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Voorwoord 

Kennisprogramma Natte Kunstwerken 
Sluizen, stuwen, gemalen en stormvloedkeringen zijn belangrijke assets waarvoor beheerders zoals 
Rijkswaterstaat en de waterschappen verantwoordelijk zijn. Veel van deze natte kunstwerken in de 
waterinfrastructuur bereiken de komende decennia het einde van hun (technische en/of functionele) 
levensduur. Zij kunnen daardoor hun functies naar verwachting niet meer adequaat blijven 
uitoefenen. Dit zal ten koste gaan van de mate waarin de waterinfrastructuur voldoet aan 
betrouwbaarheidseisen. In het kader van goed assetmanagement staan we dan ook voor de enorme 
opgave om deze kunstwerken te vervangen of te renoveren. Welke kennis hebben we nodig om dat 
efficiënt, kostenbesparend en toekomst-bestendig aan te pakken? 

                
 
In het Kennisprogramma Natte Kunstwerken (KpNK) ontwikkelen en bundelen Deltares, MARIN, 
Rijkswaterstaat en TNO deze kennis op basis van de Samenwerkingsovereenkomst Natte 
Kunstwerken. 

Werkwijze vervangings- en renovatieproces 
De laatste jaren richten we ons niet meer uitsluitend op een-op-een vervanging van kunstwerken. We 
zoeken steeds meer naar mogelijkheden om hun levensduur te verlengen en (noodzakelijke) ingrepen 
te koppelen aan gebieds- en netwerkontwikkelingen en aan functionele ontwikkelingen. 
Rijkswaterstaat heeft als assetmanager een vernieuwde werkwijze voor dit vervangings- en renovatie-
proces (VenR) opgesteld om een uniform en systematisch proces te hebben waarmee een VenR-
maatregel transparant onderbouwd kan worden (zie Figuur 1).  

 

Figuur 1: Procesketen VenR binnen Rijkswaterstaat 
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Deze procesketen vormt de basis waar de kennisontwikkeling van het kennisprogramma aan bijdraagt. 

Twee-stappen-benadering en drie kernvragen 
De kennis die we ontwikkelen binnen het Kennisprogramma Natte Kunstwerken draagt bij aan de 
stapsgewijze-benadering binnen deze Procesketen VenR:  

• stap 1 (Objecten in Beeld): richt zicht op (het einde van) de technische levensduur van een 
kunstwerk en het agenderen van de VenR-opgave in het Prognoserapport; 

• stap 2 (Regioanalyse): brengt vooral de relatie in kaart tussen het kunstwerk en de netwerken 
waar het (samen met andere kunstwerken) deel van uitmaakt. In het resulterende Regioadvies 
gaat het ook over (het einde van) de functionele levensduur. 

Inhoudelijk vindt het onderzoek plaats aan de hand drie kernvragen: 

1. Hoe lang gaat mijn kunstwerk nog mee, zowel technisch als functioneel? 

2. Welke alternatieven heb ik, behalve een-op-een vervanging? 

3. Hoe weeg ik de alternatieven tegen elkaar af? 

Programmaplan, jaarlijkse kennisplannen en samenwerking 
Het programmaplan omvat de achtergronden en ambities voor de gehele looptijd van het 
Kennisprogramma Natte Kunstwerken. Jaarlijks worden deze ambities uitgewerkt in een kennisplan 
en een bijbehorend financieringsplan. Andere partijen, zoals waterschappen, adviesbureaus en andere 
(commerciële) organisaties, nodigen we uitdrukkelijk uit om deel te nemen aan het gezamenlijk 
uitvoeren van een kennisplan, bijvoorbeeld met kennisbijdragen in voor hen relevante 
onderzoeksprojecten, met praktijkervaringen of financiële bijdragen.  

Resultaten delen 
Bijdragen en onderzoeksresultaten uit ons Kennisprogramma Natte Kunstwerken delen we met de 
hele sector via onze website (www.nattekunstwerkenvandetoekomst.nl) en op andere manieren. 

Hieronder vindt u een kennisbijdrage binnen werkpakket ‘Einde levensduur overige HWS-objecten’ uit 
het Kennisplan 2024. Het omvat eerst de samenvatting van het onderzoek ‘Degradation of concrete 
structures in marine environments’. Deze activiteit is namens het Kennisprogramma Natte 
Kunstwerken geleid door TNO. Na de samenvatting vindt u het volledige onderzoeksverslag in de vorm 
van een onderzoeksrapport. 

N.B. Het volledige onderzoeksrapport is gelijk aan het originele onderzoeksrapport van TNO, met 
uitzondering van het titelblad en de technische samenvatting. Bij publicatie van dit onderzoeks-
verslag op de KpNK-website is het titelblad om privacyredenen verwijderd. En een meer 
toegankelijke samenvatting volgt hierna.  

  

http://www.nattekunstwerkenvandetoekomst.nl/
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Meer informatie 
•  Het Kennisprogramma Natte Kunstwerken is de uitwerking van de 

onderzoekslijn ‘Toekomstbestendige Natte Kunstwerken’ binnen het 
Nationaal Kennisplatform voor Water en Klimaat (NKWK). Zie 
www.waterenklimaat.nl  

 

•  Voor meer informatie over het programma Kennisprogramma Natte 
Kunstwerken, zie www.nattekunstwerkenvandetoekomst.nl. 

 

•  Voor vragen over het Kennisprogramma Natte Kunstwerken en het kennisplan 2024 kunt 
u terecht bij Martine Brinkhuis, email martine.brinkhuis@rws.nl  

•  Voor vragen over de voorliggende kennisbijdrage kunt u terecht bij de auteurs: 

H.J.J. Weijs (TNO)  harrie.weijs@tno.nl  

G.A. Torres-Alves (TNO)  gina.torres-alves@tno.nl 

 

  

 

 

  

http://www.waterenklimaat.nl/
http://www.nattekunstwerkenvandetoekomst.nl/
mailto:martine.brinkhuis@rws.nl
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Samenvatting 

Einde levensduur overige HWS-objecten 

Remaining service life prediction of concrete  
structures in marine environments 

Chloride induced corrosion 

Hieronder vindt u een kennisbijdrage van het werkpakket ‘Einde levensduur overige HWS-objecten’ 
uit het Kennisplan 2024. De bijdrage – geleid door TNO – omvat de samenvatting van het onderzoek 
‘Remaining service life prediction of concrete structures in marine environments’. Na de samenvatting 
vindt u het volledige rapport. 
 
Aanleiding en probleemstelling 
Een groot deel van Nederland is kwetsbaar voor overstromingen. Ruim een kwart van het land ligt 
onder zeeniveau en nog eens een derde is direct afhankelijk van het functioneren van de 
waterkeringen. Deze keringen omvatten onder andere dijken, dammen, stormvloedkeringen  en 
andere waterregulerende kunstwerken. Het functioneren van de stormvloedkeringen en kunstwerken 
is niet alleen essentieel voor de waterveiligheid, maar ook voor de waterhuishouding en voor de 
scheepvaart. De economische waarde is dus groot.  
Veel van deze kunstwerken zijn in de tweede helft van de twinstige eeuw gebouwd en daarmee 
verouderd. Omdat de beoogde levensduur van 75 jaar nadert is er dringend behoefte om de 
constructieve staat van de kunstwerken te beoordelen met als doel de levensduur mogelijk te 
verlengen.  
 
Sinds de bouw van veel van deze kunstwerken zijn er nieuwe inzichten verkregen over mechanismes 
die kunnen leiden tot het falen van een kunstwerk. Een van deze mechanismes is degradatie ten 
gevolge van door chloriden geïnduceerde corrosie. Chloriden tasten de wapening aan, met als gevolg 
dat de capaciteit van de constructie afneemt. Dit wordt in de praktijk opgelost door grotere 
betondekkingen toe te passen. Hoewel dit een effectieve oplossing lijkt, ontbreekt het aan een 
methode waarin deze effectiviteit gekwantificeerd kan worden. 
 
Onderzoeksvragen (WAT) 
Hoe ziet een raamwerk voor het voorspellen van de technische restlevensduur van waterbouwkundige 
constructies in een maritiem milieu eruit? En hoe kunnen monitoring en inspecties bijdragen aan het 
verlengen van de verwachte restlevensduur?  
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Onderzoeksaanpak en -methode (HOE) 
In deze studie combineren we bestaande door chloriden geïnduceerde corrosiemodellen met de 
theorie van constructieve betrouwbaarheid. Het raamwerk dat hieruit ontstaat, stelt ons in staat om 
de invloed van degradatie te relateren aan de prestatie van een constructie. Op basis van deze 
prestatie kan bepaald worden wat de verwachte restlevensduur is. Vervolgens passen we dit raamwerk 
toe op een tweetal hypothetische voorbeelden die typerend zijn voor een constructie gebouwd aan 
de Nederlandse kust. In deze voorbeelden wordt een betonnen balk gemodelleerd conform de 
vigerende rekenregels. Vervolgens worden dezelfde voorbeelden met het raamwerk doorgerekend om 
aan te tonen wat de verwachte levensduur is en hoe deze zich verhoudt tot de normen. Voorafgaand 
aan het onderzoek is een literatuurstudie uitgevoerd waarin de state-of-the-art van chloride-
geïnduceerde corrosiemodellen in kaart is gebracht. Deze studie is uitgebreid met de kennis die TNO 
intern heeft. 
 
