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Nowadays, several historical steel structures present damage and an advanced deterioration state induced by
human or natural actions, causing fluctuations in geometrical, physical, and mechanical properties that
dramatically affect their mechanical behavior. Due to the economic, cultural, and heritage value, these con-
structions must be comprehensively assessed to verify their current condition state. This work presents a holistic
methodology aimed at the non-destructive experimental characterization and reliability-based structural
assessment of historical steel bridges. It comprehends from the experimental data acquisition to the finite
element model updating and the probabilistic-based structural assessment to obtain the reliability indexes of
serviceability and ultimate limit states. Several sources of information are considered in the evaluation process,
thus, results are more realistic and accurate and can be used for optimal decision-making related to maintenance
and retrofitting actions. The feasibility of the methodology has been tested on O Barqueiro Bridge, an aging
riveted bridge located in Galicia, Spain. The study first involved a comprehensive experimental campaign to
characterize the bridge effectively at multiple levels: geometry, material, and structural system by the synergetic
combination of different tools and methods: in-depth visual inspection, terrestrial laser scanner survey, ultrasonic
testing, and ambient vibration test. Subsequently, a detailed FE model was developed and calibrated with an
average relative error in frequencies of 2.04% and an average MAC value of 0.94. Finally, the reliability-based
structural assessment was performed, yielding reliability indexes of 1.80 and 1.99 for the serviceability and
ultimate limit states, respectively. Thus, the bridge could not withstand traffic loads with satisfactory structural
performance in its current condition.

1. Introduction

Bridges are one of the most important assets within road and rail
networks. They allow the connection and exchange of goods and culture
between the different nucleus of population. Indeed, many ancient
bridges are declared assets of cultural heritage, proclaiming their
architectonical value and importance to society. Their collapse could
lead to major civilian, cultural and economic losses; thus, preserving
them is a priority in civil engineering. Nevertheless, many bridges suffer
damage and advanced deterioration state caused by human actions,
natural phenomena (e.g., corrosion), or increasing traffic demands.
Furthermore, some of these structures surpassed the expected design
service life and have not had suitable maintenance tasks for years,
mainly due to budget constraints.
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The structural assessment is a procedure that studies the mechanical
behavior and the structural health of a given construction to evaluate its
performance and integrity. The whole assessment process typically en-
compasses from the experimental characterization to the structural
analysis. Regarding the former, in historical bridges, it is essential to
avoid any alteration that could harm their heritage value. Therefore, as
long as possible, non-destructive testing techniques should preferably be
used to characterize the structure [1].

Historical steel bridges commonly present complex geometries. They
are typically built up by different 1-shaped steel profiles and plates
joined by rivets. Besides, their dimensions might show variations due to
the existing damages. Therefore, a combination of surveying techniques
that can adequately capture all these issues must be used for proper
geometrical characterization. Within this context, terrestrial laser
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scanning has gained significant relevance over the last few years. This
technique can measure the geometry of all the structural components in
a short period providing thousands of measurement points that enables a
reliable and accurate characterization of the geometry of the construc-
tion. The suitability of this technique has been demonstrated in
numerous research works. Anigacz et al. [2] and Riveiro et al. [3]
demonstrated the feasibility of the TLS systems to capture the global
geometry of iron and masonry bridges, respectively. Kim et al. [4] and
Yan et al. [5] have verified the TLS accuracy by extracting bridge seg-
ments and individual elements such as steel girders or cross-frames,
among others. In Gyetvai et al. [6], researchers demonstrate how to
extract the cross-sections of a bridge from a point cloud and how to
generate a numerical model using these data. Concerning the physical
and mechanical properties of the constituent materials, they are usually
characterized by laboratory testing on specimens extracted from the
structure. However, due to the non-intrusion requirement in historic
bridges, non-destructive testing techniques should preferably be used
instead. In this regard, elastic properties, namely the Young’s modulus,
might be estimated by analyzing the velocity of propagation of the sonic
waves through the medium [7].

Developing a suitable and representative Finite Element (FE) model
for a complex mechanical system such as an aging steel bridge is a
challenging process. Thus, errors arise due to modeling simplifications
when approximating the complex system behavior or uncertainties in
input parameters, among other issues. This results in a discrepancy be-
tween numerical model predictions and actual measured responses from
the structure. To bridge this gap, model updating or calibration tech-
niques are employed, commonly using modal parameters (natural fre-
quencies, mode shapes, and damping ratios) extracted from output-only
modal analysis [8,9] as reference data. Model updating can be per-
formed by manual means or automated methods. In this regard, Altu-
nisik et al. [10,11] carried out two model updatings of real case studies
using both approaches and comparing their results. Regarding auto-
mated calibration methods, two main methodologies can be distin-
guished: direct methods, which directly introduce modifications in the
mass and stiffness matrices of the structural system to reproduce the
experimental modal properties [12], and iterative methods that sys-
tematically modify model input parameters values aimed at minimizing
some error measure that quantifies model discrepancies to the experi-
mentally obtained modal properties. A considerable number of studies
devoted to this issue can be found in the most recent literature, including
global [13,14] and gradient-based optimization strategies [15,16],
among others. Besides deterministic approaches, some authors have also
used probabilistic methodologies such as Bayesian inference procedures
for considering uncertainties in the model updating process [17].

As for structural assessment, deterministic or semi-probabilistic ap-
proaches using partial safety factors are widely used to assess the per-
formance of a construction. Nevertheless, the experimental
characterization process highlights the significant variability existing in
the mechanical parameters of an aging structure. Therefore, assessment
procedures based on these approaches might lead to inaccurate pre-
dictions wrongly estimating, e.g., the actual structure’s load capacity.
Thus, an assessment based on an approach that explicitly considers
structural variables’ uncertainty seems much more appropriate. Reli-
ability analysis enables fulfilling this requirement by determining the
probability of failure of a structure related to a given limit state. This
way, a more trustworthy and accurate evaluation of the structure’s
condition can be obtained, leading to a more robust decision-making
basis. This type of analysis has been widely adopted to assess civil en-
gineering structures in the recent literature. In [18] authors performed a
reliability analysis of a long-span arch bridge considering the variability
of the loads acting on it. Kueres and Hegger [19] conducted a reliability-
based assessment of a concrete footbridge to determine an appropriate
safety factor for the CFRP tendons of the structure. Jamali et al. [20] and
Matos et al. [21] used probabilistic analyses to evaluate concrete
structures tested in the laboratory. In [22,23] Moreira et al. performed a
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probabilistic-based assessment of a masonry arch bridge considering
inferential procedures. Conde et al. [24] conducted a reliability-based
structural assessment of a historic stone arch bridge using a surrogate
modelling strategy and two different numerical approaches: a three-
dimensional non-linear finite element model and a two-dimensional
rigid blocks limit analysis model. In Matos et al. [25], authors devel-
oped a framework to assess existing steel-concrete composite bridges,
combining deterministic model updating and reliability-based assess-
ment with Bayesian inference on a 2D plane stress FE model.

All the described stages (i.e., experimental characterization, model
updating, and reliability-based structural assessment) improve the ac-
curacy of numerical predictions and, consequently, the performance and
ultimate load-carrying capacity evaluation of a structure. Thus, all
stages should be appropriately linked to developing a robust method-
ology. Finite Element (FE) models can be solely based on literature data
or partially supported by historical information (e.g., drawings). How-
ever, the structural assessment based on these models will most likely
evaluate a theoretical scenario that departs from the actual condition of
the construction. Non-calibrated numerical models could be employed
in structural evaluations. However, there is no evidence that the nu-
merical estimates suitably replicate the actual response of the structure.
Finally, structural evaluations based on semi-probabilistic approaches
are widely employed in civil engineering. Nevertheless, aging structures
often present scattering in their mechanical properties that cannot be
disregarded. In this case, these approaches could lead to misleading
conclusions, being stochastic approaches more appropriate.

