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Abstract

Dynamic identification using accelerometers is a common technique for measuring the
modal frequencies of existing structures. Strategically placing these sensors on a bridge
allows for the derivation of its modal parameters through operational modal analysis
(OMA). This study aims to demonstrate how the number of accelerometers required for the
identification of a historical three-arch masonry bridge can be optimized. The experimental
campaign involved the Santa Teresa bridge (STb) in Bitonto, a XIX masonry bridge in
Southern Italy. Twenty-eight accelerometers were installed on the STb; frequency analysis
was first performed with all accelerometers, and then the number was decreased to 13, 8
and 4 accelerometers. The four optimizations performed involved both the number and
positioning of accelerometers along the central arch. The five primary vibration modes
obtained revealed that with a smaller number of accelerometers, it is possible to correctly
identify the natural frequencies of the bridge. A further optimization was per-formed with
only No. 6 accelerometers on the keystone of the bridge’s three arches. The results of the
modal shapes and natural frequencies showed that a limited number of accelerometers
is sufficient to dynamically identify a bridge. The configuration with 13 accelerometers
proved to be the best for this purpose. However, optimization with 6 accelerometers
proved to be the best for recording normalized displacements compared to the reference
configuration. The advantages of this study are directly related to the reduction in time,
logistics and costs of in situ monitoring. This preliminary assessment approach enables the
establishment of baseline conditions for subsequent periodic monitoring campaigns.

Keywords: accelerometer optimization; bridge monitoring; historical masonry bridge;
OMA method; bridge modal shape

1. Introduction

The Italian infrastructure heritage largely consists of masonry buildings and bridges
that require systematic structural assessment and monitoring strategies [1-3]. The preser-
vation of these historical structures presents unique challenges that demand innovative
approaches balancing conservation requirements with modern safety standards. In this con-
text, the distinction between continuous monitoring and one-shot dynamic characterization
becomes crucial for developing appropriate assessment strategies. Continuous monitoring
enables real-time detection of structural changes and damage progression through repeated
measurements over extended periods, achieving damage detection capability as low as
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5% stiffness reduction through real-time assessment and environmental compensation [4].
Conversely, one-shot dynamic characterization provides baseline structural properties
through focused experimental campaigns that can inform numerical model calibration and
establish reference conditions for future assessments, typically requiring 15-25% stiffness
changes for reliable detection but reducing operational costs significantly [5].

Modern non-destructive dynamic identification techniques, such as operational modal
analysis (OMA), enable a comprehensive understanding of civil structures” modal behavior
without compromising structural integrity [6-9]. Recent systematic reviews of optimization
algorithms for structural health monitoring demonstrate that enhanced genetic algorithms
and modified particle swarm optimization variants now achieve superior convergence
characteristics, with biology-based algorithms showing particular effectiveness for bridge
applications [10]. However, despite these theoretical advances, practical implementation
studies focusing on heritage masonry bridges remain limited, particularly those addressing
the specific challenges of optimizing sensor configurations for three-arch historical struc-
tures. OMA, integrated with finite element method (FEM) analysis, can simulate structural
behavior under real conditions and proves crucial for interpreting monitoring data and
enabling potential damage detection [11]. This technique emerges as an excellent tool for
characterizing historical masonry buildings, thereby enhancing the existing safety level of
these structures [12,13]. The integration of OMA with other computational methodologies,
such as FEM, significantly broadens the scope of structural investigation. However, model
calibration remains essential, particularly for FEM applications where vibration-based
model updating provides the foundation for accurate structural representation [14,15].

The field of sensor placement optimization has undergone a remarkable transforma-
tion, with comprehensive classification studies identifying six primary evaluation criteria:
maximum vibration signal, maximum modal identification, minimum parameter identifica-
tion error, data reconstruction error minimization, probability-based damage detection, and
minimum energy consumption [16,17]. Advanced optimization frameworks now employ
hybrid approaches combining simulated annealing with ensemble Kalman filtering, where
GA-EnKF outperforms SA-EnKF in accuracy while SA-EnKF offers lower computational
cost [18]. Recent developments in sensitivity analysis frameworks address modeling uncer-
tainties through hierarchical clustering and Monte Carlo simulations, achieving a 10-15%
improvement in damage detection sensitivity compared to conventional approaches [19].
While these methodologies provide robust theoretical foundations, there remains a signifi-
cant gap in practical validation studies that demonstrate sensor optimization effectiveness
specifically for masonry arch bridges under real operational conditions.

Accelerometer placement optimization is highly dependent on structural morphology
and monitoring objectives. For composite steel-concrete bridges, positioning accelerom-
eters along pylons rather than exclusively on the deck may prove beneficial [20], while
masonry arch bridges require specialized strategies that account for their unique dynamic
characteristics and heritage preservation constraints. Recent breakthrough results on her-
itage structures using improved genetic algorithms demonstrate a 9.16-28.24% reduction
in optimization time while improving damage detection capability by 12-64% compared
to conventional methods [21]. However, these studies primarily focus on single-arch or
suspension bridge configurations, highlighting the need for dedicated research on multi-
arch masonry bridges where structural complexity and modal interaction patterns differ
significantly. The OMA monitoring methodology demonstrates universal applicability
across structural typologies and materials. The fundamental frequencies recorded for
reinforced concrete and steel structures typically differ by approximately an order of mag-
nitude [22], reflecting the inherent material properties where cementitious conglomerates
are more vulnerable to cracking due to low tensile strength [23]. Steel truss bridges require
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specialized approaches focusing on fatigue-critical locations and connection monitoring,
with stiffness separation methods achieving reduced computational complexity through
substructure analysis [24].

