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Abstract. Aging infrastructure has become a pressing concern nowadays, partic-
ularly in countries like Italy where major infrastructures were built more than 60 
years ago. Structural health analyses and investigations on these existing struc-
tures should be performed without damages or service interruptions. Modal anal-
ysis, aimed at identifying eigenfrequencies and eigenmodes, proves to be a highly 
effective strategy for understanding structural characteristics. In this work we 
present two compelling cases of Operational Modal Analysis OMA. The first 
case focuses on a 154-meter-long viaduct constructed using a system of pre-
stressed reinforced concrete box girders, divided into five spans of almost 30 me-
ters each. The second case involves two reinforced concrete 'arch-stayed' type 
bridges with a span of 55.25 meters. In both instances, experimental OMA has 
been conducted to identify structural eigenfrequencies, which have been used to 
evaluate the structural mechanical characteristics. This approach addresses an in-
verse problem, where the results of experimental modal analyses are considered 
as known inputs, while the structural parameters of a mathematical model repre-
senting the real structure are the unknowns. This method can help the identifica-
tion of constraint conditions, material characteristics, and, in general, serves as 
an effective approach for structural health monitoring of bridge structures. 
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1 Introduction 

Operational Modal Analysis (OMA) [1] is a pivotal technique for the structural health 
monitoring of existing structures [2] and bridges, offering a non-invasive approach to 
understanding their dynamic behavior under operational conditions. As a passive mon-
itoring method, OMA capitalizes on ambient and operational forces—such as traffic, 
wind, and other environmental factors—eliminating the need for artificial excitation 
which can be both costly and challenging to apply to large-scale structures. 
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The significance of OMA in the context of bridge health monitoring [3] is multifac-
eted. Firstly, it allows for the continuous assessment of a bridge's integrity in real-time, 
providing data on its dynamic characteristics such as natural frequencies, damping ra-
tios, and mode shapes. These parameters are essential indicators of a structure's condi-
tion and can signal the presence of potential damage or deterioration when deviations 
from established baseline measurements are observed. 

Secondly, OMA's ability to identify and track changes over time supports the devel-
opment of preventive maintenance strategies [4]. By detecting anomalies early, mainte-
nance can be scheduled proactively, thereby enhancing the longevity of the structure 
and ensuring user safety while optimizing resource allocation. 

Furthermore, OMA contributes to the extension of a bridge's service life [5]. 
Through detailed modal fingerprints, it informs engineers about the structural responses 
to everyday stressors, guiding the design of retrofitting measures that bolster the 
bridge’s resilience against future stressors and potential failures. 

For these reasons OMA plays a crucial role in the proactive maintenance and man-
agement of bridge infrastructure. It provides invaluable insights into the performance 
of existing bridges, facilitating informed decision-making and contributing to safer, 
more reliable, and economically sustainable civil engineering practices. 

In this paper two applications of OMA to existing structure analysis are presented. 
After this brief introduction in Section 2 the case of a pre-stressed reinforced concrete 
box girders viaduct is discussed, while Section 3 reports on the OMA performed on two 
reinforced concrete 'arch-stayed' type bridges. Some conclusive remarks are drawn in 
Section 3. 

2 Pre-stressed reinforced concrete box girders 

The first case study examines a viaduct composed of pre-stressed reinforced concrete 
box girders, situated in the southern region of Sardinia, Italy, see Fig. 1. The viaduct's 
longitudinal axis is oriented East-West, extending 154 meters across five spans of ap-
proximately 30 meters each. Notably, the third span crosses over a railway line. 

 
2.1 Case Study description 

The viaduct's planimetric development follows a clothoid curve with curvature radii of 
553.6 and 130 meters. Due to its unique shape, the beams vary in length, ranging from 
about 27 to 31 meters. The longitudinal extension is supported by four piers spaced 
30.80 meters apart, and the beams are laid out following an isostatic structural scheme 
of a "hinge-simple support" type. This design ensures independent structural behavior 
for each span, composed of five side-by-side box girders spaced 2.85 meters apart. 

Pre-tensioning cables are longitudinally distributed to minimize the bending moment 
on the beams. Over these pre-stressed beams, a 14.8-meter-wide, 25 cm thick collabo-
rating slab is cast, extending transversely beyond the beams by about 50 cm. This slab, 
forming the drivable surface, see Fig. 2 contributes to the stiffening of the beam and 
cross-beam assembly and includes slow curing reinforcement arranged in two layers, 
both longitudinally and transversally. 
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Fig. 1. Prestressed reinforced concrete box girder viaduct representing the first case study. 

 
Each span features two cross-beams at the extremities, integrated into the structure 

to solidify the structural response to flexural and torsional stresses. The cross-beams 
have a T-shaped transverse section, encompassing the full height of the beam and the 
thickness of the slab. They are reinforced in the wings and the lower part of the cross-
section, with adequate bracing that includes the outer longitudinal bars of the cross-
beam's core. 