Many studies evaluate structural safety based on reliability ap-
proaches in the existing literature. Nonetheless, they did not integrate
the model updating [22,23] or the experimental characterization
[18,19] in their frameworks. In [20,21] the authors include all the stages
mentioned above but on laboratory models, which allow the use of
destructive testing techniques. Other studies [15,16] employ updated
numerical models to evaluate structural safety within a deterministic or
semi-probabilistic framework. In [26] all stages are addressed yet for
assessing the fatigue response of railroad bridge components.

The main objective of this paper lies in proposing an integral and
robust workflow that allows the reliability-based structural assessment
of heritage civil engineering constructions, namely aging steel bridges.
This holistic methodology encompasses all key stages (i.e., experimental
characterization, model updating, probability-based structural analysis)
to obtain an accurate evaluation and generate a reliable and valuable
decision-making basis for optimizing the planning of retrofitting and
maintenance actions. The feasibility of the methodology has been tested
on a real case study, O Barqueiro Bridge, a historical riveted steel bridge
located in Galicia, Spain.

2. Methodology

In Fig. 1, all steps of the proposed methodology are schematically
outlined:

i. Experimental characterization. The construction is fully char-
acterized by performing several different in-situ surveys. Only
non-destructive testing techniques are employed to maintain the
structure’s condition intact. Hand-made measurements, 3D digi-
talization through terrestrial laser scanning, ultrasonic tests, and
ambient vibration test results are collected and processed to
obtain experimental data exploited in posterior stages. Addi-
tionally, a comprehensive visual inspection is conducted to
identify existing construction damages, magnitude, and location.

ii. Numerical modeling. Based on all the previously collected in-
formation, a detailed 3D Finite Element (FE) model that appro-
priately replicates the physics of the construction is developed.

iii. Uncertainty quantification. During this stage, literature and
experimental data are analyzed to define the statistical distribu-
tions for the uncertain parameters.
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Fig. 1. Flowchart of the proposed methodology.

Sensitivity analysis. Sensitivity analysis determines the most
influential model input parameters in the output responses,
allowing disregarding the non-influential during the optimization
process. This results in both improved efficiency and
identifiability.

. Model updating. Model calibration allows for a reliable simu-

lation model that correctly resembles the actual bridge’s me-
chanical behavior. The Douglas-Reid (DR) method, in
combination with a global optimizer, a genetic algorithm, is
adopted to minimize an error function that quantifies the dis-
crepancies between numerical and experimental modal
properties.

Bayesian inference. Bayesian inference is used to incorporate
experimental data in the numerical model updating the proba-
bility distributions of the structural parameters. Prior distribu-
tions are defined based on the model updating results, data from
the literature, experience, and engineering judgment. These
probabilistic distribution laws are then updated with the exper-
imental data collected during the characterization campaigns to
yield the posterior distributions.

Deterministic analysis. Once the model is calibrated, a deter-
ministic analysis is carried out to find the most unfavorable sec-
tion of the structure,.i.e, the critical loading position.
Reliability analysis. The probability of failure and the reliability
index of the structure are calculated for several limit states, such
as the serviceability limit state affecting the structure’s func-
tionality and the ultimate limit state related to the collapse of the
structure.

Safety assessment. All previous results are discussed and
compared with the target values imposed by current standards.
Thus, conclusions regarding the functionality and safety of the
structure are drawn, which are vital for correctly scheduling
maintenance and retrofitting actions.

3. O Barqueiro bridge
3.1. Historical background

O Barqueiro Bridge, located in Galicia, northwest of Spain, is a riv-
eted steel arch bridge that crosses the Sor river, linking the municipal-
ities of O Manon, in the province of A Coruna, and Vicedo, in Lugo. O
Barqueiro Bridge greatly impacted society because it allowed the
crossing of people and goods between the two regions. Before its con-
struction, inhabitants had to use boats to cross the estuary.

The first project dates from 1880. Nevertheless, its construction did
not start until 1895, finally opening in 1901. O Barqueiro Bridge is in a
harmful atmosphere due to the high concentration of saltpeter in the air.
Thus, it has been exposed to deterioration due to corrosion throughout
its service life. This issue led to a restriction on vehicle passage in 1980
because of the damage present in the construction. Years later, the
structure was closed entirely. In 2006, the Galician regional government
earmarked 1.2 million euros for the rehabilitation of the bridge. This
intervention enclosed the repair of the damaged elements and the
pedestrianization of the structure.

Nowadays, O Barqueiro Bridge is declared an asset of cultural in-
terest in Galicia, which officially proclaims its heritage value and its
repercussion on the life of the inhabitants of the area. This fact largely
justifies the importance of its correct maintenance and monitoring of its
structural health.

3.2. Description of the bridge

O Barqueiro Bridge is a three-isostatic-span riveted steel arch bridge
(Fig. 2). Each span has a length of 48.1 m, comprising thirteen panels of
3.70 m long, a maximum height of 7.5 m, and a width of 6.4 m (Fig. 3 (a)
and (b)). All original bridge elements are built-up members of different
steel plates and 1-type profiles (Fig. 4 and Table 1), initially connected by
rivets and now partially substituted by bolts and welding in a few
locations.

The arch rib and the tie girder were built using I-shaped sections
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Fig. 2. Overall view of O Barqueiro Bridge.

48,1 m

Fig. 3. O Barqueiro Bridge: (a) lateral view and (b) cross-section.
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Fig. 4. Cross-section of steel members.

Table 1
Statistical data of the thickness measurements.
D Parameter Mean Standard Maximum Minimum
(mm) deviation (mm) (mm)
(mm)

T1  Arch/girder flange 17.67 0.40 18.70 16.98
thickness

T2 Arch/girder 1- 10.73 0.68 12.11 9.02
shaped profile
thickness

T3  Vertical hanger 8.98 0.92 10.83 7.18
plate thickness

T4  Vertical hanger 1- 8.20 0.61 9.59 6.79
shaped profile
thickness

T5  Stringer L-shaped 7.23 1.45 8.96 2.90
profile thickness

T6  Crossbeam 1- 10.83 0.58 11.9 9.57
shaped profile
thickness

T7  Reinforcement 7.50 0.87 8.89 6.18

plate thickness

(Fig. 4, section 1), being connected through twenty-four vertical
hangers. The hangers are formed by pairs of double angles and a support
plate (Fig. 4, section 2), transversally connected by lacings, and longi-
tudinally by rectangular-shaped cross bracings. Twelve sway systems,
with struts made of double angles and rectangular-shaped bracings,
connect both arch ribs, providing lateral stiffness to the structure. Sway
systems are, in turn, longitudinally connected by circular-shaped upper
lateral bracings.

The bridge’s deck comprises sixty-five stringers equally divided into
five rows. These members are joined to fourteen crossbeams, which are
in turn linked to the tie girders and vertical hangers. The stringers and
crossbeams are I-shaped (Fig. 4, sections 3 and 4, respectively). All the
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crossbeams and central stringers have two reinforcement steel plates on
the top and bottom sides to increase flexural capacity. Several circular-
shaped lower lateral bracings connect the crossbeams longitudinally.
Moreover, after rehabilitation, the original road pavement was replaced
by rectangular wooden planks. Fig. 3(b) shows the bridge cross-section,
while Fig. 5 provides some details about the actual structural
configuration.

3.3. Visual inspection

Before the experimental campaign, a thorough visual inspection was
carried out to evaluate the conservation state of the bridge, especially for
having a depth insight into the severity and corrosion extension in the
different steel elements. Accordingly, a damage mapping was elaborated
together with identifying, examining, and assessing the retrofitting ac-
tions performed during the rehabilitation.

The bridge presents corrosion in almost all its elements, caused by
the high concentration of saltpeter in its location, although, in general
terms, this corrosion might be regarded as primary uniform. The ex-
ceptions are local areas where dimples and holes can be found and some
steel connections between crossbeams, vertical hangers, and tie girders.
Most corroded elements are located at the bridge parts where the
moisture, water, and saltpeter remain for a long time, such as in the
stringers and crossbeams due to the contact with the timber deck, and
the arch ribs and tie girders, where organic residues are deposited (see
Figs. 5 and 7).