Onderzoeksresultaten en synthese  
Chloride geïnduceerde corrosie is gemodelleerd in twee fasen: de initiatiefase, waarin chloride-ionen 
migreren naar de wapening; en de propagatiefase, waarbij de vorming van corrosieproducten tot een 
afname van het wapeningsoppervlak leidt. Dit is een belangrijke parameter bij het bepalen van de 
capaciteit van een constructie. De capaciteit is voor twee faalmechanismes bepaald: voor het buigend 
moment en voor de dwarskracht. De capaciteit wordt in meerdere snedes van de constructie getoetst. 
Hierdoor kunnen ruimtelijke variaties in rekening gebracht worden, wat ons in staat stelt om een zo 
realistisch mogelijke inschatting te maken van de prestatie. 
In de hypothetische voorbeelden is gevarieerd met de betondekking. In dit voorbeeld blijkt dat bij een 
dekking van 45 mm een verwachte levensduur van 160 jaar gevonden wordt. Bij een betondekking van 
75 mm kon de verwachte levensduur niet bepaald worden omdat de simulatie na 200 jaar stopt. 
 
Evaluatie en vooruitblik 
Het chloride geïnduceerde corrosiemodel is succesvol geïntegreerd met de theorie van de 
constructieve betrouwbaarheid. Daarmee stelt het een asseteigenaar in staat om een voorspelling te 
doen van de verwachte restlevensduur van een constructie. Het raamwerk biedt tevens de flexibiliteit 
om resultaten uit monitoring en inspecties toe te voegen. Dit geeft de eigenaar de mogelijkheid om 
een onderhoudsstrategie te bepalen. Er zijn ook mogelijkheden om het raamwerk te verbeteren. Zo is 
in het raamwerk geen rekening gehouden met trends in belastingen. De prestatieberekening worden 
uitgebreid door een trend in de variabele belasting mee te nemen. Daarnaast kan het raamwerk niet 
gebruikt worden voor voorgespannen betonnen constructies. 
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Summary

As a result from the flooding of 1953, the Dutch government initiated the Delta Works project.
The Delta works constitute of a series of hydraulic structures that mainly protect the coun-
try from flooding, particularly from sea. These structures should withstand the most severe
conditions expected during their designed operational lifespan, approximately 100 years, with
sufficient reliability. Currently, a full probabilistic life time assessment has not been performed
on a hydraulic structure yet. Factors such as a changing climate exert adverse effects on the
technical end of life. Conversely, new insights in material degradation provide possibilities to
more accurately estimate the remaining service life. This report presents a reliability based
framework to assess the remaining service life of a hydraulic structure in amarine environment.
A structural reliability model is combined with a probabilistic corrosion-induced degradation
model. The initiation model follows from the DuraCrete research and is extended with the
DuMacon study, which zooms in on the Dutch coast. A propagation model is adpoted from
literature. The structural capacity is determined through a combination of the FprEN 1992-1-1
(2021) and the fib Model Code 2020. This framework is then used to predict the remaining
service life of a hydraulic structure with dimensions that are typical near the Dutch coastline.
The framework accounts for temporal and spatial variations of input variables. The probability
of failure is estimated using a Monte Carlo simulation that has been tested on a theoretical
examplewith varying concrete covers (45 and 75mm). The presented frameworkwas success-
ful in determining the expected annual conditional reliability index. The created framework
allows to include additional information from e.g. inspections or measurements to update
the reliability. The expected outcome is that by reducing the uncertainty, the reliability will
increase. This will be investigated in future work.
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1 Introduction

1.1 The Dutch water engine
The Netherlands has been shaped by its close relationship with water. Its location along the
North Sea coast and the confluence of two major rivers, the Meuse and the Rhine, has had a
significant impact on the history and development of the country. However, this has presented
unique challenges, making the country susceptible to floods.

In response, theNetherlands started theDeltaWorks project. This project focuses on the south-
western region of the country and includes dikes, dams, storm surge barriers and other water
regulatory objects to protect the country fromflooding. Most of these structures servemultiple
purposes, including flood protection, water regulation, and freshwater retention. Additionally,
they facilitate the transportation of goods via rivers and canals, contributing to the country’s
economic output

Quantitative risk analysis
Hydraulic structuresmustmeet defined performance requirements anddemonstrate that they
comply within these standards. A structure can fail to meet its performance requirements in
multiple ways. A fault tree analysis is a common method used to examine these potential
failure mechanisms. This approach deconstructs an undesired top (or main) event into pro-
gressively smaller events until only fundamental (also called basic) events remain. Each basic
event is assigned a probability of occurrence. The connections between these basic events are
determined through conditional or sequential logic. By considering each event, its probability
of occurrence, and the logical interrelationships, fault tree analysis allows to calculate the
probability of the undesired top (main) event. Consequently, the probability of failure of each
identified failure mechanism (the undesired top/main event) can be determined.

1.2 Aging infrastructure
Every structure is designed to withstand the most severe conditions expected over its op-
erational lifespan with a sufficiently high level of reliability. Typical hydraulic structures are
constructed with a design technical lifespan of approximately 75-100 years. However, factors
such as the rapidly changing climate and material degradation are increasingly affecting the
remaining service life of these structures. Many of them are now well beyond halfway of
their expected service life. Replacing these structures - especially the storm surge barriers -
would incur billions of euros in costs. Additionally, the initiation, design, and construction of
new structures would take a significant amount of time, including demolition of the existing
structures. Therefore, exploring methods to assess and possibly extend the remaining service
life of these structures could bring significant financial and social benefits.

Currently, the performance of these structures is typically assessed using fault tree analysis.
An alternative methodology to estimate the probability of failure of structures under specific
failure mechanisms is a time-dependent reliability assessment. This approach evaluates the
probability of reaching a defined limit state and focuses on its evolution over time. A distinct
advantage of this methodology over fault tree analysis lies in its ability to encompass temporal
dependencies between variables of interest. This approach allows amore accurate estimation
of the remaining service life of a structure.

TNO Public 1/35
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1.3 Goal of this study
One of the failure mechanisms that might affect the capacity of hydraulic structures is associ-
ated with the corrosion of the reinforcement. This is particularly harsh inmarine environments.
Coastal exposure to saline conditions leads to durability challenges, including corrosion of the
embedded reinforcing steel due to chloride ingress. This corrosion can eventually reduce the
load-bearing capacity of the structure and ultimately lead to failure.

This report aims to combine existing chloride-induced corrosion degradationmodelswith struc-
tural reliability theory, with a special focus on Dutch coastal environments. Limit states are
defined to account for the effect of corrosion on the resistance. Corrosionmodels are examined
in relation to these limit states. Where possible, variables in these models are stochastically
quantified. The quantification is based on a literature review on the reliability-based estimation
of concrete structures inmarine environments, emphasizing chloride-induced corrosion, which
can be read in a complementary report (TNO 2025 R10108). To demonstrate its practical
application, the framework is applied to a theoretical example of a 10-meter simply supported
beam. Two scenarios are investigated, with concrete covers of 45mmand 75mm, to show the
influence of chloride-induced corrosion on the annual reliability of the beam. The application
also considers the spatial variability of concrete properties.

Themain goal of this report is to present a framework for assessing the structural performance
and remaining service life of hydraulic structures — such as storm surge barriers — under
Dutch coastal conditions. Additionally, a basis for conducting updated service life estimations
based on new information is established. This information could follow from measurements
or inspections.

1.4 Limitations
In this report existing chloride-induced corrosion degradations models are combined with the
theory of structural reliability. This creates a framework where the remaining service life of a
structure subjected to degradation can be estimated. This framework has limitations as well,
which are mentioned below.

Corrosion induced degradation is a phenomenon that is not fully understood yet. The appli-
cability of the degradation models used in this study is a point of discussion in the academic
world. Especially in the latter stage, when corrosion products are formed, the suitability of the
models is debatable. The first stage, where chloride ions migrate towards the rebar, is better
understood.

The bond between the concrete and the rebar reduces as a result of corrosion. The underlying
physics are not part of this study. Instead, a practical approach is adopted where a reduced
bond factor is taken into account.

Corrosion products, which are being formed on the concrete-rebar interface, are expansive.
This expansion induces additional stresses in the concrete, which can ultimately lead to the
cracking and spalling of concrete. These effects are beyond the scope of this study. Other
effects of corrosion, such as a reduced cross-sectional stiffness or the decrease in steel ductility
are neglected as well.