The Modal Assurance Criterion (MAC) serves as a fundamental parameter for assess-
ing experimental result reliability and validating proposed methodologies for measuring
frequency errors in masonry bridges [25]. Recent advances employ hypotrochoid spiral
optimization algorithms for triaxial accelerometers using three MAC-based objective func-
tions, demonstrating superior performance in modal independence assessment and sensor
redundancy elimination [26]. Understanding the dynamic behavior of historical struc-
tures proves crucial for their preservation, with OMA offering powerful non-destructive
monitoring capabilities that, when optimized with reduced accelerometer configurations,
provide efficient and cost-effective structural health assessment solutions [27,28]. The vali-
dation of sensor optimization strategies through experimental campaigns on actual heritage
structures represents a critical research need, as most existing studies rely primarily on
numerical simulations without comprehensive field validation. Comparative analysis of
experimental results from masonry [29] and reinforced concrete structural elements [30-33]
with OMA identification outcomes provides powerful tools for numerical validation and
model refinement.

Recent developments in wireless sensor network architectures have further enhanced
the practical viability of reduced sensor configurations. Comprehensive analyses of wire-
less smart sensor networks demonstrate that multi-hop communication protocols achieve
7 kB/s data collection rates, with ZigBee protocol implementation extending sensor life
from days to 160-168 days [34]. Advanced IoT integration with narrowband connectivity
enables structural health monitoring systems that achieve 99.91% data transmission accu-
racy while supporting autonomous operation through energy harvesting capabilities [35].
These technological advances directly support the feasibility of optimized sensor deploy-
ments for heritage structures where traditional wired installations may prove impractical
or invasive.

The implementation of reduced sensor arrays represents a paradigm shift toward
cost-effective monitoring solutions, with particular relevance for heritage infrastructure
where budget constraints often limit the extent of monitoring deployments. The adop-
tion of fewer sensors, particularly low-cost MEMS accelerometers, results in significantly
lower costs compared to traditional piezoelectric devices. The development of low-cost
adaptable, reliable accelerometer (LARA) systems achieves 0.00005 m/s? resolution using
five aligned MEMS accelerometers with multiplexing to reduce noise density, operating
effectively in the 0.1-165 Hz frequency range at significantly reduced cost compared to
commercial alternatives [36]. Recent technological advances demonstrate that MEMS tech-
nologies enable unit cost reductions of up to 400% compared to previous generations while
maintaining adequate accuracy and sensitivity levels [30]. Wireless networks combined
with inexpensive MEMS devices [35,37] further reduce wiring and maintenance costs [38],
with comprehensive analysis revealing that wireless sensor networks achieve an 80% cost
reduction compared to traditional wired systems while maintaining comparable perfor-
mance [39]. Installation of fewer accelerometers significantly reduces operational time,
especially when utilizing intelligent architectures based on distributed storage or simple
Ethernet networks [34]. Practical implementations, such as the Serra Cazzola viaduct in
Sicily, demonstrate efficient setup time reduction through locally synchronized MEMS
sensors, with each span initially equipped with 6 triaxial accelerometers [40].

Practical implementations of high-density accelerometer arrays have demonstrated
that strategic optimization can significantly reduce installation complexity while maintain-
ing monitoring effectiveness. Recent deployments on major infrastructure projects show
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that systems with substantial sensor counts benefit from intelligent architecture optimiza-
tion, with locally synchronized configurations proving particularly effective for span-based
monitoring approaches [41]. The evolution toward distributed fiber optic sensing systems
provides additional validation for optimized sensor placement strategies, with successful
implementations on masonry arch rail bridges enabling quantified analysis of dynamic
loading while maintaining non-invasive installation requirements [42].

Contemporary research reveals that optimized sparse sensing approaches achieve
damage detection sensitivities within 10-15% of full-scale deployments while reducing costs
by 40-60% [43]. Fisher Information-based optimization maximizes damage detectability
while minimizing sensor count, showing a 35-40% improvement in damage detection
probability for critical structural components [43]. Digital twin systems integrating wireless
MEMS accelerometers with IoT infrastructure achieve 99.99% ROC-AUC for anomaly
detection using LightGBM classifiers, with hybrid edge-cloud architectures reducing costs
by 80% compared to traditional wired systems [36]. However, the translation of these
optimization principles to heritage masonry bridges requires specialized consideration of
structural morphology, modal characteristics, and practical constraints that differentiate
such structures from modern bridge designs.

The practical application of sensor optimization extends beyond simple cost reduction
to encompass comprehensive monitoring strategy development. Recent research on limited
roving sensor methodologies demonstrates that strategic sensor positioning can effectively
monitor bridges subjected to random traffic loading, providing validation for reduced
sensor array effectiveness under realistic operational conditions [44]. Multi-objective
optimization frameworks now specifically address masonry bridge model calibration,
incorporating uncertainty quantification and parameter identification strategies that directly
support the validation of sensor reduction approaches [25]. These developments confirm
the scientific validity of systematic sensor reduction strategies when properly implemented
and validated through comprehensive experimental programs.

