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Abstract 

The growing age of bridge inventories worldwide demands a systematic evaluation 

of their safety and estimation of their remaining service life. At the same time, the 

pursuit of sustainability and cost efficiency compels infrastructure managers to 

prolong the use of existing structures, thereby reducing greenhouse gas emissions 

and optimising financial resources. To achieve these objectives, assessment 

procedures must quantify uncertainty and guide rational strategies for inspection, 

testing, monitoring, intervention planning and design. 

This thesis presents a comprehensive system reliability and updating framework for 

the service-life assessment of concrete bridges affected by corrosion. The 

framework integrates probabilistic modelling with inspection, testing, and 

monitoring data, enabling the formulation of models that reflect actual degradation. 

The proposed framework advances existing approaches by modelling bridges as 

nested systems of failure modes, sections, and elements, capturing dependencies 

and interactions among degradation mechanisms. Using survival information and 

heterogeneous data sources enables probabilistic estimates of residual life that can 

meaningfully inform maintenance prioritisation and planning. 

The applicability and generality of the framework are demonstrated through two 

case studies on a post-tensioned and a reinforced concrete deck. For post-tensioned 

concrete bridges, it captures the occurrence of defects and spatially variable 

corrosion, demonstrating how probabilistic modelling can refine service-life 

estimates and optimise maintenance planning. For reinforced concrete bridges, the 

framework incorporates monitoring data through Bayesian updating, reducing 

uncertainty and revealing the potential for service-life extension that deterministic 

or prior assessments could not demonstrate. 

In both cases, sensitivity and spatial analyses highlight that inspection strategies 

should adapt to the extent of degradation: initially focusing on the most utilised 

sections while, as degradation spreads, progressively involving the entire girder. 

These results support adaptive inspection planning that focuses first on highly 

stressed sections and gradually extends to other regions as damage propagates. 

Integrating the reliability calculations provided and the sensitivity analysis 

outcomes can provide methodological, managerial, and societal contributions by 

promoting data-driven, cost-effective, and sustainable bridge management while 

maintaining safety consistent with international reliability standards. 
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Sammanfattning - Swedish Summary 

Den ökande åldern hos brobestånden världen över kräver en systematisk utvärdering 

av deras säkerhet och en uppskattning av deras återstående livslängd. Samtidigt 

medför strävan efter hållbarhet och kostnadseffektivitet att infrastrukturförvaltare 

behöver förlänga användningen av befintliga konstruktioner och därigenom minska 

utsläppen av växthusgaser samt optimera användningen av ekonomiska resurser. 

För att uppnå dessa mål måste bedömningsförfaranden kvantifiera osäkerheter och 

ge stöd för rationella strategier avseende inspektion, provning, övervakning, 

planering av åtgärder och dimensionering. 

Denna avhandling presenterar ett övergripande ramverk för systemtillförlitlighet 

och probabilistisk uppdatering vid livslängdsbedömning av betongbroar som 

påverkas av korrosion. Ramverket integrerar probabilistisk modellering med data 

från inspektioner, provningar och övervakning, vilket möjliggör formulering av 

modeller som återspeglar den faktiska nedbrytningen. 

Det föreslagna ramverket vidareutvecklar befintliga metoder genom att modellera 

broar som nästlade system av brottmoder, tvärsnitt och konstruktionselement, 

samtidigt som beroenden och samverkan mellan olika nedbrytningsmekanismer 

beaktas. Genom att använda överlevnadsinformation och heterogena datakällor kan 

probabilistiska uppskattningar av den återstående livslängden erhållas, vilka på ett 

meningsfullt sätt kan ligga till grund för prioritering och planering av 

underhållsåtgärder. 

Ramverkets tillämpbarhet och generalitet demonstreras genom två fallstudier av ett 

efterspänt respektive ett armerat betongbrodäck. För efterspända betongbroar 

beaktar ramverket förekomsten av defekter och rumsligt varierande korrosion och 

visar hur probabilistisk modellering kan förbättra uppskattningarna av livslängden 

och optimera underhållsplaneringen. För armerade betongbroar införlivas 

övervakningsdata genom bayesiansk uppdatering, vilket minskar osäkerheten och 

synliggör möjligheten till en förlängning av livslängden som deterministiska 

bedömningar eller bedömningar baserade enbart på a priori-information inte kunde 

påvisa. 

I båda fallen visar känslighetsanalyser och rumsliga analyser att 

inspektionsstrategier bör anpassas till nedbrytningens omfattning. Inledningsvis bör 

fokus ligga på de mest utnyttjade tvärsnitten, medan inspektionerna successivt bör 

utvidgas till att omfatta hela balken i takt med att nedbrytningen sprider sig. 

Resultaten stödjer därmed en adaptiv inspektionsplanering som först inriktas på 

högt belastade tvärsnitt och därefter gradvis utvidgas till andra områden allteftersom 

skadorna fortskrider. 

En integrering av de redovisade tillförlitlighetsberäkningarna och resultaten från 

känslighetsanalyserna kan ge metodologiska, förvaltningsmässiga och samhälleliga 
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bidrag genom att främja en datadriven, kostnadseffektiv och hållbar broförvaltning, 

samtidigt som en säkerhetsnivå i överensstämmelse med internationella 

tillförlitlighetsstandarder upprätthålls.  
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Popular Science Summary 

Concrete bridges and viaducts make up a significant portion of road infrastructure 

in Italy, Europe, and around the world. In the western world, many of them were 

built after the Second World War, when concrete construction expanded rapidly 

thanks to advantages such as partial prefabrication and the ability to create new 

structural shapes. During those decades, engineers also developed prestressing 

technologies, specifically pretensioning and post-tensioning, which involve 

tightening steel cables before or after the concrete is cast. These methods made it 

possible to build bridges with much longer spans, often exceeding 70 metres. 

At the time, reinforced and prestressed concrete structures were widely believed to 

be almost eternal, often described as “liquid stone”, and the problem of steel 

corrosion inside concrete was not yet understood. However, several structural 

failures over the years revealed the weaknesses of these construction techniques, 

leading to improved design practices in modern bridge engineering. 

Today, the urgent challenge is the assessment and management of thousands of 

existing ageing bridges. Their safety must be evaluated, their remaining service life 

estimated, and inspection and maintenance plans organised so that road networks 

remain functional. In Italy alone, there are more than 60,000 concrete bridges, 

making accurate and efficient assessment methods essential for sustainable and 

cost-effective infrastructure management. 

Within this PhD project, a comprehensive framework is developed for evaluating 

the service life of concrete bridges affected by corrosion. Beyond the current state 

of research and engineering, it combines probabilistic structural performance 

modelling of the entire bridge with data from inspections, tests, and monitoring, 

allowing for building models that represent how real bridges deteriorate over time, 

accounting for empirical evidence. 

The framework supports safety evaluation at multiple levels, from individual 

sections to entire bridge decks, and models corrosion using a combination of 

physical laws and evidence observed in existing structures. Two case studies, one 

on a post-tensioned bridge and one on a reinforced concrete bridge, demonstrate 

how the framework can estimate degradation and reveal the potential for extending 

service life beyond what traditional engineering approaches suggest. 

For post-tensioned concrete bridges, the method captures the presence of defects 

and the spatially variable nature of corrosion, showing how probabilistic modelling 

improves service-life predictions and maintenance planning. For reinforced 

concrete bridges, integrating real data significantly reduces uncertainty and 

highlights the possibility of safe service-life extension, something that purely 

theoretical assessments often cannot demonstrate. 
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The results also show that inspection strategies should evolve as degradation 

progresses. At early stages, inspections should focus on the portions of the structure 

carrying the highest loads. As deterioration spreads, however, attention must 

gradually extend to the entire girder. This supports adaptive inspection planning that 

evolves with the bridge condition. 

From a management perspective, the practical implications are substantial. The 

framework enables a safe extension of bridge service life, helping authorities 

postpone costly interventions, reduce environmental impacts, and focus resources 

where they are needed most. It also identifies which variables are most important to 

monitor at each stage of degradation, guiding more targeted and efficient inspection 

programmes. 

Finally, beyond technical results, the work carries clear societal benefits: greater 

economic efficiency, improved sustainability, and enhanced public safety. 
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1 Thesis overview 

1.1 Background 

Concrete bridges are fundamental components of the infrastructure network that 

sustain our modern society [1], [2]. Their functionality is generally taken for 

granted, yet any malfunction can lead to significant direct and indirect costs, while 

also provoking fear, anger, and distress, and thereby impose substantial social 

burdens [3]. 

A significant number of concrete bridges in Europe and worldwide is ageing, 

placing increasing demands on structural engineers to assess their condition and 

manage their performance. The collapse of several reinforced concrete bridges (RC) 

or prestressed concrete bridges with post tensioned tendons (PT) bridges in Italy 

(e.g., Petrulla Viaducts, 2014 [4], Fossano bridge, 2017 [4], Polcevera Bridge, 2018 

[5]) and elsewhere in Europe (see, for instance, Carola Bridge, 2024) underscores 

the challenges and urgency of bridge management and condition assessment. At the 

same time, the global drive for sustainability and cost efficiency puts infrastructure 

management authorities under pressure to extend the service life of existing 

structures [6]. For example, ASCE estimates that $123 billion are needed to repair 

the deteriorating US bridges, as reported in the 2017 Infrastructure Report Card. 

Instead, extending service life helps avoid costly interventions and replacements, 

thereby reducing greenhouse gas emissions and optimising financial resources [7]. 

Balancing these two seemingly opposing needs, ensuring the safe management of 

existing structures on the one hand and avoiding unnecessary resource waste on the 

other, requires an accurate assessment of how the safety of structural components 

evolves over time.  

Indeed, bridges often operate beyond their intended service life due to their difficult 

and costly replacement, highlighting the need for the development of a rational and 

relevant assessment framework capable of estimating and predicting bridge 

degradation and informing decision-makers. 

From a normative perspective, several national guidelines have been issued on 

bridge inspection, assessment, and maintenance, such as the US Manual for Bridge 

Evaluation [8], the Italian Guidelines for Risk Classification and Management, 

Safety Assessment, and Monitoring of Existing Bridges [9], and the Swedish Code 

for Assessment of Existing Bridges [10]. At an international level, guidelines that 
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explicitly account for uncertainties in the assessment of existing structures are 

provided, for example, in ISO 2394:2015 [11] and, with a focus on concrete 

structures, in fib Bulletin 80 [12]. Taken together, these documents recognise the 

importance of safety assessment for existing bridges and address it through 

reliability analysis combined with evaluation of the conservation state. 

However, several open challenges remain for efficient and sustainable infrastructure 

management. These include estimating residual service life, prioritising bridges 

within large inventories, identifying critical variables for testing, designing and 

executing inspection and testing campaigns, and integrating newly acquired 

knowledge from monitoring and testing into reliability assessments. These 

challenges motivate and guide the present research, which seeks to address them 

systematically throughout this thesis.     

1.2 Research questions 

The general objective of this work is to develop and propose a new framework for 

estimating the service life of concrete bridges, with particular attention to corrosion-

induced degradation, directly applicable to the management of existing bridge 

inventories. The framework is developed within the context of system reliability 

analysis, which allows the explicit consideration of the uncertainties characterising 

structural assessments and enables the evaluation of the overall performance of the 

structural system. Moreover, it aims to support decision-making strategies for 

bridge prioritisation, assessment, inspection and testing design, as well as for the 

continuous updating of structural knowledge. 

This broad research objective can be divided into several explicit research questions, 

which guided the research work and the dissertation development: 

1) How can system reliability analyses be performed to account for the 

temporal and spatial evolution of degradation, as well as the interactions 

among failure modes of structural elements? 

a. What are the main factors influencing service-life estimation in 

existing RC and PT bridges? 

2) How can the effects of different concrete quality and conservation status on 

the degradation process be integrated into the system reliability model? 

3) Regarding PT bridges, how can the influence of poor duct injection on the 

service-life estimation of PT bridges be modelled? 

a. How can inspections of PT cables be designed to detect grout voids 

and corrosion within ducts? 
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b. How are defects within injected ducts distributed? Is it possible to 

probabilistically describe the relation between the presence of voids 

and the presence of corrosion? 

c. How to perform a system reliability analysis of PT girders 

accounting for the presence of defects within ducts? 

4) How can knowledge acquired through inspection and monitoring 

campaigns be incorporated into system reliability analyses to update models 

and refine the service-life estimation of bridges? 

a. How does different spatial modelling affect the system reliability 

estimates?  

The novelty of this thesis lies in the development of a comprehensive system 

reliability framework that explicitly accounts for spatial and temporal degradation, 

multiple interacting failure modes, and Bayesian updating. This combination goes 

beyond existing approaches, which are often limited to component-level analyses or 

rely on simplified degradation assumptions. 

The research questions are addressed through a combination of probabilistic 

modelling techniques and in situ inspection and testing campaigns. Figure 1-1 

illustrates the overall research scheme together with the research questions outlined 

and the research papers that gather the work and outputs of each research step. 
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Figure 1-1: Visualisation of the Research scheme 

1.3 Outline of the thesis 

The research papers developed during the Ph.D. are organised into eleven chapters 

and included as appendices to this dissertation. The principal methodologies and 

results from these papers are incorporated within each chapter. 

Chapter 2 presents the state of research in system reliability analysis. The breadth 

of the subject is illustrated through a bibliometric analysis, and relevant methods 

and literature are described in several Sections. The requirements imposed on 

structures by modern society, as described in standards and guidelines, are 

eventually presented. These requirements combine economic considerations with 

life-safety concerns in relation to the consequences of structural failure. Target 
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reliability indices are defined as minimum thresholds for the safe and efficient 

operation of a structure. 

Based on the research gaps identified in Chapter 2, Chapter 3 provides the objectives 

and illustrates the research process pursued throughout the thesis, along with the 

specific methods utilised. Based on these objectives and methods, the system 

reliability assessment framework is developed.  

Chapter 4 introduces a novel comprehensive reliability framework for estimating 

the system reliability of concrete bridges. The framework incorporates spatial and 

time-dependent analyses of corrosion degradation and defines system limit state 

functions that account for multiple failure modes. Methods for Bayesian updating 

of random variables are also presented. 

Focusing on PT bridges, Chapter 5 begins with an inspection campaign designed to 

gather data on cable conservation. The collected data are analysed to develop a 

probabilistic model for characterising injection voids and corrosion spots within PT 

ducts.  

In Chapter 6, the probabilistic model for predicting cable conservation status in PT 

bridges is integrated into the system reliability framework. In particular, a novel 

procedure for calculating the spatial and time-dependent system reliability, 

accounting for the random positions and numbers of injection voids and corrosion 

spots, is developed and presented. 

Chapter 7 focuses on corrosion degradation. It first introduces models for corrosion 

initiation and, building on recent laboratory and field studies, proposes a novel 

probabilistic model for corrosion triggering, grounded in logical system modelling 

to account for different concrete conditions. It then presents corrosion progression 

models, concluding with specific models for prestressing wires in PT bridges.  

In Chapter 8, the developed reliability framework is applied to a PT deck and an RC 

deck, highlighting the effects of different concrete conditions, system modelling 

(including multiple failure modes), and variable updating on service-life estimation. 

A sensitivity analysis of key variables is also presented, providing insights for the 

design of future inspection campaigns. 

Conclusions are provided in Chapter 9, which summarises the main findings of the 

research, discusses their significance, and reflects on the fulfilment of the research 

aims and objectives, as well as the answers to the research questions. 

Chapter 10 discusses paths for future research. Suggestions for further investigation 

are outlined to address current limitations and guide improvements in understanding 

structural reliability and service life. 

Chapter 11 concludes the thesis by briefly summarising the appended papers and 

their key findings, providing a concise overview of the Ph.D. project’s journey and 

outcomes. 
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2  State of research in System 

Reliability Analysis of Existing 

Concrete Bridges  

A state-of-the-research analysis is conducted to examine the main methods and 

calculation techniques used in system reliability assessment of existing concrete 

structures subjected to degradation. The purpose is to delineate the research domain 

and identify existing gaps in the current literature. The Chapter begins by presenting 

the results of a bibliometric analysis aimed at clarifying the breadth of the subject 

(Section 2.1). It then reviews the main methods and literature on system reliability 

analysis, time-dependent reliability, and Bayesian updating in structural reliability 

(Section 2.2), followed by an overview of the state of research on reliability of 

concrete structures and corrosion in concrete bridges (Section 2.3). Finally, Section 

2.4 discusses the reliability requirements for both newly designed and existing civil 

structures, and Section 2.5 summarises the identified gaps and the scope of the 

thesis.   

2.1 Bibliometric Analysis 

A bibliometric analysis [13] is carried out using the Scopus database, which allows 

an extensive publication coverage, to investigate thematic trends across four 

research domains: existing concrete bridges, corrosion in concrete structures, 

reliability analyses, and bridge inspection and monitoring. In particular, a keyword 

co-occurrence analysis is performed to explore the relationships among these 

domains and to identify research trends. 

Four search queries, i.e., one for each domain, are defined and combined pairwise:  

1) Reinforced Concrete OR post-tensioned concrete OR concrete bridges OR 

existing concrete bridges;  

2) Reinforcement corrosion OR concrete deterioration OR cables corrosion 

OR chloride induced corrosion OR concrete carbonation OR concrete 

durability; 



State of research in System Reliability Analysis of Existing Concrete Bridges 

38 

3) Structural reliability OR system reliability OR probabilistic modelling OR 

Bayesian analysis; 

4) Inspection OR Monitoring OR Data gathering OR maintenance planning. 

These queries are refined using wildcards (*) to capture word variants (e.g., model, 

models, modelling). Triplet or quadruple combinations are not considered, as the 

resulting number of publications is insufficient for meaningful bibliometric 

analysis. 

The six pairwise datasets are merged into a single dataset, which serves as the basis 

of the analysis. The breadth of this research domain is summarised in Figure 2-1, 

which shows a keyword co-occurrence network. To enhance readability, only the 

forty most frequent keywords are displayed. In the figure, keywords are grouped 

into clusters (distinguished by colour) based on their co-occurrence, while link 

thickness reflects the strength of association between terms. “Reinforced concrete” 

emerges as the most central term, acting as a bridge among different thematic areas. 

Three main clusters can be identified: the red cluster (top-left) concerns reinforced 

concrete structures and bridges, and corrosion. It is closely related to concrete 

structural analysis and inspection, particularly in connection with decision-making. 

The green cluster (bottom) emphasises the treatment of uncertainties through 

reliability and risk analyses, with time-dependent aspects highlighted by terms such 

as life-cycle and corrosion effects. Notably, no keywords explicitly related to 

“system reliability” appear, indicating a limited literature output in this area. The 

third cluster (blue, top-right) focuses on durability, maintenance, and bridge 

management. A preference for coastal structures is evident, as reflected in the use 

of chloride-induced and seawater corrosion keywords, combined with maintenance 

cost constraints. However, keywords related to defect detection or probabilistic 

modelling of PT bridges are absent, suggesting a lack of targeted research.   

The clustering highlights a clear imbalance in the research domain. Reliability 

studies are closely linked to corrosion, degradation, maintenance, and reinforced 

concrete structures, but they rarely address deterioration in PT bridges. Keywords 

specifically linked to injection defects or tendon corrosion are absent, indicating a 

lack of targeted investigations. Moreover, while durability and management aspects 

are frequently addressed, they are often treated independently of system reliability 

concepts. 

Instead, this research work spans all three identified clusters by integrating 

mechanical models for the assessment of concrete structures with uncertainty 

treatment via system reliability analysis. Within this framework, corrosion initiation 

and propagation are modelled probabilistically, explicitly accounting for both 

chloride concentration and alkalinity reduction. Finally, aspects of maintenance, 

management, and service-life estimation are addressed through the definition of 

target reliabilities based on consequence modelling and supported by data-driven 

updating procedures. 
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The research questions (RQs) defined in Section 1.2 guide the organisation of this 

state-of-research review. In particular, the Chapter presents the core concepts 

underpinning system reliability analysis, including logical system modelling, spatial 

dependency, time-variant reliability analysis, parameter sensitivity, and Bayesian 

updating techniques. 

Building on these principles, the Chapter proceeds to analyse the state of research 

concerning the application of system reliability analysis to concrete bridges, with 

specific attention to RC and PT structures and their characteristic degradation 

mechanisms. It then discusses the reliability targets adopted in standards and 

guidelines to support service-life estimation following system reliability 

calculations. Finally, it concludes with a synthesis of the main research gaps 

identified through this analysis and outlines the specific objectives addressed in this 

thesis     

 

Figure 2-1: Bibliometric analysis of research publications keywords related to existing RC or PT bridges 
and reliability analysis, (VOSviewer, [14]). 
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2.2 System Reliability analysis 

Since the early 2000s, the potential of probabilistic methods in assessing existing 

structures has been increasingly recognised. For example, the Assessment of 

Existing Structures guideline was published in 2001 by the Joint Committee of 

Structural Safety (JCSS) [15]. Focusing on bridges, the Danish Road Administration 

introduced a standard for road bridge classification based on probabilistic 

assessments [16], followed shortly by Switzerland and the Netherlands, which 

issued their own standards [17], [18]. At the European level, reliability analyses are 

recognised in the Eurocodes as a valid method for assessing existing structures, and 

the CEN (European Standardisation Body) is currently working to unify 

probabilistic methods for this purpose. These developments reflect a growing 

consensus that probabilistic approaches enable a more rational treatment of 

uncertainty and time-dependent deterioration, making them particularly suitable for 

long-term performance assessment. Importantly, they also allow global (system-

level) evaluations that overcome the limitations of purely sectional (local) analyses.  

System reliability analyses have long recognised that bridges cannot be assessed as 

isolated components, since failure arises from the interaction of multiple elements 

and modes. Classical formulations, series, parallel, or hybrid provide useful 

idealisations, but the mechanical interpretation of parallel systems for real structures 

is limited [19]. In practice, redistribution after element failure governs the system 

response, with brittle and ductile assumptions framing two extreme cases: ideal 

elastic-brittle and ideal elastic-plastic. In the first case, an element behaves 

elastically until reaching its maximum capacity, after which it loses all residual 

strength. In the second case, once the maximum capacity is reached, the element 

exhibits ductile behaviour and can continue to sustain loads at a constant maximum 

capacity level. 

In principle, assessing the probability of system failure requires examining all 

possible failure sequences within a structure. However, exhaustive evaluation is 

computationally infeasible. Consequently, research has prioritised the identification 

of dominant failure paths (see, for example, [20], [21]) or the adoption of simplified 

system models. Daniels Systems have been employed to represent progressive 

failure governed by the weakest elements. This approach enables analytical 

formulation of capacity estimates in both brittle and ductile cases [19], [22], 

facilitating the solution of the system reliability problem.  

Modelling the correlation among structural components represents a significant 

challenge. However, studies indicate that neglecting such correlation can lead to 

significant discrepancies in system reliability estimates and the failure mode of the 

structures [19], [23], [24], [25]. Component correlations may arise from modelling 

assumptions, such as shared uncertainties in loads or material properties, as well as 

from spatial variability in concrete or reinforcement characteristics. Copula-based 
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approaches have been proposed to capture dependencies when a joint distribution 

model for the input variables is unavailable. These approaches combine individual 

marginal distributions and account for their interdependence through a Copula 

function, which defines the joint distribution dependence structure [26]. Several 

Copula families exist, and the most suitable one can be selected using goodness-of-

fit tests (see, for instance, [27], [28]). 

Spatial variability, on the other hand, can be described as a function of the distance 

between components. Spatially dependent variables are typically represented by 

random fields (RFs) [29], with the correlation function type and correlation length 

defined according to relevant studies, e.g., [30], [31]. When the marginal 

distribution of the RF is non-Gaussian, a translation random field can be used. By 

mapping a Gaussian random field through a monotonic increasing function, 𝑓 ∶
 ℝ →  ℝ, defined as an isoprobabilistic transform, the required non-Gaussian 

marginal distribution can be obtained [32].    

Therefore, both approaches effectively model complex dependencies and can also 

be used jointly to represent spatially variable correlated variables, i.e., multiple 

variables that are mutually correlated and simultaneously vary in space, as 

demonstrated in [33]. 

2.2.1 Time-dependent system reliability 

Research on structural systems has developed various formulations to capture 

failure dependencies, yet most of these remain time-invariant. However, real 

structures deteriorate over time, making time-dependent reliability analyses 

essential for describing the evolution of safety throughout the service life. 

Time dependency is typically modelled by introducing random processes that 

describe the progression of degradation or variable loads. Two types of failure 

events are usually considered: point-in-time failure and cumulative failure. In the 

first case, failure may occur at any time during the considered period, and its 

probability has often been used to describe time-dependent reliability (e.g., [34], 

[35]). This approach, while straightforward, only evaluates the structural condition 

at a specific instant, without accounting for the possibility that failure may have 

already occurred. In contrast, the cumulative failure event considers that failure may 

happen at any instant within a given interval, thereby incorporating the structural 

history up to the considered time. The probability associated with this event can then 

be used to determine the cumulative reliability of the structure. 

Despite being more rational, cumulative reliability calculations are challenging [36] 

and strongly depends on the correlation of failure events over time. For the typical 

case where capacity-related variables can be separated from demand-related 

variables, the time-dependent reliability analysis needed to calculate cumulative 

reliability can be reduced to multiple time-independent analyses. In this 
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formulation, the total time span is divided into several intervals (often one year 

each), and the cumulative failure event is modelled as the union of all point-in-time 

failures, thereby transforming the time-variant problem into a time-invariant series-

system problem. The probability of each point-in-time failure can be approximated 

by considering the minimum capacity and the maximum demand within the 

corresponding interval. 

Moreover, bounds for the cumulative failure probability can be derived based on the 

assumed temporal dependency among point-in-time failures. In the case of full 

dependency, the cumulative probability equals the maximum point-in-time 

probability; in the case of independence, it equals the sum of the individual 

probabilities [37]. These bounds are generally wide, and tighter estimates can only 

be obtained by explicitly modelling the temporal correlation of failure events (see 

[37], [38]). 

2.2.2 Sensitivity Analysis and Bayesian Updating in Structural 

Reliability 

Information on the Capacity and Demand of structural systems can be obtained 

through inspection and monitoring campaigns, and their integration into a system 

reliability framework improves the relevance of the failure probability estimation, 

as shown in [39].  

A key challenge, however, lies in deciding which variables should be tested. In 

practice, it is rarely known in advance how updating a particular variable will 

influence the overall reliability assessment. For this reason, sensitivity analyses are 

essential tools for directing inspection and monitoring resources. Sensitivity 

measures allow researchers to identify which variables most strongly influence 

reliability estimates, thereby guiding data collection. Among various techniques 

(see, for instance, [40]), rank-based correlation indicators, such as the Spearman 

coefficient (𝜌), have been widely used due to their robustness and limited 

assumptions. These coefficients quantify how the uncertainty associated with an 

input variable contributes to the overall uncertainty of the limit state function (LSF). 

Consequently, reducing the uncertainty of variables with a high (in absolute value) 

Spearman coefficient leads to a substantial reduction in the uncertainty of the LSF 

and, thus, to more relevant system reliability estimates.  Moreover, the sign of the 

coefficient provides additional insight: a positive value of 𝜌 indicates that increasing 

the variable increases the LSF; vice versa, a negative value indicates that increasing 

the variable decreases the LSF.   

Once relevant variables are identified, Bayesian analysis offers a systematic way to 

integrate inspection and monitoring results into probabilistic models. This approach 

has been extensively applied in structural reliability (e.g., [41], [42], [43]) to refine 

prior models using empirical data, whether through direct updating of measurable 
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parameters (e.g., concrete strength, steel yield stress) or indirect updating of 

degradation models (e.g., carbonation or chloride ingress) [43]. 

In general, the outcome of an inspection or monitoring activity is modelled as a 

realisation of a random variable, linked to the input variable via a likelihood 

function. This likelihood function expresses the probability of observing the test 

outcome given a specific realisation of the input variable(s). It therefore incorporates 

the information provided by real-world evidence into the prior probabilistic model 

of the input variables.  

Bayes’ theorem provides the mathematical tool for updating and estimating the 

posterior distribution of the input variables. However, because the calculations 

require the integration of products of probability density functions, analytical 

solutions rarely exist. Therefore, numerical integration or simulation-based 

procedures, such as Markov Chain Monte Carlo methods or Bayesian updating with 

structural reliability methods [42], are typically adopted.  

Depending on the type of measurement, the obtained information can be classified 

as equality or inequality information [44]. In the first case, the test outcome is a 

numerical value, and the likelihood function of the observation can be defined based 

on the measurement error probability density function, either assumed or modelled 

according to the instrumentation used. In the second case, the information refers to 

exceeding a certain measured threshold [45], [46], e.g., presence of corrosion. Here, 

the likelihood function must be defined using a probability mass function that 

represents the discrete outcome space of the test result (see [44]).  

Finally, Bayesian updating can also be employed to update the calculated failure 

probability directly, and thus the reliability of a structure, based on information such 

as its survival of extreme events or its continued survival over time [47], [48].   

Overall, the combination of sensitivity analysis and Bayesian updating provides an 

effective pathway to incorporate real-world evidence into probabilistic models, 

thereby enhancing the relevance of structural reliability calculations for existing 

concrete structures.    

2.3 System Reliability Analysis of Concrete bridges 

In the previous Section, concepts regarding logical system modelling, spatial and 

time dependencies, sensitivity analysis and Bayesian updating are presented. These 

are widely used for the spatial- and time-dependent reliability assessment of existing 

concrete bridges, as conventional methods may underestimate the actual structural 

reliability [49]. For instance, regarding RC bridges, Jacinto et al. [50] analysed a 

corroded bridge and updated probabilistic calculations using in situ data; 

Vishwanath and Banerjee [51] proposed an approach to assess the seismic 
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vulnerability of corroded concrete piers; and Liljefors and Köhler [52] developed a 

decision-support tool based on structural assessment, focusing on shear failure 

reliability of a bridge section. While these studies demonstrate the feasibility of 

applying probabilistic methods to deteriorated RC structures, they also reveal 

important shortcomings. Jacinto et al. [50] did not model the time-dependent 

progression of corrosion, considering only a single reference year and focusing 

solely on the critical section where corrosion was visible. This simplification 

neglects both the temporal evolution of corrosion and its spatial variability, leading 

to an overestimation of current reliability and hindering service-life predictions. In 

contrast, Vishwanath and Banerjee [51] and Liljefors and Köhler [52] concentrated 

on individual components without accounting for the overall structural system 

behaviour. By omitting system-level interactions, their approaches may 

overestimate structural reliability and service life, potentially leading to sub-optimal 

maintenance and intervention strategies.  

For prestressed concrete bridges with post-tensioned tendons (PT bridges), the 

literature has addressed additional complexities related to tendon deterioration and 

defective grouting. Guo et al. [53] performed a time-dependent reliability analysis 

accounting for the rheological properties of concrete and steel, as well as the 

potential presence of existing damage. Pillai et al. [54], building on extensive 

experimental work with various void configurations [55], developed a probabilistic 

model that explicitly accounted for voids within ducts and external tendon damage 

and employed it to perform reliability analyses. Nguyen et al. [56] modelled voids 

in injected grout and described pit occurrence in tendons using a Poisson 

distribution, but assumed voids were continuously present along the cable length, 

an assumption that led to service-life estimates consistently below 50 years. Al-

Mosawe et al. [57] analysed the failed Ynys-y-Gwas bridge in the UK and 

conducted a reliability assessment that accounted for uncertainties in bridge 

geometry, tendon tension loss, and cable deterioration, based on post-failure 

inspection data. Together, these studies highlight progress in modelling tendon 

deterioration but also underscore persistent limitations: (i) degradation is often 

assumed uniform along tendons, with little attention to spatial variability; (ii) duct 

defect modelling remains overly simplified; and (iii) large-scale, high-quality 

inspection datasets are still lacking. These limitations reduce the relevance of 

reliability assessments, often resulting in overly conservative outcomes that may 

distort maintenance planning and resource allocation. Furthermore, under certain 

assumptions, reliability may be overestimated, increasing safety concerns. Both 

outcomes undermine sustainable asset management, either by wasting resources or 

by compromising structural safety.  

Moreover, most existing studies focus either on individual component failures [52], 

[53], [58], [59], [60] or on system-level models [61], [62], [35], [63], [64], without 

fully accounting for the interactions among multiple failure modes within a single 

component. Neglecting such interactions can significantly bias reliability 
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predictions, as degradation mechanisms often develop in parallel and influence 

multiple failure modes. 

2.3.1 Corrosion in Concrete bridges 

Corrosion is widely recognised as one of the main degradation mechanisms 

affecting concrete bridges, both in academic literature and in normative documents 

(see, for instance, [12], [65], [66], [67], [68], [69], [70], [71], [72], [73]). Its impact 

is particularly severe in regions with harsh environmental conditions, such as 

fluctuating humidity, chloride exposure, or elevated carbon dioxide (CO₂) levels, 

where deterioration can quickly compromise safety. Among the aggressive agents, 

chlorides, commonly introduced through de-icing salts or marine environments, are 

especially harmful because they cause localised corrosion, a primary driver of 

reinforcement and tendon deterioration [74]. Although corrosion is commonly 

described in terms of initiation and propagation phases, the real challenge lies in 

how these phases are represented in service-life prediction models. 

The electrochemical reactions governing corrosion can only occur if the necessary 

thermodynamic conditions are satisfied. In particular, the Gibbs free energy (or 

available electrochemical potential) must be sufficient. As shown in [75], active and 

long-term corrosion typically begins once the surrounding pH and alkalinity 

decrease, even in the presence of chlorides. Factors such as pH, alkalinity, and other 

chemical properties strongly influence the critical chloride threshold (𝐶𝑐𝑟), i.e. the 

concentration required to disrupt the passive film and initiate corrosion, for both 

reinforcing steel and prestressing wires, as recognised in [76], [77], [78]. Thus, in 

chloride-rich environments, the time to active corrosion (i.e., the period required to 

reach a stage at which long-term corrosion is triggered [79]) depends on two 

processes acting simultaneously: inward chloride diffusion and progressive 

alkalinity loss, which reduces pH buffering capacity [79]. The interplay between 

alkalinity loss and chloride accumulation can lead to generalised corrosion, 

localised pitting, or a combination of both.  

In RC bridges, initiation is typically modelled through chloride ingress or 

carbonation until reinforcement depassivation occurs [80], [81], [82]. While this 

approach is widely adopted, it often neglects the combined influence of multiple 

processes and the variability of concrete quality. 

For PT bridges, initiation modelling is more complex. Studies have distinguished 

between degradation initiated through intact ducts and grout [53], [64] and 

accelerated initiation through defective injections providing direct access to voids 

[56], [58]. This makes the localisation and quantification of defective injections a 

critical task. However, inspection of internal ducts remains difficult, data on defect 

distribution are scarce, and probabilistic models addressing spatial variability are 

still limited.     
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Regarding the propagation phase, models typically assume either uniform section 

reduction (generalised corrosion) or maximum pit depth (localised corrosion). In 

this context, Darmawan and Stewart [83] proposed a pit-depth evolution model 

specifically designed to estimate pit depth in prestressing wires. Moreover, based 

on experimental findings reported by [84], [85], pitting corrosion in prestressing 

wires may develop according to three distinct geometrical shapes: hemispherical, 

concave, and planar; although [85] demonstrated that the concave morphology 

occurs only at advanced corrosion stages and in relatively rare cases, whereas 

hemispherical and planar pits are observed with comparable probability. These 

different corrosion morphologies result in varying residual cross-sectional areas for 

the same pit depth; therefore, this effect should be explicitly considered when 

estimating the residual cross-section and the remaining capacity of corroded wires.  

Pitting corrosion also affects the mechanical behaviour of prestressing wires by 

reducing their ultimate strain and tensile strength, and, in severe cases, their yield 

stress, owing to stress concentrations that develop at the base of pits. For instance, 

Franceschini et al. [86], proposed an experimentally validated model (the SCPS 

model) to estimate the reduced mechanical properties of corroded strands, as a 

function of the ratio of pit depth to the initial wire radius. Similarly, Yu et al. [87] 

developed a model to estimate the reduced mechanical properties of strands and 

wires as a function of the residual cross-sectional area, also supported by 

experimental validation. 

Overall, the literature confirms that deterministic approaches are insufficient. 

Probabilistic formulations are essential for capturing uncertainties in initiation, 

propagation, and spatial variability. When sufficient data are available, probabilistic 

models can be tailored to specific structures and updated, provided that the temporal 

characteristics of the degradation process are preserved, thereby improving the 

relevance of reliability assessments and service-life predictions. 

However, targeted data-driven models for PT bridges remain largely 

underdeveloped, and moving from component to system-level perspectives is 

critical to capture correlations among different bridge elements and their 

simultaneous degradation, facilitating a global assessment of these structures.  

2.3.2 Mechanical Modelling Strategies for System Reliability Analysis 

of Multi-Girder Concrete Bridge Decks 

The system reliability assessment of reinforced and prestressed concrete multi-

girder bridge decks requires an appropriate representation of the mechanical 

interaction among longitudinal girders and transverse elements. In particular, the 

modelling approach should capture, to a sufficient degree of accuracy, the load 

distribution mechanism, the potential redistribution of internal forces after local 

yielding, and the influence of deterioration processes on system behaviour. 
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In the literature, several modelling strategies have been proposed, e.g., nonlinear 

finite element (NLFE) grillage models with explicit plastic redistribution, and 

simplified analytical grillage models embedded within probabilistic frameworks. 

Choosing a modelling approach depends on the objective of the analysis. Indeed, 

while NLFE approaches aim at reproducing the structural response up to collapse 

with high mechanical fidelity, time-variant probabilistic system reliability requires 

repeated evaluations of the structural model over a large number of stochastic 

realisations and time steps. Therefore, mechanical realism and computational 

demand need to be balanced. 

In NLFE grillage models, the bridge deck is idealised as an ensemble of longitudinal 

and transverse beam elements, whose material and section nonlinearity are 

described using fibre-section formulations or plastic hinge models. These 

approaches explicitly simulate cracking, yielding, plastic hinge formation, and 

progressive redistribution of internal forces. In this regard, Conti et al. [88] 

employed a NLFE grillage model to evaluate the residual capacity of a reinforced 

concrete grillage deck affected by corrosion. The redistribution of internal forces 

and deformation patterns were explicitly captured, highlighting the importance of 

torsion–bending interaction and progressive stiffness degradation. Corrosion was 

localised on a 3 m long segment across the midspan section of one of the external 

beams of the studied deck. The Authors’ analysis showed that, as corrosion 

progresses over time, the ductility of the external girder decreases, resulting in a 

reduced capacity for internal force redistribution among the remaining girders. A 

transition from a ductile global collapse mechanism (characterised by significant 

internal force redistribution) to a more brittle one (characterised by limited 

redistribution) was observed as corrosion develops. While providing valuable 

insights into the global behaviour of reinforced concrete grillage decks subjected to 

corrosion, the study considers only a single corrosion location and a specific 

governing failure mode, thereby limiting the exploration of alternative deterioration 

scenarios and load configurations. 

In [89], Wang et al. developed a time-variant system reliability framework for 

deteriorated multi-girder bridges based on incremental nonlinear finite element 

analysis with 3D fibre beam elements. In particular, the authors distinguished 

among: single-girder failure mode (SGFM), multi-girder failure under elastic 

distribution (MGFM-ED), and multi-girder failure with plastic redistribution 

(MGFM-PR). Quantitative indicators describing effective load distribution and 

plastic redistribution capacity were introduced, and their model incorporated 

corrosion-induced material degradation and time-dependent ductility reduction. The 

nonlinear model was also calibrated using results obtained through a full-scale 

failure test described in [90]. However, in this case, corrosion spatial variability is 

disregarded, and it is assumed developing at the worst location for the analysed 

failure mode, i.e., at the midspan for bending failure. 
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Another approach to the problem is to define and quantify decks redundancy and 

robustness based on component and system reliability evaluations. Redundancy is 

quantified as the ratio between system ultimate capacity and first-member capacity, 

while robustness measures the residual capacity after local damage. 

