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Masonry arch bridges (MABs) remain a critical yet understudied infrastructure asset of transportation
networks, particularly in terms of probabilistic assessments. This study provides a systematic biblio-
metric characterization of non-deterministic research on MABs, aiming to quantify the maturity and
thematic composition of the field. A structured search strategy yielded 1,692 publications over more than
30 years, of which 186 employed non-deterministic approaches. An analysis of the historical evolution of
research demonstrates a clear time lag relative to reinforced concrete bridges, with probabilistic studies
for MABs increasing markedly only after 2014—2015. Fragility-based investigations outpace reliability
analyses after 2019, while surrogate modeling applications emerge only in 2018 and remain limited.
Co-occurrence networks reveal dominant clusters around seismic hazards and probabilistic modeling,
with flood-related research and machine learning remaining marginal. Overall, the bibliometric results
highlight a fragmented research landscape and identify key underexplored areas, including advanced
surrogate modeling, multi-hazard assessment, and broader adoption of machine learning, helping to
inform future research directions and knowledge transfer.

Keywords: Uncertainty quantification, reliability analysis, fragility assessment, risk assessments, rein-
forced concrete bridges, surrogate modeling, multi-hazard assessments.

1. Introduction

Masonry arch bridges (MABs) represent ap-
proximately 40% of the bridge stock in several
European transportation networks, with most
exceeding their original design life (iie Santia
and de Felicé_l&OMl; |Sarhosis et all, lZOld;
Baron et all, l2024l). Many of these structures
were designed using empirical rules that may
be inadequate for current traffic demands,

yet they are expected to remain in service
with limited maintenance interventions (
, ) The vulnerability of this ag-
ing stock is further exacerbated by climate
change—induced deterioration processes and
by extreme natural hazards, as highlighted by
recent collapses of historic MABs triggered by
flooding and seismic actions ( éucklc et al.,
; bcozzese et all7 lzmd; lDi Sarno et alJ,

). These events underscore the vulnera-
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bility of MABs to the inherent uncertainty of
the hazards to which they are exposed and
motivate a critical review of the literature
on the integration of stochastic methods into
MAB performance assessment. While several
reviews addressing MAB behavior and assess-

ment methods are available (Earhosis et al],
; |Nier0 et al], lZOQd), limited attention

has been devoted to uncertainty quantifica-
tion, surrogate models (SMs), and probabilis-
tic analyses, which are well established for

other bridge typologies (, ;
Puimo et al,bo23)

Bibliometric analysis is increasingly used
to investigate research trends, influential con-
tributions, and knowledge structures within
scientific fields (Donthu et al), M) In the
context of bridge systems, bibliometric studies
have addressed structural health monitoring
(Abdelkader et all, M), damage identifica-
tion using machine learning (|Ali et all, 2022),
building information modeling (Li et all,

), digital twins (rfaherkhani et al], l2024|),

and bridge performance under natural haz-

ards, with emphasis on management and sus-
tainability aspects (Bantamaria—Ariza et all,
). While typology-specific analyses exist
for reinforced concrete bridges (RCBs) (@
Eelkader et al], M), bibliometric investiga-
tions focused on MABs remain scarce, despite
their prevalence in historical and urban net-
works worldwide (De Santis and de Felicd7
; Baron et alJ, 20_4])

This study provides the first targeted bib-
liometric analysis of stochastic-based assess-
ments of masonry arch bridges, integrating

uncertainty quantification, fragility, reliabil-
ity, sensitivity, and surrogate-model applica-
tions. By comparing MABs with reinforced
concrete bridges, the paper highlights research
gaps, methodological trends, and the lim-
ited adoption of machine learning and prob-
abilistic techniques. The adopted method-
ology follows the framework proposed by
lDonthu et all (}202]])7 previously applied to
transportation infrastructure studies with em-
phasis on risk, resilience, and sustainability

(Bantamaria—Ariza et all7 t2023|)7 and comprises
research design, data compilation, construc-
tion of bibliometric networks, and analysis.