As for the steel connections, some have experimented a substantial
degradation as they present elements with an important lack of material
or a lack of enough connectivity due to the absence of rivets. Thus, each
connection was individually inspected during the on-site survey, and a
qualitative classification was elaborated, attending to their damaged
state. The steel connections were clustered into two major categories: a)
slightly damaged connections, i.e., those presenting minor to moderate
material losses at the structural members, and b) highly damaged con-
nections, i.e., those with some of their elements significantly corroded.
This classification is schematically shown in Fig. 6.

On the other hand, the mechanical behavior of bridge structural el-
ements was also inspected. Thus, it was observed that the connection
between stringers and crossbeams can be regarded as pinned, allowing
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the in-plane rotation of the stringers (see Fig. 7). On each span, the
girders are supported by pin bearings on one side and roller bearings on
the other, with no interaction between spans (see Fig. 7). Moreover, it
was verified that each span presents the same type and arrangement of
structural components with the same shape and dimensions of their
cross-sections. Hence, once the isostatic behavior of each span was
verified, the experimental and numerical studies were focused on a
single span to minimize experimental and computational costs.

Finally, the retrofitting works were observed. During the rehabili-
tation performed in 2006, the structure was painted for aesthetic and
protection purposes. Besides, several rivets were replaced by bolts, and
twenty-six cross-bracings and twelve vertical hangers were retrofitted or
replaced. Indeed, new 1-type sections were employed, which were con-
nected to the old steel plates by welding instead of bolts. Remarkably,
the vertical hangers that were joined by welding present a more severe
corrosion state than the other hangers in the bridge. A brief detailing of
all these issues can be observed in Fig. 7.

4. Experimental characterization
4.1. Geometrical characterization

Historic steel structures often exhibit a complex geometry due to the
large number of elements that make them up. Moreover, usually, design
drawings do not exist, or even if they exist, they might not represent the
final aspect due to design modifications introduced in the construction
phase. To create an accurate structural model, detailed and precise in-
formation about the bridge geometry is needed. Over the last years, this
requirement has been satisfactorily addressed using Terrestrial Laser
Scanner (TLS) technology and photogrammetry techniques. Particu-
larly, the TLS is widely used in the architecture and civil engineering
field for capturing thousands of measuring points in a short period
providing an accurate 3D digitalization of the construction.

Since, in the case of O Barqueiro Bridge, almost no information on
the geometry of the construction was available on existing documenta-
tion, aside from very scarce information related to the length of the
spans and deck width, this study conducted a laser scanning survey
employing the FARO Focus 3D x130 scanner (see Fig. 8). During the data
acquisition stage, several targets were placed along the whole bridge to

Fig. 5. Details of O Barqueiro Bridge: (1) arch rib (2) vertical hanger (3) stringers (4) sway systems (5) crossbeams.
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Fig. 6. Scheme of the damaged condition state of the steel connections.

Fig. 7. Details of the current condition state of the bridge: (1) simple support and the gap between spans (2) connection between stringers and crossbeams (3) lack of
rivets in a stringer (4) heavily corroded retrofitted vertical hanger (5) corrosion in a crossbeam.

ease the posterior registration in a common coordinate system of all
laser scans. Ten scan positions were recorded, six on the deck and four
under the bridge (see Fig. 9). All laser scans were post-processed in the
CloudCompare software [27]. A final point cloud comprising
12,431,238 points was obtained, which provided a detailed geometric
description in the form of an “as-built” model that renders information
not only about the overall geometry but also regarding the type and
dimensions of steel profiles and their assembly. Furthermore, in the case
of high-density laser scans, the associated point cloud can be addition-
ally used to cross-check the cross-section dimensions of steel members.

Additionally, on-site hand measurements were collected aimed at
characterizing the net cross-section of the steel members and quanti-
fying the scattering related to the thickness dimensions. A precision
gauge with a tolerance of + 0.01 mm was employed to obtain a total of
325 values spread over the main members (stringers, vertical hangers,
tie girders, etc.) and on different regions (i.e., L.-shaped profiles and steel

plates). The statistical data of these measurements are shown in Table 1,
displaying the thicknesses variability due to its inherent uncertainty and
the corrosion affection.

4.2. Material characterization

Even though the whole bridge is made of structural steel, deviations
in mechanical properties might appear because of its inherent variability
and the deterioration condition of the bridge. Usually, the physical and
mechanical properties of the constituent materials of a construction are
characterized by laboratory testing, such as uniaxial tensile tests that
involve the extraction of specimens from the structure. However, these
are destructive tests that alter the original state of the construction.
Since the methodology herein proposed is aimed at historic bridges,
which usually have a significant cultural and heritage value, and where
the non-intrusion requirement is a constraint to be satisfied, this
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Position 1

Position 2

Position 3

Position 4
)

Fig. 9. Scheme of laser scan positions.

research adopted a non-destructive in-situ testing technique, an ultra-
sonic test, to estimate these data, namely the Young’s modulus.

There is a relationship between the velocity of propagation of
transversal waves C, through a steel element and its Young’s modulus E.
This is represented in the following equation, where y and p are the
Poisson’s ratio and the density of the material, respectively.

E=2epeC’e(l4yp) (€D)]

Hence, it is possible to characterize the Young’s modulus according
to the following procedure. Firstly, the thickness of a tested area is
measured using an ultrasonic thickness gauge. In this study, the MX-3
equipment of Dakota Ultrasonics was used. Subsequently, the same
thickness is measured again using a high-precision digital gauge (see
Fig. 10). Finally, the first measurement is corrected in the ultrasonic
device, which returns the velocity of propagation of the longitudinal
waves Cj.

In Equation (1), the Young’s modulus is related to the velocity of the
transversal waves C;. Both velocities are related by the Poisson’s ratio, as
represented in Equation (2). Combining Equations (1) and (2), Equation
(3) that relates the Young’s modulus of the material and the velocity of
propagation of the longitudinal waves can be finally obtained.

Fig. 10. Ultrasonic testing: measurement of the velocity of propagation of the
longitudinal waves.
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During the experimental campaign, a total of 66 tested areas were
measured. In each position, the described procedure was repeated five
times. The final post-processed data yielded a Young’s modulus with a
mean value of 188.94 GPa and a standard deviation of 9.90 GPa. The
maximum and minimum values were 224.28 GPa and 173.46 GPa,
respectively.

4.3. Dynamic characterization

Operational Modal Analysis (OMA) is a well-known non-destructive
testing technique to obtain the modal parameters of a structure (i.e.,
natural frequencies, mode shapes, and damping ratios). This technique
is based on ambient vibration testing, where the vibration response of
the structure is measured under ambient excitation sources such as wind
and traffic actions, being an efficient and effective characterization
technique. Hence, many researchers have employed output-only modal
analysis over the last few years to characterize the dynamic response of
in-service constructions.

This work used six uniaxial seismic accelerometers type 8340 of
Briiel & Kjaer to perform the ambient vibration test (see Fig. 11). These
accelerometers have a sensitivity of 10 V/g and a frequency range of
0.1-1500 Hz. A multi-setup test was adopted where the location of the
sensors was mainly driven by the constraints in the number of available
accelerometers and the lengths of the cables so as to cover the whole
bridge geometry satisfactorily. Consequently, the adopted positions
were targeted to those areas with non-zero modal displacements. In this
sense, the outcomes of several numerical simulations performed with a
preliminary FE model were considered to establish the main conditions
of the test (acquisition time, sampling rate, and location of the sensors).
The test consisted of twenty-one setups involving forty-three acceler-
ometer positions and using two reference sensors (see Fig. 12). Ad-hoc
steel supports connected to magnetic anchors were used to fix the ac-
celerometers to the tie girders and vertical hangers. In each setup, ac-
celerations in vertical and transversal directions were recorded. A
sampling frequency of 128 Hz and an acquisition time of 45 min were
adopted. During the dynamic test, the structure was subjected to envi-
ronmental and operational loads such as wind and human traffic.