Within this context, for instance, [91] proposed reliability-based system factors and 

formal definitions of redundancy and robustness in bridge systems, obtaining 

system factors for different decks configurations and bending or shear failure 

modes. These factors were estimated based on several approximated reliability 

analyses accounting for nonlinear behaviour of the studied decks assuming that an 

ultimate system target reliability of 4.35 is achieved in the design phase of each 

bridge. 

Sarmiento et al. [92], [93] analyse redundancy and robustness indicators defined 

through deterministic measures, reliability-based measures, and risk-based 

measures for a prestressed grillage bridge deck under two damage scenarios: 

overloading and chloride-induced degradation. In particular, a NLFE model is 

developed, and the prestressing tendons and steel reinforcement are progressively 

removed due to the damage caused either by overloading or corrosion. In order to 

reduce the computational demand, a surrogate model is developed using the Kriging 

metamodel methodology. Their results demonstrate that, while the system reliability 

of the structure can be substantially higher than the reliability of an individual 

element, this gap decreases as damage develops, due to the reduced ability of the 

deteriorated structure to redistribute internal forces. The insights provided are 

valuable; however, the analysis is limited to the bending failure mode and damage 

localised at midspan. 

To reduce the computational effort required to perform system reliability analyses 

coupled with NLFE models, Fiorillo and Ghosn [94] combined parallel Monte Carlo 

simulations with NLFE with lumped plasticity of grillage decks, leading to the 

development of an open source software called OpenBRAIN. The model predictions 

were validated against results from a full-scale destructive laboratory test. In later 

work [95], the same authors used their OpenBRAIN software to quantify the 

reduction in ultimate system capacity under local damage scenarios. The Authors 

provided a statistical characterisation of load factors of a single girder component, 

of the whole deck, and in the case of damage of a component. Moreover, insights 

regarding the effect of different damage positions in respect to load positions are 

provided, highlighting that the effect of the damage is more pronounced when in 

proximity of an applied load and that a damage of the main girders produces a 

significant decrease in capacity while a slab damage has a limited impact. Despite 

recognising the importance of the relative position of loads and damage, the analysis 

considers only a single fixed load configuration. 

These studies demonstrated that redistribution significantly affects system-level 

reliability while damage location and extent strongly influence ultimate capacity. 
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However, within these approaches, system reliability is evaluated under fixed 

structural states and fixed loads conditions rather than within a fully space and time-

dependent deterioration context. 

Indeed, while the NLFE grillage and fibre-beam models are demonstrated fully able 

in representing actual collapse of concrete grillage decks, the need of incremental-

iterative equilibrium procedures becomes a limitation in a probabilistic framework 

where repeated structural analyses for each stochastic realisation are required. When 

embedded within time-variant reliability analysis, especially in the case of spatially 

correlated deterioration and non-fixed position traffic loads, the computational 

demand increases. Therefore, for reliability problems requiring millions of 

structural evaluations over multiple time steps, direct NLFE model becomes 

computationally unfeasible. The parallel Monte Carlo simulations proposed in [94] 

partially overcome this shortcoming. However, even within that approach, 

computational challenges remain when accounting for time and spatial 

dependencies of degradation, moving traffic loads, and multiple failure modes. 

Finally, surrogate models of the grillage deck could be adopted, but for each 

investigate load position, analysed section and failure mode an ad-hoc surrogate 

model should be trained. Such models should then be utilised in the evaluation of 

the system Limit State Function (LSF), again leading to an explosion of the 

computational demand. 

Therefore, simplified analytical grillage approaches are needed to perform system 

reliability analyses accounting for spatial and time-dependent degradation. For 

instance, Nettis et al [96] proposed an automated fragility framework for prestressed 

concrete girder bridges under traffic loads, aiming for large-scale fragility and 

portfolio-level reliability assessment. Their approach employs elastic transverse 

load distribution based on Courbon method accounting for geometric uncertainties 

and allows the estimation of the sectional capacity over time including corrosion 

degradation instead of pre-determined damage scenarios. As limitations, 

redistribution beyond the elastic stage is disregarded and the system behaviour is 

only accounted for through the transversal load redistribution coefficients. 

However, the study was able to provide the basis for the development of fragility 

curves of existing concrete decks accounting for the effect of degradation. 

2.3.3 Adopted System Modelling of the Multi-girder concrete decks 

As discussed, the literature indicates that multi-girder concrete decks exhibit partial 

ductility which reduces over time due to corrosion. NLFE grillage models are 

capable of representing the actual mechanical behaviour but cannot yet be employed 

when investigating the effects of corrosion accounting for both spatial and time 

dependent uncertainties. 
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The objective of the thesis is the evaluation of time-variant system reliability under 

spatially correlated deterioration accounting for acquired inspection data. In 

particular, spatial variability, correlation between component resistances, Bayesian 

updating using inspection data, and over time correlation of the LSFs must be 

modelled and kept within the whole timespan of the analysis. Therefore, the 

structural model must be evaluated repeatedly over many stochastic realisations, 

remain computationally tractable within life-cycle reliability analysis, and facilitate 

integration of Bayesian updating and deterioration modelling. 

The modelling strategy adopted in this thesis aims to retain the essential features 

governing system capacity and load redistribution while ensuring analytical 

tractability and computational efficiency for time-dependent reliability assessment. 

A Daniels system mechanical model is then adopted in this thesis. In particular, for 

the multi girder decks the main mechanical assumptions are that the longitudinal 

girders act as primary load-carrying components while transverse slab and 

crossbeams provide load redistribution. Therefore, the Daniels System 

representation does not attempt to replicate the full nonlinear response of the bridge, 

but it provides a mechanical model abstraction of the ultimate system capacity due 

to the interaction of longitudinal components. Similarly, for shear-governed 

deterioration scenarios, the deck system is represented as a brittle Daniels System. 

This modelling choice is motivated by the mechanical characteristics of shear failure 

in reinforced and prestressed concrete members, which generally exhibit 

substantially lower deformation capacity and redistribution potential than flexural 

failure. In corroded girders, this behaviour is even more pronounced, since corrosion 

reduces the overall section ductility, and at the system level, a local shear failure 

provides limited opportunity for progressive redistribution among adjacent girders. 

Therefore, the brittle Daniels System formulation is adopted. 

While not modelling nonlinearity, the Daniels system implicitly accounts for 

redistribution through the load-sharing rule. The abstraction represents a 

mechanically consistent reduced model suitable for spatial and time dependent 

reliability evaluation, and the adopted system configuration can be interpreted as a 

conservative approximation of the actual system load capacity accounting for 

redistribution. 

Acknowledging the employed system modelling limitations, a NLFE model is 

developed for each case study presented in Chapter 8 to estimate the ultimate 

capacity of the decks, and to estimate the level of approximation introduced using 

the Daniels system modelling. The FE models are employed to estimate the system 

capacity accounting for load redistribution in different load cases and at different 

corrosion stages. The relative error of the system capacity estimated through the 

NLFE and the proposed Daniels system model is also computed, providing an 

estimation of the conservativeness of the results. 
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2.4 Reliability Requirements for Structures 

Since the dawn of civilisation, people have placed implicit trust in the safety of 

structures. Today, this expectation is reflected in the extremely low failure 

probabilities prescribed for both new and existing structures. Two main principles 

guide the definition of these reliability requirements: the As Low As Reasonably 

Practicable (ALARP) principle and the Marginal Life-Saving Costs (MLSC) 

principle [11].  

In the ALARP framework, structural requirements, expressed as maximum annual 

failure probabilities, are defined to ensure a tolerable (acceptable) risk of failure. 

The MLSC principle, on the other hand, seeks to align economically optimal and 

feasible decisions with society’s preferences regarding life safety. Specifically, 

MLSC establishes that the cost of saving one additional statistical life must be 

balanced against society’s willingness to pay for that risk reduction. Although the 

two principles differ in formulation, they converge when defining the acceptable 

risk region based on societal willingness to pay. 

As a consequence, annual structural reliability requirements are closely intertwined 

with a country or region's economic development (e.g., the European Union). 

Parameters such as gross domestic product, life expectancy, and the balance 

between working and leisure time influence the target level of structural safety. In 

practice, this means that developing countries generally accept higher structural 

risks than developed ones. This difference becomes even more pronounced when 

discount rates are applied to structural investments, since the benefits of lives saved 

accrue over the service life of a structure. Higher discount rates, typical of 

developing countries, therefore, correspond to lower acceptable safety levels.    

Moreover, economic optimisation principles can also be applied to define target 

failure probabilities [97]. In this case, requirements are formulated as a balance 

between the costs of risk-reduction measures and the potential consequences of 

failure. For instance, different target values may be specified for partial failures 

(with limited consequences) and global failures (with potentially higher direct and 

indirect consequences). 

Table 2-1 summarises the target requirements in terms of the target reliability index, 

𝛽𝑡, defined as: 𝛽𝑡 = Φ
−1(1 − 𝑃𝑓𝑡). Here, Φ−1 denotes the inverse cumulative 

distribution function of the Standard Gaussian Distribution, and 𝑃𝑓𝑡 is the target 

failure probability determined according to the ALARP, MLSC, or economic 

optimisation principles.       

Given the relative costs, the 𝛽𝑡 values associated with Class 2 consequences 

generally satisfy life-safety requirements in developed countries, reinforcing the 

principle that structural safety should ultimately be constrained by economic 

considerations rather than by human-safety arguments [12].  
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Table 2-1: Target reliability index values depending on the costs of safety measures and the 
consequences of failure [97] 

Relative costs of 
safety measure 

Consequence of failure 

Class 2 Class 3 Class 4 

Large 3,1 3,3 3,7 

Medium 3,7 4,2 4,4 

Small 4,2 4,4 4,7 

2.4.1 Requirements for Existing structures 

The same principles can be applied when assessing either individual elements or an 

existing structure as a whole. However, when all other parameters are held constant, 

interventions on existing structures are typically associated with higher costs, which 

in turn lead to lower target reliability levels being deemed acceptable. Nevertheless, 

human-safety requirements must always be satisfied. Figure 2-2, adapted from [11] 

and [12], illustrates this concept by showing how the target reliability associated 

with the optimal cost decreases as the marginal cost of safety improvement shifts 

from new structures to existing ones. 

 

Figure 2-2: Target reliability as an economic optimisation problem constrained by the human-safety 
criterion. 

The figure highlights a key implication: the acceptable failure probability for an 

existing structure is higher than that for a newly designed one. This reflects the 

greater efficiency of adopting conservative safety margins at the design stage, when 

modifications are relatively inexpensive, compared to the assessment stage of 
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ageing structures, when interventions are considerably more costly. Consequently, 

assessments of existing structures should target reliability levels that balance safety 

with economic feasibility, ensuring that limited resources are allocated efficiently 

without compromising essential life-safety requirements. 

2.5 Research gaps and summary of the Chapter 

Based on the state-of-the-research analysis, significant gaps can be identified in 

estimating the remaining service life of concrete bridges: (i) reliability analyses 

often focus on individual components rather than adopting a structural system 

perspective; (ii) the interaction of multiple failure modes at the component level, 

together with their correlations, is often overlooked; (iii) modelling of defect 

occurrence and distribution within injected ducts of PT bridges remains limited, 

with few probabilistic models explicitly addressing spatial variability; (iv) existing 

methodologies for collecting data on the conservation status of PT bridges have 

limited applicability for supporting the development of probabilistic models of 

defect occurrence and distribution; (v) corrosion initiation is typically modelled 

without considering the quality of the surrounding concrete; (vi) calibration and 

updating of probabilistic degradation models are often performed without 

preserving the temporal characteristics of the underlying processes. 

These gaps are decisive. They show that while probabilistic analyses are 

increasingly recognised as a valuable tool, their application have remained 

fragmented, either confined to component-level analyses or based on overly 

simplified degradation assumptions. Moreover, PT bridge deterioration has not been 

systematically studied, integrating defect occurrence, spatial variability, and 

concrete quality into a unified framework. 

These shortcomings highlight the need to further develop existing methods for 

service-life assessment of concrete bridges. Current approaches either remain 

limited to component-level evaluations, neglecting system interactions, or adopt 

simplified degradation assumptions that cannot capture the spatial and temporal 

variability observed in practice. Moreover, the lack of probabilistic models for 

tendon defects and the limited integration of inspection data restrict their ability to 

support decision-making. Managers must prioritise interventions across hundreds of 

ageing structures under budget constraints, and in this context, deterministic or 

localised assessments may yield either overly conservative predictions, leading to 

premature interventions and wasted resources, or under conservative outcomes that 

compromise safety.
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3 Objectives, Research Process, and 

methods 

The assessment and management of existing concrete bridges emerge from the state-

of-the-research as a pressing and complex challenge that requires immediate 

attention. The growing age of bridge inventories worldwide calls for systematic 

evaluation of their current safety levels and the estimation of the remaining service 

life during which these structures can be considered reliable and serviceable. 

Beyond assessing current conditions, it is essential to establish rational strategies 

for planning inspections, tests, and monitoring campaigns, progressively building a 

cumulative knowledge base required to improve the accuracy and relevance of each 

subsequent assessment. Given the inherent uncertainties in material properties [98], 

environmental actions, degradation processes, and model assumptions, probabilistic 

approaches represent the most suitable tools to ensure that assessments account for 

these uncertainties quantitatively [33]. In this context, the objective of this thesis is 

to employ reliability analyses as a rational basis for bridge management, enabling 

the prioritisation of interventions and the optimisation of available resources.  

Building on the research gaps identified in Chapter 2, the thesis addresses four main 

RQs formulated in Chapter 1 through two main objectives: (i) to develop a reliability 

framework for estimating the service life of concrete bridges that explicitly accounts 

for degradation processes in both time and space. The framework is designed to 

enable rational service-life estimation by considering interactions among structural 

elements and their associated failure modes, including spatial and temporal 

dependencies; (ii) to integrate inspection and monitoring data into the reliability 

framework in order to enhance the relevance of service-life estimates and, where 

possible, extend the bridge operational lifespan.  This objective aims to achieve 

more relevant, case-specific estimates by reducing uncertainty, thereby supporting 

more efficient infrastructure management and sustainable decision-making. 

These objectives are pursued through a combination of probabilistic modelling 

techniques and in situ inspection and testing campaigns. A five-step research 

process is defined and described in the following: 

(i) Literature review: the first step is a review of literature and guidelines 

concerning the inspection of PT bridges, aiming at developing a 

methodology to detect, localise, and quantify defects within PT ducts. 
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In parallel, the state of the art in reliability analysis of concrete 

structures subjected to degradation is examined. 

(ii) Time-dependent System Reliability Framework: building on the 

existing literature, an approach is developed to calculate the time-

dependent system reliability of a concrete deck exposed to degradation 

and multiple failure modes, also identifying the main variables 

influencing reliability estimation. Empirical evidence on corrosion 

development from published studies of existing structures is 

incorporated into the analysis. 

(iii) Inspection of PT bridges: the inspection methodology for PT bridges 

is then extensively applied by Italian infrastructure management 

companies, enabling the collection of data on the actual conservation 

status of PT girders.  

(iv) Probabilistic model of injection defects in PT girders: based on 

statistical and probabilistic analysis of the inspection data, a 

probabilistic model for the occurrence and localisation of injection 

defects and corrosion spots is derived and thus used in the estimation of 

the spatial and time-dependent reliability of PT girders and decks.  

(v) Updating of the Service-Life estimation using data: the reliability 

framework is integrated with updating methods that preserve the 

temporal characteristics of corrosion processes, allowing for refined 

estimations of bridge service life.  

This research process is directly connected with the research questions, and several 

methods are utilised to conduct the research, as detailed below: 

- RQ1: investigate system configurations that enable the integration of spatial 

and temporal dependencies, and different post-failure consequences by: 

m.1 employing logical system modelling concepts to represent the 

interaction among different structural components;   

m.2 defining correlation structures between random variables through 

copulas, and modelling spatially dependent variables through 

random fields; 

m.3 using parametric stochastic processes to describe corrosion 

progression and evaluate its influence on structural capacity over 

time; 

m.4 defining system typologies based on failure consequences and 

associating them with appropriate target reliability levels; 

m.5 incorporating survival information into system reliability analyses 

to improve reliability estimation and extend predicted service-life 

when supported by empirical evidence. 
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- RQ2: account for the interaction among different corrosion mechanisms and 

their dependence on concrete quality and conservation state by:  

m.1 recognising that corrosion activation conditions vary according to 

the quality of the surrounding concrete; 

m.2 using logical system modelling to capture these differences and to 

represent triggering of corrosion processes under varying material 

and environmental conditions.  

 

- RQ3: enhance the reliability calculation of PT bridges by developing 

probabilistic models of tendon degradation informed through inspection 

data, by: 

m.1 performing statistical analyses of inspection results to quantify 

variability in tendon condition and to identify correlations between 

voids and corrosion occurrence; 

m.2 defining probabilistic models for the number and spatial 

distribution of voids and corrosion spots, and characterising their 

joint dependence; 

m.3 proposing an advanced simulation procedure that integrates these 

probabilistic models into the spatial and time-dependent system 

reliability framework; 

m.4 conducting sensitivity analyses to determine the impact of new 

degradation-related variables on the reliability index and to inform 

future inspection planning. 

 

- RQ4: integrate multi-source data from inspection, testing, and monitoring 

within the system reliability framework to improve the relevance of service-

life estimation for RC and PT bridges, by: 

m.1 developing Bayesian updating procedures that preserve the 

temporal characteristics of corrosion processes; 

m.2 combining directly measurable data (e.g., material strength) and 

indirect evidence (e.g., chloride ingress, carbonation tests, survival 

information) to perform posterior reliability analyses; 

m.3 evaluating the potential service-life extension achievable through 

the incorporation of empirical data. 

The applicability of the developed approaches is studied through representative case 

studies. The proposed methods are applied to both a post-tensioned and a reinforced 

concrete bridge deck. In the first case study, the influence of defect distribution and 

the time evolution of system reliability are assessed, along with the spatial 

distribution of failed sections. In the second case study, monitoring and testing data 

are integrated into the analysis using different Bayesian updating techniques to 

assess their impact on the reliability assessment. 
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Finally, these objectives and methods are consistently addressed across the thesis 

chapters. Chapter 4 introduces a comprehensive system reliability framework that 

combines nested structural modelling, time-dependent degradation processes, and 

Bayesian updating procedures. This foundation is progressively expanded in the 

subsequent chapters through the development of data-driven probabilistic models 

for tendon defects (Chapter 5), their implementation within a spatially dependent 

system reliability formulation (Chapter 6), the modelling of corrosion initiation and 

propagation under varying concrete qualities and conservation states (Chapter 7), 

the application to two case studies representing a PT and an RC deck (Chapter 8). 
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4  Framework for System Reliability 

Analysis and Updating 

In response to the RQs presented in Section 1.2, a comprehensive framework is 

developed to perform system reliability analyses encompassing multiple failure 

modes, spatial and time-dependent degradation, and model updating through the 

integration of multi-source data.  

In particular, different logical system configurations are employed to address RQ1, 

explicitly considering both spatial correlations [30] and temporal dependencies [37], 

thereby leading to a spatially dependent time-variant system reliability analysis. 

Moreover, sensitivity analyses [40] are conducted to identify the dominant variables 

at different points in time, corresponding to distinct degradation levels, thereby 

guiding inspection and monitoring strategies.  

Parametric stochastic processes are used to model corrosion-induced degradation at 

the component level for both RC and PT bridges. The influence of injection voids, 

along with their occurrence and spatial distribution, on the degradation of PT 

tendons and the overall system reliability of PT decks is discussed in Chapters 5 and 

6 (addressing RQ3). The stochastic input parameters for the corrosion models are 

defined for each degrading component and include a correlation model based on 

components inter- distance, thereby capturing spatial variability. The evaluation of 

time-dependent capacity for each component allows the direct incorporation of the 

corrosion process into the framework. Moreover, by appropriately modelling the 

interactions among input parameters under different concrete qualities and 

conservation states, the framework can represent the variability in degradation 

mechanisms (see Section 7), thus addressing RQ2. 

Regarding RQ4, the relevance of system reliability calculations is enhanced by 

integrating information obtained from inspections and monitoring  [42], [45], [47]. 

Therefore, procedures for incorporating new information have been embedded 

within the framework. This integration enables the progressive updating of 

probabilistic models as new data becomes available. 

The framework provides insights into failure behaviour across multiple levels, from 

individual failure modes and sections to elements and the entire structural system. 

Consequently, the spatial distribution of failing sections can be analysed for each 

failure mode, providing valuable information for the design and optimisation of 
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inspection and testing campaigns over time. Additionally, different spatial 

modelling techniques and assumptions can be applied to evaluate their influence on 

system reliability outcomes. 

The ultimate goal of the framework is to advance the estimation of existing 

structural performance by addressing current research gaps and delivering ready-to-

use analytical tools for the efficient management of ageing infrastructure assets.  

Specifically, the framework is tailored to existing concrete bridge decks, as 

illustrated in Figure 4-1, which depicts a typical PT deck composed of parallel 

girders. In this example, bending and shear are shown as representative failure 

modes, along with their spatial locations, to demonstrate the multi-level and 

spatially explicit nature of the proposed modelling approach. 

 

Figure 4-1: Typical PT deck composed of parallel girders 

The overall framework is summarised in Figure 4-2 and is described in detail in the 

following Sections of Chapter 4. To preserve temporal dependencies of variables 

within the simulation procedures, they are grouped into three categories: (1) Time-

independent variables remain fixed throughout the  
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Figure 4-2: System Reliability Framework 

analysis. Examples include concrete strength and steel yield strength. They are 

sampled once at the beginning of the simulation, and their realisations are 

considered fully correlated over time. (2) Re-sampled variables are updated at each 

time step and treated as independent between time steps. This category includes 

variable loads, represented by their annual maximum distribution, as well as 

temperature, corrosion current density, corrosion rate, and time of wetness. 

Although they are modelled as time-independent, their realisations are assumed to 

be uncorrelated across different time steps. (3) Corrosion-related variables follow 

parameterised stochastic processes. Examples are the time to corrosion initiation 
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and corrosion pit depth, which evolve according to degradation models. Their 

governing parameters (e.g., apparent surface chloride concentration, relative 

humidity) can be interpreted as hyperparameters within the hierarchical reliability 

model. These are sampled only at the start of the simulation, while the chosen 

degradation process model determines the subsequent evolution of the variables. 

4.1 Structural system reliability  

System reliability refers to the combined reliability of all structural elements that 

form the bridge system. In concrete decks, multiple failure modes may occur in each 

girder and at multiple sections along its span. These must therefore be incorporated 

into the system definition. Accordingly, the bridge is modelled as a nested system: 

the deck is treated as a system composed of girders; each girder is treated as a system 

of its sections; and each section is treated as a system of its potential failure modes. 

Spatial correlations among all these components are explicitly considered.  

In this context, failure is defined as the occurrence of at least one of the individual 

failure events, representing the union of all considered failure modes. This leads to 

the following LSF [36]: 

 𝑔𝐺(𝑿, 𝑺) = min
𝑓
[min

𝑖
(𝑔𝑓,𝑖(𝑿, 𝑺))] (1) 

where 𝑔𝐺(𝑿, 𝑺) is the LSF for a girder, 𝑔𝑓,𝑖(𝑿, 𝑺) is the LSF for the i-th section and 

the f-th failure mode, and 𝑿 and 𝑺 denote the vectors of the Capacity- and Demand-

related input variables, respectively. 

The LSF for the deck, modelled as a series system of girders, is then given by: 

 𝑔𝑆(𝑿, 𝑺) = min
𝑗
(𝑔𝐺,𝑗(𝑿, 𝑺)) (2) 

in which 𝑔𝑆(𝑿, 𝑺) represents the deck LSF and 𝑔𝐺,𝑗(𝑿, 𝑺) is the LSF for the j-th 

girder calculated accordingly to Eq. (1). 

Alternatively, when multiple components jointly contribute to the deck capacity, the 

system can be represented as a series arrangement of multiple brittle Daniels 

Systems (DSs) [22]. In this case, the LSF is defined as: 

 𝑔𝑏𝐷𝑆(𝑿, 𝑺) = min
𝑓
{min

𝑖
[max

𝑗
[(𝑛 − 𝑗 + 1)𝐶𝑓𝑗,𝑖(𝑿)] −∑ 𝐷𝑓𝑗,𝑖

(𝑺)
𝑗

]}   (3) 

In Eq. (3) 𝑔𝑏𝐷𝑆(𝑿, 𝑺) is the LSF, 𝐶𝑓𝑗,𝑖̅(𝑿) is the capacity and 𝐷𝑓𝑗,𝑖
(𝑺) is the demand 

corresponding to f-th failure mode of the j-th girder evaluated at section 𝑖, while the 

number of sections in parallel is denoted by 𝑛. To properly capture load 

redistribution after girder failures, the girder capacities at each section 𝑖 are arranged 
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in ascending order. The set of sections includes all those analysed under each failure 

mode scenario. 

As discussed in Sections 2.3.2 and 2.3.3, although Eq. (3) provides an analytically 

closed-form representation of system capacity, its applicability and level of 

approximation must be verified against a NLFE grillage model capable of more 

accurately representing the structural behaviour of the deck under investigation. 

Indeed, Eq. (3) is particularly advantageous because it preserves the spatial and 

temporal correlation of degradation and allows the consideration of multiple load 

positions within the probabilistic framework. However, it does not explicitly model 

post-elastic redistribution. Therefore, the use of an NLFE model allows, for selected 

load configurations and degradation states, the quantification of the approximation 

error associated with the DS representation. Moreover, the capacity of crossbeams 

and slab elements to redistribute loads transversely must be verified, as the validity 

of Eq. (3) relies on the assumption that transverse load transfer remains effective. 

4.2 Limit state functions for system reliability 

The general failure event associated with the f-th failure mode in the i-th section 

(Ff,i(𝑿, 𝑺)) is defined through the following equation: 

 Ff,i(𝑿, 𝑺) ∶ 𝐶𝑓,𝑖(𝑿) − 𝐷𝑓,𝑖(𝑺) < 0  (4) 

where 𝐶𝑓,𝑖(𝑿) and 𝐷𝑓,𝑖(𝑺) are the capacity and the demand associated with the f-th 

failure mode in the i-th section, respectively.  

The failure probability corresponding to the event Ff,i(𝑿, 𝑺) is evaluated using the 

associated LSF: 𝑔𝑓,𝑖(𝑿, 𝑺) = 𝐶𝑓,𝑖(𝑿) − 𝐷𝑓,𝑖(𝑺) and computing the probability that 

𝑔𝑓,𝑖(𝑿, 𝑺) < 0. Such LSFs must be defined for all relevant failure modes, which 

then serve as inputs for the system formulations presented in Eqs. (1) to (3).  

Model uncertainties can also be incorporated when defining 𝐶𝑓,𝑖(𝑿) and 𝐷𝑓,𝑖(𝑺). 

Following the provision by the JCSS model code, [99], the LSF 𝑔𝑓,𝑖(𝑿, 𝑺) can be 

modified to accommodate model uncertainties as: 

 𝑔𝑓,𝑖(𝑿, 𝑺) = 𝜃𝑓,𝐶𝐶𝑓,𝑖(𝑿) − 𝜃𝑓,𝐷𝐷𝑓,𝑖(𝑺) (5) 

where 𝜃𝑓,𝐶 and 𝜃𝑓,𝐷 are the capacity and the demand model uncertainties, 

respectively. This modified LSF is then applied within Eq. (1) for each section and 

failure mode considered in the system reliability analysis. 
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4.3 Time-dependent structural reliability 

As described in Section 2.2.1, an effective way to address a time-dependent 

reliability problem is to discretise time and reformulate it as a sequence of time-

independent problems. Accordingly, the failure event defined in Eq. (4) and the 

relative LSF (Eq. (5)) can be redefined as point-in-time failure events extended to 

include time-dependency and model uncertainties: 

Ff,i(𝑿, 𝑺, 𝑡) ∶ 𝜃𝑓,𝐶𝐶𝑓,𝑖(𝑿, 𝑡) − 𝜃𝑓,𝐷𝐷𝑓,𝑖,max(𝑡)(𝑺) < 0 (6) 

𝑔𝑓,𝑖(𝑿, 𝑺, 𝑡) = 𝜃𝑓,𝐶𝐶𝑓,𝑖(𝑿, 𝑡) − 𝜃𝑓,𝐷𝐷𝑓,𝑖,max(𝑡)(𝑺) (7) 

where 𝑡 is the discretised time, 𝐶𝑓,𝑖(𝑿, 𝑡) is the structural capacity at time 𝑡, and

𝐷𝑓,max(𝑡) is the corresponding maximum demand within the discretised time 𝑡. In

particular, 𝐶𝑓,𝑖(𝑿, 𝑡) can be defined as follows:

𝐶𝑓,𝑖(𝑿, 𝑡) = 𝐶𝑓,𝑖(𝑿, 0) − 𝐼[𝑡 − 𝑇Η,𝑖(𝜼)]Η𝑖(𝜼, 𝑡)  (8)

where 𝑇Η,𝑖(𝜼) is the time needed for the degradation process to become active,

depending on the vector of degradation stochastic parameters 𝜼 at section 𝑖, 𝐼[∙] is 

the indicator function, assuming value 1 or 0 when the argument is higher or smaller 

than 0, respectively. Η𝑖(𝜼, 𝑡) represents the degradation development function at

section 𝑖. The time dependence of capacity is therefore governed by the degradation 

processes described in Chapter 7. 

The formulation (8) allows for the inclusion of spatial dependencies, since for 

different sections 𝑖 a correlation model of the input variables and degradation 

parameters can be defined based on the distance between pairs of sections, for 

example, through random fields.  

If time is discretised annually, the resulting annual reliability can be compared with 

the target reliability indices prescribed in standards [11] (see also Section 2.4), 

allowing the estimation of the structure service life. The Eqs. from (1) to (3) can be 

adapted accordingly. 

However, as discussed in Section 2.2.1, the annual reliabilities calculated in this 

manner consider each year separately, ignoring valuable information such as the 

fact that the structure has survived up to the considered time step. This survival 

information may reveal critical for service-life estimation, as a structure that has 

already reached an advanced age without failure provides evidence of its reliability, 

and this knowledge should reduce the estimated probability of imminent failure. 

To incorporate this aspect, the cumulative failure event Ff,i(𝑿, 𝑺, [0, 𝑡]) associated

with the f-th failure mode in the i-th section, is defined: 

Ff,i(𝑿, 𝑺, [0, 𝑡]) = {∃ 𝜏 ∈ [0, 𝑡] ∶  𝑔𝑓,𝑖(𝑿, 𝑺, 𝑡) < 0} (9)
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Moreover, the cumulative survival events Sf,i(𝑿, 𝑺, [0, 𝑡]) is defined as the 

complementary of Ff,i(𝑿, 𝑺, [0, 𝑡]), and their probabilities 𝑃 (Ff,i(𝑿, 𝑺, [0, 𝑡])) and 

𝑃 (Sf,i(𝑿, 𝑺, [0, 𝑡])), are also defined. 

Similarly, the cumulative failure event for a component and for the series system or 

brittle DS can be defined as follows: 

 

FG(𝑿, 𝑺, [0, 𝑡]) = {∃ 𝜏 ∈ [0, 𝑡] ∶  𝑔𝐺(𝑿, 𝑺, 𝑡) < 0} 
FS(𝑿, 𝑺, [0, 𝑡]) = {∃ 𝜏 ∈ [0, 𝑡] ∶  𝑔𝑆(𝑿, 𝑺, 𝑡) < 0} 

FbDS(𝑿, 𝑺, [0, 𝑡]) = {∃ 𝜏 ∈ [0, 𝑡] ∶  𝑔𝑏𝐷𝑆(𝑿, 𝑺, 𝑡) < 0} 
(10) 

These formulations, along with their relative survival events and probabilities, are 

used to calculate conditional failure probabilities given survival events.   

Bayesian updating of the cumulative failure probability can then be performed as 

(notation simplified for clarity by omitting 𝑿 and 𝑺): 

 𝑃(Ff,i([0, 𝑡])|E) =
𝑃(Ff,i([0, 𝑡]) ∩ E)

𝑃(E)
  (11) 

where E is the conditioning event (e.g., corrosion indication, damage indication, or 

proof load test [100], [101], [102]). When E coincides with the survival event, the 

conditional probability of failure in year 𝑡, given the survival until time 𝑡𝐴, can then 

be expressed in the four cases as: 

 

𝑃 (Ff,i([0, 𝑡])|Sf,i([0, 𝑡𝐴])) =
𝑃 (Ff,i([0, 𝑡]) ∩ Sf,i([0, 𝑡𝐴]))

𝑃 (Sf,i([0, 𝑡𝐴]))
  

𝑃(FG([0, 𝑡])|SG([0, 𝑡𝐴])) =
𝑃(FG([0, 𝑡]) ∩ SG([0, 𝑡𝐴]))

𝑃(SG([0, 𝑡𝐴]))
  

𝑃(FS([0, 𝑡])|SS([0, 𝑡𝐴])) =
𝑃(FS([0, 𝑡]) ∩ SS([0, 𝑡𝐴]))

𝑃(SS([0, 𝑡𝐴]))
  

𝑃(FbDS([0, 𝑡])|SbDS([0, 𝑡𝐴])) =
𝑃(FbDS([0, 𝑡]) ∩ SbDS([0, 𝑡𝐴]))

𝑃(SbDS([0, 𝑡𝐴]))
  

(12) 

where both 𝑃(F∙([0, 𝑡]) ∩ S∙([0, 𝑡𝐴])) and 𝑃(S∙([0, 𝑡𝐴])) can be evaluated using 

conventional structural reliability techniques combined with the outcrossing 

approach, [97]. These equations are valid for 𝑡 < 𝑡𝐴, while F∙([0, 𝑡]) and S∙([0, 𝑡]) 
denote the four different cases of failure at section 𝑖 for failure mode f, or at 

component, series system, or brittle DS failure. 

Moreover, since target reliabilities are typically specified as annual values [11], the 

posterior annual point-in-time failure probability for any of the four cases can be 

calculated as: 
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𝑃(F∙(𝑡)|S∙([0, 𝑡𝐴])) =
𝑃(F∙(𝑡) ∩ S∙([0, 𝑡𝐴]))

𝑃(S∙([0, 𝑡𝐴]))

=  
𝑃(F∙(𝑡) ∩ S∙([0, 𝑡𝐴]))

1 − 𝑃(F∙([0, 𝑡𝐴]))
; 𝑡 > 𝑡𝐴 

(13) 

This conditional formulation is particularly valuable because it integrates survival 

information into the reliability analysis at the failure mode, component, and system 

levels, ensuring that service-life predictions are not overly conservative and reflect 

the actual observed performance of the structure. 

4.4 Bayesian direct and indirect updating of structural 

reliability 

Direct updating applies to variables in the reliability models (see Eqs. from (1) to 

(7)) that can be directly measured, such as the compressive strength of concrete or 

the yield stress of steel rebars. In this case, the parameters 𝚯 of their prior 

distribution (e.g., mean, variance, scale) are treated as hyperparameters, i.e., random 

variables updated based on test outcomes (see also ISO 2394:2015 [11]).  Given the 

prior distribution 𝑓𝑋
′(𝑥|𝚯) of the variable, the likelihood function representing the 

𝑛 test outcomes 𝑥𝑟 is defined as: 𝐿(𝑥1, … , 𝑥𝑛|𝚯) = ∏ 𝑓𝑋
′(𝑥𝑟|𝚯)

𝑛
𝑟=1 , where the 

values 𝑥𝑟 are observed and the parameters in vector 𝚯 are unknowns. The joint prior 

distribution 𝑝′(𝚯) of the parameters is chosen based on relevant literature, known 

ranges of variation, or mathematical convenience (e.g., conjugate priors). The 

posterior distribution of the parameters is then: 

 𝑝′′(𝚯|𝑥1, … , 𝑥𝑛) =
1

𝑐
𝑝′(𝚯)𝐿(𝑥1, … , 𝑥𝑛|𝚯) (14) 

where 𝑐 is the normalising constant. The posterior distribution of the input variable, 

i.e., the predictive distribution, is then obtained using the total probability theorem 

to integrate out the uncertainties associated with the model parameters: 

 𝑓𝑋
′′(𝑥|𝑥1, … , 𝑥𝑛) = ∫ 𝑓𝑋

′(𝑥|𝛀)𝑝′′(𝛀|𝑥1, … , 𝑥𝑛)d𝛀
𝚯

 (15) 

Indirect updating applies to variables that cannot be directly measured, such as the 

parameters of stochastic degradation models (M(𝚯)). The prior distributions of 

these parameters are typically drawn from the literature, while the prior distribution 

of the model output (𝑓O
′(O)) is obtained through the model function using these prior 

parameter distributions.  

If an inverse of the model M(𝚯) exists (M−1(𝚯)), the likelihood function, 

𝐿(𝜊1, … , 𝜊𝑛|𝚯), can be constructed by fitting the 𝑛 values 𝚯 obtained from 
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M−1(𝚯|𝜊𝑟) to a suitable distribution, where 𝑜𝑟 are the observations. This approach 

captures both data bias and dispersion, avoiding the assumption of independent, 

normally distributed measurement errors, while preserving the fundamental 

interpretation of the likelihood as the probability of observing the data given a 

realisation of the parameter 𝚯.  

When M−1(𝚯) does not exist, the likelihood function 𝐿(𝜊1, … , 𝜊𝑛|𝚯) can instead be 

defined through stochastic calibration of the model parameters using the 

observations 𝑜𝑟.   

In both cases, Eqs. (14) and (15) are utilised to compute the posterior distribution of 

the parameters, 𝑝′′(𝚯|𝑜1, … , 𝑜𝑛), and the predictive distribution of the model 

output, 𝑓O
′′(O|𝑜1, … , 𝑜𝑛). 

Furthermore, when instrumentation is employed to detect flaws, cracks, or other 

forms of damage in structures, the Probability of Detection (PoD) curve associated 

with the instrument can be used to define the likelihood function for the observed 

detections. In particular, the PoD curve links the damage size 𝑑𝑆 to the probability 

of its detection 𝑃(𝐷𝐼|𝑑𝑆), explicitly accounting for uncertainties in signal 

processing, measurement technology, operational conditions, and human factors. 

Therefore, for each detected damage instance, a corresponding likelihood function 

can be defined based on the PoD curve, which represents the probability of the 

observation given the possible true damage sizes. For a given prior probability 

distribution of the damage size, 𝑓𝑑𝑆
′(𝑑𝑆), the posterior distribution can be updated 

using Bayes’ theorem consistently with Eq. (14): 

 𝑓𝑑𝑆
′′(𝑑𝑆|𝐷𝐼) =

1

𝑐
𝑃(𝐷𝐼|𝑑𝑆)𝑓𝑑𝑆

′(𝑑𝑆) (16) 

where 𝑓𝑑𝑆
′′(𝑑𝑆|𝐷𝐼) is the posterior damage size distribution and 𝑃(𝐷𝐼|𝑑𝑆) is the 

PoD intended here as the likelihood function.  

This formulation allows the posterior distribution of damage size to reflect both 

instrument performance and prior uncertainty. The approach is particularly relevant 

in non destructive test (NDT) applications, where measurements are indirect and 

subject to detection uncertainty.  

