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Time-dependent reliability of a prestressed concrete bridge incorporating
residual prestress and material properties updates for service limit state
assessment

Silvia Juliana Sarmiento, Angélica Agredo-Chavez, Florian Thiery, Jaime Gonzalez-Libreros, Chao Wang and
Gabriel Sas

Department of Civil, Environmental and Natural Resources Engineering, Lulea University of Technology (LTU), Luled, Sweden

ABSTRACT

This paper presents a time-dependent reliability assessment that integrates experimental data with
Bayesian updates and is applied to a 66-year-old prestressed concrete box-girder bridge. Non-
destructive and destructive tests were performed to evaluate its actual serviceability condition. The
tests included on-site prestress measurements, material evaluations, a serviceability-proof load test, and
refining structural response and boundary conditions using monitoring system data. These tests offered
crucial updates to assumptions based on the as-built drawings. The bridge’s structural reliability for ser-
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viceability is studied by comparing two approaches: (1) a prior reliability analysis based on traditional
Eurocode methods to estimate prestress losses; and (2) a posterior reliability analysis incorporating on-
site measurement for residual prestress and material properties. A Bayesian update was performed to
refine the estimates of concrete strength and prestress losses and improve the accuracy of the reliabil-
ity assessment. The results showed that updating material properties doubled the reliability index rela-
tive to the initial analysis. Similarly, updating residual prestress measurements via strand cutting and
saw cut methods increased the reliability index from 1.75 to 2.84 and 2.35, respectively. These findings
highlight the need for on-site prestress measurements and time-dependent reliability analyses to accur-

concrete bridges; residual
prestress; time-dependent
reliability; long-term
serviceability assessment

ately assess the serviceability performance of ageing bridges accounting for long-term degradation.

1. Introduction

The ageing of infrastructure systems is associated with sig-
nificant direct and indirect socio-economic impacts. The
direct consequences of ageing refer to the physical damage
or destruction of bridges, which require costly repairs or
reconstruction, whereas indirect losses involve disruption to
transportation services (including supply chain interrup-
tions), reduced business activity, delays, and increased
vehicle operating costs (Adey et al., 2004; Jafari et al., 2024).
The severity of these negative effects has motivated ongoing
research efforts into how design standards and guidelines for
critical network components can be upgraded (Capacci et al.,
2022; Rossi & Spinella, 2024). For instance, the long-term
deterioration of important structures, such as prestressed con-
crete bridges, requires careful analysis and evaluation to ensure
safety and reliability. Prestressed concrete bridges are vulner-
able to deterioration due to time-dependent prestress losses, as
conventional investigation methods, e.g., visual inspections,
cannot provide sufficient insight into the true state of the deg-
radation process (Mazzatura et al., 2023; MIT, 2020).
Discrepancies between measured and estimated prestress
losses often stem from the oversimplification of viscoelastic

effects and the failure to account for uncertainties in time-
dependent material degradation processes. Additionally, esti-
mations usually do not fully incorporate the combined effects
of various environmental degradation factors over time, which
can also cause inaccuracies in predicting prestress loss (Guo
et al, 2018). The divergence between simplified evaluation
methods and experimental findings can be significant, as
shown by findings that the actual prestress losses in box gird-
ers may be 2-3 times higher than what is stated in predictions
(Bazant et al, 2011; Guiglia & Taliano, 2014; Kristek &
Kadlec, 2017). This highlights an urgent need for advanced,
accessible, and non-destructive assessment methods to enhance
bridge durability and performance throughout their service life
(Galassi Sconocchia et al., 2024; Kilic & Caner, 2021).

The research presented in this paper offers a more compre-
hensive understanding of the long-term serviceability of pre-
stressed concrete structures by focusing on the deterioration of
structural resistance over time. The analysis specifically consid-
ers decreases in initial prestress, as detected through on-site
measurements, and incorporates them into time-dependent
reliability assessment of the Serviceability Limit State (SLS).
The Kalix Bridge, a 66-year-old prestressed box girder bridge
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built using the balanced cantilever method and located in
northern Sweden, was chosen as the case study. Previous Non-
destructive tests (NDTs) and Destructive Tests (DTs) cam-
paigns that have previously been performed on the bridge are
also introduced. These tests yielded data that are crucial to
refining and enhancing the numerical models used to calculate
the remaining prestress level in the bridge (Agredo Chavez,
2025; Agredo Chavez, Gonzalez-Libreros, et al., 2023; Agredo
Chavez, Ulfberg, et al., 2023; Agredo Chévez et al, 2024;
Gonzalez-Libreros et al., 2022). This is followed by an overview
of the formulation of the methodology used for time-
dependent reliability analysis.

The selected stochastic degradation process, traffic load
model, updating methods for relevant parameters and the
calculation of the reliability index over time are as well dis-
cussed. The prior and posterior parameters are then defined
based on the experimental campaign used to estimate
residual prestress, i.e., the process outlined in Sections 4.5
and 5.1; these parameters enable the formulation of the limit
state function. Finally, a time-dependent reliability analysis
was performed for two cases: i) no additional information
about remaining prestress or observed responses of the
bridge under known loads is considered; and ii) when infor-
mation about on-site residual prestress measurements,
material properties, and the known time of survival is
included. Both cases are then compared to study how the
inclusion of new information influences the calculation of
the structure serviceability performance levels.

The originality of the presented research can be attributed
to three key aspects: (i) the use of monitoring and evaluation
methods relevant for residual prestress, including both NDT
and DT, on a 66-year-old balanced cantilever bridge for model
updating; (ii) the explicit incorporation of uncertainties in key
limit state function parameters, along with their changes over
time; and (iii) assessment of the SLS of a real structure
through a time-dependent reliability analysis that incorporates
uncertainties related to material properties, environmental con-
ditions, and resistance degradation. Addressing these three key
aspects yields far more accurate predictions of how long a
bridge can remain serviceable after prestress updates than the
prevailing, standard predictions.

2. Background

Failures in prestressed concrete bridges are often linked to
factors like corrosion and construction defects, which can
remain concealed beneath an outward appearance of struc-
tural robustness (Galik & Calvi, 2024). For example, the col-
lapse of the Koror-Babeldaob Bridge in Palau demonstrated
the severe impact of prestress losses over time, with an aver-
age loss of 50% reported within just 18years, necessitating
immediate and precautionary intervention measures (BaZant
& Jirasek, 2018; Sakata et al.). Other collapse examples of
reinforced and prestressed concrete bridges include the
Carola Bridge in Germany (Groschel, 2024) and the
Morandi Bridge in Italy (Galik & Calvi, 2024), highlighting
significant unknowns and challenges associated with pre-
stressing systems. These cases emphasise not only the

vulnerabilities in prestressing systems but also the critical
gaps in understanding the mechanisms of degradation, long-
term performance, and the factors contributing to failures in
prestressed concrete structures.

A critical aspect in the life cycle design of prestressed
concrete bridges is time-dependent deterioration when esti-
mating SLS performance (Sousa et al., 2020). This variable
characteristically involves crack control, deflection control,
stress limitation and vibration. Nevertheless, as service life
increases, prestressed structures face difficulties such as dur-
ability concerns and the degradation of long-term perform-
ance (Jia et al, 2022; Paez, 2023). Hence, understanding
time-dependent behaviour is a crucial part of making accur-
ate predictions about the structural functionality, as defor-
mations and prestress losses can cause serviceability issues
(Losanno et al., 2024; Mohebbi & Graybeal, 2022; Sousa
et al., 2020). For this reason, an increase in studies focusing
on prestress loss and evaluating its impact on overall per-
formance of prestressed concrete structures has been wit-
nessed in the past years (Huang et al.,, 2025; Li et al., 2024;
Lou et al, 2023; Zhang et al.,, 2023). At present, Structural
Health Monitoring (SHM), as well as DT and NDT, are the
most used methods for acquiring timely and continuous
information about damage (Ereiz et al., 2022; Sandoli et al.,
2024). Nevertheless, there is limited literature which outlines
how to assess the remaining prestress levels in prestressed
concrete structures (Vereecken et al., 2021).

