsuc @nd &, that, in turn, vary according to a different value of corrosion degree

$s

oy = fE—y (41)
1 —1.092¢;

fs‘yc = T&S sy (42)
1—1.152¢;

suc = T{s su (43)

Esuc = 6_2'556558511 (44)

In the equations above, f;,,, f.,, and &g, are the yielding and ultimate strength
and ultimate strain of uncorroded reinforcing steel rebars.

The methodology adopted in the second strategy (Il procedure) is described in
Figure 36. The procedure starts from the investigation of the balanced corrosion rate
&pp (Step 1in Figure 36), i.e., the specific level of corrosion rate such that a balanced
failure scenario holds for the generic cross-section. In this second procedure, the bal-
anced failure scenario is defined at the simultaneous attainment of the ultimate strain
£, in the upper fibre of concrete in compression and the ultimate strain in prestressing
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steel tendons (e, OF £,,,) in tension at the bottom of the section. In this way, it is
possible to distinguish between failure due to concrete crushing in compression (CC)
or tendon rupture in tension (RT). The translational equilibrium equation (TEE) in the
balanced failure scenario is solved through an iterative solution method, as well as in
the CC (Step 2a in Figure 36) and RT (Step 2b in Figure 36) scenarios.

Once a solution for the TEE is obtained, the ultimate bending moment M,, can
be computed in both cases (CC and RT) through Equation (39) (Step 3 in Figure 36).
It is worth noting that in the case of T-section beams, in which also the slab contribution
is considered in flexural capacity computation, the variation of the internal lever arm z
depends on the neutral axis position x, leading to different values of strain & in the
upper mild steel reinforcement. This means that upper reinforcement could even as-
sume negative strain values, switching from tension to compression stress state for
each iteration. This might lead to numerical issues in chasing the problem solution. An
gasier numerical procedure can be adopted breaking down Equation (39) in Equation
(45), for which all the terms are specified in Figure 34.

M, = C.(0.6x) + Cs|x - yA§| + TS(yAS —x) + T, (yAp - x) (45)

Further details about the adopted procedure for computing flexural bearing ca-
pacity are reported in Figure 36.
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Figure 36 - Flowchart for computing corrosion-affected ultimate bending moment M,,.

5.3 Validation and comparison of methods

Experimental test results on different specimens performed by Yu et al. (Yu et
al., 2022) and Rinaldi et al. (Rinaldi, Imperatore and Valente, 2010) are adopted as
references for validating and comparing the accuracy of the two different analytical
approaches, indicated as procedure | and procedure Il. Note that corrosion effects are
modelled by a simple prestressing steel tendon area reduction with no stress-strain
relationship modification in procedure I (Section 5.1), whereas procedure Il accounts
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for both prestressing steel tendon area reduction together with the stress-strain rela-
tionship modification (Section 5.1 and 5.2). Both the abovementioned studies report
results in terms of ultimate load, B,,., obtained through flexural tests on different PC
beam specimens presenting corroded strands in a four-point bending set-up. The cor-
rosion level &, is expressed as the steel mass loss ratio and P, is the ultimate load
computed with analytical procedures exposed above. Results are shown in Table 3,
where values obtained from the simple procedure | and the second refined procedure
II (indicated as | Pr. and Il Pr. In Table 3) are reported.

Table 3 - Procedure validation: results of experimental tests vs the analytical methodologies.

Reference Specimen  Corrosion  Tested P,,, P, (kN) P u/ P, F{:::':
(1D) tevel £, () IPr. _NPr. IPr. NP  IIPr
K 0.00 2278 2403 2378 105 104  CC
(Yuetal., 2022) L2 0.09 216.7 2278 2134 105 098  RT
L3 0.14 1951 2058 1880 105 096  RT
B7 0.00 160 2171 2143 136 134  CC
B8 0.20 95 1868 812 197 085  RT
B9 0.20 115 1868 812 162 071  RT
Al oo B2 0.00 190 2260 2269 119 119  CC
arllga\l/all‘enrtne[?ezrgf(;; B3 0.14 85 2030 1491 239 175  RT
B1 0.20 66 1929 819 292 124  RT
B4 0.00 210 2309 2348 110 112  CC
B6 0.07 200 2191 1999 110 100  RT
B5 0.20 70 1966 824 281 118  RT

Through the ratio between the analytically computed and the experimentally
tested ultimate loads (B, /P,,), it is evident that the simplified | procedure tends to
produce higher errors with increasing corrosion levels. This is related to the simplifica-
tion in dealing with corrosion modelling, as this procedure neglects some fundamental
corrosion-related effects, e.g., the stress-strain relationship modification. Indeed, con-
sidering corrosion as a mere uniform steel area reduction implies disregarding all the
microscopic alterations suffered by the deteriorated material.
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The same outcome cannot be stated for the second procedure which leads to
a non-negligible higher accuracy in analytical computation, even though in most of the
cases the results are not safe-sided. Results in Table 3, graphically presented in Figure
37, show that the ratio B, /P, clearly decreases if computed through the Il procedure
instead of the | procedure. Some calculations overestimate the tested ultimate loads
and this can be related to the variability of the test results, as demonstrated by the two
different values of the recorded ultimate load P,,- obtained by testing the same speci-
men B8 and B9 (see Table 3) by Rinaldi et al. (Rinaldi, Imperatore and Valente, 2010)
to check the test repeatability. This hypothesis is further confirmed by the analytical
calculations performed with the same procedure by Yu et al. (Yu et al., 2022), which
overestimate the ultimate load of the same two specimens, i.e., B3 and B7 (see Table
3).

Summarising, although from a practical point of view, the first model is more
direct and simpler, it represents a rough simplification and leads to significant inaccu-
racies. Therefore, although more complex, the second method is recommended for the
evaluation of the flexural capacity of PC cross-sections subjected to tendon corrosion.
A limitation of both approaches stems from not considering the interaction between
corrosion and fatigue (Guo et al., 2024). However, if of interest, the capacity deteriora-
tion due to fatigue can easily be included using the residual cross-section area ap-
proach (Su et al., 2022), which models the effect of microcracks related to fatigue as
an equivalent steel area reduction which is added to the corrosion-related one. Moreo-
ver, another limitation comes from not considering the effect of corrosion on the bond-
ing between steel and concrete. It is worth recalling that this verification is performed
by considering only uniform corrosion. The case of pitting corrosion, which is the most
common in post-tensioned tendons, is not considered in this work.

86



Fragility analysis of prestressed concrete bridges affected by corrosion under traffic loads

(@) 39 (b) 3.0
25

2.0

15

1.0

tc [MPal 45 0.00 bE fc [MPa] 45 0.00 05

Figure 37 - Ratios of the analytically computed P, to the experimentally tested ultimate load P,,: (a) |
procedure vs (b) Il procedure.
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6 CASE-STUDY: A SET OF ARCHETYPES OF SIMPLY SUP-
PORTED GIRDER-TYPE PC BRIDGES

6.1 Description of the typological and general features of the case-study

The proposed methodology is applied to investigate the structural fragility of a
class of simply supported girder-type PC superstructures. Particularly, a case-study
bridge portfolio is selected within an existing highway network in Southern Italy built in
the 1960-1970 and designed according to the old Italian regulation, named “Circolare
n.384 del 14.02.1962, Norme relative ai carichi per il calcolo dei ponti stradali” (Min-
istero delle Infrastrutture e dei Trasporti, 1962). Such old code, in force in Italy until the
1980s, prescribed traffic load models simulating “real” civil and military traffic vehicles.
Particularly, it recommended the use of six real traffic load patterns (not reported for
brevity), representing civil and military vehicles, appropriately combined in side-by-side
lanes to maximise flexure and shear stresses on bridge girders. This traffic load mod-
elling approach is strongly different with respect to current codes which prescribe the
use of “conventional” design loads which do not represent real vehicles, but aim to
induce the stress demand related to the maximum real traffic load scenario for a given
reference period (100 years in the Eurocode). To the author’s knowledge, no studies
are currently available comparing the effects on the flexural and shear capacity of bridge
components designed considering such old load prescriptions with respect to the cur-
rent one.

The analysed portfolio includes simply supported bridges characterised by su-
perstructures composed of PC beams with post-tensioned tendons. The proposed
methodology is applied with the scope to prioritise special inspections and a possible
subsequent detailed assessment.

Since a complete collection of design documents accurately describing geo-
metric characteristics and structural details of the bridges included within the portfolio
is not available, a typological study based on parametrically generated archetype su-
perstructures is carried out. Particularly, six superstructure typologies are identified by
observing structural bridge characteristics. These are represented by six archetype
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superstructures generated by considering: 1) two different values of beam number of
the deck, i.e. three and four, and 2) three different values of span length (L), i.e., 30 -
40 - 50 m. These typologies belong to the medium-span length bridge class according
to the most recent Italian Guidelines (Consiglio Superiore dei Lavori Pubblici
(CS.LL.PP.), 2020). The parametric geometric characterisation of the case-study ar-
chetype superstructures is illustrated in Figure 38.

For the analysed bridge typologies, uncertainties in geometry and constructive
features are considered as explained in the following subsection. The deck total width
is defined by the spacing between the girders, which in turn depends on the beam
height and the span length. Depending on the deck width, the carriageway and the
number of traffic lanes are defined. The girder height varies according to the span
length. The girders of the superstructure present a variable number of tendons collected
in specific ducts filled with cementitious grout. The value of the prestressing steel area
is related to the span length and is computed through the prestressing steel ratio ps,,,
i.e., the ratio between the prestressing steel area and the tension area of the concrete
cross-section, as stated in Section 6.2. It is worth mentioning that, for the analytical
simplified modelling strategy, the diaphragms are assumed to guarantee the transverse
load distribution among the girders of the same superstructure. A number of five dia-
phragms, i.e., two at supports, one at mid-span and other two at 4 and % of the span
length, ensures the transversal repartition of loads among the girders in the selected
case-study archetypes. As a result of their cross-sectional shape, length and number
in a single span, these components ensure the validity of the assumption of infinite
bending stiffness of diaphragms compared to the torsional stiffness of the individual
girders, following the Courbon-Albenga assumptions. The same cannot be stated for
the refined numerical FE modelling strategy, where transversal elements like dia-
phragms and the slab are modelled with linear and non-linear beam elements.
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Figure 38 - Geometric and structural characteristics of the case-study superstructures and traffic load
model.

6.2 Selection of uncertain parameters and corrosion scenarios

Statistical distributions and regression laws are used to model the variability of
structural and material parameters within each analysed typology. Some of these are
retrieved from the study by Miluccio et al. (Miluccio et al., 2021), referring to bridges
in South Italy. For prestressing steel, statistical distributions are derived from Jacinto et
al. (Jacinto et al., 2012), who analysed a sample of strands produced by six manufac-
turers from four countries, i.e., Portugal, Spain, ltaly and Thailand. Such distributions
and models are listed in Table 4 and Table 5. For parameters whose statistical distri-
butions are not available in the literature, the maximum uncertainty is assumed using a
continuous uniform distribution (Celik and Ellingwood, 2010). Particularly, for geomet-
ric parameters like slab and road pavement thickness, the available design documents
of bridges belonging to the analysed bridge class are adopted as a reference for bound-
ary values. Particularly, a key parameter for the computation of the ultimate bending
moment capacity is the effective depth of the prestressing tendon system. A fixed dis-
tance from the section bottom fibre equal to 8 cm is adopted for defining the position
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of the prestressing steel, following the available design documents. Then, the effective
tendon depth varies according to the different values of the beam height, defined by the
corresponding regression model reported in Table 5. As far as initial prestressing stress
value is concerned, the “Brevetto Morandi” is taken as a reference, as the prestressing
tendon systems typically adopted for designing structures belonging to the case-study
bridge class followed the indications recommended by such a document. The patent
recommends an initial prestressing value not higher than 1200 MPa. Boundary values
for the initial prestressing uniform distribution in Table 4 are obtained considering over-
all prestressing losses in a range between 30% and 40%.

To investigate the influence of the degree of tendon corrosion on structural fra-
gility, different critical corrosion scenarios are considered. Each corrosion scenario is
associated with a corrosion degree &,, quantified as the (percentage) ratio between the
tendon mass considered as affected by corrosion and the initial tendon mass (see
Equation (23) in Section 4.4). In the proposed analytical methodology, no variation in
the distribution of corrosion among the different tendons for a given girder cross-sec-
tion is considered. This is because the spatial distribution of tendons within the ana-
lysed cross-section is neglected in the adopted algorithm. Additionally, the spatial var-
iation in corrosion distribution along the girder longitudinal axis is neglected since only
significant cross-sections are considered, as explained in Section 4.3.1. Accordingly,
the same choices are adopted for the refined numerical strategy, as the final results will
be compared under the same corrosion scenarios.

For each corrosion scenario, the tendon mass loss is associated with the girder
cross-sections considered to calculate the DCR (i.e., mid-span for flexure and at the
supports for shear). In the analysed scenarios, the corrosion degree is equal to 0, 5,
10, 15, 20 and 25% of the initial tendon mass. For mild reinforcing steel, a zero-corro-
sion level is assumed for each scenario at the bottom of the beam section. Note that
the corrosion of mild steel can be uncorrelated to the corrosion of tendons within the
ducts. Preliminary sensitivity analyses (which are not shown for brevity) show the neg-
ligible influence on fragility related to the corrosion level of mild steel with respect to
the one related to prestressing components. For mild steel reinforcement on the top of
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the beam, no corrosion is assumed to be the best choice, as top reinforcements are,
in general, well protected by the presence of the concrete slab, as far as the deck is
properly waterproofed with an appropriate waterproofing layer.

Table 4 - Statistical distributions for independent variables.

Parameter Distribution Parameters/Bounds
Mean concrete compressive strength (f;,,,)
(Miluccio et al., 2021)

Mean steel tensile strength (f,,,,,) (Miluccio et
al., 2021)

Conventional yield strength of prestressing
steel (f,,01) (Miluccio et al., 2021)

Ultimate strain of prestressing steel (e,,,,)

Lognormal u =38.5;,C0V=11.4% MPa

Lognormal u=451;C0V=72% MPa

Lognormal u =1665C0V=75% MPa

, Normal u =5;C0V=28.0% %
(Jacinto et al., 2012)
Prestressing steel Modulus of Elasticity (E

ressing YE) ol 4 =195.C0V = 25%  GPa
(Jacinto et al., 2012)
Slab thickness (s) Uniform [0.20; 0.30] m
Road pavement thickness (hy;;) Uniform [0.08; 0.20] m
Residual stress level of prestressing steel ,

Uniform [720; 840] MPa
(o5p)
Table 5 - Statistical distributions and regression models for dependent variables.