2. Research design

The present bibliometric analysis evaluates
the state of the art in stochastic-based assess-
ments of MABs, with a parallel comparison
conducted for RCBs. In both cases, the system
is defined as the complete bridge. Therefore,
studies focusing solely on individual compo-
nents were excluded. The selection of search
terms is a critical step in bibliometric studies,
as it strongly determines the coverage and
relevance of the retrieved literature ( éonthq
Let all, ; bantamaria-Ariza et alL t20254).
The search strategy is structured into three
hierarchical levels, summarized in Table E]
Level 1 (ng) targets the bridge system
and excludes unrelated fields (e.g., medicine)
that may use similar terminology. Level 2
(n1—n4) identifies literature on probabilistic
assessments, addressing semantic variability
in stochastic terminology. Specifically, it in-

cludes uncertainty quantification, reliability,
fragility, and sensitivity analyses. Studies re-
trieved by any Level-2 query constitute the
stochastic-based set (ns). Level 3 (ng—ns)
identifies works that use stochastic results
to assess consequences, risk, or prioritization,
including applications of surrogate models to
optimize probabilistic analyses.

The search queries were applied to the Sco-
pus bibliographic database, which offers broad
coverage of publications in the field, includ-
ing journal articles, conference proceedings
and books (iSonthu et al], ; Santamariaj
lériza et alJ, IZOﬂ) Searches were conducted
within the title, abstract, and keywords fields
(TITLE-ABS-KEY), and all records up to
August 2025 were considered. Figure m reports
the number of documents retrieved for both
MABs and RCBs (depicted inside a black
label box). The totals were cleaned by exclud-
ing proceedings-related items, as individual
conference papers were already included. The
Level 1 query (np) indicated a substantial
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Table 1. Search query combinations for masonry arch bridges excluding medical fields.

Id Symbol Query expression

0 not TITLE-ABS-KEY ("masonry arch bridge*” OR ”masonry bridge*” OR “stone
arch bridge*” OR ”arch masonry bridge*” OR ”historic arch bridge*” OR "ma-
sonry viaduct*” OR 7stone bridge*” OR ”arched masonry bridge*” OR "arched
stone bridge*”) AND 2

1 no Nny ng AND TITLE-ABS-KEY ("failure probabilit*” OR reliability ind*”)

2 ng Nng ng AND TITLE-ABS-KEY ("fragility curve*”)

3 no Nng ng AND TITLE-ABS-KEY (7sensitivity”)

4 ng Nng ng AND TITLE-ABS-KEY (”probabili*” OR ”stochastic” OR "uncertain*”)

5 ns no N (n1 Una Unz Uny)

6 ns Nng ns AND TITLE-ABS-KEY (”vulnerability” OR "risk” OR 7resilien*” OR, "robust-
ness”)

7 ns Nny ns AND TITLE-ABS-KEY ("governance” OR "manag*” OR "decision” OR "pri-
orit*”)

8 ns N ng ns AND TITLE-ABS-KEY (”surrogate” OR "metamodel®*” OR ”machine learn-
ing77)

Notes: ! Search terms employed for concrete bridges: TITLE-ABS-KEY ("reinforced concrete bridge*” OR "RC
bridge*” OR ”concrete bridge*” OR "RC structure*” OR ”reinforced concrete structure*”).

2 Scopus subject areas excluded from the search: NOT SUBJAREA(MEDI OR NURS OR VETE OR DENT
OR HEAL OR BIOC OR IMMU OR NEUR OR PHAR OR CHEM).