Some studies have primarily focused on the accuracy and
effectiveness of various techniques for assessing residual pre-
stress (Agredo Chavez et al., 2024; Bagge et al.,, 2017; Bonopera
et al, 2018; Botte et al, 2021; Calo et al., 2025; Galassi
Sconocchia et al,, 2024; Jeon et al., 2021; Kralovanec et al,
2022; Kukay et al.,, 2010; Scott et al, 2019), and only a few of
these have actually been applied on-site (Agredo Chévez et al,
2024; Bagge et al, 2017; Galassi Sconocchia et al, 2024;
Kralovanec et al, 2022). Previously reported results suggested
that strain-based techniques show promise in providing precise
in situ measurements of residual prestress. However, the con-
clusions of prior studies also highlight the prevalence of uncer-
tainties related to measurements, material properties, geometric
parameters, and environmental conditions. Advanced probabil-
istic methods, such as Bayesian inference combined with global
sensitivity analysis, have already been applied to handle uncer-
tainty and refine prediction models of residual prestress based
on newly available data (Biswal et al., 2019; Botte et al., 2021;
Dias-da-Costa et al., 2019; Kittenbaum et al., 2024; Moravcik
& Kralovanec, 2022; Tonelli et al, 2023; Vereecken et al.,
2021). Nevertheless, several research gaps still prevail.

o First, research on prestressed concrete bridges is largely
based on small-scale laboratory experiments, with limited
on-site testing. As such, most data focus on single-span
beams, with scarce evidence for multi-span box girders
where secondary moments and different cross-section
types may exert significant influences on the structure
(Agredo Chavez et al., 2024).

e Second, most prior studies have relied on numerical sim-
ulations of degradation processes and, as such, do not



involve tests to directly measure residual prestress forces.
Probabilistic updates depend on empirical data to refine
models and validate assumptions, yet the lack of direct
measurements means that models rely on theoretical pre-
dictions which may not accurately reflect real-world con-
ditions. This approach overlooks multiple degradation
scenarios and the corresponding interactions, which can
be expected to decrease the reliability of residual pre-
stress simulations.

e Third, the lack of time-dependent reliability assessments
which integrate residual prestress updates from on-site test-
ing data. To the best of the authors’ knowledge, no previ-
ous research has incorporated uncertainties into updates of
on-site residual prestress measurements for time-dependent
serviceability of a structure.

e The methodology proposed in this study is therefore
designed to address these gaps and is presented in the
following sections.

3. Case study: the Kalix bridge

The Kalix Bridge in Northern Sweden (1956-2022), shown
in Figure 1, was a prestressed concrete box girder bridge
constructed using the balanced cantilever method and
served as the case study for this research. Extensive prior
on-site evaluations of the structural integrity of the Kalix
Bridge revealed that it had reached the end of the expected
service life (Agredo Chavez, 2025; Agredo Chavez,
Gonzalez-Libreros, et al., 2023; Agredo Chavez, Ulfberg,
et al., 2023; Agredo Chavez et al., 2024; Daescu et al., 2025;
Gonzalez-Libreros et al., 2022). For this reason, the bridge
was demolished in January 2022, following the construction
of a replacement bridge designed to support increased traffic
(Agredo Chavez, Gonzalez-Libreros, et al., 2023).

The bridge comprised five spans with a total length of
275.7m, and a variable depth, single-box cross-section along
the longitudinal axis as illustrated in Figure 2. The bridge
exhibits total symmetry in geometry, boundary and prestress
layout at the pendulum hinge. According to the as-built
drawings, boundary conditions involve the restriction of any
vertical movement of pillars 6 and 5, while supports 4
restrict any vertical and longitudinal displacement, which
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would translate to bending or rotational behaviour (see
Figure 2). The joint at the end of the cantilever segment
comprises two pendulum hinges to permit independent lon-
gitudinal displacement and bending rotation of the con-
nected cantilever ends. However, it enforces equivalent
transversal and vertical displacement, as well as torsional
rotation.

The bridge was designed under the 1955 Swedish provi-
sional regulations, with the technical design ruled by DIN
4227 (Deutsche Norm Vorgespannt), i.e., the German stand-
ard for this bridge type originally developed by Dyckerhoff
& Widmann AG (Begstrom, 2015). The prestress system for
the structure included Dywidag prestressing bars (arranged
longitudinally and transversely) which comprised 26 mm
diameter high-strength ribbed steel rods of f,y.« 755.4 MPa
and ultimate strength of f,, 981 MPa and 31 mm diameter
grouted ducts. According to the as-built drawings, the initial
applied force at the jack was P; 271.7kN/c,; 492 MPa per
prestress rod. The casting comprised different stages,
namely, the outer span was cast in 11 parts (slab and box
girder were cast separately), the inner span was cast in 14
stages, with each corresponding to a 3-m-long section, and
the console was cast in 15 stages (see Figure 3). The design
concrete strength class was K450, which is equivalent to a
concrete strength class of C30/37 according to EC2. The
material parameters obtained from the as-built drawings for
the Kalix bridge are described in Table 1.

In 2014, Begstrom (2015) provided initial insights into the
serviceability limits of the Kalix bridge, and concluded that
both the calculated service limit and fatigue performance were
critically low. The report indicated that the bridge no longer
met the standards for crack resistance and tensile stress as
specified by Sections 4.3.1 and 4.4.1 of the prevailing standard
TDOK 2013:0267 (Trafikverket, 2013). This was mainly due to
limited concrete cover of the prestressing system (often less
than 50 mm) and lack of hydro membrane insulation.

In 2022, a series of on-site evaluations and integrity tests
were conducted on the 66-year-old prestressed concrete
bridge to provide information relevant for damage detec-
tion, DT, NDT and SHM. The bending moments resulting
from self-weight, permanent loads, prestress, and quasi-
permanent combinations (measured at year 66) calculated

Figure 1. The old Kalix bridge (foreground) with the foundations of the new bridge visible behind. The picture was taken from (Agredo Chévez et al., 2024) under

CC BY 4.0.
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Kalix

Flgure 2. A lateral view of the prestress Iayout of the Kalix brldge and supports (half of the bridge).
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Figure 3. Moments acting on the bridge due to prestress, self-weight, permanent and quasi permanent combinations, with measurements obtained at

t =66 years.

with the design parameters are illustrated in Figure 3. This
information led to the identification of key points for
instrumentation deployment and response monitoring dur-
ing a proof-load test for serviceability conducted in January
2022 (Agredo Chavez, Gonzalez-Libreros, et al., 2023;
Agredo Chavez, Ulfberg, et al,, 2023). As shown in Figure 3,
the bending moments with the largest negative and positive

values were observed at pillar 4 and at the section located
13.79m (section A-A) from abutment 6, respectively.

The outer span (between abutment 6 and pillar 5) has an
accessible location, section A-A was therefore selected as a
primary measurement point of investigation for future cal-
culations of residual prestress (see Figure 3). Based on the
material parameters presented in Table 1, the moments
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Table 1. Prior belief: Kalix bridge material properties. The information was obtained from (Agredo Chévez et al., 2024) under CC by 4.0.

Material or section geometry property Notation Value
Concrete material properties
Cylinder strength fok 30 MPa
Cube strength fek cube 37 MPa
Mean cylindrical compressive strength fem 38 MPa
Cube strength at transfer fekor 255 MPa
Secant modulus of elasticity Ecm 33,000 MPa
Steel material properties
Modulus of elasticity Es 170,000 MPa
Characteristic yield strength fyk 400 MPa
Diameter of reinforcing bar s 10,12, & 16 mm
Prestress material properties
Diameter of Dywidag prestress bar (0] 26 mm
Area of single prestress bar Ap 552 mm?
Initial prestress force applied at the anchorage location or bar according to as-built drawings P; 271.7 kN
Characteristic value of the prestress steel 0.2% proof stress fpo,2k 755.4 MPa
Characteristic tensile strength fok 981 MPa
Design value of modulus of elasticity of prestress steel E, 170,000 MPa
Elongation after 1000 h P1000 4 %
Prestress force in year 66 according to EC2 at section A-A Peco 212 kN

Sgp: Strain gauges on prest. rods Sc: Strain gauges on concrete

FOS: Fibre Optic sensors I1-1, : Inclinometers D;-D4: Deflectometer

6 o . !
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Figure 4. Quasi-permanent moment diagram and instrumentation deployment at the Kalix bridge.

shown in Figure 3 incorporate the effects of concrete creep
under sustained loads and prestress losses at year 66 follow-
ing EC2 guidelines (CEN, 2004) as described by Agredo
et al. (Agredo Chavez et al., 2024).