Modal properties were extracted using the Enhanced Frequency
Domain Decomposition (EFDD) and the Stochastic Subspace Identifi-
cation (SSI) methods in the Artemis software, see Table 2. A total of four
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natural frequencies were identified, ranging from 1.05 Hz to 7.36 Hz.
Generally, there is a good agreement between the natural frequencies
but a higher discrepancy between the damping ratios [28]. The first
vibration mode is a symmetric flexural mode shape in the transversal (Z-
axis) direction, while the second vibration mode corresponds to an
asymmetric flexural mode shape between the arch and the deck in the
transversal (Z-axis) direction. On the other hand, the third vibration
mode is a vertical (Y-axis) flexural mode shape of the whole structure,
while the fourth is a torsional mode shape. The identified vibration
modes are shown in Fig. 13.

5. Numerical modeling
5.1. Model development

The data gathered from the experimental characterization tests were
used to build a numerical model that accurately represents the structural
behavior of the bridge. The as-built CAD model was created based on the
TLS point clouds and the on-site manual measurements. 3D line bodies
were employed to model most of the bridge elements except for the arch
ribs and tie girders, which were modeled using line bodies for the flanges
and surface bodies for the webs.

The Finite Element (FE) model was developed in the ANSYS software
package (see Fig. 14). The vertical hangers, crossbeams, and stringers
were meshed by using second-order Timoshenko beam elements. For the
cross bracings, since a stress-stiffening response is expected, they were
modeled as tension-only two-node truss elements. For the arch ribs and
tie girders, a mixed modeling approach was adopted where second-order
quadrilateral isoparametric shell elements were used for the webs and
second-order Timoshenko beam elements for the 1-shaped flanges. In all
cases, the complex shapes of the cross-sections of the beam elements
were defined based on the experimental geometrical characterization
(see Fig. 4). For the resulting arbitrary cross-section types, the cross-
sectional analysis was performed via the Finite Element Method (FEM)
in order to obtain the warping independent and dependent properties. It
is worthwhile to note that the actual position of the centers of gravity of
the beam elements was accounted for by using suitable offsets from the
supporting CAD axes (see details in Fig. 14). The mesh size of the FE
model was derived from a sensitivity analysis aimed at guaranteeing an
equilibrium between computational efficiency and accuracy. In this re-
gard, a total of 11,667 beam elements, 140 truss elements, 11,412 shell
elements, 70 beam end releases, 24 rotational springs, and 8 trans-
lational springs were employed.

Regarding the joints, most of the beam elements were connected by
rigid link types except for the connections between the stringers and the
crossbeams, where end releases were introduced to allow in-plane

Fig. 11. Accelerometers placed on the tie girder and a vertical hanger.
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O MANON

Fig. 12. Schematic representation of the accelerometer positions in the ambient vibration test. In blue are the reference sensors, and in green are the roving sensors.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Experimental modal parameters of O Barqueiro Bridge.

Mode Frequency (Hz) Damping ratios (%)
SSI EFDD SSI EFDD
1 1.05 1.07 1.36 1.64
2 2.71 2.71 1.63 1.66
3 6.19 6.19 2.59 0.51
4 7.36 7.34 1.37 0.61

rotations of the stringers. Two different criteria were adopted for the
main bridge connections, i.e., those involving vertical hangers, cross-
beams, and tie girders. According to the visual inspection (see Fig. 7),
pinned joints were assumed for the highly damaged connections, thus
disregarding any bending moment capacity; while for the slightly
damaged connections, rotational springs were introduced to allow the
modeling of a semirigid behavior. On the other hand, regarding the
contribution of other bridge components, the timber deck was intro-
duced in the model as a dead load distributed on the crossbeams and
stringers, assuming a density of 500 kg/m3, while the mass of the gusset
plates was considered in the form of point masses acting at the different
joints.

As for boundary conditions, at the O Manoén side (see Fig. 6), in-plane
(Z-axis) rotations were permitted. At the O Vicedo side, both displace-
ments in the longitudinal (X-axis) direction and in-plane (Z-axis) rota-
tions were allowed. In addition, to consider the deformability of the
supports, translational springs in the vertical (Y-axis) and transversal (Z-
axis) directions were introduced in the numerical model. Finally,
regarding the steel material properties, the estimates obtained from

ultrasonic testing were used as the initial value for the Young’s modulus
together with a density of 7850 kg/m3 and a Poisson’s ratio of 0.3.
Table 4 summarizes all the main geometrical and mechanical parame-
ters of the FE model.

A pres-stress modal analysis using the self-weight of the structure
was carried out due to the geometric non-linearity (stress-stiffening
response) of the bracing systems. Numerical and experimental responses
were compared using the relative differences in frequencies and the
Modal Assurance Criterion (MAC) [29]. The results obtained are shown
in Table 3. Regarding the mode shapes, it was observed that numerical
and experimental modal displacements agreed well. Indeed, the MAC
values were equal to or above 0.95. Nevertheless, discrepancies between
the numerical and experimental frequencies were observed, especially
in the first natural frequency. Hence, the need for FE model updating is
highlighted in order to achieve a better correlation.

5.2. Model calibration

In this study, an automatic iterative calibration method was used.
MATLAB and Phyton codes were developed to automatize all the model
calibration stages, from the updating of parameters to the comparison
between numerical and experimental dynamic responses. These codes
start by generating the Design of Experiments (DoE), i.e., by sampling
the input parameters’ space. Once the material properties, stiffness, and
thicknesses values are updated, the structural elements’ cross-section
properties are calculated by a Python code, which creates a quadratic
mesh in each cross-section and obtains the area, the second moments of
area, and the torsional and warping constants by numerical integration
[30]. Subsequently, the code automatically introduces the parameter
values in the input data file of the solver and runs the numerical analysis

t Mode 3 (Vertical)

Fig. 13. Vibration modes obtained from the OMA test.

[ Mode 4 (Torsional)
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Fig. 14. FE model of O Barqueiro bridge.

Table 3
Comparison of experimental and numerical results for the initial (non-cali-
brated) FE model.

Mode Experimental FE model
Frequencies (Hz) Frequencies (Hz) Frequency error (%) MAC

1 1.05 1.48 41.04 0.97

2 2.71 2.61 3.95 0.97

3 6.19 6.30 1.74 0.95

4 7.36 7.28 1.17 0.95

Table 4
Parameters considered in the model calibration process.
D Parameter Initial Lower Upper Units
value Bound Bound

A%t Density 7850 7614.50 8085.50 kg/m®

V2 Young’s modulus 188.94 172 232 GPa

V3 Arch ribs/tie girders 0 —4.64 0 mm

V4 Vertical hangers 0 —4.64 0 mm

V5 Stringers 0 —4.64 0 mm

V6 Crossbeams 0 —4.64 0 mm

v7 Reinforcement plates 0 —4.64 0 mm

V8 Rotational stiffnesses of 1.00E 100 1.00E + Nem/
slightly damaged + 07 07 rad
connections

Vo Translational stiffnesses of ~ 5.01E 1.00E + 1.00E + N/m
Vicedo support (Y-axis) +10 08 11

V10  Translational stiffnesses of ~ 5.01E 1.00E + 1.00E + N/m
O Manén support (Y-axis) + 10 08 11

Vi1l Translational stiffnesses of  5.01E 1.00E + 1.00E + N/m
Vicedo support (Z-axis) + 07 05 08

V12  Translational stiffnesses of ~ 5.01E 1.00E + 1.00E + N/m
O Manon support (Z-axis) + 07 05 08

in batch mode. Finally, the modal properties are compared with the
experimental ones, quantifying the frequency error and MAC values. In
this regard, the automatic mode pairing between numerical and exper-
imental vibration modes was based on both the MAC criterion and the
assessment of modal masses to dismiss local mode shapes. This code was
run during the sensitivity analysis and the model calibration process.
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5.2.1. Parameter ranges

The parameter bounds were defined based on existing literature such
as standards, research studies, and the collected experimental data.
Concerning the material properties, in the JCSS standard [31], the
variability of the structural steel density is defined as a Gaussian dis-
tribution with a CoV of 1 %. Consequently, the three-sigma rule of
thumb was applied, and the selected bounds were the values that delimit
a confidence interval of 99.7 %. On the other hand, previous research
works defined the variability of Young’s modulus as a log-normal dis-
tribution with a CoV of 5 % [32]. Similarly, based on the inverse cu-
mulative distribution function, the selected bounds were the ones that
define a confidence interval of 99.7 %.