Finally, when applied loads, load effects, or element capacities are measured or 

monitored, the collected data can be utilised to reduce the model uncertainties 

associated with these quantities. In this case, indication events are typically 

represented as intervals or ranges, for which the corresponding probabilities can be 

evaluated by integrating the model-uncertainty probability density function (PDF) 

over the specified range. Formally, if 𝜃𝑀 denotes the model uncertainty variable 

with PDF 𝑓𝜃𝑀(𝑧), and the measured range is [𝑧1, 𝑧2], then the conditional 

probability of indication event (I) is: 
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 𝑃(I) = ∫ 𝑓𝜃𝑀(𝑧) d𝑧
𝑧2

𝑧1

 (17) 

Given such an indication event, a truncated model uncertainty PDF can be defined: 

 𝑓𝜃𝑀|I(𝑧) =
𝑓𝜃𝑀(𝑧)

𝑃(I)
 𝑓𝑜𝑟 𝑧 ∈ [𝑧1, 𝑧2] (18) 

This truncation reduces model uncertainty, thereby increasing the relevance of the 

reliability assessment.  

In the case of equality information, where the instrumentation provides a specific 

measured value rather than a range, the observation can be modelled as a 

deterministic realisation of the uncertain variable. To maintain consistency, a 

measurement uncertainty variable 𝑈meas may be introduced to represent the 

uncertainties associated with the measurement process, leading to the definition of 

the new variable: 

 𝑈𝜃 = 𝜃𝑀 ∙ 𝑈𝑚𝑒𝑎𝑠 (19) 

However, in most practical applications, measurement uncertainties are smaller than 

model uncertainties, thereby increasing the relevance of overall reliability 

calculations. By incorporating both interval-based and equality-based measurement 

outcomes into the Bayesian updating scheme, the reliability analysis becomes 

progressively more informed and reflective of actual structural conditions. 

4.5 Summary of the Chapter 

The developed framework accounts for multiple failure modes, explicitly 

incorporates spatial and time-dependent degradation, and integrates Bayesian 

updating techniques to incorporate empirical evidence from inspections and tests. 

To address the challenges posed by spatial dependencies and correlations among 

failure modes, structural reliability is formulated using a nested system approach, in 

which decks are modelled as systems of girders, girders as systems of sections, and 

sections as systems of failure modes, while accounting for spatial correlations 

among all components. 

Time-dependent reliability is addressed by discretising time into annual intervals 

and by explicitly accounting for degradation processes in the limit state formulation. 

This approach allows for the evaluation of the residual life of existing structures 

within the framework of current standards (e.g., [11]). Particular attention is given 

to conditional failure probabilities, which enable the inclusion of survival 

information in reliability assessment through time-variant reliability approaches 

[37], [47], [103]. This aspect may reveal crucial for service-life assessment, as it 

ensures that predictions reflect the observed performance of the structure over time. 
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In addition, Bayesian updating procedures have been introduced for both directly 

and indirectly measurable variables, damage size distribution, and direct 

information gathering. These methods enable refining prior models by incorporating 

empirical data from inspection, testing, and monitoring activities into the system 

reliability framework. 

The proposed framework addresses the RQs outlined in Section 1.2 and establishes 

the methodological foundation for the system reliability analysis of concrete 

bridges. Moreover, it provides a basis for integrating specific degradation models 

that capture differences in corrosion progression between PT and RC structures and 

across different concrete qualities, as presented in the subsequent chapters. 

Specifically, Chapters 5 and 6 focus on the development of probabilistic models for 

assessing the spatial degradation of tendons in PT bridges and their implementation 

within the proposed framework. Chapter 7, instead, presents the modelling of 

corrosion degradation for different concrete qualities and its updating using in situ 

test data. These models can be directly applied to the corrosion assessment of RC 

bridges, while specific considerations for PT bridges are explicitly discussed in 

Section 7.3. 
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5 Data-Driven Probabilistic 

Modelling of Defects in Post-

Tensioned Bridge Girders 

RQ3 is addressed explicitly in this and the following Chapters. As widely 

recognised in the literature [55], [78], [104], [105], [106], [107], defective grout 

injections have a detrimental effect on the durability of PT bridges. These defects 

are considered hidden because they cannot be identified through conventional visual 

inspections, and their detection is therefore of primary importance. To this end, a 

dedicated inspection methodology is developed to detect and localise hidden 

defects, including voids, corrosion spots, and their simultaneous occurrence, within 

PT tendons. Based on the data collected from these inspections, the spatial and 

statistical distributions of the identified defects are analysed and modelled, and a 

possible relationship between the presence of voids and the onset of corrosion is 

investigated. At the same time, the development of probabilistic models 

representing the occurrence and spatial distribution of such defects within ducts is 

essential for service-life estimation of PT structures. 

5.1 Inspection methodology 

The inspection methodology is developed to provide an initial dataset for the 

development of predictive probabilistic models for the spatial analysis of tendon 

corrosion degradation. It was first tested in a laboratory setting on PT specimens 

(Figure 5-1), to calibrate the procedures and instrumentation, and subsequently 

applied in situ on real bridges (Figure 5-2 and Figure 5-3) to demonstrate its 

effectiveness under operational conditions. The procedure is summarised as 

follows: 

a) Visual inspection. A preliminary visual examination of the bridge is 

conducted to assess overall conservation condition and detect visible 

defects affecting structural elements or details. 

b) Determination of the number of tendons to inspect. The number of tendons 

to be examined is determined following the method proposed by the Federal 
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Highway Administration (FHWA) [106], adapted to the Italian bridge 

stock. The approach assumes that inspection outcomes follow a 

hypergeometric distribution. 

c) Determination of tendons layout. The layout of the tendons is determined 

using Ground Penetrating Radar (GPR). When design drawings are 

available, their accuracy is verified against GPR results. 

d) Localisation and quantification of defects within the ducts. Ultrasonic 

Tomography (UT) is used to detect the location of potential defects along 

the tendon layout. Subsequently, endoscopy is used to quantify the defects 

in terms of void and to assess the presence of corrosion on tendons. 

e) Determination of actual prestressing force on PT wires. The residual 

prestressing force is evaluated using X-ray diffraction techniques.    

 

Figure 5-1: Main geometrical dimension of the specimens (left); types of damages simulated (right). a) 
voids, b) bleed water, c) damaged wires; d) damaged duct. 
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Figure 5-2: In situ execution of GPR tests. 

 

Figure 5-3: In situ execution of UT tests. 

5.2 Data gathering 

The developed methodology was extensively applied on PT decks in Italy to collect 

data, primarily through steps c and d, for the development of the probabilistic 
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models of defect occurrence and distribution. Among the inspected structures, 53 

bridges comprising 192 girders were selected for analysis. These girders share 

similar design and construction methodologies, ensuring comparability of results. 

The selected bridges are simply supported with I-shaped girders, built during the 

1960s, and span lengths ranging from 20 to 45 m (average span 35 m). Given their 

comparable design, construction period, and prestressing technology, the PT girders 

were expected to exhibit similar defect characteristics. Figure 5-4 illustrates a 

typical example of the analysed bridges and the cable layout within the beams. 

For each girder, cables were inspected in critical zones, i.e., at beam ends, curvature 

changes, and mid-span regions, where defects are most likely to occur due to 

construction practices. After assessing tendon layouts with GPR and comparing 

them against design documentation (Figure 5-5), UT scans were performed at 10 

cm intervals along the tendon path to identify potential voids within the ducts 

(Figure 5-6). 

 

Figure 5-4. Scheme of a typical analysed bridge and layout of cables in longitudinal section. 
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Figure 5-5: Example of the test localisation on a girder. Cable paths shown are the ones detected via 
GPR (blue) and according to design documents (grey). Red zones indicate the locations of detected 
voids. 

 

Figure 5-6: UT scans carried out in situ. a) Beam rough surface (honeycombs, b) bottom face of a 
girder, c) scans performed on the same surface varying the output digital gain. 

In the identified critical zones, endoscopic or semi-destructive inspections were then 

performed to confirm the presence of voids and to detect corrosion (see Figure 5-7). 

The final dataset includes detailed information on the inspected tendons, the total 

inspected length, and the precise positions of voids and corrosion spots along each 

cable. To ensure traceability, each tendon, girder, and bridge is assigned a unique 

identification code (see Figure 5-4). The resulting dataset serves as the basis for 

developing probabilistic models of defect occurrence, spatial distribution, and 

correlations, as presented in the following Sections. 

A limitation of the data-gathering procedure is the inability to directly measure the 

extent of voids and the depth of corrosion due to the lack of access to internal cables. 

As a result, only the presence of voids or corrosion could be registered, while their 

extent was qualitatively (visually) assessed during inspections, as also presented in 

Section 5.3. 
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Figure 5-7: Data from the inspection campaign. Left: an endoscopic inspection showing a fully 
grouted and uncorroded cable. Right: a destructive inspection revealing wire corrosion (circled in 
red) despite the duct being fully grouted. 

Therefore, the models presented in Sections 5.4.2 and 5.4.3 account only for the 

position of corrosion, while severity can only be estimated by incorporating 

corrosion development models available in the literature (see Chapter 7). 

5.3 Statistical analysis 

The statistical analysis of the inspection campaign outcomes is conducted on 192 

investigated beams, focusing on the distributions of voids and corrosion spots in 

prestressing wires and strands. The primary objectives are twofold: (i) to examine 

the correlation between duct-filling defects and corrosion, and (ii) to identify spatial 

patterns in defect occurrence across different zones of the beam, such as anchorages, 

curvature changes, and mid-span regions. 

To enable statistical evaluation, the inspection results were first qualitatively 

classified by technicians. Wires were categorised as sound or corroded (slightly or 

superficially), while duct filling was classified as complete, partial, or nearly void. 

For consistency in the statistical treatment, fuzzy values are assigned to each class, 

as reported in Table 5-1. 

To explore the relationship between duct-filling defects and corrosion, the 

conditional probability of corrosion given the void level is analysed (Figure 5-8). 

The fuzzy values of void and wire corrosion are reported along the horizontal axes, 

while the vertical axis shows the probability that a cable exhibits a given level of 

corrosion, conditioned on the void level. 
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Table 5-1. Definition of fuzzy values. 

Duct filling Void level Cable conservation Corrosion level 

Complete 1 Sound 1 

>75% 2 Slightly corroded 2 
50% - 75% 3 Superficially corroded 3 

25% - 50% 4   

<25% 5   

(a) (b) 

 

Figure 5-8. Probability of corrosion given the void level. 

The results highlight several trends. When duct filling is complete (void level ‘1’), 

about 70% of wires remain sound, 25% are slightly corroded, and 5% are 

superficially corroded. This confirms the protective role of complete grout filling, 

although the presence of some corrosion even in fully filled ducts suggests that 

additional factors (e.g., grout quality) may also contribute. At void level ‘2’ (>75% 

filled), the proportion of sound samples decreases, and the probability of corrosion 

increases. For intermediate fillings (50–75%, void level ‘3’), only 40% of wires are 

sound, while 35% are slightly corroded, and nearly 10% are superficially corroded. 

At void levels ‘4’ and ‘5’, superficial corrosion becomes increasingly significant, 

reaching 25% of cases at the lowest filling. 

Overall, Figure 5-8 highlights the strong correlation between void presence and 

corrosion probability, underlining the importance of incorporating duct-filling 

conditions into corrosion progression models. From a reliability perspective, void 

defects act as accelerators of degradation, directly reducing the expected service life 

of PT tendons. 
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5.3.1 Spatial distributions of voids and corrosion spots among 

different zones of the girder 

To evaluate whether defects are more likely in specific beam zones, the girders are 

divided into five regions based on cable inclination and distance from injection 

points (Figure 5-9). The results are reported with reference to these zones.  

The distribution of duct defects (voids) and wire/strand corrosion spots is analysed 

to assess whether defects concentrate in specific girder zones, such as anchorages, 

curvature changes, or other areas with difficult grout injection, or whether they are 

uniformly distributed along the beam and across the cables. 

Figure 5-10 depicts the distribution of voids by zone. The results suggest no 

substantial differences in the extent of voids across zones. However, this apparent 

uniformity may be influenced by the detection limits of the inspection techniques. 

 

Figure 5-9: Definition of girder zones. 

Corrosion levels by zone are reported in Figure 5-11. A slightly worse condition is 

found at mid-span, where 35% of tendons show level ‘2’ (slightly corroded). This 

can be interpreted in light of construction practice. Although the standard practice 

in post-tensioned grouting is to inject grout from the lowest point upward, using 

vents at high points to expel air and ensure complete filling, historical construction 

practices may not have consistently achieved these conditions. In older Italian post-

tensioned bridges, limited quality control, inadequate venting, injections performed 

from high points, or interruptions during grouting could have led to incomplete 

grout filling and local void formation also at the midspan. 
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Figure 5-10. Voids level vs zones. 

 

Figure 5-11. Corrosion level vs beam zones. 

The influence of girder position within the deck (external vs. internal) is also 

examined (Figure 5-12). The results show no significant difference, suggesting that 

environmental exposure is not the primary driver of degradation in this dataset. 

Instead, defects are mainly linked to construction flaws and tendon layout. 

This analysis indicates that the probability of corrosion increases systematically 

with the severity of void defects, and that even partial voids may compromise tendon 

durability. Corrosion may also occur, albeit less frequently, in fully grouted ducts. 

Defects are identified along the entire length of the girders but are more prevalent 

in zones where grout injection is more challenging (e.g., at curvature changes and 
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mid-span). By contrast, within the analysed dataset of bridge decks, the beam 

position within the deck is not found to influence defect occurrence. Therefore, for 

this specific set of bridges, workmanship and tendon layout are identified as the 

dominant contributing factors. 

 

Figure 5-12. Conservation status of wires/strands vs beam position into the deck. 

5.4 Probabilistic modelling 

The statistical analysis presented in Section 5.3 provides the foundation for tailored 

reliability assessments of PT bridges [108]. The main objective here is to develop a 

probabilistic model that characterises: (i) the number of defects present in a girder, 

(ii) their spatial distribution along the girder length, and (iii) the correlation between 

voids and corrosion of wires or strands. The model is developed in three steps: first, 

the probability that a girder contains at least one defect is estimated and incorporated 

into the time-dependent total probability of failure (Section 5.4.1); then, for 

defective girders only, conditional distributions for the occurrence rates of corrosion 

spots and voids, and their joint distribution, are derived (see Section 5.4.2), and the 

spatial and joint spatial distributions of voids and corrosion are characterised (see 

Section 5.4.3). 

5.4.1 Time-dependent total probability of failure 

The inspection of multiple girders can be represented as a sequence of Bernoulli 

trials, where each girder is considered either defect-free or defective (i.e., containing 

at least one void or corrosion spot). This assumption is justified because the 

inspection results naturally lead to binary outcomes at the girder level: a girder is 
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either unaffected or exhibits at least one defect. Accordingly, the prior probability 

distribution for a defective girder (𝑓𝐷(𝑒)) can be expressed as: 

𝑓𝐷(𝑒) = 𝑒 ∙ 𝜃  (20) 

where 𝑒 = 0 indicates no defects, 𝑒 = 1 indicates the presence of at least one defect, 

and 𝜃 represents the unknown probability of defect presence.  

To estimate the parameter 𝜃, the Bayesian approach proposed by Faber and 

Sørensen [100] is applied, using a non-informative prior combined with the 

binomial likelihood function: 

𝐿𝐷(𝑛𝐷|𝜃) = (
𝑛

𝑛𝐷
) 𝜃𝑛𝐷(1 − 𝜃)𝑛−𝑛𝐷 (21) 

where 𝐿𝐷(𝑛𝐷|𝜃) represents the likelihood function, 𝑛𝐷 is the number of defective 

girders, 𝑛 the total number of girders inspected. The posterior distribution of 𝜃 

(𝑓𝜃
′′(𝜃|𝑛𝐷)) is then: 

𝑓𝜃
′′(𝜃|𝑛𝐷) =

( 𝑛
𝑛𝐷
) 𝜃𝑛𝐷(1 − 𝜃)𝑛−𝑛𝐷

𝑐
 (22) 

where 𝑐 is a normalisation constant ensuring the posterior integrates to one. The 

predictive distribution for a defective girder can then be defined using the posterior 

probability density 𝑓𝜃
′′: 

𝑓𝐷(𝑒|𝑛𝐷) = ∫ 𝑓𝐷(𝑒) ∙ 𝑓𝜃
′′(𝜃|𝑛𝐷) d𝜃

1

0

= ∫ 𝑒 ∙ 𝜃 ∙ 𝑓𝜃
′′(𝜃|𝑛𝐷) d𝜃

1

0

 (23) 

This distribution can be interpreted as a Bernoulli model with parameter 

∫ 𝜃 ∙ 𝑓𝜃
′′(𝜃|𝑛𝐷) d𝜃

1

0
 (denoted as 𝑃𝔻  hereafter), which represents the probability of 

defect presence after the integration of statistical uncertainties. The integral in Eq. 

(23) can be solved in closed form and, for the 192 inspected girders, of which 140 

are found to contain defects, the posterior probability of defect presence is evaluated 

as follows: 

𝑃𝔻 =
Γ(𝑛 + 2)

Γ(𝑎)Γ(𝑛 − 𝑛𝐷 + 1)
  
Γ(𝑎 + 1)Γ(𝑏 + 1)

Γ(𝑎 + 𝑏 + 2)
= 0.7268  (24) 

with 𝑎 = 𝑛𝐷 + 1 and 𝑏 = (𝑛 + 1) − (𝑛𝐷 + 1). Defining the event 𝔻 as: 𝔻:𝑔𝔻 =
1 − 𝑒 ≤ 0 the value of 𝑃𝔻 can be incorporated into reliability analysis using the total 

probability theorem to evaluate the overall probability of failure of a girder at time 

𝑡: 

𝑃(𝐹(𝑡)) = 𝑃𝔻 ∙ 𝑃(𝐹(𝑡)|𝔻) + (1 − 𝑃𝔻) ∙ 𝑃(𝐹(𝑡)|𝔻̅)  (25) 

where 𝑃(𝐹(𝑡)) is the total probability of failure at time 𝑡, 𝑃(𝐹(𝑡)|𝔻) is the 

conditional probability of failure at time 𝑡 given that the girder is defective (event 

𝔻), and 𝑃(𝐹(𝑡)|𝔻̅) is the conditional probability of failure at time 𝑡 given that the 
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girder is not defective (event 𝔻̅). This formulation is consistent with the general 

framework introduced in Chapter 4 and ensures that system reliability reflects both 

the probability of defect occurrence and its influence on structural degradation. 

5.4.2 Rate of occurrence of a defect per meter of girder inspected 

To determine the defect occurrence rate (defined as the number of defects per metre 

of inspected cable), only cables containing at least one void or corrosion spot are 

considered. The inspected length of each cable is estimated from endoscopy-

examined sections (where tomography was also performed) and from destructively 

inspected sections, typically at mid-span, of which the inspected length is 

normalised to one metre. The total inspected length of each girder is obtained by 

summing the individual cable lengths, and the defect occurrence rate is calculated 

as the ratio between the total number of detected defects (voids or corrosion spots) 

and the inspected length. Cable inclinations are disregarded, as their influence on 

the results is negligible. 

   

Figure 5-13: Probability plots of the occurrence rate per metre of inspected girder for a) voids and b) 
corrosion spots, given a defective girder. 

A goodness-of-fit test is performed to identify suitable probability distributions for 

defect occurrence rates. The Cramer-Von Mises test [109] is selected because of its 

robustness in evaluating the overall difference between empirical and theoretical 

cumulative distribution functions (CDFs). The test indicated that a Lognormal 

distribution best represents the void occurrence rate (𝜌𝑉|𝔻), while a Gamma 

distribution best represents the corrosion spot occurrence rate (𝜌𝐶|𝔻). Figure 5-13a 

and b, where the X-axis represents the occurrence of voids, and the Y-axis shows 

the probability, provide probability plots for the two variables. In both cases, the 

empirical probabilities (cross symbols) are closely aligned with the theoretical 

probabilities (dashed lines), confirming the good fit of the selected models. 
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The analysis shows that the void occurrence rate can be modelled using a lognormal 

distribution. However, the UT scans employed to detect voids are subject to 

detection uncertainties that depend on void size. These uncertainties are accounted 

for using the UT-PoD curve developed in [46]. First, the empirical probability mass 

function (PMF) of void size is derived from in situ UT scan data using a frequentist 

approach. Void lengths are grouped into classes of width 10 cm (corresponding to 

the UT scan spacing), and the number of detected voids in each class 𝑐𝑖, denoted as 

𝐶𝑣,data(𝑐𝑖), is counted. Because the PoD decreases for small voids, the raw counts 

underestimate the occurrence of small voids. To compensate, each class count is 

corrected using the average PoD value over that class, resulting in the PoD-adjusted 

class count, 𝐶𝑣,data

adj
(𝑐𝑖): 

𝐶𝑣𝑑𝑎𝑡𝑎
𝑎𝑑𝑗 (𝑐𝑖) =

𝐶𝑣𝑑𝑎𝑡𝑎(𝑐𝑖)

𝑃𝑜𝐷̅̅ ̅̅ ̅̅
𝑐𝑖

=
𝐶𝑣𝑑𝑎𝑡𝑎(𝑐𝑖)

1
10∫

𝑃𝑜𝐷(𝑣)𝑑𝑣
𝑐𝑖

 (26) 

where 𝑃𝑜𝐷̅̅ ̅̅ ̅̅
𝑐𝑖 is the average probability of detection of voids within class 𝑐𝑖, 𝑃𝑜𝐷(𝑣) 

is the detection probability function depending on void size 𝑣, and 10 cm is the class 

width.  

The adjusted PMF of the void size, 𝑝𝑣𝑑𝑎𝑡𝑎
𝑎𝑑𝑗 (𝑐𝑖), is then estimated as: 

𝑝𝑣𝑑𝑎𝑡𝑎
𝑎𝑑𝑗 (𝑐𝑖) =

𝐶𝑣𝑑𝑎𝑡𝑎
𝑎𝑑𝑗 (𝑐𝑖)

∑ 𝐶𝑣𝑑𝑎𝑡𝑎
𝑎𝑑𝑗 (𝑐𝑖)𝑐𝑖

 (27) 

where ∑ 𝐶𝑣𝑑𝑎𝑡𝑎
𝑎𝑑𝑗 (𝑐𝑖)𝑐𝑖  represents the PoD-adjusted total number of detected voids.  

This procedure compensates for the higher miss rate of smaller voids. Figure 5-14 

illustrates the recorded a) and PoD-adjusted b) size PMFs. 
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Figure 5-14: Probability mass function of recorded a) and PoD-adjusted b) void sizes. 

By modelling the void size uniformly distributed within each class, the 

unconditional probability of indication during a tendon inspection can be expressed 

as the expectation of the PoD function over the adjusted size distribution: 

𝑃(I) = ∫𝑃𝑜𝐷(𝑣) ∙  𝑝𝑣𝑑𝑎𝑡𝑎
𝑎𝑑𝑗 (𝑣) 𝑑𝑑 (28) 

Using the acquired data and the PoD curve provided in [46], the unconditional 

probability of void indication is estimated as 𝑃(I) = 0.299. 

Finally, the adjusted number of voids for each girder 𝑂𝑗
𝑎𝑑𝑗

 is computed as 𝑂𝑗
𝑎𝑑𝑗

=

𝑂𝑗/𝑃(I), where 𝑂𝑗 is the number of observed voids for girder j. The void occurrence 

rate variable (𝜌𝑉|𝔻), is then modelled by fitting a lognormal distribution to the 

occurrence rates calculated using the adjusted number of voids. 

5.4.2.1 Joint rate of occurrence of voids and corrosion spots  

The correlation between void and corrosion occurrence rates, 𝜌𝑉|𝔻 and 𝜌𝐶|𝔻, is 

analysed. The Pearson correlation coefficient is 0.3940 (p-value = 0.0000; i.e., the 

probability of incorrectly assuming a correlation when none exists), while the 

Kendall-Tau association coefficient is 0.2471 (p-value = 0.0002), both indicating a 

statistically significant correlation. This result is consistent with engineering 

expectations and the statistical analysis presented in Section 5.3. 

To capture the dependence between 𝜌𝑉|𝔻 and 𝜌𝐶|𝔻, copula functions are employed. 

The copula approach allows for combining the separate marginal distributions into 

a joint distribution (𝜌𝐶𝑉|𝔻) accounting for their dependence, as defined in [26]. 

After bootstrap-based goodness-of-fit evaluations for several copula families, as 

described in [28] and [27], the centred-𝜒2-copula is selected based on the minimum 

squared difference between the empirical copula and the selected copula family. 
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This choice is justified because the centred-𝜒2-copula effectively captures 

asymmetric tail dependence, as discussed in [110]. 

The quality of the joint model is evaluated using the Bhattacharyya coefficient 

[111], which measures similarity between two probability density functions. It is 

computed by taking the square root of the product of the density values of the two 

distributions at each point and summing the results. The coefficient ranges from 0 

to 1, where higher values indicate greater similarity; 1 corresponds to identical 

distributions. Fifty simulated datasets, generated from the joint distribution 𝜌𝐶𝑉|𝔻, 

are compared with the observed bivariate sample. Bhattacharyya coefficient ranged 

from 0.97 to 0.99, indicating good agreement between the simulated and observed 

data. The parameters for the joint defect rate-of-occurrence model are shown in 

Table 5-2. 

Table 5-2: Calibrated probabilistic model for corrosion spots and voids rate of occurrence. 

Variable Marginal Distribution Mean 
Standard 
deviation 

Copula 
family 

Copula 
parameter 

𝜌𝐶𝑉|𝔻  
𝜌𝐶|𝔻~Gamma 0.2615 0.1905 

Centred-𝜒2 𝜃𝑐𝑜 = 0.3940 
𝜌𝑉|𝔻~Log-Normal 1.0787 0.7568 

5.4.3 Spatial distribution of voids and corrosion spots 

The variation in the probability of detecting a defect along the girder length is 

analysed to identify zones that are more prone to grout voids or corrosion. In 

particular, Figure 5-15 illustrates the probability (Y-axis) of detecting either a void 

or a corrosion spot at a given location, normalised by the number of inspections 

performed at that location, as a function of the relative position along the girder 

length (X-axis).  

The results show a trimodal pattern for both voids and corrosion spots, indicating 

that defects are concentrated in three main regions: near the girder ends, around mid-

span, and at curvature changes. This outcome is consistent with construction 

practices, as grout injection is often less effective at anchorages, curvature changes, 

and mid-span regions.  
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Figure 5-15: Probability of detecting a grout void a) or a corrosion spot b) along the girder length, 
given a defective girder. 

According to Figure 5-15, parametric trimodal normal distributions are fitted to the 

data, resulting in two probabilistic models, 𝜁𝑉|𝔻 and 𝜁𝐶|𝔻, which represent the 

spatial distribution of voids and corrosion spots, respectively. Given the symmetric 

tendon layout of the girders and the arbitrary selection of starting and ending points 

during data recording, the fitted distributions are constrained to be symmetric 

around the midpoint (position 0.5). This constraint reflects the physical symmetry 

of the girder layout, ensuring that the statistical model is consistent with the 

structural configuration. Goodness of fit is evaluated using probability plots, as 

shown in Figure 5-16. For voids (Figure 5-16a), empirical probabilities (crosses) 

align closely with the theoretical values derived from the fitted distribution (dashed 

line), confirming the accuracy of the model. A similar comparison for corrosion 

spots (Figure 5-16b) shows that 𝜁𝐶|𝔻 also provides a good representation of the 

observed data. 
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Figure 5-16: Probability plots of void locations a) and corrosion spot locations b) for defective 
girders. 

5.4.3.1 Joint spatial distribution of voids and corrosion spots  

The joint spatial distribution of voids and corrosion spots is modelled using the same 

procedure adopted in Section 5.4.2.1. The Pearson correlation coefficient (0.4521, 

p-value = 0.0000) and the Kendall-Tau coefficient (0.4101, p-value = 0.0000) both 

confirm a statistically significant correlation between the spatial locations of voids 

and corrosion. This implies that voids and corrosion tend to cluster in the same 

girder regions, reinforcing the physical interpretation that poorly injected zones are 

more susceptible to both defects. Among several candidate copula families 

(evaluated using bootstrap-based goodness-of-fit procedures, see Section 5.4.2.1), 

the Gaussian copula is found to provide the best representation of the dependence 

structure. This model is used to describe the joint spatial distribution of voids and 

corrosion spots (𝜁𝐶𝑉|𝔻) along the girder length.  As in Section 5.4.2.1, the joint fit 

quality is assessed using the Bhattacharyya coefficient [111]. Across fifty 
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simulations, values between 0.85 and 0.97 are obtained, confirming the adequacy of 

the joint model. The joint model parameters are documented in Table 5-3. 

Table 5-3: Calibrated probabilistic model for the joint spatial occurrence of corrosion spots and voids. 

Variable 
Marginal 
Distribution 

Mean 
Standard 
deviation 

Component 
proportions 

Copula 
family 

Copula 
parameter 

𝜁𝐶𝑉|𝔻 

𝜁𝐶|𝔻~Trimodal 
Normal [0, 𝐿𝑔𝑖𝑟𝑑𝑒𝑟] 

[
0.18 ;  0.50 
; 0.82 

]

∙ 𝐿𝑔𝑖𝑟𝑑𝑒𝑟 

[
0.1 ; 0.06
 ; 0.1 

]

∙ 𝐿𝑔𝑖𝑟𝑑𝑒𝑟 

[1/3 ; 

1/3 ; 1/3] 
Gaussian 𝜃𝑐𝑜 = 0.45 

𝜁𝑉|𝔻~Trimodal 

Normal [0, 𝐿𝑔𝑖𝑟𝑑𝑒𝑟] 
[
0.14 ;  0.50 
; 0.86 

]

∙ 𝐿𝑔𝑖𝑟𝑑𝑒𝑟 

[
0.08 ; 0.09
; 0.08 

]

∙ 𝐿𝑔𝑖𝑟𝑑𝑒𝑟 

[0.35 ; 0.31 

; 0.35] 

5.5 Summary of the Chapter 

The probabilistic models for injection defects in PT girders are developed using 

inspection data from 192 girders across 53 bridges. The models capture both the 

occurrence rates and the spatial distributions of voids and corrosion spots, along 

with their correlations. Notably, the development of the voids occurrence rate model 

accounts for voids detection uncertainties by using the UT-PoD curve to both adjust 

the void size distribution and estimate the unconditional probability of void 

indication.  

The analysis confirmed that voids and corrosion are positively correlated and tend 

to cluster in specific girder regions, particularly at anchorages, curvature changes, 

and mid-span. These patterns reflect construction practices and tendon layout, with 

voids serving as preferential pathways for aggressive agents and as accelerators of 

tendon degradation by facilitating corrosion. 

From a system reliability perspective, these results are highly relevant, as the 

presence of voids accelerates corrosion, which in turn reduces the reliability of the 

girder system as a whole. The models derived here provide the necessary input 

parameters for the system reliability framework introduced in Chapter 4. 

In Chapter 6, these models are embedded into the framework through a simulation 

procedure to estimate the spatial and time-dependent reliability of PT girders and 

decks. 
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6 Procedure for performing 

Reliability Assessment of PT 

Bridges with Spatially Distributed 

Defects 

To address RQ3.c, the probabilistic defect model developed in Chapter 5 is applied 

here to account for the spatial variability of the corrosion process in PT bridges 

when evaluating their reliability. In this formulation, both the number of degrading 

sections and their positions are treated as random variables. As a result, multiple 

degradation scenarios can be simulated by varying the number (𝑛𝑖,𝑘) and locations 

of sections subject to deterioration. Each degrading section may either (i) develop 

corrosion in isolation (i.e., a corrosion spot) or (ii) experience corrosion in the 

presence of an injection void. In the latter case, corrosion is modelled to initiate 

earlier to incorporate the evidence that corrosion is accelerated in the presence of 

voids (see also Sections 5.3 and 7.3).  

To perform the calculations, an advanced simulation procedure involving 𝑛𝑀𝐶𝑆 

iterations is proposed, where 𝑛𝑀𝐶𝑆 denotes the total number of simulated scenarios. 

Each iteration corresponds to a distinct configuration of the girder’s series system, 

defined by a unique set of defect numbers and locations. This approach represents a 

departure from traditional deterministic modelling of defects, allowing the system 

reliability analysis to reflect both the stochastic nature of defect occurrence and their 

spatial clustering.  

In each k-th iteration of the simulation, the number of corrosion spots and voids is 

determined by sampling from the joint occurrence distribution 𝜌𝐶𝑉|𝔻 (Table 5-2), 

yielding values for corrosion spots per metre (𝑟𝐶) and voids per metre (𝑟𝑉). The 

absolute numbers of corrosion spots and voids are then computed as 𝑛𝐶 = 𝐿𝑔𝑖𝑟𝑑𝑒𝑟 ∙

𝑟𝐶 and 𝑛𝑉 = 𝐿𝑔𝑖𝑟𝑑𝑒𝑟 ∙ 𝑟𝑉, where 𝐿𝑔𝑖𝑟𝑑𝑒𝑟 is the length of the girder. The maximum 

of these two values, 𝑛 = max(𝑛𝐶  ; 𝑛𝑉), defines the number of potential defect 

positions to be generated. 

The spatial positions of defects are obtained by sampling 𝑛 realisations from the 

joint spatial distribution 𝜁𝐶𝑉|𝔻 (Table 5-3), providing vectors of relative positions 
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for corrosion spots (𝑠𝐶) and voids (𝑠𝑉). Surplus positions are trimmed so that 𝑠𝐶 =
𝑛𝐶 and 𝑠𝑉 = 𝑛𝑉. These relative positions are converted into absolute coordinates by 

multiplying by 𝐿𝑔𝑖𝑟𝑑𝑒𝑟. The overlap between voids and corrosion spots is then 

identified by comparing their distances from the girder end.  

From this procedure, three position vectors are defined: 𝑆𝐶 positions containing 

corrosion spots only; 𝑆𝑉 positions containing voids only (excluded from reliability 

analysis, as no corrosion develops there); and 𝑆𝐶𝑉 positions where voids and 

corrosion coincide. For each iteration 𝑘, the sets of active degrading positions (𝑥𝐶,𝑘) 

are stored in 𝑆𝐶,𝑘, while positions experiencing corrosion in the presence of a void 

(𝑥𝐶𝑉,𝑘) are stored in 𝑆𝐶𝑉,𝑘. The total number of analysed sections, 𝑛𝑖,𝑘, is then 

obtained as the sum of the lengths of these vectors. The corresponding absolute 

positions,𝑥𝐶,𝑘 and 𝑥𝐶𝑉,𝑘, are used in the reliability analysis (Figure 6-1). 

By repeating this process across 𝑛𝑀𝐶𝑆 iterations, a large ensemble of possible 

system configurations is generated, each reflecting a different spatial distribution of 

defects. The structural response is then computed for each scenario, with load effects 

at individual sections evaluated through influence lines. This procedure ensures that 

the reliability analysis explicitly incorporates the stochastic and spatially dependent 

nature of PT girder degradation, providing a potentially more realistic and relevant 

estimate of service life and safety. 

The main benefit of the proposed simulation method is that it treats both the 

corroding sections and their spatial positions as random variables. In doing so, it 

overcomes the traditional assumption of a uniform corrosion length and provides a 

representation that is better aligned with the actual, spatially heterogeneous 

condition of existing structures.  
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Figure 6-1: Illustration of two simulation iterations showing the random number and positions of 
corrosion spots and voids, leading to distinct system configurations.  

This procedure is consistent with the LSFs defined in Chapter 4 and can therefore 

be directly embedded into the reliability framework. For any simulation iteration 

and given the event 𝔻, Eq. (7) can be adapted as follows: 

 𝑔𝑓,𝑖,𝑘(𝑿, 𝑺, 𝑡) = 𝑔𝐹(𝑡)|𝔻,𝑘(𝑿, 𝑺, 𝑡, 𝑘, 𝜍𝑖,𝑘)

= 𝜃𝑓,𝐶𝐶𝑓(𝑿, 𝑡, 𝑘, 𝜍𝑖,𝑘) − 𝜃𝑓,𝐷𝐷𝑓,max(𝑡)(𝑺, 𝑘, 𝜍𝑖,𝑘) 
(29) 

where 𝑔𝐹(𝑡)|𝔻,𝑘(𝑿, 𝑺, 𝑡, 𝑘, 𝜍𝑖,𝑘) is the limit state function evaluated at section 𝜍𝑖,𝑘 at 

time 𝑡, conditioned on event 𝔻; 𝐶𝑓,𝑖(𝑿, 𝑡, 𝑘, 𝜍𝑖,𝑘) is the capacity corresponding to 

the f-th failure mode of the section 𝜍𝑖,𝑘 at time 𝑡; and 𝐷𝑓,𝑖,max(𝑡)(𝑺, 𝑘, 𝜍𝑖,𝑘) is the 

demand corresponding to the f-th failure mode at the section 𝜍𝑖,𝑘 calculated using 

its influence line. Following Eq. (29), all other LSFs presented in Chapter 4 can be 

adapted to account for spatially random defect distributions. 

The failure probability at time 𝑡 for a sound structure, 𝑃(𝐹(𝑡)|𝔻̅), is calculated 

without considering tendon degradation due to hidden defects. The total failure 
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probability (𝑃(𝐹(𝑡))) is then evaluated using Eq. (25), and the corresponding total 

reliability index (𝛽) is defined as: 

𝛽 = −Φ−1[𝑃(𝐹(𝑡))] = 

−Φ−1[ 𝑃𝔻 ∙ 𝑃(𝐹(𝑡)|𝔻) + (1 − 𝑃𝔻) ∙ 𝑃(𝐹(𝑡)|𝔻̅) ] 
(30) 

In Eq. (30), −Φ−1 represents the inverse cumulative function of the Standard 

Normal Distribution and all other symbols retain the meanings introduced 

previously. 

6.1 Summary of the Chapter 

In this chapter, the probabilistic models of defect occurrence and spatial distribution 

developed in Chapter 5 are embedded into the system reliability framework 

introduced in Chapter 4. An advanced simulation procedure is proposed, in which 

both the number and positions of degrading sections are treated as random variables; 

thus, reducing conservativeness in the assumption of the defect location and 

providing a solution to overcomes the segmentation length depending solution of 

such problems. 

The incorporation of defect probabilities, occurrence rates, and spatial correlations 

provides a potentially more realistic and relevant estimate of service life than 

uniform degradation models and enables direct use of inspection data. Although 

computationally demanding, the method remains fully consistent with the limit state 

formulations and can be adapted to large-scale applications through advanced 

sampling techniques. 

Overall, the procedure helps bridge the gap between empirical evidence of defects 

and structural reliability assessment, and it sets the stage for the case study 

applications presented in Chapter 8.  

The following Chapter 7 focuses on the modelling of corrosion initiation and 

propagation processes within the reliability framework.
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7  Corrosion Degradation Modelling 

This Chapter addresses explicitly RQ2 by providing the models and methods for 

integrating corrosion-induced degradation under different concrete conditions 

within the proposed system reliability framework. 

As discussed in Chapter 2, both generalised and localised corrosion processes 

depend on the quality of the concrete surrounding the reinforcement or tendons, as 

well as on the presence of aggressive agents such as chlorides or on the reduction 

of alkalinity within the cover. 

Therefore, in this Chapter, the interplay between alkalinity loss and chloride ingress 

is represented through logical system modelling, which enables an explicit 

representation of how concrete quality influences the initiation of both generalised 

and localised corrosion. In this work, alkalinity reduction is represented by concrete 

carbonation, and Figure 7-1 illustrates the logical systems used to model the onset 

of the two corrosion processes.  