L,, is the span length of the beam, d, is the effective depth of the prestressing tendon system measured
from the top fibre of the beam section.

Parameter Predictors Distribution/Regression model Bounds
Beam height (H,,) Ly Uniform [Ly,/20;L,/15] m
Beam spacing (i)
(Miluccio et al., 2021)
Prestressing steel ratio

pspdsp = 8.16-107°L;, +

<) (Miluccio et al., - -
g;;))( Ly +1.85-107512

Lb’ Hb Hb = 028"1) + 003Lb - m
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6.3 Sensitivity analysis to define the size of the representative sample

The number of bridge realisations generated by the statistical sampling is ex-
pected to affect the fragility results. Therefore, an optimal sample size should be cho-
sen, to achieve a compromise between computational effort and stability in statistics
(i.e. convergence in results compared to an exact solution). Particularly, in this section,
an optimum sample size is identified through a sensitivity analysis in which fragility
results related to different sample sizes are compared to the best estimate (assumed
as benchmark sample size). The optimal sample size is the minimum sample size lead-
ing to negligible (considering a given tolerance) differences in fragility results, with re-
spect to the best estimate. For this purpose, the abovementioned sensitivity analysis is
carried out by considering, as an example, the four-beam typology with a variable cor-
rosion degree of steel tendons equal to 0% and 15%.

First, a set of 10* bridge realisations is generated for each analysed span length
value and subjected to the fragility analysis. Considering the very large sample size, the
computed fragility curve is assumed as the best estimate. Subsequently, several sam-
ples with increasing sizes, from 5 to 600, are produced and their fragility curves are
compared with the result obtained with the best estimate. The comparison is performed
in terms of relative error (RE) between the medians of the fragility curves, i.e., the rela-
tive difference between the fragility curve median of each sample size and the best
estimate.

This process is repeated several times for different randomly generated sam-
ples and for the two different corrosion scenarios. The results are shown in Figure 39
for ten repetitions of sample generation, for the two different values of corrosion degree
&p» equal to 0% and 15%. A relative error threshold of 2.5% is set to identify the optimal
choice. By observing the results, the optimal sample size ranges between 50 and 300
model realisations. Therefore, a number equal to 300 model realisations turns out to be
the optimal choice for ensuring convergence in statistics in all the analysed cases.
Subsequently, an additional check is performed, by comparing the dispersion values of
the different random generations of the optimal sample size, with the dispersion values
of the best estimate, considering the abovementioned bridge typologies. Considering
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that the maximum observed relative error on dispersion is equal to 11%, the optimal
sample size identified in the previous analysis is considered appropriate. For the sake
of brevity, the results of this last check are presented in Table 6 for the four-beam,
30m-span bridge typology, only. In conclusion, a sample size of 300 bridge model
realisations is used to perform the following analyses.
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Figure 39 - Relative errors (RE) as a function of sample size for span length equal to 30 m with (2) 0%
and (b) 15 % corrosion degrees; span length equal to 50 m with (c) 0% and (d) 15 % corrosion degrees.
SS indicates the optimal sample size.

Table 6 — Dispersion values of the optimal sample size and the best estimate for the 30m-long span four-
beams bridge (RE is the relative error).

$p %] Best estimate  Optimal size
Dispersion 0.192; 0.226
0 _OPESION g oqy [ ]
RE [-9.04; 7.02]%
Dispersion [0.155; 0.185]
_ 0.175
RE [-11.80; 5.27]%
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7 NUMERICAL FE MODELLING OF THE ARCHETYPE-SET

The analytical simplified model is really straightforward, being characterised by
a simply supported single beam reflecting the geometric characteristics of the analysed
edge girder of the bridge deck, loaded by a uniformly distributed load simulating the
code-compliant traffic load model, plus a concentrated load placed in the worst location
according to the selected stress to be assessed. On the opposite side, the refined nu-
merical FE model is much more complicated and requires an appropriate discussion to
list modelling and analysis choices. Herein, the model was realised via the OpenSeesPy
(Zhu, McKenna and Scott, 2018) software, due to its characteristics of automation,
which are extremely useful for probabilistic analysis. The software is the Python version
of the renowned OpenSees software (McKenna, Fenves and Scott, 2000), developed
in 2000 by Frank McKenna, Gregory L. Fenves and Micheal H. Scott. Through Open-
SeesPy, the model generation is performed by coding through Python language (Van
Rossum and Drake, 2009), taking advantage of Visual Studio Code (Microsoft Corpo-
ration, 2019), as IDE (Integrated Development Environment). Moreover, the model was
generated in part by exploiting the possibility provided by the Jupyter Notebook (Kluyver
et al., 2016) library, which allows code to be conveniently written and executed in sev-
eral cells, so that the output of each individual cell can be monitored and operations
performed in parts. Such a capability was of paramount importance, given the com-
plexity of the code for generating such a model. This latter was generated in such a
way as to be of a parametric type for the class of simply supported girder-type PC
bridges, and for this reason, its use can easily be extended to different archetypes be-
longing to this bridge class, by instantaneously and automatically varying quantities
such as the span length, the number of girders or the number of diaphragms of each
typology. In this section, an in-depth analysis of every aspect involved in the FE model
is described.

7.1 Modelling of prestressing effects

Before starting the discussion on geometry and materials used for generating
an FE model suitable for the simply supported girder-type PC bridge class, it is worth
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analysing how to model prestressing effects on the structure in OpenSeesPy. It is of
common practice to introduce prestressing effects in a structural model simulating a
prestressed component by applying an external equivalent force system. Such a strat-
eqgy is not suitable for the scope of the present work, as it involves the application of a
fixed external force system to the structure and the initial stress and strain of the pre-
stressing tendons are neglected. This leads to an incorrect assessment of the element’s
response, as in presence of corrosion, it is precisely the tendons that most probably
govern the failure of the section when the ultimate strain is reached.

For this reason, an alternative strategy is adopted in this study. OpenSeesPy
provides the possibility of applying some maodifications to the adopted materials, by
defining materials that are wrapped to the existing ones. The so-called wrapper mate-
rials are very useful at the aim of representing the prestressing effects, as, among the
whole set of possibilities, the Initial Strain or Initial Stress (Pacific Earthquake Engineer-
ing Research Center (PEER), 2008; Zsarnoczay et al., 2022) material can be selected.
Thanks to these wrapper materials, an initial strain or stress, respectively, can be ap-
plied to other existing materials in the model to generate. Applying one of them to the
prestressing steel material, the prestressing process can be simulated.

To test the reliability of such a modelling strategy, a comparison between the
results of the application of the Initial Strain and Initial Stress materials in OpenSeesPy,
with the application of an external equivalent force system in the software SAP2000
(Computers and Structures, 2016) has been performed. For this application, a 40m-
long span simply supported PC beam with a simple rectangular 80x200 cm section
has been analysed, simulating the span of the 40m-long span archetype described in
Section 6.1 and a compatible value of a relative beam height. The prestressing is pro-
vided to the element through six M5/12-type prestressing tendons (see Figure 41). This
tendon type belongs to the so-called “Brevetto Morandi” system, used in ltaly in the
1960s for the construction of post-tensioned structures. The tendon system is placed
at the bottom of the cross-section, at an 8 cm distance from the bottom fibre, in con-
formity with the prestressing height adopted in the case-study definition (see Section
6.2). A prestressing stress value of 540 MPa is chosen for the application. A C25/30-
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type concrete and B450C-type mild steel reinforcement are used as ordinary materials.
A fibre modelling element is used in OpenSeesPy, while a linear elastic model is used
in SAP2000, as the beam element is expected to remain in the elastic field.

i v i i 0
& | e i i Sl 1
13.5 [11.0/10.5/10.0/10.5/,11.0| 13.5
b—e0—t e e R

Figure 40 — Simply supported beam adopted for comparing prestressing effects obtained through
different prestressing modelling strategies.

Results show perfect correspondence in the application of the two wrapper
materials and good correspondence with results by SAP2000. Indeed, an upward ver-
tical displacement is recorded in the three different cases, equal to 4.6 cm for the Open-
SeesPy fibre model and 4.3 cm for the SAP2000 linear elastic model. The differences
between the two models may be related to the different modelling strategies and the
different level of refinement of the materials adopted in OpenSeesPy and SAP2000.
Furthermore, it is worth mentioning that using the /nitStrain command on OpenSeesPy
for modelling the application of the prestressing force, when looking at the initial stress
state imposed to the tendon fibre, a 10% stress loss compared to the initial imposed
prestress emerges. This is most probably related to the redistribution of stresses
among the different materials in the element section. The same loss is recorded even
when varying the initial imposed prestress value.
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2.3 - Porlata ed ingombro del cavi M5

M5/8

(Vedi al § 2.4 le limitazioni per i tipi S) Cavo tipo M5/4 M5/8 S M5/12 M5/16 M5/20 S

Numero trefoli da %' 4 8 12 16 20 24
Sezione nominale cm’ 3,716 7,432 11,148 14,864 18,580 22,296
Peso teorico netto (soli trefoli) Kg/m 2,94 5,87 8,81 11,75 14,68 17.62

Figure 41 - Prestressing tendon characteristics according to the Morandi system.

Further tests have been performed, by applying the prestressing through Initial
Strain or Initial Stress materials to a grillage model representing a bridge deck of the
same archetype. For this application, a four-beam 40m-span archetype has been cho-
sen. Results of the different applications are not herein reported for the sake of brevity,
but two main problems emerged from the tests. First, the application of prestressing
through Initial Strain or Stress directly on the grillage model in OpenSeesPy software
implies that the initial stress state is imposed on the entire structure at the same time.
This in turn leads to the development of induced stresses related to hyperstatic effects
in the grid model, due to the redistribution of stresses between the beams through the
connecting diaphragms. If the beams have different sections, and hence different stiff-
nesses, these stresses alter the initial stress state of the structure. As will be discussed
in the next sections, this is a typical situation in grillage models for girder-type PC bridge
class, as the edge girders have a different cross-section compared to the central ones,
due to the different effective slab lengths. In this regard, it is worth specifying that com-
parisons between the OpenSeesPy grillage fibre model and the SAP2000 grid linear
elastic model have produced matching results for the application of prestressing in the
abovementioned ways, similarly to the single beam case. Secondly, such a way to
apply the prestressing stress to the structure implies that also the slab is involved in
the prestressing process, but this is not true in real-world structures, as in these com-
posite bridges the slab is cast only after the beam prestressing. These problems would
lead to the unreliability of such a model for the purpose of analysis at serviceability limit
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states. Indeed, a different prestressing simulation process would be needed in this last
case, simulating a staged construction of the model, imposing the state of stress ac-
cumulated in the prestressing phase beam-by-beam, and imposing at the same time
zero stress in the slab. This way, the analysis would produce truthful outcomes for the
simulations.

However, in the case of ultimate limit state analysis, as of interest for the pre-
sent thesis, the induced hyperstatic effects are negligible compared to the forces acting
when the ultimate strength is reached. Furthermore, the effects of prestressing force in
tendons at the ultimate limit state are negligible and the structure behaves like an ordi-
nary RC structure, making the evaluation of the problem reliable. Future developments
of this work will aim to overcome these initial problems, allowing the evaluation to be
extended to the serviceability limit states.

Given the results of all the different tests, the Initial Strain material is chosen as
the best way to apply the prestressing force in the FE fibre model. Such a choice is
related to the greater pertinence of this modelling method to the actual post-tensioning
process to a generic real structure, where tendons are effectively stretched before being
anchored to the structural member. Furthermore, this wrapper material guarantees the
lack of numerical problems during the displacement-control analysis, in contrast to the
Initial Stress material, which proved to cause numerical issues in subsequent analysis
on the PC bridges archetype models. Particularly, these numerical problems may
emerge when, due to the random generation of realisation samples and the corrosion
scenario adopted, the prestressing stress level reaches high values compared to the
corrosion-affected yielding strength of the tendons.

7.2 Grillage model

Once the simulation method of prestressing effects on structure is selected, the
FE numerical model can be generated by Python coding. As mentioned above, a plane
grillage model is chosen to represent the structural response, seeking a balance be-
tween low computational effort and accuracy of the produced structural response. A
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conceptual scheme of the workflow followed to generate the model is shown in Figure
42,

Model domain

Grillage model

Constraints Sections

Running analysis

o2 patiems

Model response

Figure 42 - Flowchart for FE model generation in OpenSeesPy.
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The model is built by modelling longitudinal beams of the selected length, de-
pending on the analysed archetype, and transversal elements simulating the connecting
effect of diaphragms and the transversal contribution of the slab. A global right-handed
OXYZ reference system is adopted for positioning the model in the space domain. The
global Y-axis is conventionally chosen to develop along the gravity direction. Hence,
the grillage model lies in the XZ plane.

In the longitudinal direction, i.e., the global X-axis, the principal elements are
the beams. These elements are modelled as simply supported beams with one-dimen-
sional elements through nonlinearBeamColumn element, available in OpenSeesPy (Pa-
cific Earthquake Engineering Research Center (PEER), 2008; Zsarndczay et al., 2022).
This kind of element is based on the iterative force-based formulation. A variety of nu-
merical integration options can be used for this kind of element state determination and
in this case the Gauss-Lobatto method is adopted (Davis and Rabinowitz, 1984), which
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is also the default option provided by the software. Gauss-Lobatto integration is the
most common approach for evaluating the response of force-based elements (Neu-
enhofer and Filippou, 1997) because it places an integration point at each end of the
element, where bending moments are largest in the absence of interior element loads.
In each element, the software places N Gauss-Lobatto integration points along the ele-
ment. Particularly, it is advisable to adopt an odd number of integration points to
properly get the element response and five integration points are adopted in the present
work. The location and weight of each integration point are tabulated in references on
numerical analysis (Abramowitz and Stegun, 1972). The force-deformation response
at each integration point is defined by the section with a properly defined section tag,
i.e., an integer number associated with each generated section typology.

In the transversal direction, i.e., the global Z-axis, the diaphragms linking the
longitudinal beams are modelled through nonlinearBeamColumn elements as well. The
number of integration points is the same as the one adopted for the beams, and all the
abovementioned concepts equally apply to diaphragms. A number of five diaphragms,
including the ones at supports, is chosen for the archetype, since this choice is deemed
to give a high transverse flexural stiffness to the deck, similarly to the Courbon-Albenga
assumption. This choice is adopted for the subsequent comparison with the results
coming from the analytical model, but in future developments different number of dia-
phragms can be adopted, taking into account a lower number, to check the effects of
lowering the number of diaphragms on the structural fragility. It is worth mentioning
that, in this study, diaphragms are assumed detached from the slab, since this con-
struction technique is common in Italy and applied in the case-study bridge types. This
implies that the spacing of the transversal elements representing the slabs does not
take into account an effective collaborating slab width at the diaphragm locations.