Regarding the geometrical properties, it is worth noting that, despite
the significant amount of measurements collected, these are still discrete
and discontinuous. Therefore, uncertainty regarding the actual
geometrical dimensions remains. This uncertainty comes from both its
inherent variability and the added corrosion affection due to the spatial
variation of the phenomenon. Initially, the average experimental mea-
surements for the cross-sections’ dimensions were used (see Fig. 4 and
Table 1). Since there is uncertainty regarding geometrical dimensions,
namely members thicknesses, these variables were considered during
the sensitivity analysis and the model updating process. The upper
bound value was defined as the average experimental measurements, i.
e., the initial value. The lower bound value was defined as the average
experimental measurements minus the maximum theoretical corroded
thickness according to the existing standards dealing with the corrosive
deterioration in steel [33,34]. These state that the average corrosion rate
can be obtained by defining the corrosivity category of the atmosphere
where the structure is located, which is described by the wetness and the
concentrations of SO2 and chlorides in the air. O Barqueiro bridge is
situated in a coastal area, i.e., a C5 corrosivity area. Therefore, given its
service life, the corresponding corrosion rate was 39 um/year, leading to
a maximum theoretical corroded thickness of 4.64 mm. Since the
average experimental measurements have already considered the net
cross-section, these variation ranges should be interpreted herein more
within the context of defining a sufficiently large parameter space, with
a reasonable support basis, to study the influence of uncertainty in
geometrical dimensions (i.e., thicknesses) on the structural mass and
stiffness (and thus on modal responses) rather than an actual corrosion
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scenario. Accordingly, for model updating purposes, the geometrical
calibration parameters were defined as a factor of perturbation of the
base thickness values instead of the many non-identifiable individual
dimensions.

Finally, with regards to the stiffness of the slightly damaged con-
nections between vertical hangers, crossbeams, and tie girders (see
Fig. 6), the selected bounds delimit a semirigid response, i.e., beyond the
upper bound, the connection behaves as fully rigid, and below the lower
bound as pinned. As for the stiffness of the supports, a similar approach
was followed, where the upper bound value corresponded to fully con-
strained displacements, and the lower bound was delimited by
observing the minimum stiffness value that guaranteed that all the
experimental vibration modes could be captured. All parameters and
their variation ranges are shown in Table 4.

5.2.2. Sensitivity analysis

Before model calibration, a sensitivity analysis was performed to
distinguish between influential and non-influential parameters on the
dynamic behavior of the bridge. This allows further insight into the
mechanical response of the structure. Besides, sensitivity analysis out-
comes are of particular value to ensure adequate identifiability and
enhance the efficiency of the subsequent optimization process.

The method of Spearman correlation coefficients was adopted. This
method is characterized by its simplicity and generality since it is
applicable regardless of the dependence between variables [35]. The
Spearman correlation coefficients adopt values in the interval [-1, 1];
one indicates a strong positive correlation, and minus one a strong
negative correlation.

The parameters of Table 4 were analyzed to evaluate their influence
in a total of eight numerical responses (frequency and MAC values).
Initially, 100 samples were generated based on Sobol’s sequences.
Subsequently, the model responses were calculated, and the matrix of
Spearman correlation coefficients was built. This process was repeated
iteratively by increasing the number of samples (100 in each iteration)
until the Spearman correlation coefficients showed no significant
changes from one iteration to the next.

Fig. 15 shows the final matrix of Spearman correlation coefficients,
obtained after considering a total number of 600 samples. The param-
eters in the interval [-0.25; 0.25] were deemed non-influential, and thus,
their values were fixed at the initial ones (see Table 4). On the contrary,
the correlation matrix shows that Young’s modulus of the material, the
thickness dimensions of the arch ribs and vertical hangers, the rotational
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stiffness of the slightly damaged steel connections, and the supports’
translational stiffness in the transversal direction are the most influential
parameters into the bridge modal responses. Hence, all of them were
considered in the following model calibration process.

5.2.3. Douglas-Reid approach
The model calibration consisted of the minimization of the objective
function 7z(x):

mn
n(x) = Zwisf
=1

& :ﬁ,exp 7fi.mlm (x) (5)

where f; ., and f;um(x) are the i-th experimental and numerical fre-
quency, respectively, x is the vector of calibration parameters, w; are
suitable weighting factors, and m denotes the number of frequencies
considered in the updating process.

A response-surface method was adopted to solve the optimization
problem, particularly the Douglas-Reid approach. This methodology
replaces the time-consuming numerical model responses f; num(x) With
faster approximation models f; (x) based on second-order polynomial
functions. Thus, considerable reductions in terms of time and compu-
tational costs are obtained when solving the parameter identification
problem, especially if global optimization algorithms such as, e.g. ge-
netic algorithms are employed. The polynomial functions are calculated
according to Equation (6) [36].

4

n

Z (Aika + Bikxﬁ) + Ci

k=1

f;(xl7X27...7xn) - (6)

where f; denotes the approximated i-th eigenfrequency of the nu-
merical model, xx(k = 1,2, ---,n) are the calibration parameters and A,
By and C; are the coefficients of the second-order function. These con-
stants can be calculated from a system of equations of 2n +1 elements, as

shown in Equation (7), where n represents the total number of variables.

w1
MAC 4 020 013 007 003 | 040 | -000 -0.01 | 050 @ 0.17
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MAC 3 005 001 001 000 002 010 002 002 003 |lgg
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MAC1| -001 -005 018 | 086 | 001 -001 001 | 040  -0.02 001 -0.18

10
Freq4| -020 097 002 002 001 001 -001 006 002 002 -000 -0.01
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Freq3| 019 097 011 006 -0.06 -0.03 002 001 002 002 001 001 M o4
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Fig. 15. Matrix of Spearman correlation coefficients relating input parameters to output responses.
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The superscripts B, L, and U are referred to as the base, lower, and
upper bound values of the parameters. In the Douglas-Reid methodol-
ogy, a proper selection of these points is crucial for a good approxima-
tion. In its standard implementation, the base values correspond to user-
selected values based on experience or appropriate engineering
judgment.

In this study, on the contrary, the results obtained in the sensitivity
analysis were exploited for an optimal choice of the base values. Thus,
sampling results related to the scanning of the multidimensional space of
the model parameters were further post-processed, and the set of
parameter values with the lowest total error, i.e., considering the lowest
frequency errors and the highest MAC values, were selected as base
values for building the Douglas-Reid response surface model.

Subsequently, a genetic algorithm was used to minimize the objec-
tive function of Equation (4). Five independent optimization runs with
different initial populations were carried out. The initial population
consisted of 100 individuals created by a uniform Latin Hypercube
sampling. Out of these 100 individuals, the five with the best fitness
values were automatically passed to the next generation (elitism). The
fraction of new individuals created by crossover was 70 %, and the
remaining percentage was assigned to mutation. The algorithm was run
for a maximum of 200 generations.

The optimization results presented in Fig. 16 show the parameter
values received from the different genetic algorithm runs, normalized
between 0 (lower bound) and 1 (upper bound). Table 5 shows the actual
calibrated values for the best optimization run (i.e., the fifth), and
Table 6 reports the dynamic response predictions. Finally, the numerical
mode shapes of the calibrated FE model are depicted in Fig. 17.

The Young’s modulus obtained indicates a global deterioration of the
steel members due to the aging of the structure, presenting a good
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Table 5
Parameter values obtained after model calibration.