Formal optimization methodologies now incorporate multi-objective frameworks
balancing damage sensitivity, measurement uncertainty, and cost considerations through
NSGA-III algorithms handling 3-15 objectives simultaneously [45]. Advanced sensitivity
analysis employs Fisher Information Matrix optimization for quantifying measurement
information content, eigenvector sensitivity approaches for modal parameter analysis,
and local sensitivity matrices for forward uncertainty propagation [19]. Optimal sensor
placement methodologies for parametric identification utilize comprehensive frameworks
that ensure maximum damage detectability while minimizing parameter identification er-
rors [46]. Despite these theoretical advances, practical implementation studies that validate
optimization effectiveness through systematic experimental reduction from comprehensive
sensor arrays to minimal configurations remain scarce in the literature, particularly for
heritage masonry structures.

The convergence of artificial intelligence, digital twin technologies, and advanced
sensor networks creates unprecedented capabilities for autonomous structural assessment.
Machine learning-enhanced Fisher Information Matrix approaches integrate explainability
through SHAP (SHapley Additive exPlanations) for optimal sensor placement, while deep
reinforcement learning frameworks formulate optimization as Markov decision processes,
demonstrating superior performance over traditional algorithms [47]. Digital twin ar-
chitectures integrate real-time sensor data with 500 Hz sampling rates for instantaneous
structural analysis and adaptive sensor configuration optimization based on evolving
structural conditions [48]. However, the practical application of these advanced computa-
tional frameworks to heritage structures requires experimental validation that considers
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the unique challenges of masonry arch bridges, including their distinctive modal patterns,
environmental sensitivity, and preservation constraints.

Within this rapidly evolving technological landscape, the present study addresses a
critical gap in the literature by providing comprehensive experimental validation of sensor
optimization strategies specifically for historical masonry arch bridges. The objective is
to demonstrate how the number of accelerometers required for dynamic identification
of such structures can be systematically optimized through strategic sensor placement,
validated through actual field measurements rather than numerical simulation alone. The
case study focuses on the Santa Teresa bridge (STb) in Bitonto, a representative three-arch
masonry structure that provides an ideal testbed for developing and validating practical
optimization frameworks. This research contributes essential empirical evidence sup-
porting the effectiveness of reduced sensor configurations for heritage bridge assessment,
establishing practical optimization strategies that minimize instrumentation requirements
while maintaining measurement reliability. The validation methodology employed in this
study incorporates measurement-system design principles that combine information from
dynamic excitations, following established frameworks for optimal sensor configuration
validation [35]. Recent advances in modal kinetic energy-based sensor placement optimiza-
tion provide theoretical foundations for understanding the effectiveness of reduced sensor
arrays in capturing essential structural dynamics [49].

The systematic approach from comprehensive to minimal sensor configurations en-
ables quantitative assessment of the trade-offs between sensor reduction and measurement
accuracy, addressing a critical need identified in contemporary research. The systematic
approach from a 28-accelerometer reference configuration through multiple reduced con-
figurations provides a useful experimental validation of sensor optimization principles,
thereby enabling evidence-based cost-effective monitoring solutions for heritage infrastruc-
ture preservation.

The objective of this study is to identify the natural frequencies of a three-arch masonry
bridge, optimizing the number of accelerometers. The case study is a historical bridge in
Bitonto: the Santa Teresa bridge (STb). This study provides a framework for performing
accurate monitoring using fewer sensors. This result was achieved by identifying the
natural frequencies and mode shapes observed in the case study. The optimization was
performed following a heuristic approach and comparing the natural frequency values
and mode shapes of the bridge to identify the most relevant accelerometers. This research
aims to demonstrate that it is possible to minimize the instrumentation required while
still obtaining consistent results. This reduction in equipment allows for a streamlining of
instrumentation and a consequent reduction in the costs of monitoring existing structures.

2. Framework and Novelty

This study seeks to address the effectiveness and efficiency of structural monitoring
of historic masonry bridges through dynamic identification. The main aim is to develop
and validate a practical approach for sensor placement optimization, demonstrating that a
reduced number of accelerometers can provide reliable modal parameters in comparison
to high-density acquisition.

This paper is structured as follows: Section 3 introduces the experimental setup of
the Santa Teresa bridge, including the detailed specifications of the instrumentation and
sensor assembly configurations. Section 4 presents the experimental methodology and
the results of the dynamic characterization tests, including the frequency identification
through different sensor configurations and the comprehensive analysis of the modal
displacement patterns. Section 5 discusses the optimization outcomes, comparing the effec-
tiveness of reduced sensor arrays through quantitative metrics of performance, including
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frequency accuracy and modal assurance criterion analysis. Finally, Section 5 presents
conclusions, emphasizing practical implications for the assessment of historic bridges and
making recommendations for future research directions in sensor optimization for masonry
arch bridges.

This paper is innovative for several reasons. Unlike most studies that rely exclusively
on numerical simulations, this investigation uses an extensive experimental campaign
with 28 accelerometers as a “ground truth” condition to validate the effectiveness of a re-
duced sensor array. This data-driven approach provides concrete evidence that optimized
configurations can maintain an accuracy equivalent to high-density ones, but with signifi-
cantly lower installation complexity and cost. The study addresses a common challenge
in structural monitoring: the need for analysis under realistic operational conditions. The
application of an optimization approach to a masonry structure subjected to random traffic
loading demonstrates the robustness of the proposed research. The research validates the
effectiveness of reduced configurations in operational scenarios, overcoming the limitations
of controlled-load experimental campaigns.