 
The structure's altimetric development includes a slight arching to accommodate  
the crossing over the railway line. Continuity is maintained by expansion joints be 

Fig. 2. Viaduct cross sections, measures are in m. 

Concerning materials characteristics concrete belongs to class C45/55, while B450C 
steel has been used for standard reinforcements, see NTC18 [5] and the prestressing 
strands have a characteristic tensile strength (fptk) of 1863 MPa  

In summary, the viaduct comprises four piers with foundations, 25 pre-stressed re-
inforced concrete beams manufactured off-site, 10 cross-beams, and 5 cast-in-place 
concrete slabs, bordered by two cast-in-place concrete abutments that define the via-
duct's extremities and integrate into the road's altimetric connection. 

Each beam of the deck has an isostatic behavior as a simply supported beam, allow-
ing small displacements in the longitudinal direction 𝑥. As for the displacements in the 
transverse direction 𝑦, these are prevented in the central beam, while they are allowed 
at the support points of the internal and edge beams. Essentially, the deck must be able 
to withstand stresses due to its own weight, those produced by traffic on the drivable 
surface, the stress resulting from the effects of thermal expansion, and those due to the 
pre-tensioning cables, which develop in the plane 𝑥, 𝑦 containing the set of beams, 
cross-beams, and the slab. To meet these conditions, the deck beams must be connected 
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to the piers using appropriate support devices. These have different characteristics, in 
relation to the kinematics necessary for the correct structural response of the span in the 
longitudinal direction 𝑥 and transverse direction 𝑦 

 
2.2 Experimental Modal Analysis 

Experimental modal analysis was carried out by measuring the accelerations of the cen-
tral span overpassing the railways subjected to various types of dynamic forces. For 
instance, measurements were taken during the passage of a moving train on the line 
underneath the deck and the transit of some cars over the viaduct. The variations of 
accelerations over time were used to obtain the values of the structure's natural frequen-
cies, through a Fast Fourier Transform (FFT) with the subsequent application of the 
Pick Peaking method [7]. This allowed for a proper experimental modal analysis OMA 
(Operational Modal Analysis) [8], which is based on environmental excitations such as 
wind, noise, vehicular traffic, etc. considered as white noise. 

Given the reference system 𝑂(𝑥, 𝑦, 𝑧) where the 𝑥 and 𝑦 axes are the longitudinal 
and transverse directions of the deck, respectively, and the 𝑧 axis identifies the vertical 
direction. To carry out the measurement, 7 single-axis accelerometers of the PCB 393 
C type were used, with a sensitivity of 101.9 mV/g. They were properly anchored to 
the curbs of the edge of the 3rd span, according to the layout shown in Fig. 3. The 
acquisition points are chosen with the purpose of detecting the fundamental natural fre-
quencies from the 1st to the 3rd mode. In fact, accelerometers 1, 5, 6, 7 are oriented in 
the vertical direction 𝑧; accelerometers 4, 3, 2 were positioned according to the orthog-
onal reference system 𝑥, 𝑦, 𝑧. This arrangement allows for measuring accelerations in 
the three spatial directions. For reading the accelerometric signals, a central multichan-
nel digital acquisition control unit 'Dymas24' was used, equipped with 5 acquisition 
cards and 30 input channels. Of the 30 channels, 7 were used, from the 1st to the 7th 
channel. 

 

 
Fig. 3. Accelerometers layout. Red circles denote the position of the accelerometer while the 
letter after the sensor number represents the direction of measurements. 
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2.3 Results 

Table 1 reports the first three modal natural frequencies, according to average and char-
acteristic values of each accelerometer. It is interesting that accelerometer 4, due to its 
placement in the longitudinal direction 𝑥 of the deck, did not register significant accel-
erations for the 1st and 3rd natural frequencies. Apparently, the accelerations in that 
direction are too small for the aforementioned modes; however, some accelerations is 
detected at the 2nd natural frequency. 

Table 1. OMA and FEM results for the considered viaduct. 

Accelerometer Mode 1 [Hz] Mode 2 [Hz] Mode 3 [Hz] 
1 2,88 4,37 6,66 
2 2,90 4,37 6,65 
3 2,42 4,42 6,58 
4 - 4,46 - 
5 2,88 4,37 6,61 
6 2,86 4,37 6,60 
7 2,91 4,36 6,10 

Average 2,83 4,39 6,62 
FEM results 2,57 4,30 6,73 

Relative differences 9,2% 2,0% 1,7% 
 

A numerical model was created using the commercial software Straus7. The following 
finite elements have been chosen: simple planar triangular and quadrangular finite ele-
ments (with 3 and 4 nodes, respectively) to represent the beams and slabs, and cubic 
volumetric elements with 8 nodes for the slab curbs. Links elements have been adopted 
to simulate the constraint conditions at the viaducts ends. 