Figure 4 displays the instrumentation deployed to moni-
tor the response of the bridge during a proof-loading test
that simulated serviceability loading conditions. A numerical
model was calibrated based on recorded structural responses
under known load conditions as well as material parameters
identified through a concrete core extraction campaign. This

calibration process revealed a stiffer response compared to
initial predictions based on the as-built drawings. The pro-
gressive calibration approach was applied to iteratively
updating material properties and boundary conditions,
which gradually improved model alignment with the
observed data. After the calibration, discrepancies of less
than 8% between the numerical model and monitoring data
were reached across the tested load cases (Agredo Chavez,
Gonzalez-Libreros, et al., 2023). Once model calibration was
achieved, Agredo et al. (Agredo Chavez et al, 2024)
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Figure 5. Strain gauge’s location for evaluation of testing methods to assess residual prestress: (a) transversal view, (b) longitudinal view. Adapted from (Agredo

Chévez et al., 2024) under CC BY 4.0.

performed a series of DTs and NDTs to evaluate the
residual prestress force at section A-A, where the respective
instrumentation was installed as shown in Figure 5. The
results of these tests are summarised in section 5.1. and
served as an input for the time-dependent reliability analysis
and calculation of the SLS-based remaining life.

4, Time-dependent reliability analysis
4.1. General aspects

A structural reliability analysis is conducted with the over-
arching goal of calculating the probability that a structure or
structural element will withstand specific loads and environ-
mental threats to its safety. The inherent uncertainties associ-
ated with both loading conditions and structural behaviour
mean that accurately predicting a structure’s probability and
time to failure is challenging. Therefore, probabilistic
approaches are often integrated into reliability analyses to
quantify these uncertainties and enable a more comprehen-
sive assessment of structural performance in probabilistic
terms (Ellingwood, 2005; Stewart & Rosowsky, 1998).

In a probabilistic-based reliability analysis, the uncertain-
ties associated with the critical parameters related to the
problem under study are considered random variables, X,
and are defined through probabilistic density functions
(PDFs) and the respective probabilistic parameters, e.g.,
mean and standard deviation. In a classical structural reli-
ability analysis, the reliability for reference period T, L(T),
can be expressed in terms of structural resistance R and the
load effects S as:

L(T) = P(R > §) = j fe(X)dx 1)

Z(X)>0

Where P(-) is the probability that the event in brackets
will occur, and Z(X) is the limit state function (LSF). Failure

occurs when Z(X) < 0, ie., when the load or load effect
exceeds the resistance, while the safety domain used for the
reliability calculation is defined as Z(X) > 0, and Z(X) = 0
defines the boundary between safety and failure zones.

A classical reliability analysis assumes that R and S are
time-invariant random variables; however, to consider for
structural resistance deterioration a more appropriate reli-
ability approach should consider the non-stationarity nature
of R and/or S. A time-independent reliability problem in
which the PDFs of R and S, fr and fs, respectively, remain
constant with time is illustrated in Figure 6(a), while other
types of time-dependent reliability analyses are shown in
Figure 6(b-d).

In a time-dependent reliability analysis, time is incorpo-
rated into the LSF as follows:

Z(X,t) = R(Xg, t) — S(Xs, ) (2)

When R and § are statistically independent, the respective
reliability is:

L(T) = P{R(t) > S(t),vt € [0, T]}

T
B L .[Z(X)>

Where Xp and X are random variables related to the
resistance and load effects, respectively, and T is the period
under analysis. The reliability in Equation (3) includes the
integration over time to account for the time-dependent
nature of the resistance and the load, which may change
due to degradation, environmental factors, or variations in
loading conditions. As t approaches infinity, the reliability L
decreases due to degradation and other time-dependent
effects. However, the behaviour of the integral depends on
the specific time-dependent models for R(¢) and S(¢).

The resistance at time t depends on the initial resistance
Ry = R(t=0), and the degradation function g(¢):

2o (2(1))d(Z(1))dt

0

A3)



R(t) = Ro - g(1) (4)

If the load effectffec can be modelled as a stationary pro-
cess and it is statistically independent of the resistance, then
the degree of reliability can be obtained using instantaneous
reliability at time t using a classical method such as the First
Order Reliability Method (FORM) or Monte Carlo (MC),
among others. This is only valid when resistance R(f) and
load S(f) are non-increasing and non-decreasing, respectively,
since Z(X,t) will decrease monotonically with time, in which
case the instantaneous reliability will reflect the worst-case
scenario. In cases of non-stationary load effects, Z(X,t) can
fluctuate and failure can occur at any time t, including t < T.

The simulation methods used to solve a time-dependent
reliability problem involve approaches such as MC simula-
tions, along with extreme value-based (Li et al., 2007) and
outcrossing-based methods (Rice, 1944). An overview of the
methods that are relevant for solving time-dependent reli-
ability problems can be found in Wang et al. (2021); Zhang
et al. (2024). In this study, it was assumed that the load
effect does not vary over time; hence, an instantaneous reli-
ability at time ¢ was implemented. The reliability analysis at
t was performed using a metamodel-based reliability
method. Metamodel-based methods use surrogate models
(or functions) to replace the original LSFs with the objective
of performing costless extra evaluations of the LSF. Under
this approach, the surrogate models are used in combination
with either an approximation or simulation method to
obtain the reliability value. Details of both simulation and
metamodel-based methods can be found in Lemaire (2013).

4.2. Degradation function

The degradation function for ageing structures which have
not been subjected to any interventions should be a mono-
tonically non-increasing stochastic process that represents
cumulative deterioration over time. The Gamma process is
widely used in time-dependent structural reliability analyses
to model resistance degradation and cumulative damage
processes because this approach can effectively capture the
temporal variability of deterioration (van Noortwijk et al.,
2007; Wang, 2021; Wang et al, 2015, 2021; Yang et al.,
2022; Zhang et al., 2023), which is a nondecreasing process
with independent and positive increments (Ellingwood,
2005).
The cumulative degradation function at year t, is:

glt)=1-Y_" D; (5)

Where D; is the degradation increment in time interval

t;, while > D; is the cumulative damage which is Gamma

distributed. The Gamma distribution of a variable involves

the time-dependent shape parameter o(f) > 0 and constant
scale parameter § >0 as shown:

g(xfa(t), B) = KO (1> 0,x>0)  (6)

Where I'(-) is the gamma function. The Gamma stochastic
process described in Equation (6) has three important
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Figure 6. Visual representations of: (a) a time-independent reliability analysis;
and time-dependent reliability analyses that consider resistance degradation
and (b) stationary load effects, (c) non-stationary continuous load effects, and
(d) non-stationary discrete load effects.

properties: 1) x(0) = 0 with probability one; 2) x(t;) - x(t; — 1)
~ Ga(a(t) - oft; — 1), f); and 3) x(f) has independent
increments.