 

Figure 7-1: Logical system representation of the activation of generalised and localised corrosion. 
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In the figure, 𝐶𝑎 denotes the progression of carbonation, while 𝐶𝑙↓ and 𝐶𝑙↑ indicate 

the lower or higher chloride concentrations required to trigger localised corrosion, 

depending on concrete quality. At the bottom of the figure, the geometry of the steel 

sections subjected to corrosion is schematically shown: 𝐷0 is the initial diameter, 𝑥 

is the uniform diameter reduction associated with generalised corrosion, and 𝑎 is 

the pit depth associated with localised corrosion. 

This system representation offers two main advantages. First, it formalises the 

relationship between carbonation (i.e., alkalinity reduction) and chloride ingress, 

explicitly representing their interaction in the initiation of corrosion. Second, it 

distinguishes between uniform and pitting attack, allowing the subsequent 

propagation models to reflect the nature of corrosion processes. 

7.1 Activation phase 

As illustrated in Figure 7-1, the initiation of generalised corrosion is primarily 

attributed to carbonation [75], with the activation time modelled as the period 

required for the carbonation front to reach the reinforcement depth. Conversely, the 

initiation of localised (pitting) corrosion is associated with chloride ingress, and the 

activation time is defined as the time needed for the chloride concentration at 

reinforcement depth to exceed the critical chloride threshold (𝐶𝑐𝑟). The value of 𝐶𝑐𝑟 
is uncertain and strongly influenced by the quality of the surrounding concrete. To 

reflect this variability, two probability distributions are defined: a distribution with 

a higher mean value (𝐶𝑙↑ in Figure 7-1) for sound concrete (𝐶𝑐𝑟𝑠), i.e. concrete that 

maintains high alkalinity; a distribution with a lower mean value (𝐶𝑙↓ in Figure 7-1) 

for carbonated concrete (𝐶𝑐𝑟𝑐), where alkalinity has been reduced. This model aims 

to replicate the phenomenological model described in [112], as well as the findings 

of the thorough review by Angst et al. [76], which showed that alkalinity has a major 

influence on the pitting potential and, consequently, on the chloride concentration 

required to initiate corrosion. This interpretation is further supported by [73], where 

corrosion was not observed in existing concrete structures despite very high chloride 

ion concentrations. When carbonation is modelled explicitly, the distribution 𝐶𝑐𝑟𝑐  is 

applied in regions where the carbonation front has reached the reinforcement depth. 

The activation event is formalised using the following LSFs:  

 𝑔𝑔,𝑖 = 𝑡 − 𝑇𝑔,𝑖(Μca(𝚯𝑐𝑎)) (31) 

 𝑔𝑝,𝑖

= max{
[𝑡 − 𝑇𝑝,𝑖 (Μch,s(𝚯𝑐ℎ)) | 𝑇𝑔,𝑖(Μca(𝚯𝑐𝑎)) ≥ 𝑇𝑝,𝑖 (Μch,c(𝚯𝑐ℎ))]

[𝑡 − 𝑇𝑝,𝑖 (Μch,c(𝚯𝑐ℎ)) | 𝑇𝑔,𝑖(Μca(𝚯𝑐𝑎)) < 𝑇𝑝,𝑖 (Μch,c(𝚯𝑐ℎ))]
} 

(32) 
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 𝑔𝕔,𝑖 = max{𝑔𝑔,𝑖  ;  𝑔𝑝,𝑖} (33) 

where 𝑔𝑔,𝑖 is the LSF for the initiation of generalised corrosion in any section 𝑖, 

𝑇𝑔,𝑖(Μca(𝚯𝑐𝑎)) is the time to generalized corrosion, depending on the carbonation 

model Μca and the relative parameters 𝚯𝑐𝑎, 𝑔𝑝,𝑖 is the LSF for the initiation of 

pitting corrosion in any section 𝑖, 𝑇𝑝,𝑖 (Μch,s(𝚯𝑐ℎ)) and 𝑇𝑝,𝑖 (Μch,c(𝚯𝑐ℎ)) are the 

times to pitting corrosion in sound and carbonated concrete, respectively, depending 

on the chloride diffusion model Μch,s or Μch,c and parameters 𝚯𝑐ℎ. Finally, 𝑔𝕔,𝑖 is 

the governing LSF for corrosion initiation. When 𝑔𝕔,𝑖 > 0, corrosion is considered 

to have initiated in section 𝑖 (event ℂ𝑖), consistently with Eq. (8) in Section 4.3.  

7.1.1 Carbonation model 

Carbonation depth is commonly described as a function of the square root of time 

multiplied by a carbonation coefficient, which reflects the influence of concrete 

mixture design, chemical composition, and environmental conditions, [66], [113], 

[114], [115]. The time to generalised corrosion, 𝑇𝑔, can then be evaluated as follows:  

 𝑇𝑔(Μca(𝚯𝑐𝑎)) =
𝑐𝑐
2

𝑘2
 (34) 

where 𝑐𝑐 is concrete cover [mm] and 𝑘 is the carbonation parameter. A prior 

distribution 𝑝𝑘
′  can be defined for the carbonation parameter, based on the selected 

carbonation model and available information. In order to define the initial (a priori) 

probabilistic characterisation of the carbonation parameter 𝑘, the model proposed 

by Silva et al. [115] is adopted. This model provides the statistical description 

required as input to the updating procedure. Throughout the thesis, the model by 

Silva et al. [115] is therefore employed to define the a priori distribution of the 

carbonation parameter. The square-root law is then adopted to calculate 𝑇𝑔 because 

it is widely supported by experimental evidence, ensuring non-negative carbonation 

depths and reflecting the diffusion-driven nature of the process. 

7.1.1.1 Updating of the Carbonation Model and Time to Generalised Corrosion 

As discussed in Section 4.4, direct modelling of the process error for carbonation 

testing is challenging, particularly in specifying the standard deviation 𝜎𝜀 associated 

with measurement uncertainties. For this reason, the updating procedure is applied 

directly to the model parameter. In particular, test data provide estimates of the 

carbonation coefficient from measured depths: 

 Θ𝑐𝑎𝑟 = 𝑘𝑟 =
𝑑𝑟

√𝑡𝑟
 (35) 

where 𝑑𝑟 is the measured carbonation depth from the r-th test, 𝑡𝑟 is the 

corresponding test year, and 𝑘𝑟 the derived carbonation parameter.  
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Several candidate probability distributions, such as Exponential, Lognormal, 

Generalised Extreme Value, Gumbel, Normal, and Gamma, can be fitted to the 

dataset of estimated 𝑘𝑟 values. The best-fitting distribution may then be selected 

using a goodness-of-fit test, such as the Cramér-von Mises criterion [116], [117]. 

The selected fitted distribution (𝑝𝑘) is then adopted as the likelihood for updating 

the carbonation coefficient: 

 𝐿(𝜊1, … , 𝜊𝑛|Θ𝑐𝑎) = 𝐿(𝑑1, … , 𝑑𝑛|𝑘) = 𝑝𝑘(𝜆𝑘 , 𝜉𝑘) (36) 

where 𝜆𝑘, 𝜉𝑘 are the parameters of the fitted distribution. Referring to Eq. (14),  the 

posterior distribution can be computed numerically as: 

 𝑝′′(Θ𝑐𝑎|𝑑1, … , 𝑑𝑛) = 𝑝𝑘
′′(𝑘) =

1

𝑐
𝐿(𝑑1, … , 𝑑𝑛|𝑘) ∙ 𝑝𝑘

′ (𝑘) (37) 

where 𝑐 is the normalisation constant and 𝑝𝑘
′ (𝑘) is the prior distribution of the 

carbonation parameter. The posterior distribution of the carbonation parameter can 

be used to evaluate the updated time to generalised corrosion (Eq. (34)). 

7.1.2 Chloride diffusion model 

Chloride diffusion models are typically founded on Fick's second law. Several 

models can be found in the literature, each tailored to accommodate varying 

boundary conditions and environmental factors, as documented in [68]. Among the 

parameters influencing corrosion activation, the apparent surface chloride 

concentration (𝐶𝑠,𝑎𝑝𝑝) and the chloride diffusion coefficient (𝐷𝑅𝐶𝑀,0)  have a 

significant impact on the predicted time to corrosion and usually require dedicated 

characterisation. Because of the significant uncertainties associated with 𝐶𝑠,𝑎𝑝𝑝, its 

mean value (𝜇𝐶𝑠,𝑎𝑝𝑝) is commonly treated as a random variable.  

The time to pitting corrosion (𝑇𝑝(Μch(𝚯𝑐ℎ))) is modelled as a parameterised 

stochastic process derived from Fick’s second law of diffusion, which describes the 

buildup of chloride concentration at the steel cover depth (𝑐𝑐). The expression is 

given as [67]: 

 𝑇𝑝(Μch(𝚯𝑐ℎ)) = 𝐾𝑐

[
 
 
 1

4𝐷𝑎𝑝𝑝
(

𝑐𝑐

𝑒𝑟𝑓−1 (1 −
𝐶𝑐𝑟
𝐶𝑠,𝑎𝑝𝑝

)
)

2

]
 
 
 

 (38) 

where 𝐾𝑐 represents model uncertainty in the chloride diffusion process, 𝑐𝑐 is the 

concrete cover [mm], 𝐶𝑐𝑟 is the critical chloride concentration [wt.-%/b], 𝐶𝑠,𝑎𝑝𝑝 is 

the apparent surface chloride concentration [wt.-%/b], 𝑘𝑒 is the environmental 

function [67], 𝐷𝑎𝑝𝑝 is the apparent chloride diffusion coefficient [mm2/year], which 

depends on 𝐷𝑅𝐶𝑀,0 [67]. Both 𝐶𝑠,𝑎𝑝𝑝 and 𝐷𝑎𝑝𝑝 are referred to as “apparent” 
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parameters because they do not represent intrinsic chemical properties of diffusion. 

Instead, they are obtained by calibrating Fick’s law against measured chloride 

profiles in concrete. This calibration process serves as the basis for defining the 

probability distributions of 𝐶𝑠,𝑎𝑝𝑝 and 𝐷𝑎𝑝𝑝 in [65], [67], making these references 

appropriate for describing the process. Finally, because Eq. (38) relies on 

empirically derived parameters, the variable 𝐾𝑐 plays a key role in capturing residual 

model uncertainty. Following [52], it is modelled as a normally distributed random 

variable with a mean of 1.0 and a coefficient of variation of 0.1. 

7.1.2.1 Updating Chloride Ingress Models for Predicting Pitting Corrosion 

Initiation  

When chloride concentration data are available from inspections or laboratory tests, 

it becomes possible to update the chloride diffusion model and, subsequently, the 

predicted time to pitting corrosion. In this case, the inverse function of the diffusion 

model is not analytically defined. Therefore, the likelihood function 

𝐿(𝜊1, … , 𝜊𝑛|𝚯𝑐ℎ) is obtained directly from the calibration process (see Section 4.4). 

A key requirement of the updating procedure is the preservation of the temporal 

characteristics of the diffusion process. This is essential, since prior models are 

based on established physical principles that describe how chloride ingress evolves 

over time. Updating should therefore refine the parameter estimates using empirical 

evidence, without altering the fundamental time-dependent nature of the process. 

A non-linear regression analysis can be conducted to fit the model based on Fick’s 

second law of diffusion (Eq. (39)) to the experimental data. The chloride 

concentration at depth 𝑑 at time 𝑡 can be expressed as: 

 

Μch(𝚯𝑐ℎ, 𝑑, 𝑡) = 𝐶𝑙𝑚𝑜(𝑑, 𝑡)

= 𝐶0 + (𝐶𝑠,𝑎𝑝𝑝 − 𝐶0) [1 − erf (
𝑑 − 𝛥𝑑𝑐

2√𝐷𝑎𝑝𝑝 ∙ 𝑡
)] 

(39) 

where 𝐶0 [𝑤𝑡. −%/𝑐] is the initial chloride concentration and Δ𝑑𝑐 is the depth of 

the convection zone [mm]. 

The parameters adjusted for the regression process are the apparent chloride 

concentration, 𝐶𝑠,app, and the apparent chloride diffusion coefficient, 𝐷𝑎𝑝𝑝,𝐶 (𝚯𝑐ℎ =

[𝐶𝑠,app ;  𝐷𝑎𝑝𝑝,𝑐]). These are chosen for their physical and model relevance, as well 

as numerical stability. For a fixed time 𝑡, the model is fitted to the observed data 

using a non-linear least squares approach: 

 𝐶𝑙𝑚𝑜(𝑑, 𝑡̅) ≈ 𝐶𝑙𝑚𝑜,𝑟𝑒𝑔(𝑑, 𝑡̅) = 𝑓𝐶𝑙𝑚𝑜([𝒅̅, 𝒕̅], 𝚯𝑐ℎ) + 𝜀 (40) 

In Eq. (40), 𝐶𝑙𝑚𝑜(𝑑, 𝑡̅) represents the observed data, i.e., the chloride concentration, 

while 𝑓𝐶𝑙𝑚𝑜([𝒅̅, 𝒕̅], 𝚯𝑐ℎ) is the model function introduced in Eq. (39). [𝒅̅, 𝒕̅] is the 

predictor matrix (depth and inspection year), and 𝜀 is the error term. The standard 
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model for 𝜀 is applied, i.e., it has zero mean, standard deviation 𝜎𝜀, and it follows a 

Normal distribution. The error variance is estimated as: 

 
 𝜎𝜀
2 =

(𝑪𝒍𝒎𝒐(𝒅̅, 𝒕̅) − 𝑪𝒍𝒎𝒐̂(𝒅̅, 𝒕̅))
𝑻
(𝑪𝒍𝒎𝒐(𝒅̅, 𝒕̅) − 𝑪𝒍𝒎𝒐̂(𝒅̅, 𝒕̅))

𝑛 − 𝑝
 (41) 

where 𝑪𝒍𝒎𝒐̂(𝒅̅, 𝒕̅) denotes the vector of predicted responses, 𝑛 is the sample size, 

and 𝑝 is the number of parameters (equal to two in this case).  

Parameter estimation is performed using the Levenberg-Marquardt method [118], 

which minimises the sum of squared errors and provides the parameter covariance 

matrix: 

 ∑ =
𝑝
 𝜎𝜀
2[𝑱𝑻𝑱]−1 (42) 

where Σ𝑝 is the covariance matrix of the parameters, 𝑱 is the Jacobian matrix of the 

model function evaluated at the estimated parameter values. 

To retain the time dependency of the diffusion process, the data-driven apparent 

diffusion coefficient is converted into a data-driven chloride diffusion coefficient 

𝐷𝑅𝐶𝑀,0,𝑑𝑎𝑡𝑎 following the formulation provided in [67]: 

  𝐷𝑅𝐶𝑀,0,𝑑𝑎𝑡𝑎 =
𝐷𝑎𝑝𝑝(𝑡̅)

𝑘𝑒𝑘𝑡𝐴(𝑡̅)
 (43) 

where 𝑘𝑒, 𝑘𝑡, and 𝐴(𝑡̅) are the environmental regression parameter, the transfer 

parameter, and the ageing function, respectively [67]. This ensures that the updated 

model accounts for both environmental effects and concrete ageing. 

Accordingly, Eq. (39) can be reformulated when no initial chloride ions are present: 

 𝐶𝑙𝑚𝑜,𝑑𝑎𝑡𝑎(𝑑, 𝑡) = 𝐶𝑠,𝑎𝑝𝑝,𝑑𝑎𝑡𝑎 [1 − erf (
𝑑 − Δ𝑑

2√𝑘𝑒𝐷𝑅𝐶𝑀,0,𝑑𝑎𝑡𝑎𝑘𝑡𝐴(𝑡̅) ∙ 𝑡
)

2

] (44) 

The data-driven model described by Eq. (44) can be used to evaluate chloride 

concentration at the cover depth for a given year. The data-driven parameters 

𝐶𝑠,𝑎𝑝𝑝,𝑑𝑎𝑡𝑎 and 𝐷𝑎𝑝𝑝,𝐶(𝑡̅) can be associated with PDFs. These PDFs are used as the 

likelihood functions of 𝐶𝑠,𝑎𝑝𝑝,𝑑𝑎𝑡𝑎 and 𝐷𝑎𝑝𝑝,𝐶(𝑡̅) because they incorporate the data 

evidence and the relative uncertainties. Following from the fitting procedure, the 

two PDFs can be defined as: 

𝐷𝑎𝑝𝑝,𝐶(𝑡̅) → 𝐿𝐷𝑎𝑝𝑝,𝐶(𝑡̅)(𝐷𝑎)~𝑁(𝐷𝑎 , 𝜇𝐷; 𝜎𝐷) (45) 

𝐶𝑠,𝑎𝑝𝑝,𝑑𝑎𝑡𝑎 → 𝐿𝐶𝑠,𝑎𝑝𝑝(𝐶𝑙)~𝑁(𝐶𝑙 , 𝜇𝐶 ; 𝜎𝐶) (46) 

where 𝜇𝐶 and 𝜇𝐷 represent the expected value of 𝐶𝑠,𝑎𝑝𝑝,𝑑𝑎𝑡𝑎 and 𝐷𝑎𝑝𝑝,𝐶(𝑡̅), 

respectively, while 𝜎𝐶 and 𝜎𝐷 are estimated through Eq. (41).  
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Eq. (43) provides the likelihood for 𝐷𝑅𝐶𝑀,0,𝑑𝑎𝑡𝑎, denoted as 𝐿𝐷𝑅𝐶𝑀,0(𝐷0). This 

function does not follow a parametric distribution and must be evaluated 

numerically or by simulation. Using Eq. (14), the updated posterior 

distributions 𝑝𝐶𝑠,𝑎𝑝𝑝
′′ (𝐶𝑙) and 𝑝𝐷𝑅𝐶𝑀,0

′′ (𝐷0) are obtained. Finally, the predictive 

distribution of the time to pitting corrosion is derived using Eq. (15). 

In this formulation, the prior distribution of 𝑇𝑝 is defined by Eq. (38), with all the 

parameters (𝐾𝑐 , 𝑘𝑒 , 𝐴(𝑡̅), 𝐶𝑐𝑟, 𝐷𝑅𝐶𝑀,0, 𝐶𝑠,𝑎𝑝𝑝) treated probabilistically via their prior 

distributions. However, since only 𝐷𝑅𝐶𝑀,0 and 𝐶𝑠,𝑎𝑝𝑝 are updated, the prior of 𝑓𝑇𝑝
′  is 

expressed conditionally as 𝑓𝑇𝑝
′ (𝐾𝑐 , 𝑘𝑒 , 𝐴(𝑡̅), 𝐶𝑐𝑟|𝐷𝑅𝐶𝑀,0, 𝐶𝑠,app), allowing the use of 

Eq. (15).  

7.2 Propagation phase 

The realisation of the corrosion activation event (ℂ𝑖) marks the onset of the 

propagation phase, during which the steel cross-section, ductility, and tensile 

strength progressively decrease. In this work, the propagation phase is modelled as 

a loss of steel cross-section in the reinforcement bars, which is the dominant factor 

when corroded elements are assumed to fail upon reaching their yield stress, and as 

both a reduction of cross-section and degradation of mechanical properties in the 

prestressing wires (see also Section 7.3). 

For reinforcing bars, the corrosion rate, 𝑉𝑐𝑜𝑟𝑟, is defined following [113]. In addition 

to the influence of relative humidity, the effect of temperature on the corrosion rate 

is incorporated. The temperature dependency is modelled using the Arrhenius law, 

based on the mean annual temperature at the site, as recommended in the Model 

Code for Service Life Design [66]. This formulation allows the corrosion rate to 

vary consistently with temperature changes over time: 

 𝑉𝑐𝑜𝑟𝑟 = exp(𝑏𝑒 (
1

𝑇𝑟𝑒𝑓
−

1

𝑇𝑟𝑒𝑎𝑙
))𝑉𝑐𝑜𝑟𝑟,𝑎  𝑇𝑜𝑊 (47) 

where 𝑏𝑒 is the activation energy [K], 𝑇𝑟𝑒𝑓 and 𝑇𝑟𝑒𝑎𝑙 are the reference temperature 

equal to 293 K, and the mean annual temperature [K], 𝑉𝑐𝑜𝑟𝑟,𝑎 is the active corrosion 

rate [mm/year] and 𝑇𝑜𝑊 is the time of wetness expressed as an annual fraction. 

Assuming a constant corrosion rate, the annual reduction in bar diameter, 𝑟(𝑡), can 

be estimated as: 

 𝑟(𝑡) = 𝑉𝑐𝑜𝑟𝑟𝛼(𝑡 − 𝑇𝑔|𝑝)   𝑔𝑖𝑣𝑒𝑛 ℂ𝑖 (48) 

where 𝛼 is the pitting depth factor [-], equal to 2 for generalised corrosion or 

modelled as 𝛼 ~𝐿𝑁 (9.28 , 4.04) [67] for pitting corrosion; and 𝑇𝑔|𝑝 denotes the 
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time to initiation of generalised or pitting corrosion, expressed in years. The residual 

area, 𝐴𝑠(𝑡), is then given by Eq. (49): 

 
𝐴𝑠(𝑡) =

𝜋(𝐷0 − 𝑟(𝑡))
2

4
 (49) 

where 𝐷0 [mm] is the initial diameter of the stirrup or longitudinal reinforcement. 

This equation can be adapted for consistency with the general Eq. (8) presented in 

Section 4.3:  

 
𝐴𝑠,𝑖(𝑡) = 𝐴𝑠,𝑖(0) − 𝐼[𝑡 − 𝑇𝑔|𝑝,𝑖]Η𝑖(𝜼, 𝑡) 

Η𝑖(𝜼, 𝑡) =
𝜋

4
(𝑟𝑖

2(𝜼, 𝑡) − 2𝐷0𝑟𝑖(𝜼, 𝑡)) 
(50)   

where the 𝜼 vector contains all the variables presented in Eqs. (47) and (48), and the 

equation is explicitly referred to section 𝑖, making it possible to account for spatial 

dependencies. 

Moreover, in the case of generalised corrosion, spalling is also included. The 

following LSF models the spalling event: 

 𝑔𝑆𝑝(𝑡) =
𝐴𝑠,𝑖(0) − 𝐴𝑠,𝑖(𝑡)

𝐴𝑠,𝑖(0)
− 0.1 =

𝐼[𝑡 − 𝑇𝑔,𝑖]Η𝑖(𝜼, 𝑡)

𝐴𝑠,𝑖(0)
− 0.1 (51) 

Spalling is considered to occur when 𝑔𝑆𝑝(𝑡) > 0. The underlying assumption is that 

spalling initiates once the corrosion-induced loss of reinforcement cross-sectional 

area reaches 10%, as proposed in [119]. 

To evaluate the effective web width after spalling 𝑏𝑤,𝑒𝑓𝑓, the model proposed in 

[120] is implemented: 

 𝑏𝑤,𝑒𝑓𝑓 = {

𝑏𝑤 − 2(𝑐𝑤 + 𝜙𝑤) +
𝑢𝑤
5.5

   𝑖𝑓   𝑢𝑤 ≤ 5.5(𝑐𝑤 + 𝜙𝑤)

𝑏𝑤 −
5.5

𝑢𝑤
(𝑐𝑤 + 𝜙𝑤)

2   𝑖𝑓   𝑢𝑤 > 5.5(𝑐𝑤 +𝜙𝑤)
 (52) 

where 𝑏𝑤 is the web width of the section before spalling, 𝑐𝑤 is the stirrups’ concrete 

cover, 𝜙𝑤 is the stirrup diameter, and 𝑢𝑤 is the stirrup spacing. 

The effect of corrosion on mechanical characteristics of the reinforcements is also 

modelled. The model proposed by Yu et al. [87] is adopted: 

 

𝜀𝑠𝑦𝑐 =
𝑓𝑠𝑦𝑐

𝐸𝑠
 

𝑓𝑠𝑦𝑐 =
1 − 1.092𝜉𝑠
1 − 𝜉𝑠

𝑓𝑠𝑦 

𝜀𝑠𝑢𝑐 = 𝜀𝑠𝑢 ∙ exp(−2.556𝜉𝑠) 

(53) 
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where 𝐸𝑠 = 210 𝐺𝑃𝑎 is the steel Young’s modulus, 𝑓𝑠𝑦 is the yield stress of the 

steel, 𝜀𝑠𝑢 is the ultimate strain of the steel, 𝜉𝑠 is the corrosion degree defined as the 

ratio of the steel lost area to the intact steel area, 𝑓𝑠𝑦𝑐 is the yielding stress of the 

steel at a specific corrosion degree, 𝜀𝑠𝑢 is the ultimate strain of the steel at a specific 

corrosion degree, and 𝜀𝑠𝑦𝑐 is the yielding strain of the steel at a specific corrosion 

degree. 

The same formulations used to estimate the residual cross-sectional area are applied 

to prestressing wires subjected to generalised corrosion, whereas dedicated models 

are adopted for pitting corrosion, given its highly localised and more severe impact. 

In particular, to quantify the evolution of pitting corrosion in wires and to evaluate 

the maximum pit depth 𝑎(𝑡), the probabilistic model proposed by Darmawan and 

Stewart [121] is employed. This model was derived from laboratory tests on 

prestressing wires and assumes that the maximum pit depth follows a Gumbel 

distribution. Despite the development of pit depth can be interpreted as occurring in 

stages [122], the assumption of a (type I) extreme value distribution is widely 

supported in the literature [123], [124], [125], [126], [72]. 

The probability density function 𝑓𝑎(𝑡, 𝑖𝑐 , 𝑙) of the maximum pit depth over time 𝑎(𝑡) 
is: 

 

𝑓𝑎(𝑡, 𝑖𝑐 , 𝑙) = 

𝛼𝑠
𝜆0.54

exp(−𝛼𝑠 (
𝑎

𝜆0.54
− 𝜇)) exp(−exp (−𝛼𝑠 (

𝑎

𝜆0.54
− 𝜇))) ; 

𝑡 > 𝑇𝑝 

(54) 

In Eq. (54) 𝑖𝑐 is the corrosion current density [mA/cm2], 𝑙 is the wire length 

considered subjected to corrosion [mm], and 𝛼𝑠 = 8.10 [-] is the scale parameter. 

The remaining parameters can be obtained as: 

 𝜆 =
[𝑑0
2 − (𝑑0 − 0.0232𝑖𝑐 ∙ (𝑡 − 𝑇𝑝))

2
]

[𝑑0
2 − (𝑑0 − 0.0232𝑖𝑐𝑇0)

2]
 (55) 

 𝑇0 =
𝑖𝑐−𝑒𝑥𝑝𝑇0−𝑒𝑥𝑝

𝑖𝑐
 (56) 

 𝜇 = 𝜇0−𝑒𝑥𝑝 +
1

𝛼𝑠
ln (

𝑙

𝑙0−𝑒𝑥𝑝
) (57) 

In the previous equations, 𝑑0 is the wire's diameter [mm], 𝑖𝑐−𝑒𝑥𝑝 = 186 is the test 

electric current density [mA/cm2], 𝑇0−𝑒𝑥𝑝 = 0.3836 is the test time of exposure 

[years], 𝜇0−𝑒𝑥𝑝 = 0.84 is the test location parameter, and 𝑙0−𝑒𝑥𝑝 = 650 is the wires’ 

length used during the laboratory test [mm] [121].  



Corrosion Degradation Modelling 

102 

Based on experimental results reported in [84], [85], pitting corrosion in prestressing 

wires may develop in three geometric shapes: hemispherical, concave, and planar. 

However, [85] showed that the concave shape occurs only at high corrosion levels 

and in rare cases, whereas hemispherical and planar morphologies are observed with 

similar probability.  

Therefore, two models (see Figure 7-2) are employed to evaluate wire area loss, 

with each wire randomly assigned to one of the two morphologies with equal 

probability (50%). The loss of cross-sectional area of a wire for a given pit depth 

can be calculated using the following expressions: 

 

Figure 7-2: Considered corrosion morphologies: a) hemispherical pit, b) planar pit. 

Hemispherical case 

(58) 

𝐴𝑠,ℎ(𝑡) = 2𝑟0
2(𝜃1 − sin𝜃1 cos 𝜃1) 

𝜃1 = arccos (1 −
𝑎(𝑡)

2𝑟0
) 

Planar case 

𝐴𝑠,𝑝(𝑡) = 𝑟0
2(𝜃2 − sin𝜃2 cos 𝜃2) 

𝜃2 = arccos (1 −
𝑎(𝑡)

𝑟0
) 

In Eq. (58), 𝑟0 is the wire radius, 𝑎(𝑡) ranges between 0 and 2𝑟0, and the angles 𝜃1 

and 𝜃2 are defined in Figure 7-2. Eq. (58) can be adapted to be consistent with the 

general framework and to explicitly account for spatial dependency, as provided for 

Eq. (49) through Eq. (50). 

 
𝐴𝑠,𝑖(𝑡) = 𝐴𝑠,𝑖(0) − 𝐼[𝑡 − 𝑇𝑝,𝑖]Η𝑖(𝜼, 𝑡) 

Η𝑖(𝜼, 𝑡) = 𝐴𝑠,𝑝𝑖(𝑡) 𝑜𝑟 𝐴𝑠,ℎ𝑖(𝑡) 
(59) 

where Η𝑖(𝜼, 𝑡) is evaluated through Eq. (58) depending on the realised corrosion 

morphology. 

The models for reinforcements and wires, defined for both generalised and pitting 

corrosion cases, can be used to estimate the progressive reduction in cross-section 
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over time. In this way, they provide the time-dependent degradation functions 

required by the limit state formulations and ensure that corrosion progression is 

coherently integrated into the system reliability analysis framework. 

7.3 Specificities for Prestressed bridges with post-

tensioned tendons 

As discussed in Chapter 5, injection voids compromise the protective function of 

grout. In such cases, wires are directly exposed to aggressive agents, leading to 

harsher environmental conditions than in fully grouted ducts. Accordingly, two 

models for the critical chloride threshold are associated with these conditions: 𝐶𝑐𝑟𝑐  

representing the worst-case condition of reduced protection in the presence of voids 

[55], [58], [78]; 𝐶𝑐𝑟𝑠  representing the more favourable case where grout fully 

encloses the wires. Both models should remain consistent with chemical and 

damage analyses of tendons observed in existing structures, as reported, for 

example, in [78]. 

7.3.1 Tensile strength of a tendon subjected to degradation 

A tendon is composed of a bundle of prestressing wires, all subjected to the same 

initial force. As corrosion reduces wire cross-sections, the sudden rupture of one 

wire triggers the redistribution of the applied force to the remaining ones. This 

redistribution may lead to cascading failures and, ultimately, tendon rupture, even 

in the absence of external loads. To capture this behaviour, a dedicated model for 

the tensile capacity (𝑅𝑡𝑜𝑡) of a corroding tendon is introduced. 

The model distinguishes between sound and corroding wires. Sound wires fail in a 

ductile manner when their tensile strength is reached, while corroding wires fail in 

a brittle manner once their maximum stress capacity (𝜎𝑤,𝑚𝑎𝑥 ) is exceeded. The 

redistribution of the force sustained by a broken wire to the other wires in a tendon 

is modelled through a brittle Daniel System. This representation allows the 

modelling of the progressive loss of load-carrying capacity of the tendon under 

limited post-failure redistribution. The model becomes more appropriate as 

corrosion advances due to the reduction in ductility. Moreover, tendon resistance 

evaluated using Eq. (60) is compared with the residual prestressing force applied to 

the tendon (𝑃𝑡𝑜𝑡), and the tendon is excluded from the flexural capacity evaluation 

when the prestressing force exceeds the tendon resistance.  

𝑅𝑡𝑜𝑡(𝑡) = 𝑓𝑝𝑢 ∙ (𝑛𝑤 − 𝑛𝑐)  ∙ 𝐴𝑠(0)

+ max
𝑗
{(𝑛𝑐 − 𝑗 + 1)𝐴𝑠,𝑗(𝑡)𝜎𝑤,𝑚𝑎𝑥,𝑗(𝑡)}  𝑔𝑖𝑣𝑒𝑛 (60) 
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𝑃𝑡𝑜𝑡 < 𝑅𝑡𝑜𝑡(𝑡) 

Here, 𝑓𝑝𝑢 is the ultimate stress, 𝑛𝑐 the total number of corroding wires depending 

on the development of the corrosion process, 𝐴𝑠,𝑗(𝑡) the remaining areas of wires 

subjected to corrosion (with 𝑗 = 1,… , 𝑛𝑐) sorted in ascending order, 𝑛𝑤 the total 

number of wires in a cable, 𝐴𝑠(0) is the area of a wire a time equal to zero, and 

𝜎𝑤,𝑚𝑎𝑥,𝑗(𝑡) is the maximum stress capacity of the wires as a function of pitting 

depth, evaluated using the model proposed (specifically developed for wires) by Yu 

et al. [87], through Eq. (61) depending on the corrosion degree 𝜇𝑙𝑜𝑠𝑠(𝑡).  

In particular, when the corrosion degree 𝜇𝑙𝑜𝑠𝑠(𝑡) is smaller than the critical level 

𝜇𝑙𝑖𝑚,the stress-strain relationship of a corroded wire can be modelled as follows (the 

explicit dependency on time 𝑡 is omitted here for simplicity of notation): 

𝜎𝑤,𝑚𝑎𝑥

= {

𝜀𝑝𝑢,𝑐𝑜𝑟𝐸𝑝  ;   𝜀𝑝𝑢,𝑐𝑜𝑟 ≤ 𝜀𝑝0

0.85𝑓𝑝𝑢,𝑐𝑜𝑟 + (𝜀𝑝𝑢,𝑐𝑜𝑟 − 𝜀𝑝0)(
0.15 𝑓𝑝𝑢,𝑐𝑜𝑟

𝜀𝑝𝑢,𝑐𝑜𝑟 − 𝜀𝑝0
)  ;  𝜀𝑝0 < 𝜀𝑝𝑢,𝑐𝑜𝑟

 
(61) 

where 𝐸𝑝 = 210 𝐺𝑃𝑎 is the wire Young’s modulus, 𝑓𝑝𝑢,𝑐𝑜𝑟 is the ultimate stress of 

a corroded wire, 𝜀𝑝𝑢,𝑐𝑜𝑟 is the ultimate strain of a corroded wire, and 𝜀𝑝0 =
0.85𝑓𝑝𝑢

𝐸𝑝
 

is the yielding strain of an uncorroded wire, with 𝑓𝑝𝑢 being the ultimate stress of an 

uncorroded wire.  

Instead, when 𝜇𝑙𝑜𝑠𝑠(𝑡) ≥ 𝜇𝑙𝑖𝑚, the stress-strain relationship of a corroded wire is: 

𝜎𝑤,𝑚𝑎𝑥 = 𝜀𝑝𝑢,𝑐𝑜𝑟𝐸𝑝  (62) 

The ultimate stress of a corroding wire can be evaluated as follows [87]: 

𝑓𝑝𝑢,𝑐𝑜𝑟(𝑡) = 𝑓𝑝𝑢 ∙
𝛼𝑝𝑢

1 − 𝜇𝑙𝑜𝑠𝑠(𝑡)
 

𝛼𝑝𝑢(𝑡) = 1 − 1.935𝜇𝑙𝑜𝑠𝑠(𝑡) 
(63) 

The ultimate strain of a corroded wire can be estimated as: 

𝜀𝑝𝑢,𝑐𝑜𝑟(𝑡) = (1 − 9.387𝜇𝑙𝑜𝑠𝑠)𝜀𝑝𝑢  ;  𝜇𝑙𝑜𝑠𝑠(𝑡) < 𝜇𝑙𝑖𝑚 

𝜀𝑝𝑢,𝑐𝑜𝑟(𝑡) =
𝑓𝑝𝑢,𝑐𝑜𝑟

𝐸𝑝
  ;  𝜇𝑙𝑜𝑠𝑠(𝑡) ≥ 𝜇𝑙𝑖𝑚 

(64) 

where 𝜀𝑝𝑢 is the ultimate strain of an uncorroded wire. 

Finally, 𝜇𝑙𝑜𝑠𝑠 is defined as the ratio of the wire lost area to the intact steel area and 

depend on the maximum pit depth 𝑎(𝑡) (Eq. (54)). 𝜇𝑙𝑖𝑚 is the limit value of the 

cross-sectional loss for which the hardening phase disappears. Yu et al. [87] propose 

𝜇𝑙𝑖𝑚 is fixed at 8%, however, to avoid discontinuities in the stress-strain 



Corrosion Degradation Modelling 

105 

relationship, 𝜇𝑙𝑖𝑚 is here estimated by imposing that, when 𝜇𝑙𝑜𝑠𝑠 = 𝜇𝑙𝑖𝑚 = 𝜇̿, the 

two formulations in Eq. (64) must produce the same 𝜀𝑝𝑢,𝑐𝑜𝑟: 

𝛼𝑝𝑢
1 − 𝜇̿

𝑓𝑝𝑢,𝑐𝑜𝑟

𝐸𝑝
= (1 − 9.387𝜇̿)𝜀𝑝𝑢 (65) 

The solution of the equality in Eq. (65) leads to: 

𝜇̿ =
10.387𝐾 − 1.935 − √(10.387𝐾 − 1.935)2 − 4(𝐾 − 1) ∙ 9.387𝐾

18.774𝐾
  

𝐾 =
𝜀𝑝𝑢𝐸𝑝

𝑓𝑝𝑢
  

(66) 

Using Eq. (66), continuity of the stress-strain relationship is ensured while also 

accounting for uncertainty in the value of 𝜇𝑙𝑖𝑚. 

7.4 Summary of the Chapter 

This chapter presents the modelling of corrosion degradation processes for both 

reinforcing bars and prestressing wires. The activation phase is described by logical 

systems that combine carbonation and chloride ingress, while probabilistic models 

of section loss and pit growth represent the propagation phase. For prestressed 

tendons, the specific effects of injection voids and the coexistence of ductile and 

brittle wire behaviour are incorporated through a partially ductile Daniels system 

model. 

Together, these models provide the time-dependent degradation functions required 

by limit-state formulations and ensure that the physical processes of corrosion are 

coherently integrated into the system reliability framework. 

In the following chapter, the proposed framework is applied to case studies, 

demonstrating its ability to calculate the structural reliability of existing concrete 

bridges and estimate their residual service life under progressive degradation.
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8  Application of the Framework to 

Case Studies 

The developed system reliability framework (Chapter 4), together with the 

probabilistic model for tendon degradation (Chapter 5), the spatial reliability 

approach (Chapter 6), and the corrosion degradation model (Chapter 7), is applied 

to two case studies. The aim is to demonstrate the potential of the framework in 

estimating bridge service life and to illustrate its practical applicability. The case 

studies and results build on the applications described in the appended papers but 

also provide new analyses and more comprehensive outcomes. 

8.1 Post-tensioned bridge 

A typical PT bridge found on the Italian highway network consists of simply 

supported decks, each composed of several parallel girders. A simply supported 

deck, part of a bridge structure built in 1976, with four parallel girders, is considered 

to illustrate the proposed system reliability framework. The deck has a span length 

of 42 meters, a slab width of 12.3 meters, and a total section height of 2.6 meters, 

as shown in Figure 8-1. Each girder is post-tensioned with six cables, each 

containing 42 parallel wires. The shear reinforcement varies along the girder length 

and is symmetrical with respect to the midspan. It consists of stirrups of diameter 

𝜙12 at 15 centimetres spacing from the support to 2.15 metres, followed by 𝜙10 at 

25 centimetres spacing over the next 10 metres, and 𝜙8 at 25 centimetres spacing 

from 12.15 metres from the support to the midspan (see Figure 8-1d) 

Following the reliability framework, two main failure modes are considered: 

bending and shear. The deck is represented as a nested system (see Figure 8-2), 

where each analysed section acts as a component of a girder series system, and all 

girders together form the deck system. The overall deck configuration depends on 

the considered consequence scenario. Moreover, the approximation introduced by 

employing the DS modelling for the evaluation of global capacity is quantified 

through comparison with a NLFE model of the deck under two representative load 

configurations and four corrosion levels applied to the external girder. 
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a)  

b)  

c)  

d)  

e)  

Figure 8-1: a) Bridge section geometry; b) side elevation view and tendons layout; c) cable 
arrangement at midspan; d) shear reinforcements layout; e) deck plan layout. 

