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Risk-based methodologies for analyzing transportation assets have been employed to ensure good performance
and long-term safety. Failure of transportation structures leads to major economic consequences, often due to
the uncertainties associated with these structures and the effects of unexpected extreme events. Generally, risk is
described by hazard intensity, vulnerability, and consequences related to the probability of a given hazard to occur,
the susceptibility of a system to be affected by said hazard, and the quantification of the effects, respectively. In
Portugal, large masonry arch bridges (MABs) were built during the railway expansion to improve the national
network. These structures are expected to continue operating as a crucial part of the railway network without
elevated maintenance costs. The present research presents a risk analysis of two of the largest masonry arch bridges
built during this period. A risk index is computed based on the combination of code-based hazard curves, seismic
fragility curves, and direct consequences. The risk assessment considers material uncertainties, damage states, and
peak ground acceleration as the seismic intensity measure. The resulting risk curves provide useful information for
prioritizing assets’ interventions and taking preventive actions to maintain the desired performance of the railway
system.
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1. Introduction

Railway systems are a key part of the develop-
ment of many countries, and asset failures can
have significant consequences. Asset management
is essential to maintain performance, with risk-
based approaches prioritizing interventions based
on the probability and impact of failure modes
under expected hazards (Papathanasiou and Adey,
2021). Masonry arch bridges (MABs) represent
a significant part of the stock in many European
railway networks, contributing to the economic

growth (Sarhosis et al., 2016). Despite being de-
signed for lower loads than the current ones,
MABs remain in service with minimal mainte-
nance. Performance assessment of MABs is criti-
cal for transportation authorities, especially since
larger multi-span MABs are vulnerable to seismic
actions (Zampieri et al., 2021).

Research on multi-span MABs has focused on
their mechanical and modal properties for numer-
ical model calibration (Pantò et al., 2024; Sha-
bani and Kioumarsi, 2023; Zampieri et al., 2021;
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Neto, 2015). Stochastic analyses have quantified
the effects of uncertainties in mechanical proper-
ties through reliability (Gönen and Soyöz, 2022),
fragility (Cabanzo et al., 2025; Barbieri, 2019),
and vulnerability analyses (Barbieri, 2019; Cu-
cuzza et al., 2024). However, these approaches
might present limitations when prioritizing as-
sets since often they do not account for the con-
sequences of failure (Papathanasiou and Adey,
2021).

Risk-based methodologies offer insights into
both the probability of failure and the conse-
quences within the network. Some studies have
assessed seismic risk for bridge stock (Burton
and Vitor Silva, 2014; Saler et al., 2021; Li and
Formisano, 2023), but the inclusion of uncertainty
in risk assessments of multi-span MABs has been
limited.

The present research analyzes the seismic per-
formance of three multi-span MABs built during
the railway expansion in the 1930s. The result-
ing stochastic risk curves were derived by con-
sidering different damage states and employing
code-based response spectra and hazard curves,
enabling the comparison and prioritization of in-
terventions within the transportation network. The
resulting vulnerability curves are derived using
peak ground acceleration (PGA) as the intensity
measure (IM) and spectral displacement as the
conditioning for the failure of each damage state.
Moreover, the direct consequences were estimated
based on the cost of rebuilding with an uncertainty
parameter to allow a more accurate estimation of
the costs of each of the damaged states.

2. Multi-span MABs

In Portugal, masonry arch bridges (MABs) rep-
resent around 30% of the total stock in the
railway network, where 10% account for large
bridges, most of which were built between 1850
and 1950 period of significant railway expansion
(Silva, 2022). During this period, around 1912, the
former Portuguese railway administration identi-
fied large degradation patterns in the larger steel
bridges, which led to a nationwide project to re-
place them for MABs. However, their construc-
tion would be delayed until the 1930s due to sev-

Fig. 1. Composition of the actual Quinta Nova bridge
in September 2023 and its construction process during
June 1933, showcasing the original metallic structure in
the background. Adapted from (Costa, 1934).

eral reasons, including the First World War (Costa,
1934). Figure 1 shows the Quinta Nova bridge
in southern Portugal as an example of masonry
structures that replaced a former steel structure
during the first half of the 20th century.