The hydraulic structures within the scope of this study are typically prestressed. This is left
outside the scope of this study, because there is insufficient confidence in the applicability of
current models.
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Finally, the presented limit state functions are related to the case study. This case study uses a
simple element to showcase the applicability of the framework. For more complex elements,
such as statically indeterminate structures, the limit state functions need to be derived such
that they properly describe the failure domain.

1.5 Structure of the report
Chapters 2 and 3 establish the mathematical background needed to evaluate the reliability
of structural elements. Specifically, Chapter 2 introduces key concepts and definitions from
probability theory, while Chapter 3 presents the principles of structural reliability. Using this
theoretical background, Chapter 4 presents amethod formodeling chloride-induced corrosion.
To illustrate the methodology, an example is presented in Chapter 5, where a simple structural
component is simulated with dimensions and beam parameters chosen which are typical for
Dutch coastal structures. Chapter 6 applies a probabilistic approach to assess the performance
of the beam over time, including time-dependent factors such as degradation and also spa-
tial dependencies for a comprehensive assessment. The results of this assessment and their
interpretation for hydraulic structures near the Dutch coastline are presented in Chapter 7.
Conclusions of this study and recommendations are summarized in Chapter 8.

TNO Public 3/35
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2 Key concepts and
definitions

2.1 Introduction
The goal of this report, as introduced in Chapter 1 is to combine chloride-induced corrosion
models with structural reliability theory. Structural reliability encompasses concepts such as
probability theory, and temporal and spatial dependencies. This allows to estimate the proba-
bility of failure of storm surge barriers under chloride-induced concrete corrosion.

This chapter aims to provide the theoretical basis for these methodologies so that they can be
applied in the remaining chapters of this report. This chapter is by no means an exhaustive
literature review of probability theory. It acts as an introduction to the concepts.

2.2 Random variables
A random variable, also known as a stochastic variable, is a variable whose exact value cannot
be established. It can also be defined as a function that assigns values to the possible out-
comes of an experiment. Random variables are used to quantify the results of random events
and can take on many values, either discrete or continuous. More formally, a random variable
𝑋 is a measurable function 𝑋 ∶ Ω −→ 𝐸 where Ω is the sample space of possible outcomes,
and 𝐸 is a measurable space. In other words, a random variable is a variable whose possible
values are the numerical outcomes of a random phenomenon.

An important part of understanding and describing the behavior of a random phenomenon is
the likelihood of such outcomes. In this way, probability distribution functions are introduced.
For a continuous random variable 𝑋, the cumulative distribution function (cdf) is defined as
the integral of its probability density function 𝑓𝑋. Figure 2.1 illustrates a general continuous
probability density function and cumulative distribution function.

𝐹𝑋(𝑥) = 𝑃(𝑥 ≤ 𝑥) = ∫
𝑥

−∞
𝑓𝑋(𝑥)𝑑𝑥 (2.1)

where 𝑃(𝑋 ≤ 𝑥) represents the probability that 𝑋 takes on values less than or equal to 𝑥.

In real-life scenarios, analyzing a single random variable might not be sufficient to fully de-
scribe complex phenomena. In such cases, it is important to consider multiple random vari-
ables simultaneously and understand how they relate to each other. This relationship can be
quantified by the concept of correlation, discussed in the next section.

2.3 Correlation
Correlationmeasures the strength and direction of the linear relationship between two random
variables, indicating how one variable tends to increase or decrease in response to changes in
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Figure 2.1: Probability (left) density function and cumulative (right) distribution function for a continuous
variable.

the other in a consistent and straight-line manner. It helps to understand how the occurrence
of one event might influence the other. There are several measures of the strength and di-
rection of dependence between two random variables [1]. The most common are; i) Pearson
product-moment correlation; ii) Kendall’s tau; and iii) Spearman’s rho.

2.4 Spatial variability
Spatial variability refers to the variation of a randomproperty between different locations in the
spatial domain. In many applications, the properties of interest (e.g., soil properties, material
strength) are not uniform across the space, nor are they completely uncorrelated. Some form
of correlation exists between two locations.

Spatial correlation describes the dependence of a variable between two different points in
space. This dependence can be expressed in terms of a covariance function and the corre-
lation length 𝐿, which represents the distance over which two variables show a strong spatial
correlation. A high correlation length indicates that a variable is more likely to have similar
properties when evaluated between two nearby points.

Spatial correlation can be described mathematically. The function that describes this is called
a covariance function. A covariance function quantifies how a random variable at two different
locations is related based on the distance between them. For two points in space of a studied
randomfield𝑋,𝑋(𝑠1) and𝑋(𝑠2), where 𝑠1 and 𝑠2 represent spatial coordinates, the covariance
function is given by

Cov (𝑋 (𝑠1) , 𝑋 (𝑠2)) = Cov(𝑑) = 𝜎2𝜌(𝑑) (2.2)

where 𝜎2 is the variance of the random variable 𝑋, 𝜌(𝑑) is the correlation function and 𝑑 =
|𝑠2 − 𝑠1| is the distance between the spatial coordinates 𝑠2 and 𝑠1. A correlation function
describes how the correlation between values decays for increasing distances. Two models
are the Exponential model and the Gaussian model. The Exponential model is defined as

𝜌(𝑑) = 𝑒−(𝑑/𝐿) (2.3)
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Figure 2.2: Exponential (blue) and Gaussian (red) correlation models.

where 𝑑 is the distance between two points and 𝐿 is the correlation length. The Gaussian
model, also known as the Exponential-squared model, is

𝜌(𝑑) = 𝑒−(𝑑/𝐿)2 (2.4)

Compared to the Exponential model, the Gaussian model shows a stronger decay. This be-
comes more significant for larger distances. See figure 2.2 .
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3 Structural reliability

3.1 Introduction to limit states
During its lifetime, a structural element must meet one or more functional requirements. To
demonstrate its ability tomeet these function(s), an elements’ performance needs to be quan-
tified and compared to regulations. A system’s performance regarding to strength can be
assessed using the following inequality:

𝑅 > 𝑆 (3.1)

where 𝑅 is the resistance of the system and 𝑆 is the solicitation (or load). If 𝑅 and 𝑆 are
deterministic quantities, the safety of a system can easily be determined using Equation (3.1).
However, in practice, both the load effects and the resistance are not considered determin-
istic quantities, but a function of multiple random variables. These random variables can
be described by a distribution type and parameters. The result is that now the inequality in
expression 3.1 can be expressed in terms of a probability of failure

𝑃𝑓 = 𝑃 [𝑅 < 𝑆] (3.2)

This problem can also be described by introducing a limit state function. The limit state de-
scribes the solution space in which the performance is sufficient to withstand its intended
functional requirements. The limit state 𝑍 is determined as

𝑍 = 𝑅 − 𝑆 (3.3)

Failure occurs when 𝑅 < 𝑆, or in other words, when 𝑍 < 0:

𝑃𝑓 = 𝑃 [𝑍 < 0] (3.4)

3.2 General formulation for limit state design
A system can fail in multiple ways. This means that the solution space may contain multiple
limit states. This is commonly denoted by a function that describes these different limit states

𝑔 (X) = 𝑍 (3.5)

where X is a vector containing all the variables that describe the limit state functions and 𝑔 (X)
is the limit state function (LSF). It is defined such that 𝑔 (X) > 0 describes the solution space in
which the resistance is larger than the solicitation.
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When 𝑓x (x) describes the probability density function of the basic variables 𝑋𝑖, the failure
probability is defined as:

𝑃𝑓 = ∫
𝑔[x]<0

𝑓x (x) 𝑑x (3.6)

Reliability index 𝛽
The reliability index 𝛽 measures the ability of a structure or structural element to meet the
prescribed requirements during its intended design lifetime. It is related to the probability of
failure through:

𝑃𝑓 = Φ (−𝛽) (3.7)

where Φ(𝑥) is the cumulative density function of the normal distribution. Building standards
prescribe values of the target reliability 𝛽𝑡 for a given return period. This target reliability cor-
responds to the required level of performance a structure must meet over that return period
(e.g. EN 1990 (2019), NEN 8700 (2011) [2, 3]).

3.3 Time dependent reliability
Equation (3.6) returns the probability of failure which is valid at a certain reference period 𝑡𝑟𝑒𝑓 .
This indicates that 𝑥 describes the limit state function invariant of time (for a certain point in
time). In practice, variables can show a trend with respect to time. For example, hydraulic
loads could increase over time as a result of sea level rise. To include time effects in the limit
state, eq. (3.6) can simply be extended by describing the limit state as a function of time:

𝑃𝑓(𝑡) = ∫
𝑔[X(𝑡)]<0

𝑓X (X(t)) 𝑑X (3.8)

The result is that the probability of failure (or the reliability index) can be expressed a function
of time. With this, it becomes possible to estimate the point in time at which a structure
is expected to no longer fulfill its requirements (defining its end of service life). Figure 3.1
illustrates this.