Level 1 - retrieved for RCB

AND

Sensitivity ("sensitivity*")

n,=78 74

Uncertainty ("probabili*" OR
"stochastic" OR "uncertain*")

107 EE]

Reliability (“failure probabilit*"
OR "reliability ind*")

Fragility (“fragility curve*")

=290

k) 567

AND

Surrogate ("surrogate” OR
"metamodel*" OR "machine learning")
n=11[ZE

Risk ("vulnerability” OR "risk"
OR "resilien*" OR "robustness" )

n,=46 [FIZH

Management (“"governance” OR
"manag*" OR "decision” OR "priorit*" )
n,=30[FH

Fig. 1. Graphical representation of the different levels and search queries employed in the present
bibliometric analysis. Results for RCBs are displayed inside a black label box. All articles were retrieved
from the Scopus database on August 31, 2025.

disparity in research volume. Although MABs  safety for both typologies. Notably, fragility

are widespread in transport networks, the cor-
responding literature represents only about
5% of the available for RCBs. Applying Level 2
queries greatly reduced the number of records.
For MABs, the resulting counts fell below
the recommended minimum for bibliometric
analysis (igonthu et al], M) At Level 3,
the smallest output corresponded to studies
incorporating machine learning for structural

analyses yielded nearly twice as many pub-
lications as reliability-based assessments for
MABS, whereas both approaches yielded sim-
ilar volumes for RCBs.

3. Bibliometric co-occurrence networks

Bibliometric networks enable the visualiza-
tion of scientific fields by representing nodes
(e.g., publications, researchers, journals, or
keywords) and edges that capture their rela-
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tionships. In this study, term co-occurrence
networks derived from titles, abstracts, and
keywords are used to explore thematic con-
nections and identify research gaps ( iionth;l
let all, IZOQ]J; bantamaria—Ariza et al], I2023|).

Table 2.

co-occurrence networks.

VOSviewer specifications for term

Search query Co-occurrence (Terms)

Networks were constructed using VOSviewer
(|Van Eck and Waltmanl, lZOld), which gen-
erates distance-based visualizations in which

proximity indicates relatedness. Links be-
tween units are defined by co-occurrence fre-
quency, and each link is associated with a
strength value. Networks are clustered us-
ing the VOSviewer algorithm, facilitating
the identification of research domains, the-
matic lines, and leading contributors. Table

summarizes the specifications used to con-
struct each network. As expected, the num-
ber of links and total link strength decrease
markedly from query ng to ns due to the re-
duced number of publications available for the
latter. For the co-occurrence analysis, terms
were extracted from the titles, abstracts, and
keywords of publications retrieved for queries
ng and ns (Figure [If). Binary counting was ap-
plied, and the minimum occurrence threshold
was adjusted to obtain medium-sized networks
of approximately 120 terms after excludin
low-relevance terms (~30%) (l]Sonthu et ali
IZOZ]J; bantamaria—Ariza et all, l2023|), Link
thickness reflects co-occurrence strength, so
frequently co-occurring terms are positioned
closer together.

Figure E presents the co-occurrence network

for query nyg, focused on system identification
(MABES). Terms within each cluster were ana-
lyzed to identify the research areas that best
represent the cluster. The cluster link strength
(CLS) can be used to measure how connected
and represented a cluster is in the literature.
The red cluster, structural analysis, has the
highest CLS, accounting for 47% of the total
link strength (TLS), and includes components,
capacity analysis, and failure modes. The blue
cluster, modeling and monitoring, accounts
for 21% of the TLS and contains damage
identification methods, e.g., NDTs, with a
focus on flood hazards. The green cluster,

no ns
Total records 1692 186
Count type Binary
Unit Terms
Min occurrences’ 20 23
Units 160 174
Relevant units? 5% 69%
Selected units 120 120
Clusters 5 5
Links 10,096 6,040
TLS 88,276 20,104
Notes: ! Adjusted to obtain medium-size networks

(~120 terms).
2 Percentage of units selected based on relevance score,
excluding terms with low scores.

bridge engineering, emphasizes the operation,
loading, and management of MABs within
transportation networks. Finally, the yellow
and purple clusters have the lowest CLS, each
representing less than 10% of the TLS. The
yellow cluster, structural dynamics, focuses on
seismic hazards, while the purple cluster, her-
itage preservation, addresses deterioration as-
sociated with long periods of operation. Clus-
ters are not entirely isolated, which indicates
that terms can be transversal across multiple
research areas. For example, the yellow and
blue clusters, related to structural dynamics
and numerical modeling, are closely connected
due to the large body of research on various

numerical modeling techniques ( i;;baldi et al],
t202d; lPanté et abll7 lZOQj; lFarneti et all, t2024l),

while the blue and purple clusters share many

damage detection methods commonly applied
in deteriorating structures, such as historical
masonry constructions.