A failure in any single girder requires major deck repair; therefore, the system is 

modelled as a series system (Figure 8-2b). Alternatively, for scenarios where 
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multiple girders fail concurrently, total bridge collapse may occur, and the deck 

system is then modelled with sections of different girders as components within a 

ductile or brittle Daniels Systems [19], [22]. Generally, all possible combinations of 

failing sections are considered, resulting in several DSs arranged in series (see 

Figure 8-2c). For shear failure or corrosion-related scenarios, a brittle Daniels 

System is usually the most appropriate model (see, for example, [81]). 

 

Figure 8-2: a) Schematic representation of the bridge deck, b) series system configuration, and c) 
series of brittle Daniels Systems. 

8.1.1 Nonlinear Finite Element model of the PT deck 

A NLFE model of the considered PT bridge deck is developed using the SAP2000 

software. Girders and crossbeams are modelled using beam elements, while the slab 

is modelled using shell elements (Figure 8-3). The slab is included primarily for 

load introduction, while its stiffness is reduced to avoid double-counting its 

contribution to the structural capacity, as the main girders and crossbeams T-shaped 

sections already include the slab contribution. 
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Figure 8-3: Developed grillage model of the PT deck 

 

Figure 8-4: Positions of the modelled plastic hinges 

 

Figure 8-5: Representation of the tendons layout. 

Nonlinearity is modelled through plastic hinges placed at the ends of the beam 

elements, at midspan, at the locations where crossbeams intersect the main girders, 

and at 6 m and 11 m from the girder ends (see Figure 8-4 and Figure 8-5). The 

plastic hinges are defined considering the mean values of both the concrete 

compressive strength and the steel yield strength. The use of mean values is 

justified, as the plastic hinge is intended to represent a typical section resistance 

rather than the characteristic or design resistance values. Moreover, plastic hinges 

are defined for four corrosion cases: no corrosion, and cables area reductions of 5%, 

10%, and 15%. To account for the reduced ductility of the plastic hinge in the 

presence of corrosion, the mechanical properties of the wires, as a function of the 
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corrosion level, are modelled following the results provided by Yu et al. [87] as 

introduced in Section 7.3.1.  

Figure 8-6 shows the Moment-Curvature diagrams for the values of 𝜇𝑙𝑜𝑠𝑠 =
[0, 5%, 10%, 15%] for the midspan section of the external girder. 

 

Figure 8-6: Moment-Curvature diagrams for the midspan section of the external girder at different 
corrosion levels 

To obtain the plastic rotation, the hinge length is modelled as equal to the depth of 

the beam section [91].  

8.1.1.1 Load configuration 

In order to investigate the effect of the load position on the global capacity, two 

cases are considered: (i) the tandem load is placed at the midspan section, and the 

distributed load is applied over the entire carriageway; (ii) the tandem load is placed 

2.6 metres from the support, i.e. a distance equal to the height of the main girder, 

and the distributed load is applied to the carriageway beyond the initial 2.6-metre 

region. The geometry of the load scheme corresponds to Load Model 1 of Eurocode 

1 [127], including the load magnitudes. Both load cases are illustrated in Figure 8-7. 
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a)  

b)  

Figure 8-7: Schematic representation of the considered load configurations on the deck:a) the tandem 
load located at midspan; b) the tandem load located 1.2 metres from the support. 

8.1.1.2 Outcomes of the NLFE analysis 

A nonlinear static (push-down) analysis is performed in force control. In particular, 

the load intensity is gradually increased until convergence can no longer be 

achieved, i.e. until the stiffness matrix becomes singular. 

A total of eight push-down analyses are carried out, four for each load configuration, 

by varying the corrosion degree of one of the external girders. In particular, the 

hinges applied to the most heavily loaded external girder (Figure 8-7) are modified 

according to the moment–curvature diagrams corresponding to different corrosion 

degrees. The results of the analyses are presented in Figure 8-8 in terms of load–

displacement curves. The plotted displacement corresponds to the vertical 

displacement at the midspan of the most heavily loaded external girder. The 

maximum load multiplier (𝜆𝐹𝐸𝑀) represents the global capacity of the deck; a load 

multiplier equal to 1 corresponds to the characteristic load as defined in [127].    

From the graphs, the global load multiplier ranges between 2.97 and 8.54 depending 

on the load configuration and the corrosion degree. Table 8-1 summarises the 

estimated values. 
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a)  

b)  

Figure 8-8: Load multiplier evaluated using the NLFE model for:a) tandem load placed at midspan; b) 
tandem load placed near the support. 

Table 8-1: Estimated load multipliers for both load cases at varying corrosion levels obtained using the 
NLFE model 

Corrosion degree (𝝁𝒍𝒐𝒔𝒔) 𝝀𝑭𝑬𝑴 for tandem load at the 

midspan 

𝝀𝑭𝑬𝑴 for tandem load in proximity 

of the support 

0% 4.17 8.54 

5% 3.90 7.79 

10% 3.25 6.54 

15% 2.97 5.99 
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8.1.1.3 Comparison between the NLFE and the adopted brittle Daniels System 

estimated load multipliers 

The load multipliers for the two load cases are evaluated using the brittle DS 

modelling proposed in the thesis. In particular, for both load configurations, the 

moment and shear demands are evaluated for the three main girders using the 

Courbon method, and for each section the ratio of capacity to demand is calculated. 

In this case, both capacity and demand for each section 𝑖 are evaluated using the 

proposed brittle DS formulation: 

𝐶𝑆,𝑖 = max{2 ∙ min[𝐶1,𝑖, 𝐶2,𝑖] ,max[𝐶1,𝑖, 𝐶2,𝑖]} 

𝐷𝑆,𝑖 = 𝐷1,𝑖 + 𝐷2,𝑖 
(67) 

where 𝐶𝑆,𝑖 is the system capacity, 𝐷𝑆,𝑖 is the system demand due only to the traffic 

loads, 𝐶1,𝑖 is the capacity of the external girder, 𝐶2,𝑖 is the capacity of the internal 

girder, and 𝐷1,𝑖 and 𝐷2,𝑖 are the respective demands due only to the traffic loads. All 

these quantities are evaluated for the section 𝑖, and the load multiplier is defined as 

the minimum, over all sections, of the ratio between the available traffic load-

carrying capacity, i.e. the system capacity reduced by the permanent load effects 

𝐺1,𝑖 and 𝐺2,𝑖, and the traffic load demand: 

𝜆𝑏𝐷𝑆 = min
i
{
𝐶𝑆,𝑖 − 𝐺1,𝑖 − 𝐺2,𝑖

𝐷𝑆,𝑖
} (68) 

Table 8-2 shows the calculated load multipliers using the proposed brittle DS 

modelling. 

Table 8-2: Estimated load multiplier for both load cases at varying corrosion degrees using the bDS 
modelling 

Corrosion degree (𝝁𝒍𝒐𝒔𝒔) 𝝀𝒃𝑫𝑺 for tandem load at the 

midspan 

𝝀𝒃𝑫𝑺 for tandem load in proximity 

of the support 

0% 3.50 7.21 

5% 3.20 6.61 

10% 2.92 6.01 

15% 2.66 5.48 

To compare the load multipliers evaluated using the NLFE and the bDS models, the 

relative error is computed for both load cases. The resulting values of 𝜀𝑆 are depicted 

in Figure 8-9: 

𝜀𝑆 =
𝜆𝑏𝐷𝑆 − 𝜆𝐹𝐸𝑀

𝜆𝐹𝐸𝑀
∙ 100 (69) 



Application of the Framework to Case Studies 

115 

 

Figure 8-9: Relative error of the load multipliers evaluated using the brittle Daniels System model with 
respect to the NLFE model. 

Figure 8-9 shows that, as expected, the simplified representation of the system 

behaviour through a brittle Daniels System is conservative, as the resulting load 

multipliers are smaller than those estimated using the NLFE model. For the first 

load case, where the tandem load is placed at midspan, the error ranges between 

−18% and −10%, depending on the corrosion level of the external girder. For the 

second load case, the error ranges between −16% and −8%. Moreover, the error is 

significantly influenced by the considered load configuration, confirming that the 

degree of conservativeness depends on the underlying redistribution mechanisms. 

Overall, the level of conservativeness can be considered moderate, indicating that 

the proposed DS modelling provides an approximate yet sufficiently accurate 

estimate of the system capacity. 

Furthermore, these results underline that the plastic redistribution capacity of the 

deck depends not only on the deck geometry and tendons layout but also on the load 

configuration. Consequently, when spatial variability involving multiple potential 

failure modes and critical sections is considered, nonlinear probabilistic analyses 

would, need to be performed and the load should be represented as a time dependent 

spatial random field. Such a computational burden is not compatible with a 

probabilistic framework aimed at representing degradation across several sections 

and elements over time, particularly within a time-variant reliability context, thus 

motivating an approximate analytical closed-form method for the estimation of the 

system capacity, such as the one proposed herein.  

This limitation is also acknowledged in the literature (e.g., [89], [95]), where, when 

nonlinear probabilistic FE models are employed to estimate system capacity, only 

one load configuration and one critical failure section are typically considered. This 
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section is usually the midspan section subjected to bending failure, with traffic loads 

placed at midspan, as it is generally identified as the dominant failure mode.  

However, when spatial spreading of the degradation is accounted for, the most 

utilised sections alone do not dominate the system reliability (see also Section 

8.1.4), as also less utilised section, but with higher level of degradation have 

comparable failure probability. Therefore, the most critical loading position cannot 

be clearly determined, and multiple loading conditions must be considered to 

provide a relevant estimation of the system reliability. 

8.1.2 Limit State Functions 

The equations provided in Chapters 4 and 6 can be adapted to both the bending and 

the shear failure modes. In particular, Eq. (7) can be reformulated for both modes, 

while Eq. (29) applies specifically to bending, yielding the following expressions: 

 𝑔𝑀,𝑖,𝑘(𝑿, 𝑺, 𝑡, 𝑘, 𝜍𝑖,𝑘) == 𝜃𝑀,𝐶𝑀𝐶(𝑿, 𝑡, 𝑘, 𝜍𝑖,𝑘) − 𝜃𝑀,𝐷𝑀𝐷(𝑺, 𝑘, 𝜍𝑖,𝑘) (70) 

 𝑔𝑉,𝑖(𝑿, 𝑺, 𝑡) = 𝜃𝑉,𝐶𝑉𝐶,𝑖(𝑿, 𝑡) − 𝜃𝑉,𝐷,𝑖 (𝑉𝐷,𝑖(𝑺) − 𝑉𝑃,𝑖(𝑃𝑡𝑜𝑡)) (71) 

In Eq. (70), 𝜃𝑀,𝐶 represents the model uncertainties for the bending capacity model, 

𝑀𝐶(𝑿, 𝑡, 𝑘, 𝜍𝑖,𝑘) denotes the bending capacity as a function of the capacity variables 

𝑿, time 𝑡, simulation 𝑘 at section 𝜍𝑖,𝑘. 𝜃𝑀,𝐷 represents model uncertainties for the 

bending demand model, and 𝑀𝐷(𝑺, 𝑘, 𝜍𝑖,𝑘) gives the bending demand depending on 

the vector of demand variables 𝑺 and modelled here as time-independent. In Eq. 

(71), 𝜃𝑉,𝐶  represents the model uncertainties for the shear capacity model, 𝑉𝐶,𝑖(𝑿, 𝑡) 
represents the shear capacity at the time 𝑡 and section 𝑖. The shear demand model 

includes 𝜃𝑉,𝐷 for model uncertainties and 𝑉𝐷,𝑖(𝑺) for shear demand at section 𝑖. 
𝑉𝑃,𝑖(𝑃𝑡𝑜𝑡) is the vertical component of the prestressing force 𝑃𝑡𝑜𝑡 at section 𝑖. 
Notably, shear-related variables do not depend on the simulation index; thus, 

sections are denoted as 𝑖, as they remain the same across all simulations 𝑘. 

Finally, Eq. (30) can be directly applied to evaluate the total failure probability by 

defining the event 𝐹(𝑡) as the union of the failure events related to bending and 

shear failure modes.   

8.1.2.1 Bending Capacity 

The bending capacity model for prestressed concrete is based on the strength of the 

prestressing steel, as provided by code procedures [128]. When the neutral axis cuts 

the section at the slab level, the following equation is used: 

𝑀𝐶(𝑿, 𝑡, 𝑘, 𝜍𝑖,𝑘) = 

∑ (𝑅𝑡𝑜𝑡,𝑙(𝑡) ∙ 𝑑𝑙(𝜍𝑖,𝑘))
𝑛𝑝

𝑙=1
+ 0.32𝑓𝑐(𝜍𝑖,𝑘)𝑏(𝜍𝑖,𝑘)𝑦𝑐

2(𝜍𝑖,𝑘) 
(72) 
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where 𝑛𝑝 is the total number of cables, 𝑅𝑡𝑜𝑡,𝑙(𝑡) is the yield resistance of the l-th 

cable at time 𝑡 evaluated according to Eq. (60), 𝑑𝑙(𝜍𝑖,𝑘) is the inner lever arm of the 

l-th cable evaluated from the neutral axis accounting for the relative geometric 

uncertainties (𝜃𝑑) based on [99], 𝑓𝑐(𝜍𝑖,𝑘) is the concrete compressive strength, 

𝑏(𝜍𝑖,𝑘) is the slab section width accounting for shear lag, and 𝑦𝑐(𝜍𝑖,𝑘) is the position 

of the neutral axis. All variables are evaluated at section 𝜍𝑖,𝑘. 

This formulation provides accurate results for undamaged prestressed concrete 

girders. In the damaged case, however, the bending capacity at each section is 

determined iteratively by balancing tensile and compressive forces in the section, 

estimated using modified stress-strain relationships for the corroded steel and a 

parabola-rectangle stress-strain diagram for the concrete. In this case, Eq. (72) is 

employed as the initial estimate within the iterative procedure. 

8.1.2.2 Shear Capacity 

The shear capacity model is based on the modified compression field theory, the 

current standard design model in Eurocode 2 [128]. For sections near the supports 

(𝑠𝑖 ≤ 𝑧𝑖𝑐𝑜𝑡𝜃𝑖), Eq. 8.55 in [128] applies: 

 

𝑉𝐶,𝑖(𝑿, 𝑡) = min(
0.5𝑓𝑐,𝑖𝑏𝑤,𝑒𝑓𝑓,𝑖

𝑧𝑖𝑐𝑜𝑡𝜃𝑖−𝑠𝑖

1+𝑐𝑜𝑡2 𝜃𝑖
+ ∑ 𝐴𝑠𝑤,𝑙(𝑡) ∙ 𝑓𝑦𝑤,𝑖

𝑛𝑠𝑡
𝑙=1  

  0.5𝑓𝑐,𝑖
𝑐𝑜𝑡𝜃𝑖

1+𝑐𝑜𝑡2 𝜃𝑖 
𝑧𝑖𝑏𝑤,𝑒𝑓𝑓,𝑖

)  (73) 

where𝑓𝑐,𝑖 is the concrete resistance, 𝑧𝑖  is the inner lever arm of the stirrups, 𝑏𝑤,𝑒𝑓𝑓,𝑖 

is the section web width accounting for the spalling, 𝜃𝑖 is the angle of the 

compressive strut against the beam longitudinal axis, 𝑠𝑖 is the distance from the 

support of the considered section, 𝑛𝑠𝑡 is the number of stirrup intersected by the 

strut, 𝐴𝑠𝑤,𝑙(𝑡) is the area of each stirrup at time 𝑡, and 𝑓𝑦𝑤,𝑖 is the stirrup yielding 

stress. All the variables are evaluated at the section 𝑖 and Eq. (73) can be adjusted 

to account for the reduction in the stirrup area due to corrosion. When 𝑠𝑖 > 𝑧𝑖𝑐𝑜𝑡𝜃𝑖 
the concrete strut contribution is set to zero, as it no longer contributes to shear 

capacity.  

Eqs. from (70) to (73) are incorporated in Eqs. (1), (2), and (3) to define the LSFs 

for girders and the deck, considering both major repair and global collapse 

scenarios. Eq. (30) is then used to evaluate the total failure probability and the 

associated reliability index. 

8.1.2.3 Limit State Functions for the Crossbeams 

Given the bDS approximation utilised to estimate the system capacity, an elastic 

transverse load distribution is used to define the transverse distribution of traffic 

effects among girders for a given load position. Therefore, the reliability of the 

crossbeams needs to be evaluated to verify whether the crossbeams are able to 

transfer the load throughout the whole timespan analysed. The progressive 
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redistribution associated with member yielding and loss of capacity is instead 

represented through the Daniels load-sharing mechanism in the system resistance 

model, which is estimated moderately conservative through the push-down analyses 

provided (Section 8.1.1.3). 

To estimate the action on the crossbeams, the Courbon method is again employed. 

A section located at a distance equal to the crossbeam height from the external girder 

is assessed with respect to shear in the reliability analysis. The following time 

dependent LSF is defined, and Figure 8-10 illustrates the detailed reinforcement 

layout of the crossbeams:  

𝑔𝐶𝐵,𝑖(𝑿, 𝑺, 𝑡) = 𝜃𝑉,𝐶𝑉𝐶,𝐶𝐵,𝑖(𝑿, 𝑡) − 𝜃𝑉,𝐷𝑉𝐷,𝐶𝐵,𝑖(𝑺) (74) 

where 𝑉𝐶,𝐶𝐵,𝑖(𝑿, 𝑡) is the shear capacity of the cross-beam as a function of the vector 

of capacity variables 𝑿 and time 𝑡, 𝜃𝑉,𝐶 and 𝜃𝑉,𝐷 represent the model uncertainties 

for the shear capacity and demand models,  and 𝑉𝐷,𝐶𝐵,𝑖(𝑺) is the shear demand 

evaluated using the Courbon method depending on the vector of demand variables 

𝑺. Both 𝑉𝐶,𝐶𝐵,𝑖(𝑿, 𝑡) and 𝑉𝐷,𝐶𝐵,𝑖(𝑿, 𝑡) are referred to the i-th section analysed 

The shear capacity can be evaluated using Eq. (73) as adopted for the main girders. 

 

Figure 8-10: Excerpt of the original documentation showing the reinforcements details of the crossbeams 

8.1.2.4 Load modelling 

The permanent load per girder is estimated at 55 kN/m, while traffic loads are 

calculated using Load Model 1 from Eurocode 1 [127]. Load effects are determined 

using Euler–Bernoulli beam theory, with the Courbon method applied to distribute 

loads transversely among girders (see Figure 8-11). In accordance with Eurocode 1 

[127], the notional lanes and remaining areas are arranged to produce the most 

adverse effect under consideration. Since loading the remaining area would reduce 

the demand on the external girder (girder 1 in Figure 8-11), it is not loaded in this 

configuration.  

The traffic load statistics used in the yearly reliability assessment are derived from 

the Eurocode 1 background [129] formulation. Although the characteristic load 

corresponds to a 5% probability of exceedance in 50 years (approximately a 975-

year return period), it is used only to determine the parameters of the annual 
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maximum distribution. The mean and standard deviation adopted correspond to the 

annual maxima, ensuring consistency with the yearly reliability formulation. The 

coefficient of variation of the annual maximum traffic load can be obtained from 

through the following procedure.  

The distribution of the maximum traffic load for a given reference period is 

modelled using a Gumbel distribution. According to the background document of 

Eurocode 1 [129], the following scale factor depending only on the reference period 

𝑇𝑅is derived: 

 𝑆𝐹(𝑇𝑅) = 1.05 + 0.116 log10 𝑇𝑅 = 1.05 + 0.0504 ln𝑇𝑅 (75) 

The characteristic load in EC1 [127] is defined as the load with a probability of 

exceedance equal to 0.05 in 50 years [129]. This corresponds to a return period of 

approximately 975 years. Therefore: 

 𝑆𝐹(975) = 1.397 (76) 

When modelling the annual maximum traffic load through its probability 

distribution, the probability of exceeding the characteristic load 𝑥𝑘𝑇𝑅
 in one year 

can be expressed as: 

 
𝑃1𝑘𝑇𝑅

= 1 −
1

𝑇𝑅
 (77) 

Thus, the cumulative distribution function of the annual maxima satisfies: 

 
𝐹1 (𝑥𝑘𝑇𝑅

) = 𝑃1𝑘𝑇𝑅
= 1 −

1

𝑇𝑅
 (78) 

On the other hand, using the scale factor formulation provided above, characteristic 

values associated with different reference periods are linked through: 

 𝑥𝑘𝑇𝑅
𝑆𝐹(𝑇𝑅)

=
𝑥𝑘975
𝑆𝐹(975)

 (79) 

Substituting the expression for 𝑆𝐹(𝑇𝑅), and recalling that 𝑇𝑅 =
1

1−𝐹1(𝑥𝑘𝑇𝑅
)
, the 

previous relationship becomes: 

 𝑥𝑘𝑇𝑅
𝑆𝐹(𝑇𝑅)

=
𝑥𝑘975
𝑆𝐹(975)

⇒ 

𝑥𝑘𝑇𝑅
=

𝑥𝑘975
𝑆𝐹(975)

(1.05 + 0.0504 ln𝑇𝑅)

=
𝑥𝑘975
𝑆𝐹(975)

(1.05 + 0.0504 ln(
1

1 − 𝐹1 (𝑥𝑘𝑇𝑅
)
)) 

(80) 

Rearranging, it is possible to obtain: 
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 𝑥𝑘𝑇𝑅
− 𝑥𝑘975 (

1.05
𝑆𝐹(975)

)

𝑥𝑘975 (
0.0504
𝑆𝐹(975)

)
= − ln(1 − 𝐹1) (81) 

which leads to: 

 

𝐹1 (𝑥𝑘𝑇𝑅
) = 1 − exp(−

𝑥𝑘𝑇𝑅
− 𝑥𝑘975 (

1.05
𝑆𝐹(975)

)

𝑥𝑘975 (
0.0504
𝑆𝐹(975)

)
) (82) 

This expression demonstrates that the annual maximum traffic load follows a 

Gumbel distribution with parameters: 

 
𝜆1 = 𝑥𝑘975 (

1.05

𝑆𝐹(975)
) ;  𝜈1 = 𝑥𝑘975 (

0.0504

𝑆𝐹(975)
) (83) 

The mean, standard deviation, and coefficient of variation (where 𝛾𝐸is the Euler–

Mascheroni constant) are therefore: 

 
𝜇1 = 𝜆1 + 𝜈1𝛾𝐸 = 𝑥𝑘975 (

1.05

𝑆𝐹(975)
) + 𝑥𝑘975 (

0.0504

𝑆𝐹(975)
) 𝛾𝐸 

𝜎1 =
𝜋

√6
𝜈1 =

𝜋

√6
𝑥𝑘975 (

0.0504

𝑆𝐹(975)
) 

𝑉1 =
𝜎1
𝜇1
=

𝜋

√6
𝑥𝑘975 (

0.0504
𝑆𝐹(975)

)

𝑥𝑘975 (
1.05

𝑆𝐹(975)
) + 𝑥𝑘975 (

0.0504
𝑆𝐹(975)

) 𝛾𝐸

=

𝜋

√6
(
0.0504
𝑆𝐹(975)

)

(
1.05

𝑆𝐹(975)
) + (

0.0504
𝑆𝐹(975)

) 𝛾𝐸

 

(84) 

It is important to note that the coefficient of variation 𝑉1is independent of the value 

of the characteristic load 𝑥𝑘975. Substituting the numerical values: 

 

𝑉1 =

𝜋

√6
(
0.0504
𝑆𝐹(975)

)

(
1.05

𝑆𝐹(975)
) + (

0.0504
𝑆𝐹(975)

)𝛾𝐸

=

𝜋

√6
(
0.0504
1.397 )

(
1.05
1.397) + (

0.0504
1.397 ) 0.5772

= 0.0599~0.06 

(85) 

Therefore, the annual maximum traffic load derived from the EC1 background 

formulation results in a coefficient of variation of approximately 6%. 

The same equations can be used to calculate the mean and standard deviation of the 

annual maximum traffic load once the value of 𝑥𝑘975 is specified. 



Application of the Framework to Case Studies 

121 

For example, for the tandem load associated with lane 1, the characteristic value is: 

 𝑥𝑘975 = 𝑄1𝑘 = 150 𝑘𝑁 (86) 

The corresponding mean value 𝜇𝑄1and standard deviation 𝜎𝑄1of the annual maxima 

are: 

 
𝜇𝑄1 = 150 (

1.05

1.397
) + 150(

0.0504

1.397
)0.5772 = 115.9 𝑘𝑁 

𝜎𝑄1 =
𝜋

√6
150 (

0.0504

1.397
) = 6.94 𝑘𝑁 

(87) 

This procedure is consistently applied to define the probability distributions of all 

traffic load components used in the annual reliability assessment. 

Uncertainties related to slab thickness (𝜃𝑠) are modelled through a uniform 

distribution ranging between 15 cm and 25 cm [96], while the external girder 

dimension uncertainties are disregarded as, based on [99], the standard deviation of 

the difference from the nominal value of external dimensions is about 1 cm. 

Moreover, based on [130], the beam spacing can be assumed deterministic when the 

number of girders composing the deck is known. 

 

Figure 8-11: Load arrangement on the deck. 

8.1.3 Corrosion Modelling 

The deck is subjected to corrosion of both the post-tensioning cables and the shear 

reinforcements (stirrups). For both components, the activation and propagation 

phases are modelled, accounting for generalised and pitting corrosion, as introduced 

in Chapter 7. 

In the case of tendons, the degradation process also includes the occurrence and 

location of defects, modelled as random variables following the approach in Section 
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5.4. As discussed in Section 7.3, two distinct conditions are considered: corrosion 

spots and corrosion spots in the presence of voids, which are associated with the 

variables 𝐶𝑐𝑟𝑠  and 𝐶𝑐𝑟𝑐 , respectively. Reliability analysis for tendon degradation is 

therefore performed as described in Chapter 6. 

The carbonation model proposed by Silva et al. [115] is employed to avoid reliance 

on the carbon dioxide diffusion coefficient in concrete, which is difficult to estimate 

accurately [114], [131]. This model uses a statistical approach to describe 

carbonation, introducing two parameters, 𝑘𝑑 and 𝑘𝑤, that depend on the external 

relative humidity. The time to generalised corrosion, 𝑇𝑔, is given by:  

 𝑇𝑔(Μca(𝚯𝑐𝑎)) ≔

{
 
 

 
 𝑇𝑔 =

𝑐𝑐
2

𝑘𝑑
2   𝑅𝐻 ≤ 70%

𝑇𝑔 =
𝑐𝑐
2

𝑘𝑤
2

  𝑅𝐻 > 70%

 (88) 

where 𝑐𝑐 is the concrete cover [mm] and 𝑅𝐻 is the relative humidity [%]. The 

parameters 𝑘𝑑 and 𝑘𝑤 are expressed as: 

 𝑘𝑑 = 𝑆1 ∙ [𝐶𝑂2] − 𝑆2 ∙ 𝐸𝐶 − 𝑆3 ∙  𝑓𝑐 + 𝑆4 (89) 

 𝑘𝑤 = 𝑆5 ∙ [𝐶𝑂2] − 𝑆6 ∙  𝐶𝑙 − 𝑆7 ∙  𝑓𝑐 + 𝑆8 (90) 

In Eqs. (89) and (90), [𝐶𝑂2] is CO2 content in the surrounding air [%],  𝐸𝐶 is the 

exposure class according to Eurocode: 𝐸𝐶 ≔ { 1 for 𝑋𝐶1;  2 for 𝑋𝐶3; 3 for 𝑋𝐶4}, 
𝐶𝑙 is the clinker content [kg/m3], and 𝑓𝑐 is the concrete compressive strength [MPa]. 

The eight regression parameters (𝑆𝑛) are modelled as hyperparameters with values 

reported in Table 8-3, [115].  

The prior distributions of both the dry (𝑝𝑘𝑑|𝑅𝐻≤70%
′ ) and wet (𝑝𝑘𝑤|𝑅𝐻>70%

′ ) 

carbonation parameters are defined using nonparametric kernel density estimation, 

avoiding assumptions about the underlying distributions. The final prior distribution 

is obtained via the total probability theorem: 

 𝑝𝑘
′ = 𝑝𝑘𝑑|𝑅𝐻≤70%

′ ∙ 𝐹𝑅𝐻(70%) + 𝑝𝑘𝑤|𝑅𝐻>70%
′ ∙ (1 − 𝐹𝑅𝐻(70%)) (91) 

where 𝐹𝑅𝐻 the cumulative distribution function of the annual relative humidity.  
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Table 8-3. Carbonation model parameters 

Parameter Distribution  Mean Standard Deviation 

S1 N  0,556 0,024 

S2 N  -3,602 0,482 

S3 N  -0,148 0,033 

S4 N  18,734 1,785 

S5 N  3,355 0,088 

S6 N  -0,019 0,003 

S7 N  -0,042 0,013 

S8 N  10,83 0,571 

 N: Normal. 

The time to pitting corrosion, 𝑇𝑝, is instead evaluated using Eq. (38) defined in 

Chapter 7, and the propagation models follow those presented in Sections 7.2 and 

7.3.1. 

The set of corrosion variables includes: activation energy 𝑏𝑒, the ageing factor 𝑎𝐴, 

the air temperature 𝑇𝑟𝑒𝑎𝑙, the pitting factor 𝛼, the rate of an active corrosion 𝑉𝑐𝑜𝑟𝑟,𝑎 

and the time of wetness 𝑇𝑜𝑊 for the reinforcements, the corrosion current density 

𝑖𝑐 for the wires, the chloride surface concentration 𝐶𝑠,𝑎𝑝𝑝, the threshold chloride 

concentration 𝐶𝑐𝑟𝑠  or 𝐶𝑐𝑟𝑐 , the chloride diffusion coefficient 𝐷𝑅𝐶𝑀,0, the relative 

humidity 𝑅𝐻, and the carbon dioxide concentration [𝐶𝑂2]. For tendons specifically, 

the variables 𝜌𝐶𝑉|𝔻 and 𝜁𝐶𝑉|𝔻, are also considered. 

8.1.3.1 Correlation modelling 

Spatially correlated variables are modelled using RF [29], with the models from [30] 

used to define both the correlation function and the correlation length. A Gaussian 

correlation function with a correlation length of 2 m is adopted for all variables, 

consistent with the robustness demonstrated in [30]. Variables modelled with spatial 

dependency include the chloride surface concentration 𝐶𝑠,𝑎𝑝𝑝, the critical chloride 

threshold 𝐶𝑐𝑟, the chloride diffusion coefficient 𝐷𝑅𝐶𝑀,0, and the concrete 

compressive strength 𝑓𝑐. These RFs are summarised in Table 8-4. 

Moreover, the yield strengths of stirrups and cables are assumed to have a 

correlation coefficient of 1 within the same girder and 0.4 across different girders 

[99]. Environmental variables (e.g., 𝑇𝑟𝑒𝑎𝑙 , 𝑅𝐻, etc), traffic loads, and model 

uncertainties are modelled as fully correlated. Perfect correlation among girders is 

modelled for the load variables, since the deck is subjected to the same traffic load 

realisation. Model uncertainties are also treated as fully correlated, because identical 

mechanical models are employed to estimate both capacity and demand for all 

girders. Finally, the girders are subjected to the same environmental conditions, and 

these variables are therefore modelled as fully correlated. Whether spatially 

distributed environmental measurements would be available, the latter hypothesis 
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could be relaxed by introducing partial correlation between girders. All other 

variables are modelled as independent. 

The remaining probabilistic models used in the analyses are presented in Table 8-5. 

Table 8-4: Variables modelled as RF to account for spatial correlation 

Variable RF distribution Mean 
Standard 
Deviation 

Correlation 
type 

Correlation 
length [m] 

𝐶𝑐𝑟𝑐   [30] B [0.2 ; 2] 0,6 0,15 Gaussian 2 

𝐶𝑐𝑟𝑠  [30] LN [0.2 ; 2] 1,25 0,37 Gaussian 2 

𝐶𝑠,𝑎𝑝𝑝*  [30] NP Cs  
0,68 or 
1,13 

Gaussian 2 

𝐷𝑅𝐶𝑀,0 [30] N 498.27 99.65 Gaussian 2 

𝑓𝑐 [30] LN 53.5 6.1 Gaussian 2 

B: Beta; LN: Log-Normal; NP: Non-Parametric. *The mean value of the apparent chloride 

concentration is modelled as an hyperparameter, [67]. Its standard deviation is equal to 0,68 or 1,13, 

respectively for the stirrups or the tendons. 

Table 8-5: Probabilistic models used to perform the System Reliability Analysis 

Variable Distribution Mean Standard Deviation Reference 

𝑏𝑒 [K] N 4800 700 [67] 

𝑇𝑟𝑒𝑓 [K] D 293 - [67] 

𝑇𝑟𝑒𝑎𝑙 [K] N 288 8 [67] 

𝑎𝐴 (Ageing factor) B 0.3 0.12 [67] 

𝑡0 [years] D 0.0767 - - 

𝑑0 [mm] D 7 - - 

𝜙𝑤 [mm] D 12 - - 

𝑐𝑤 [mm] D 30 - - 

𝑢𝑤 [mm] D 150 - - 

𝜇𝐶𝑠 [wt.-%/b] U [0.5 ; 1.5] 1.0 0.29 [67] 

𝐶𝑠,𝑎𝑝𝑝 [wt.-%/b] NP 𝜇𝐶𝑠 
𝜇𝐶𝑠*0.45 (stirrups) 

𝜇𝐶𝑠*0.75 (cables) 
[67] 

𝐶𝑐𝑟𝑐  [wt.-%/c]*   B [0.2; 2] 0,6 0,15 [67] 

𝐶𝑐𝑟𝑠  [wt.-%/c]*  LN [0.2; 2] 1,25 0,37 [132] 

𝐷𝑅𝐶𝑀,0 [mm2/year] N 8.9*10-12 1.78*10-12 [67] 

𝐾𝑐 N 1 0.1 [52] 

𝛼 (pitting factor) LN 9.28 4.04 [67] 

𝑖𝑐 [A/cm2] N 1 0.2 [133] 

𝑉𝑐𝑜𝑟𝑟,𝑎 [mm/year] W 0.03 0.02 [65] 

𝑇𝑜𝑊 N 0.5 0.15 [65] 

𝑐𝑐 (𝑐𝑜𝑣𝑒𝑟)[mm] ** 
U [25 ; 35] or 
[15 ; 27] 

30 or 21 2.88 or 3.46 [56] 

𝜌𝐶𝑉|𝔻 Copula Sec. 5.4.2 Sec. 5.4.2 Sec. 5.4.2 

𝜁𝐶𝑉|𝔻 Copula Sec. 5.4.3 Sec. 5.4.3 Sec. 5.4.3 
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𝑘𝑡 D 1 - [67] 

𝐸𝐶 D 2 - - 

𝑅𝐻 [%] W [0;100] 75 15 [113] 

[𝐶𝑂2] [%] D 0.04 - [134] 

𝐶𝑙 [kg/m3] D 380 - - 

𝑓𝑦 [MPa] N 1414 35.35 [99] 

𝑓𝑦𝑤 [MPa] N 510 51 [99] 

𝑓𝑐 [MPa] *** LN 53.5 6.1 - 

𝑃𝑡𝑜𝑡  [KN] N 1370 137 [99] 

𝜃𝑑 [cm] N 1 1 [99] 

𝜃𝑠 [cm] U 20 3 [96] 

𝜃𝑀,𝐶 (Capacity model 

unc.) 
LN 1.2 0.15 [99] 

𝜃𝑀,𝐷 (Demand model 

unc.) 
LN 1 0.1 [99] 

𝜃𝑉,𝐶 (Capacity model 

unc.) 
LN 1 0.1 [99] 

𝜃𝑉,𝐷 (Demand model 

unc.) 
LN 1 0.1 [99] 

𝑞𝑔 [kNm] **** N 55 7.15 - 

𝑄1 [kN] ***** G 115.9 6.94 [127] 

𝑞1 [kN/m2] ***** G 6.95 0.42 [127] 

𝑄2 [kN] ***** G 77.2 4.63 [127] 

𝑞2 [kN/m2] ***** G 1.93 0.12 [127] 

𝑄3 [kN] ***** G 38.6 2.31 [127] 

𝑞3 [kN/m2] ***** G 1.93 0.12 [127] 

N: Normal; D: Deterministic; LN: Log-normal; W: Weibull; B: Beta; U: Uniform; NP: Non parametric; G: 
Gumbel. * Depending on whether the analysis is performed in good or poor concrete conditions. ** 
Considered depending on duct size for no void cases, and according to [56], for corrosion in the presence 
of voids. *** Evaluated considering 44 MPa as the 5% characteristic value, provided by the original design 
documents, a coefficient of variation equal to 0.114 is adopted based on [130]. **** Evaluated considering 
a coefficient of variation equal to 0.05. ***** Evaluated considering a coefficient of variation of the 
Eurocode 1 load scheme 1 equal to 0.06 based on [129] and Eq. (85).  

8.1.4 Results and discussion 

The reliability of the crossbeams is first assessed and compared with the reliability 

of the main girders. The crossbeam time-dependent reliability index (𝛽𝐶𝑟𝑜𝑠𝑠𝑏𝑒𝑎𝑚) is 

shown together with the reliability index of the external main girder (𝛽𝐺𝑖𝑟𝑑𝑒𝑟1) in 

Figure 8-12. 
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Figure 8-12: Time dependent reliability index of the crossbeams and of Girder 1 

Figure 8-12 shows that the reliability index of the crossbeams is consistently higher 

than that of the main girder throughout the entire analysis period. Consequently, the 

probability of failure of a crossbeam remains more than an order of magnitude lower 

than that of a girder at any time. 

Similarly, the series system reliability is evaluated. In particular, the system 

reliability is assessed under two configurations: (i) considering a series system 

composed of both girders and crossbeams; and (ii) considering a series system 

composed only of the girders. Correlation among components is modelled using 

random fields for the degradation-related variables and for the concrete compressive 

strength, while model uncertainty variables and traffic loads are assumed to be fully 

correlated, as discussed in Section 8.1.3. The results are shown in Figure 8-13. 

Figure 8-13 compares the annual system reliability index evaluated without 

accounting for crossbeam failure and that obtained when crossbeam failure is 

included as an additional system component. The figure shows that the estimated 

annual reliability is virtually unchanged throughout the entire analysis period. 

Therefore, the crossbeams can be considered to retain adequate reliability for 

transferring loads between the girders over the analysed service life.  
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Figure 8-13: System reliability with or without accounting for crossbeam failure 

This result supports the modelling assumption adopted within the brittle Daniels 

System mechanical model. Since the crossbeams exhibit reliability indices 

significantly higher than those of the longitudinal load-carrying members, the 

governing system failure is controlled by the longitudinal girder behaviour. 

Accordingly, neglecting crossbeam failure (i.e., treating crossbeams as non-

governing components in the system formulation) does not introduce a bias in the 

probabilistic assessment. Together with the NLFE comparisons (Section 8.1.1.3), 

this indicates that the combined Daniels/Courbon approximation is computationally 

efficient and only moderately conservative (~ −8 to −18%) for the studied PT deck. 