Parameter Normalized value Actual value

V2 0.19 184 GPa

V3 1.00 0.00 mm

V4 1.00 0.00 mm

V8 0.91 9.11E + 06 Nem/rad
Vi1 0.01 5.20E + 05 N/m
V12 0.24 2.40E + 07 N/m

agreement with the estimations derived from the ultrasonic tests. On the
other side, the calibrated values for the thicknesses of the arch ribs and
vertical hangers remained unchanged, indicating a reasonable estima-
tion in the contribution to the overall stiffness and mass of the bridge
when adopting the average experimental measurements. Finally, cali-
bration results suggest a significant rotational stiffness for the slightly
damaged steel connections. This is in line with previous research find-
ings [9,14] which point out the fact that for low excitation levels, as in
the case of ambient vibration testing, bridge supports and connections
might experience reduced displacements and rotations, thus behaving as
almost fully rigid, differently that under high-intensity loads such as
traffic actions.

The calibrated FE model shows an important improvement in fre-
quency errors. The gap between the actual and calculated frequencies
has been substantially reduced, having all vibration modes a discrep-
ancy lower than 5 %. On the other hand, all MAC values are higher than
0.90, being the average value above 0.94. Hence, a good correlation
between numerical and experimental mode shapes was also achieved.

6. Reliability-based structural safety assessment
6.1. Uncertainty quantification

For a reliable structural system performance evaluation, un-
certainties in the structural parameters should be considered in the
analysis. Uncertainties can be represented through random variables
described by adequate Probability Distribution Functions (PDFs). For
the statistical definition, the distribution type and its parameters might

1.00 (1.007(100)  (1L00Y(1.00)  (LOOY1.00)  (LOGY(1.00)  (1.003(1.00)
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Fig. 16. Normalized values of the calibration parameters for the different genetic algorithm runs.
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Table 6
Results obtained after FE model updating.

Engineering Structures 270 (2022) 114867

Mode Experimental Calibrated model Mass participation factors (%)

Frequencies (Hz) Frequencies (Hz) Error (%) MAC 16)'4 Uz ROTX
1 1.05 1.07 1.72 0.97 0.00 77.36 13.25
2 271 2.81 3.37 0.90 0.00 4.81 6.29
3 6.19 6.26 1.17 0.94 70.67 0.00 0.00
4 7.36 7.22 1.90 0.96 0.00 0.00 15.07

Mode 3 (Vertical)

Mode 4 (Torsional)

Fig. 17. Numerical mode shapes after model calibration.

be established according to the recommendations provided in the
existing literature and the available experimental data.

In this study, for the structural variables considered during the model
updating process, the mean value was defined as the corresponding
calibrated value, while, for the non-calibrated parameters, the mean
value was set to the initial value. Following the recommendations of the
Probabilistic Model Code [31], the probability distribution of the
Young’s modulus was defined as log-normal with a CoV of 3 %, while for
the density, a normal distribution with a CoV of 1 % was adopted. The
yield strength of the material was characterized as a log-normal distri-
bution with a CoV of 10 % [37]. Regarding the thicknesses of the steel
members (see Fig. 4), since corrosion is a complex phenomenon that
may involve different material losses from one area to another, the
scatter was represented by a normal PDF with a CoV of 5 % [38,39].
Finally, since there is uncertainty in the connections and bearing sup-
ports response under high-intensity loads such as traffic actions, this
aspect was considered in the assessment process. Thus, triangular dis-
tributions using the calibrated value as mode value and previous lower
and upper bounds (Section 5.2.1), which, e.g., in the case of steel con-
nections, transform them into pinned or almost fully rigid, were used for
modeling the stiffness of steel connections and bridge supports. Table 7
summarizes all considered random variables.

On the other hand, the LM1 load model corresponding to roadway
traffic was adopted according to EN 1991-2 [40] to assess the bridge
mechanical performance. The LM1 load model divides the deck into
virtual lanes according to its width. O Barqueiro Bridge has a width
lower than 5.40 m. Hence the deck is divided into a centered virtual lane
of 3.00 m width, where a distributed load of 9.00 kN/m? is applied, and
two remaining areas that withstand a load of 2.50 kN/m? each. More-
over, on the virtual lane, four loads of 150 kKN each are considered,
representing the wheels of a heavy truck acting at the vertices of a
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Table 7
Uncertain structural parameters of the numerical model of O Barqueiro bridge.
D Parameter Distribution p c
type
%l Density Normal 7850kg/m>  78.5kg/
m3

V2 Young’s modulus Log-normal 184 GPa 5.52 GPa

V3 Arch/girder flange Normal 17.67 mm 0.88 mm
thickness

V4 Arch/girder L-shaped Normal 10.73 mm 0.54 mm
profile thickness

V5 Vertical hanger plate Normal 8.98 mm 0.45 mm
thickness

V6 Vertical hanger L-shaped Normal 8.20 mm 0.41 mm
profile thickness

v7 Stringer L-shaped profile Normal 7.23 mm 0.36 mm
thickness

V8 Crossbeam 1-shaped profile ~ Normal 10.83 mm 0.54 mm
thickness

V9 Reinforcement plate Normal 7.50 mm 0.38 mm
thickness

V10 Rotational stiffness of Triangular 6.37E + 06 2.26E +
slightly damaged Nem/rad 06 Nem/
connections rad

V11  Translational stiffnesses of 5.01E + 10 2.04E +
Vicedo support (Y-axis) Triangular N/m 10 N/m

V12  Translational stiffnesses of 5.01E + 10 2.04E +
O Manén support (Y-axis) Triangular N/m 10 N/m

V13  Translational stiffnesses of Triangular 3.35E + 07 2.35E +
Vicedo support (Z-axis) N/m 07 N/m

V14  Translational stiffnesses of Triangular 4.14E + 07 2.13E +
O Manén support (Z-axis) N/m 07 N/m

V15  Steel yield strength Log-normal 310.05 MPa  31.01 MPa
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rectangle of 1.20 in length and 2.00 m in width. For the probabilistic
analyses, the uncertainties related to the concentrated and distributed
load values of the LM1 loading scheme were modeled, considering a
95th percentile and a return period of 50 years, by means of a Gumbel
distribution with a CoV of 15 %, as suggested in [24]. The resultant
loading PDFs are shown in Table 8.

6.2. Bayesian inference

Previous probability distributions were defined according to the
model updating results, data from the literature, experience, and engi-
neering judgment. Nevertheless, additional observations or experi-
mental results were obtained during the characterization campaign.
Thus, Bayesian inference can be adopted to update the previously
defined PDFs (prior distributions) considering these additional sources
of information, reducing the statistical uncertainty of the random vari-
ables’ parameters. This updating process is based on the Bayes theorem,
which weights the prior distributions and the experimental data (like-
lihood) to yield the posterior distributions.

It should be noted that not all the prior distributions of Table 7 were
updated. Only experimental measurements of the Young’s modulus and
thicknesses of arches, vertical hangers, crossbeams, stringers, and rein-
forcement plates were obtained during the in-situ surveys. Hence, only
the PDFs related to these structural parameters were updated using
Bayesian inference.

In this study, a normal likelihood and conjugate prior distributions
were used. On the one hand, the assumption that the data follows a
normal distribution was appropriately verified by a hypothesis testing
procedure, particularly by the Chi-Square Goodness-of-Fit and the
Anderson-Darling tests. On the other hand, informative prior distribu-
tions allow for considering existing previous information, particularly
regarding the calibrated structural parameters.

The adopted Bayesian framework is described in the following for
the case when both moments y and ¢? are unknown. For the sake of
conciseness, it is exemplified with an application to the arch/girder
flange thickness (see Table 7). In the case of the Young’s modulus, which
follows a log-normal distribution, the logarithmic transformation of the
data is first accomplished, and then the same Bayesian analysis is
applied.

The conjugate prior of a normal distribution with unknown mean
and variance is a normal-inverse-gamma distribution:
p(,u 02) NIG(y 6—2'2 E62) 8)

’ “ne’272 0

where 1y, 4y, 6%, and vo =no —1 are the prior sample size, mean,
variance, and degrees of freedom, respectively. In this case, no = 20 (the
same weight is given to the prior and the likelihood data), y, = 17.67,
and 62 = 0.77.