Figure H presents the co-occurrence network
for query ns, focused on stochastic-based per-
formance assessments of MABs. Similar to
Figure E, clusters structural dynamics (green)
and modeling and monitoring (red) remain,
while the previous structural analysis cluster
is divided into structural capacity (yellow)
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Fig. 2. Co-occurrence network for query ng, representing the bridge system (MABs). Note: Color

coding applies to the online version.

and structural failure (purple). In terms of
TLS contribution, modeling and monitoring
remains around 20%, structural dynamics in-
creases to 24%, and structural analysis de-
creases to 38%, with the newly emerged prob-
abilistic methods cluster (blue) accounting for
18%. Keywords associated with probabilistic
assessments are located near structural clus-
ters, highlighting their strong association with
this field (bénen and Soﬂl, M; ouza
et al], ; lBaron et al], M; k}abanzo et alL
M) Within the probabilistic methods clus-
ter, the keyword Bayesian network (BN) ap-
pears as the only ML technique, mainly linked
to condition-based assessments (
2015) or hazard intensity prediction (
et al., ) The nearby term Bayesian infer-
ence, although not an ML algorithm, is rele-

vant as a statistical framework that updates
probabilities using Bayes’ theorem (

}st alL ; lBouzas et all, M) In the green

cluster (structural dynamics), fragility-related
keywords reflect research focused on quantify-
ing the effects of hazard-related aleatory un-

certainties on the dynamic response of MABs
EOQ

(Shimpi et _all, po21: ;niily et all, R025;

|Homaei and Ya,zdani, |‘202 ).

4. Discussion and conclusions

Figure H shows the historical evolution of
each query for both MABs and RCBs, high-
lighting a pronounced imbalance in research
volume between the two typologies: by 1990
the number of RCB publications already
exceeded the current total for MABs, and
both typologies show a similar reduction be-
tween total publications (ng) and probabilis-
tic analyses (ns). Initially, reliability (nq)
and fragility (n2) studies followed compara-
ble trends, but from around 2019 fragility
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research increased markedly for MABs, nearly
doubling reliability-focused studies, whereas
for RCBs the two remained similar over time.
Non-deterministic assessments of MABs rose
around 2014-2015, and SMs began appearing
in 2018, although their integration into prob-
abilistic analyses remains limited. For RCBs,
SMs appeared one year earlier and with a
larger publication volume. Overall, stochastic-
based structural assessments have gained at-
tention due to the need for rapid evaluations
that account for structural and hazard uncer-
tainties, yet MAB research remains limited de-
spite its relevance to transportation networks.
A bibliometric analysis of 1,692 works since
1972 revealed an upward research trend, with
UQ and sensitivity analyses representing the
largest share, followed by risk and manage-
ment studies, while ML applications remain
scarce, consistent with their limited presence
in the co-occurrence networks (Figures @E)
Bibliometric networks (Figures ) were
used to highlight potential research gaps.
Most clusters at both system and probabilistic

probablistiggssessment
loagng  Bovipenworks
bayeslangplerence

infereniaengines

statistical @pcertainty

Co-occurrence network for query ns, representing stochastic-based assessments of MABs. Note:

levels are highly interconnected, with many
keywords appearing across multiple clusters.
For instance, “modeling” dominates the liter-
ature and is mainly associated with contin-
uous finite element models (FEM), whereas
discrete element models (DEM) are absent.
Seismic hazards are the most studied, fol-
lowed by floods, with seismic research pri-
marily addressing hazard-based uncertainties
and scour-related studies more closely linked
to structural uncertainties. This distinction is
reflected in Figure H, where seismic-fragility
terms (green cluster) are positioned opposite
to probabilistic-assessment terms (blue clus-
ter). The analysis also indicates a need to
transfer probabilistic-safety assessment knowl-
edge (blue cluster) to other domains (struc-
tural dynamics and modeling and monitoring)
to better address structural epistemic uncer-
tainties. While bibliometric analysis identi-
fies major research streams, it does not ex-
clude the existence of literature addressing
specific gaps. Thus, the study provides a broad
overview of research concentration. Limita-
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tions include search-term selection, which may
have omitted contextual studies despite multi-
ple trial iterations, and the reliance on a single
database.