4.3. Modelling traffic load

In a classical reliability analysis, the load effect associated
with traffic is represented by an Extreme type I (Gumbel)
distribution (see Equation (7)), which represents the
extreme event of traffic load for a determined return period.
Therefore, a Gumbel distribution can be implemented in
cases where the traffic load does not increase with time.
Given that the load is considered as a stationary process, the
reliability problem corresponds to the case illustrated in
Figure 6(b) and therefore, the traffic load is modelled as:

Fs(x) = exp <—exp (— — “) ) 7)

Where u and o are the location and scale parameters,
which are related to the mean value and standard deviation:

V605

o= u = ug—0.577a (8)
s

This study modelled the traffic load as a stationary ran-
dom variable following an Extreme Type I (Gumbel) distri-
bution, as shown in Equation (7). Since no site-specific
traffic data was available, the parameters of the Gumbel dis-
tribution were calibrated using the design traffic load speci-
fied in the Eurocode (CEN, 2003) and the recommendations
provided in the probabilistic code JCSS (JCSS, 2008).
Specifically, the design traffic load was treated as a charac-
teristic value, and the distribution parameters were derived
to ensure that the model realistically captures the variability
and tail behaviour of the traffic load effects.
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4.4. Updating the resistance, degradation process and
reliability

4.4.1. Stochastic degradation process update

The degradation process associated with the structure under
study is a crucial aspect of a time-dependent reliability ana-
lysis, and it is imperative to update the state of the degrad-
ation at different inspection times to improve the reliability
of estimates. This study implemented the gamma process as
the stochastic process of cumulative resistance degradation,
with the relevant parameters («(f), ) updated based on new
degradation observations 0 = {J;, 05 ..., 0,}.

The prior stochastic process for the accumulated damage
g(t) was obtained through Monte Carlo simulations to
account for the variability in the material properties and the
key parameters influencing the degradation process. These
simulations were performed using the analytical formula-
tions of the prestressing losses provided by the Eurocode
(CEN, 2004). The Monte Carlo simulations provided a large
dataset of degradation outcomes for each year, capturing the
stochastic behaviour of the process over time. Once the
simulated data was obtained, the gamma distribution was
fitted to the data for each year. Thus, the shape and scale
parameters of the gamma distribution that best represented
the degradation outcomes for that specific year were calcu-
lated. The fitting was performed using the maximum likeli-
hood estimation (MLE) method, which identifies the
parameters that maximise the likelihood of observing the
given data under the gamma distribution. After determining
the shape parameter for each year, a functional relationship
was established to describe its evolution over time. As a
result, the calibrated gamma model incorporates a shape
parameter that varies as a function of time, accurately
reflecting the temporal progression of the degradation
process.

The posterior distribution, p(D|0), of the degradation at
time t was obtained using the Bayes rule:

p(4ID) - p(D)
p(9)

Where p(D|9) is the likelihood distribution, p(D) is the
prior distribution and p(d) is the marginal distribution of
the data 6. The denominator in Equation (9) depends solely
on the observed data; thus, it can be affirmed that the pos-
terior is proportional to the likelihood multiplied by the
prior:

p(D]o) = ©)

p(DId) o« p(3|D) - p(D) (10)

In this study, the Bayesian Learning (BL) algorithm pre-
sented in Llera and Beckmann (2016) was carried out to
update the parameters o(f) and f, which implements conju-
gate priors for the parameters.

4.4.2. Updating concrete compressive strength

Concrete compressive strength (f.) is an important param-
eter that is related to the bending behaviour of concrete
structures. Consequently, f. is usually evaluated when mater-
ial testing is feasible. As stated in Rackwitz (1983), log-

normal distribution represents a realistic option for f,, and
it is beneficial to assume a conjugate priors when updating
the log-normal distribution based on experimental observa-
tions of f, (Gelman et al., 1995). The most appropriate con-
jugate prior distribution for updating the mean value and
standard deviation of compressive strength is log-normal
gamma distribution (Caspeele & Taerwe, 2012; Raiffa &
Schlaifer, 2000). Thus, if a variable follows a log-normal dis-
tribution X~LN(u, 0), the parameters u and o are treated as
random variables that follow a log-normal gamma distribu-
tion, which is in line with the theory of conjugates (Feiri
et al,, 2023) as expressed:

fx(xlw 0) = fx(x) - f (1, 0) (11)

The prior distribution, f(i, h), of the parameters u and
h=1/6" is a log-normal gamma distribution with four
hyperparameters m', ', s’ and v/, defined by:

S o) = f ()
VI [ (e
=5 exp | =2 ;n/
((1/2)~v’-s’2~h)1/2-exp [—(1/2)-v-s?-h] ”

. Y-S

2.T-(V/2)

(12)
The posterior function of p and h is then retrieved by:
]g’r(,u,h\m”,s”, n', ")
~ far(whlm', s n',v) - L(u hlx)
J [ fo e hlm', s, ', v) - L, h|x)dpdh
"o

The posterior parameters (m”,s”,n”,v") can be deter-
mined as:

(13)

n=n+n (14)
m,,:m’-n’—/&l—mw (15)
V=V +Z+1 (16)
s” :%~ (V-2 +n-m?)+ - 4+n-m?) —n"-m"]
(17)

The parameters m,n and v are determined from the
experimental data (new observations on f.), where m is the
mean value, # is the number of samples taken and v repre-
sents the number of degrees of freedom which can be taken
as v=n-1.

The marginal posterior distribution of the log-normal
distributed variable x is expressed by:

1 lnx —m" n’
non " 1!
fX(x|m’5>n’V): //'tV" I ’ 1
xX—S s n” +1

(18)

where t,(-) is the probability density function of Student’s t-
distribution with v" degrees of freedom. The prior hyper-
parameters m’, ', s and v/ can be established based on the
concrete class, or by following JCSS recommendations
(JCSS, 2008) if no specific information is available. When



STRUCTURE AND INFRASTRUCTURE ENGINEERING . 9

Phase I - Residual prestress estimates

Initial Model =1l

Pl Proof loading test -:
¢ Identify '

Residual prestress tests -7 Calibration of model :-

Residual prestress tiys * :

© (i) Extraction of | Bstimation of

:  Instrumentation _ NDT and DT to - concrete cores f¢  resi

| s | e ; C‘('))Cc el.ebcot.es c.f (=% residual prestress
¢ : points. Figure 4. - proof-load test.  prestress. : el gt | ey
- : _ - the numerical : processing.

- model.

Prior realiability analysis

Obtam L(0,7) with prior

(1) Limit State Function Z(X;?).
; (i1) Probabilistic parameters for X.

_ . § information.
: (ii1) Prior distributions for fc and ZD :

SLS-based remaining life calculation

: © Obtain the Gamma distribution for
- future years (t> ti).

Poster101 reliability analy51s o

© Obtain L(0,7) ” using the
. posterior distributions.

Parameters updating
; (1) Calculate posterior distributions fc”’

cand YD :
- (i) Calculate Ec” and fer” based on fe” :
- values.

(iii) Calculate prediction YD for t>tips

Figure 7. Flowchart for a time-dependent reliability assessment of the Kalix bridge which incorporated residual prestress updates.

the posterior parameters related to compressive concrete
strength are updated, the modulus of elasticity (E.) and ten-
sile strength (f.;) will also be updated because these variables
are correlated. The updated values are calculated based on
the Eurocode EN1992-1-1 formula (CEN, 2004):

1
3
E.=2.15-10*- <’”>
10

2
ft =03 (fon — 8)*

(19)

(20)

4.5. Determination of remaining life based on
serviceability criteria

The remaining life can be obtained by using a target reli-
ability value for SLS. If an acceptable level of reliability is
established for a defined period [0, t], the year in which the
structure will show a reliability value that falls below the
acceptable threshold can be determined, indicating the end
of its service life. The research flowchart for the determin-
ation of the remaining useful life applied in this study, pre-
sented in Figure 7, outlines the various phases used to
assess the SLS-based time-dependent reliability of the Kalix
Bridge following updates to the prestress levels.

Phase I involved initial modelling, planning, instrumenta-
tion deployment, and testing to collect data that would be
used to progressively calibrate a numerical model for esti-
mating the residual prestress in section A-A of the Kalix
bridge (see Figure 2). Phase II (detailed in section 4)
involved conducting probabilistic calculations and time-
dependent reliability analyses using the prior distribution
based on the EC2 5.10.6 prestress loss calculation (CEN,
2004). Material properties and residual prestress data were
incorporated as inputs following Bayesian updating

procedures to determine the respective posterior distribu-
tions and estimate the SLS reliability of the structure over
the years.