The joint prior density can also be expressed as the product of a
conditional probability and a marginal probability in the form:

p(u,0°) = plu|e®)p(c®) ©

where p(u|o®) the prior conditional distribution of u given o2 is a
normal PDF with mean p, and variance ¢2/ny:

Table 8
LM1 load model distribution type and statistical moments.
D Parameter Distribution p c
type
Q Force per wheel Gumbel 117.20 kN 17.58 kN
anL Virtual lane distributed Gumbel 7.03 kN/ 1.05 kN/
load m? m?
qra  Remaining area distributed Gumbel 1.96 kN/ 0.29 kN/
load m? m?
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c? o?
p|6® N po;— |=u|o® N( 17.67; 10)
n 20

0
and p(0?) the marginal prior distribution of ¢? is an inverse gamma
distribution with shape ay = vy/2 and scale f,

o 2.
304"

6* IG(ay, By)=0" 1G(9.50,7.36) an

After seeing the data, y = {y1,-,¥n}, in this case with numerical
summaries ¥ = 17.67 (sample mean), s> = 0.24 (sample variance), and
n = 20 (number of test results), the conditional posterior distribution of
u given o2 is also a normal PDF with mean g, and variance ¢ /n,:

6’ o’
o,y N( w,;— | =ulo®,y N( 17.67;— 12)
n, 40
where.
o no + n -
Hy = P +n”0 o +n}
n, =nyg+n

It can be noticed that the parameters of the posterior distribution
combine the prior information and the one contained in the data. In this
regard, u, is a weighted average of the prior y, and the sample mean y,
with weights determined by the relative precision of the two pieces of
information [41].

The marginal posterior distribution of ¢? is an inverse gamma PDF

Va2

with updated hyperparameters a, = v,/2 and g, = %07,

oy IG(ay, B,)=06%|y 1G(19.50,9.64) 13)
where:
Vo =Vo+n
npen 2
v,02 = vyop + (n—1) os2+n0+n(y—/40) (14)

Thus, the posterior sum of squares v,62, combines the prior and the
sample sum of squares, voo3 and (n—1)es> respectively, with the
additional uncertainty given by the difference between the sample and
the prior mean [41]. In order to compute the posterior distribution of the
parameters, either simulation methods using Equations (12) and (13) or
analytical expressions can be used [41].

For the considered random variable (arch/girder flange thickness),
Table 9 provides the results for the posterior distributions obtained from
the Bayesian inference analysis. Fig. 18 shows, together with the prior
distribution and the likelihood function, a plot of the resulting posterior
distribution of the population. Table 10 summarizes the distribution
types and corresponding statistical moments of all structural parameters
considered for the reliability analysis.

6.3. Deterministic analysis

The load model LM1 is adequate for both local and global

Table 9
Posterior distribution parameters values for the
arch/girder flange thickness.

Parameter Posterior
Ho 17.67 mm
0o 0.88 mm
" 17.67 mm
o(p) 0.11 mm
c 0.72 mm
o(0) 0.08 mm
Hoop 17.67 mm
Opop 0.73 mm
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Fig. 18. Prior and posterior probability density functions after Bayesian
inference (arch flange thickness).

Table 10
Random variables considered in the reliability analysis.
ID Parameter Distribution 1 c
type
A2t Density Normal 7850kg/m*>  78.5 kg/
m3

V2 Young’s modulus Log-normal 187 GPa 8.25 GPa

V3 Arch/girder flange Normal 17.67 mm 0.73 mm
thickness

V4 Arch/girder 1-shaped Normal 10.66 mm 0.73 mm
profile thickness

V5 Vertical hanger plate Normal 9.06 mm 0.89 mm
thickness

V6 Vertical hanger r-shaped Normal 8.16 mm 0.66 mm
profile thickness

v7 Stringer L-shaped profile Normal 7.19 mm 0.99 mm
thickness

V8 Crossbeam 1-shaped profile =~ Normal 10.86 mm 0.60 mm
thickness

V9 Reinforcement plate Normal 7.50 mm 0.69 mm
thickness

V10  Rotational stiffness of Triangular 6.37E + 06 2.26E +
slightly damaged Nem/rad 06 Nem/
connections rad

Vi1 Translational stiffnesses of Triangular 5.01E + 10 2.04E +
Vicedo support (Y-axis) N/m 10 N/m

V12  Translational stiffnesses of Triangular 5.01E + 10 2.04E +
O Manén support (Y-axis) N/m 10 N/m

V13  Translational stiffnesses of Triangular 3.35E + 07 2.35E +
Vicedo support (Z-axis) N/m 07 N/m

V14  Translational stiffnesses of Triangular 4.14E + 07 2.13E +
O Manén support (Z-axis) N/mm 07 N/m

V15  Steel yield strength Log-normal 310.05MPa  31.01 MPa

verifications. However, EN 1991-2 [40] states that the location of the
loads must be previously chosen to guarantee the most unfavorable ef-
fects. Accordingly, a deterministic analysis, adopting the mean values of
the random parameters, was first performed to identify the most critical
section of the bridge. Thus, a total of twenty different loading cases were
defined along the span length of the structure.

In each position, a non-linear static analysis was performed to
calculate the failure load factor. Geometric and material non-linearity
effects were taken into account. The plastic behavior of the steel was
described by the von Mises yield criteria with an isotropic hardening
assumption [42]. For the non-linear analysis, a two-load-step procedure
was followed. In the first step, the self-weight of the structure was
introduced, mobilizing the stress-stiffening response of the tension-only
truss elements. In the second step, using the achieved equilibrium state
as a starting point, the LM1 live loading was monotonically increased up
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to the bridge failure. To solve the non-linear problem, the incremental-
iterative full Newton-Raphson method with a convergence criterion
based on forces and displacements was adopted.

The results per loading position are indicated in Fig. 19. In this
figure, an asymmetry in the failure load factor results can be noticed.
These deviations can be attributed to the damaged condition of the steel
connections involving the tie girders, vertical hangers, and crossbeams.
For the critical loading scenario (sixth position), the failure mechanism
of the bridge is shown in Fig. 20. The failure is triggered in the stringer
positioned in the middle of the load model application. The live loads
deform this structural element until a hinged mechanism is formed,
leading to a flexural failure. No significant bending moments are
transferred to the connected crossbeams despite the appreciable bending
of the stringer. This is due to the action of the beam-end releases, which
mimic the actual steel connections, allowing free in-plane rotations.

The obtained failure load factors seem to indicate that the roadway
traffic can not safely cross the bridge. Nevertheless, reliability analysis,
which explicitly considers the parameter values uncertainty, should be
used to compute the ultimate load-carrying capacity more accurately.
This way, a more reliable judgment about the actual safety condition of
the bridge can be emitted.

6.4. Reliability analysis

Any structure must fulfill certain requirements during specific ser-
vice conditions and lifetime. The concept of limit state delimits these
requirements, so if this is surpassed, the structure will no longer fulfill
them. The limit states can be referred to stability and strength re-
quirements (Ultimate Limit State) or the functionality and serviceability
of the construction (Serviceability Limit State). For instance, in the case
of an Ultimate Limit State (ULS), this can be expressed as a function
comparing the resistance and the effects of loads:

gX)=R-S (15)

where g(X) is the limit state function, X is a vector of random vari-
ables, R refers to the resistance, and S denotes the effect of loads.
Accordingly, the probability of failure p; can be defined as the proba-
bility that the structure has not enough resistance to withstand the
applied loads. Thus, it can be expressed as:

pr=PE(X)<0)=PR-S<0)=P(R<S) (16)

An alternative indicator, the reliability index f, can be calculated
using the failure probability [43], which denotes the reliability level of
the structure:

p= -2 (p)

where @(e) is the standard normal cumulative distribution function.
In order to assess bridge safety, the reliability index is compared with the
target values established in the current standards.

a7

6.4.1. Serviceability limit state

In the current standards [44,45], the serviceability limit state is
referred to the loss of usability of the structure in a normal condition.
There are several usability indicators, but in this study, the existence of
local damage that affects the structure’s appearance, efficacy, or func-
tionality was chosen. Equation (18) describes the selected serviceability
limit state, where 6ypmay is the maximum Von Mises stress and f, denotes
the yield strength of the material. This limit state assesses if some
element of the construction surpasses the yield strength of the material
entering into the inelastic domain. As a reliability algorithm, the
Directional Sampling (DS) method [46] was chosen. A total of 200 di-
rections were analyzed to perform the probabilistic analysis. The ob-
tained results are indicated in Table 11.