Reaching the end of the service life time does not necessarily mean that the structure should
be strengthened or renovated. It indicates that, given the current state of information, the
reliability becomes smaller than the target reliability. It is therefore useful to update the infor-
mation about the future behavior of the variables because that will lead to a more accurate
life time prediction and may result in a higher reliability.

Once the service life associated with the target reliability is reached, a new assessment can be
conducted to update the current estimate of the reliability. This assessment can be enhanced
by updating the parameters of the variables through measurements and/or inspections. This
is depicted in Figure 3.2 where, once the target reliability level is reached (at 𝑡𝑟𝑒𝑓1), a new
assessment is performed which shows that the actual reliability index is higher than what
was initially forecast. This can be repeated multiple times. The end of life of a structure
or a structural element is reached once, after having updated the relevant parameters, the
estimated remaining service life is smaller than 1 year.
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Figure 3.1: Definition of life time.

Figure 3.2: Life time extension through inspections.
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4 Chloride-induced corrosion

4.1 General
Under normal conditions, concrete protects the embedded reinforcing steel against corrosion,
which is attributed to a passive oxide film that forms on the surface of steel in a highly alkaline
environment provided by the concrete pore solution. Two main causes can disrupt the protec-
tive properties of concrete: i) carbonation; or ii) penetration of chlorides [4]. This report focuses
on chloride-induced corrosion as it is more relevant for coastal hydraulic structures.

Chloride ingress typically results from external sources, such as structures situated inmaritime
environments, the usage of deicing salts, or due to chloride-contaminated soils [5]. The pen-
etration of chloride ions into concrete is a complex process described mainly by two transport
mechanisms: ion diffusion and absorption. This process depends on several factors, including
the properties of the concrete, the degree of concrete pore saturation, and the exposure condi-
tions at the concrete surface. Many of these factors are influenced by time, spatial variations,
and temperature[6].

A two-stage process
The service life of reinforced concrete structures, in the context of reinforcement corrosion, can
be described in two stages [7, 8, 9]: i) the first stage, or initiation phase, is characterized by the
reinforcement remaining passive. During this phase, phenomena such as chloride penetration
into the concrete cover take place, potentially leading to the loss of passivity, ii) the second
stage, also known as the propagation phase, begins when the steel becomes depassivated
and continues until the effects of corrosion reach a level that is no longer acceptable. The
propagation period starts when corrosion starts. In this stage, the structure deteriorates due
to the reduction of steel cross-sectional area. Other effects of corrosion, for instance effects
on the bond between concrete and steel, are not investigated in this research. A practical
approach is applied by referring to building standards. The propagation stage lasts until an
unacceptable degree of corrosion damage has occurred, impacting the load bearing capacity
of the structure and/or its serviceability.

Most mathematical models that simulate chloride-induced corrosion focus on the initiation
phase. In these models, the beginning of reinforced steel depassivation marks the end of the
service life [10, 11, 12, 13]. However, according to [14], the safety of the structure is only
diminished or impacted when there has been a loss of the reinforced steel cross-sectional
area or loss of bond at the steel-concrete interface. Design strategy for service life modeling
related to corrosion of reinforcement typically uses initiation phase models for the design of
new structures andpropagation stagemodels for the evaluation of structures already in service
with depassivated reinforcement [15].

Section 4.2 presents a model to estimate the chloride content at a certain depth 𝑧 (e.g., at the
depth of the reinforcement ) in the concrete. This represents the initiation period. Once the
chloride content reaches as certain threshold value, the steel depassivates, and corrosionmay
occur. The model to describe this phenomenon is presented in section 4.3.

TNO Public 10/35



TNO Public TNO 2025 R10142

4.2 Chloride ingress model
Chloride ingress in concrete results from the complex interaction of different processes that
after a certain time of exposure result in a chloride concentration profile [5]. The limit state
function (LSF) is expressed as the difference between the critical (threshold) chloride concen-
tration and the chloride concentration at the rebar surface at time 𝑡 of the design working
life

𝑔(𝑋, 𝑡) = 𝐶𝑐𝑟𝑖𝑡 − 𝐶(𝑐, 𝑡) (4.1)

where 𝐶𝑐𝑟𝑖𝑡 is the chloride content required to achieve depassivation of the reinforcement,
𝐶(𝑐, 𝑡) is the chloride content at the depth 𝑐 and time 𝑡, 𝑐 is the concrete cover, and 𝑡 is the
period of time under consideration. In the initiation phase, no loss of capacity is occurring,
resulting in a time-invariant reinforcement area, i.e.: 𝐴𝑠(𝑡) = 𝐴𝑠0.

Chloride ingress is modeled as a diffusion process using Fick’s 2nd law of diffusion and the
chloride content at depth 𝑧 and time 𝑡 can be calculated using [16]

𝐶(𝑧, 𝑡) = 𝐶𝑖 + (𝐶𝑠 − 𝐶𝑖) erfc( 𝑧 − Δ𝑧
2√𝐷𝑎(𝑡) ⋅ 𝑡

) (4.2)

where 𝐶(𝑧, 𝑡) represents the chloride concentration at depth 𝑧 after exposure time 𝑡, 𝐶𝑖 is the
initial chloride content present in the concretematrix,𝐶𝑠 is the surface chloride content, erfc(.)
is the complementary error function,Δ𝑧 is the depth of the concrete absorption zone and𝐷𝑎(𝑡)
is the time-dependent diffusion coefficient [16]. This model assumes that the surface chloride
concentration 𝐶𝑠 remains constant over time.

The reached (or apparent) diffusion coefficient 𝐷𝑎(𝑡) follows from

𝐷𝑎(𝑡) = 𝐷𝑎,𝑟𝑒𝑓 ⋅ ( 𝑡
𝑡𝑟𝑒𝑓

)
−𝑚

(4.3)

where 𝐷𝑎,𝑟𝑒𝑓 is the diffusion coefficient at reference time 𝑡𝑟𝑒𝑓 , and 𝑚 is the age factor [12]. It
is assumed that the apparent diffusion coefficient remains constant over time 𝑡 and changes
onlywhen the duration of the time period changes. In otherwords, it characterizes the average
diffusivity over time period 𝑡. 𝐷𝑎,𝑟𝑒𝑓 is estimated as

𝐷𝑎,𝑟𝑒𝑓 = 𝑘𝐺 ⋅ 𝐷𝑟𝑒𝑓,0 (4.4)

where 𝐷𝑟𝑒𝑓,0 is the reference value determined in a chloride test at a short reference time
and 𝑘𝐺 is a coefficient for the characterization of the environmental and curing conditions.
According to [17], different environmental coefficients apply for marine environments at the
underwater, tidal, splash, and atmospheric zones. The values of the coefficients under these
zones vary widely. Gehlen [18] suggests that concrete structures near the sea remain wet over
time and that post-treatment or drying has little effect on chloride transport. The tidal and
splash zones are most critical critical due to drying and wetting cycles. Thus, these areas are
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investigated in this report. Another study has showed that this statement holds for structures
near the Dutch coastline [19]. In this report, we follow this assumption. Gehlen [18] also
suggests that for the same type of cement, only temperature affects chloride transport. The
environmental and curing conditions can then be combined into one coefficient, 𝑘𝐺, defined
as

𝑘𝐺 = exp(𝑏𝑒 ( 1
𝑇𝑟𝑒𝑓

− 1
𝑇𝑒

)) (4.5)

where 𝑏𝑒 is a regression parameter, 𝑇𝑟𝑒𝑓 is a reference temperature, 𝑇𝑒 represents the annual
average ambient temperature and 𝑏𝑒 is a regression parameter.

Once eq. (4.2) exceeds a threshold value 𝐶𝑐𝑟𝑖𝑡, the initiation phase is completed and the prop-
agation phase begins.

4.3 Propagation phase
Once the chloride content at the rebar has surpassed the chloride critical level, the propagation
phase starts. During this period, corrosion products are created and a corrosion current is
formed, which lead to a reduction in steel cross section. Under the assumption that the cor-
rosion rate is a stationary process, the relationship between electrical current and the annual
loss of rebar radius is [20]

𝜆 ≈ 0.0116 ⋅ 𝑖𝑐𝑜𝑟𝑟 (4.6)

where 𝜆 is the loss of the radius of the cross-section of the steel (for a rebar, in mm/year) and
𝑖𝑐𝑜𝑟𝑟 is the corrosion rate (in 𝜇A/cm2). In [21] the right-hand side of the equation is multiplied
by a factor 𝑅 that includes the effect of localized pitting, which is characteristic for chloride-
induced corrosion.

In this study, the model of [21] is chosen as it specifically refers to chloride-induced corrosion,
but other models might have also been applicable. The corrosion rate is based on a study
by[22], who exposed uncracked concrete specimen to salt spray conditions.