5. Remaining life estimates based on serviceability
criteria: the Kalix bridge

5.1. Updated parameters for posterior distributions

The models and calculations were updated to better align
with the monitoring data and improve the accuracy of
residual prestress force estimates. For instance, the initial
prestress force applied per bar at the anchorage location was
calculated to be P; = 271.7kN/o,; = 492 MPa based on the
as-built drawings. However, this value differed from the one
recorded in the prestress protocol. According to the proto-
col, the final stress applied during prestressing operations
varies depending on the bar’s location and curvature
(Agredo Chavez et al, 2024). In the case of straight bars,
which are located at the bottom slab of the outer spans, the
applied force P; ,. was 282.6kN/0,; ,c = 512 MPa. This dif-
ference highlights the potential variability and uncertainty in
prestress values, which can be especially impactful for
bridges like the Kalix bridge, i.e., those characterised by
multiple active anchorage locations (Agredo Chavez et al,
2024).

DT and NDTs were conducted to evaluate the material
condition. Ultrasonic shear wave tomography, for example,
detected voids in certain ducts, which could indicate
possible grouting irregularities; these were later confirmed
during the concrete core extraction campaign. Despite these
findings, along with the reduced concrete cover in many
parts of the box girder, carbonation depth tests on extracted
cores confirmed that the protective alkaline layer of the
concrete had not been compromised (Agredo Chavez et al,
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Figure 8. Core extraction zones and updated parameters from tests.

Table 2. Posterior beliefs: Updating the material properties of the Kalix bridge according to tests.

Material or section geometry property Notation Value

Concrete material properties after core extraction

Cylinder strength fek_up 55 MPa
Mean axial tensile strength fetm_up 3 MPa
Mean cylindrical compressive strength em_up 63 MPa
Secant modulus of elasticity Eem 38,000 MPa
Prestress force per bar

Initial prestress force at the anchorage location according to the prestress protocol Pi pe 282.6 kN
Prestress force (year 66) at section A-A as estimated by the strand cutting method Ppc 245 kN
Prestress force (year 66) at section A-A as estimated by the strand cutting method Psc 233 kN

290
| P popresiress protocol=282.6kN

fF L
B —————————— e —— — — — — — — —q + 0%
2 o9 P;As built=271.7 kN
o] L [}
% 2
&8 250 1 &
ERS -10% §
i 2
S 8
= 230 + &
B <
£ 212 -20% =
& 210 +

190 -30%

EC2 Psc Pbc

Figure 9. Initial applied prestress versus the results returned by the three test-
ing methods and EC2 5.10.6 prestress loss formulation. The illustration was
obtained from (Agredo Chévez et al., 2024). under CC BY 4.0.

2024). Compressive tests conducted on cores drilled from
the structure outlined in Figure 8 indicated an average
cylinder strength of 58 MPa, which is well above the value
for concrete class C30, specified in the as-built drawings.
Despite the segmental construction process, concrete
properties remained consistent across the superstructure.
Additional NDT and DT were performed to evaluate the
residual prestress force at section A-A depicted in Figure 2.
The tests included three methods (Agredo Chavez et al.
2024): (i) the saw cut method, (ii) the strand cutting
method, and (iii) a “displacement-based approach”.

Regarding the displacement-based method, the lack of
accurate knowledge about bending stiffness meant that the
results did not align with the reference test (strand cutting);
hence, the residual prestress value was close to the initial
prestress applied. For this reason, the results of the
displacement-based method were excluded from the time-
dependent reliability analysis. The results obtained from the
NDT and DT (listed in Table 2) are illustrated in Figure 9
and were used to complete calculations for the residual pre-
stress according to test observations.

Section 5.2 outlines how the residual prestress value cal-
culated with EC2 5.10.6 (indicated in Table 1) can be used
to define prior beliefs about the prestress loss distribution,
which was established as a gamma stochastic process over
time. Finally, the residual prestress values obtained from the
testing methods (P, and P,.) were employed as new infor-
mation to perform the Bayesian update of the prestress loss
gamma distribution.

5.2. Serviceability limit state function

Long-term prestress loss is a critical factor in the durability
of prestressed concrete structures, as it directly impacts
maintenance strategies and can lead to defects, such as
cracking and excessive deflections. While these losses gener-
ally do not significantly affect a structure’s ultimate load-



bearing capacity (ULS) and safety (when shear mechanisms
are not dominant), they are essential for maintaining the
structure’s serviceability and performance over time (Fib,
2016; Losanno et al., 2024; Y. Yang et al,, 2022; Youakim
et al,, 2007). This is particularly relevant to bridges designed
and constructed in the 1950s, such as the Kalix Bridge.
According to section 10.3.1. of the Swedish Road
Administration (Trafikverket’s) design standard
(Trafikverket, 2023), a service life class L20=40years and
exposure class XC2, as defined in EC2 table 4.1. (CEN,
2004), should be considered for bridges designed according
to 1960 traffic load regulations. To assess additional service-
ability limits, the compressive stress, decompression zone,
and crack width limits (outlined in Section 7.2 of EC2
(CEN, 2004)) must be considered. The Navier formula can
be used to calculate the acting stress, which is then con-
strained by the following serviceability limits:

J(t> = Gp(t) + Osw + Operm + OLL (21)
Where
Py Py-zyp-y Mpgpo '}’)
) =|— gt
ooty = (P Py Man d)
( ) Osy = MS? y
o(t) =
_ Mper )’
Uperm — i
(Mrs + Mypr + My) - y
OLL= 1

(22)

Where ¢ is longitudinal stress at the surface, P, is the
initial effective prestress force in the studied section, g(t) is
the increment of deterioration in terms of losses as
described in Section 5.3., A is the effective cross-sectional
area at the monitored surface, z, is the eccentricity of the
prestress force, y is the neutral axis location of the compres-
sion or tension zone under study, I is the effective cross-
sectional second moment of inertia, My p, is the secondary
moment due to restraining forces stemming from the eccen-
tricity of the prestress force, gy, is the axial stress produced
by the total moment due to self-weight from applied loads
and additional moments arising from the constraint forces
introduced by the indeterminacy of the structure (Mj,),
Gperm 18 the axial stress produced by the total moment from
permanent loads and the additional moments arising from
the constraint forces introduced by structural indeterminacy
(Mpe,) is, and oy, is the axial stress produced by the
Tandem System (Mrs), Uniformly Distributed Load (Mypy)
and remaining areas (M,,) according to EC1-2, Load Model
1 (CEN, 2003). The UDL load has been positioned to pro-
duce the most adverse effects.

The requirements established for the serviceability check
of the Kalix bridge case and further use in the time-
dependent reliability assessment include:

1. Compressive stress will show the characteristic combin-
ation o, . < 0.6 f to avoid longitudinal cracks.
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2. Compressive stress under quasi-permanent loads will
stay lower than o, 5, < 0.45 f to consider liner creep
assumptions.

3. Total decompression is governed by the quasi-
permanent load combination ¢ 4, < 0. This indicates
that all bonded tendons or ducts lie within at least
25mm of concrete experiencing compression. Table 7.1
N of EC2 prescribes a limit of 0.2mm for crack width
under frequent load combinations for prestressed mem-
bers with bonded tendons. Nevertheless, for the Kalix
bridge - which demonstrated limited concrete cover
from the prestress rods to the surface (often less than
50 mm) - achieving crack-free performance under the
frequent combination was chosen as a criterion.
Consequently, calculations were conducted under the
assumption that the concrete surface remains free of
cracks, meaning that tensile stress levels in the frequent
combination (g, s) must stay below the mean axial ten-
sile strength of concrete (foum), et f < ferm.

The compressive stress in the section remained consist-
ently below g, . < 0.6 f4 under the characteristic combin-
ation and 0. 4 < 045 fy under the quasi-permanent
combination. As a result, ensuring crack-free performance
under frequent combinations served as the primary limit
state function (LSF) for the subsequent time-dependent reli-
ability analysis.