As far as the slab is concerned, its contribution is modelled in both X and Z
global directions. Indeed, this structural element is a plane element which gives its
contribution in both directions. Longitudinally, the slab contribution is modelled as
merged in the beam elements, while in the transversal direction, its effect is modelled
through appropriate one-dimensional elements independent from the diaphragms.
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Particularly, an effective slab width contributing to the beam response is
adopted in the longitudinal direction. This quantity is computed following the standards
formulation taken from Eurocode EN 1992-1 Part 1: General rules and rules for build-
ings (CGEN, 2004). In subsection 5.3.2.1, the European standards provide indications
on the effective width of flanges to take into account when dealing with T-beam ele-
ments. Herein, the standards state that “In T-beams, the effective flange width, over
which uniform conditions of stress can be assumed, depends on the web and flange
dimensions, the type of loading, the span, the support conditions and the transverse
reinforcement.”. The code provides the formulation to compute such an effective flange
width, which in the present thesis corresponds to the slab width. The effective slab
width b, -, may be accordingly derived through Equation (46). In this equation, b,z s ;
is computed through Equation (47), and all the other parameters are described in Figure
43 and Figure 44. In this case-study, i.e., accounting for only simply supported beams,
the parameter [, coincides with the entire span length in each archetype. For this rea-
son, it is evident that computing the effective slab width through these equations leads
to big values of effective slab width. Hence, the limitation in Equation (47) implies that
the effective slab width equals half of the beam spacing in all the cases. This is true for
all the beams, but for the edge girders another limitation emerges. Indeed, for this kind
of structure, it is common practice to design a cantilever slab having a shorter length
than half of the beam spacing. For this reason, for the edge girders, the cantilever slab
length governs the effective slab width to take into account, since this parameter cannot
have a greater length than the actual existing slab.

beff = Z beff,i + bW < b (46)

beff,i = 02bl + Ollo < 0.2[0; beff,i < bi (47)
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Figure 43 - Definition of 1, for calculation of effective flange width (CEN, 2004).
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Figure 44 - Effective flange width parameters (CEN, 2004).

As for the slab transversal contribution, each field between two consecutive
diaphragms is divided into an integer number of slab bands. The width of these strips
cannot be an integer number, as the length between the adopted archetypes may vary.
For this reason, for the automatic generation of the models, a width that guarantees an
integer number of bands in each field between two consecutive diaphragms and at the
same time that is as close as possible to 3 metres is adopted. In this way, keeping a
fixed number of five diaphragms per span, the slab width varies between 2.5 m, 3.3 m
and 3.1 m for the 30m-, 40m- and 50m-span archetype, respectively. Such an auto-
matic logic can be easily extended to every possible number of diaphragms. One-di-
mensional slab elements are then placed in correspondence with the axis of each ob-
tained band. This choice guarantees a good balance between modelling simplicity and
representativeness of the slab contribution, by avoiding a more complex and computa-
tionally demanding modelling strategy by adopting shell elements. Furthermore, such a
choice follows what is prescribed in the literature on grillage models (Hambly, 1991).
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Indeed, a convenient spacing for transverse grillage members is deemed to be equal to
1/4 10 1/8 of the effective span. In this study, values of about 1/10,1/12and 1/16
of the effective span are obtained for 30m-, 40m- and 50m-span length, respectively.
A typical distribution of the nodes in the global geometry of the grillage model
obtained following the abovementioned indications is represented in Figure 45 and Fig-
ure 46, where only the nodes are shown, placed in the XZ plane. In the figure, it is
clearly shown the numbering system adopted for the nodes, i.e., arranged according
to a matrix in which each node corresponds to three digits, the first of which corre-
sponds to the row and the second and third to the column. This numbering allows the
model to be extended to nine longitudinal elements and 99 transverse elements, limits
that are very far from being achieved for modelling a real girder-type PC bridge struc-
ture.
In addition, other symbols are visible in the figure to point out the different
meanings for each element. Particularly:
e Agreen little dot is used to represent the nodes between the longitudinal
beam element and the transversal slab element.
@ Ablue dotis used to represent the nodes between the longitudinal beam
element and the transversal diaphragm element.
A Ared upward triangle is used to indicate a bearing which allows trans-
lational displacements along the z-axis (vertical direction in the figures).
p» Ared rightward triangle is used to indicate a bearing which allows trans-
lational displacements along the x-axis (horizontal direction in the fig-
ures).
% A red 45-degree-tilted cross is used to indicate a fixed bearing which
prevents all the in-plane translational displacements.
% Ared cross is used to indicate a bearing which allows all the in-plane
translational displacements.
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Bearing and node scheme
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Figure 45 - Bearing and node scheme for the 40m-span, four-beam archetype.
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Figure 46 - Bearing and node scheme for the 50m-span, three-beam archetype.
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Figure 47 - Three-dimensional view of the grillage model in the reference space, a random realisation of
the 40m-span, four-beam archetype.

7.3 Constitutive laws of materials

Once the global geometry is defined, appropriate material models need to be
defined, i.e., concrete, mild reinforcement steel and prestressing steel. Obviously, the
mechanical characteristics of the adopted materials vary in the same way as defined
for the analytical model in Section 6.2. Herein, the chosen material models available in
the OpenSeesPy library are listed. Before describing the material adopted in this work,
it is worth mentioning that the general command for the generation of every material is
called uniaxialMaterial. This command is used to construct a uniaxialMaterial object
which represents uniaxial stress-strain (or force-deformation) relationships.

Regarding the concrete material, a Concrete02 model is adopted (McKenna,
Fenves and Scott, 2000; Zsarndczay et al., 2022). The stress-strain relationship of this
material model (Mohd Yassin and Mohd Hisham, 1994) is shown below in Figure 48.
In the figure, fpc is the concrete compressive strength at 28 days, epsc0 is the concrete
strain at maximum strength, focu is the concrete crushing strength, epsU is the con-
crete strain at crushing strength, /ambda is the ratio between unloading slope at epscu
and initial slope,  is the tensile strength and Ets is the tension softening stiffness (i.e.,
the slope of the linear tension softening branch).
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Figure 48 - Concrete02 model in OpenSeesPy reference manual (Pacific Earthquake Engineering
Research Center (PEER), 2008).

As for the compression side, the concrete parameters are chosen to take into
account a parabola-rectangle concrete model suggested by the Italian building code
(Ministero delle Infrastrutture e dei Trasporti, 2018). Tension-wise, the tensile strength
is computed following the Italian code indications, while for the softening slope, the
following logic is adopted. Since with values ranging from 50% to 20% of the compres-
sive elastic modulus lots of convergence issues were encountered during the displace-
ment-control analysis to failure, a very low value has been chosen for this parameter,
about 1% of the compressive elastic modulus. This value ensures zero convergence
problem for the analysis. To prevent an unreal too-strong tensile response of concrete,
the tensile strength parameter has been reduced to 20% of the code-prescribed value.
In this way, good correspondence of analysis results has been achieved compared to
the case in which the code-prescribed tensile value is adopted, but with no longer con-
vergence issue. It is worth specifying that these two parameters, i.e., the tensile con-
crete strength and the tensile softening slope, have negligible effects on the final re-
sponse of the model, and hence these adjustments were found to be irrelevant to the
outcome of the analyses.

As far as mild and prestressing steel materials are concerned, the same con-
stitutive law exposed in Section 4.4 is adopted, again for the sake of comparison with
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the fragility obtained through the analytical model. On the OpenSeesPy library, the cor-
responding material is defined as Stee/07 and is shown in Figure 49. In the figure, Fy
is the yield strength, E0 is the initial elastic tangent and b is the strain-hardening ratio,
i.e., the ratio between the post-yield tangent and the initial elastic tangent. As for me-
chanical parameters, the probability distributions listed in Table 4 in Section 6.2 are
adopted. Modifications to the prestressing steel constitutive law are used according to
indications provided in Section 5.2 and shown in Figure 35. For the reasons explained
in Section 6.2, a zero-corrosion level is adopted for mild reinforcing steel.

stress or force
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Steel01 Material -- Hysteretic Behavior of Model w/o Isotropic Hardening

Figure 49 - Steel01 material: stress-strain relationship in OpenSees (Pacific Earthquake Engineering
Research Center (PEER), 2008; Zsarndczay et al., 2022).

Particularly, as mentioned in Section 7.1, a wrapper material Initial Strain (Pa-
cific Earthquake Engineering Research Center (PEER), 2008; Zsarndczay et al., 2022)
is defined, to be wrapped on the prestressing Stee/07 material. As for the value of
prestressing stress, the statistical distribution defined in Table 4 in Section 6.2 is
adopted.

7.4  Section modelling via fibre-approach

After the generation of the global geometry and materials, the cross-section of
every element type is defined. As mentioned in the previous section, in the longitudinal
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direction, the contribution of the beams plus the slab on top needs to be taken into
account for a reliable modelling of the deck response. For this reason, a fibre composite
section is modelled, with the beam cross-section geometry at the bottom and the slab
on top, accounting for the relative effective width computed according to Section 7.2.
An example of the so-defined cross-section is shown in Figure 50. The beam in the
figure belongs to the 40m-span, three-beam archetype. The figure clearly shows how
the different parts of the cross-section are modelled through OpenSeesPy functions for
fibre modelling. In grey, the concrete parts of the cross-section describe the main ge-
ometry, while the layers of mild reinforcement in the model are shown in red and the
green dots at the bottom represent the six tendon fibres.

1.5 A | I
=—
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£
> 0.0
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-2 -1 0 1 2
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Figure 50 - A random beam cross-section of the 40m-span, three-beam archetype.

As for the concrete part, the section is conveniently divided into four-sided pol-
ygons, and each shape is separately modelled through the patch function for the fibre
generation. This command is used to generate a number of fibres over a cross-sec-
tional area. Particularly, three shapes of cross-section can be generated through this
command: quadrilateral, rectangular and circular. In this case, different quadrilateral
shapes are used for the cross-section generation. The software imposes specific rules
to follow for the quadrilateral patch generation, e.g., the generation needs to be
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performed following the quadrilateral perimeter, providing the coordinates of the four
corners in a counterclockwise sequence. An idea of how the command works is given
in Figure 51. In the figure, the four corners of the quadrilateral shape are defined as
nodes /, J, K and L, with the relative coordinates, while the numSubDiv parameters
represent the number of subdivisions for each side of the shape. Such a command
allows a faster and more comfortable fibre generation, compared to a fibre-by-fibre

generation.
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Figure 51 - Pafch command in OpenSees (Pacific Earthquake Engineering Research Center (PEER),
2008; Zsarndczay et al., 2022).

As far as the mild reinforcement layers are concerned, the /ayer command is
the best modelling choice. This function, as well as the patch command, allows the
generation of multiple fibres in a single command. Particularly, the /ayer command gen-
erates a row of punctual fibres along a geometric arc, which can be a simple straight
line or a circular arc. A representation of the command is given in Figure 52. The com-
mand requires the respect of precise rules for the layer generation, e.g. the definition
must follow a line starting from one node, whose coordinates must be defined, and
ending with another node, with its relative coordinates. The numBars parameter needs
to be specified, i.e., the number of single fibres to arrange along the defined layer. This
command perfectly fits the generation of mild reinforcement layers in a cross-section,
and hence is herein used at this aim (red lines in Figure 50).
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Figure 52 - Layer command in OpenSees (Pacific Earthquake Engineering Research Center (PEER),
2008; Zsarndczay et al., 2022).

Finally, the fiber command is used to define the six punctual fibres simulating
the steel tendons (in green in Figure 50). The function allows single-fibre modelling and
placement following specific coordinates. The area of the punctual fibres needs to be
defined for the generation through this command. In this case, this parameter naturally
coincides with the area of a single steel tendon, as the total prestressing steel area is
herein equally distributed among the six tendons.

Through these fibre modelling commands, two different beam cross-sections
are defined, according to the variation of the effective slab width in the longitudinal
direction (see Section 7.2). Particularly, a distinction is made between the edge girders
and the central girders of the deck.

A typical moment-curvature curve of the midspan cross-section of a randomly
generated realisation belonging to the 40m-span, four-beam archetype, is shown in
Figure 53 below. Such a shape is obtained as a consequence of the listed choices of
geometry and materials. In the figure, it is possible to note that the starting point of the
moment-curvature relationship stands slightly below zero and has a negative value of
the curvature y,,;4, due to the initial strain given by the prestressing action. Such a
curve is obtained with a corrosion value &, equal to zero.
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Figure 53 - Moment-curvature relationship for a random realisation of the 40m-span four-beam
archetype.

As far as transversal direction elements are concerned, cross-section for dia-
phragms and slab elements needs to be defined. For diaphragms, which are non-linear
elements as mentioned in Section 7.2, a simple rectangular RC section is herein
adopted. These transversal linking elements are defined through fibre modelling, as well
as the longitudinal beams. This allows a good representativeness of their distribution
capacity of stresses among the beams. The methods for the generation of such a sec-
tion are the same as listed above for the beam cross-section, i.e., patch command and
layer command for the concrete main shape and mild reinforcement layers, respec-
tively.

As for slab elements, it is assumed that these elements have a linear elastic
response. This is because slab elements are assessed through appropriate local verifi-
cations, according to the standards. In this work, a global assessment is performed
and, hence, the failure of slab elements can be neglected. For this reason, the slab is
assumed to be able to distribute the load without achieving failure. Therefore, for the
definition of the transversal slab-element section, the section aggregator command is
adopted. This command is used to construct a SectionAggregator object which aggre-
gates groups of previously defined UniaxialMaterial objects into a single section force-
deformation model. Each UniaxialMaterial object represents the section force-defor-
mation response for a particular section degree-of-freedom (DOF). Through this com-
mand, there is no interaction between responses in different DOF directions. The
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command is described by a simple scheme in Figure 54. Taking advantage of this
command, three UniaxialMaterial are defined for the slab elements, to be aggregated in
the section, i.e., an axial material, a flexural material and a torque material. All three
behaviours are defined as linear elastic, for this reason:

e The axial behaviour is simply defined through the product of the con-
crete elastic modulus E, by the area of the rectangular section A4,
with the transversal effective width of the slab equal to half of each
transversal slab band (see Section 7.2).

e The flexural behaviour is defined through the product of the concrete
elastic modulus E. by the inertia of the rectangular section I, g;45.

e The torsional behaviour is defined through the product of the concrete
shear modulus G, by the torsion coefficient of the section /4 -

P, Mz

Figure 54 - Section aggregator command in OpenSees (Pacific Earthquake Engineering Research Center
(PEER), 2008; Zsarndczay et al., 2022).