This verification step is essential within a time-variant reliability framework, as it 

demonstrates that the simplifying assumption underlying the analytical system 

model is mechanically consistent over the entire timespan considered for this case 

study. 

Following this verification, the spatial and time-dependent system reliability 

analysis is performed according to the proposed framework. In particular, two 

different tendon degradation models are employed. In the first case, the probabilistic 

model developed in Chapter 5 is applied, while in the second case, defects are 

assumed to be continuously present along the entire deck length, as commonly 

assumed in the literature (see, for instance, [56], [57]). This comparison highlights 

the advantages of using the developed probabilistic model, which treats defect 

occurrence and location as random variables. Figure 8-14a compares the annual 

reliability indices for the series system model calculated with the developed model, 


𝑆
, and with the deterministic assumption, 𝛽𝑆,𝑤. Figure 8-14b shows a similar 

comparison for the brittle DS model (Eq. (3)) calculated in both cases (
𝑏𝐷𝑆

 or 

𝛽𝑏𝐷𝑆,𝑤). Moreover, the figure also shows the target reliability index for CC2 (𝛽𝑡,𝐶𝐶2) 
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and CC3 (𝛽𝑡,𝐶𝐶3), used to estimate lifetime in the case of major repair (CC2) and 

collapse (CC3), respectively (see Section 8.1). 

a)  

b)  

Figure 8-14: Comparison of annual reliability indices with probabilistic tendon degradation modelling 
versus deterministic assumption: a) series system (𝛽𝑆 or 𝛽𝑆,𝑤); b) brittle Daniels System (𝛽𝑏𝐷𝑆 or 

𝛽𝑏𝐷𝑆,𝑤). 

The technical service life before major repair (Figure 8-14a) is estimated at 50 years 

using the developed probabilistic model and 41 years under the deterministic 

assumption, corresponding to a difference of nine years (approximately 20%). For 

global collapse (Figure 8-14b), the corresponding values are 53 and 45 years, 

respectively, resulting in an extension of eight years (approximately 15%). The 

difference becomes even more pronounced when considering only the bending 

failure mode, the failure mode most strongly influenced by tendon degradation. For 

instance, Figure 8-15 presents the comparison of the annual reliability index for the 

series system subjected to bending failure only, evaluated either assuming 
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deterministically placed defects, 𝛽𝑆𝑀 ,𝑤, or using the developed probabilistic model, 

𝛽𝑆𝑀 . 

 

Figure 8-15: Comparison of annual reliability indices with probabilistic tendon degradation modelling (𝛽𝑆𝑀) 

versus deterministic assumption (𝛽𝑆𝑀,𝑤) for the bending failure mode of the series system. 

Based on Figure 8-15 the threshold 𝛽 = 3.1 is reached 26 years earlier when defects 

are assumed to be deterministically located. This corresponds to a reduction in the 

estimated service life of approximately -30% compared to the developed model. 

These results confirm that the developed model can extend service-life estimates, 

providing a more rational basis for maintenance planning and resource allocation, 

and reducing infrastructure maintenance costs.  

Despite accounting for the system behaviour of the structure, the 53-year estimate 

for collapse is close to the 50-year design life typically expected for Italian bridges 

built during the economic boom. Furthermore, the estimate can be extended by 

including survival information, given that the bridge is already 49 years old (see 

Section 4.3). 
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Figure 8-16: Reliability indices updated using the Survival Information in both brittle DS (𝛽𝑏𝐷𝑆,𝑆𝐼) and 

series system (𝛽𝑆,𝑆𝐼) configurations.   

Figure 8-16 illustrates the updated reliability indices obtained by conditioning on 

survival. The effect is significant: service life increases by 9 years for major repair 

and 5 years for collapse. This means the bridge can continue to operate well beyond 

its nominal design life, with direct implications for cost savings and sustainability, 

as interventions can be postponed without compromising safety.  

8.1.4.1 Sensitivity analysis 

To identify the most influential variables, a sensitivity analysis is performed by 

calculating Spearman correlation coefficients (𝜌) for each input variable relative to 

the LSF. 

Figure 8-17 presents the results for the most loaded girder, considering both shear 

and bending failure modes. Only the twelve most sensitive variables are shown for 

clarity.  
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Figure 8-17: Sensitivities of the LSF considering both shear and bending failure modes for the most 
loaded girder. 

Figure 8-17 reveals that the shear capacity model uncertainty (𝜃𝑉,𝐶) and the concrete 

compressive strength (𝑓𝑐,𝑤) dominate on the capacity side, while the shear demand 

model uncertainty (𝜃𝑉,𝐷) and the permanent load (𝑞𝐺) dominates on the demand 

side. Prestressing force (𝑃) has a small positive effect, counteracting shear load, but 

its influence decreases over time due to tendon degradation. As expected, corrosion-

related variables (𝑉𝑐𝑜𝑟𝑟,𝑎 , 𝑇𝐺|𝑃(𝑠𝑡𝑖𝑟𝑟𝑢𝑝𝑠), 𝑇𝐺|𝑃(𝑐𝑎𝑏𝑙𝑒)) gain importance as the 

analysis progresses. In particular, stirrup initiation time (𝑇𝐺|𝑃(𝑠𝑡𝑖𝑟𝑟𝑢𝑝𝑠)) becomes 

the dominant variable after year 60 and shows a significant influence (𝜌 > 0.2) as 

early as year 23, underlining its critical role even in the early stages of degradation. 

Moreover, the figure indicates that shear failure dominates in the early years, as 

reflected by the higher absolute values of shear-related sensitivities. Over time, 

however, bending failure becomes increasingly important (as also recognised in 

[96]), as evidenced by the increasing influence of bending-related variables (𝜃𝑀,𝐶 

and 𝑇𝐺|𝑃(𝑐𝑎𝑏𝑙𝑒)) in later stages.   

To isolate the factors most relevant to bending failure, a second sensitivity analysis 

is conducted considering only the bending LSF.  
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Figure 8-18: Sensitivities of the LSF considering only bending failure mode for the most loaded girder. 

Figure 8-18 shows that capacity (𝜃𝑀,𝐶), the permanent load (𝑞𝐺), and demand model 

uncertainties (𝜃𝑀,𝐷) dominate in the early years. On the capacity side, the rupture 

stress of wires (𝑓𝑝) is also highly influential. On the demand side defect location 

variables (𝜁𝐶|𝔻 and 𝜁𝑉|𝔻) are initially important but lose significance as 

degradation progresses, while defect occurrence variables (𝜌𝐶|𝔻 and 𝜌𝑉|𝔻) become 

dominant in later years. For example, 𝜌𝐶|𝔻 becomes the second most sensitive, on 

the negative side, variable after year 21, reflecting the increasing importance of the 

number of corrosion spots and voids over their precise location. Corrosion 

propagation and initiation variables (𝑖𝑐𝑜𝑟𝑟 , 𝑇𝐺|𝑃) also grow in significance, with 𝑇𝐺|𝑃 

becoming the dominant factor between years 58 and 94, and the second-most 

influential variable as early as year 41. 

8.1.4.2 Spatial distribution of failure sections 

The influence of the spatial variability of corrosion on failure locations is illustrated 

in Figure 8-19. The violin plots show the distribution of failed sections every 20 

years, for both bending (Figure 8-19a) and shear failure (Figure 8-19b). For bending, 

failures occur predominantly near midspan (≈21 m) before degradation (up to year 

30). At year 40, early signs of degradation lead to a broader distribution, and by year 

60, failures also appear near supports, a scenario typically disregarded in 

engineering assessments due to low bending effects in those zones. 

𝔻

𝔻

𝔻𝔻
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a)  

b)  

Figure 8-19: Position of the failed sections for a) bending failure mode; b) shear failure mode. 

For shear, failures are concentrated within 6 m of the supports, with clustering 

around 5 m, where shear stress is high but the contribution of the concrete strut (see 

Eq. (73)) is significantly reduced. From year 30 onward, failures spread farther 

along the girder, and shear failure is also observed at sections where the stirrup area 

is reduced (see Figure 8-1d), indicating that highly degraded girders may also fail 

near midspan and in regions where the stirrup spacing increases or the stirrup 

diameter is reduced. These results underscore a key management implication: 

failure is not limited to peak load locations but is increasingly driven by scattered 

degradation after year 30. For well-preserved bridges, inspections can focus on peak 

load zones. As degradation progresses, however, inspection campaigns must 

gradually expand to cover larger portions of the structure, and for highly degraded 

bridges, they should include the entire element.  
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Based on the results provided in Figure 8-19a and b, inspection zones are identified 

at different degradation stages for simply supported girders similar to the one 

studied. The identified zones cover either 90% (darker shaded zones in Figure 8-20 

and Figure 8-21) or 95% (lighter shaded zones in Figure 8-20 and Figure 8-21) of 

the probability of failure-section occurrence. Figure 8-20 illustrates the inspection 

zones in the case of bending failure. For the undamaged case, the midspan region 

covers virtually 100% of the possible failure sections. For limited corrosion (years 

20 and 40 in the analysis), inspecting about 15% of the girder length centred at 

midspan allows 95% of the possible failure sections to be covered. As degradation 

becomes moderate (year 60 in the analysis), it is necessary to expand the inspection 

zone to about 20% and 36% of the girder length around midspan in order to cover 

90% and 95% of the failure sections, respectively. Finally, in the case of advanced 

corrosion (years 80 and 100 in the analysis), it becomes necessary to inspect 

additional zones located approximately at the quarter points of the girder in order to 

achieve the desired coverage, leading to a total inspection length of about 55% and 

65% of the girder length for the two considered coverage levels. 
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Figure 8-20: Girder zones to inspect at varying degradation stages for bending failure 

Similarly, Figure 8-21 shows the inspection zones in the case of shear failure. For 

the undamaged case, sections located at approximately 12% of the girder length 

from each support should be inspected to cover virtually 100% of the failure 

sections. This corresponds to the region where the contribution of the concrete strut 

in the shear-capacity model is reduced, while the shear demand remains high. For 

limited corrosion (years 20, 40, and 60 in the analysis), inspecting two symmetric 

zones, each covering about 10% of the girder length, centred at a distance of about 

10% of the span from each support, allows 95% of the possible failure sections to 

be covered. As degradation becomes moderate (year 80 in the analysis), the 

inspection zones must be expanded to about 20% and 25% of the girder length, 

centred approximately at 15% of the span from both supports, in order to cover 90% 
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and 95% of the failure sections, respectively. Finally, in the case of advanced 

corrosion (year 100 in the analysis), it becomes necessary to inspect additional 

central regions, located approximately at 40% and 60% of the span, leading to a 

total inspection length of about 50% and 70% of the girder length for the two 

considered coverage levels. 

 

Figure 8-21: Girder zones to inspect at varying degradation stages for shear failure 
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8.2 Reinforced concrete bridge 

The system reliability of a 60-year-old RC bridge crossing the Arno River in the 

Province of Pisa is assessed. The bridge underwent testing campaigns and traffic-

load monitoring between 2021 and 2023, and the resulting data are used to update 

the input variables and models. The bridge spans 130 m in total and consists of three 

RC arch segments (see Figure 8-22). These arches support half-joint decks 

composed of three simply supported RC girders, each with a span of 11.7 m. The 

deck has a total width of 9 m, including 7 m for carriageways and 1 m-wide 

walkways on each side. Figure 8-24 illustrates a schematic representation of the 

half-joint deck. 

 

Figure 8-22: Picture of the studied bridge 

The half-joint deck represents a critical structural element due to its lack of 

redundancy; hence, the reliability analysis focuses on this element to estimate the 

bridge’s technical service life. The central and outer beams have heights of 92 cm 

and 116 cm, respectively. The central beam is reinforced with 10ϕ30 longitudinal 

bars arranged in three layers, while the outer beams contain 8ϕ30 longitudinal bars 

arranged in two layers. Shear reinforcement is provided at 20 cm spacing along the 

beam length, except at the half joints, where the spacing is reduced to 10 cm, and 

by inclined reinforcements (see Figure 8-23). 

a)  
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b)  

c)  

d)  

e)  

Figure 8-23: a) Cross-section near the half-joint section; b) midspan cross-section of the deck; c) midspan 
cross-section and reinforcement detail of the external (left) and internal (right) girders; d) external girder 
shear reinforcement layout; e) internal girder shear reinforcement layout. 

The test campaigns and monitoring data acquired between 2021 and 2023 include 

compressive concrete strength, carbonation parameters, chloride content, and traffic 

loads. These measurements are directly incorporated into the reliability analysis to 

reduce uncertainty in the input models. 
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Figure 8-24: Half-joint deck. 

Three main failure modes are considered: bending, shear, and half-joint failure. The 

deck is represented as a nested system (see Figure 8-25) that models failure at 

multiple levels: sections, girders, and the entire deck. Correlations among variables 

are modelled using a correlation structure drawn from relevant literature (e.g., [99]), 

and through RFs [29] to account for spatial variability.  

Again, the configuration of the deck system depends on the consequence scenario. 

For partial collapse (major repair), the deck is modelled as a series system (Figure 

8-25b). For global collapse, it is represented as a series of multiple brittle Daniels 

Systems [19], [22], (Figure 8-25c). These scenarios correspond to different failure 

consequences and therefore to different target reliability levels. According to the 

Italian guidelines, the target reliability index is defined on an annual basis. A target 

annual reliability index equal to 2.8 is specified, and when the calculated annual 

reliability index falls below this threshold, major repair interventions are required. 

This threshold is adopted as the target reliability index for Consequence Class 2 

(𝛽𝑡,𝐶𝐶2). Global collapse corresponds to Consequence Class 3, with an associated 

target reliability index of 3.3 (𝛽𝑡,𝐶𝐶3), reflecting the high consequences of failure as 

discussed in Chapter 2. 



Application of the Framework to Case Studies 

140 

 

Figure 8-25: a) Schematic representation of a bridge deck, b) series system configuration, and c) 
series of brittle Daniels Systems. 

Similarly to the procedure described in Section 8.1.1, the approximation introduced 

by employing the DS modelling for the evaluation of global capacity is quantified 

through comparison with a NLFE model of the deck under two load configurations 

and four corrosion levels. 

8.2.1 Test and monitoring campaign 

A thorough test campaign was designed and performed to gather information about 

the bridge and to update the probabilistic models of some of the input variables. The 

test campaign was also accompanied by traffic monitoring, aimed at improving the 

characterisation of the traffic load variable. In particular, the campaign comprised: 

(i) the extraction of seventeen concrete cores, used to estimate the concrete 

compressive strength and carbonation depth; (ii) the extraction of fifty-six micro-

cores for the estimation of the chloride content within the concrete; and (iii) the 

acquisition of traffic data through a Weight in Motion (WIM) system installed on 

the road leading to the bridge. The tests were distributed along the entire deck, and 

excerpts from the original test campaign drawings are illustrated in Figure 8-26. 

Moreover, non-destructive tests (SonReb, pull-out, and Windsor tests) were carried 

out across the entire deck to evaluate whether the concrete quality is consistent 

throughout the structure. The results showed that the concrete properties do not vary 

significantly between different elements or regions of the structure. 
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The WIM system was installed near, but not directly on, the bridge. Indeed, due to 

the sensitivity of the WIM systems to pavement conditions, the installation location 

was carefully selected, avoiding crossroads and rough surfaces to ensure data 

reliability. 

a)  
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b)  

Figure 8-26:Excerpt from the original drawings utilised for the test campaign: a) micro-cores D and E 
utilised for the estimation of the chlorides concentration within the concrete; b) concrete cores utilised for 
concrete compressive strength and carbonation depth estimation. 
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8.2.2 Nonlinear Finite Element model of the RC deck 

A NLFE model with lumped plasticity of the considered bridge deck is developed 

using the SAP2000 software. Girders and crossbeams are modelled using beam 

elements, while the slab is modelled using shell elements (Figure 8-27). Again, the 

slab is included for load introduction, while its stiffness is reduced to avoid double 

counting its contribution to the structural capacity. 

 

Figure 8-27: Developed grillage model 

 

Figure 8-28: Positions of the modelled plastic hinges 

Nonlinearity is modelled through plastic hinges, which are placed at the ends of the 

beam elements and at locations where changes in the reinforcement layout occur 

(see Figure 8-28 and Figure 8-29). As discussed in Section 8.1.1, the mean values 

of both the concrete compressive strength and the steel yield strength are employed 

to define the plastic hinges. Moreover, these are defined for four corrosion cases: no 

corrosion, and reinforcement area reductions of 10%, 20%, and 30%. To account 

for the reduced ductility of the plastic hinge in the presence of corrosion, the 

mechanical properties of the reinforcement are modelled as a function of the 

corrosion level following the model introduced in Section 7.2. 
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Figure 8-29: Excerpt from the original documentation of the reinforcement layout. Top: external girder. 
Bottom: inner girder. 

The plastic rotation is estimated modelling the hinge length equal to the depth of the 

beam section [91], and Figure 8-30 shows the Moment-Curvature diagrams for the 

values of 𝜉𝑆 = [0, 10%, 20%, 30%] for the midspan section of the external girder. 

 

Figure 8-30: Moment-Curvature diagrams for the midspan section of the external girder at different 
corrosion levels 

8.2.2.1 Load configuration 

In order to investigate the effect of the load position on the global capacity, two 

cases are considered (see Figure 8-31): (i) the tandem load is placed at the midspan 

section, and the distributed load is applied over the entire carriageway; (ii) the 

tandem load is placed 1.2 metres from the support, i.e. at the end of the D-zone, and 

the distributed load is applied to the carriageway beyond the initial 1.2-metre region. 
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Again, the geometry and magnitudes of the load scheme corresponds to Load Model 

1 of Eurocode 1 [127]. 

a)  

b)  

Figure 8-31: Schematic representation of the considered load configurations on the deck: a) the tandem 
load located at midspan; b) the tandem load located 1.2 metres from the support. 

8.2.2.2 Outcomes of the NLFE analysis 

A nonlinear static (push-down) analysis is performed in force control. The load 

intensity is gradually increased until convergence can no longer be achieved, i.e. 

until the stiffness matrix becomes singular. 

A total of eight push-down analyses are carried out, four for each load configuration, 

by varying the corrosion degree of one of the external girders. In particular, the 

hinges applied to the most heavily loaded external girder (Figure 8-31) are modified 

according to the moment–curvature diagrams corresponding to different corrosion 

degrees, and the results of the analyses are presented in Figure 8-32 in terms of load–

displacement curves. The plotted displacement corresponds to the vertical 

displacement at the midspan of the most heavily loaded external girder. The 

maximum value of the load multiplier, 𝜆𝐹𝐸𝑀, represents the global capacity of the 

deck, where 𝜆𝐹𝐸𝑀 = 1 corresponds to the characteristic load as defined in [127].    
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a)  

b)  

Figure 8-32: Load multiplier evaluated using the NLFE model for:a) tandem load placed at midspan; b) 
tandem load placed near the support. 

𝜆𝐹𝐸𝑀 ranges between 1.08 and 1.87 depending on the load configuration and the 

corrosion degree. Table 8-6 summarises the estimated values. 

Table 8-6: Estimated load multipliers for both load cases at varying corrosion levels obtained using the 
NLFE model 

Corrosion degree (𝝃𝒔) 𝝀𝑭𝑬𝑴 for tandem load at the 

midspan 

𝝀𝑭𝑬𝑴 for tandem load in 

proximity of the support 

0% 1.47 1.87 

10% 1.38 1.73 

20% 1.25 1.57 

30% 1.08 1.30 
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8.2.2.3 Comparison between the NLFE and the adopted brittle Daniels System 

estimated load multipliers 

The load multipliers for the two load cases are evaluated using the brittle DS 

modelling proposed in the thesis. For both load configurations, the moment and 

shear demands are evaluated for the three main girders using the Courbon method, 

and for each section the ratio of capacity to demand is calculated. In this case, both 

capacity and demand for each section 𝑖 are evaluated using the proposed brittle DS 

formulation: 

𝐶𝑆,𝑖 = max{2 ∙ min[𝐶1,𝑖, 𝐶2,𝑖] ,max[𝐶1,𝑖, 𝐶2,𝑖]} 

𝐷𝑆,𝑖 = 𝐷1,𝑖 + 𝐷2,𝑖 
(92) 

where 𝐶𝑆,𝑖 is the system capacity, 𝐷𝑆,𝑖 is the system demand due only to the traffic 

loads, 𝐶1,𝑖 is the capacity of the external girder, 𝐶2,𝑖 is the capacity of the internal 

girder, and 𝐷1,𝑖 and 𝐷2,𝑖 are the respective demands due only to the traffic loads. All 

these quantities are evaluated for the section 𝑖, and the load multiplier is defined as 

the minimum, over all sections, of the ratio between the available traffic load-

carrying capacity, i.e. the system capacity reduced by the permanent load effects of 

both girders, 𝐺1,𝑖 and 𝐺2,𝑖, and the traffic load demand: 

𝜆𝑏𝐷𝑆 = min
i
{
𝐶𝑆,𝑖 − 𝐺1,𝑖 − 𝐺2,𝑖

𝐷𝑆,𝑖
} (93) 

Table 8-7 shows the calculated load multipliers using the proposed bDS modelling. 

Table 8-7: Estimated load multiplier for both load cases at varying corrosion degrees using the bDS 
modelling 

Corrosion degree (𝝃𝒔) 𝝀𝒃𝑫𝑺 for tandem load at the 
midspan 

𝝀𝒃𝑫𝑺 for tandem load in 
proximity of the support 

0% 1.26 1.63 

10% 1.20 1.57 

20% 1.07 1.40 

30% 0.94 1.22 

To compare the load multipliers evaluated using the NLFE and the bDS models, the 

relative error is computed for both load cases. The resulting values of 𝜀𝑆 are depicted 

in Figure 8-33: 

𝜀𝑆 =
𝜆𝑏𝐷𝑆 − 𝜆𝐹𝐸𝑀

𝜆𝐹𝐸𝑀
∙ 100 (94) 
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Figure 8-33: Relative error of the load multipliers evaluated using the brittle Daniels System model with 
respect to the NLFE model. 

Again, Figure 8-33 shows that the simplified representation of the system behaviour 

through a brittle Daniels System is conservative, as the resulting load multipliers are 

smaller than those estimated using the NLFE model. For the first load case, where 

the tandem load is placed at midspan, the error ranges between −15% and −13%, 

depending on the corrosion level of the external girder. For the second load case, 

the error ranges between −13% and −6%. Moreover, the error is significantly 

influenced by the considered load configuration, confirming that the degree of 

conservativeness depends on the underlying redistribution mechanisms. Also in this 

case, the level of conservativeness can be considered moderate, indicating that the 

proposed DS modelling provides an approximate yet sufficiently accurate estimate 

of the system capacity. 

Similarly to what is found in Section 8.1.1.3, plastic redistribution capacity of the 

deck depends on the load configuration, thus, for a spatial dependent analysis 

involving multiple potential failure modes and critical sections, several nonlinear 

probabilistic analyses accounting for a spatial time dependent random field 

modelling of the load would need to be performed, confirming the limitations found 

in the literature, for instance, [89], [95].  

8.2.3 Limit State Functions 

The equations provided in Chapter 4 are adapted to the bending, shear, and half-

joint failure modes. In particular, Eq. (7) can be adapted as follows: 

 𝑔𝑀,𝑖(𝑿, 𝑺, 𝑡) = 𝜃𝑀,𝐶𝑀𝐶,𝑖(𝑿, 𝑡) − 𝜃𝑀,𝐷𝑀𝐷,𝑖(𝑺) (95) 
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 𝑔𝑉,𝑖(𝑿, 𝑺, 𝑡) = 𝜃𝑉,𝐶𝑉𝐶,𝑖(𝑿, 𝑡) − 𝜃𝑉,𝐷,𝑖𝑉𝐷,𝑖(𝑺) (96) 

 𝑔𝐻𝐽,𝑖(𝑿, 𝑺, 𝑡) = 

min[𝜃𝑉,𝐶𝑁𝑆,𝑖(𝑿, 𝑡) − 𝜃𝑉,𝐷𝑁𝐷,𝑆,𝑖(𝑺) ;  𝜃𝑉,𝐶𝑁𝑇,𝑖(𝑿, 𝑡) − 𝜃𝑉,𝐷𝑁𝐷,𝑇,𝑖(𝑺)] 
(97) 

In Eq. (95), 𝜃𝑀,𝐶 represents the model uncertainties for the bending capacity model, 

𝑀𝐶,𝑖(𝑿, 𝑡) represents the bending capacity as a function of the vector of capacity 

variables 𝑿 and time 𝑡, at section 𝑖. 𝜃𝑀,𝐷 is the model uncertainty for the bending 

demand model, and 𝑀𝐷,𝑖(𝑺) represents the bending demand at section 𝑖 which 

depends on the vector of demand variables 𝑺, modelled here as time-independent. 

Similarly, in Eq. (96),  𝜃𝑉,𝐶 represents the model uncertainties for the shear capacity 

model, 𝑉𝐶,𝑖(𝑿, 𝑡) denotes the shear capacity at the time 𝑡 and section 𝑖. The shear 

demand model consists of 𝜃𝑉,𝐷 for model uncertainties and 𝑉𝐷,𝑖(𝑺) for the shear 

demand at section 𝑖. Finally, in Eq. (97), 𝑁𝑆,𝑖(𝑿, 𝑡) and 𝑁𝐷,𝑆,𝑖(𝑺) represent the axial 

capacities of the strut and tie, respectively, while 𝑁𝑇,𝑖(𝑿, 𝑡) and 𝑁𝐷,𝑇,𝑖(𝑺) represent 

their axial demands. All the variables are evaluated at section 𝑖. 

8.2.3.1 Bending Capacity 

The bending capacity 𝑀𝐶(𝑿, 𝑡) of RC sections is based on the equilibrium of 

compressive and tensile forces at reinforcement yielding, in accordance with 

Eurocode provisions [128].  

 𝑀𝐶(𝑿, 𝑡) = 𝐴𝑠(𝑡)𝑓𝑦 [𝐻 − 𝑐𝑐 − 0.5
𝐴𝑠(𝑡)𝑓𝑦

𝑏𝑤𝑓𝑐
] (98) 

where 𝐴𝑠(𝑡) is the area of the rebars [mm2], 𝑓𝑦 is the steel yielding stress [MPa], 𝐻 

is the beam height [mm], 𝑏𝑤 is the width of the beam [mm], 𝑓𝑐 is the concrete 

compressive strength [MPa], and 𝑐𝑐 is the concrete cover [mm]. 

8.2.3.2 Shear Capacity 

The shear capacity 𝑉𝐶(𝑿, 𝑡) is calculated using the modified compression field 

theory, the standard shear design model in Eurocode 2 [128]: 

 𝑉𝐶(𝑿, 𝑡) = min (∑ 𝐴𝑠𝑤,𝑖(𝑡) ∙ 𝑓𝑦𝑤
𝑛𝑠𝑡

𝑖=1
 ;   0.5𝑓𝑐

𝑐𝑜𝑡𝜃

1 + 𝑐𝑜𝑡2 𝜃
𝑧𝑏𝑤) (99) 

where𝑓𝑐 is the concrete compressive strength, 𝑧 is the inner lever arm of the section, 

𝑏𝑤 is the section web width, 𝜃 is the angle of the compressive strut relative to the 

beam longitudinal axis, 𝑛𝑠𝑡 is the number of stirrups intersected by the strut, 

𝐴𝑠𝑤,𝑖(𝑡) represents the cross-sectional area of each stirrup (or inclined 

reinforcement) at time 𝑡, and 𝑓𝑦𝑤 is the yield strength of the stirrups or inclined 

reinforcements. 
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8.2.3.3 Half-joint connection Capacity 

The axial capacities of struts and ties are calculated as [128]:  

 
𝑁𝑆(𝑿, 𝑡) = 0.6 (1 −

𝑓𝑐𝑘
250

) ∙ 𝑓𝑐 ∙ 𝑏𝑤 ∙ 𝑘𝑆   ;   

𝑁𝑇(𝑿, 𝑡) =∑ 𝐴𝑠,𝑢(𝑡) ∙ 𝑓𝑦 ∙ cos(𝛾)
2

𝑢=1
 

(100) 

where 𝑓𝑐𝑘 is the characteristic compressive resistance of the concrete, 𝑓𝑐 is the 

concrete compressive strength, 𝑏𝑤 is the effective width of the strut accounting for 

potential spalling, e.g., Eq. (100), 𝑘𝑆 is the thickness of the strut, 𝑓𝑦 is the steel yield 

strength, and 𝛾 is the inclination of the tie. 

The design documentation and the strut-and-tie model used for their analysis are 

presented in Figure 8-34.  

a)  

b)  

Figure 8-34: a) Half-joint design documentation; b) strut-and-tie model and critical elements (1: strut, 
2: tie). 
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The strut-and-tie model is consistent with the original design documentation. For 

reliability analysis, only two critical elements are considered: (1) the strut with the 

smallest cross-section and highest compressive load, and (2) the most heavily 

loaded tie. In all formulations, spalling effects can be accounted for by replacing 𝑏𝑤 

with the effective width 𝑏𝑤,𝑒𝑓𝑓 as defined in Eqs. (51) and (52). 

Eqs. from (95) to (100) are incorporated into Eqs. (1), (2), and (3) to define the LSFs 

for the girders and the deck under both major repair and global collapse scenarios. 

8.2.3.4 Limit State Functions of the Crossbeams 

The reliability of the crossbeams are evaluated to verify whether the crossbeams are 

able to transfer the load throughout the whole timespan analysed, as requested by 

the proposed framework.  

To estimate the action on the crossbeams, the Courbon method is again employed. 

A section located at a distance equal to the crossbeam height from the external girder 

is assessed with respect to shear in the reliability analysis. The following time 

dependent LSF is defined, and Figure 8-35 illustrates the detailed reinforcement 

layout of the crossbeams:  

𝑔𝐶𝐵,𝑖(𝑿, 𝑺, 𝑡) = 𝜃𝑉,𝐶𝑉𝐶,𝐶𝐵,𝑖(𝑿, 𝑡) − 𝜃𝑉,𝐷𝑉𝐷,𝐶𝐵,𝑖(𝑺) (101) 

where 𝑉𝐶,𝐶𝐵,𝑖(𝑿, 𝑡) is the shear capacity of the cross-beam as a function of the vector 

of capacity variables 𝑿 and time 𝑡, 𝜃𝑉,𝐶 and 𝜃𝑉,𝐷 represent the model uncertainties 

for the shear capacity and demand models,  and 𝑉𝐷,𝐶𝐵,𝑖(𝑺) is the shear demand 

evaluated using the Courbon method depending on the vector of demand variables 

𝑺. Both 𝑉𝐶,𝐶𝐵,𝑖(𝑿, 𝑡) and 𝑉𝐷,𝐶𝐵,𝑖(𝑿, 𝑡) are referred to the i-th section analysed. The 

shear capacity can be evaluated using Eq. (86) as adopted for the main girders.  

 

Figure 8-35: Excerpt of the original documentation showing the reinforcements details of the crossbeams 

8.2.3.5 Load modelling 

The permanent load per girder is estimated at 16.8 kN/m, while traffic loads are 

calculated using Load Model 1 from Eurocode 1 [127], Eq. (73), and [129]. Loads 

are placed on the deck to maximise effects on the external girder, as illustrated in 

Figure 8-36, which shows the midspan section of the half-joint deck. In accordance 
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with the Eurocode 1, the remaining area is not loaded, as its inclusion would reduce 

the demand on the external girder. Load effects are calculated with Euler-Bernoulli 

beam theory, with the Courbon method used to distribute loads transversely among 

girders. 

The data collected through the WIM system are employed to develop a data-driven 

traffic load model, as described in [135]. Gumbel distributions of annual maximum 

effects are obtained, which are used to calibrate reduction factors for EC1 Load 

Model 1 [127]. The data-driven probabilistic traffic load model derived from WIM 

measurements is not directly used in the spatial reliability analysis, because it 

provides annual maximum distributions for specific response quantities (support 

shear and midspan bending moment) only. For the spatial analysis, the maximum 

shear and bending demand must be evaluated at each analysed section under critical 

load positioning. Therefore, the Gumbel distributions obtained from the WIM data 

are used to calibrate reduction factors for Eurocode 1 Load Model 1, while 

maintaining the load geometry as prescribed [127]. The obtained coefficient of 

variation ranges between 4% and 11% for spans comparable to the analysed bridge 

with an average of 8.6% depending on the considered effect (shear or bending) and 

the traffic stream, in agreement with the literature (see, for instance, [12]). The 

reduction factors are applied to the characteristic loads defined by EC1 Load Model 

1 [127], consistently with the methodology proposed in [135]. The corresponding 

average coefficient of variation (8.6%) is then used to derive the parameters (mean 

and standard deviation) of the probabilistic models for the annual maximum traffic 

loads.  

The resulting probabilistic models are reported in Table 8-8. 

Table 8-8: Data-driven traffic load models. 

Variable Distribution Mean Standard Deviation  Reduction factor 

𝑄1 [kN] G 105.3 9.06  𝛽𝑄1 = 1 

𝑞1 [kN/m2] G 4.30 0.37  𝛽𝑞1 = 0.68 

𝑄2 [kN] G 16.8 1.44  𝛽𝑄2 = 0.23 

𝑞2 [kN/m2] G 0.80 0.07  𝛽𝑞2 = 0.46 

 

Figure 8-36: Arrangement of the loads on the deck. 
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8.2.4 Corrosion modelling 

Both the longitudinal and transverse reinforcements (stirrups) are considered 

susceptible to corrosion. Generalised corrosion initiation is modelled using the 

carbonation model introduced in Section 7.1.1 (Eq. (34)), whereas pitting corrosion 

initiation follows Eq. (38). The complete corrosion activation model is presented in 

Chapter 7 (see Eqs. from (31) to (33)). These models are subsequently updated using 

the data acquired through the procedures introduced in Section 4.4, as illustrated 

below. Instead, corrosion propagation is modelled as presented in Chapter 7 (Eqs. 

from (47) to (50)). 

8.2.4.1 Updating of the carbonation model 

The best-fit distribution of the carbonation parameter, selected using the Cramér-

Von Mises criterion [116], [117] is a Log-Normal distribution, as further confirmed 

by the probability plot shown in Figure 8-37. 

This fitted Log-Normal distribution is adopted in Eq. (36) as the likelihood 

distribution for updating the carbonation parameter, while Eq. (37) is employed to 

estimate the posterior distribution in conjunction with the prior model 𝑝𝑘
′ (𝑘) of the 

carbonation parameter defined in Eq. (91). A comparison between prior, likelihood, 

and posterior distributions is depicted in Figure 8-38. 

 

Figure 8-37: Probability plot of the Log-Normal distribution fitted to the carbonation parameters derived 
from test data. 
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Figure 8-38: Comparison of prior, likelihood, and posterior distribution of the carbonation parameter 

8.2.4.2 Updated chloride diffusion model 

The method presented in Section 7.1.2.1 is applied to the most critical location, i.e., 

the position with the highest measured chloride content (cores D and E), as shown 

in Figure 8-39. 

 

Figure 8-39: Scatter plot of chloride content at different depths for two concrete cores. 

The non-linear model used in the regression is expressed as (see also Eq. (39)): 

 Μch(𝚯𝑐ℎ, 𝑑, 57) = 0 + (𝐶𝑠,app − 0) [1 − erf (
𝑑 − 0

2√𝐷𝑎𝑝𝑝(57) ∙ 57
)] (102) 
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The term 𝐷𝑎𝑝𝑝,𝐶(57)  represents the apparent chloride diffusion coefficient 

evaluated at year 57. Following literature recommendations [67], the depth of the 

convection zone is assumed to be 0 mm and is not further estimated. Eqs. (42) and 

(43) are employed to estimate the parameters, their squared errors, and the 

correlation coefficient. The results are shown in Table 8-9. 

Eqs. (43) and (44), evaluated in year 57, can then be used to calculate the chloride 

concentration at the cover depth for different service years. Figure 8-40a shows 

chloride concentrations estimated at 10, 20, 50, and 100 years at a cover depth of 30 

mm using the data-driven model. For comparison, the corresponding prior model 

estimates (using the prior models for the variables shown in Table 8-11) are shown 

in Figure 8-40b. 

Table 8-9: Estimated parameters (expected value, squared error, and correlation coefficient). 

Parameter Expected value Squared error Correlation 
coefficient 

𝐶𝑠,app,𝑑𝑎𝑡𝑎 [𝑤𝑡. −%/𝑐] 0,0868 0,0106 
−0,54 

𝐷𝑎𝑝𝑝(57) [mm2/year] 207,97 162,39 
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Figure 8-40: Chloride content at cover depth estimated for 10, 20, 50, and 100 years using a) the 
data-driven model; b) the prior model. 

Figure 8-40 shows that the data-driven model (Eq. (40)) captures the time-

dependent behaviour characterising the prior model. In both cases, the expected 

chloride concentration increases with time, and the uncertainty in predictions grows 

with longer forecast horizons, as expected. However, the predictions from the 

calibrated model have a lower coefficient of variation than those from the prior 

model, reflecting reduced uncertainty in chloride diffusion. 

The distributions of both the apparent surface chloride concentration (𝐶𝑠,𝑎𝑝𝑝) and 

the chloride diffusion coefficient (𝐷𝑅𝐶𝑀,0) are updated using a Bayesian framework. 

The prior distributions are given in Table 8-11, while the likelihood distribution for 

𝐶𝑠,𝑎𝑝𝑝 is modelled as Normal with mean 0.0806 and standard deviation 0.0106. The 

likelihood for 𝐷𝑅𝐶𝑀,0 is derived from Eq. (43), where 

𝐷𝑎𝑝𝑝(57)~𝑁(207,97 ; 162,39). Posterior distributions are then obtained using Eq. 

(14). In particular, the posterior distribution of 𝐶𝑠,𝑎𝑝𝑝, 𝑝𝐶𝑠,𝑎𝑝𝑝
′′ , (Figure 8-41) is 

narrower and shifted toward lower values compared to the prior, indicating a lower 

probability of pitting corrosion for the assessed structure. The predictive distribution 

of 𝑇𝑝 is evaluated using Eq. (15).  
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Figure 8-41: Marginal posterior distribution for the chloride content at the concrete surface. 

8.2.4.3 Correlation modelling 

RFs are employed to model the correlation of spatially dependent variables [29]. A 

Gaussian correlation function with a correlation length of 2 m is adopted for all 

variables, as recommended in [30]. The RFs used are summarised in Table 8-10. 

The marginal distribution of the RF associated with 𝐶𝑠,𝑎𝑝𝑝 and 𝐷𝑅𝐶𝑀,0 are updated 

as described in Section 8.2.2.2, while the concrete compressive strength distribution 

is updated using its conjugate distribution as likelihood, resulting in a Log-Student 

𝑡 (Log-𝑡) predictive distribution. In all cases, only the marginal distributions are 

updated, while the correlation structure is kept as in the prior. 

The yield stress of longitudinal reinforcement is modelled as fully correlated within 

the same girder and partially correlated between girders 𝜌𝑓𝑦 = 0.4 [99]. The yield 

stress of stirrups is assumed to be partially correlated across all stirrups, with a 

correlation coefficient 𝜌𝑓𝑦𝑤 = 0.4 [99]. Finally, the prior probabilistic models used 

in the analysis are presented in Table 8-11, while the updated variables are listed in 

Table 8-12. 
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Table 8-10: Variables modelled as RFs to account for spatial correlation 

Variable and 
reference 

RF 
distribution 

Mean 
Standard 
Deviation 

Correlation 
type 

Correlation 
length [m] 

𝐶𝑐𝑟𝑐   [30] B [0.2; 2] 0,6 0,15 Gaussian 2 

𝐶𝑐𝑟𝑠  [30] LN [0.2; 2] 1,25 0,37 Gaussian 2 

𝐶𝑠,𝑎𝑝𝑝  [30] NP    Gaussian 2 

𝐷𝑅𝐶𝑀,0 [30] NP 500.4 101.59 Gaussian 2 

𝑓𝑐 [30] Log-t 31,59 9,34 Gaussian 2 

Table 8-11: Prior distribution of the input variables. 