2.1. Case studies

Southern Portugal is associated with high seis-
micity; within this region, in the 1930s, around
26 steel bridges were replaced by MABs; two
of the larger structures include the Mouratos and
the Quinta Nova bridges (see Figure 2) (Costa,
1934). These bridges are part of the second most
important railway line of the country, known as
the ”Linha do Sul” and are used to transport goods
between the port in the capital city of Lisbon
and the southern region of Algarve. During the
latter part of the railway expansion in 1948, the
Côa bridge, one of the largest MAB built within
the scope of the project, finished construction as
part of the ”Beira Alta” railway line in Northern
Portugal (Costa, 1948). These bridges were se-
lected as case studies since they provide a good
combination of scale and seismic exposure (see
Figure 2).

2.2. Numerical modeling

Three-dimensional finite element models employ-
ing the macro-modeling approach were developed
for each case study to derive the fragility curves.
The FEM was implemented through DIANA FEA
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Fig. 2. General geometry of the case studies (a) Côa,
(b) Quinta Nova, and (c) Mouratos. Localization in the
seismic hazard map with the different values of max
PGA per municipality. Based on (CEN, 2004).

software (FEA, 2023), employing 3D quadrilat-
eral elements. The mechanical properties of the
materials,e.g., elasticity modulus, were retrieved
and calibrated using the available information of
the dynamic identification tests considering the
first three out-of-plane modal frequencies (see
Figure 3) (Cabanzo et al., 2025; Neto, 2015).
There was no available modal information on
the Mouratos bridge; however, the resulting cali-
brated elasticity moduli of the Quinta Nova bridge
were used since both bridges were designed and
constructed in parallel (Costa, 1934). A modal
pushover analysis was performed to determine
the seismic capacity of the bridges employing a
mode-dependent equivalent lateral force. The nu-
merical solution of the nonlinear equations was
obtained using the Modified Newton-Raphson it-
erative method with a convergence norm based
on energy with a tolerance equal to 0.001 (FEA,
2023).

2.3. Damage and performance limit states

Damage states (DS) describe the physical con-
dition of a structure limited by the performance
limit states (PL). For this research, the PLs will
be defined according to the return periods of
225, 475, and 2475 years, given in the Eurocode
(CEN, 2004). In literature, equivalent definitions

Fig. 3. Modal shapes and frequencies of the first
mode: (a) Côa f1 : 1.14Hz, (b) Quinta Nova f1 :
3.03Hz, and (c) Mouratos f1 : 3.54Hz.

of damage states have been successfully applied to
the seismic fragility of multi-span MABs (Shimpi
et al., 2021; Shabani and Kioumarsi, 2023; Gönen
and Soyöz, 2022). Moreover, an equivalent bilin-
ear idealization of the pushover curve according
to the Italian guidelines was employed (De Luca
et al., 2013) (see Figure 4 for a visual representa-
tion). The following PL were considered:

• PL1-Damage limitation is associated with a
predominantly elastic response. Limit between
DS1 (Elastic behavior) and the start of the plas-
tic behavior. DS2 (No collapse);

• PL2-Significant damage represents the limit
where the structure maintains its integrity. As-
sumed as the point of a 50% reduction of the
stiffness of the pushover curve, limiting DS2
(No collapse) and DS3 (Near collapse);

• PL3-Near collapse is often associated with the
collapse of the structure. Represented by the
endpoint in the pushover curve and indicates the
start of DS4(Collapse).

3. Risk assessment

3.1. Seismic hazard

The seismic hazard was considered as seismic
action type 1 presented in the Eurocode 8 (CEN,
2004). The employed demand spectrum is asso-
ciated with a given return period, T , and a given
peak ground acceleration (PGA) based on the
Portuguese seismic zones (Sz). Table 1 presents
the information related to the location of the
bridges and their associated seismic zones. Figure
5 presents the hazard curves presenting the prob-
ability of exceedance of a seismic action with a
given intensity.
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Fig. 4. Performance limit states and bi-linear approx-
imation of the pushover curve considering a 15% re-
duction of the maximum base and 60% of the initial
stiffness for the Mouratos bridge

3.2. Fragility analysis

Parameter uncertainty was included according to
the JCSS probabilistic model code (Vrouwen-

Table 1. Localization of the bridges with their cor-
responding seismic zones of type 1 actions.