The local geometric characteristics of each type of element are defined follow-
ing the indications in Sections 6.1 and 6.2. Before switching to the discussion on load
models, it is worth going into the details of the definition of the torsional behaviour of
the selected elements. Regarding diaphragms and slab elements, the torsion coefficient
can be easily computed through the simplified formula for rectangular shapes derived
from the St Venant formulation in Equation (48), where b and d are the two sizes of the
generic rectangle. This formula can undergo further simplification in the case of a thin
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rectangle where b > 5d, given that b is the greater size of the rectangle, turning into
the formula in Equation (49).

_ 3b%d°®
/= Tomz+ ad (48)
bd?
] = = (49)

However, finding the torsion constant of the beam cross-section can be tricky,
due to its complicated shape. Literature references (Hambly, 1991) suggest that for
many sections with re-entrant corners, the torsion coefficient / can be obtained with
sufficient accuracy by notionally subdividing the cross-section into shapes without re-
entrant corners and summing the values of the singles J obtained for the elementary
shapes. A specific rule needs to be attended when subdividing the complicated shape,
following the so-called “Prandtl’s membrane analogy”, described in Timoshenko and
Goodier (Timoshenko and Goodier, 1970), and here described in Figure 55. Indeed, it
is shown that the stiffness of a cross-sectional shape is proportional to the volume
under an inflated bubble stretched across a hole of the same shape. The shear stress
at any point is along the direction of the bubble’s contours and of magnitude propor-
tional to the gradient at the right angles of the contours. If a cross-section is cut in a
half, like in Figure 55 (e), the membrane is in effect held down along the cut, thus greatly
reducing its volume and preventing the flow of shear stress along the contours from
one part to the other. Consequently, when a cross-section is divided into different parts,
like in Figure 55 (a), it is important to choose the elements so that they maximize the
volume under their bubbles. To avoid giving the bubble zero height at the notional cuts,
the elements can be rejoined at the cuts for calculations, as in Figure 55 (b). Since
shear stresses flow across both ends of the web it can be thought of as part of a long
thin rectangle for which Equation (49) holds. Figure 55 (c) and Figure 55 (d) also show
the cross-section arbitrarily cut into rectangles which, by not trying to maximise the
volume under the bubble, leads to a value of J equal to only half of the correct figure. It
is worth noting that in the case of a thin open rectangle represented in this case by the
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slab, which has a virtual delimitation on the shorter lateral sizes, the torsion coefficient
can be conventionally taken as the half of the one of a closed thin rectangle described
by Equation (49). This is due to the un-closed path of the shear stresses around the
open contour of the element that leads to a loss in the shear stresses for an open cross-
section as it is typical for the slab in a composite structure.
Following the abovementioned process, a randomly generated beam cross-
section is split into four different parts, following the scheme in Figure 55 (f):
1) The top slab, element (1) in Figure 35 (f), representing an open rectan-
gle, gives a contribution given by the formula J;,, = bd3/6.
2) The top flange, element (2) in Figure 55 (f), is approximated at a rec-
tangle with a width equal to the mean width of the top flange trapezium.
3) The web, element (3) in Figure 55 (f), has a simple rectangular shape
and its torsion coefficient can be easily computed through Equation
(48).
4) The bottom flange, element (4) in Figure 55 (f), can be approximated to
a rectangle having a width equal to the mean width of the bottom flange
trapezium.
The validity of these approximations has been proved by modelling a real beam cross-
section on the software SAP2000 and by comparing the torsional coefficients obtained
in the two different ways. The software provides the value of the torsional coefficient
for a given cross-section of any shape. Comparing the two values showed an almost
perfect matching between the torsional coefficient from SAP2000 and the approximated
one, confirming the goodness of the adopted strategy.
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Figure 55 - Torsion coefficient computation.

7.5 Dead and traffic load patterns and cases

After the definition of the sections, the entire geometry of the model is defined.
The hierarchy of the OpenSeesPy model follows a precise logic process. The materials
previously defined are assigned to each section, and each section is assigned to an
appropriate element. Each element spans between two previously defined consecutive
nodes.

Figure 56 - Longitudinal beam element with five integration points.
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Once the structure is generated, the loads must be applied to compute the rel-
ative induced stresses on the structure. Nodal and elemental loads can be defined in
OpenSeesPy, through the commands /oad and eleLoad, respectively. In this model, the
first command is used to define concentrated forces, while the second is for uniformly
distributed loads acting on elements. Nodal loads can be applied directly on the nodes
or, alternatively, on a certain location over a specific element, by defining its location
relative to the first node of the element itself. Elemental load can only be defined on a
specific element, and it is important to keep this in mind when defining the different
loads acting on the structure.

As for structural dead loads, following the process described in Section 6.1,
they can be easily defined mainly as uniformly distributed loads (UDLs) acting on ele-
ments. The beam self-weight, not including the relative effective slab portion on top, is
assigned to the longitudinal element through UDL, as well as the diaphragm self-weight.
Regarding the slab, considering its weight both in longitudinal and transversal elements
would mean considering its self-weight as doubled. For this reason, its weight is as-
signed only to the transversal slab elements, whose function is to transfer their load on
the longitudinal beam through the beam-slab connection nodes. The same logic can be
followed by defining the non-structural dead loads, including the road pavement and
the linear weight of the lateral road barriers. Specific attention needs to be paid to the
loads acting on the slab cantilever. These can be transformed into an equivalent force
system consisting of a vertical force plus the relative moment. In OpenSeesPy, it is
impossible to model a linearly distributed moment load, and for this reason, the result-
ing moment and forces coming from the slab cantilever are computed and assigned to
each correspondent node defined on the relative edge girder.

A different situation is the one regarding the traffic loads. Traffic load models to
be applied to the superstructure have been deeply discussed in the appropriate Sections
4.1.1 and 4.1.2. As specified in Section 4.3.1, the scheme proposed by the Eurocode
1 — Part 2 (CEN, 2003) is herein adopted, and the scheme proposed by the Italian
Guidelines (Consiglio Superiore dei Lavori Pubblici (CS.LL.PP.), 2020) are adopted as
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alternative loads. Both the traffic models consist of two main loads, i.e., the uniformly
distributed load and the tandem system.

The two models are pretty much the same in the application in OpenSeesPy if
the UDL part is considered. UDLs are modelled as linearly distributed loads acting on
the longitudinal axis of the code-prescribed distributed loads, i.e., the longitudinal axis
of each notional lane. The axis of a notional lane does not fall exactly on a longitudinal
beam, for this reason, it is impossible to define the traffic load coming from a notional
lane with UDL. To solve this issue, the subdivision of the slab in transversal bands can
be exploited. The resulting traffic force coming from the notional lane acting on a single
band is computed, and each concentrated force is defined as acting on the relative
transversal slab element, following the same logic process adopted for the transversal
slab element definition (see Section 7.2). In this way, the notional lane loads are applied
to the slab elements that are in charge of carrying the load to the longitudinal beams. A
scheme describing the concentrated forces applied for simulating the Eurocode-based
traffic model for a random realisation of the 40m-span, four-beam bridge archetype is
shown in Figure 57.

Regarding the tandem system in the two traffic load models, two different ways
are adopted for their application on the superstructure. Eurocode-conforming tandem
loads are defined with a single concentrated load, acting alternatively at midspan or at
the supports, for maximum flexure and shear demand, respectively (see Figure 57).
Tandem systems conforming to the Italian Guidelines alternative loads are defined as a
train of concentrated pairs of loads, simulating the axle of a generic vehicle, acting on
the available nodes. To provide a graphical example, a second scheme representing the
distribution of concentrated forces simulating the “heavy” traffic load model by the new
Italian Guidelines is shown in Figure 58.
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9 kN/m2UDL

2.5 kN/m2UDL
300 kN TS
200kNTS
T00kNTS

Figure 57 - Concentrated forces simulating the application of uniformly distributed loads (UDL) and
tandem systems (TS) for the traffic model by Eurocode, an example on the 40m-span, four-beam
archetype. Values in the legend refer to Table 2 in Section 4.1.1.

Il uDL
H TS

Figure 58 - Concentrated forces simulating the application of uniformly distributed loads (UDL) and
tandem systems (TS) for the “heavy” traffic model by Italian Guidelines, an example on the 40m-span,
four-beam archetype. Reference values for the load intensities are reported in Section 4.1.2.
OpenSeesPy software allows the user to perform static or dynamic analysis,
through the analysis command (Pacific Earthquake Engineering Research Center
(PEER), 2008; Zsarndczay et al., 2022). Particularly, three different types of analysis
can be chosen among static, transient and variable transient. The first is intuitively
understandable, the difference between the second and the third lies in the time step
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used for the analysis. For the transient analysis the time step is set to be constant
during the analysis, while for the variable transient one, the time step is considered
variable. In this study, according to the nature of the loads acting on the superstructure
of a bridge, the static analysis type is adopted.

To get the structural response, after the application of a load system on the
structure, a system of equations needs to be solved. OpenSeesPy software solves the
problem through a so-called Integrator object, which has different methods. The two
main methods for a static integrator are Load Control and Displacement Control. Intui-
tively, the first method imposes a control of the load applied on the structure in different
steps by an increasing factor. The second one does the same, by controlling the dis-
placement. Particularly, the displacement-control command allows setting a displace-
ment objective for a specified node, i.e., the control node, dividing the objective in dif-
ferent displacement steps by an amplification factor and forcing the equilibrium of the
structure between internal and external forces at each step of the analysis. The equilib-
rium is achieved through different iterative algorithms, and OpenSeesPy gives the
chance to pick a specific type of algorithm within different possibilities through the
algorithm command. The best algorithm can change according to the specific problem,
but it is of great importance to investigate this aspect to guarantee the analysis conver-
gence at each step. The displacement-control analysis is the best choice to take the
structure response into the plastic field and get its ultimate capacity. In this work, an
assessment investigating the ultimate limit state of the structure is performed and,
hence, this type of analysis is perfectly fit for the purpose.

The different loads are herein applied in different stages. First, the prestressing
effects are applied to the structure. The software applies the initial strain to the structure
(see Section 7.3), only after the first analysis is performed. For this reason, a first load-
control analysis by applying a sort of “ghost load” to the structure, i.e., a distributed
low of negligible intensity, is performed. This allows exercising a combination of effects
on the structure, i.e., the initial strain plus a gravity load of very low intensity. Due to
the negligible effects of the gravity load, the effects of prestressing can be read on the
structure, which presents a counter-deflection at this stage, proportional to the
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assigned initial strain. The load-control analysis is adopted for this stage, as the struc-
tural response surely does not exceed the elastic domain limit, and, hence, this kind of
analysis rapidly converges in few steps. A deformed configuration of the structure after
the application of prestressing actions is shown in Figure 59. The figure is obtained for
an analysis of a random realization of the 40m-span, four-beam bridge archetype.

y[m] o0

-0.17

1.1
z [m]

Figure 59 - Structure nodal displacements due to prestressing effects for a random realisation of the
40m-span, four-beam bridge archetype.

In a second stage, the dead loads are applied to the structure. At this stage, the
structural response may exceed the elastic threshold in some scenarios, €.g. a high
corrosion level scenario can trigger an early failure due to only dead loads. For this
reason, a displacement-control analysis is adopted to run this stage. A representation
of the dead load effects computed for the same archetype random realisation shown in
Figure 59 is provided below in Figure 60. It is worth noting that, with the application of
the dead loads, the initial counter-deflection is almost zeroed out, and the same applies
to many other realisations.
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Figure 60 - Structure nodal displacements due to dead loads for a random realisation of the 40m-span,
four-beam bridge archetype.

Lastly, traffic loads are applied in a final stage, if dead load failure has not oc-
curred. Most probably, depending on the amplification factor adopted for the analysis,
at this stage, the structure goes beyond the elastic domain limit. For this reason, again
displacement-control analysis is needed. In Figure 61, the deformed configuration of
the same archetype random realisation described in the two previous figures is shown.
Such a displacement is reached after the application of a traffic load combination that
maximises the flexural response at the mid-span of the edge girder, with an amplifica-
tion factor that doubles the load. The corrosion scenario adopted for the analysis in the
figure is a 5%-level corrosion scenario.
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z [m]

Figure 61 - Structure nodal displacements due to traffic load combination maximising flexure at midspan
for a random realisation of the 40m-span, four-beam bridge archetype, given a 5%-corrosion scenario
and amplification factor for traffic loads equal to 2.

With displacement-control analysis, the maximum bending moment at midspan and
the maximum shear stress at the support zone are computed at each step of the anal-
ysis. Once the analysis has started, two different controls are performed during the
process. Indeed, the vertical downwards push is stopped when either the load has
reached the desired intensity (without any failure), or the first cross-section fails be-
fore getting to the pre-set intensity. This last condition corresponds to a demand-to-
capacity ratio (DCR) exceeding the unit value, allowing the fragility curve construction
process described in Section 4.5.
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8 RESULTS AND DISCUSSION

In this section, the results in terms of fragility curves and points are presented.
Particularly, the first part presents the fragility results derived from the application of
the traffic models prescribed by Eurocode 1 — Part 2 (CEN, 2003), which are the same
as in the ltalian building code (Ministero delle Infrastrutture e dei Trasporti, 2018). In
the second and last parts, results in terms of fragility coming from the application of
the alternative traffic load models proposed by the new Italian Guidelines (Consiglio
Superiore dei Lavori Pubblici (CS.LL.PP.), 2020) are presented. A brief discussion of
the most interesting outcomes is proposed in each section.

8.1 “Corrosion-affected fragility” curves accounting for the Eurocode-based
traffic model

In this section, fragility results obtained through the application of the Eurocode-
based traffic load models are presented. Results are graphically shown and discussed
according to the two proposed different modelling strategies, i.e., the simplified analyt-
ical model and the refined FE model. Then, a comparison of the obtained results is
performed, highlighting the main differences and understanding their nature. Finally, a
brief discussion on the fragility coming separately from the two analysed failure mech-
anisms, i.e., flexure and shear failure, is proposed.

8.1.1  Fragility curves via simplified analytical model fragility

The results in terms of fragility curves to traffic loads obtained from the simpli-
fied analytical modelling strategy are computed and discussed in this subsection,
mainly focusing on two aspects: (a) the influence of span length and number of beams
characterising the investigated PC bridge archetypes and (b) the influence of different
corrosion scenarios (&,). The discussion aims to derive indications to address bridge
prioritisation in the analysed simulated bridge network.