The study specifically addresses optimization strategies for preliminary dynamic
characterization aimed at establishing accurate baseline properties for heritage masonry
bridges. The optimized sensor configurations developed can subsequently be implemented
for periodic reassessment campaigns (typically at 5-year intervals) to enable long-term
structural health monitoring through comparison with established baseline measurements.

3. Experimental Setup of the STb

The bridge considered in the present study is an Italian arch bridge in limestone, Santa
Teresa bridge (STb) in Bitonto (BA) (see Figure 1). The bridge is made of three arches, with
the central one bigger than the others. The overall design of STb is strictly symmetrical
with respect to its vertical and barycentric axes, as detailed in [50], which reports the survey
campaign carried out.

Figure 1. General visualization of the monitored STb in Bitonto.

Initially, 28 uniaxial accelerometers were used to monitor the STb, positioned at
various positions on both sides of the bridge. In particular, 22 of these were vertically
oriented to capture vibration frequencies in the Z-direction, while the remaining 6 were
set up to monitor frequencies in the transverse Y-direction. Figure 2 provides top (a) and
side (b) views detailing the placement of both uniaxial and biaxial accelerometers. More
information regarding the experimental setup can be found in previous studies [6,51].
Looking in the direction of the X-axis, it is possible to state that the arches on the left side
are numbered from 12 to 22, while the arches on the right side are numbered from 1 to 11
in relation to the bridge deck.
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Figure 2. Schematic illustration of the plan (a) and facade (b) placement of accelerometers for the STb

experimental campaign [51].

Within the scope of this scientific investigation, the reference configuration (baseline)
for STb monitoring was defined by the deployment of 28 accelerometers. Alternative
experimental configurations, characterized by a reduced number of accelerometers, specif-
ically 13, 8, 6, and 4, represent optimized scenarios. The data acquired from these latter
scenarios were systematically compared to those obtained from the reference configuration,
with the objective of evaluating their comparative performance and efficiency in detecting
natural frequency and modal displacement. In all considered scenarios, accelerometers
were positioned at the top of the central arch. Only in the scenario with No. 6 accelerom-
eters, the sensors were placed at the top of the keystones of all three arches. The sensor
reduction strategy employs a systematic heuristic optimization approach that evaluates
structural behavior and modal characteristics to guide sensor placement decisions. This
approach incorporates an iterative assessment of modal participation factors, identification
of structurally critical locations, and quantitative evaluation of measurement effectiveness
to determine optimal sensor configurations for different accuracy requirements.
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Instrumentation and Sensor Assembly

The dynamic characterization employed 28 individual uniaxial accelerometers
(Model 393B31, PCB Piezotronics) with the following specifications: sensitivity 10.0 V/g
(£5%), frequency range 0.1-200 Hz (£5%), and broadband resolution 0.000001 g rms.
These uniaxial sensors were assembled into different measurement configurations using
custom aluminum mounting cubes that enable flexible monoaxial, biaxial, and triaxial
arrangements depending on the specific measurement requirements at each location. The
total of 28 accelerometers was distributed across 22 measurement points, with 22 sensors
oriented vertically (Z-direction) and 6 sensors positioned horizontally (Y-direction) at strate-
gic locations. This assembly approach explains the apparent discrepancy between the total
number of accelerometers (28) and the number of visible measurement points in Figure 2,
where multiple sensors may be co-located at single spatial coordinates but oriented in
different directions.