Acknowledgement

This work is financed by national funds through
FCT - Foundation for Science and Technology,
under grant agreement 2022.09751.BD (doi.org/
10.54499/2022.09751.BD) attributed to the 1st
author. This work was partly financed by FCT /
MCTES through national funds (PIDDAC) under
the R&D Unit Institute for Sustainability and In-
novation in Structural Engineering (ISISE), under
reference UIDB / 04029/2020 (doi.org/10.54499/
UIDB/04029/2020), and under the Associate Lab-
oratory Advanced Production and Intelligent Sys-
tems ARISE under reference LA/P/0112/2020.

References

Abdelkader, E. M., T. Zayed, and N. Faris, 2023.
Synthesized Evaluation of Reinforced Concrete
Bridge Defects, Their Non-Destructive Inspec-
tion and Analysis Methods: A Systematic Re-
view and Bibliometric Analysis of the Past
Three Decades. Buildings 13 (3): 800.

Ali, L., F. Alnajjar, W. Khan, M. A. Serhani,
and H. Al Jassmi, 2022. Bibliometric Analy-
sis and Review of Deep Learning-Based Crack
Detection Literature Published between 2010
and 2022. Buildings 12 (4): 432. Publisher:
Multidisciplinary Digital Publishing Institute.

Baron, E. A., C. Cabanzo, A. M. Bento, J. C.
Matos, R. Calcada, and K. Gavin, 2024. A
study of stone arch bridge’s flood reliability
through a surrogate model approach. Structure
and Infrastructure Engineering: 1-16.

Bouzas, O., B. Conde, J. C. Matos, M. Solla, and
M. Cabaleiro, 2023. Reliability-based structural
assessment of historical masonry arch bridges:
The case study of Cernadela bridge. Case
Studies in Construction Materials 18: ¢02003.

Buckle, I., M. Hube, G. Chen, W.-H. Yen, and
J. Arias-Acosta, 2012. Structural Performance
of Bridges in the Offshore Maule Earthquake
of 27 February 2010. Earthquake Spectra 28:
S533-S552.

Cabanzo, C., N. Mendes, M. Akiyama, P. B.
Lourengo, and J. C. Matos, 2025. Probabilistic
framework for seismic performance assessment
of a multi-span masonry arch bridge employing
surrogate modeling techniques. Engineering



Proc. of the European Safety and Reliability Conference (ESREL 2026)

Structures 325: 119399.

De Santis, S. and G. de Felice, 2014. Overview of
Railway Masonry Bridges with a Safety Factor
Estimate. International Journal of Architec-
tural Heritage 8 (3): 452-474.

Di Sarno, L., F. Da Porto, G. Guerrini, P. M.
Calvi, G. Camata, and A. Prota, 2019. Seismic
performance of bridges during the 2016 Cen-
tral Italy earthquakes. Bulletin of Earthquake
Engineering 17 (10): 5729-5761.

Donthu, N., S. Kumar, D. Mukherjee, N. Pandey,
and W. M. Lim, 2021. How to conduct a bib-
liometric analysis: An overview and guidelines.
Journal of Business Research 133: 285-296.

Farneti, E., F. Avila, N. Cavalagli, and F. Uber-
tini, 2024. Collapse analysis of a masonry
arch bridge using the applied element method.
Engineering Research Express 6 (3): 035109.
Publisher: IOP Publishing.

Gonen, S. and S. Soydz, 2022. Reliability-based
seismic performance of masonry arch bridges.
Structure and Infrastructure Engineering 18
(12): 1658-1673.

Homaei, F. and M. Yazdani, 2025. Seismic
fragility, loss, and resiliency of old railway ma-
sonry arch bridges under near-field ground mo-
tion. Sustainable and Resilient Infrastructure:
1-28.