Before showing the results, it is worth mentioning the rationale behind the se-
lection of the load amplification factors, i.e., the traffic-load intensity measure (IM) val-
ues. In the simplified analytical modelling strategy, traffic load analyses are performed
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by varying the traffic load amplification factor from 0 to 5, at a step size of 0.01. Such
values are chosen to obtain a high resolution for the fragility dataset. Computational-
cost-wise, this is not the best choice to keep the probabilistic assessment procedure
fast and cheap. However, the analytical model equations are so easy-to-solve for an
ordinary computer, that such a high number of analyses can be run in few minutes.
The maximum amplification factor is fixed to 5, because a failure probability equal to
one is reached for all the different archetypes at this traffic load value.

The results of the analyses are shown in Table 7, Table 8 and Table 9, which
report the median and dispersion of the lognormal cumulative density function repre-
senting fragility curves, and Figure 63, Figure 64 and Figure 65, in graphical form. In-
deed, the lognormal cumulative distribution function (CDF) was found to fit perfectly
the fragility dataset obtained through this simplified procedure. Fragility curves are com-
puted for &, ranging between 0 and 20%, and span lengths equal to 30, 40 and 50 m.
Such a range of corrosion values has been chosen because they are compatible with
the corrosion values of the specimens experimentally tested by Yu et al. (Yu et al.,
2022), from which the herein-adopted corrosion-affected stress-strain relationship has
been derived. In addition, a corrosion degree &, equal to 25% has been investigated,
but most of the model realisations in the analysed sample failed due to self-weight at
this very high corrosion level, preventing the computation of fragility curves. Figure 62
presents an example of the stress-strain relationship modification of corroded pre-
stressing tendons related to a randomly extracted bridge-archetype realisation.
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Figure 62 - Modifications of the prestressing steel stress-strain relationship due to corrosion for a random
bridge-archetype realisation.

Table 7 - Fragility parameters corresponding to 30 m-span bridge.

£ [%] Median Dispersion
P Three-beam Four-beam Three-beam Four-beam
0 1.69 1.69 0.154 0.119
5 1.60 1.59 0.161 0.127
10 1.31 1.30 0.189 0.167
15 0.93 0.93 0.230 0.200
20 0.54 0.54 0.320 0.297

Table 8 - Fragility parameters corresponding to 40 m-span bridge.

£ [%] Median Dispersion

P Three-beam Four-beam Three-beam Four-beam
0 1.55 1.60 0.150 0.136
5 1.49 1.55 0.149 0.138
10 1.37 1.41 0.158 0.146
15 0.99 1.02 0.218 0.213
20 0.55 0.55 0.335 0.342
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Table 9 - Fragility parameters corresponding to 50 m-span bridge.

£ [%] Median Dispersion

P Three-beam Four-beam Three-beam Four-beam
0 1.44 1.51 0.169 0.158
5 1.39 1.46 0.173 0.161
10 1.33 1.39 0.173 0.159
15 1.06 1.12 0.213 0.205
20 0.57 0.58 0.372 0.401

First, the obtained fragility curves related to &, = 0% (Figure 63, Figure 64 and
Figure 65) show that the highest value of the probability of failure, considering the traffic
load multiplier « = 1, is related to the 50m-long span superstructure typology with
three beams, which is a few more than 3%. Instead, a probability of failure equal to
about 0.5% is observed for the four-beam and 50m-span typology, and lower for the
other archetypes. These significant values of failure probability in absence of corrosion
can be related to: 1) the difference in the traffic load model adopted to carry out the
fragility analysis with respect to the one prescribed in the old design code; 2) the un-
derestimation of capacity deriving from the models adopted for propagating the uncer-
tainty which can be not accurate for 50m-span PC bridges. Some of these models,
described in Table 4 and Table 5, are derived from a bridge sample in which such high
span length values are rarely recorded, making their application to the 50m-span length
likely unreliable. Furthermore, as highlighted in the following by analysing the fragility
curves considering only flexural and shear failure, such a high value of failure probability
is determined by the shear failure mode and may be related also to the conservative
estimation of the shear capacity obtained from the shear model herein considered. Fu-
ture research advances aimed at structural data collection can be useful for deriving
more accurate estimations of capacity for the investigated bridge typologies, in partic-
ular for the higher span values. These results preliminary show that, in the absence of
corrosion, and assuming the reliability of the models adopted for the propagation of
knowledge-based uncertainties (Table 4 and Table 5), priority should be related to
bridges having the highest span length value. This outcome, enhancing the fragility of
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long-span PC bridges with respect to the other cases, can be used to revise the pre-
scriptions of the new Italian Guidelines on the structural safety of existing bridges (Con-
siglio Superiore dei Lavori Pubblici (CS.LL.PP.), 2020) which assign a homogeneous
vulnerability class to bridges with a span length value higher than 25 m. It is worth
highlighting that this conclusion, as based on the above-listed assumptions, needs to
be verified, for instance, with deeper analyses of examples of real bridges.

The increase in the corrosion level significantly affects the superstructure's per-
formance. Results show that the analysed bridge typologies show a relevant increase
in fragility for « = 1 when the corrosion level exceeds values around 10%. Indeed, the
probability of failure related to &, = 10% increases up to significant values for all the
typologies. This may be related to the loss of the plastic branch in the corroded pre-
stressing steel stress-strain relationship (see Figure 62) which starts to occur for cor-
rosion values in the range of 8% (see Section 4.4). At &, = 15%, there is a relevant
drop in bridge performance. Indeed, the probability of failure for « = 1 exceeds about
30% for all the analysed bridge typologies. It is worth noting that a corrosion level equal
to 15% approximately corresponds to the loss of almost an entire strand area over a
wide-spread seven-strand steel tendon. If a corrosion degree increment from &, = 0%
to &, = 15% is analysed, the fragility medians (reflecting the « value related to the
probability of failure equal to 50%) show a reduction equal to 45%, 36% and 26% for
the 30m-, 40m- and 50m-span archetypes, respectively, regardless of the number of
beams. Therefore, while dealing with the prioritisation of special inspections, in pres-
ence of expected corrosion, greater priority should be given to the shortest span typol-
ogy in the simulated road network. The reduction of the fragility curve medians for an
increasing corrosion value from &, = 0% to &, = 20% remains approximately con-
stant and ranges from 60% to 70% for all the archetypes. According to the assumptions
of the simplified analysis adopted in the analytical method, the number of beams seems
to be a negligible parameter in fragility-informed prioritisation in presence of corrosion.
Indeed, by observing Table 7, Table 8 and Table 9, the medians of fragility curves for
typologies with the same span length but different values of the number of beams have
quite constant values.
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Considering these results, transport managers’ operators can define priority
lists for addressing appropriate inspections of the prestressing steel components. For
example, a ranking can be computed based on the increase in fragility (failure proba-
bility) for a given value of traffic load intensity &, between the no-corrosion scenario
and one in which an expected corrosion value &, is defined, for instance, based on
similar corrosion values recorded in the same region in past surveys or based on prob-
abilistic corrosion evolution models in the area. If traffic limitations exist on the analysed
road network, the traffic load multiplier value @ adopted for prioritisation should be se-
lected to reflect the allowable total load value that can travel on the investigated bridge
portfolio.
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Figure 63 — Analytical-model fragility curves for (a) three- and (b) four-beam, 30 m-span archetypes.
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Figure 64 — Analytical-model fragility curves for (a) three- and (b) four-beam, 40 m-span archetypes.
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Figure 65 — Analytical-model fragility curves for (a) three- and (b) four-beam, 50 m-span archetypes.

The results in Table 7, Table 8 and Table 9 report the dispersion values. For
&, = 0, the dispersion ranges between 0.11 to 0.17, indicating that the influence of
uncertain parameters is approximately constant for the analysed bridge typologies. Fo-
cusing on the influence related to corrosion, dispersion values increase by increasing
the corrosion level &,, for all the typologies. The reason may lie in the combination of
the flexure and shear failure mechanisms, which will be clarified in the following sec-
tion. Indeed, as corrosion increases, the flexural failure mechanism becomes dominant.
Due to the greater variability of fragility curves associated with flexural failure mecha-
nism with respect to the ones related to shear failure, at high level of corrosion the
fragility curves tend to show a higher variability.

Some considerations may be derived by analysing the most critical mecha-
nisms leading to the fragility of the investigated bridge typologies. To this aim, the fra-
gility curves expressing the probability of exceedance of DCRy, DCR; related to flexure
and shear response, respectively, are defined according to the algorithm in Section 4.5.
Results are briefly reported in Table 10, Table 11 and Table 12 (in terms of medians,
only) and in Figure 66, Figure 67 and Figure 68.
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Table 10 - Flexural and shear fragility curve medians (a value corresponding to 50% failure probability)
for three- and four-beams, 30 m-span bridges.

0 Three-beam Four-beam
§p 1%
Flexure Shear Flexure Shear
0 1.92 1.70 1.90 1.70
10 1.31 1.62 1.31 1.62
20 0.54 1.53 0.54 1.54

Table 11 - Flexural and shear fragility curve medians (a value corresponding to 50% failure probability)
for three- and four-beam, 40 m-span bridges.

0 Three-beam Four-beam
&p [%]
Flexure Shear Flexure Shear
0 2.15 1.55 2.23 1.60
10 1.44 1.46 1.48 1.50
20 0.55 1.36 0.55 1.40

Table 12 - Flexural and shear fragility curve medians (a value corresponding to 50% failure probability)
for three- and four-beam, 50 m-span bridges.

0 Three-beam Four-beam
$p 1%
Flexure Shear Flexure Shear
0 2.44 1.44 2.57 1.51
10 1.59 1.34 1.68 1.40
20 0.57 1.23 0.58 1.29

The fragility curves in Figure 66, Figure 67 and Figure 68 for the two different
flexural and shear failure modes show that for &, = 0% the probability related to shear
failure is higher than the flexure one for all the bridge typology, meaning that the most
recurrent failure mode of the bridge realisations under a given traffic demand is related
to shear at supports, as anticipated above. However, for the analysed case studies,
considering the models adopted for the beam geometry and constructive details, for
high span length the shear failure type becomes increasingly dangerous with respect
to flexure ones, as shown looking at the medians of the fragility curves in Table 10,
Table 11 and Table 12. The generalisation of this outcome for other cases belonging to
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the post-tensioned PC bridge class requires further analyses in which the influence of
other beam geometric characteristics is analysed, e.g. cross-section shape and area
or beam web thickness variation, and more refined capacity models are employed, for
example, concerning the consideration of the beneficial effect on shear demand of the
tendon uplift at the supports.

Conversely, as shown by Figure 66, Figure 67 and Figure 68, by increasing the
corrosion level, the flexural failure tends to overwhelm the shear failure for all the bridge
typologies. This is related to the decrease caused in flexural capacity by corrosion as
modelled in the current procedure, i.e., modifications of the steel tendon stress-strain
relationship and steel area reduction. On the other hand, the adopted corrosion model
has a lower influence on shear strength, contributing only to the mean compression
state of the beam cross-section. For example, as shown in Table 12, for the 50m-span
three-beam archetype, the « related to the median fragility for flexural failure exhibits a
percentage reduction of -35% and -77% for &, = 10% and &, = 20%, respectively.
Conversely, the percentage reduction of median fragility for shear failure is strongly
lower, reaching -14% for &, = 20%.

It is worth specifying that despite flexural failure is generally considered a duc-
tile mechanism, this cannot be stated for the adopted critical corrosion level scenarios,
as high corrosion involves relevant ductility loss for corroded steel. Indeed, with the
corrosion model implemented in this work, steel nonlinear deformation capacity is
completely lost beyond 8-10% of corrosion degree, which implies the occurrence of
brittle failures (as occurs in every scenario when considering higher corrosion levels).
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Figure 66 - Flexural and shear fragility curves for (a) three- and (b) four-beam, 30 m-span bridges.
Legend: F —flexure; S — shear; 0, 10, 20 — 0%, 10% and 20% of corrosion level.
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Figure 67 - Flexural and shear fragility curves for (a) three- and (b) four-beam, 40 m-span bridges.
Legend: F —flexure; S — shear; 0, 10, 20 — 0%, 10% and 20% of corrosion level.
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Figure 68 - Flexural and shear fragility curves for (a) three and (b) four-beam, 50 m-span bridges.
Legend: F —flexure; S — shear; 0, 10, 20 — 0%, 10% and 20% of corrosion level.

The importance of modelling both flexural and shear contributions comes out
from this analysis. Indeed, it is not possible to establish a priori which one is the most
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critical failure mechanism. Regarding surveys and in particular special inspections, it
is recommended to investigate all beam critical cross-sections, i.e., at mid-span and
at support zones. Besides, from the findings of this work, particular attention should be
given to the mid-span region of the beams in presence of corrosion, as flexural failure
turns out to be the “weakest” mechanism.

8.1.2  Fragility curves via FE model fragility

In this subsection, fragility results obtained via the refined FE modelling strategy
are presented. Differently from the simplified methodology (see previous section for
details), the analysis for a random realisation of a bridge adopting the refined FE model
requires more time and computational cost. Precisely, the time for running a single
analysis varies according to the archetype model, the selected step size for the dis-
placement-control analysis and the selected load amplification factor, which deter-
mines the end of the analysis when no failure is reached. On average, a single analysis
requires few seconds to be performed on a powerful computer, and running millions of
analyses without caring about time and computational efforts is not convenient. For this
reason, only few values of traffic load amplification factors are selected in this strategy.
Particularly, 11 different values ranging from 0.5 to 4.5 are selected, obtained by divid-
ing the interval into steps of 0.5 and adding two more values in the range from 1 to 2,
to have a better fragility curve resolution for values around the code-prescribed traffic
load. Following this logic, the selected IM values are [0.50, 1.00, 1.25, 1.50, 1.75,
2.00, 2.50, 3.00, 3.50, 4.00, 4.50]. Such a high maximum amplification factor is cho-
sen to guarantee a high probability of failure for all the archetypes.

Moreover, it is worth noting that for this strategy, the lognormal CDF is not
always suitable for fitting the obtained fragility dataset for all the archetypes. With such
a few points in the fragility dataset, the maximum likelihood method is adopted for
seeking the best fitting, differently from the method of moments adopted for the fragility
dataset fitting obtained through the simplified modelling strategy. In some cases, espe-
cially for high values of corrosion &, i.e., beyond 15%, the method is not able to con-
verge and find an optimised solution for the parameters describing the fitting lognormal
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CDF. In all the other cases the fitting can be performed with a lognormal CDF. However,
the best fitting is provided for all the archetypes and all the corrosion scenarios by the
Generalized Extreme Value (GEV) distribution.