5.3. Time-dependent reliability analysis

The time-dependent reliability analysis was performed for
two cases to analyse the influence of new information on
the reliability estimation, which are: i) no additional infor-
mation about the remaining prestress or observed responses
of the bridge to known loads is considered (i.e., prior ana-
lysis); and ii) on-site measurements of residual prestress and
material properties are considered (mentioned in Figure 8
and Table 2), ie., posterior analysis. The results of both
cases were compared to study how the inclusion of new
information influences time-dependent reliability calcula-
tions. The prior analysis, ie., the case in which no newly
available information is considered, involved the calculation
of residual prestress and material properties based on stand-
ards as shown in Table 1.

The reliability analysis conducted in this study focused
solely on determining the serviceability performance. Hence,
the LSF (based on Section 5.2) aims to account for allowable
tensile stress in concrete, which was re-formulated for time-
dependent reliability as:

Z(X,t) = fu = LF - (ap(t) + Osw + Oper + 01L) (23)

with:
n
o050 - 1= )
Where f.; describes concrete tensile strength, g,(t) is the

prestress at time t considering the prestress losses from P
and My py actions specified in Equation (22), gp, is initial

(24)
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Table 3. Random variables deemed to be essential for reliability predictions.

Material properties Concrete Compressive Strength (f,)

Tensile Concrete Strength (f.)

Modulus of Elasticity (E.)

Environmental Factors Annual Relative Humidity (RH)

Time-Dependent Effects Initial Loading Age (t,)

Creep and Shrinkage Uncertainties (1, ¥/,)

Structural and Loading Eccentricity of Prestress Cables (Z,)
Initial Prestress (a0)
Vehicle Weight (Qy,)

Load Model Uncertainty (LF)

Variability, which can significantly impact load resistance over time, arises from

material inconsistencies, mix design, and curing conditions.

Tensile strength plays a critical role in the cracking of prestressed concrete

structures. This is because concrete fracture occurs through cracking, which
represents a tensile failure regardless of the load (Popovics, 1998).

Variability in the modulus of elasticity affects structural stiffness and stress

distribution, while variations in the prestress modulus impact the stress-strain
response over time.

This factor influences creep and shrinkage, with variations tailored to the

environmental conditions of northern Sweden (Nasr, 2024).

This factor affects creep and shrinkage degree, with variability capturing structural

response differences over time.

The creep and shrinkage of concrete structures are influenced by several

uncertainties in material properties and modelling. These material variations
come from internal factors, i.e., material quality and mix composition, as well
as external factors, e.g., changes in environmental conditions such as humidity
(Bazant & L'Hermite, 1988; Yang, 2003). Variations in creep and shrinkage
models come from code formulations, which can lead to significant prediction
errors due to various sources of uncertainty (Biswal & Ramaswamy, 2017; Yang,
2003).

Construction tolerances affect cable positioning, influencing prestress force

distribution and reliability (Bagge et al., 2017).

Differences in applied prestress in construction affects stress profiles and time-

dependent degradation (Agredo Chavez et al., 2024).

Traffic loads vary significantly, capturing the range of potential load effects

essential for reliability.

FEM simplifications may not account for real-world complexities, while variability

addresses modelling inaccuracies (JCSS, 2008).

Table 4. Random variables and probabilistic parameters for initial reliability analysis (Eurocode-based).

Random variable Unit Mean value cov Distribution Reference
Concrete strength, f, MPa 38.00 0.18 Log-normal JCSS (JCSS, 2008)
Concrete modulus of elasticity, £, GPa 33.55 0.15 Log-normal FIB Model code (Fib, 2013)
Annual relative humidity, RH % 85.00 0.08 Normal (Nasr, 2024)

Initial loading age, ¢, Days 28.00 0.1 Normal Assumed

Steel modulus of elasticity, E, GPa 200.00 0.02 Normal JCSS (JCSS, 2008)
Eccentricity of equivalent tendon, Z, mm 1218.10 0.01 Normal assumed

Initial stress in steel, apy MPa Nominal 0.05 Normal JCSS (JCSS, 2008)
Vehicle weight, Qy; kN 0.89-Qy; 0.25 Gumbel JCSS (JCSS, 2008)
Uncertainty for load model, LF - 1.0 0.1 Log-normal JCSS (JCSS, 2008)
Uncertainty for creep model, v, - 1.00 0.339 Normal (Bazant & Baweja, 1995)
Uncertainty for shrinkage model, , - 1.00 0.451 Normal (Bazant & Baweja, 1995)

prestress, gy is stress in the concrete due to self-weight,
Oper is stress in the concrete due to permanent loads, o, is
stress in the concrete due to traffic loads, which depends on
vehicle weight (Q;x), D; is the increment of deterioration
within the i interval, which is a gamma random variable,
and LF is the load uncertainty factor.

5.3.1. Definition of random variables

The selection of parameters that will be treated as random
varjables in a structural reliability analysis must prioritise
the factors with a significant influence on LSF and those
which have uncertainties with a substantial impact on the
reliability outcomes. Table 3 outlines the parameters that
were modelled as random variables in the presented analysis
following the limits state function in Equation (23), along
with the reasoning behind selection. Further details about
these random variables, including distribution and corre-
sponding parameters, are provided in Table 4 and
Figure 10.

5.3.2. Determination of the prior gamma process for pre-
stress losses

The gamma process for the prior analysis was obtained
based on the EC2 5.10.6 estimation of prestress losses. A
total of 1000 MC simulations were carried out to generate
representative samples for each random variable (listed in
Table 4) and subsequently estimate the respective prestress
loss values, which were adjusted to a gamma distribution at
every point in time. The samples generated for prestress
losses over the period t = [0,100] are displayed in Figure
1la, with the gamma distributions fitted to these data at
specific points in time in Figure 11b. Both figures provide a
visualisation for how prestress degradation changes over
time, and small variations after 20years are clearly
discernible.

The stochastic gamma process that describes the resist-
ance degradation of the structure over time is represented
by >°D ~ Ga(o(t), p), with a(t) as the shape parameter,
which is dependent on time and f is the scalar parameter,
which should stay constant over time. The data collected
during previous on-site measurements enabled us to



determine the following parameters:
a(t) = —9.9 - 79 +28.18

The initial prestress values presented in the as-built

drawings differed from the values of the prestress protocol.

Thus, the initial prestress distribution was also updated,
with the nominal value of the prestress protocol input as

the mean value (512 MPa).

B = 0.0098 (25)

5.3.3. Posterior distributions
New information obtained from the tests on residual pre-

stress and concrete compressive strength (mentioned in
Figure 8 and Table 2) was used to update the parameters
related to the distributions of f, and > D; this was done fol-
lowing the procedure presented in Section 4.4. The prior

Allowable tensile stress in concrete:
Time-dependent reliability analysis

Random variables for prestress loss :
distrib ution ------------------- 5l

Random variables for Time dependent
reliability Z(X;?)

Figure 10. Random variables included in time-dependent reliability analysis.
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parameters m' and s, which were adopted for f,, were based
on the mean value and standard deviation, respectively, pro-
vided in Table 4, while the parameters n' and v/ were given
values of 3 and 10, respectively, based on information pre-
sented in an earlier publication (JCSS, 2008). Comparisons
of the prior and posterior distributions are captured Figure
12(a,b), which demonstrate the distributions for compressive
concrete strength and prestress loss, respectively. A total of
two posterior distributions were obtained for Y D because
two different testing methods were implemented to measure
the residual prestress. Consequently, two posterior reliability
analyses were carried out and compared in Figure 12(a,b).
The standard deviation of the f. distribution decreased
from 6.8 to 3.1 (54%) after updating, while the mean value
increased from 38.0 to 50.6 (33%). Regarding the models
created for examining prestress losses, the standard devia-
tions of the models applying the strand cutting and saw cut
methods changed 23% and 10%, respectively; the mean val-
ues of these models decreased from 0.25 to 0.14 (44%) and
0.18 (28%), respectively. It is important to note that these
values are related to measures taken at only one point along
the bridge; these values might differ for other sections.