4. Experimental Results from Environmental Tests
4.1. Methodology and Reference Configuration

To ensure comparability of the test results from the STb, identical methodological
measurement techniques were employed for each measurement. Data acquisitions were
performed under both ambient conditions and forced vibrations induced by a heavy vehicle
passing on the bridge deck. Each acquisition lasted 13-15 min for the ambiental acquisitions
while 25 s for the forced ones. The forced vibration tests employed a commercial heavy
vehicle with a total mass of approximately 3.5 tonnes, traveling at 30 km/h along the bridge
centerline. The vehicle passage provided controlled excitation conditions, with multiple
crossings recorded to ensure measurement consistency across all sensor configurations.
Of the total recordings obtained for the STb, only the results of three forced inputs will
be considered in this study; however, comprehensive results are available in previous
publications [6,51]. Given the substantial mass and inherent damping characteristics of the
historical masonry bridge, forced vibration tests were selected over ambient measurements
to ensure adequate excitation of the structural modes. The heavy vehicle loading provided
sufficient energy input to clearly identify the natural frequencies across all sensor config-
urations, while ambient excitation proved insufficient to generate measurable responses
in the reduced sensor arrays. This methodological choice ensured consistent and repeat-
able test conditions essential for comparing different sensor configurations. The selection
of forced vibration testing over ambient measurements was based on multiple technical
considerations. The massive masonry structure requires significant excitation energy to
generate measurable responses above ambient noise levels, particularly for the reduced
sensor configurations investigated. Heavy vehicle loading represents the most critical
operational condition for bridge safety assessment and provides controlled, repeatable
excitation conditions essential for comparative analysis across different sensor arrange-
ments. Additionally, forced vibration tests enable acquisition times of 25 s compared to
13-15 min required for ambient measurements, significantly reducing the cost and logistical
complexity of dynamic characterization campaigns. Comprehensive ambient vibration
analysis for this structure has been previously documented [6,51], confirming that forced
excitation provides optimal modal identification for masonry arch bridges. It is important
to underline that even if not all the acquisitions carried out in the experimental campaign
were considered, the results presented in this study were sufficient for the dynamic identifi-
cation of the structure. For this purpose, Artemis Modal software was utilized, enabling
data analysis through the powerful operational modal analysis (OMA) technique, specifi-
cally Stochastic Subspace Identification with eXtended Un-weighted Principal Component
(SSI-UPCX). The optimization analysis utilized post-processing of simultaneously recorded
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data from all 28 accelerometers, with reduced configurations simulated by selecting appro-
priate subsets of measurement channels. This methodology ensures identical excitation
conditions across all analyzed configurations, eliminating variability due to different test
sessions and enabling direct comparison of sensor arrangement effectiveness. The reduced
configurations (13, 8, 6, and 4 accelerometers) were selected based on strategic positioning
criteria that prioritize locations with maximum modal participation and structural signifi-
cance. The summarized results for the STb are presented in Tables 1 and 2, respectively.
In columns 2, 3 and 4 of Tables 1 and 2, the first 5 recorded frequencies in Hz are shown.
The fifth column of each Table displays the main modal shapes of each mode. The first
three vibration modes are visualized in Figure 3. The latter illustrates the direction of the
measurement positions and the first three vibration modes of the STb, as recorded in Test 3.
The aim of this study is to reduce the total number of accelerometers used for monitoring
existing bridges. This aim will be pursued by demonstrating how it is possible to optimize
the number of accelerometers, allowing for the acquisition of the same data that could be
achieved with a large number of measurement instruments.

Table 1. Identified frequencies (Hz) for the STb, obtained from three tests utilizing 28 accelerome-
ters [6,51].

Mean Mode

Number of Identified Frequency Test 1 Test 2 Test 3 Values Shape Interested Arch
1 9.5 9.1 9 9.2 Translational All
2 12.1 13.3 12.6 12.7 Vertical All
3 - 14.7 14.5 14.6 Vertical Central
4 16.7 16.5 16.3 16.5 Vertical All
5 19.7 18 20.9 19.5 Vertical Central

Table 2. Identified frequencies (Hz) of the STb, obtained from forced tests utilizing 28, 13, 8, 6 and
4 accelerometers.

Acquisition Acquisition Acquisition Acquisition Acquisition
lggé?lblf:e:ileii;- with 28 with 13 with 8 with 6 with 4
Accelerometers  Accelerometers Accelerometers  Accelerometers  Accelerometers
1 9.2 9.1 9 10.5 10.9
2 12.7 13.4 12.8 12.9 12.8
3 14.6 14.6 14.3 14.3 14.3
4 16.5 16.6 16.6 16.5 16.6
5 19.5 19.8 19.6 20.1 19.7

(b) (c)

Figure 3. Visualization of the first (a), the second (b) and the third (c) identified mode of the STb
during Test 3 for the reference configuration (28 accelerometers) [6,51].

The average value between the frequencies of the three tests was compared with each
one individually, and the test with the smallest frequency deviation was considered. This
deviation was chosen to compare the frequency values of the other tests with those of
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the subsequent scenarios optimized with a reduced number of accelerometers. In this
case, study, the mean values of the 3 tests were considered for the comparison with the
other optimizations.

All identified modes exhibit predominantly vertical displacement patterns, consistent
with the expected dynamic behavior of masonry arch bridges under vertical excitation. This
vertical character of the modal response validates the effectiveness of vertically oriented
sensor arrangements in capturing the essential dynamic characteristics of the structure.

4.2. Identification of the Vibration Modes in the Optimized Scenarios

The sensor optimization employed a systematic, heuristic iterative procedure ap-
propriate for the manageable parameter space of this three-arch bridge configuration.
The approach systematically evaluated each sensor configuration by ranking positions
according to modal kinetic energy distribution, structural criticality, and measurement
sensitivity criteria. Performance assessment at each iteration included frequency identifi-
cation accuracy and modal correlation evaluation, with sensor reduction continuing until
predetermined thresholds were approached. This iterative approach enabled identification
of minimum sensor requirements while maintaining quantitative validation against the
reference configuration.

MAC analysis was not implemented for cross-configuration comparison due to inher-
ent mathematical limitations when comparing modal shapes with different measurement
point distributions. The normalization properties of the MAC index and the spatial in-
consistency between configurations would compromise the reliability of comparative
assessments. This represents a methodological limitation that future research could address
through the development of correlation metrics specifically designed for variable sensor
array comparisons.

It was found, for the STb, that placing accelerometers exclusively along the keystones
of the bridge deck was sufficient for an accurate modal analysis. Neglecting measurements
from positions near the piers of the bridge did not result in a significant variation in the
vibration modes of the structure. Accelerometers could only be positioned along the two
sides of the deck, in proximity to the two arches of the central vault. Table 2 contains all
identified frequency values in each accelerometer configuration from 28 to 13, 8, 6 and 4.
The modal shape for each identified frequency in all optimized configurations consistently
coincides with that of the reference configuration. As expected, an exception is observed
solely in the configuration employing 6 accelerometers, where the modal shape is vertical
for all identified frequencies. Figure 4a—c correspond to the frequency values collected in
the previous tables. They display the dynamic identification of each optimization of the
STb performed with Artemis.