Given the importance of analysing separately the two failure mechanisms,
whose combination turns out to be decisive for wholly understanding the processes
underlying the vulnerability of a generic archetype, the FE analysis is performed keeping
the distinction between the two failure modes.

Results achieved for the flexural failure mode investigation are shown in Figure
69, Figure 70 and Figure 71 and relative GEV distribution parameters are reported in
Table 13, Table 14, Table 15, Table 16, Table 17 and Table 18.

Table 13 - GEV distribution parameter for flexural fragility curves of 30m-span, three-beam archetype.

&p [%] Shape k Scale ¥ Location 6 Median Dispersion
0 -0.082 0.402 3.154 3.304 0.170
5 -0.365 0.287 2.658 2.770 0.306
10 -0.307 0.319 1.763 1.887 0.382
15 0.117 0.284 1.376 1.479 0.320
20 0.038 0.248 0.842 0.932 0.304

Table 14 - GEV distribution parameter for flexural fragility curves of 30m-span, four-beam archetype.

&y [%] Shape x Scale ¥ Location 6 Median Dispersion
0 0.195 0.463 3.300 3.464 0.140
5 0.043 0.412 2.765 2.915 0.168
10 -0.047 0.333 1.748 1.871 0.233
15 0.220 0.302 1.343 1.449 0.214
20 0.201 0.233 0.866 0.949 0.255
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Table 15 - GEV distribution parameter for flexural fragility curves of 40m-span, three-beam archetype.

&y [%] Shape k Scale ¥ Location 6 Median Dispersion
0 0.213 0.458 3.572 3.733 0.127
5 0.172 0.526 2.824 3.011 0.185
10 0.157 0.392 1.678 1.818 0.230
15 0.021 0.254 1.223 1.316 0.232
20 0.280 0.222 0.779 0.857 0.259

Table 16 - GEV distribution parameter for flexural fragility curves of 40m-span, four-beam archetype.

&y [%] Shape « Scale ¥ Location 6 Median Dispersion
0 0.146 0.449 3.452 3.612 0.134
5 0.194 0.508 2.880 3.060 0.173
10 0.243 0.373 1.713 1.844 0.205
15 0.074 0.241 1.224 1.312 0.210
20 0.280 0.219 0.752 0.828 0.219

Table 17 - GEV distribution parameter for flexural fragility curves of 50m-span, three-beam archetype.

& [%] Shape k Scale ¥ Location 6 Median Dispersion
0 0.310 0.487 3.821 3.989 0.120
5 0.180 0.521 2.995 3.180 0.173
10 0.140 0.378 1.824 1.959 0.208
15 0.164 0.299 1.264 1.371 0.232
20 0.095 0.218 0.710 0.789 0.306

Table 18 - GEV distribution parameter for flexural fragility curves of 50m-span, four-beam archetype.

&p [%] Shape k Scale ¥ Location 6 Median Dispersion
0 0.163 0.428 3.579 3.731 0.123
5 0.288 0.505 3.143 3.319 0.151
10 0.243 0.373 1.885 2.015 0.188
15 0.168 0.286 1.289 1.391 0.218
20 0.173 0.221 0.710 0.789 0.295

The tables above show the results in terms of the three parameters of the GEV
distribution that best fit the obtained flexural fragility points. For the un-corroded
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configuration, the 30m-span typology, with either three or four beams, presents the
highest flexural failure probability. Such a consideration comes from the observation
only of the fragility curve medians, as in this case, if the probability of flexural failure
for the code-conforming traffic load, i.e., « = 1, are analysed, their values turn out to
be non-significant. Indeed, flexural failure at this load amplification factor is very far
from occurring for all the archetypes, and the same applies to the flexural fragility curves
obtained through the simplified analytical (SA) procedure. However, significant differ-
ences can be highlighted between the values of flexural failure probability obtained
through the two procedures. The reasons behind such differences will be deeply dis-
cussed in the following Section 8.1.3.

About the un-corroded configuration, for FE analysis, as well as for the SA pro-
cedure, results show that the number of beams of the archetype does not significantly
affect the results in case of zero level of corrosion. Nevertheless, a slightly more pro-
nounced difference in the medians may be highlighted for FE analysis, equal to about
9% for all the archetypes, probably due to the introduction into the model of the load
redistribution capacity among the different beams, not possible with the SA procedure
adopting the Courbon-Albenga method for load redistribution.

As far as corrosion influence on flexural response is concerned, Figure 69, Fig-
ure 70 and Figure 71 clearly proof that fragility is highly affected by tendon degradation,
indistinctly for all the archetypes. Particularly, a big drop in bridge performances can
be noted between 5% and 10% of corrosion. This may be related to the loss of the
plastic branch of the steel tendon, which for the different bridge realisations occurs on
average at 8% of corrosion, as stated in Section 5.2. Percentage reductions of fragility
curve medians are approximately the same for all the archetypes. Indeed, for a corro-
sion increase from 0 to 10%, a quite constant value of 45-50% decrease is found for
the fragility curve median, whereas, considering an increase in corrosion from 0 to
15%, a 60-65% of decrease in the median values holds for all the archetypes.

Dispersion values associated with flexural fragility curves are not that high, as
well as fragility curves produced through the SA procedure, showing low variability in
archetype responses. However, dispersion values increase with corrosion, showing
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that for high tendon degradation the response may be more uncertain. For this model-
ling strategy, this could be related to the multiplication factors adopted for modelling
corrosion effects, which modifies the steel tendon area and the prestressing steel me-
chanical characteristics, enhancing the variability in the response among the different
realisations of the same bridge typology.
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Figure 69 — FE-model fragility curves for (a) three- and (b) four-beam, 30 m-span archetypes.
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Figure 70 - FE-model fragility curves for (a) three- and (b) four-beam, 40 m-span archetypes.
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Figure 71 - FE-model fragility curves for (a) three- and (b) four-beam, 50 m-span archetypes.

Given the repeatedly detected irrelevance of the variation of the number of
beams in the response of a single archetype, shear fragility and its combination with
the flexural one is onwards discussed concerning the three-beam archetypes only, alt-
hough the same concepts apply to the four-beam typologies.

Concerning shear failure mode, fragility points which may be fitted through dif-
ferent CDF distribution typologies are obtained from the analysis. In this case, both
lognormal cumulative distribution and GEV distribution well behave at the aim of inter-
polation. However, the lognormal CDF does not perform very well in few cases, and in
general, looking at the covariance matrix values coming from the GEV and lognormal
fitting, the GEV distribution shows much better results in terms of representativeness
of the dataset. For this reason, shear fragility points interpolated via GEV distributions
are herein reported. Fragility parameters are listed in Table 19, Table 20 and Table 21,
and curves are shown in Figure 72, Figure 73 and Figure 74.

Table 19 - GEV distribution parameters for shear fragility curves obtained via FE model of the 30m-span,
three-beam archetype.

&p [%] Shape Scale ¥ Location 8 Median Dispersion
0 0.168 0.285 1.314 1.415 0.214
10 0.074 0.259 1.224 1.317 0.225
20 0.152 0.243 1.169 1.255 0.208
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Table 20 - GEV distribution parameters for shear fragility curves obtained via FE model of the 40m-span,
three-beam archetype.

& [%] Shape « Scale ¥ Location 6 Median Dispersion
0 0.199 0.258 1.139 1.231 0.218
10 0.126 0.241 1.055 1.141 0.231
20 0.180 0.229 0.986 1.067 0.226

Table 21 - GEV distribution parameters for shear fragility curves obtained via FE model of the 50m-span,
three-beam archetype.

&, [%] Shape « Scale ¥ Location 6 Median Dispersion
0 0.186 0.254 1.023 1.113 0.239
10 0.201 0.232 0.952 1.034 0.233
20 0.213 0.234 0.857 0.940 0.256

In this case, results show significant values of failure probability for the code-
conforming traffic load intensity, i.e., @ = 1. For the un-corroded configurations, a
probability of shear failure is recorded for this load intensity equal to about 6%, 19%
and 33% for the 30m-, 40m- and 50m-span typology, respectively. Hence, a greater
vulnerability is proofed for the longest span typology to shear failure in absence of
tendon degradation. Such behaviour is also found through the SA procedure and is
discussed in the previous section.

Concerning the corrosion influence, results show that, as well as for the SA
procedure, the variability of shear response due to corrosion modifications on struc-
tures is much less than the one recorded for flexural response. This outcome holds for
all the different archetypes. This is related to the shear capacity model adopted in this
study, which is less sensitive to the prestressing actions than the flexural mechanism.
Indeed, prestressing steel plays a weak role in shear capacity determination, being pre-
sent only through the term of the mean compression state of the cross-section (see
Equation (24)). Much more decisive is the contribution of the geometry of the cross-
section. Numeric-wise the decrease in shear fragility curve median equals about 11%,
13% and 15% for the 30m-, 40m- and 50m-span typology, respectively. Due to an
increase of corrosion from 0% to 20%, the probability of shear failure for the code-
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conforming traffic load increases from 6% to 14%, from 19% to 39% and from 33% to
99% for the same typology, respectively. Thus, the probability of shear failure almost
doubles in every case, but the longest span archetype is identified as the most vulner-
able to shear failure mechanism, under the modelling assumptions adopted in this
work.
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Figure 72 - Shear fragility curves obtained via FE model for the 30m-span, three-beam archetype.
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Figure 73 - Shear fragility curves obtained via FE model for the 40m-span, three-beam archetype.
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Figure 74 — Shear fragility curves obtained via FE model for the 50m-span, three-beam archetype.

It is worth noting that also for the shear fragility curves, the dispersion is quite
low, for both un-corroded and corroded configurations. Indeed, the fragility curve dis-
persion remains constant with the increasing of corrosion. This shows a low influence
of the variable adopted in the problem on the determination of the shear response of
the different archetypes.

Given the analysis of the single failure mechanisms, i.e., flexure and shear, it is
worth making a comparison between the two, to provide a fragility assessment involv-
ing both failure modes at the same time, replicating what has been done with the SA
procedure outcomes. By combining the fragility points following the rule explained in
Section 4.5, the dataset coming from the combination cannot be well-fitted by a certain
probability distribution. For this reason, results are herein kept separated and shown in
Figure 75, Figure 76 and Figure 77.

It is clearly visible that the shear mechanism governs the failure mode for all
the archetypes, both at 0% and at 10% of corrosion value. Indeed, the probability of
shear failure corresponding to the un-corroded configuration is far lower than the value
of the probability of the flexural one. For this reason, the shear fragility curve can be
considered exactly representative of the combined fragility curve. Hence, at zero cor-
rosion value, what has been explained above for the shear fragility holds also for the
combined one, i.e., the most vulnerable typology is the one with the longest span value.
For the un-corroded configuration, this outcome is consistent with the results obtained
via the SA procedure.
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As corrosion increases to 10%, the distance between the corresponding fragil-
ity curves reduces. If the distance between the medians of the flexural and shear fragility
curves at corresponding corrosion scenarios is taken into account, with an increase in
corrosion from 0% to 10%, a reduction of 70%, 73% and 68% is observed for the 30m-
, 40m- and 50m-span length archetype, respectively. Still, the combined fragility curve
is coincident with the shear one.

As corrosion further increases, the most likely mechanism switches to the flex-
ural one, which at high corrosion scenarios, i.e., 20% corrosion value, becomes dom-
inant in determining the failure mode of all the archetypes. Hence, the combined fragility
curve coincides with the flexural one. This outcome is consistent with what has been
achieved via the SA procedure as well. If the reduction in the median of the combined
fragility curve for an increase in corrosion from 0% to 20% is taken into account, a
value of 34%, 30% and 26% is observed for the 30m-, 40m- and 50m-span archetype,
respectively. This result shows that, given the validity of the modelling assumptions
adopted in this study, in the presence of corrosion, the bridge archetype most affected
is the one with the shortest span length. This conclusion is also consistent with the
outcomes of the SA procedure.
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Figure 75 - Shear (S) and flexure (F) fragility curves from the FE model for the 30m-span, three-beam
archetype.
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Figure 76 - Shear (S) and flexure (F) fragility curves from the FE model for the 40m-span, three-beam
archetype.
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Figure 77 - Shear (S) and flexure (F) fragility curves from the FE model for the 50m-span, three-beam
archetype.

8.1.3 Simplified vs FEM strategy

Qualitative-wise, analysing the results obtained through the application of the
two different strategies, i.e., the FE modelling and the SA modelling strategy, very sim-
ilar outcomes are observed. Indeed, as stated in the previous two sections, concerning
the traffic load fragility evaluation taking into account the combination of the two failure
mechanisms, i.e., flexure and shear, the archetype with the longest span length turns
out to be the most vulnerable for both the strategies at low corrosion levels (up to 10%).
The shear mechanism governs the failure of the bridge archetypes when the corrosion
degree is low, whereas, for scenarios taking into account higher degradation of steel
tendons, the flexural mechanism becomes the dominant one. The archetype subjected
to the higher decrease in the response, and, hence, the most affected by corrosion, is
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the 30m-span typology. These common outcomes can be very useful for the aim of
prioritisation among PC bridge typologies, because they provide useful information for
channelling resources for both special inspections and the detailed assessment of the
most-at-risk typologies.

However, numeric-wise, there are important differences that is worth reporting,
analysing the causes and highlighting the relative limitations, that obviously have to be
considered, deriving from the assumptions adopted for both the modelling strategies.
At this aim, a comparison between the flexural fragility curves obtained for the 30m-
and the 40m-span archetypes with three beams is herein performed. Figure 78 and
Figure 79 show the fragility curves describing the probability of flexural failure obtained
via the application of the FE and SA model, for different corrosion scenarios.

Figure 78 (c) and Figure 79 (c) clearly highlight the differences in the distribu-
tion functions representing the probability of flexural failure obtained through the two
different strategies. For the un-corroded configurations, the two flexural fragility curves
show big differences looking at their probability value. However, with the increase of
corrosion degree, the fragility curves get closer and closer. Indeed, the shift in the cor-
responding fragility curve medians is not constant and reduces as corrosion increases.
Table 22 and Table 23 describe the differences in the fragility curve medians A, for the
same corrosion scenario.

Table 22 - Reduction in the difference between fragility curve medians for the 30m-span, three-beam

typology. ngg is the fragility curve median obtained via the FE strategy, ns, is the fragility curve median
obtained via the SA strategy, 4,, is the absolute difference in the median values.