Li, Y., Y. Li, and Z. Ding, 2024. Building In-
formation Modeling Applications in Civil In-
frastructure: A Bibliometric Analysis from 2020
to 2024. Buildings 14 (11): 3431. Publisher:
Multidisciplinary Digital Publishing Institute.

Manjily, F., M. S. Razzaghi, and M. Yakhchalian,
2025.  Source-Related Uncertainties in the
Seismic Performance Assessment of a Histor-
ical Masonry Railway Bridge. Journal of
Performance of Constructed Facilities 39 (4):
04025035.

Maroni, A., E. Tubaldi, D. V. Val, H. McDonald,
and D. Zonta, 2021. Using Bayesian networks
for the assessment of underwater scour for road
and railway bridges. Structural Health Moni-
toring 20 (5): 2446-2460.

Moreira, V. N., J. C. Matos, and D. V. Oliveira,
2017. Probabilistic-based assessment of a ma-
sonry arch bridge considering inferential proce-
dures. Engineering Structures 134: 61-73.

Niero, L., M. Zizi, G. D. Matteis, C. Pellegrino,
and P. Zampieri, 2025. Structural assess-
ment, repair and strengthening of masonry arch
bridges: modes of operation and open issues.
International Journal of Bridge Engineering,
Management and Research 2 (2): 214250014
16.

Panto, B., C. Chisari, L. Macorini, and B. A.
Izzuddin, 2022. A hybrid macro-modelling
strategy with multi-objective calibration for ac-
curate simulation of multi-ring masonry arches
and bridges. Computers & Structures 265:
106769.

Primo, G. S. P., R. Silva, F. Evangelista, and
M. H. Oliveira, 2025. Statistical Reliability
Analysis for Assessing Bridge Structural In-
tegrity: A Review Paper. Infrastructures 10 (7):
156. Publisher: MDPI AG.

Rafig, M. I, M. K. Chryssanthopoulos, and
S. Sathananthan, 2015. Bridge condition mod-
elling and prediction using dynamic Bayesian
belief networks. Structure and Infrastructure
Engineering 11 (1): 38-50.

Samadian, D., I. B. Muhit, and N. Dawood, 2025.
Application of Data-Driven Surrogate Models
in Structural Engineering: A Literature Review.
Archives of Computational Methods in Engi-
neering 32 (2): 735-784.

Santamaria-Ariza, M., H. S. Sousa, J. C. Matos,
and M. H. Faber, 2023. An exploratory biblio-
metric analysis of risk, resilience, and sustain-
ability management of transport infrastructure
systems. International Journal of Disaster Risk
Reduction 97: 104063.

Sarhosis, V., S. De Santis, and G. De Felice, 2016.
A review of experimental investigations and
assessment methods for masonry arch bridges.
Structure and Infrastructure Engineering 12
(11): 1439-1464.

Scozzese, F., L. Ragni, E. Tubaldi, and F. Gara,
2019. Modal properties variation and collapse
assessment of masonry arch bridges under scour
action. Engineering Structures 199: 109665.

Shimpi, V., M. V. R. Sivasubramanian, S. B.
Singh, and D. K. Periyasamy, 2021. Seismic
vulnerability assessment and fragility curves for
a multistorey gallery arch bridge. SN Applied
Sciences 3 (6): 662.

Taherkhani, R., M. A. Ashtari, and M. Az-
iminezhad, 2024. Digital Twin-Enabled Infras-
tructures: A Bibliometric Analysis-Based Re-
view. Journal of Infrastructure Systems 30 (1):
03123001. Publisher: American Society of Civil
Engineers.

Tubaldi, E., E. Minga, L. Macorini, and B. A.
Izzuddin, 2020. Mesoscale analysis of multi-
span masonry arch bridges. Engineering Struc-
tures 225: 111137.

Van Eck, N. J. and L. Waltman, 2010. VOSviewer,
a computer program for bibliometric mapping.
Scientometrics 84 (2): 523-538.

3801