The frequency variations observed across different sensor configurations require eval-
uation from an engineering perspective. Specifically, the percentage errors relative to the
reference 28-accelerometer setup are as follows: 13-accelerometer configuration shows
a maximum error of 5.5% (Mode 2), 8-accelerometer configuration exhibits a maximum
error of 2.2% (Mode 1), 6-accelerometer configuration presents a maximum error of 14.1%
(Mode 1), and 4-accelerometer configuration displays a maximum error of 18.5% (Mode 1).
For historical masonry structures, frequency variations within 10-15% are generally accept-
able for structural characterization and model updating purposes. The trade-off analysis
demonstrates that configurations with 8 or more accelerometers maintain engineering
accuracy suitable for most monitoring applications.

Figure 5 shows an even further optimization of accelerometer placement, reducing the
number to 6. These accelerometers are positioned near the six keystones of the arches that
delineate the three vaults, but only in the Z-direction. Conversely, as with previous opti-
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mizations, it is evident that the frequency values closely align with those from optimization
that used No. 28, 13, 8, and 4 accelerometers, respectively, placed only along the central
arch. Figure 5 shows the three main vibration modes related to the recordings obtained
with the optimization using 6 accelerometers placed at the keystone.

Figure 4. Visualization of the first three identified modes of the optimizations with 13 (a), 8 (b) and
4 (c) accelerometers placed near the main central arch of STb.

(b)

Figure 5. Visualization of Mode 1 (a), Mode 2 (b) and Mode 3 (c) of the fourth optimization with
6 accelerometers.

From Figure 5, it is possible to observe that the deformed configurations of the first
3 modes coincide. In each graphical representation of the vibration mode, no interpolations
of the vibration shape were performed; rather, deformations were identified exclusively at
the nodes where the measuring instruments were placed. This is why the only nodes that
show displacement are those where the accelerometers were positioned. This happens in
all optimized configurations, and in the optimization with 6 accelerometers, the distance
between the nodes where the measuring instrument was placed is more evident.
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4.3. Identification of the Frequencies in the Optimized Scenarios

To gain a more comprehensive understanding of the variability in each vibration
mode across all monitored nodes, the normalized displacement values were compared
for every optimization scenario. It should be noted that the normalization of displace-
ments with respect to Y and Z translations was conducted exclusively for Mode 1. This
outcome is attributable to the fact that it was the unique mode displaying a translational
modal shape in the Y-axis. In contrast, higher vibration modes (2, 3, 4, and 5) exhibited
a predominance of vertical displacements along the Z-axis, consequently resulting in the
plotting of displacements exclusively in the vertical direction. In the optimization with
13 accelerometers, in nodes 4, 5, 7, 8, 16, and 18, nodal displacements were measured only
in the Z-axis direction and not in the Y-direction; so, the displacement in the Y-axis direction
was not considered. Similarly, for each optimization and for each vibration mode in the
Y-direction, only values at nodes 2, 6, 10, 15, 17, and 19 were considered, as measurement
accelerometers were present exclusively at these positions. Table 3 contains the results of
the normalized displacement for Mode 1 in each node and for the configurations with 28,
13, 8 and 4 accelerometers. Figure 6 shows the graphical behavior of the normalized Y-axis
displacements in absolute value of Mode 1.

Table 3. Mode 1 normalized displacements in the Y-axis in the optimized scenarios with 13, 8 and
4 accelerometers.

Node Y-28acc Y-13acc Y-8acc Y-4acc
2 —0.692 - - -
6 —3.206 —4.274 —0.679 —0.832
10 —2.261 - - -
15 —2.843 —4.156 - -
17 —3.013 —4.161 —0.418 —0.563
19 —2.452 —3.246 - -
45
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Figure 6. Mode 1—Visualization of the Y-axis in absolute value for the optimized scenarios with 13, 8
and 4 accelerometers.

Table 4 and Figure 7 contain the normalized displacement values in the Z-direction
for Mode 1. As can be observed, compared to the displacements in the Y-direction, the
quantity of recorded data is significantly larger. The scenarios with 13, 8, 6, and 4 accelerom-
eters show peaks at nodes 6, 10, 15, and 21. In the central arch area (near node 6), the
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displacement values recorded with optimized scenarios better approximate those of the
reference configuration.

Table 4. Mode 1—Normalized displacements in the Z-axis for each optimized scenario.

Node Z-28acc Z-13acc Z-8acc Z-6acc Z-4acc
1 1.448 - - - -
2 —0.452 - - —0.134 -
3 —0.514 - - - -
4 —0.414 —0.296 - - -
5 —0.902 —1.638 0.113 - -
6 —1.175 —2.154 0.553 0.460 0.410
7 —0.577 —1.065 0.114 - -
8 —0.403 —0.689 - - -
9 —0.113 - - - -
10 0.440 - - —3.319 -
11 0.134 - - - -
12 —0.272 - - - -
13 0.160 - - 0.191 -
14 0.573 - - - -
15 —0.876 —7.630 - - -
16 0.699 0.727 0.565 - -
17 1.000 1.000 1.000 1.000 1.000
18 0.887 0.885 0.463 - -
19 0.741 0.713 - - -
20 0.970 - - - -
21 0.830 - - —2.460 -
22 0.312 - - - -

—6— 28 accel
= = =13 accel
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Figure 7. Mode 1—Visualization of the Z-axis normalized displacements in absolute value for each

optimized scenario.