&y [%] nrg (ref. Table 13) nsa (ref. Table 10) A,
0 3.304 2.150 1.154
20 0.932 0.450 0.392
-66%
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Table 23 - Reduction in the difference between fragility curve medians for the 40m-span, three-beam
typology. ngg is the fragility curve median obtained via the FE strategy, s, is the fragility curve median

obtained via the SA strategy, 4,, is the absolute difference in the median values.

&p [%] ngg (ref. Table 15) nsa (ref. Table 11) A,
0 3.733 2.440 1.293
20 0.857 0.550 0.307
-76%
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Figure 78 - Flexural fragility curves for the 30m-span, three-beam archetype: comparison between FE

and SA modelling strategy.
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Figure 79 - Flexural fragility curves for the 40m-span, three-beam archetype: comparison between FE
and SA modelling strategy.

Considering low corrosion scenarios, such big differences in fragility curves
are explainable mainly with two considerations on structural capacity. Examining the
behaviour of the same bridge realisation at equal load conditions and degradation sce-
nario, analysed with the two different strategies, 1) slight differences in flexural bearing
capacity emerge, with the ultimate bending moment of the critical-cross section com-
puted with FE strategy greater than the SA-computed one (the percentage increase is
about 10% on average) and 2) after cracking occurs in the first section, the plastic
redistribution capacity within each beam and the load distribution capacity among dif-
ferent beams in the FE model significantly increase the load amplification factor leading
to the ultimate limit state compared to the SA strategy. Differences in flexural bearing
capacity may be related to the higher accuracy of the FE fibre section modelling com-
pared to the simplifications adopted when computing flexural capacity through the an-
alytical model, e.g., stress-block-type constitutive law for concrete adopted in the SA
strategy versus parabola-rectangle for the FE one or the approximations of the cross-
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sectional area with variable thickness adopted for the SA strategy compared to the
refined fibre model of the FE one.

To justify the differences in flexural response, the demand in bending moment
is also investigated. Concerning the flexural demand for the two different strategies, the
Courbon-Albenga method neglects the variations in the redistribution of loads among
the girders for the bridge superstructure after cracking. For this reason, an increasing
linear behaviour is expected for the bending moment demand, with the increase of the
load amplification factor. For the FE strategy, the fibre modelling of the cross-section
allows capturing the post-cracking behaviour of the beam. Furthermore, the model is
able to consider the load redistribution among the different girders of the superstruc-
ture. For this reason, an increasing non-linear trend of the demand bending moment is
expected for the critical cross-section. Figure 80 illustrates the expected outcomes for
both strategies.

Results in the figure show the trend in flexure demand at zero corrosion value
for the 30m-span and 40m-span archetypes with four beams, exemplifying the general
behaviour of all archetypes. The trends of demand bending moment for the critical
cross-section are quite similar at low values of load amplification factors, where the
structure is in the linear elastic field, whereas the two trends diverge after the first crack-
ing in the FE model. Higher flexural demands are expected for the Courbon-Albenga
method because this is a safety-oriented method in demand computation. The figure
confirms such a consideration, more evident for the 30m-span archetype, and less
clear for the 40m-span one. At some amplification factors, the mean flexural demand
for the FE model slightly exceeds the corresponding demand for the SA strategy. This
is related 1) to the initial parasite moments deriving from the prestressing modelling
strategy adopted in the FE model and 2) to the fluctuation in the moment demands
recorded during the FE displacement-control analysis.

In fact, as explained in Section 7.1, parasite stresses both in terms of shear and
flexure can arise in the superstructure elements when modelling prestressing actions
in grillage through OpenSeesPy Initial Strain material. These stresses influence the re-
sponse all over the analysis history during the load application process, becoming
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almost negligible compared to the stresses achieved at the ultimate limit states but
always shifting upwards the response, increasing stresses by a certain little amount.
Furthermore, the step size for the displacement-control analysis may also have influ-
ences on recorded demand moments. Such an analysis is set to be stopped in corre-
spondence with the first step that records a strain demand in any cross-section material
bigger than the relative ultimate strain. Consistently, the corresponding flexure demand
is recorded, and for this reason, a flexure moment always a little higher than the actual
one is recorded. If a big displacement is adopted as step size for the analysis, this latter
may be stopped at higher flexure demand, losing accuracy. Herein, the adopted step
size has been calibrated with the aim of running analyses as fast as possible, balancing
the size to keep good accuracy. To have a smoother trend of flexure demand in Figure
80, a smaller step size can be adopted to have more refined results. This is proved by
the jump in FE demand-moment trend recorded in Figure 80 (a) from the 1.5 t0 1.75
load multiplier, as from 1.5 onwards, the displacement adopted as step size for the
displacement-control analysis has been intentionally increased to have a faster conver-
gence of analyses. However, a numerical check has been performed to validate this
assumption and analyses focused on the multiplier interval from 1.00 to 2.00 have been
performed with a small step size. Results are shown in Figure 81, where the jump in
the trend is no longer visible, and the two trends, i.e., the mean demand moment ob-
tained through the FE and SA procedure, diverge as expected as the load multiplier
increases. The same choice, i.e., a variable step size for the analysis, has been adopted
for the 40m-span archetype, increasing the step size from the unit load multiplier on-
wards. Consequently, in Figure 80 (b), the little jump is anticipated and from that point
on, the FE moment trend is smoother.
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Figure 80 — Mean moment demand for the most loaded beam at zero corrosion value for (a) 30m-span
and (b) 40m-span archetype with four beams: a comparison between FE and SA strategy.
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Figure 81 — Mean moment demand for the most loaded beam at zero corrosion value for the 30m-span
archetype with four beams: focus on the trend jump due to the change in the step size adopted for the
analysis.

As already mentioned, with corrosion increase, the difference between the me-
dian of flexural fragility decreases (see Table 22 and Table 23). Figure 78 (b) and Figure
79 (b) highlights this behaviour, showing a comparison between flexural fragility curves
at high corrosion scenarios, i.e., 10% and 20% of corrosion degree. This is probably
related to the loss in the plastic branch of the prestressing steel, leading to the loss of
the plastic redistribution capacity of the single beam, affecting also the load distribution
capacity among the girders of the deck. As a consequence, the two different modelling
strategies tend to produce more similar outcomes at higher corrosion rates.

Similarly, considerations on the comparison between the shear response de-
riving from the two different modelling strategies can be carried out. This time, the
results in terms of the probability of shear failure are quite similar, but constantly shifted
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of a certain quantity. Figure 82 (a), (b) and (c) show a greater probability of shear failure
deriving from the FE analysis. This result is not expected, as the Courbon-Albenga
method is expected to produce higher shear demands, given that the model adopted
for computing the beam shear capacity is exactly the same for both strategies.

1.0 =TT 1.0 ST
—— FE-£:0% ,;f’:".‘f" —— FE£:0% /,’/’x'.'-‘
7 * et B
. S . LA
0.8 | SA:0% ,;/ 0.8 1 SA-£:0% ,: A
J— _£:10% ’ - _£:109 7 S
5 FEE-lOf s 5 FES.lOf o
@ 0.6 T SAE:10% S © 0.6 T SAE:10% g
E FE-£:20% / // 5 FE-£:20% / /,
g 0.4 SA-£:20% /III ; g 0.4 SA-£:20% I/,
o //I K o ,'/
’ /
0.2 1 o 0.2 1 0%
(a) P b
0.0 : — ; . 0.0 T ; :
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
a a
1.0 e
—— FE-£:0% Lo
0.8 SA-E:0% //// . ':
< —— FE-£:10% ,’, Fa
g 0.6 " SA€:10% Il B
5 FE-£:20% AR
F 04 SA-£:20% ,',/
o ,I/
!
0.2 .
/,
4 (c)
0.0 -z

0.0 0.5 1.0 1.5 2.0 2.5

Figure 82 - Shear fragility curves for the (a) 30m-, (b) 40m- and (c) 50m-span, three-beam archetype:
comparison between FE and SA modelling strategy

In fact, although the shear capacity model adopted in the two strategies is the
same, the differences in cross-section modelling for the two strategies lead to a slightly
greater value of shear resistance for the SA strategy. This is related to some local ge-
ometry approximations adopted for the analytical model, which in the case of the FE
fiore model are not needed.

Furthermore, if shear demand is analysed, similarly to the discussion on flexure
demand, a slightly higher shear demand is recorded for the FE strategy. Figure 83
shows the shear demand trends at zero corrosion value for the 30m- and 40m-span
archetypes with three beams. An upward shift can be noted in the elastic part of the
response. This may be again attributed to 1) the parasite effects of the prestressing
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action model adopted in the OpenSeesPy software and 2) the accuracy of the shear
demand recording in the FE displacement-control analysis. The differences are more
noticeable in Figure 83 (a), as differences are in the order of 100 kN on average com-
pared to a shear demand of 1000 kN. As shear demands increase, as in Figure 83 (b)
for the 40m-span, three-beam archetype, the weight of the initial parasite shear
stresses decrease, being more negligible. It is worth noting that, being the shear mech-
anism a brittle failure, no plastic response is recorded in FE shear trends. The two de-
mand trends simply diverge after the shear rupture.
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Figure 83 — Mean shear demand for the most loaded beam at zero corrosion value for (a) 30m-span and
(b) 40m-span archetype with four beams: a comparison between FE and SA strategy. After reaching the
maximum shear demand, corresponding to the shear capacity, the FE model is not able to record higher
shear demand values and a constant trend is represented for higher corresponding « values.

Concerning shear failure mode, the corrosion increase does not affect the be-
haviour equally for both strategies, as prestressing steel has a low influence on the
determination of shear capacity, if the capacity model adopted in this study is assumed.
Furthermore, the shear mechanism does not involve plastic redistribution, and for this
reason no differences are observed between the FE and SA model.

8.2 “Corrosion-affected fragility”” accounting for alternative traffic models

Alternative traffic load models proposed by the new Italian Guidelines (Consiglio
Superiore dei Lavori Pubblici (CS.LL.PP.), 2020), i.e., models complying with the rules
and limitation given by the Italian Road Code (Ministero delle Infrastrutture e dei Tra-
sporti, 1992), are also adopted for the fragility assessment of the PC bridge archetypes.
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The refined FE modelling strategy is herein adopted for the application of such load
models. Such an analysis strategy allows response evaluation for corrosion degrees
up to 25%. Beyond this threshold, initial strain due to prestressing force in tendons
tends to overcome the reduced ultimate strain of the prestressing steel computed ac-
cording to the adopted constitutive law for corroded steel. The objective of the applica-
tion is to understand how traffic load models other than the ones proposed by the Italian
building code (Ministero delle Infrastrutture e dei Trasporti, 2018), hereafter NTC TLM,
may be implemented in the proposed methodology.

Although the alternative traffic load models proposed by Italian Guidelines, here-
after LLGG TLM, have an increasing intensity, as evidenced in Section 4.1.2, it is not
possible to represent the results of the load application in terms of fragility curves as
done up to this point with the NTC TLM. Indeed, fragility curves built for this latter load
are based on the amplification of the traffic load intensity, given a certain shape for the
traffic model, which is provided by the code. Hence, it is easy to point out a parameter
representing an intensity measure (IM) for the traffic load, i.e., the amplification factor
itself.

In the case of LLGG TLM application, the different intensities are not given by
an amplification factor applied at the same traffic load distribution. The shape of the
load model may vary depending on the tandem system adopted for modelling the vehi-
cle actions on the deck. Moreover, the different load models have been defined and
calibrated for the assessment of structures subjected to different load situations, there-
fore, the nature of the different models is inconsistent, making the task of pointing out
a common IM meaningless.

Fragility curves to LLGG TLM may be presented by adopting a different ap-
proach. For NTC TLM, fragility curves are presented by fixing the corrosion scenario
and varying the IM as a parameter representing the load intensity variation for increasing
discrete value of corrosion degree. By adopting an inverse logic, i.e., fixing the traffic
load model and varying the IM as a parameter representing the variation in corrosion
intensity, fragility curves describing the probability distribution of failure can be similarly
built and adopted for prioritisation strategies at a large scale. Results deriving from an
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application of such a methodology are herein provided, taking into account the flexural
failure of the six case-study archetypes. The results derived in such a way are graph-
ically shown in Figure 84, Figure 85 and Figure 86 and numerically listed in Table 24,
Table 25, Table 26, Table 27, Table 28 and Table 29.

In the figures, the vulnerability to LLGG TLMs of the six different archetypes is
described through fragility points. Indeed, it was not possible to find a probability dis-
tribution that performed a good fitting of the obtained flexural fragility dataset. For this
reason, fragility points with a linear interpolation for each pair of consecutive points are
represented in the figures. This way of showing the results is also meaningful for the
aim of understanding the different behaviours of the six bridge archetypes and can be
adopted for decision-making of prioritisation strategies in the same way as for the CDF-
fitted fragility functions. In the figures, the flexural fragility dataset obtained for the four
LLGG TLMs is reported, i.e., the heavy, medium, light and superlight TLMs, indicated
by the acronyms CdSHeavy, CdSMedium, CdSLight and CdSSuperLight, respectively.
In addition, a comparison with the NTC TLM may be performed, as in the figures also
the associated flexural fragility dataset is shown, indicated through the acronym “ade-
quacy”, as this TLM is adopted for the assessment concerning the bridge adequacy
limit state, as stated in the Guidelines.
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Figure 84 - LLGG TLM flexural fragility curves for (a) 30m-span, three-beam and (b) 30m-span, four-
beam archetypes.
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Figure 85 - LLGG TLM flexural fragility curves for (a) 40m-span, three-beam and (b) 40m-span, four-

beam archetypes.
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Figure 86 - LLGG TLM flexural fragility curves for (a) 50m-span, three-beam and (b) 50m-span, four-
beam archetypes.

In general, the three figures and the six tables describe an increasing probability
of flexural failure as corrosion increases and as the intensities of the LLGG TLMs in-
crease, as expected. Looking separately at the LLGG TLMs and NTC TLM, an increase
in the probability of flexural failure is observed as the span length increases for the
former, whereas a quite constant probability of failure is observed for the latter (see
tables below for numbers). Moreover, it is worth noting that also in this analysis the
variation in the number of beams for all the archetypes’ superstructures does not affect
the results. It is also important to highlight that, in general, significant values of flexural
failure probability are observed only from 8% of corrosion onwards.

Focusing on the 30m-span archetype, for both the three-beam and the four-
beam ones, Figure 84 (a) and Figure 84 (b) clearly show that fragility points obtained
through the LLGG TLMs have lower values than the fragility points derived from the
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application of the NTC TLM. Low failure probability values are observed for the CdSSu-
perLight and CdSLight, which show a relevant flexural failure probability only at 22-25%
of corrosion value. In these two archetypes, the increase in flexural failure probability
is evident with the increase of the load intensity scenario, with the adequacy TLM turn-
ing out to be the most intense for this archetype, for both values of the number of
beams.