Bridge Municipality Seismic Reference
zone PGA [m/s2]

Côa Almeida 1.6 0.35
Quinta Nova Ourique 1.3 1.50

Mouratos Odemira 1.2 2.00

Fig. 5. Hazard curves of the seismic zones of each
case study: (Sz 1.3) Côa, (Sz 1.6) Quinta Nova and (Sz
1.2) Mouratos for different time spans, 50, 100, and 200
years

velder, 1997) by the introduction of independent
lognormal variables associated with the elastic-
ity modulus and the compressive strength with
mean value 1 and coefficient of variation of 25%
and 20%, respectively. Moreover, to address the
computational cost associated with the stochastic
analysis, a support vector machine for the classi-
fication surrogate model was introduced through
UQLab (Marelli and Sudret, 2014), including a se-
quential sampling approach (Vořechovský, 2022).
The classification of failure or success is achieved
by comparing the demand spectrum with the bi-
linear pushover curve for each PLs. Then, im-
portance sampling was employed to obtain the
failure probability of each PL (Tabandeh et al.,
2022). A detailed framework for the derivation of
seismic fragility curves is presented in Cabanzo
et al. (2025), where the Quinta Nova bridge is used
as a case study. Figure 6 presents the resulting
pushover curves considering the uncertainties for
the Mouratos bridge.

The lognormal fragility curves are obtained by
correlating the maximum PGA of the demand
spectrum as the intensity measure, with the ex-
ceedance probability of surpassing each perfor-
mance limit state. Figure 7 presents the damage
curves with the probability of the asset being in a
given DS for a given seismic intensity in terms of
PGA. The Côa bridge presents a higher probabil-
ity of exceedance of each PL for lower values of
PGA, which correlates with the lower values of its

Fig. 6. Pushover curves obtained for the Mouratos
bridge after including parameter uncertainties.
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Fig. 7. Seismic damage curves considering the DS1-
Elastic behavior, DS2-No collapse, DS3-Near collapse,
and DS4-Collapse for each bridge: (a) Côa, (b) Quinta
Nova, and (c) Mouratos.

mechanical parameters. Moreover, the Mouratos
and Quinta Nova bridges present similar fragility
curves, which can be explained by both employing
similar values for their mechanical properties.

3.3. Vulnerability assessment

Vulnerability can be defined as the cumulative
failure probability of a given performance limit
state, i.e., fragility curve, under a given IM (Li
and Formisano, 2023). In this research, the seis-
mic hazard curves are combined with the fragility
curve of each PLs for each case study to estimate
the seismic vulnerability. Figure 8 presents the
seismic vulnerability curves for each of the three
assets.

From the vulnerability curves, it can be con-
cluded that when comparing the seismic intensity,
the Côa bridge presents the highest vulnerabil-
ity for lower values of intensity. However, when
comparing the vulnerability curves in terms of
return periods, it is observed that the range of
intensities is equal to high return periods due to
the low seismicity of the municipality where it
is located. Moreover, although the Mouratos and
Quinta Nova bridges present similar values of
fragility, the former is located in a municipal-

Fig. 8. Seismic Vulnerability curves considering the
PL1-Damage limitation, PL2-Significant damage, and
PL3-Near collapse for time spans between 50 and
200 years. Bridges: C-Côa, QN-Quinta Nova, and M-
Mouratos.

ity with higher exposure, i.e., higher probability
of exceedance of a given seismic intensity, thus
yielding a higher vulnerability. Table 2 presents
an adaptation of the categorization based on ex-
ceedance probability employed by (Saler et al.,
2021) for the prioritization of assets based on their
seismic vulnerability.

Table 3 presents the results of the exceedance
probability for each case study. From the results,
it can be concluded that they have a good seismic
capacity since they present low values of proba-
bility of exceedance for the PL3, i.e., collapse. For
the Quinta Nova and Mouratos bridges, the failure
probability is caped at 10%, which is the ex-
ceedance probability in the code for the reference
action, meaning that their fragility for that given
PL is 1. Similarly, in Figure 8b, the vulnerability
aligns with the hazard curve after each PL reaches
a probability of exceedance of 1.

Table 2. Vulnerability classification based on the
occurrence probability.

Vulnerability level Probability [%]

1 ≤0.01%
2 [0.01%-0.10%]
3 [0.10%-0.50%]
4 [0.50%-10.00%]
5 ≥10.00%

Adapted from: Saler et al. (2021).
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Table 3. Classification of the asset based on the prob-
ability of exceedance of each PL for an action with a
return period of 475 years in a time span of 50 years.

Bridge Probability of Lowest Vul
exceedance DS index*

PL1 PL2 PL3

Côa 3e-31 6e-55 5e-78 DS1 1
Quinta Nova 0.10 0.08 8e-30 DS2 4

Mouratos 0.10 0.10 8e-21 DS3 5

Note:: *Vulnerability index ranges from 1-low to 5-high vul-
nerability.