Table 5 and Figure 8 present the normalized displacement values in the Z-direction for
Mode 2. In this case, by using only 6 accelerometers and without considering the outliers
in nodes 10 and 21, it is possible to rebuild the components of vibration Mode 2 with
good approximation. At node 10, the normalized displacement value obtained by placing
6 accelerometers at the keystone segments of the three arches exactly matches that recorded
in the reference configuration with 28 accelerometers.
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Table 5. Mode 2—Normalized displacements in the Z-axis for each optimized scenario.
Node Z-28acc Z-13acc Z-8acc Z-6acc Z-4acc
1 0.434 - - - -
2 —0.006 - - 0.008 -
3 0.103 - - - -
4 0.127 —0.139 - - -
5 0.394 0.294 0.424 - -
6 1.000 1.000 1.000 1.000 1.000
7 0.352 0.515 0.384 - -
8 —0.212 0.011 - - -
9 —1.094 - - - -
10 —1.993 - - —2.995 -
11 —0.544 - - - -
12 0.312 - - - -
13 0.343 - - 0.390 -
14 0.167 - - - -
15 0.368 0.551 - - -
16 0.561 0.832 0.337 - -
17 0.900 1.260 0.622 1.047 0.533
18 0.385 0.470 0.288 - -
19 —-0.272 —0.298 - - -
20 —1.168 - - - -
21 —1.583 - - —1.799 -
22 —0.447 - - - -
3 = P S S———
". —6— 28 accel
!! — = —13 accel
n 8 accel
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Figure 8. Mode 2—Visualization of the Z-axis normalized displacements in absolute value for each

optimized scenario.

The normalized displacement values for all configurations for Modes 3, 4, and 5 are

included in Tables 6-8, respectively. Their corresponding absolute values are graphically

represented in Figures 9-11, respectively.

Table 6. Mode 3—Normalized displacements in the Z-axis for each optimized scenario.

Node Z-28acc Z-13acc Z-8acc Z-6acc Z-4acc
1 0.071 - - - -
2 —0.120 - - —0.158 -
3 0.017 - - - -
4 —0.209 —0.236 - - -
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Table 6. Cont.

Node Z-28acc Z-13acc Z-8acc Z-6acc Z-4acc
5 0.237 0.251 0.248 - -
6 0.827 0.832 0.813 0.746 0.822
7 0.405 0.427 0.405 - -
8 —0.016 0.026 - - -
9 —0.702 - - - -
10 —1.734 - - —1.598 -
11 —0.946 - - - -
12 —0.270 - - - -
13 —0.197 - - —0.165 -
14 0.018 - - - -
15 0.300 0.215 - - -
16 0.593 0.600 0.593 - -
17 1.000 1.000 1.000 1.000 1.000
18 0.455 0.466 0.477 - -
19 —0.084 —0.046 - - -
20 —0.787 - - - -
21 —1.526 - - —1.511 -
22 —0.786 - - - -

Table 7. Mode 4—Normalized displacements in the Z-axis for each optimized scenario.

Node Z-28acc Z-13acc Z-8acc Z-6acc Z-4acc

1 0.091 - - - -

2 —0.034 - - —0.020 -

3 0.157 - - - -

4 —0.110 —0.100 - - -

5 0.451 0.462 0.448 - -

6 1.000 1.000 1.000 1.000 1.000
7 0.491 0.489 0.511 - -

8 0.121 0.138 - - -

9 —0.293 - - - -
10 —0.528 - - —0.301 -
11 —0.154 - - - -
12 —0.108 - - - -
13 —0.109 - - —0.105 -
14 0.056 - - - -
15 0.240 0.263 - - -
16 0.605 0.590 0.596 - -
17 0.844 0.803 0.842 0.788 0.803
18 0.408 0.394 0.415 - -
19 0.041 0.068 - - -
20 —0.247 - - - -
21 —0.386 - - —0.162 -
22 —0.142 - - - -

Table 8. Mode 5—Normalized displacements in the Z-axis for each optimized scenario.

Node Z-28acc Z-13acc Z-8acc Z-6acc Z-4acc
1 0.093 - - - -
2 —0.217 - - —0.229 -
3 0.176 - - - -
4 —0.055 —0.088 - - -
5 0.618 0.418 0.382 - -
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Table 8. Cont.
Node Z-28acc Z-13acc Z-8acc Z-6acc Z-4acc
6 1.000 1.000 1.000 1.000 1.000
7 0.999 0.616 0.612 - -
8 1.362 0.493 - - -
9 2.016 - - - -
10 3.539 - - 3.358 -
11 1.952 - - - -
12 0.129 - - - -
13 —0.146 - - —0.188 -
14 —0.059 - - - -
15 0.093 —0.068 - - -
16 0.349 0.393 0.408 - -
17 0.058 0.445 0.476 0.128 0.470
18 0.288 0.318 0.328 - -
19 0.774 0.336 - - -
20 1.638 - - - -
21 2.677 - - 2.501 -
22 1.484 - - - -
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Figure 9. Mode 3—Visualization of the Z-axis normalized displacements in absolute value for each

optimized scenario.
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Figure 10. Mode 4—Visualization of the Z-axis normalized displacements in absolute value for each

optimized scenario.
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Figure 11. Mode 5—Visualization of the Z-axis normalized displacements in absolute value for each

optimized scenario.