Variable  Distribution Mean 
Standard 
Deviation 

Reference 

𝑓𝑐 [MPa]  LN 28,28 5,92 [136] 

𝐸𝐶 D 2 - - 

𝑅𝐻 [%]  W [0;100] 75 15 [65] 

[𝐶𝑂2] [%]  D 0,04 - [134] 

𝐶𝑙 [kg/m3] U [275; 295] 285 - - 

𝑘 [mm2/year1/2] NP 5,52 2,18 - 

𝑐𝑐 [mm]* D 30 or 90 or150 - - 

𝑐𝑤 [mm] D 30 - - 

𝜇𝐶𝑠,𝛥𝑑 [wt.-%/c]  U [1; 2] 1.5 0.29 [67] 

𝐶𝑠,𝑎𝑝𝑝 [wt.-%/c]  NP Cs Cs *0.45 [67] 

𝐶𝑐𝑟𝑐  [wt.-%/c]**  B [0.2; 2] 0,6 0,15 [67] 

𝐶𝑐𝑟𝑠  [wt.-%/c]**  LN [0.2; 2] 1,25 0,37 [132] 

𝛥𝑑 [mm]  D 0 - [67] 

𝐷𝑅𝐶𝑀,0 [mm2/year]  N 498,27 99,65 [67] 

𝑏𝑤 [mm] *** D 300 or 450 - - 

𝐾𝑐  N 1 0,1 [52] 

𝛼 (pitting factor)  LN 9,28 4,04 [67] 

𝑉,𝑐𝑜𝑟𝑟,𝑎 [mm/year] W 0,03 0,02 [65] 

𝑇𝑜𝑊 [65] N 0,75 0,2 [65] 

𝑓𝑦, 𝑓𝑦𝑤 [MPa]  N 322,34 26,59 [137] 

𝜃𝑀,𝐶  LN 1,2 0,15 [99] 

𝜃𝑀,𝐷   LN 1 0,1 [99] 

𝜃𝑉,𝐶  LN 1 0,1 [99] 

𝜃𝑉,𝐷  LN 1 0,1 [99] 

𝑘𝑠 [mm] D 150 - - 



Application of the Framework to Case Studies 

159 

𝜙𝑤 [mm] D 8 - - 

𝐷0 [mm] D 30 - - 

𝑞𝐺 [kNm] **** N 16,85 0,84 - 

𝑄1 [kN] ***** G 115.9 6.94 [127] 

𝑞1 [kN/m2] ***** G 6.95 0.42 [127] 

𝑄2 [kN] ***** G 77.2 4.63 [127] 

𝑞2 [kN/m2] ***** G 1.93 0.12 [127] 

N: Normal; D: Deterministic; LN: Log-normal; W: Weibull; B: Beta; U: Uniform; NP: Non parametric; G: 

Gumbel. *30, 90 or 150 for the first, second, or third layer of longitudinal reinforcements, respectively. 

**Depending on whether concrete is carbonated or not. *** 450 at the half joints, 300 otherwise. **** 

Evaluated considering a coefficient of variation equal to 0.05. ***** Evaluated considering a coefficient of 

variation of the EC1 [127] load scheme 1 equal to 0.06. 

Table 8-12: Posterior distribution of the updated variables. 

Variable  Distribution Mean Standard Deviation 

𝑓𝑐 [MPa] Log-t 31,59 9,34 

𝑘 [mm2/year1/2] NP 4,24 1,44 

𝐶𝑠,𝑎𝑝𝑝 [wt.-%/c] NP    

𝐷𝑅𝐶𝑀,0 [mm2/year]  NP 500,4 101,59 

𝑄1 [kN] G 105.3 9.06 

𝑞1 [kN/m2] G 4.30 0.37 

𝑄2 [kN] G 16.8 1.44 

𝑞2 [kN/m2] G 0.80 0.07 

8.2.5 Results and discussion 

The crossbeams reliability is assessed and compared with the reliability of the main 

girders. The crossbeam time-dependent reliability index (𝛽𝐶𝑟𝑜𝑠𝑠𝑏𝑒𝑎𝑚) is shown 

together with the reliability index of the external main girder (𝛽𝐺𝑖𝑟𝑑𝑒𝑟1) in Figure 

8-44. 

Figure 8-42 shows that the reliability index of the crossbeams is consistently higher 

than that of the main girder throughout the entire analysis period. Consequently, the 

probability of failure of a crossbeam remains more than an order of magnitude lower 

than that of a girder at any time.  
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Figure 8-42: Time dependent reliability index of the crossbeams and of Girder 1 

Similarly, the series system reliability is evaluated under two configurations: (i) 

considering a series system composed of both girders and crossbeams; and (ii) 

considering a series system composed only of the girders. Correlation among 

components is modelled using random fields for the degradation-related variables 

and for the concrete compressive strength, while model uncertainty variables and 

traffic loads are assumed to be fully correlated, as discussed in Section 8.2.3. The 

results are shown in Figure 8-43. 

 

Figure 8-43: System reliability with or without accounting for crossbeam failure 

Figure 8-43 compares the annual system reliability index evaluated without 

accounting for crossbeam failure and that obtained when crossbeam failure is 
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included as an additional system component. The figure shows that the estimated 

annual reliability is virtually unchanged throughout the entire analysis period. 

Therefore, the crossbeams can be considered to retain adequate reliability for 

transferring loads between the girders over the analysed service life.  

This result supports the modelling assumption adopted within the brittle DS 

approach. Since the crossbeams exhibit reliability indices significantly higher than 

those of the longitudinal load-carrying members, the governing system failure is 

controlled by the longitudinal girder behaviour. Accordingly, neglecting crossbeam 

failure (i.e., treating crossbeams as non-governing components in the system 

formulation) does not introduce a bias in the probabilistic assessment. Together with 

the NLFE comparisons (Section 8.2.1.3), this indicates that the combined 

Daniels/Courbon approximation is computationally efficient and only moderately 

conservative (~ −6 to −15%) for the studied RC deck. 

The results of this verification step allow using the proposed framework for the 

estimation of the spatial and time-dependent reliability of the deck. 

Figure 8-44 shows the prior and posterior annual reliability indices of the deck, and 

the indices accounting for survival information, for both the series system model 

(𝛽𝑆, 𝛽𝑆,𝐼, 𝛽𝑆,𝑝𝑜𝑠𝑡 and 𝛽𝑆,𝐼,𝑝𝑜𝑠𝑡) and the brittle DS model (𝛽𝑏𝐷𝑆, 𝛽𝑏𝐷𝑆,𝐼, 𝛽𝑏𝐷𝑆,𝑝𝑜𝑠𝑡 and 

𝛽𝑏𝐷𝑆,𝐼,𝑝𝑜𝑠𝑡). Compared with the prior analysis, incorporating updated information 

increases the initial reliability and slows down corrosion progression, resulting in 

an extended technical service life. Indeed, the estimated service life before major 

repair (series system model) is 77 years, representing an 17-year extension 

compared with the nominal fifty-year service life. For structural collapse (brittle 

DS), the service life is 79 years, a 19-year extension. The estimated service life is 

thus longer than the fifty-year service life typically considered for bridges built in 

Italy during the sixties. Moreover, these results confirm the value of incorporating 

monitoring and test data into service-life assessments. By extending the predicted 

service life, intrusive repairs can be delayed or avoided, enabling more cost-

effective and sustainable maintenance strategies.  
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Figure 8-44: Prior and posterior global annual reliability of the deck for series and brittle Daniels System 
modelling. 

8.2.5.1 Sensitivity analysis 

A sensitivity analysis is conducted to identify the most influential variables, i.e., 

those for which reducing uncertainty has the most significant effect on reliability 

and service life. The analysis is performed for both the prior and posterior cases. 

Spearman correlation coefficients (𝜌) are calculated for each input variable relative 

to the LSF. Figure 8-45 shows the results for the most loaded girder in the prior 

case, considering all failure modes (shear, bending, and half-joint). For clarity, only 

the twelve most sensitive variables are presented. 

Figure 8-45 reveals that shear capacity model uncertainty (𝜃𝑉,𝐶) and the yield 

resistance of the longitudinal reinforcements (𝑓𝑦) dominate in the low-degradation 

state of the bridge. This is expected, as 𝑓𝑦 influences all three failure modes due to 

the inclined reinforcement layout (see Figure 8-34). On the Demand side, shear 

demand model uncertainty (𝜃𝑉,𝐷) and both distributed (𝑞1) and concentrated (𝑄1) 

traffic loads are initially the most sensitive variables. 

As degradation progresses, corrosion-related variables (𝛼, 𝑇𝑜𝑊, 𝑉𝑐𝑜𝑟𝑟,𝑎 , 𝑇𝐺|𝑃) 

become increasingly important. In particular, the initiation time of corrosion 𝑇𝐺|𝑃 

and the pitting factor 𝛼 become dominant after about 35 years, highlighting the 

benefit of reducing uncertainties in these parameters to improve reliability 

estimates. 

The posterior sensitivity analysis (Figure 8-46) shows important differences. While 

the same variables (𝜃𝑉,𝐶, 𝑓𝑦, 𝜃𝑉,𝐷, 𝑄1, 𝑞1) remain dominant, as the dominant failure 

modes are half-joint failure in the initial stage and shear in the later stage of the 

analysis, the influence of degradation-related variables is markedly reduced. In 
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particular, 𝑇𝐺|𝑃, 𝛼, 𝑇𝑜𝑊, and 𝑉𝑐𝑜𝑟𝑟,𝑎 show sensitivities close to zero. This shift 

reflects the Bayesian updating of the corrosion process: given the very low measured 

chloride content, generalised corrosion now governs deterioration rather than 

pitting. 

 

Figure 8-45: Sensitivities of the LSF in the prior case considering all failure modes for the most loaded 
girder. 

 

Figure 8-46: Sensitivities of the LSF in the posterior case considering the three failure modes for the 
most loaded girder. 
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Notably, the posterior analysis highlights two key parameters: concrete compressive 

strength (𝑓𝑐) and the stirrup yield strength (𝑓𝑦𝑤). This can be explained by the 

dominance of half-joint failure in the early stages (sensitive to 𝑓𝑐) and of shear 

failure in the later stages, after year 65, (sensitive to 𝑓𝑦𝑤). In particular, 𝑓𝑦𝑤 shows 

a sharp increase in sensitivity between years 60 and 80, reflecting its crucial role in 

shear capacity as degradation advances. 

8.2.5.2 Influence of the spatial modelling on the reliability calculations 

The effect of correlation length on reliability estimates is tested by varying the 

correlation length of spatially dependent variables from 1 m (lower bound from the 

literature [30]) to 3.5 m (upper bound [30]), compared with the baseline value of 2 

m. This analysis also illustrates the potential gains in service-life estimation from 

updating not only marginal distributions but also the correlation structure of random 

fields. 

The resulting posterior global annual reliability indices (𝛽𝑆,1, 𝛽𝑆,3.5, 𝛽𝑏𝐷𝑆,1, and 

𝛽𝑏𝐷𝑆,3.5) are compared with those obtained using a correlation length of 2 meters 

(𝛽𝑆,2 and 𝛽𝑏𝐷𝑆,2). The results are illustrated in Figure 8-47. 

 

Figure 8-47: Annual reliability index with error bands for different correlation lengths of RFs. 

Figure 8-47 demonstrates that system reliability results are only marginally affected 

by the choice of correlation length, confirming that a value of 2 m is robust and 

appropriate [30]. For the series system (𝛽𝑆,𝑝𝑜𝑠𝑡), differences remain negligible, with 

reliability varying by less than 2% at 3.5 m. With a 1 m correlation length, initial 

reliability is about the same as the 2 m case, but as corrosion progresses, reliability 

exceeds that in the 2 m case, with a maximum difference of 2%. This is because 
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corrosion development reduces correlation among components over time, and 

shorter correlation lengths result in lower average corrosion levels.  

For the brittle DS model, the influence of correlation length is more pronounced in 

the early years. The largest difference (≈6%) is observed in sound conditions, 

mainly due to higher correlation among half-joint sections. In brittle DS systems, 

lower correlation reduces the likelihood of simultaneous failures, leading to slightly 

higher reliability [19]. The differences in the three cases diminish as corrosion 

progresses, and component correlation naturally decreases. 

8.3 Summary of the Chapter 

The System Reliability Framework is applied to both a PT and an RC bridge deck, 

demonstrating its capability for system reliability assessment and service-life 

estimation across different structural typologies. For the PT deck, the tendon 

degradation model developed in Chapter 7 is implemented to represent tendon 

damage under a system perspective, enabling the estimation of residual service life 

beyond deterministic assumptions. For the RC deck, information gathered from 

multiple sources, material testing, monitoring, and survival evidence is integrated 

into the framework, allowing verification of the structure’s reliability that would not 

have been possible based solely on prior models. Moreover, for both case studies, 

the approximation introduced by the brittle Daniels System idealisation of the 

system capacity has been evaluated. In both cases the Daniels system formulation 

results in a slightly conservative estimate (approximately −8 to  −18%), showing 

its suitability for the two case studies analysed. 

These applications underline two complementary properties of the framework. In 

the PT case, the approach captures the influence of defect occurrence and spatially 

variable corrosion, demonstrating how probabilistic modelling can extend service-

life estimates and guide more efficient maintenance planning. In the RC case, the 

framework demonstrates its flexibility in incorporating monitoring data, Bayesian 

updating, and posterior analyses, thereby reducing epistemic uncertainty and 

redirecting inspection priorities towards the parameters most relevant for the 

observed deterioration mechanisms. 

The sensitivity analyses further highlighted the dependence of system reliability on 

the structural degradation level. They suggest that inspection campaigns should be 

adapted to the condition of the bridge: focusing on peak-load sections in sound or 

lightly degraded bridges and progressively extending to the entire structural element 

as degradation spreads. The spatial analysis of failure positions reinforced this 

conclusion, showing that sections far from peak-effect locations may govern failure 

once degradation is widespread. 
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Finally, for the RC case study, assumptions regarding spatial modelling based only 

on prior knowledge are shown to have a minor influence on system reliability and 

service-life estimation, confirming the robustness of the adopted correlation 

structure. 



 

167 

9 Conclusions 

This thesis presents a comprehensive system reliability and updating framework for 

the service-life assessment of concrete bridges affected by corrosion. The 

framework integrates probabilistic modelling and in situ data from inspections, 

testing, and monitoring, enabling the formulation of probabilistic models that reflect 

actual degradation processes. Bayesian updating procedures are implemented to 

incorporate these data, improving the relevance of reliability calculations and 

service-life predictions.  Corrosion degradation is modelled using a logical system 

approach that explicitly accounts for the influence of concrete quality on corrosion 

initiation. 

The research work makes a conceptual contribution to the field of structural 

reliability. The framework advances existing approaches by explicitly combining: 

(i) a nested system representation that integrates multiple interacting failure modes, 

(ii) probabilistic modelling of spatially and temporally dependent degradation, and 

(iii) Bayesian updating procedures that preserve the temporal characteristics of 

deterioration processes. While previous studies have typically focused on isolated 

components or assumed uniform degradation, the proposed framework unifies these 

aspects into a coherent and computationally tractable methodology. It allows 

bridges to be modelled as nested systems of failure modes, sections, and elements 

(including both main girders and crossbeams), capturing interactions among 

degradation mechanisms and identifying the governing factors controlling 

reliability at different stages. Moreover, the mechanical model approximation 

introduced by modelling the grillage deck as a brittle Daniels System is explicitly 

quantified through comparison with nonlinear finite element models with lumped 

plasticity, considering two representative load configurations and multiple corrosion 

levels. 

The generality of the developed framework ensures adaptability to both reinforced 

concrete and post-tensioned typologies, incorporates heterogeneous data sources, 

and provides service-life estimates directly relevant to management decisions. In 

particular, the framework and its complete application demonstrate how spatial 

degradation patterns, load positioning, and failure-mode interactions jointly 

influence system reliability, providing insights into and enhancing the service-life 

management of ageing bridge infrastructure. 
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Modelling of degrading structural systems is extended by coupling logical system 

representations with probabilistic formulations of corrosion initiation and 

propagation. Concrete quality and conservation state are integrated through logical 

combinations of carbonation and chloride ingress, allowing corrosion to be 

represented under different environmental and material conditions while preserving 

physical interpretability. These models enable consistent estimation of residual life 

within a probabilistic reliability framework. 

The Bayesian updating procedures integrates both direct and indirect measurable 

variables, as well as evidence from probability-of-detection curves, and inequality 

and equality information. The developed procedures preserve the temporal 

characteristics of deterioration, particularly in the chloride ingress updating 

procedure, and enable the integration of heterogeneous data sources into the 

reliability assessment. As a result, service-life predictions become progressively 

more representative and relevant as new information is collected. 

For post-tensioned bridges, the development of a dedicated inspection procedure 

enables the acquisition of detailed data on tendon degradation. The combined use of 

ultrasonic tomography and endoscopy facilitates the detection and characterisation 

of voids and corrosion within internal ducts. This procedure not only serves the 

immediate purpose of assessing tendon conditions but also generates a 

comprehensive dataset for Italian post-tensioned bridges, which is subsequently 

used to refine reliability-based assessment procedures by incorporating the actual 

condition of tendons.  

The collected inspection data facilitated the development of probabilistic models 

describing the occurrence and spatial distribution of injection defects and corrosion 

in post-tensioned girders. These models explicitly account for detection 

uncertainties through probability-of-detection curves developed for the employed 

ultrasonic technique, ensuring consistency between observed and modelled defect 

frequencies. Built upon the extensive inspection database, the models are integrated 

into the time-variant system reliability framework to represent spatially dependent 

degradation processes and for use within Bayesian updating procedures.  

An advanced structural reliability analysis scheme is established to perform 

spatially dependent system reliability analyses employing the developed models. In 

this procedure, both the number and positions of degrading sections are treated as 

random variables and simulated using the developed probabilistic models, 

overcoming the limitations of traditional segmentation techniques, whose results 

depend on arbitrary discretisation choices. The results show that failure tends to 

occur at later stages of the service life not only at the most highly utilised sections 

but also progressively throughout the beam. 

The applicability and generality of the framework are demonstrated through two 

case studies on a post-tensioned and a reinforced concrete bridge deck. The 

comparative application confirms that the proposed approaches, models, and 
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procedures consistently integrate degradation models, inspection and monitoring 

data, and spatial variability into reliability assessments. 

For both case studies, the mechanical model of the brittle Daniels System 

representation proved to be moderately conservative in the comparison to nonlinear 

finite element analyses (se Sections 8.1.1 and 8.2.2). A more relevant comparison 

would involve experimentally measured global capacities of bridge decks. The 

literature shows that nonlinear finite element models can be calibrated to accurately 

represent experimental results from full-scale failure tests. However, significant 

challenges arise when dealing with existing degraded decks. In such cases, failure 

tests can rarely be carried out, and the level of structural degradation cannot be fully 

characterised, making it difficult to calibrate and validate mechanical models, 

whether nonlinear or based on the Daniels System representation. This limitation 

highlights a niche to explore for reducing uncertainties in global capacity evaluation 

and improving the calibration of mechanical models for existing degraded bridge 

decks. 

The nonlinear and brittle Daniels System mechanical model comparison shows that, 

the underestimation of the global system capacity ranges between 8% and 18% for 

the post-tensioned deck and between 6% and 15% for the reinforced concrete deck, 

depending on the load configuration and corrosion level considered. In particular, 

the deviation between the two modelling strategies decreases as degradation 

progresses, indicating that the brittle Daniels System provides increasingly 

comparable estimates of system capacity at higher degradation levels. This is 

particularly relevant because the Daniels mechanical representation requires 

substantially lower computational effort than nonlinear probabilistic finite element 

analyses. Notably, the system capacity is found to depend not only on the degree of 

corrosion but also on the load configuration, highlighting that, when spatial 

degradation and multiple potential failure sections are considered, nonlinear 

probabilistic finite element models would need to be developed together with 

spatially and temporally consistent probabilistic load modelling to fully capture 

redistribution effects. 

These outlined aspects are currently a challenge as the computational burden 

associated with performing such nonlinear analyses within a probabilistic, time-

variant framework is currently unsustainable for practical applications. In addition, 

maintaining consistent spatial and temporal correlation structures over time, 

essential for both Bayesian updating and integration of survival information, poses 

further methodological challenges. Therefore, the adoption of the analytically 

closed-form Daniels System mechanical model representation provides a 

compromise between mechanical realism and computational feasibility, enabling 

spatially and temporally consistent system reliability analysis within the 

probabilistic framework. 
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Time-dependent sensitivity analyses conducted for both reinforced and post-

tensioned bridge systems support the identification of efficient inspection strategies 

to achieve target reliability levels, thereby promoting efficient condition assessment. 

These analyses reveal how the influence and uncertainty of different parameters 

evolve throughout the service life, supporting a rational prioritisation of inspection 

variables and measurement types that most effectively affect the structural 

reliability at each degradation stage. For post-tensioned bridges, the results 

demonstrate the evolution of system performance with respect to the number and 

spatial distribution of degrading sections, enabling the design of progressive 

inspection strategies that adapt as deterioration propagates. At the initial stage (low 

degradation levels), reliability is primarily influenced by model uncertainties and 

the mechanical properties of the materials. As degradation progresses, the time to 

corrosion activation, corrosion rate, and occurrence rate of corrosion become 

increasingly significant, as they determine both the extent and number of corroding 

sections.  

Similarly, for reinforced concrete bridges, the analyses show that at low degradation 

levels, reliability is mainly governed by model uncertainties and material 

mechanical characteristics, whereas during advanced stages, the time to corrosion 

initiation, corrosion rate, and pitting factor become dominant parameters. However, 

as new data are incorporated through updating, the influence of corrosion-related 

variables decreases across the entire analysis timespan due to the reduction of their 

associated uncertainties, while model uncertainties remain the prevailing source of 

variability throughout the service life. 

From a management perspective, the research has immediate practical implications. 

The use of survival information can significantly extend service life (by more than 

10 years in the case studies), allowing managers to postpone interventions and 

reduce costs safely. Sensitivity analyses identify critical variables to monitor at 

different degradation stages, guiding inspection priorities and their evolution over 

time. Posterior sensitivity analyses show that degradation variables lose influence 

once measured, shifting attention to material strength parameters and model 

uncertainties.  Moreover, the condition of Italian post-tensioned concrete bridges 

has been further clarified through the analysis of the case study. Despite design and 

construction flaws, such as injection voids, the results indicate an expected service-

life extension of five years with respect to the assumed fifty-years service life. 

Nevertheless, these service-life estimations should be further substantiated using 

bridge-specific data. 

This outcome highlights that utilising the developed data-based spatial degradation 

model results in service-life extension. For Italian infrastructure managers, this 

implies (i) the possibility of systematically assessing the service life of the post-

tensioned bridge stock through representative case and parametric studies; and (ii) 

the possibility of performing bridge-specific service-life assessments in special 

cases (e.g., strategic infrastructures) by integrating structure-specific data.    
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Spatial failure analyses further reveal that inspection strategies should evolve with 

degradation, focusing initially on peak-load areas and progressively expanding as 

deterioration spreads. This behaviour is consistent with the observed sensitivities to 

the number and location of degrading sections. Moreover, variations in spatial 

correlation length are shown to have only a limited impact on global reliability 

estimates, reducing the urgency of refining correlation parameters and allowing 

resources to be prioritised elsewhere. 

These findings demonstrate how the proposed framework can support more targeted 

inspections, cost-effective maintenance, and may lead to extended service life for 

post-tensioned and reinforced concrete bridges, all while maintaining safety 

consistent with international reliability requirements. By combining sensitivity 

analysis with Bayesian updating, the integration of inspections, tests, and 

monitoring data not only reduces epistemic uncertainty but also redirects inspection 

and maintenance priorities towards parameters that most directly affect structural 

reliability. This underlines the practical value of the framework in supporting 

rational, data-informed decision-making for ageing concrete bridges. 

Beyond technical and managerial outcomes, the work has clear societal relevance, 

and its implementation within infrastructure management may generate a three-fold 

societal impact: (i) greater economic efficiency, (ii) enhanced sustainability, and 

(iii) improved life-safety. 

Integrating the reliability calculations provided and the sensitivity analysis 

outcomes can achieve higher economic efficiency. Indeed, infrastructure managers 

and owners can perform maintenance only when needed, guided by rational 

prioritisation and intervention planning. This enables the efficient allocation of 

public and private resources while operating within financial constraints. In 

addition, resource allocation and long-term infrastructure planning contribute to 

resilient and accountable governance. 

Moreover, extending the service life of existing infrastructure contributes to 

sustainability by reducing material consumption and waste generation, and by 

promoting more efficient resource use. This is aligned with the United Nations 

Sustainable Development Goals set out in the 2030 Agenda for Sustainable 

Development [138]. In particular, Figure 9-1 illustrates the relevant Sustainable 

Development Goals, highlighting those pursued throughout this thesis. 

A deeper understanding of structural performance over time can also improve life-

safety by reducing the risk of unexpected failures. Beyond direct safety benefits, the 

framework can strengthen public trust in infrastructure systems by demonstrating 

that decisions on monitoring and maintenance are grounded in quantitative, 

transparent assessments. 
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Figure 9-1: Significance of the Ph.D. thesis in the context of United Nations Sustainable Development 
Goals. 

Finally, the thesis aligns with Pillar II - Cluster 3 of Horizon Europe (Global 

Challenges & European Industrial Competitiveness, Civil Security for Society), 

potentially delivering savings in infrastructure management while preserving low 

human-safety risks and ensuring equitable access to reliable transport networks. 

Nevertheless, several limitations remain. The representation of corrosion processes, 

while grounded in empirical data, remains simplified and may be enhanced through 

more detailed physical-chemical modelling. The probabilistic model for post-

tensioned girder degradation could be refined by expanding the inspection database 

to include a broader range of geometries and tendon configurations. The reliance on 

crude Monte Carlo simulations increases computational cost, while the use of 

advanced sampling and surrogate modelling techniques could achieve 

computational efficiency without compromising accuracy.  

Given that the system capacity is evaluated conservatively within the adopted 

modelling approach, further refinements of the mechanical model, addressing 

computational burden and temporal correlation challenges, could enable more 

relevant reliability estimates. Such improvements may support additional service 

life extensions and enhance the socio-economic and sustainability impact of the 

research. 

Finally, the study aims to provide a comprehensive assessment of structural 

reliability, and it could be further extended to incorporate maintenance planning and 

decision-analysis concepts, integrating reliability results into long-term asset 

management planning.
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10 Future Works 

The primary objective of this Ph.D. project is to address the problem of assessment 

and management of existing concrete bridges by developing a framework for 

calculating system reliability and estimating the service life of concrete bridges, 

explicitly integrating corrosion-induced degradation and the use of data gathered 

through in situ campaigns to enhance the relevance and accuracy of the calculations. 

Potential future research work, aimed at improving and expanding the proposed 

framework, is provided below. These directions encompass experimental 

investigations, real-world infrastructure management, and non-stationary 

environmental effects from climate change.  

- Experimental investigation: the results obtained in this research 

demonstrate that the integration of inspection, testing, and monitoring data 

can be crucial for extending the service life of existing concrete bridges. 

However, the corrosion degradation models developed and applied in this 

Ph.D. work, although scientifically grounded and supported by inspection 

data, remain simplified representations of complex chemical and physical 

phenomena. Dedicated experimental studies on the interaction among 

different corrosion mechanisms and their boundary conditions are therefore 

recommended to improve understanding of degradation processes in 

existing concrete structures. Regarding PT tendon degradation, the 

proposed model currently considers only the spatial distribution of potential 

corrosion sites. Future studies could explore specific mechanisms 

governing corrosion initiation and propagation within ducts, thereby 

refining estimates of service life and improving predictiveness. 

- Decision support for management of infrastructure: this work provides 

a rational basis and time horizon for prioritisation, inspection, monitoring, 

and retrofitting planning, achieved by estimating the remaining time before 

a structure exceeds its target reliability threshold. Although this is a useful 

advancement, the framework could be further enhanced by integrating risk 

management principles and decision-analysis methodologies. 

In terms of risk management, new target reliability levels could be defined 

based on specific risk considerations, including both direct and indirect 

consequences, thus providing managers with more precise guidance on the 

acceptable risk levels for individual bridges. 
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From a decision-analysis perspective, the framework could be expanded to 

support rational decision-making regarding test execution or monitoring, 

including the selection of appropriate instrumentation and the evaluation of 

alternative interventions. This would enable utility-based optimisation of 

management actions, such as deciding whether to retrofit, rebuild, or reduce 

loads, with both safety and cost-effectiveness considered.   

- Integration of non-stationary processes: the degradation models utilised 

for both corrosion activation and propagation depend on environmental 

variables such as relative humidity, temperature, and atmospheric carbon 

dioxide concentration. 

In this work, these variables are modelled as stationary; however, their non-

stationary nature under climate-change scenarios may be incorporated in 

future analyses. Including time-varying environmental trends would enable 

more relevant predictions over longer time spans (e.g., when applied to a 

newly designed structure), as these variables directly influence both the 

onset and the rate of corrosion processes.
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11  Summary of the appended Papers 

Paper I: Spatial and time-dependent reliability analysis for post-tensioned 

concrete decks subjected to multiple failure modes 

S. Celati, A. Natali, W. Salvatore, I. Björnsson, and S. Thöns, ‘Spatial and time-

dependent reliability analysis for post-tensioned concrete decks subjected to 

multiple failure modes’, Struct. Saf., vol. 117, p. 102634, Nov. 2025, doi: 

10.1016/j.strusafe.2025.102634. 

With the growing need to extend infrastructure lifespans under financial and 

environmental constraints, assessing the safety and remaining service life of ageing 

PT concrete bridge decks is becoming urgent. Existing approaches typically assess 

individual components, neglecting the spatial variability and system-wide 

interaction of degradation processes. A probabilistic approach is proposed to 

perform spatial and time-dependent system reliability analysis of PT decks. It 

explicitly models spatial correlation among sections and girders, temporal 

degradation of material properties, and multiple interacting failure modes. A key 

novelty of the paper is the incorporation of concrete quality into the corrosion 

model, distinguishing between “sound” and “bad” concrete conditions to reflect 

real-world variability. The activation phase of corrosion is modelled using coupled 

chloride diffusion and carbonation processes, while the propagation phase relies on 

experimentally calibrated models for pit-depth evolution. The approach is applied 

to a representative Italian PT bridge deck with four girders, resulting in an estimated 

service life of 39 years under sound concrete conditions, while poor-quality concrete 

reduces this to 20 years. Moreover, sensitivity analyses reveal that model 

uncertainties and corrosion activation time are the most influential parameters 

affecting reliability. 

Paper II: Damage detection, localization, and quantification for steel cables of 

post-tensioned bridge decks 

I. Mazzatura, W. Salvatore, S. Caprili, S. Celati, M. Mori, and M. Gammino, 

‘Damage detection, localization, and quantification for steel cables of post-

tensioned bridge decks’, Structures, vol. 57, p. 105314, Nov. 2023, doi: 

10.1016/j.istruc.2023.105314. 

An integrated inspection methodology is developed to evaluate the structural 

condition of PT concrete bridges, which constitute a large portion of Italy's 
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infrastructure network. These structures are prone to hidden defects, such as voids, 

poor grouting, and cable corrosion, that visual inspections cannot detect but that 

critically affect safety and performance. The study addresses the lack of 

standardised procedures for “Special Inspections” of PT systems in the Italian 

guidelines, offering a systematic approach based on non destructive test (NDT) 

techniques. The main novelty lies in defining and validating a complete in situ 

inspection framework covering: (i) cable layout identification, (ii) defect 

localisation and quantification, and (iii) estimation of the residual prestressing force. 

The methodology combines Ground Penetrating Radar (GPR), Ultrasonic 

Tomography (UT), X-ray imaging, and X-ray diffraction (XRD), supported by a 

hypergeometric-based sampling strategy to determine the number of tests. 

Laboratory experiments on reinforced concrete wall specimens, replicating different 

duct materials, defect types, and grouting conditions, were followed by applications 

to five real viaducts on the Italian highway network. The work shows that 

integrating multiple NDTs enables reliable diagnosis of hidden damage in PT 

bridges while reducing invasiveness and cost. The methodology provides a 

reproducible foundation for nationwide inspection protocols and enables future 

research to quantify the reliability of each technique and optimise their combined 

application. 

Paper III: Statistical Data Analysis of Inspection Outcomes of Post-Tensioned 

Concrete Bridges in Italy 

S. Celati, F. Mattei, W. Salvatore, and S. Thons, ‘Statistical Data Analysis of 

Inspection Outcomes of Post-Tensioned Concrete Bridges in Italy’, in IABSE 

Congress Ghent 2025, Ghent, Belgium, Aug. 2025, pp. 108–115. doi: 

10.2749/ghent.2025.0108. 

To characterise the actual defectiveness of existing PT girders, a large dataset of 

inspection campaigns carried out on PT bridge decks across Italy is analysed. In 

particular, the correlation and spatial distribution of defects (voids and corrosion 

spots) in PT bridge decks are computed, aiming to lay the groundwork for the 

development of probabilistic models for defect distribution in existing PT girders. 

The study analyses data from 53 bridges and 192 girders with simply supported 

configurations typical of Italian PT structures from the 1960s. Inspections followed 

the national multi-level methodology combining Ground Penetrating Radar (GPR), 

Ultrasonic Tomography, endoscopy, and, when necessary, destructive testing. A 

clear correlation between voids and corrosion is observed; however, corrosion can 

also occur in fully grouted ducts, indicating that injection completeness alone does 

not guarantee durability. The paper’s novel contribution lies in providing the first 

empirical, statistically grounded dataset on PT bridge defects in Italy. The results 

support the development of probabilistic spatial models for corrosion and void 

distribution, essential for reliability-based maintenance planning, optimised 

inspection strategies, and improved safety management of ageing PT bridge 

infrastructure. 
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Paper IV: Reliability Analysis of Post-Tensioned Concrete Bridges Using 

Inspection-Based Modelling of Grout Injection Voids 

S. Celati, F. Mattei, W. Salvatore, and S. Thöns, ‘Reliability analysis of post-

tensioned concrete bridges using inspection-based modelling of grout injection 

voids’, Struct. Infrastruct. Eng., pp. 1–20, Apr. 2026, doi: 

10.1080/15732479.2026.2651979.  

Hidden deterioration in PT concrete bridges, where corrosion of prestressing steel 

may also be caused by poor grout injection, can lead to brittle, unexpected failures. 

Existing reliability assessments often rely on assumptions regarding defect location, 

lacking empirical validation from real-world data. To overcome these limitations, a 

data-driven probabilistic model for the number and spatial distribution of grout 

voids and corrosion spots in PT girders is developed. It derives from inspection 

results of 192 girders from 53 Italian bridges built in the 1960s. The model captures 

the joint rate and spatial correlation between voids and corrosion through copula-

based modelling methods and is integrated into a novel spatial and time-dependent 

reliability approach. This approach enables simulation of corrosion initiation and 

propagation without the need for girder segmentation, treating defect positions and 

occurrences as random variables. The reliability analysis incorporates chloride 

diffusion and pitting corrosion models to represent degradation processes and 

employs Monte Carlo simulations to estimate failure probabilities over time. Using 

the proposed approach, a 30% longer service life is predicted compared with 

conventional analyses assuming a uniform defect distribution. The study’s novelty 

lies in integrating empirical inspection data into reliability analysis to produce a 

model for assessing PT bridge degradation. The approach supports data-informed 

maintenance planning, improved inspection prioritisation, and more accurate life-

cycle safety evaluations for ageing bridge infrastructure. 

Paper V: System Reliability Analysis of Reinforced Concrete Bridges Using 

Multiple Data Sources 

Simone Celati, Agnese Natali, Walter Salvatore, Sebastian Thöns: ‘System 

Reliability Analysis of Reinforced Concrete Bridges Using Multiple Data Sources’, 

Structural Safety (Ready for submission) 

The study responds to the increasing need to extend the service life of ageing 

infrastructure while maintaining safety and sustainability, presenting a 

comprehensive probabilistic approach for assessing and updating the reliability of 

RC bridges affected by corrosion-induced degradation. The proposed approach 

introduces two main novelties. First, it integrates multiple data sources, inspections, 

material testing, corrosion measurements, and traffic monitoring within a Bayesian 

updating framework, thereby reducing uncertainty in both degradation and load 

models. Second, it preserves the temporal characteristics of degradation processes 

during model updating and accounts for interactions among multiple failure modes 

and structural components through a nested system model. The methodology is 
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applied to a 60-year-old RC bridge in the Province of Pisa. A prior reliability 

analysis based on initial data indicates that the structure does not meet the target 

reliability index and would require immediate maintenance. Subsequently, the 

model is updated using new test data on concrete strength, carbonation, chloride 

diffusion, and weigh-in-motion traffic loads. Key results show that data-driven 

updating substantially improves reliability estimates, extending the bridge’s 

technical service life by 18 years for major repair and 23 years for collapse 

prevention. The approach effectively captures the transition of dominant failure 

modes over time, from bending in sound conditions to shear and half-joint failures 

under advanced degradation, and shows how integrating inspection data, 

probabilistic modelling, and Bayesian updating can enhance decision-making for 

maintenance and life-cycle management, promoting both cost efficiency and 

structural safety in existing bridge networks.



 

179 

References  

[1] A. Kadyraliev et al., ‘Investments in transport infrastructure as a factor of stimulation 

of economic development’, X Int. Sci. Sib. Transp. Forum — TransSiberia 2022, vol. 

63, pp. 1359–1369, Jan. 2022, doi: 10.1016/j.trpro.2022.06.146. 

[2] Z. Ibrahimov, S. Hajiyeva, İ. Seyfullayev, U. Mehdiyev, and Z. Aliyeva, ‘The impact 

of infrastructure investments on the country’s economic growth’, Probl. Perspect. 

Manag., vol. 21, no. 2, pp. 415–425, May 2023, doi: 10.21511/ppm.21(2).2023.39. 

[3] N. Rania, I. Coppola, F. Martorana, and L. Migliorini, ‘The Collapse of the Morandi 

Bridge in Genoa on 14 August 2018: A Collective Traumatic Event and Its 

Emotional Impact Linked to the Place and Loss of a Symbol’, Sustainability, vol. 11, 

no. 23, 2019, doi: 10.3390/su11236822. 

[4] F. Bazzucchi, L. Restuccia, and G. Ferro, ‘Considerations over the Italian road bridge 

infrastructure safety after the Polcevera viaduct collapse: past errors and future 

perspectives’, Frat. Ed Integrità Strutt., vol. 12, no. 46, pp. 400–421, Sep. 2018, doi: 

10.3221/IGF-ESIS.46.37. 

[5] G. M. Calvi et al., ‘Once upon a Time in Italy: The Tale of the Morandi Bridge’, 

Struct. Eng. Int., vol. 29, no. 2, pp. 198–217, Apr. 2019, doi: 

10.1080/10168664.2018.1558033. 

[6] M. Sánchez-Silva et al., ‘Moving toward resilience and sustainability in the built 

environment’, Jt. Comm. Struct. Saf. Past Present Perspect. Future, vol. 113, p. 