5.3.4. Prior and posterior time-dependent reliability

analyses

The prior and posterior distributions presented above were

used to conduct the respective prior and posterior reliability
analyses. The methodology, explained in detail in Section 4,
consisted of an instantaneous reliability evaluation which
implemented a metamodel-based reliability approach. The
metamodel used in this analysis is based on a kriging function,
which is a statistical technique that creates an approximation of
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the underlying model by interpolating data points. The kriging
function-based metamodel was used to determine the probabil-
ity of failure and the reliability index through MC simulations.

The prior reliability analysis spanned the period before
bridge testing t = [0, 66] as no novel information was avail-
able before t=66years. Thus, for comparison purposes, the
posterior analysis was also conducted at t=66years.
Furthermore, the reliability of the structure was projected to
t = [80,100]. Given that the limit state function and the
degradation process change with time, different metamodels
were obtained for every year analysed. This is presented in
Figure 13, which displays the kriging function-based meta-
models (both prior and posterior analyses) obtained at year
66. It is possible to discern the LSF and the experimental
points used to fit the metamodels.

It is important to note that Figure 13 is for visualisation
purposes, as the actual LSF exists in an 11-dimensional
space (every dimension corresponds to a random variable);
thus, the application of principal component analysis (PCA)
(Bro & Smilde, 2014) enables us to represent the 11-D prob-
lem in a way that is possible to comprehend, i.e., the 11 var-
iables are transformed into 2 principal components, PCl
and PC2, which are shown on the x- and y-axes, respect-
ively. The z-axis provides the real value of the LSF and
demonstrates how the points are more concentrated in the
failure boundary (Z(X,t) = 0). Variation in the mean value
for the gamma process during the prior and posterior analy-
ses, and the PDFs for every analysed point in time, are
shown in Figure 14. The mean variation of the posterior
gamma process increases slightly over time, and the mean
values of the posterior analyses performed for the models
with strand cutting and saw cut methods remain lower than
the initial predicted prestress losses.

The results from time-dependent reliability assessments
of both prior and posterior analyses are presented in Figure
15. The initial reliability index (f,0,) was predicted with
the original information, ie., before additional measure-
ments at year 66, yielding a reliability index of 1.54 (Py =
6.2 x 107%) at t=1, which decreased to a value of 0.78 (Pr
= 22x107") in year 66. The reliability index results
obtained at year 66 from the posterior analyses (f,05:) Were
higher than what was provided by the prior analysis. The
improvement in the reliability index, which rose from 0.78
(Pr=2.2 % 107Y) to 1.75 (Pr= 4.0 x 1072) following updates
related to material properties based on concrete extraction
tests, are shown in Figure 15(a), while Figure 15(b) presents
the results associated with the posterior distribution which
considers updates for both material properties and residual
prestress. The incorporation of experimental data concern-
ing both material properties and residual prestress tests
yielded a reliability index of 2.84 (Py =2.3 x 1073) (strand
cutting method); the model which included the saw cut
method yielded a reliability index of 2.35 (Py = 9.4 X 1073).

When considering projected future service years, the
models including strand cutting and saw cut methods
returned reliability index values of 2.81 (Py = 2.5x 1077)
and 2.25 (Pf =1.2 X 1072), respectively. This indicates that,
even in year 100, the reliability index values remain signifi-
cantly higher than those obtained in the prior analysis. The
target reliability index (f;) for service limit states can be
obtained from standards such as the Model code (Fib,
2013), EN 1990:2002 (CEN, 2002), and the JCSS reliability
code (JCSS, 2008). The Model code (Table 3.3-5 and 3.3-6)
and EN 1990:2002 (Table C2) establish a value f;5;c = 1.5
(Pr = 6.7 % 107%) for a return period of 50 years when
applied to structures with medium consequences of failure
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(class RC2 in EN 1990:2002). In contrast, the JCSS only pro-
vides values for a one-year return period with a value of
Bijccs = 1.3 (Pr = 9.7 X 1072) when applied to structures
with high consequences of failure and cost of safety. This
value cannot be translated to a 50-year return period since
the provided values are based on optimisation and risk-
benefit analyses (Rackwitz, 2000) that are difficult to project
for a 50-year service period.

The difference between the mean and Most Probable
Failure Point (MPFP) values for every random variable are

presented in Figure 16; this difference between the values
provides a measure of sensitivity for each parameter. The
sign of the value (negative or positive) is indicative of the
effect on reliability. For instance, concrete properties f., E.
and f,, positively impact the reliability of a structure; thus,
failure occurs when the MPFP value is lower than the mean
value. The opposite is true for parameters which negatively
affect the reliability, i.e., prestress degradation (> D) and
variable load (Q), i.e., an MPFP value which exceeds the
mean value indicates failure. The percentages demonstrated
in Figure 16 represent how much the parameter needs to
increase, or decrease, for failure to occur.

The parameters with the highest differences between
mean and MPFP values are related to the degradation of
prestress and concrete properties. The tensile strength of
concrete showed more prominent changes in the posterior
analyses (both methods), while compressive strength dem-
onstrated a stronger change in the prior analysis.
Additionally, the overall changes in the prior analysis were
not as significant as what was observed in the posterior
analyses, which can be explained by a low reliability index.
The variables showing more than 10% variation between the
mean and MPFP values were f,, E, f, and Q, which were
related to concrete strength and variable load. Concerning
the results of the posterior analysis, the changes in f.
increased due to the rise of the mean value after the update;
the same dynamic was observed for E. and f,. Prestress deg-
radation and the creep uncertainty factor (y/;) were found
to show a notable influence in the posterior analysis that
included the strand cutting method, while only the degrad-
ation of prestress showed large variation in the analysis
which included the saw cut method.



6. Discussion

When comparing the updated reliability index obtained
using residual prestress and material properties (as shown in
Figure 15), that updating the material properties led to a
double increase in the reliability index compared to the ini-
tial analysis based on construction documents. Similarly,
updating the information about residual prestress informa-
tion based on measurements from strand cutting and saw
cut methods increased the reliability index 1.6- and 1.4-fold,
respectively. This suggests that the initial predictions of
remaining prestress and concrete compressive strength were
conservative and ultimately underestimated the actual ser-
viceability performance of the structure.

The prior reliability analysis provided an overview of the
reliability deterioration rate of the Kalix bridge from the
first year of service until the year of demolition. It was
observed that reliability declined most rapidly during the
first 20 years of service life (see Figure 15), with the deteri-
oration rate decreasing in following years, as shown in
Figure 11(a). This is addressed to the time-dependent proc-
esses like creep, shrinkage, and relaxation occur rapidly in
the initial years due to the high rate of chemical and phys-
ical changes in the materials. These processes slow down
significantly as the material properties stabilise. Although
the structure was designed for a 40-year service life accord-
ing to Trafikverket (2023), the reliability analysis indicated
that it no longer met service reliability requirements by the
fifth year. This conclusion was based on the comparison of
target values from the Model Code (Fib, 2013) and JCSS
(JCSS, 2008), which specified reliability indices of 1.5 and
1.3, respectively. This corroborates an earlier assessment
conducted in 2014 (Begstrom, 2015), which recommended
constructing a new bridge with an upgraded design to
improve serviceability and load-bearing capacity, as well as
meet modern standards.

The time-dependent reliability analysis (Figure 15) demon-
strated that the reliability index for the Kalix bridge is
expected to remain above target levels even when it is pro-
jected into future years. It is worth noting that establishing a
target reliability index for service limit states is inherently
challenging and highly context-dependent. Unlike ultimate
limit states, serviceability criteria often require case-specific
considerations to account for the intended use, performance
expectations, and acceptable degradation levels of a structure.
Standards provide general guidance, but the target reliability
for serviceability must often be tailored to the specific case
(Wang et al, 2021). Thus, the SLS-based remaining life
depends on the definition of target reliability levels.