In Mode 3, the optimization with 6 accelerometers proves to be the best; the main
error between the displacements is within 10%. This is because, for all nodes where an
accelerometer is present, the displacement values align with those recorded in the reference
configuration. The fact that the 13-accelerometer configuration does not reconstruct the
main components of Mode 3 is due to the accelerometers not being placed at the keystones
of the two lateral vaults.

Unlike the previous cases, Figure 10 shows that for Mode 4 the best optimized scenario
appears to be the one with 13 accelerometers. In fact, except for nodes where no accelerometer
was placed, in the central sections of the bridge, the 13-accelerometer scenario perfectly follows
the dashed line. Nevertheless, even the configuration with 6 accelerometers placed at the
keystones also closely follows the displacements measured in the reference configuration.

Mode 5 is correctly recorded in the scenario with 6 accelerometers. In this case, unlike
the previous vibration modes, the other optimizations are not reasonable. None, except for
the one with 6 accelerometers placed at the keystone, correctly reconstructs the normalized

displacements recorded with 28 accelerometers. In particular, by eliminating the outlier of
0.128 at node 17, the configuration with 6 accelerometers shows an average measurement

error of approximately 9%.

5. Conclusions

Through a case study of a historical masonry bridge, this study investigates how
reducing the number of measurement accelerometers yields analogous results. A dynamic
identification performed with 28 accelerometers on the STb shows no substantial differ-
ences compared to 3 subsequent optimizations in which 13, 8 and 4 accelerometers were,
respectively, placed along only the central arch, if only the natural frequencies are consid-
ered. Furthermore, even changing the position of the accelerometers from the central arch
to the keystone sections showed that the frequencies remained very close to each other.
Using only 4 or 6 accelerometers on the central arch and on the keystone, respectively, the
values of the first frequency result to be different by more or less 10%. Therefore, through a
heuristic approach, it can be shown that deformations could be recorded correctly even
with the smallest number of accelerometers.

Comparing the four optimized scenarios, those that came closest to matching the
28 accelerometers were the one with 13 and the one with 6 accelerometers for different as-
pects. Optimization with 13 accelerometers offers the best optimization to the identification
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of the STb frequencies but also the shape of the mode, with a lower number the accuracy of
the shape is lost. Observing the normalized displacements for each vibration mode and
every optimization, the 6-accelerometer configuration stands out as the best. In fact, to
accurately record the displacements of almost all vibration modes, it would be sufficient to
strategically place 6 accelerometers at the keystones of each arch in the bridge to correctly
capture the structure’s deformed configuration. The displacements of Modes 3 and 5 were
found to be the most correctly identified through the 6-accelerometer configuration. For
these, in fact, the percentage measurement error was around 10%. Unlike the displacements
in the Z-direction, those in the Y-direction (transverse to the bridge) were not estimated
with the same precision through the different optimized configurations.

This instrumental optimization offers several advantages. Primarily, it leads to a
significant reduction in the costs associated with monitoring existing structures. It also
decreases measurement time, as the installation of much fewer accelerometers is less de-
manding. A larger quantity of data implies a level of precision that, from an engineering
perspective and considering the time constraints in professional practice, is unnecessary.
Naturally, a complete understanding of the structure under investigation is required to
precisely determine the accelerometer placement. In the context of this study, the most
intelligent strategic choice for accelerometer placement along the bridge deck was clearly
the most deformable central zone, specifically near the central arch. In addition, recording
with discrete monitoring takes on another major benefit related to the durability of the
measuring instrument. By interrupting the measurement at each recording, it is possible
to avoid damage to the accelerometer itself, which, by remaining connected and active
for less time, would be preserved from possible instrumental deterioration. The sensor
optimization strategies developed in this study provide a foundation for cost-effective pre-
liminary assessment that can be repeated at regular intervals to track structural condition
changes over time, thereby enabling practical monitoring programs for heritage infrastruc-
ture. The sensor optimization principles demonstrated in this study show potential for
application to similar masonry arch bridges, particularly those with comparable structural
morphology and material characteristics. The strategic placement approach focusing on
arch keystones reflects fundamental structural behavior patterns common to masonry arch
bridges. However, the specific sensor configurations and reduction ratios identified should
be validated for different span lengths, arch geometries, and masonry materials before
general application. The approach provides a systematic framework that can be adapted
to different heritage bridge assessments while maintaining the core principles of strategic
placement and quantitative performance evaluation.

In the future, this approach should be extended to bridges with different numbers
of arches, span configurations, and masonry materials to establish broader applicability
guidelines. Additionally, comparative studies across different heritage bridge types would
help identify universal principles versus structure-specific optimization requirements, ulti-
mately leading to standardized approaches for heritage bridge assessment. Future research
directions should explore the extension of these optimization strategies to ambient vibration
monitoring scenarios. While the current study demonstrates the effectiveness of sensor
reduction under controlled excitation conditions, the development of similar optimization
frameworks for ambient monitoring would further enhance the practical applicability of
these findings for long-term structural health monitoring programs. The principles estab-
lished in this work provide a foundation for such developments, particularly regarding the
strategic placement of sensors at structurally critical locations such as arch keystones.
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