(18)

OVMmax S f)
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Fig. 19. Failure load factors for the different loading positions along the span length of the bridge in the deterministic analysis.
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Fig. 20. Detail of the bridge failure mechanism for the critical loading position.

Table 11
Reliability analysis results for the serviceability limit
state.
Probability of failure 0.04
Reliability index 1.80

The calculated reliability index must be compared with the target
values established in the current standards for assessing the structure’s
performance. Four standards were studied: the UNE-EN 1990 [44], ISO
2394 [47], I1SO 13,822 [48], and the JCSS [49], which present several
differences between them. The UNE-EN 1990 and the JCSS are referred
to the design of new structures, while the ISO 2394 and the ISO 13,822
establish target reliability indexes for existing structures. ISO 2394
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states that the target reliability indexes should be the same for existing
and new structures, while ISO 13,822 points out that it cannot be
possible because of economic, social, and sustainability considerations
such as the incremental costs in structural upgrading or the “minimum
structural intervention” requirement. The JCSS standard agrees with ISO
13,822 and states that target reliability indexes for existing structures
should be lower than for new structures.

Besides, each standard is referred to a particular reference period.
UNE-EN 1990 specifies different target reliability indexes for a one-year
or a fifty-year reference period, while the ISO 2394 and the JCSS only
consider a reference period of one year. On the other hand, ISO 13,822
provides target reliability indexes referred to the minimum standard
period for safety (e.g., 50 years) concerning the ultimate limit states and
the intended remaining service life if a serviceability limit state is
considered.
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Finally, each standard indicates its target indexes using different
approaches. In UNE-EN 1990, they depend on the consequence class of
the structure, which classifies the construction under study regarding
the economic, social, environmental, and living costs that the structure
will generate if it collapses. In ISO 2394, the indices are established
using the Life Quality Index (LQI), which measures society’s predispo-
sition to invest in health and life safety improvement. This is calculated
by the life expectancy, the per capita Gross Domestic Product and the
ratio between working and leisure time of a country. The LQI leads to
calculating the life-saving costs, which are the affordable and necessary
costs that must be invested to save one additional life. On the other
hand, the target reliability indices of ISO 13,822 are based on ISO 2394.
Moreover, their serviceability target limit states are classified by iden-
tifying if the failure is reversible or not. Finally, the JCSS standard in-
dicates its serviceability target indices like the previous standard.

In this study, O Barqueiro bridge has been classified as a structure
with moderate consequences of failure because its deck is not wide
enough for several vehicles to cross simultaneously and due to the ex-
istence of additional bridges near it which offer an alternative route.
Concerning the life savings and safety costs, the bridge has already
surpassed the design service life established in the standards (100 years),
which will increase the expenses required for achieving a higher reli-
ability index. Therefore, its life-saving and safety costs should be the
highest specified in the standards. Table 12 compares the calculated
serviceability and target reliability indexes indicated in the standards.
All requirements are fulfilled except for a one-year reference period in
the UNE-EN 1990 standard (f; = 2.90).

6.4.2. Ultimate limit state

Ultimate limit states are related to the safety of the structure and its
users. In this study, the failure due to the transformation of the structure,
or part of it, into a mechanism that leads to collapse has been evaluated.
Hence, the ultimate load-carrying capacity of the bridge was assessed
(see Equation (15)) by means of non-linear structural analysis. As a
reliability algorithm, the Directional Sampling method was used, and
the obtained results (i.e., failure probability and reliability index) are
shown in Table 13.

Regarding the safety assessment, the ISO 13,822 and the JCSS
standards establish their target reliability indices according to the con-
sequences of failure, similar to the UNE-EN 1990. Moreover, the JCSS
states that failure’s consequences also depend on the type of failure (e.g.,
a structure that can collapse suddenly should be classified as a structure
with large consequences of failure). Table 14 shows the bridge safety
assessment according to the studied standards.

The results indicate that the O Barqueiro bridge does not present
satisfactory structural performance to withstand the roadway traffic
loads safely. Therefore, it is recommended to keep the crossing limited
to pedestrians. These results agree with the conclusions extracted from
the visual inspection. The structure presents severe corrosion damage in
some local areas, such as the steel connections, and this damage impacts
its ultimate strength. Hence, to put the construction back in service,
appropriate rehabilitation works should need to be undertaken.

7. Conclusions

In this paper, a holistic methodology for the non-destructive exper-
imental characterization and reliability-based structural assessment of

Table 12
Serviceability assessment of O Barqueiro bridge according to the target values of
the reliability index.

Standard Target reliability index (B) Reliability index (B)

UNE-EN 1990 1.50 1.80 O
ISO 13822 1.50 O
JCss 1.30 O
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Table 13

Reliability analysis results for the ultimate limit state.
Probability of failure 0.02
Reliability index 1.99

Table 14
Structural safety assessment of O Barqueiro bridge according to the target values
of the reliability index.

Standard Target reliability index () Reliability index (B)

UNE-EN 1990 3.80 1.99 x
1SO 2394 3.10 x
1SO 13822 3.80 x
JCSS 3.30 x

historical steel bridges was presented. The methodology comprehends
all the critical stages for adequately assessing the structural system
performance (i.e., experimental characterization, numerical modeling,
finite element model updating, and probabilistic-based structural anal-
ysis). An aging riveted steel arch bridge in Galicia, northwest Spain, was
considered to validate the feasibility of the methodology. The following
conclusions can be drawn from the study:

e In order to characterize ancient steel bridges effectively at multiple
levels: geometry, material, and structural system, especially for those
presenting signs of degradation and deterioration, a comprehensive
experimental characterization is needed. The synergetic combina-
tion of several non-destructive testing techniques such as terrestrial
laser scanning, ultrasonic testing, and operational modal analysis is
an effective approach while preserving the non-intrusion require-
ment regarding heritage constructions.

Sensor data can be further complemented with more conventional
visual inspections and on-site measurements to gather broader in-
formation exploited throughout the assessment procedure, i.e., dur-
ing the finite element model development, the model calibration
process, and the structural reliability analysis.

Combining a sample-based global sensitivity analysis (e.g.,
Spearman correlation coefficients) with a global optimization
method (e.g., genetic algorithm) using a response surface approxi-
mation (e.g., Douglas-Reid approach) is a cost-effective solution for
finite element model updating based on vibration data balancing
accuracy and computational effort suitably. In this study, based on a
space-filling set of 600 model runs, the whole process was accom-
plished, obtaining a calibrated model with an average relative error
in frequencies of 2.04 % and an average MAC value of 0.94.

A reliability-based structural analysis framework is a suitable
approach for explicitly considering uncertainty in the safety assess-
ment process, where the prior probabilistic model is defined ac-
cording to information from literature and FE model updating results
and then further updated on the basis of the results of the in-situ tests
(e.g., ultrasonic testing and geometric measurements) using
Bayesian inference procedures.

The proposed methodology allows the systematic model calibration,
updating of the parameters’ probability distributions, and reassess-
ment of the structural system performance as new experimental data
is gathered. Hence, adequate tracking of the structural safety level
over time can be addressed.

Concerning the case study (O Barqueiro Bridge), at present,
comparing the obtained reliability indexes with the target values
established in the current standards allows us to conclude that the
bridge does not present satisfactory structural performance. Hence,
the passage of loads related to road traffic should be seen as excep-
tional; otherwise, structural upgrading is necessary.
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Future methodology improvements will be focused on jointly using
static (e.g., load tests displacements) and dynamic (e.g., modal proper-
ties) responses for improved parameter identification targeted to
response prediction in failure regions. Future works will also evaluate
complementing the battery of non-destructive testing methods with
additional techniques such as hardness testing that might be useful for
obtaining the ultimate strength of steel.
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