[21, 23] suggest to estimate the reduction in the reinforcement area using

𝐴𝑠(𝑡) = 1
4𝜋 (𝐷0 − 𝑧 (𝑡))2 ⋅ 𝑛𝑟 (4.7)

where 𝐴𝑠(𝑡) is the deteriorating reinforcement area, 𝐷0 is the initial rebar diameter, 𝑧(𝑡) is the
reduction in rebar diameter as a result of corrosion and 𝑛𝑟 is the number of rebar. It is assumed
that all 𝑛𝑟 bars deteriorate in the sameway. The equation to determine the deteriorating rebar
diameter is given by [21]

𝐷(𝑡) =
⎧{
⎨{⎩

𝐷𝑖 for 𝑡 ≤ 𝑡𝑖
𝐷𝑖 − 2𝜆 (𝑡 − 𝑡𝑖) for 𝑡𝑖 ≤ 𝑡 ≤ 𝑡𝑖 + 𝐷𝑖/(2𝜆)
0 for 𝑡 > 𝑡𝑖 + 𝐷𝑖/(2𝜆)

(4.8)
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where 𝑡𝑖 is the time at which the initiation phase is completed.

4.4 Degradation-based structural performance
Concrete structures are typically reinforced to increase the capacity. Tensile stresses are re-
sisted by the reinforcement and compressive stresses by the concrete. Degradation mech-
anisms, such as chloride-induced corrosion, compromise the capacity. Degradation results
in a decreased rebar diameter, which compromises the tensile and therefore the structural
capacity. This section shows how the bending moment capacity, 𝑀𝑅 and the shear force
capacity 𝑉𝑅 are influenced by the reduction in rebar area.

The bending moment resistance 𝑀𝑅(𝑥, 𝑡) follows from concrete mechanics. A bi-linear stress-
strain relationship is adopted for the concrete. 𝑀𝑅(𝑥, 𝑡) is described using

𝑀𝑅(𝑥, 𝑡) = 𝐴𝑠(𝑡)𝑓𝑦 (𝑑 − 7
18𝑥𝑢) (4.9)

where𝐴𝑠(𝑡) is the deteriorating reinforcement surface (see section 4.3), 𝑓𝑦 is the yield strength
of the reinforcement, 𝑑 is the effective depth of the cross section and 𝑥𝑢 is the height of the
concrete compressive zone (see Chapter 5).

The basis of the shear resistance 𝑉𝑅(𝑡) is found in FprEN 1992-1-1 (2021)[FprEN1992:2024]
because this is widely supported. However, thismodel does not take into account the effects of
corrosion. The fib Model Code 2020 [24] shares the latest insights on the modeling of concrete
structures, including the effects of corrosion. Both the FprEN 1992-1-1 and the fib Model Code
2020 are strain-based approaches, which means that the shear resistance is a function of the
longitudinal strain. The shear capacity equation used in FprEN 1992-1-1 is extended with the
corrosion model from the fib Model Code. 𝑉𝑅(𝑥, 𝑡) is described using [25]

𝑉𝑅(𝑥, 𝑡) = 1
3

√𝑓𝑐𝑏 𝑑
1 + 120 𝜖(𝑥,𝑡) 𝑑

16+𝑑𝑔

(4.10)

where 𝜖(𝑥, 𝑡) is the longitudinal strain at position 𝑥 and time 𝑡 at the control depth level (= 0.6𝑑),
𝑑𝑔 is the maximum aggregate size, 𝑓𝑐 is the concrete compressive strength and 𝑏 is the width
of the beam. The longitudinal strain is estimated using [25]

𝜖(𝑥, 𝑡) = 0.41𝑀𝐸(𝑥, 𝑡)
𝑧𝐴𝑠𝐸𝑠

⋅ 𝐴𝑠
𝐴𝑠(𝑡) ⋅ 𝑘𝑏𝑜𝑛𝑑

(4.11)

with 𝑧 = 0.9𝑑. The term1 𝐴𝑠/(𝐴𝑠(𝑡) ⋅ 𝑘𝑏𝑜𝑛𝑑) is the increase in longitudinal strain in the rein-
forcement due to corrosion. The strain increases because the bond between the concrete and
the steel decreases. This part of the equation is adopted from the fib Model Code 2020, with
𝑘𝑏𝑜𝑛𝑑 = 0.75 (moderate corrosion).

1In the analyses performed in this report, 𝐴𝑠 in the term 𝑀𝐸(𝑥, 𝑡)/(𝑧𝐴𝑠𝐸𝑠) was accidentally replaced by 𝐴𝑠(𝑡). The
result is that the increase in strain is overestimated by a term 𝐴𝑠/𝐴𝑠(𝑡). This is a conservative approach, which
means that the actual reliability indices presented in Chapter 7 are larger. Since we are dealing with a fictitious case
in this report to demonstrate the reliability based framework, the numerical values are of less importance and are
therefore left unchanged.
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5 Typical cases

This chapter introduces two typical cases. These cases are artificially created. They are chosen
such that they represent a range of structures with typical dimensioning found in concrete
structures in a marine environment. The goal is to illustrate the calculation methodology and
to show the influence of degradation on the annual reliability.

5.1 Beam dimensions and parameters
The typical case is represented by a simply supported beammade of reinforced concrete. The
beam dimensions are illustrated in fig. 5.1. No shear reinforcement is present. It is subjected
to a permanent load 𝐺𝑘, and a variable load 𝑄𝑘. All parameters are presented in table 5.1.

Figure 5.1: example case: beam dimensions.

Two distinctive cases are investigated: 1) one case where the concrete cover is equal to 45
mm. When following standard European design guidelines, this would be a normal value for
the concrete cover; 2) one casewhere the concrete cover is equal to 75mm. This is a value that
is typically applied to Dutch hydraulic structures around the coastline, designed in the past by
the Dutch Ministry of Transport (Rijkswaterstaat).

5.2 Solicitation functions
The beam is subjected to a permanent load 𝐺𝑘, and a variable load 𝑄𝑘. Combined they lead to
two types of external effects: a bending moment 𝑀𝐸 and a shear force 𝑉𝐸. The total design
load is

𝑞𝑑 = 𝛾𝐺𝐺𝐾 + 𝛾𝑄𝑄𝑘 (5.1)

where 𝛾𝐺, 𝛾𝑄 are the partial factors for the permanent and variable load, respectively.
Assuming the consequence class is CC2, the partial factors are 𝛾𝐺 = 1.2 and 𝛾𝑄 = 1.5. The
design load becomes 𝑞𝑑 = 42 kN/m.

The external bending moment at any location 𝑥, (0 < 𝑥 < 𝑙), can be determined using
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Table 5.1: Example: beam parameters.

Parameter Variable Value Units Note

Load parameters
Permanent load Gk 10 kN/m -
Variable load Qk 20 kN/m -

Concrete properties
Beam length l 10 m -
Beam witdth w 375 mm -
Beam height h 875 mm -
Concrete cover (low) clow 45 mm case 1
Concrete cover (high) chigh 75 mm case 2
Concrete compressive strength fck 20 N/mm2 C20/25
Maximum aggregate size Dmax 16 mm -

Reinforcement properties
Reinforcement strength fyk 220 N/mm2 QR22
Youngs modulus Es 200000 N/mm2 -
Number of rebar nbar 5 mm -
Diameter of rebar 𝜙bar 32 mm -

𝑀𝐸𝑑(𝑥) = 𝑞𝑑𝑥(𝑙 − 𝑥)
2 for 0 ≤ 𝑥 ≤ 𝑙 (5.2)

and the external shear force through

𝑉𝐸𝑑(𝑥) =
⎧{
⎨{⎩

𝑞𝑑(0.5𝑙 − 𝑑) for 0 ≤ 𝑥 ≤ 𝑑
|𝑞𝑑 ( 1

2 𝑙 − 𝑥) | for 𝑑 < 𝑥 < 𝑙 − 𝑑
𝑞𝑑(0.5𝑙 − 𝑑) for 𝑙 − 𝑑 ≤ 𝑥 ≤ 𝑙

(5.3)

where 𝑑 = ℎ − 𝑐 − 𝜙𝑏𝑎𝑟/2 is the effective height of the concrete beam.