Based on the current data and the assumptions of this
study, the structure is projected to meet serviceability
requirements as it approaches 100 years of service. This out-
come reflects the differences between prior and posterior
distributions (presented in Figure 12), with the posterior
analysis demonstrating reduced variability in prestress losses
(lower standard deviation) and increased compressive
strength mean values. These adjustments resulted in higher
reliability indices, namely, 2.84 when the model applied data
derived from the strand cutting method and 2.35 when the
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model applied data derived from the saw cut method; hence,
both demonstrated significant improvements over the prior
analysis. This suggests that initial data from as-built draw-
ings and Eurocode 2 predictions for remaining prestress
were conservative and ultimately underestimated the actual
serviceability performance of the structure.

This finding underscores the importance of updating testing
methods with the latest empirical data when assessing the ser-
viceability of existing bridges. To further elaborate, on-site
measurements of prestress levels are essential for evaluating
SLS-based remaining life and ensuring the durability of ageing
bridges; as such, on-site measurements complement conven-
tional methods that focus solely on boundary conditions and
material properties. Accordingly, previous research has
emphasised that prestress levels can significantly affect the ser-
viceability of these structures (Losanno et al, 2024; Sousa
et al., 2020); these statements highlight the need for specialised
assessment methods that go beyond standardised estimations.
Such advanced approaches are essential for effective bridge
management and maintenance and allow for more accurate
evaluations of structural integrity over time.

The sensitivity analysis (Figure 16) performed for the
random variables included in the time-dependent reliability
assessment further reinforces the influence of concrete prop-
erties and prestress degradation on the performance of the
Kalix bridge. The performed analyses provided strong evi-
dence that updating material properties and residual pre-
stress positively impacts reliability indices. It should be
noted that the conducted research involved limited experi-
mental data on residual prestress, with only one sample
from each method. The structure may have experienced
other forms of local deterioration not considered in this
study, such as long-term deformations at the pendulum
joint associated with creep (Plos & Gylltoft, 2006). This sug-
gests that further testing and an increased sample size are
needed to reduce uncertainties. Therefore, it cannot be con-
firmed that the structure would meet relevant serviceability
requirements over a 100-year period. This conclusion
assumes that the degradation of the structure is solely influ-
enced by the loss of prestress, which is tailored to the
annual average relative humidity in Northern Sweden, as
outlined in the historical climate data (1961-1990) provided
by Nasr (Nasr, 2024).

The results of this study agree with, and complement, find-
ings from prior reliability assessments of prestressed concrete
structures, particularly those that utilise empirical updates for
prestress losses and material properties. In 2024, Yang et al
(Yang et al, 2024) applied the AASHTO LRFD guidelines to
evaluate the reliability of prestressed girder bridges under con-
voy loads, with the results revealing that the cracking probabil-
ities for existing bridges ranged from 10% to 67%. This
suggests that even optimally-designed bridges may experience
cracking throughout the service life. The findings are also con-
sistent with the results of the prior analysis for the Kalix
bridge, which demonstrated that estimated service reliability
fell below the required threshold throughout most of the ser-
vice life, as illustrated in Figure 15. Additionally, Yang et al.
(Yang et al, 2024) recommended that the service behaviour
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and performance of prestressed bridges should be re-evaluated
using alternative mechanistic approaches to establish a more
rational assessment framework.

Drawing on the work of Yang et al.(Yang et al., 2024), a
more rational framework should require updates to parame-
ters which are critical to the service limit state. Botte et al.
(Botte et al, 2021) used a Bayesian framework that inte-
grated large-scale load tests and numerical models to refine
reliability predictions of prestress losses in concrete beams
from the 1940s. As such, the methodology presented by
Botte et al. (Botte et al., 2021) aligns with the current
approach developed for the Kalix bridge in the sense that
new empirical data were used to update prestress loss distri-
butions. However, the present study provided concrete evi-
dence that updating the distributions of key variables can
significantly improve reliability projections for future service
years. It was seen how historical estimates tend to be con-
servative, particularly when considering long-term prestress
losses. The observed increase in the reliability index after
updates (presented in Section 5.3) further supports the
potential for extending service life predictions when reliable
empirical data are incorporated.

Tonelli et al. (Tonelli et al, 2023) utilised Bayesian infer-
ence to improve the reliability analysis of complex structures,
and emphasised that updating the probability distributions for
critical parameters can effectively reduce uncertainties. The
research presented in this paper agrees with the conclusions
of Tonelli et al. (Tonelli et al., 2023) in the sense that incorpo-
rating updated prestress information and material properties
decreases standard deviations and provides more realistic reli-
ability indices. The research presented demonstrates the effect-
iveness of Bayesian updating when addressing parameters
with high uncertainty, such as material properties and degrad-
ation factors. The presented research further advances the cur-
rent methodological trends by applying Bayesian updating
within a time-dependent reliability analysis to capture the
long-term effects of gradual degradation on prestress forces.

7. Conclusions

This study addressed the long-term serviceability of pre-
stressed concrete structures by focusing on the Kalix Bridge,
a 66-year-old prestressed box girder bridge in northern
Sweden. The study identified gaps in existing literature, espe-
cially in time-dependent reliability assessments that integrate
residual prestress updates and model uncertainties. The imple-
mented approach, which was incorporated into a time-
dependent reliability analysis, translated to improved accuracy
in the SLS assessments and provided valuable insights for
long-term performance and optimising bridge maintenance.
While a comprehensive estimation of remaining service life
requires considering both SLS and ULS, this research provides
a foundational approach for understanding time-dependent
reliability from a serviceability perspective.
The findings can be summarised as follows:

o The research highlights the critical role of updating
residual prestress measurements using NDT and DT to

improve the accuracy of the SLS estimation and ensure
more reliable assessments. These methodologies are
essential for the effective management and maintenance
of ageing bridges, complementing traditional assessment
approaches. By addressing vulnerabilities in prestressing
systems and bridging gaps in the understanding of deg-
radation mechanisms, this approach enhances long-term
performance estimation and supports more informed
decision-making in infrastructure maintenance.

e The updated analyses yielded reliability indices that were
substantially higher than what was estimated using con-
ventional methods, i.e., approaches which only focus on
boundary conditions and material properties. This
revealed that initial assumptions based on as-built draw-
ings and standardised predictions (e.g., Eurocode 2) are
conservative. This proves how NDT and DT methods
possess valuable in probabilistic-based reliability assess-
ments by reducing irregularities in the stochastic model-
ling process, enabling unbiased decisions, and facilitating
more reliable comparisons.

e The prior analysis indicated that the reliability of a struc-
ture declines rapidly during the first 20 years of service
life, with the deterioration rate decreasing thereafter.
Although the Kalix bridge was designed for a 40-year
service life, the structure did not meet service reliability
requirements by the fifth year according to comparisons
with target values from the Model Code, EN and JCSS.

e The posterior analysis demonstrated that the reliability
index associated with the Kalix bridge is expected to
remain above target values during future years. The
updated distributions for prestress loss and compressive
strength yielded higher reliability indices, with the mod-
els that included the strand cutting and saw cut methods
returning reliability indices that were 2.84 and 2.35
higher, respectively, than the reliability index of the prior
analysis.

e The presented research involved a more comprehensive
methodology for evaluating prestressed bridges because
the developed model considers relevant updates to criti-
cal parameters. This approach, which applied Bayesian
updating to refine prestress loss distributions, demon-
strated the effectiveness of Bayesian inference in improv-
ing reliability predictions by addressing uncertainties in
material properties and degradation factors. The applica-
tion of Bayesian updating in a time-dependent reliability
analysis framework was able to capture the long-term
effects of gradual degradation on prestress forces; this
provided more accurate predictions of service perform-
ance relative to traditional approaches.

Future research should focus on gathering large, diverse
datasets of on-site residual prestress measurements that have
been collected at different critical sections of the bridge; this
could be expected to further improve reliability models and
reduce the uncertainties associated with predicting the life-
span of a structure. It would also be important to explore
other degradation factors that are relevant to prestressed
concrete structures, e.g., fatigue, corrosion, and climate



influence, to assess long-term structural serviceability in an
even more comprehensive manner.
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