102449, Mar. 2025, doi: 10.1016/j.strusafe.2024.102449. 

[7] A. Strauss, P. Spyridis, I. Zambon, F. Sattler, and E. Apostolidi, ‘Quality Control 

Method for the Service Life and Reliability of Concrete Structures’, Infrastructures, 

vol. 7, no. 2, p. 24, Feb. 2022, doi: 10.3390/infrastructures7020024. 

[8] American Association of State Highway and Transportation Officials, Ed., The 

manual for bridge evaluation, First edition. Washington, DC: American Association 

of State Highway and Transportation Officials, 2008. 

[9] Ministero delle Infrastrutture e dei Trasporti, Linee Guida per la Classificazione e 

Gestione del Rischio, la Valutazione della Sicurezza ed il Monitoraggio dei Ponti 

Esistenti, Roma, Italy., 2020. 

[10] Trafikverket, Bärighetsberäkning av broar, TDOK 2013:0267, 2016. 

[11] ISO 2394. (2015). General principles on reliability for structures., Geneve, 

Switzerland., 2015. 

[12] fib Bulletin No. 80: Partial factor methods for existing concrete structures. 

Lausenne: International Federation for Structural Concrete., 2016. [Online]. 

Available: doi.org/10.35789/fib.BULL.0080 



 

180 

[13] N. Donthu, S. Kumar, D. Mukherjee, N. Pandey, and W. M. Lim, ‘How to conduct a 

bibliometric analysis: An overview and guidelines’, J. Bus. Res., vol. 133, pp. 285–

296, Sep. 2021, doi: 10.1016/j.jbusres.2021.04.070. 

[14] VOSviewer. (2023). [Online]. Available: https://www.vosviewer.com/ 

[15] D. Diamantidis, Probabilistic Assessment of Existing Structures : A publication of the 

Joint Committee on Structural Safety (JCSS). 2001. 

[16] C. Scholten et al., ‘Reliability-based classification of the load carrying capacity of 

existing bridges: Guideline document.’ Danish Road Directorate, Copenaghen, 2004. 

[17] E. Brühwiler, T. Vogel, T. Lang, and P. Lüchinger, ‘Swiss Standards for Existing 

Structures’, Struct. Eng. Int., vol. 22, no. 2, pp. 275–280, May 2012, doi: 

10.2749/101686612X13291382991209. 

[18] N. Scholten and A. Vrouwenvelder, ‘Eurocodes and structural safety of the existing 

buildings: Considering the publication of the dutch nen 8700’, Civ. Eng. 13 4th Int. 

Conf. Jelgava Latv., pp. 49–55, 2013. 

[19] S. Gollwitzer and R. Rackwitz, ‘On the reliability of Daniels systems’, Struct. Saf., 

vol. 7, no. 2–4, pp. 229–243, Mar. 1990, doi: 10.1016/0167-4730(90)90072-W. 

[20] S. Shao and Y. Murotsu, ‘Approach to failure mode analysis of large structures’, 

Probabilistic Eng. Mech., vol. 14, no. 1, pp. 169–177, Jan. 1999, doi: 

10.1016/S0266-8920(98)00028-9. 

[21] D.-S. Kim, S.-Y. Ok, J. Song, and H.-M. Koh, ‘System reliability analysis using 

dominant failure modes identified by selective searching technique’, Reliab. Eng. 

Syst. Saf., vol. 119, pp. 316–331, Nov. 2013, doi: 10.1016/j.ress.2013.02.007. 

[22] H. E. Daniels and H. Jeffreys, ‘The statistical theory of the strength of bundles of 

threads. I’, Proc. R. Soc. Lond. Ser. Math. Phys. Sci., vol. 183, no. 995, pp. 405–435, 

Jun. 1945, doi: 10.1098/rspa.1945.0011. 

[23] P. Thoft-Christensen and M. J. Baker, Structural Reliability Theory and Its 

Applications. Berlin, Heidelberg: Springer Berlin Heidelberg, 1982. doi: 

10.1007/978-3-642-68697-9. 

[24] O. Ditlevsen and H. O. Madsen, Structural reliability methods. Chichester ; New 

York: Wiley, 1996. 

[25] Tao Jinju, Chen Jianbing, and Ren Xiaodan, ‘Copula-Based Quantification of 

Probabilistic Dependence Configurations of Material Parameters in Damage 

Constitutive Modeling of Concrete’, J. Struct. Eng., vol. 146, no. 9, p. 04020194, 

Sep. 2020, doi: 10.1061/(ASCE)ST.1943-541X.0002729. 

[26] A. Sklar’s, ‘Fonctions de Répartition à n Dimensions et Leurs Marges’, Publ. 

L’Institut Stat. L’Université Paris, vol. 8, pp. 229–231, 1959. 

[27] C. Genest and B. Rémillard, ‘Validity of the parametric bootstrap for goodness-of-fit 

testing in semiparametric models’, Ann. Inst. Henri Poincaré Probab. Stat., vol. 44, 

no. 6, Dec. 2008, doi: 10.1214/07-AIHP148. 

[28] C. Genest, B. Rémillard, and D. Beaudoin, ‘Goodness-of-fit tests for copulas: A 

review and a power study’, Insur. Math. Econ., vol. 44, no. 2, pp. 199–213, Apr. 

2009, doi: 10.1016/j.insmatheco.2007.10.005. 



 

181 

[29] E. Vanmarcke, M. Shinozuka, S. Nakagiri, G. I. Schuëller, and M. Grigoriu, 

‘Random fields and stochastic finite elements’, Struct. Saf., vol. 3, no. 3, pp. 143–

166, Aug. 1986, doi: 10.1016/0167-4730(86)90002-0. 

[30] E. Vereecken, W. Botte, G. Lombaert, and R. Caspeele, ‘Influence of the correlation 

model on the failure probability of a reinforced concrete structure considering spatial 

variability’, Struct. Infrastruct. Eng., vol. 19, no. 4, pp. 510–524, Apr. 2023, doi: 

10.1080/15732479.2021.1953082. 

[31] Tao Jinju and Chen Jianbing, ‘Experimental Study on the Spatial Variability of 

Concrete by the Core Test and Rebound Hammer Test’, ASCE-ASME J. Risk 

Uncertain. Eng. Syst. Part Civ. Eng., vol. 9, no. 4, p. 04023029, Dec. 2023, doi: 

10.1061/AJRUA6.RUENG-1101. 

[32] W. Betz, I. Papaioannou, and D. Straub, ‘Numerical methods for the discretization of 

random fields by means of the Karhunen–Loève expansion’, Comput. Methods Appl. 

Mech. Eng., vol. 271, pp. 109–129, Apr. 2014, doi: 10.1016/j.cma.2013.12.010. 

[33] M.-Z. Lyu, Y.-Y. Liu, and J.-B. Chen, ‘A novel model and simulation method for 

multivariate Gaussian fields involving nonlinear probabilistic dependencies and 

different variable-wise spatial variabilities’, Reliab. Eng. Syst. Saf., vol. 260, p. 

110963, Aug. 2025, doi: 10.1016/j.ress.2025.110963. 

[34] G. Barone and D. M. Frangopol, ‘Reliability, risk and lifetime distributions as 

performance indicators for life-cycle maintenance of deteriorating structures’, Reliab. 

Eng. Syst. Saf., vol. 123, pp. 21–37, Mar. 2014, doi: 10.1016/j.ress.2013.09.013. 

[35] R. Schneider, S. Thöns, and D. Straub, ‘Reliability analysis and updating of 

deteriorating systems with subset simulation’, Struct. Saf., vol. 64, pp. 20–36, Jan. 

2017, doi: 10.1016/j.strusafe.2016.09.002. 

[36] R. Schneider, ‘Time-variant reliability of deteriorating structural systems conditional 

on inspection and monitoring data’, 2020. doi: 10.13140/RG.2.2.21487.87207. 

[37] D. Straub, R. Schneider, E. Bismut, and H.-J. Kim, ‘Reliability analysis of 

deteriorating structural systems’, Struct. Saf., vol. 82, p. 101877, Jan. 2020, doi: 

10.1016/j.strusafe.2019.101877. 

[38] A. Der Kiureghian, ‘First-and second-order reliability methods’, Eng. Des. Reliab. 

Handb., vol. 14, p. 105, 2005. 

[39] R. de Vries, E. O. L. Lantsoght, R. D. J. M. Steenbergen, M. A. N. Hendriks, and M. 

Naaktgeboren, ‘Structural reliability updating on the basis of proof load testing and 

monitoring data’, Eng. Struct., vol. 330, p. 119863, May 2025, doi: 

10.1016/j.engstruct.2025.119863. 

[40] B. Iooss and P. Lemaître, ‘A Review on Global Sensitivity Analysis Methods’, in 

Uncertainty Management in Simulation-Optimization of Complex Systems: 

Algorithms and Applications, G. Dellino and C. Meloni, Eds, Boston, MA: Springer 

US, 2015, pp. 101–122. doi: 10.1007/978-1-4899-7547-8_5. 

[41] H. O. Madsen, ‘Model updating in reliability theory’, Proc ICASP5, pp. 565–577, 

1987. 

[42] D. Straub and I. Papaioannou, ‘Bayesian Updating with Structural Reliability 

Methods’, J. Eng. Mech., vol. 141, no. 3, p. 04014134, Mar. 2015, doi: 

10.1061/(ASCE)EM.1943-7889.0000839. 



 

182 

[43] A. Gelman, J. B. Carlin, H. S. Stern, and D. B. Rubin, Bayesian Data Analysis, 

Second Edition, 2nd ed., 1 online resource (717 pages) vols. London: Chapman & 

Hall/CRC, 2003. 

[44] D. Straub, ‘Reliability updating with equality information’, Probabilistic Eng. Mech., 

vol. 26, no. 2, pp. 254–258, Apr. 2011, doi: 10.1016/j.probengmech.2010.08.003. 

[45] S. Thöns, M. Döhler, and L. Long, ‘On Damage Detection System Information for 

Structural Systems’, Struct. Eng. Int., vol. 28, no. 3, pp. 255–268, Jul. 2018, doi: 

10.1080/10168664.2018.1459222. 

[46] I. Mazzatura, J. R. Casas, W. Salvatore, and S. Caprili, ‘Reliability of ultrasonic 

tomography in detecting grouting defects in post-tensioned structures by PoD 

curves’, Eng. Struct., vol. 302, p. 117352, Mar. 2024, doi: 

10.1016/j.engstruct.2023.117352. 

[47] M. Sýkora, M. Holický, and K. Jung, ‘Updating in the Probabilistic Assessment of 

Existing Structures / Pravděpodobnostní Aktualizace Při Hodnocení Existujících 

Konstrukcí’, Trans. VŠB – Tech. Univ. Ostrava Civ. Eng. Ser., vol. 12, no. 2, pp. 

205–215, Dec. 2012, doi: 10.2478/v10160-012-0035-1. 

[48] D. Straub, I. Papaioannou, and W. Betz, ‘Bayesian analysis of rare events’, J. 

Comput. Phys., vol. 314, pp. 538–556, Jun. 2016, doi: 10.1016/j.jcp.2016.03.018. 

[49] G. Addonizio, D. Losanno, E. O. L. Lantsoght, and J. R. Casas, ‘Reliability-Based 

Assessment of Damaged Prestressed Concrete I-Girder Bridges’, IABSE Congr. 

Ghent 2025, pp. 217–225, 2025. 

[50] L. Jacinto, L. C. Neves, and L. O. Santos, ‘Bayesian assessment of an existing 

bridge: a case study’, Struct. Infrastruct. Eng., vol. 12, no. 1, pp. 61–77, Jan. 2016, 

doi: 10.1080/15732479.2014.995105. 

[51] B. S. Vishwanath and S. Banerjee, ‘Considering uncertainty in corrosion process to 

estimate life-cycle seismic vulnerability and risk of aging bridge piers’, Reliab. Eng. 

Syst. Saf., vol. 232, p. 109050, Apr. 2023, doi: 10.1016/j.ress.2022.109050. 

[52] F. Liljefors and J. Köhler, ‘Decision support and structural assessment of a corroding 

reinforced concrete bridge considering new information’, Struct. Infrastruct. Eng., 

pp. 1–16, Dec. 2023, doi: 10.1080/15732479.2023.2271962. 

[53] T. Guo, Z. Chen, T. Liu, and D. Han, ‘Time-dependent reliability of strengthened 

PSC box-girder bridge using phased and incremental static analyses’, Eng. Struct., 

vol. 117, pp. 358–371, Jun. 2016, doi: 10.1016/j.engstruct.2016.03.011. 

[54] R. G. Pillai, D. Trejo, P. Gardoni, M. B. D. Hueste, and K. Reinschmidt, ‘Time-

Variant Flexural Reliability of Posttensioned, Segmental Concrete Bridges Exposed 

to Corrosive Environments’, J. Struct. Eng., vol. 140, no. 8, Aug. 2014, doi: 

10.1061/(asce)st.1943-541x.0000991. 

[55] D. Trejo, S. B. Im, and R. G. Pillai, ‘Effect of voids in grouted post-tensioned 

concrete bridge construction: inspection and repair manual for external tendons in 

segmental, post-tensioned bridges.’, no. FHWA/TX-09/0-4588-2, Nov. 2009, 

[Online]. Available: https://rosap.ntl.bts.gov/view/dot/16988 



 

183 

[56] V.-S. Nguyen, M. C. Jeong, T. S. Han, and J. S. Kong, ‘Reliability-based 

optimisation design of post-tensioned concrete box girder bridges considering pitting 

corrosion attack’, Struct. Infrastruct. Eng., vol. 9:1, no. 1, pp. 78–96, Nov. 2013, doi: 

10.1080/15732479.2010.524653. 

[57] D. Al-Mosawe, L. Neves, and J. Owen, ‘Reliability analysis of deteriorated post-

tensioned concrete bridges: The case study of Ynys-y-Gwas bridge in UK’, 

Structures, vol. 41, pp. 242–259, Jul. 2022, doi: 10.1016/j.istruc.2022.04.094. 

[58] J. Kim and J. Song, ‘Time-Dependent Reliability Assessment and Updating of Post-

tensioned Concrete Box Girder Bridges Considering Traffic Environment and 

Corrosion’, ASCE-ASME J. Risk Uncertain. Eng. Syst. Part Civ. Eng., vol. 7, no. 4, 

p. 04021062, Dec. 2021, doi: 10.1061/AJRUA6.0001188. 

[59] S. Celati, A. Natali, W. Salvatore, and S. Thöns, ‘Temporal reliability evolution of a 

prestressed girder with post-tensioned tendons subjected to corrosion’, Procedia 

Struct. Integr., vol. 62, pp. 361–368, 2024, doi: 10.1016/j.prostr.2024.09.053. 

[60] N. Kopiika, Y. Blikharskyy, J. Selejdak, R. Khmil, and Z. Blikharskyy, ‘Reliability-

based analysis and residual life forecasting for corrosion-affected RC structures’, 

Structures, vol. 76, p. 108965, Jun. 2025, doi: 10.1016/j.istruc.2025.108965. 

[61] D. Straub, ‘Reliability updating with inspection and monitoring data in deteriorating 

reinforced concrete slabs’, in Applications of Statistics and Probability in Civil 

Engineering -Proceedings of the 11th International Conference on Applications of 

Statistics and Probability in Civil Engineering, in Applications of Statistics and 

Probability in Civil Engineering -Proceedings of the 11th International Conference 

on Applications of Statistics and Probability in Civil Engineering. Zurich, 

Switzerland: Taylor and Francis Inc., 2011, pp. 2309–2316. doi: 10.1201/b11332-

340. 

[62] R. Schneider et al., ‘Assessing and updating the reliability of concrete bridges 

subjected to spatial deterioration – principles and software implementation’, Struct. 

Concr., vol. 16, no. 3, pp. 356–365, Sep. 2015, doi: 10.1002/suco.201500014. 

[63] D. Dias-da-Costa, L. A. C. Neves, S. Gomes, S. A. Hadigheh, and P. Fernandes, 

‘Time-dependent reliability analyses of prestressed concrete girders strengthened 

with CFRP laminates’, Eng. Struct., vol. 196, p. 109297, Oct. 2019, doi: 

10.1016/j.engstruct.2019.109297. 

[64] B. Tu, Y. Dong, and Z. Fang, ‘Time-Dependent Reliability and Redundancy of 

Corroded Prestressed Concrete Bridges at Material, Component, and System Levels’, 

J. Bridge Eng., vol. 24, no. 9, p. 04019085, Sep. 2019, doi: 

10.1061/(ASCE)BE.1943-5592.0001461. 

[65] B. E. E. U. DuraCrete, DuraCrete, probabilistic performance based durability design 

of concrete structures. [Gouda] : [CUR], 2000. [Online]. Available: 

http://lib.ugent.be/catalog/rug01:001386862 

[66] P. Schießl et al., fib bulletin 34: Model Code for Service Life Design. 2006. 

[67] fib Bulletin No. 76: Benchmarking of deemed-to-satisfy provisions in standards: 

durability of reinforced concrete structures exposed to chlorides ; state-of-the-art 

report. in Bulletin / International Federation for Structural Conrete State-of-the-art 

report, no. 76. Lausanne, Switzerland: Fédération internationale du béton, 2015. 



 

184 

[68] E. Koenders, K. Imamoto, and A. Soive, Eds, Benchmarking Chloride Ingress 

Models on Real-life Case Studies—Marine Submerged and Road Sprayed Concrete 

Structures: State-of-the-Art Report of the RILEM TC 270-CIM, vol. 37. in RILEM 

State-of-the-Art Reports, vol. 37. Cham: Springer International Publishing, 2022. 

doi: 10.1007/978-3-030-96422-1. 

[69] F. P. Glasser, J. Marchand, and E. Samson, ‘Durability of concrete — Degradation 

phenomena involving detrimental chemical reactions’, Cem. Concr. Res., vol. 38, no. 

2, pp. 226–246, Feb. 2008, doi: 10.1016/j.cemconres.2007.09.015. 

[70] H. Beushausen and N. Burmeister, ‘The use of surface coatings to increase the 

service life of reinforced concrete structures for durability class XC’, Mater. Struct., 

vol. 48, no. 4, pp. 1243–1252, Apr. 2015, doi: 10.1617/s11527-013-0229-8. 

[71] M. Alexander and H. Beushausen, ‘Durability, service life prediction, and modelling 

for reinforced concrete structures – review and critique’, Cem. Concr. Res., vol. 122, 

pp. 17–29, Aug. 2019, doi: 10.1016/j.cemconres.2019.04.018. 

[72] R. E. Melchers, ‘New insights from probabilistic modelling of corrosion in structural 

reliability analysis’, Struct. Saf., vol. 88, p. 102034, Jan. 2021, doi: 

10.1016/j.strusafe.2020.102034. 

[73] T. Pacheco and R. Melchers, Eco-Efficient Repair and Rehabilitation of Concrete 

Infrastructures. Elsevier, 2018. doi: 10.1016/C2016-0-04100-1. 

[74] E. Vereecken, W. Botte, G. Lombaert, and R. Caspeele, ‘Assessment of corroded 

prestressed and posttensioned concrete structures: A review’, Struct. Concr., vol. 22, 

no. 5, pp. 2556–2580, Oct. 2021, doi: 10.1002/suco.202100050. 

[75] R. E. Melchers and I. A. Chaves, ‘2 - Service life estimation of concrete 

infrastructures’, in Eco-Efficient Repair and Rehabilitation of Concrete 

Infrastructures, F. Pacheco-Torgal, R. E. Melchers, X. Shi, N. D. Belie, K. V. 

Tittelboom, and A. Sáez, Eds, Woodhead Publishing, 2018, pp. 15–41. doi: 

10.1016/B978-0-08-102181-1.00002-2. 

[76] U. M. Angst et al., ‘The effect of the steel–concrete interface on chloride-induced 

corrosion initiation in concrete: a critical review by RILEM TC 262-SCI’, Mater. 

Struct., vol. 52, no. 4, p. 88, Aug. 2019, doi: 10.1617/s11527-019-1387-0. 

[77] U. M. Angst, O. B. Isgor, C. M. Hansson, A. Sagüés, and M. R. Geiker, ‘Beyond the 

chloride threshold concept for predicting corrosion of steel in concrete’, Appl. Phys. 

Rev., vol. 9, no. 1, p. 011321, Mar. 2022, doi: 10.1063/5.0076320. 

[78] ‘Virmani, P. Y., and H. Ghasemi. Literature review of chloride threshold values for 

grouted post-tensioned tendons. FHWA-HRT-12-067. Washington, DC: US Federal 

Highway Administration.’, 2012. 

[79] Robert E. Melchers and Chun Qing Li, ‘Phenomenological Modeling of 

Reinforcement Corrosion in Marine Environments’, ACI Mater. J., vol. 103, no. 1, 

Jan. 2006, doi: 10.14359/15124. 

[80] W. Botte and R. Caspeele, ‘Redundancy-based service life assessment of corroded 

reinforced concrete elements considering parameter uncertainties’, Struct. 

Infrastruct. Eng., vol. 14, no. 9, pp. 1269–1282, Sep. 2018, doi: 

10.1080/15732479.2017.1418011. 



 

185 

[81] S. Celati, A. Natali, W. Salvatore, and S. Thöns, ‘System reliability accounting for 

corrosion-induced degradation over time’, presented at the IABSE Symposium 

Manchester 2024: Construction’s Role for a World in Emergency, Manchester, 

United Kingdom: International Association for Bridge and Structural Engineering, 

2024, pp. 655–663. doi: 10.2749/manchester.2024.0655. 

[82] I. Björnsson, S. Thöns, S. Celati, and B. Hergart, ‘Towards a service life extension of 

the Øresund Fixed Link’, in Bridge Maintenance, Safety, Management, Digitalization 

and Sustainability, 1st edn, London: CRC Press, 2024, pp. 3133–3141. doi: 

10.1201/9781003483755-372. 

[83] M. S. Darmawan and M. G. Stewart, ‘Spatial time-dependent reliability analysis of 

corroding pretensioned prestressed concrete bridge girders’, Struct. Saf., vol. 29, no. 

1, pp. 16–31, Jan. 2007, doi: 10.1016/j.strusafe.2005.11.002. 

[84] C.-H. Jeon, J.-B. Lee, S. Lon, and C.-S. Shim, ‘Equivalent material model of 

corroded prestressing steel strand’, J. Mater. Res. Technol., vol. 8, no. 2, pp. 2450–

2460, Apr. 2019, doi: 10.1016/j.jmrt.2019.02.010. 

[85] F. Vecchi, L. Franceschini, F. Tondolo, B. Belletti, J. Sánchez Montero, and P. 

Minetola, ‘Corrosion morphology of prestressing steel strands in naturally corroded 

PC beams’, Constr. Build. Mater., vol. 296, p. 123720, Aug. 2021, doi: 

10.1016/j.conbuildmat.2021.123720. 

[86] L. Franceschini, B. Belletti, F. Tondolo, and J. Sanchez Montero, ‘A simplified 

stress–strain relationship for the mechanical behavior of corroded prestressing 

strands: The SCPS-model’, Struct. Concr., vol. 24, no. 1, pp. 189–210, Feb. 2023, 

doi: 10.1002/suco.202200170. 

[87] Q.-Q. Yu, X.-L. Gu, Y.-H. Zeng, and W.-P. Zhang, ‘Flexural behavior of Corrosion-

Damaged prestressed concrete beams’, Eng. Struct., vol. 272, p. 114985, Dec. 2022, 

doi: 10.1016/j.engstruct.2022.114985. 

[88] E. Conti, P. G. Malerba, M. Quagliaroli, and D. Scaperrotta, ‘Residual capacity of a 

reinforced concrete grillage deck exposed to corrosion’, Struct. Infrastruct. Eng., vol. 

16, no. 1, pp. 202–218, Jan. 2020, doi: 10.1080/15732479.2019.1624786. 

[89] X. Wang et al., ‘Full-scale experimental and numerical investigation on the ductility, 

plastic redistribution, and redundancy of deteriorated concrete bridges’, Eng. Struct., 

vol. 234, p. 111930, May 2021, doi: 10.1016/j.engstruct.2021.111930. 

[90] H.-W. Song, D.-W. You, K.-J. Byun, and K. Maekawa, ‘Finite element failure 

analysis of reinforced concrete T-girder bridges’, Eng. Struct., vol. 24, no. 2, pp. 

151–162, Feb. 2002, doi: 10.1016/S0141-0296(01)00107-9. 

[91] M. Ghosn, F. Moses, and D. M. Frangopol, ‘Redundancy and robustness of highway 

bridge superstructures and substructures’, Struct. Infrastruct. Eng., vol. 6, no. 1–2, 

pp. 257–278, Feb. 2010, doi: 10.1080/15732470802664498. 

[92] S. Sarmiento, S. Thöns, J. González-Libreros, I. Björnsson, and G. Sas, ‘Comparison 

and Joint Evaluation of Importance, Redundancy and Robustness Indicators Applied 

to Aging Prestressed Concrete Bridges’, Nord. Concr. Res., vol. 70, no. 1, pp. 147–

171, Jun. 2024, doi: 10.2478/ncr-2024-0008. 



 

186 

[93] S. Sarmiento, J. González-Libreros, G. Sas, I. Björnsson, and S. Thöns, 

‘Redundancy, importance, and robustness analyses for damage scenarios of bridges’, 

2023, [Online]. Available: https://doi.org/10.1201/9781003323020-479 

[94] G. Fiorillo and M. Ghosn, ‘MPI Parallel Monte Carlo Framework for the Reliability 

Analysis of Highway Bridges’, J. Comput. Civ. Eng., vol. 32, no. 2, p. 04017087, 

Mar. 2018, doi: 10.1061/(ASCE)CP.1943-5487.0000735. 

[95] G. Fiorillo and M. Ghosn, ‘Structural Redundancy, Robustness, and Disproportionate 

Collapse Analysis of Highway Bridge Superstructures’, J. Struct. Eng., vol. 148, no. 

7, p. 04022075, Jul. 2022, doi: 10.1061/(ASCE)ST.1943-541X.0003369. 

[96] A. Nettis, A. Nettis, S. Ruggieri, and G. Uva, ‘Corrosion-induced fragility of existing 

prestressed concrete girder bridges under traffic loads’, Eng. Struct., vol. 314, p. 

118302, Sep. 2024, doi: 10.1016/j.engstruct.2024.118302. 

[97] JCSS, ‘JCSS Probabilistic Model Code, Part 1—Basis of Design. Joint Committee on 

Structural Safety, JCSS-OSTL/ DIA/VROU-10-11-2000’, 2001. [Online]. Available: 

https://www.jcss-lc.org/publications/jcsspmc/part_i.pdf 

[98] J. Chen et al., ‘Recent developments in mechanical and uncertainty modelling of 

concrete’, Jt. Comm. Struct. Saf. Past Present Perspect. Future, vol. 113, p. 102526, 

Mar. 2025, doi: 10.1016/j.strusafe.2024.102526. 

[99] JCSS, ‘JCSS Probabilistic Model Code, Part 3—Resistance models. Joint Committee 

on Structural Safety, JCSS-OSTL/ DIA/VROU-10-11-2000’, 2001. [Online]. 

Available: https://www.jcss-lc.org/publications/jcsspmc/part_iii.pdf 

[100] M. H. Faber and J. D. Sorensen, ‘Indicators for inspection and maintenance planning 

of concrete structures’, Struct. Saf., vol. 24, no. 2–4, pp. 377–396, Apr. 2002, doi: 

10.1016/S0167-4730(02)00033-4. 

[101] L. Long, M. Döhler, and S. Thöns, ‘Determination of structural and damage 

detection system influencing parameters on the value of information’, Struct. Health 

Monit., vol. 21, no. 1, pp. 19–36, Jan. 2022, doi: 10.1177/1475921719900918. 

[102] M. Kapoor, C. O. Christensen, J. W. Schmidt, J. D. Sørensen, and S. Thöns, 

‘Decision analytic approach for the reclassification of concrete bridges by using 

elastic limit information from proof loading’, Reliab. Eng. Syst. Saf., vol. 232, p. 

109049, Apr. 2023, doi: 10.1016/j.ress.2022.109049. 

[103] C. Andrieu-Renaud, B. Sudret, and M. Lemaire, ‘The PHI2 method: a way to 

compute time-variant reliability’, Reliab. Eng. Syst. Saf., vol. 84, no. 1, pp. 75–86, 

Apr. 2004, doi: 10.1016/j.ress.2003.10.005. 

[104] R. Woodward et al., ‘Bridge Management in Europe (BRIME)-deliverable D14-Final 

Report’, Jan. 2001. 

[105] R. Woodward, D. Cullington, and J. Lane, ‘Strategies for the Management of Post-

Tensioned Concrete Bridges’, Current and future trends in bridge design, 

construction and maintenance 2. pp. 23–32, 2001. [Online]. Available: 

https://www.icevirtuallibrary.com/doi/abs/10.1680/caftibdcam2.30916.0003 

[106] FHWA, Guidelines for Sampling, Assessing, and Restoring Defective Grout in 

Prestressed Concrete Bridge Post-Tensioning Ducts, 2013. [Online]. Available: 

https://api.semanticscholar.org/CorpusID:107253988 



 

187 

[107] L. Wang, X. Zhang, J. Zhang, Y. Ma, Y. Xiang, and Y. Liu, ‘Effect of insufficient 

grouting and strand corrosion on flexural behavior of PC beams’, Constr. Build. 

Mater., vol. 53, pp. 213–224, Feb. 2014, doi: 10.1016/j.conbuildmat.2013.11.069. 

[108] M. Fernández Ruiz, D. Viula Faria, P. Tanner, and C. Lara Sarache, ‘Designing new 

structures and assessing existing ones: A discussion from the perspective of 

reliability’, Structures, vol. 76, p. 109042, Jun. 2025, doi: 

10.1016/j.istruc.2025.109042. 

[109] T. W. Anderson, ‘On the Distribution of the Two-Sample Cramer-von Mises 

Criterion’, Ann. Math. Stat., vol. 33, no. 3, pp. 1148–1159, 1962, doi: 

10.1214/aoms/1177704477. 

[110] J.-F. Quessy, L.-P. Rivest, and M.-H. Toupin, ‘On the family of multivariate chi-

square copulas’, J. Multivar. Anal., vol. 152, pp. 40–60, Dec. 2016, doi: 

10.1016/j.jmva.2016.07.007. 

[111] B. S. Everitt and A. Skrondal, The Cambridge Dictionary of Statistics. Cambridge 

University Press, 2002. 

[112] ‘Phenomenological Modeling of Reinforcement Corrosion in Marine Environments’, 

ACI Mater. J., vol. 103, no. 1, 2006, doi: 10.14359/15124. 

[113] S. Lay, ‘LIFECON DELIVERABLE D 3.2 Service Life Models Instructions on 

methodology and application of models for the prediction of the residual service life 

for classified environmental loads and types of structures in Europe’, 2003. 

[114] S. O. Ekolu, ‘Model for practical prediction of natural carbonation in reinforced 

concrete: Part 1-formulation’, Cem. Concr. Compos., vol. 86, pp. 40–56, Feb. 2018, 

doi: 10.1016/j.cemconcomp.2017.10.006. 

[115] A. Silva, R. Neves, and J. De Brito, ‘Statistical modelling of carbonation in 

reinforced concrete’, Cem. Concr. Compos., vol. 50, pp. 73–81, Jul. 2014, doi: 

10.1016/j.cemconcomp.2013.12.001. 

[116] H. Cramér, ‘On the composition of elementary errors’, Scand. Actuar. J., vol. 1928, 

no. 1, pp. 13–74, 1928, doi: 10.1080/03461238.1928.10416862. 

[117] R. Von Mises, Wahrscheinlichkeit Statistik und Wahrheit. Berlin, Heidelberg: 

Springer Berlin Heidelberg, 1928. Accessed: Jan. 15, 2024. [Online]. Available: 

http://link.springer.com/10.1007/978-3-662-36230-3 

[118] G. A. F. Seber and C. J. Wild, Nonlinear regression. in Wiley series in probability 

and statistics. Hoboken, NJ: Wiley-Interscience, 2003. 

[119] G. Somerville, ‘CONTECVET : a validated users manual for assessing the residual 

service life of concrete structures’, 2001. 

[120] C. Higgins, W. C. Farrow, and O. T. Turan, ‘Analysis of reinforced concrete beams 

with corrosion damaged stirrups for shear capacity’, Struct. Infrastruct. Eng., pp. 1–

13, Aug. 2010, doi: 10.1080/15732479.2010.504213. 

[121] M. S. Darmawan and M. G. Stewart, ‘Effect of pitting corrosion on capacity of 

prestressing wires’, Mag. Concr. Res., vol. 59, no. 2, pp. 131–139, Mar. 2007, doi: 

10.1680/macr.2007.59.2.131. 



 

188 

[122] R. Melchers, ‘A Review of Trends for Corrosion Loss and Pit Depth in Longer-Term 

Exposures’, Corros. Mater. Degrad., vol. 1, no. 1, pp. 42–58, Jul. 2018, doi: 

10.3390/cmd1010004. 

[123] P. M. Aziz, ‘Application of the Statistical Theory of Extreme Values To the Analysis 

of Maximum Pit Depth Data for Aluminum’, Corrosion, vol. 12, pp. 35–46, 1956, 

[Online]. Available: https://api.semanticscholar.org/CorpusID:136540697 

[124] A. K. Sheikh, J. K. Boah, and D. A. Hansen, ‘Statistical Modeling of Pitting 

Corrosion and Pipeline Reliability’, CORROSION, vol. 46, no. 3, pp. 190–197, Mar. 

1990, doi: 10.5006/1.3585090. 

[125] P. J. Laycock, R. A. Cottis, and P. A. Scarf, ‘Extrapolation of Extreme Pit Depths in 

Space and Time’, J. Electrochem. Soc., vol. 137, no. 1, pp. 64–69, Jan. 1990, doi: 

10.1149/1.2086440. 

[126] T. Shibata, ‘Evaluation of Corrosion Failure by Extreme Value Statistics’, ISIJ Int., 

vol. 31, no. 2, pp. 115–121, 1991, doi: 10.2355/isijinternational.31.115. 

[127] EN 1991-2: Actions on structures - Part 2: Traffic loads on bridges. Brussels: CEN., 

Brussels., 2003. 

[128] EN 1992-1-1. Design of concrete structures - Part 1-1: General rules and rules for 

buildings, bridges and civil engineering structures. Brussels: CEN., Brussels., 2023. 

[129] ‘Background documentation Eurocode 1 (ENV 1991), part 3: Traffic loads on 

bridges’, 1994. 

[130] G. Miluccio, D. Losanno, F. Parisi, and E. Cosenza, ‘Traffic-load fragility models for 

prestressed concrete girder decks of existing Italian highway bridges’, Eng. Struct., 

vol. 249, p. 113367, Dec. 2021, doi: 10.1016/j.engstruct.2021.113367. 

[131] I.-S. Yoon, O. Çopuroğlu, and K.-B. Park, ‘Effect of global climatic change on 

carbonation progress of concrete’, Atmos. Environ., vol. 41, no. 34, pp. 7274–7285, 

Nov. 2007, doi: 10.1016/j.atmosenv.2007.05.028. 

[132] U. M. Angst and B. Elsener, ‘The size effect in corrosion greatly influences the 

predicted life span of concrete infrastructures.’, Sci. Adv., vol. 3, no. 8, p. e1700751, 

Aug. 2017, doi: 10.1126/sciadv.1700751. 

[133] A. Lindvall, ‘Environmental actions on concrete exposed in marine and road 

environments and its response’, Chalmers University of Technology, Göteborg, 

2003. 

[134] J. Peng and M. G. Stewart, ‘Carbonation-Induced Corrosion Damage and Structural 

Safety for Concrete Structures under Enhanced Greenhouse Conditions’. 

[135] S. Celati, A. Natali, and W. Salvatore, ‘Traffic models for Italian provincial roads’, 

in The Essence of Structural Engineering for Society, Ghent, Belgium, Aug. 2025, 

pp. 366–374. doi: 10.2749/ghent.2025.0366. 

[136] S. Silvestri, G. Gasparini, T. Trombetti, and C. Ceccoli, ‘Statistical analysis towards 

the identification of accurate probability distribution models for the compressive 

strength of concrete’, presented at the The 14th World Conference on Earthquake 

Engineering, Beijing, China, Oct. 2008. [Online]. Available: 

https://api.semanticscholar.org/CorpusID:10056277 



 

189 

[137] G. M. Verderame, P. Ricci, M. Esposito, and F. C. Sansiviero, ‘Le caratteristiche 

meccaniche degli acciai impiegati nelle strutture in c.a. realizzate dal 1950 al 1980.’, 

2011. 

[138] ‘Transforming our world: the 2030 Agenda for Sustainable Development’. United 

Nation General Assembly, [New York] :, Sep. 25, 2015. [Online]. Available: 

https://docs.un.org/en/A/RES/70/1 

 

  



 

190 

Acknowledgements 

First, I would like to thank my Supervisors. Professor Salvatore and Professor Thöns, 

thank you for the “not always easy” but fruitful discussions and for your guidance and 

support in developing my research. Thanks to Agnese for being patient with me during 

these five years of stubbornness and for teaching me how to smooth off the worst parts 

of my character, and to Ivar for the good discussions and guidance.    

Special thanks go to my Family for supporting all my decisions during the years I spent 

at University as a student and then during my PhD. Knowing that, whatever happens, I 

could always find you at home has been paramount in helping me focus on my work 

and research. 

To my friends since always, Lore, Barto, Berto, Misi, Rub, Malti, Giova, Marco, Pippo, 

Bianca, and Vio, for all the fun, evenings, and days we shared, and for having been there 

at my best, but also at my worst. Even if we are all scattered around Europe now, I 

always look forward to meeting you all. 

Thanks to my student-University colleagues, Phi, Ja, Anto, Vane, Just, Eva, for making 

studying engineering much more enjoyable and for the parties, trips, and friendship we 

share. To my everyday colleagues, thanks for the discussions, help, lunches, and 

suggestions. To Fede, for having been my colleague, friend, flatmate, and life coach 

since we wrote our respective proposal together. To Chiara and Paolo, for always being 

there for me, whether it was treating me to an aperitivo, a good dinner, or simply 

providing their support. 

To the Division of Konstruktionsteknik, for welcoming me to Lund and making me feel 

immediately accepted, and for all the interesting and fruitful discussions about 

engineering, but also about the weather. To Oskar, for guiding me through the 

surprisingly complex Swedish bureaucracy, but even more for the fika, Swedish culture 

lessons, beers, and football chat and matches we shared, tack så mycket. 

To all the people, friends, and more I enjoyed Sweden with: Ervin, Paulina, Mohammad, 

Iman, Lucas, Ann, Thushard, and Elisa. Thanks for the small talk, trips, and funny 

nights, but also for sharing your thoughts, fears, and reciprocal support. You made me 

feel at home. 

Ester, thank you for listening to me vent about work and everyday struggles, for making 

me improve my English, for bearing my cretinaggine, and always making time for us. 

Thanks for supporting me hand-in-hand through the last steps. 



LUND UNIVERSITY & FLORENCE-PISA UNIVERSITY
Faculty of Engineering

Department of Building & Environmental 
Technology

Division of Structural Engineering
ISBN: 978-91-90202-73-9

ISSN: 0349-4969
ISRN: LUTVDG/TVBK-1061/26-SE (190) 9

7
8
9
1
9
0

2
0
2
7
3
9

N
O

RD
IC

 S
W

A
N

 E
C

O
LA

BE
L 

30
41

 0
90

3
Pr

in
te

d 
by

 M
ed

ia
-T

ry
ck

, L
un

d 
20

26

 

  