5.3 Capacity functions
The bending moment capacity of the beam is calculated using

𝑀𝑅𝑑 = 𝐴𝑠
𝑓𝑦𝑘
𝛾𝑠 (𝑑 − 7

18𝑥𝑢) (5.4)

where 𝑥𝑢 is the height of the concrete compressive zone,

𝑥𝑢 =
𝐴𝑠

𝑓𝑦𝑘
𝛾𝑠

0.75 𝑓𝑐𝑘
𝛾𝑐

𝑏
(5.5)

where 𝛾𝑠 = 1.15 is the partial factor which covers the uncertainties related to reinforcement
steel and 𝛾𝑐 = 1.5 is the partial factor which covers the uncertainties related to concrete.
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The design shear capacity is calculated using prEN 1992-1-1 (2021) eq. (I.7) [26]

𝑉𝑅𝑑,𝑐 = 0.33
𝛾2/3

𝑑𝑒𝑓
𝛾2

𝑉

√𝑓𝑐𝑘 𝑏 𝑑
1 + 24𝛾𝑑𝑒𝑓𝜖𝑉

𝑑
𝑑𝑑𝑔

(5.6)

where 𝛾𝑉 = 1.4 is the partial factor that covers the uncertainties related to shear calculations,
𝛾𝑑𝑒𝑓 = 1.33 is the partial factor which covers the uncertainties related to the deformation
calculations, 𝜖𝑉 is the strain in the longitudinal reinforcement and 𝑑𝑑𝑔 = 16 + 𝐷𝑚𝑎𝑥 = 32 mm.
The strain in the longitudinal reinforcement follows from

𝜖𝑉 = 𝑀𝐸𝑑
𝑧𝐸𝑠𝐴𝑠

(5.7)

with 𝑧 = 0.9𝑑.

5.4 Design verification
Design verification is done through a level I reliability method. This is a semi-probabilistic
method. Variables that are normally characterized by a distribution are represented by a
characteristic value. The limit state evaluations are enhanced by partial factors. This results in
a unity check (load over resistance ratio), which implies safe design when it is smaller than 1,
and unsafe design when it is larger than 1. This is done for both the bending moment capacity
and the shear capacity.

The unity check with respect to the bending moment is equal to the ratio between 𝑀𝐸𝑑 (see
eq. (5.2)) and 𝑀𝑅𝑑 (see eq. (5.4)). In this case, the highest unity check is found at 𝑥 = 𝑙/2,
which yields:

𝑢𝑐𝑀 = 𝑀𝐸𝑑
𝑀𝑅𝑑

= {
525
565 = 0.93 for 𝑐 = 45 mm
525
542 = 0.97 for 𝑐 = 75 mm

(5.8)

The unity check with respect to the shear is equal to the ratio between 𝑉𝐸𝑑 (see eq. (5.3)) and
𝑉𝑅𝑑 (see eq. (5.6)). In this case, the largest unity check is found at 𝑥 = 𝑑, which yields:

𝑢𝑐𝑉 = 𝑉𝐸𝑑
𝑉𝑅𝑑

= {
176
206 = 0.85 for 𝑐 = 45 mm
177
199 = 0.89 for 𝑐 = 75 mm

(5.9)

The unity checks indicate a well designed beam. The next chapter will look at the same exam-
ple, but from a probabilistic point of view.
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6 Time dependent reliability
assessment

6.1 Limit state function
This section presents the limit state function of the beam. The limit state function describes
the solution space in which the performance is sufficient enough to withstand its intended
functional requirements. It is defined as

𝑍(𝑡) = 𝑅(𝑡) − 𝑆(𝑡) (6.1)

Where 𝑅 and 𝑆 are the resistance and solicitation functions, respectively (see also Chapter 3).
Chapter 4 explained that corrosion is a two-step progress consisting of: 1) an initiation phase
where chloride ions migrate towards the rebar but there is no loss of capacity yet; and 2) a
propagation phase, in which the capacity is reduced as a result of a loss of reinforcement area.
Because the initiation phase does not directly influence the capacity functions, this chapter
does not describe this process. More information on the two phases can be found in Chapter 4.

6.1.1 Solicitation function
This section presents the equations that probabilistically describe the solicitation function. The
equations presented in Chapter 5 implicitly took uncertainties into account by applying partial
factors to characteristic values. In a probabilistic assessment these variables are described by
a distribution type and parameters. The distribution type and parameters of all variables are
presented in section 6.3.

The total load 𝑞(𝑡) on the system is the sum of the (time invariant) permanent load 𝐺 and the
variable load 𝑄(𝑡):

𝑞(𝑡) = 𝐺 + 𝑄(𝑡) (6.2)

𝐺 and 𝑄(𝑡) are completely described with a distribution type and parameters. It is assumed
that the permanent load does not change with respect to time. The variable load can alter
from year to year. Both loads are assumed to be fully spatially correlated.

The solicitation function 𝑆(𝑥, 𝑡) becomes

𝑆(𝑥, 𝑡) = [𝑆1(𝑥, 𝑡)
𝑆2(𝑥, 𝑡)] = [𝑀𝐸(𝑥, 𝑡)

𝑉𝐸(𝑥, 𝑡) ] (6.3)

where
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𝑀𝐸(𝑥, 𝑡) = 𝑞(𝑡)𝑥(𝑙 − 𝑥)
2 for 0 ≤ 𝑥 ≤ 𝑙 (6.4)

and

𝑉𝐸(𝑥, 𝑡) =
⎧{
⎨{⎩

𝑞(𝑡)(0.5𝑙 − 𝑑) for 0 ≤ 𝑥 ≤ 𝑑
|𝑞(𝑡) ( 1

2 𝑙 − 𝑥) | for 𝑑 < 𝑥 < 𝑙 − 𝑑
𝑞(𝑡)(0.5𝑙 − 𝑑) for 𝑙 − 𝑑 ≤ 𝑥 ≤ 𝑙

(6.5)

6.1.2 Resistance function
The resistance function 𝑅(𝑥, 𝑡) is:

𝑅(𝑥, 𝑡) = [𝑅1(𝑥, 𝑡)
𝑅2(𝑥, 𝑡)] = [𝑀𝑅(𝑥, 𝑡)

𝑉𝑅(𝑥, 𝑡) ] (6.6)

𝑀𝑅(𝑥, 𝑡) is described using the following equation:

𝑀𝑅(𝑥, 𝑡) = 𝐴𝑠(𝑡)𝑓𝑦 (𝑑 − 7
18𝑥𝑢) (6.7)

where𝐴𝑠(𝑡) is the deteriorating reinforcement surface (see section 4.3), 𝑓𝑦 is the yield strength
of the reinforcement, 𝑑 is the concrete effective depth and 𝑥𝑢 is the height of the concrete
compressive zone.

𝑉𝑅(𝑥, 𝑡) is described using [25]

𝑉𝑅(𝑥, 𝑡) = 1
3

√𝑓𝑐𝑏 𝑑
1 + 120 𝜖(𝑡) 𝑑

16+𝑑𝑔

(6.8)

where 𝜖(𝑡) is the longitudinal strain at the control depth level (= 0.6𝑑), 𝑑𝑔 is the maximum
aggregate size, 𝑓𝑐 is the concrete compressive strength and 𝑏 is the width of the beam. The
longitudinal strain is estimated using [25]

𝜖(𝑥, 𝑡) = 0.41 𝑀𝐸(𝑥, 𝑡)
𝑧𝐴𝑠(𝑡)𝐸𝑠

(6.9)

with 𝑧 = 0.9𝑑.

6.2 Method to assess the structural reliability
The structural reliability is assessed using the Monte Carlo method. Monte Carlo is categorized
as a level III reliability method, that allows a more accurate estimation of the probability of
failure, in contrast to approximation-based or semi-probabilistic methods.
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Monte Carlo simulations rely on repeated randomsampling tomodel a range of realistic scenar-
ios. Each simulation generates a unique set of input samples, which leads to a unique output.
In this case, the output for each simulation is the year at which the beam fails, if failure occurs.

Failure of the beam is expressed as a series system with two components: bending failure and
shear failure. If one component fails, the beam fails. The mechanisms are evaluated every 0.5
m. The total length of the beam is 10 m, resulting in 21 sections, with 2 limit state functions
being evaluated per time step, for each beam.

Conditional failure rates
The failure probabilities are derived from the output of the simulations. This report presents
conditional failure probabilities, meaning that only structures that have survived up to a given
time are considered in the calculation. The conditional failure probability at year 𝑖 is defined
as:

𝑃𝑓(𝑡 = 𝑖) = 𝑛𝑓,𝑖
𝑛𝑠,𝑖−1

(6.10)

where 𝑛𝑓,𝑖 is the number of simulations that result in failure in year 𝑖, and 𝑛𝑠,𝑖−1 is the number
of simulations that survived the year prior. The relation between the probability of failure and
reliability is presented in eq. (3.7).

6.3 Stochastic quantification of variables
Stochastic quantification is the process of using probabilistic methods to model and analyze
uncertainties in systems with inherent randomness. Key variables, such as loads or mate-
rial properties, are treated as random variables, and their uncertainties are represented by
probability distributions. Table 6.1 presents the stochastic quantification of the variables that
collectively define the entire system and were used as inputs in modeling chloride-induced
corrosion in the academic example of Chapter 5. These parameters are essential to perform
the reliability assessment, as described in the previous section.
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Table 6.1: Stochastic quantification of variables.
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1: Distribution abbreviations are: D = deterministic; N = normal; LN = lognormal; Gum = Gumbel; Beta = Beta.
2: For the Beta distribution, the presented parameters are the 𝛼 and 𝛽 parameter instead of the mean and CoV.
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Note 2
A permanent load is always present on a structure. Therefore they can be estimated quite
accurately. These types of loads can be described by a normal distribution [32]. Its charac-
teristic value is equal to its expected value. In the typical case the characteristic value for the
permanent load, 𝐺𝑘, is taken equal to 10 kN/m. Therefore, the expected value of 𝐺 is 10 kN/m.
A coefficient of variation of 10% is assumed. No spatial correlation is considered:

𝐺 ∼ 𝒩(10, 12) .