3.4. Direct consequences

An analysis of the consequences of surpassing
a given PL might help prioritize interventions
within a transportation network. These conse-
quences can be divided into direct and indirect
consequences. The former relates to the costs of
rebuilding or reparation, depending on the given
PL. Meanwhile, the indirect consequences can be
related to costs resulting from delays in travel
times, casualties, unavailability of the network,
and operational costs, among others. Moreover,
when accounting for the costs associated with
a given consequence, it is important to consider
the change in time of the currency that is being
employed (Decò and Frangopol, 2013).

Figure 9 presents the direct consequences DC

associated with the cost of rebuilding CReb per
area and the dimensions of the bridge, W and L

for the width and length respectively. Moreover,
it considers the adjustment rate r of Portugal and
the uncertainty factor EReb, which follows a log-
normal distribution with mean one and coefficient
of variation of 20%, for the next 200 years based
on the Eq. (1) (Decò and Frangopol, 2013). The
CReb and r were employed in accordance with
the results from previous cost analyses of different
MABs in Portugal (Almeida, 2013; Silva, 2020).

DC = EReb · CReb ·W · L · (1 + r)t (1)

3.5. Seismic risk curves

The primary objective of the risk assessment is
to support the decision-making process in asset
management by identifying the most critical in-

Fig. 9. Direct consequences associated to the cost of
rebuilding based on Eq. (1) considering the adjustment
rate and the uncertainty factor for the different case
studies: (a) Mouratos, (b) Quinta Nova, and (c) Côa

frastructure or components where actions to mit-
igate or avoid the risks associated with a seismic
scenario are required. However, performing such
analyses requires a high complexity and quan-
tity of information, thus making it challenging to
apply to a large stock of assets (Papathanasiou
and Adey, 2021). Therefore, it is necessary to
develop a risk-based methodology that allows the
prioritization of assets and optimizes the available
resources.

Figure 10 presents the seismic curves for each
asset obtained by combining the hazard curves for
a time span of 50 years (see Figure 5) with the
probability of an asset being in a given DS (see
Figure 7) and the associated costs of consequences
(see Figure 9). For computing the cost of each
DS, an approximation based on the residual ca-
pacity of the asset was employed, meaning that
for a DS4 and DS1, the costs will be equal to
100% and 0% of the costs of rebuilding, since
the associated residual capacity is 0% and 100%,
respectively. For the DS2 and DS3, the residual
capacity was computed as a relation between the
maximum displacement of the pushover curve and
the displacement of PL1 and PL2.

4. Conclusions

The proposed research is significant to the rail-
way management authorities because it allows
the direct comparison of risk levels of different
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Fig. 10. Seismic risk curve in terms of the return
period of a seismic action type in a time span of 50
years, considering the uncertainty of the consequences
for each bridge: C-Côa, QN-Quinta Nova, and M-
Mouratos.

multi-span MABs within the railway network,
thus allowing a better allocation of the available
resources.

The findings show that fragility might not be
enough to correctly prioritize assets in the net-
work. Exposure to the hazard and the conse-
quences associated with each limit state must also
be included. The Côa, while being the largest
structure and the most susceptible to out-of-plane
effects, is located in a region in Portugal with
low seismic hazard, thus resulting in the lowest
priority. On the contrary, the Mouratos bridge,
while being the smallest, is located in a region
with high seismic risk, thus yielding the highest
priority.

The present research has some limitations
that may be addressed in future works. Seismic
fragility curves were obtained for a seismic ac-
tion type 1 based on the seismic zone of the
Eurocode. However, in northern Portugal, some
regions might experience a more critical effect of
seismic action type 2. Moreover, a seismic map
obtained through probabilistic seismic hazard as-
sessment might be more accurate.

Only direct consequences associated with the
cost of rebuilding were considered; however, in-
direct consequences are relevant and might af-
fect the priority of interventions, especially for
bridges, part of a key branch of the railway net-

work.
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Decò, A. and D. M. Frangopol (2013, February). Life-
Cycle Risk Assessment of Spatially Distributed Ag-



3162 Proc. of the 35th European Safety and Reliability & the 33rd Society for Risk Analysis Europe Conference

ing Bridges under Seismic and Traffic Hazards.
Earthquake Spectra 29(1), 127–153.

FEA, D. (2023). DIANA Finite Element Analysis
(FEA) Software.
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