For the other two span length archetypes, higher flexural failure probabilities are
observed for the LLGG TLMs. This may be related to the shape of the model of the
ltalian Road Code, which does not prescribe a gradual reduction of the traffic loads for
notional lanes which are far from the analysed critical beam. Indeed, the highest value
of traffic load prescribed for the notional lane is extended to all the lanes open to traffic,
including the emergency lanes, as long as the worst distribution of notional lanes is
adopted for the analysed beam. This implies that as the deck width increases, the num-
ber of adverse notional lanes with the highest intensity grows, increasing the probability
of failure. The same happens for the NTC TLM, however, as described in Section 4.1.1,
the shape of this load provides decreasing intensities for the notional lanes moving
away from the most loaded critical beam, reducing this growing effect with the increase
in the deck width. Among the different assumptions of this work, a regression model is
adopted for modelling the deck width (see Table 5 in Section 6.2), choosing the beam
spacing for the superstructure as a function of the beam length and the beam height.
For this reason, as span length increases, the beam spacing and, consequently, the
deck width increase, leading to a growing probability of failure due to the increasing
number of notional lanes, all at the highest intensity for the LLGG TLMs.

Hence, the probability of failure associated with the application of the LLGG
TLMs gets closer and closer to the one associated with the NTC TLM, with increasing
of the span length. It is interesting to note that, for the 50m-span, four-beam archetype,
the probability of flexural failure associated with the CdSHeavy at few corrosion values
even exceeds the probability of failure associated with the NTC TLM.
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Table 24 - Probability of flexural failure to LLGG and NTC TLMs for the 30m-span, three-beam bridge
archetype.

$p [%]
TLM
0.08 0.1 0.12 0.15 0.18 0.2 0.22 0.25
Adequacy <10® 0.007 0020 0.073 0400 0.720 0.883  1.000
CdSHeavy <10%  <10® <10%  <10® 0.020 0.083 0.340 0.877
CdSMedium <10® <10® <10% <10% <10® 0.003 0.030 0.413
CdSLight <10%  <10® <10%  <10® <10% <10® 0.003 0.143

CdSSuperLight <10®  <10® <10% <10% <10® <10® <10®  0.057

Table 25 - Probability of flexural failure to LLGG and NTC TLMs for the 30m-span, four-beam bridge
archetype.

&p [%]
TLM
0.08 0.1 0.12 0.15 0.18 0.2 0.22 0.25
Adequacy <10% 0.007 0.017 0103 0427 0.703 0923 1.000
CdSHeavy <10®  <10® <10% <10® 0.030 0.207 0.440  0.907
CdSMedium <10®  <10%  <10®  <10% <10% 0.007 0.063 0.530
CdSLight <10®  <10® <10% <10% <10® <10® 0.010 0.223

CdSSuperLight <108  <10® <108  <10® <108 <10® <10% 0.110

Table 26 - Probability of flexural failure to LLGG and NTC TLMs for the 40m-span, three-beam bridge
archetype.

$p [%]
TLM
0.08 0.1 0.12 0.15 0.18 0.2 0.22 0.25
Adequacy <10® 0.007 0033 0.150 0493 0.810 0973  1.000
CdSHeavy <10®  <10® 0.003 0.053 0297 0.540 0.830 1.000
CdSMedium <10®  <10® <10%® <10® 0.030 0.150 0427  0.923
CdSLight <10%  <10® <10% <10® <10% 0.010 0.077  0.593

CdSSuperLight <10®  <10® <10% <10% <10® <10® 0.017 0.317
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Table 27 - Probability of flexural failure to LLGG and NTC TLMs for the 40m-span, four-beam bridge
archetype.

$p [%]
TLM
0.08 0.1 0.12 0.15 0.18 0.2 0.22 0.25
Adequacy <10¢ 0.003 0027 0140 0513 0.837 0980 1.000
CdSHeavy <10% 0.007 0030 0117 0390 0.723 0913 1.000
CdSMedium <10®  <10® <10® 0.003 0.060 0.240 0547  0.967
CdSLight <10%  <10®  <10%  <10® <10% 0.020 0.137 0.733

CdSSuperLight <10®  <10%  <10% <10® <10® 0.003 0.037 0.397

Table 28 - Probability of flexural failure to LLGG and NTC TLMs for the 50m-span, three-beam bridge
archetype.

&p %]
TLM
0.08 0.1 0.12 0.15 0.18 0.2 0.22 0.25
Adequacy <10%  <10® 0.013 0113 0443 0.787 0967 1.000
CdSHeavy <10® <10® 0.010 0.087 0333 0.653 0.887  1.000
CdSMedium <10%  <10®  <10% 0.007 0.077 0250 0543  0.953
CdSLight <10®  <10® <10® <10® 0003 0.023 0.183 0.780

CdSSuperLight <10®  <10%  <10%  <10%  <10® 0.007 0.057 0.517

Table 29 - Probability of flexural failure to LLGG and NTC TLMs for the 50m-span, four-beam bridge
archetype.

$p %]
TLM
0.08 0.1 0.12 0.15 0.18 0.2 0.22 0.25
Adequacy <10® <10® 0.010 0.083 0443 0.797 0967  1.000
CdSHeavy <10® 0.007 0.023 0.160 0.483 0.780 0947  1.000
CdSMedium <10®  <10® <10® 0.013 0113 0330 0.697 0.990
CdSLight <10®  <10® <10% <10® 0.007 0.057 0.257 0.830

CdSSuperLight <10®  <10%  <10% <10® <10® 0.013 0.083 0.613

Considering these results, as proposed for fragility curves (probability of failure)
associated with NTC TLM in Section 8.1.1, transport managers’ operators can prioritise
among a set of bridges belonging to a specific road network for performing appropriate
inspections of the relative prestressing steel components. Following the same logic
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described previously discussed, for example, a ranking can be computed based on the
increase in fragility (failure probability) between the no-corrosion scenario and one in
which an expected corrosion value is defined &, for a given scenario of traffic load.
Whereas in the procedure proposed in Section 8.1.1, a fixed value & is needed — and it
has to be representative of the traffic load intensity provided for the specific analysed
road — the availability of such a fragility dataset allows managers to assume different
traffic-load limitations on the network taking into account the actual load intensity com-
plying with the in force Road Code. Priority lists may be drafted in case traffic limitations
already exist on the analysed road network, or if they must be imposed in order to limit
the expected risk or losses in the investigated bridge portfolio.
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9 CONCLUSIONS

9.1 Summary

The fragility of simply supported prestressed-concrete (PC) girder-type bridges
subjected to traffic loads, as defined in European and Italian codes, considering the
corrosion of steel tendons is investigated in this thesis. A probabilistic assessment
methodology is presented to evaluate the failure probability considering the influence
of structural, geometrical, and mechanical uncertain parameters, different critical cor-
rosion scenarios and different code-compliant traffic load models. The methodology is
not fully probabilistic, as the traffic load is considered deterministic. Corrosion effects
are modelled as 1) a percentage loss of prestressing steel tendon area and 2) modifi-
cations of the prestressing steel stress-strain relationship. The fragility analysis is car-
ried out by analysing bridge realisations, which are generated by statistical sampling,
under incremental traffic loads. The methodology is composed of different computation
modules, involving simplified iterative calculations or refined finite element (FE) models,
which can be applied automatically for portfolio-scale bridge analysis. It can be effi-
ciently used for prioritisation purposes at a network-level assessment, to highlight crit-
ical post-tensioned girder bridges belonging to the most vulnerable typology to be fully
inspected with specific surveys, e.g. the ones listed in Section 1.2, and, if needed,
consequently assessed in detail. Prioritisation-oriented procedures are needed for such
post-tensioned bridges, as corrosion of steel tendons in these structures cannot be
evaluated by a simple visual inspection and requires expensive and time-consuming
diagnostic campaigns.

The proposed methodology is demonstrated for the investigation of the fragility
of PC superstructure typologies extracted from bridges belonging to a road network in
Southern Italy. Six archetype superstructure cases of variable span lengths (from 30 to
90) and variable numbers of beams per span are analysed, following two different mod-
elling strategies, i.e., one simplified and one more refined. The following main out-
comes, common to both modelling strategies adopted, are observed.
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General results deriving from both procedures show that a strong influence
is covered by the steel tendon corrosion state, as it significantly affects
bridge fragility to traffic loads in all the analysed cases.

The fragility analysis of the different selected typologies shows that for zero
corrosion value, the highest failure probability is recorded for the 50m-span
bridge archetype characterised by the minimum number of beams. By us-
ing the code-based unscaled traffic load, the probability of failure can range
from 3% to 6% depending on the adopted modelling strategy. It is important
to underline that these numerical value looks high and needs deeper verifi-
cation.

When considering an increase in corrosion level from 0 to 15%, results
prove that for the code-based unscaled traffic load, the failure probability is
higher than 30% in all the cases.

The 30m-span bridge typology can be considered the most susceptible to
corrosion, as it shows a greater increase in fragility.

It is observed that the number of beams has a limited influence on fragility
results. However, this outcome cannot be extended to a greater number of
beams, which needs to be analysed in future developments.

The dispersion related to fragility curves is generally low and approximately
constant within the analysed typologies, proving a homogeneous influence
of uncertain parameters on fragility. It can increase with increasing corro-
sion, which leads to an amplification in the variability of prestressing-steel-
related characteristics.

Results report also that, in case of no corrosion, the shear mechanism al-
ways induces failure for the analysed cases. However, the flexural response
governs the failure for all bridge typologies presenting a severe corrosion
degree, suggesting greater attention on the middle region of PC beams in
surveys in case of expected relevant degradation conditions.
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9.2 Future developments

The work proposed in the present thesis is definitely not exhaustive. Still many
advances have to be made by research in the field of risk-targeted prioritisation. This
work aims to add information to the basics of this research topic and the case-study
application demonstrates that it could improve the current practices of risk prioritisa-
tion, by supporting transportation authorities in ensuring the safety of the existing post-
tensioned girder bridges. However, it is worth listing its current limitations to provide
suggestions for further investigations and developments. In fact, further developments
can be oriented to implement improved modelling strategies for either the bridge struc-
ture or the traffic load scheme.

In this regard, more advanced traffic load model proposals are currently avail-
able in the scientific literature about bridge assessment. In most of the studies, ad-
vanced models consist of probabilistic models aiming at finding traffic actions for re-
fined probabilistic risk or loss assessment (Enright and O’Brien, 2013; OBrien et al.,
2015; Anitori, Casas and Ghosn, 2017; Ruan et al., 2017; Soriano, Casas and Ghosn,
2017). Interestingly, traffic load advanced models are suitable for fragility assessment
purposes (Fiorillo and Ghosn, 2018). For this reason, their use perfectly fits the meth-
odology proposed in the present thesis and they can be integrated into the procedure
to allow considerations at a risk-assessment level. The reason behind the use of such
a refined approach lies in the excessive generalisation of the semi-probabilistic ap-
proach to structural reliability (Wisniewski, Casas and Ghosn, 2012) adopted in current
standards (CEN, 2003; American Association of State Highway and Transportation Of-
ficials (AASTHO), 2020). Indeed, it is expected that the actual probability according to
which the code-prescribed traffic effect is exceeded on a specific bridge in a time in-
terval, i.e., the exceedance return period, depends on the characterisation of the traffic
on the specific transportation network to which the bridge belongs (Testa et al., 2023).
Structure-specific traffic load analysis is desirable to determine the safety margin under
which the bridge operates and to introduce traffic control measures or structural retro-
fitting actions.
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The definition of such a traffic model is strictly subjected to real traffic data
availability. In recent years more and more applications related to traffic data have been
published due to the increasing number of collected data. For example, recently, the
so-called weigh-in-motion (WIM) systems, if installed in strategic places over a single
road or in a road network, represent a precious resource for collecting interesting data
for these applications (lervolino et al., 2023). When direct traffic observations are not
available, simulation techniques can be adopted to determine a surrogate of detailed
structure-specific traffic data (Olstam and Tapani, 2011). Specifically, it is possible to
perform traffic micro-simulations to obtain traffic load statistical distributions, and, if
available, WIM-collected data can enrich the information basis needed for simulations.
However, it is worth highlighting some limitations related to this approach. Indeed, the
traffic dataset currently available refers to few years of collection. As stated in Section
411, LM1 of Eurocode refers to a characteristic value of load, which represents the
load intensity with a 1000-year return period for traffic on the main roads in Europe, or
equivalently a load intensity with a 5% exceedance probability in 50 years. For this
reason, a big limitation in applying collected traffic data to derive traffic statistical dis-
tributions for practical applications is represented by the limited amount of time during
which these data have been recorded so far. To extrapolate data of a return period of
1000 years from simulations based on collected traffic data in a short time may lead to
the risk of obtaining inconsistencies or values of maximum effects on structures which
are not reliable and such a problem may affect the final result in an assessment proce-
dure. It is assumed that more and more traffic data will be available in the future, making
the integration of such advanced traffic models into bridge risk-assessment methodol-
ogies, such as the one proposed in this thesis, more reliable.

Other improvements in the modelling strategies adopted in the present meth-
odology may be related to:

o Although statistical distributions from different contexts are used in this

study, it is expected that more statistical data about the structural and geo-
metrical variability of existing highway bridges, specifically for a territorial

166



Fragility analysis of prestressed concrete bridges affected by corrosion under traffic loads

context and on a typological basis, will be available in future, improving the
reliability of such an approach.

e Advanced corrosion models including specific corrosion types (e.g. pitting
corrosion, see the ones listed in Section 3), fatigue-corrosion interaction,
effects of corrosion on steel-concrete bonding characteristics and a refined
distribution of corrosion among the strands or along the tendons (i.e. spa-
tial variability of corrosion) can improve the current version of the proposed
methodology leading to more accurate fragility results (at the expense of
computational efficiency and data needed to perform the analysis).

e A probabilistic model of corrosion evolution over time can be also easily
implemented, like in the studies proposed in Section 3, to provide the pro-
posed procedure with the possibility of making considerations about life-
cycle assessment and maintenance of bridges.

e These fragility outcomes should be completed by further analysis consid-
ering the influence of fatigue which is deemed to impact the fragility under
traffic loads of bridge superstructures characterised by increasing tendon
corrosion.

With such improvements, the methodology could be similarly applied for inves-
tigating other case studies within the selected bridge class or other structures belonging
to different bridge classes, to systematically apply it in the context of risk-based prior-
itisation of the existing bridge stock.
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