Note 3
In the typical case the characteristic value for the variable load, 𝑄𝑘 is taken equal to 20 kN/m.
This value presents a maximum value in a certain return period. It is assumed that this value
belongs to a return period of 50 years, which means that the yearly exceedance probability is
1

50 . Furthermore it is assumed that the parameter can be described by a Gumbel distribution.
The underlying equation to solve becomes:

𝑃 (𝑄 > 20) = 1
50 (6.11)

where

𝑄 = 𝐹 (𝑥; 𝜇, 𝛽) = 𝑒−𝑒−(𝑥−𝜇)/𝛽 (6.12)

Assuming a coefficient of variation of 15%, eq. (6.12) can be solved for its location 𝜇 and scale
𝛽 parameters, respectively. The result becomes

𝑄 ∼ 𝒢(13.43, 1.68) .

Note 4
The bar diameter is calculated based on the sampled reinforcement area 𝐴𝑠0:

𝜙 = √4𝐴𝑠0
𝜋𝑛𝑟

(6.13)

Note 5
[16] proposes a Beta distributed parameter on the interval [0, 50] with a mean value of 9 mm
and a coefficient of variation of 0.6. Assuming the following parameters for a standard Beta
distribution

Δ𝑧 ∼ 𝛽(2.098, 9.557) .

yields the following expected value and standard deviation:

𝐸[Δ𝑧] = 𝛼
𝛼 + 𝛽 = 0.18 (6.14)
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𝑉 𝑎𝑟(Δ𝑧) = ( 𝛼𝛽
(𝛼 + 𝛽)2 ⋅ (𝛼 + 𝛽 + 1))

2
= 0.0117 (6.15)

Multiplied by its interval, this results in 𝐸[Δ𝑧] = 9 and a coefficient of variation of 0.6.

Note 6
In [27] a squared exponential model is assumed to describe the spatial variation in the chloride
diffusion coefficient 𝐷𝑎. In the model that is used in this report, the diffusion coefficient is not
described by a variable and therefore a spatial correlation model can not be assigned to it.
The curing coefficient 𝑘𝐺, however, is sampled. Because 𝐷𝑎 is described by a function that
linearly depends on 𝑘𝐺, the variability is assigned to this variable, which ensures that 𝐷𝑎 has
the intended spatial variation.

6.4 Numerical Implementation
The steps to determine the year of failure and the corresponding failure mechanism are pre-
sented in the pseudo code below. The code is written in Python version 3.11.

FOR s imulat ion in t o t a l number of s imulat ions :

beam_parameters = empty l i s t
s e c t i on_ re su l t s = empty l i s t
beam_results = empty l i s t

FOR va r i ab l e in l i s t of va r i ab l e s :

ADD va r i ab l e name to beam_parameters

IF de te rm in i s t i c :
FILL beam with de te rm in i s t i c values fo r a l l c ross sect ions

ELSE :
IF co r re la t i on_ leng th == 0 :

SAMPLE values fo r each cross sect ion
ELSE :

GET uncorre lated samples
CALCULATE covar iance matr ix
DECOMPOSE co r r e l a t i on matr ix ( Cholesky )
SAMPLE cor re la ted values and ass ign to each cross sect ion

FOR each cross sect ion in beam:

CALCULATE externa l e f f e c t s fo r each year :
bending moment
shear force

INITIALIZE ch lo r i de migrat ion and ca l cu la te concentrat ions

IF cor ros ion_concent rat ion > c r i t i c a l _ v a l u e :
CALCULATE cor ros ion degradation
UPDATE capac i ty reduct ions ( bending , shear )
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CALCULATE l im i t s tate funct ions ( bending , shear )

DETERMINE f a i l u r e year and f a i l u r e mode ( bending , shear )

IF no f a i l u r e :
f a i l u r e_ t ime = i n f i n i t y

ADD sect ion r e su l t s to sec t i on_ re su l t s l i s t

DETERMINE beam f a i l u r e time , mode, and loca t i on from sect ion r e su l t s :

FOR each cross sect ion in beam:
IF cross sect ion f a i l u r e time < beam f a i l u r e time :

UPDATE beam f a i l u r e time , mode, l oca t ion

ADD beam f a i l u r e r e su l t s ( time , mode, l oca t ion ) to beam_results

# Ca lcu late the cond i t i ona l p r o bab i l i t y of f a i l u r e

SET fa i l ed_s imu la t i ons = 0 ( i n i t i a l i z e )
SET su rv i v i ng_s imu la t i ons = to t a l number of s imulat ions

− fa i l ed_s imu la t i ons
SORT beam_results

FOR each year :

GET number of f a i l e d s imulat ions from beam re su l t s
CALCULATE cond i t i ona l p r o bab i l i t y of f a i l u r e
UPDATE fa i l ed_s imu la t i ons
UPDATE su rv i v i ng_s imu la t i ons
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7 Results

This section presents the results of a theoretical example that illustrates the time-dependent
reliability assessment of a concrete beamover 200 years. Themethodology combines chloride-
induced degradation models for both the initiation and propagation phases with structural
reliability theory. Key factors such as the spatial variation of concrete compressive strength,
surface chloride content, and curing coefficient are incorporated. The input parameters, in-
cluding distributions and values for loads, beam properties, chloride ingress, and concrete
degradation parameters, are detailed in Table 6.1.

It is important to note that this example is based on a simplified, theoretical model. In real-
world applications, the specifics of the structure— such as whether it is statically determinate
or indeterminate — must be considered. For example, for statically indeterminate structures,
failure at a single location may not lead to overall structural failure, and the failure probability
function may become more complex, depending on the context of the structure being ana-
lyzed.

7.1 Conditional reliability as a function of time
The beam from the example in Chapter 5 is discretized into 0.5 m sections for a detailed
analysis. Each cross-section is evaluated yearly for bending moments and shear forces. The
progression of corrosion is incorporated by assessing chloride-induced degradation over time.
As described in Chapter 4, if the chloride concentration exceeds a critical threshold, the propa-
gation of corrosion occurs in the beam’s reinforcement. This leads to reductions in the beam’s
capacity. The corresponding limit state functions for bending and shear are then evaluated to
estimate each cross-section’s failure time and mode.

The beam’s failure characteristics, such as failure time, mode, and location, are determined
by identifying the earliest failure among its cross-sections. Then the conditional probability
of failure of the beam over time is computed by iterating through several years, updating the
counts of failed and surviving simulations, and deriving annual failure probabilities based on
the sorted results. The conditional probability refers to the probability of failure given that no
failures were registered in the previous years.

The reliability assessment was conducted for two cases with different concrete cover values:
45 mm and 75 mm, following the methodology outlined previously. Figure 7.1 shows the
evolution of the annual reliability index, beta (𝛽) 7, over time. The first case (𝑐 = 45 mm),
represents the final design of a beam based on European design codes. The second case
(𝑐 = 75 mm) corresponds to a scenario typically found in structures near the Dutch coastline.

Both cases were evaluated using 200 million simulations. To achieve fully converged results,
it is required to have a higher number of simulations, around one to two orders of magnitude
larger. This becomes more evident for larger reliability indexes (𝛽 > 4), where the insufficient
number of simulations results in a more jagged curve. This was not feasible due to time
constraints. Nevertheless, the results are sufficient to show the time dependence and to
predict the remaining technical service life.

7The reliability index reflects the probability of failure, with higher values of 𝛽 indicating lower failure probabilities.
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Figure 7.1: Conditional reliability level as a function of time for a concrete cover of 45 mm and 75 mmmm.

NEN 8700 (2011) [3] provides performance requirements for existing structures. for a struc-
ture with consequence class CC2, the minimum value of the reliability index 𝛽 = 2.5, with a
reference period of 15 years. In [33] this is translated to a reference period of 1 year: they
determined that the minimum annual reliability index is 𝛽 = 3.4. As shown in Fig. 7.1 , the
reliability level of the beamwith a concrete cover of 𝑐 = 45mmdrops below this threshold after
approximately 160 years. The reliability index of the beamwith a concrete cover of 𝑐 = 75 mm
remains above the threshold of 𝛽 = 3.4 even after 200 years, ensuring compliance with the
requirements for existing structures.

Figure 7.2 shows the distribution of failures over time. Notice the increasing trend in failure
occurrence as the years progress. This is expected due to structural aging and the progression
of corrosion would lead to more frequent failures over time. Initially, failures occur at a slow
rate. It can be seen that up to the year 100 failures are rare. However, beyond that point that
rate of failures accelerates significantly. The figure extends to 200 years because a threshold
was established, as failures beyond that timeline are not of relevance given that the intended
lifetime of the structure is much shorter. In this way, it is ensured that the focus remains on
the most critical and realistic period of the structure’s performance. The figure also highlights
the influence of the concrete cover depth on the observed number of failed simulations. The
simulation with a concrete cover of 𝑐 = 75 mm barely shows any failures compared to the
simulations where the cover was 45 mm.

Figure 7.2: Distribution of number of failures over time for a beam with a concrete cover of 𝑐 = 45mm and
𝑐 = 75 mm.
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It is also important to relate the time at which the propagation of corrosion starts and the
time at which structural failure would occur. Figure 7.3 shows the distribution of the number
of failures given that corrosion propagation started on a particular year. In other words, the x-
axis describes the year on which the propagation started and the y-axis describes the number
of failures in the experiment that were found under those conditions. Again, the beams with
a concrete cover of 75 mm contribute insignificantly to the failure probability compared to the
beams with a concrete cover of 45 mm.

The results for a concrete cover of 𝑐 = 75 mm are very limited. The high annual reliability index
indicates that corrosion-initiated failures are expected to be very limited. Figures 7.2 and 7.3
verify that the number of failed simulations is small - especially compared to the case where
the cover is 𝑐 = 45 mm.

Figure 7.3: Distribution of the number of failures conditioned on the year when onset of corrosion occurs (𝑐 =
45mm and 𝑐 = 75 mm).

The distribution peaks around year 50 (𝑐 = 45mm), suggesting that corrosion propagationmay
lead to failure within this time frame. The tail of the distribution indicates that failures become
less frequent the longer it takes for propagation to start. Thus, the further this propagation of
corrosion is delayed, the fewer failures are expected within 200 years. Conversely, the rise in
failures during the early years indicates that once corrosion propagation starts, it increases the
likelihood of structural failure. From the figure, we can derive a ”critical” period between years
20-75, where structures are more susceptible to failure due to corrosion. This provides insights
into maintenance schedules. For example, a best strategy could be to perform inspections
during these years.

7.2 Measures to extend the remaining service life
As discussed in the previous section, the annual reliability of a beam with a concrete cover of
𝑐 = 45mmdrops below the target value of 3.4 recommended by the NEN 8700 after 160 years.
In contrast, for a beamwith a concrete cover of 𝑐 = 75 mm, the reliability index remains above
this threshold throughout the 200-year time frame under consideration.

Several types of monitoring or inspection can be implemented in the developed Monte Carlo-
based failure rate method. Such information can lead to an update of the calculated failure
probability in a certain year of a predicted (remaining) service lifetime. Among these are vi-
sual inspections and additional chloride profile measurements. These actions are critical in
reducing uncertainty in key variables (Chapter 6). Addressing these uncertainties improves the
prediction of the conditional reliability index, as detailed in Chapter 3.
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Chloride profile measurements refine parameter estimates by reducing the variation in model
inputs. Additionally, condition monitoring allows a dynamic update of reliability assessments,
ensuring that the interventions are based on current data. By reducing uncertainty, a more
accurate remaining service life can be predicted. However, further studies are recommended
to quantify the exact impact of different intervention strategies.
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8 Conclusions and
recommendations

8.1 Conclusions
This report presented a method to combine chloride-induced corrosion models with structural
reliability theory to estimate the remaining service life of concrete structures, specifically near
the Dutch coastal area. The methodology includes the two phases of chloride-induced degra-
dation: i) phase one, where chloride ions migrate towards the rebar (modeled using Fick’s 2nd
law of diffusion). During this phase, degradation has not yet started, and ii) phase two, where
corrosion reduces the diameter of the rebar leading to a loss of structural capacity and an
increased likelihood of failure.

Two typical examples were used to show the influence of degradation on the annual reliability
of a concrete beam, taking into account spatial variability in properties such as compressive
strength, surface chloride content, and curing coefficients. A Monte Carlo simulation approach
was employed to evaluate the beam’s reliability over 200 years.

Two concrete cover depths were assessed: i) 45 mm, representative of typical European de-
signs, and ii) 75mm, commonly found in structures designed by Rijkswaterstaat near theDutch
coastline. The method is set up such that the structure-specific model data and additional
information from monitoring or measurements can be used as input for the methodology
presented in this document. This leads to an updated and more certain remaining service
life estimation. This way, the reliability-based tool can greatly help asset owners estimate
the remaining service life. It also allows the owner to continuously update this estimation,
based on new information from measurements or monitoring, which contain key information
to estimate the remaining service life of structures optimally.

8.2 Limitations and recommendations for future
work
The chloride ingress and corrosion propagation models used in this study rely on simplified
assumptions, including constant environmental conditions and uniform material properties.
These assumptions may not fully capture real-world factors such as fluctuating chloride ex-
posure, localized degradation, or the presence of cracks, damage, or repairs in the concrete.
The analysis focuses on the reduction of rebar cross-sectional area but does not provide a
solution for prestressed concrete. Thus, the findings are primarily valid for non-cracked, simply
reinforced concrete conditions.

Nevertheless, the proposed framework is a valuable tool for understanding and modeling
chloride-induced corrosion in reinforced concrete structures. It is important to note that this
report presents a theoretical example, and the limit state functions and the input variables
used (Table 6.1) may vary depending on the specific structure and its location. Future work
should focus on extending the application of this methodology to real-world structures by
integrating data from inspections and field measurements, such as chloride profiles,
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environmental conditions, and load histories, to validate and refine the input variables and
methodology. Incorporating temporal variations in environmental conditions, such as
fluctuating water levels, would improve the accuracy of simulations. Moreover, expanding
the scope to include cracked concrete conditions would significantly enhance the applicability
of the framework. Addressing these limitations will enhance the framework and provide
deeper insights into the durability and maintenance needs of coastal hydraulic structures.
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Appendix A

Implementation verification

The reliability assessment is determined through a Python script. The pseudo code for the
assessment is shared in Chapter 3. In this annex, the same assessment is performed using an
alternative method to calculate the probability of failure. The code is written in Python version
3.11.

The key difference between the pseudo code that is used to verify the calculation and the
original script is that in this script in each time step every section is evaluated, whereas in the
original script, for each section every year was evaluated.

The advantage of this script is that it is easier to understand, as it follows a chronological
pattern. The advantage of the other script is that calculations are much quicker, because
Python packages are used in a more efficient way.

A.1 Numerical Implementation
The sampling of the variables has not changed. That is why this pseudo code starts at the start
of the calculation. The same holds for the calculation of the probability of failure.

r e su l t s = empty l i s t

FOR s imulat ion in t o t a l number of s imulat ions :

SET t = 0
SET t _ f i n a l = 200

WHILE t < t _ f i n a l :
FOR each sect ion in beam:

CALCULATE externa l e f f e c t s :
bending moment
shear force

CALCULATE capac i ty_ funct ion :
bending moment
shear force

CALCULATE ch lo r i de concentrat ion

IF cor ros ion_concent rat ion > c r i t i c a l _ v a l u e :
CALCULATE corros ion_degradat ion
UPDATE capac i ty_ funct ions :

bending moment
shear force

CALCULATE l im i t _ s ta te_ func t i ons :
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bending moment
shear

IF any l im i t _ s ta te_ func t i on < 0 :
ADD fa i l u re_yea r , f a i l u r e _ l o ca t i on , fai lure_mode to r e su l t s

IF cor ros ion_concent rat ion > c r i t i c a l value :
ADD yea r _ o f _ i n i t i a t i o n to r e su l t s

ELSE :
y e a r _ o f _ i n i t i a t i o n = i n f
ADD yea r _ o f _ i n i t i a t i o n to r e su l t s

END

ELSE :
t = t+1

fa i l u r e _yea r = i n f
f a i l u r e _ l o c a t i o n = None
fai lure_mode = None
yea r _ o f _ i n i t i a t i o n = i n f

ADD fa i l u re_yea r , f a i l u r e _ l o ca t i on , fai lure_mode , \
y e a r _ o f _ i n i t i a t i o n to r e su l t s

A.2 Results
Figure A.1 presents the comparison between the original implementation and the verification
implementation. As can be depicted from this figure, the result yields the same conditional
reliability for lower (<4) indices. Because two different approaches have resulted in the same
outcome, the results are thereby verified.

Differences in the outcome, which are present for higher reliability indices, are the result of
unconverged results. As explained in chapter 7, the calculation is not yet converged. The
verification analysis is performed with fewer (≈ 550k) simulations, which explains why the
results diverge for an increasing reliability index. Ifmore (e.g. 100M) simulations are performed,
the outcome is expected to be identical.
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Figure A.1: Verification of the numerical implementation.
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