Overall, the mesh consists of 16,326 nodes, 15,166 plates, 1,544 bricks, and 170 
links, This discretization has proven to be sufficiently accurate for reproducing the ei-
genfrequencies of the structure discretized with finite elements. 

First eigenmode is a typical flexural mode with main displacements in the vertical z 
direction, instead second and third modes are torsional modes which involve the up-
ward and backward vertical deflections (mode 2) and transversal deflections (mode 3). 
A qualitative representation of mode shapes is presented in Fig. 4. Actually, in the pre-
sent study, direct experimental estimation of mode shapes was not performed due to 
constraints in measurement capabilities. Instead, we have based our assessment on the 
distribution of accelerations measured by the accelerometers for different modes. Spe-
cifically, the sensors that recorded higher accelerations in a particular mode suggest the 
regions of the structure that are more active in that mode. These observations are then 
compared with the predicted mode shapes from our numerical model. 
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(a) First eigenmode 

 

 
(b) – Second eigenmode 

 
(c) – Third eigenmode 

Fig. 4. Qualitative representation of the first three  bridge eigenmodes. 

 

3 'Arch-stayed' type bridges 

3.1 Case Study description 

The two “Arch-stayed” type bridges, located in south Sardinia, identical in their con-
struction typology, static scheme, and geometric dimensions, are built in cast-in-place 
reinforced concrete with a span of 55.25 meters, see Fig. 5. The internal roadway width 
is 5 meters. Their distance is 100 m and they are located on the same roadway. 

The main load-bearing structure consists of an arch with a section of 130x80 cm, 
and vertical ties with a section of 46x18 cm, which support the deck constructed with a 
reinforced slab, sustained by side beams with a section of 90x45 cm and a central spine 
beam of 45x25 cm, segmented by cross beams with a section of 50x25 cm, see Fig. 6. 

Overall, the structure is simply supported by reinforced concrete piers. 
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Fig. 5. Arch stayed bridge 1. 

 

 

 
Fig. 6. Arch stayed bridge geometry. 

 
The characteristics of the were inferred from the investigation campaign and the com-
mon typologies at the time of construction of the bridges. The concrete of the ties ex-
hibits a characteristic compressive strength of 16 MPa and an elastic modulus of 28 
GPa. Additionally, the concrete used for the other structural components has a charac-
teristic compressive strength of 28 MPa and an elastic modulus of 31 GPa. The rein-
forcing steel, identified as FeB 32K, is characterized by a yield strength of 274 MPa 
and an elastic modulus of 210 GPa. 

 
3.2 Experimental Modal Analysis 

OMA were conducted by recording the structure's response under various excitation 
conditions, including environmental vibrations induced by wind and traffic beneath the 
overpass, impulsive loads on the deck, and during the transit of a vehicle. The detection 
system consists of 7 PCB 393 C accelerometers (sensitivity of 101.9 mV/(m/s²)) and a 
central control unit. The accelerometric data were recorded at a sampling frequency of 
200 Hz. Signal noise was reduced by applying a band-pass filter with a lower cutoff 
frequency of 0.5 Hz and an upper cutoff of 15 Hz. 

The acquisition points, specifically single-axis accelerometers, were arranged in two 
orthogonal triads (D1 and D2) to detect accelerations in the three spatial directions, 
following the scheme outlined in Fig. 7. Thus, accelerometer 1 and 4 direction is aligned 
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with vertical z-axis, accelerometers 2 and 5 direction is aligned with longitudinal x axis 
while accelerometers 3, 6 and 7 are aligned with the transversal y axis with reference 
to the bridge direction. The triads were anchored to rigid points of the deck using 8mm 
diameter expansion anchors. In addition to the triads a further single accelerometer (no. 
7) was located on one central tie in the horizontal transversal y direction, see Figure 5 
D3. 

Time-domain recordings were converted into the frequency domain using the Fast 
Fourier Transform (FFT), while the method used for identifying natural frequencies is 
based on Peak-Picking. 

 

 
Fig. 7. Accelerometers layout, small numbers represent the accelerometer number, while D_x 
represents the triad number. 

 
3.3 Results 

Table 2 and Table 3 report the first modal natural frequencies for bridge 1 and 2 respec-
tively. It is interesting to note that the differences between bridges eigenfrequencies are 
minimal as it was expected given the same geometry and design mechanical character-
istics. Probably during their life time different materials degradation yield to small dif-
ferences in eigenfrequencies. 

 

Table 2. OMA results for bridge 1. 

Accelerometer Mode 1 [Hz] Mode 2 [Hz] Mode 3 [Hz] 
1 - 2,34 - 
2 - 2,33 - 
3 1,99 - - 
4 - - 4,34 
5 1,99 - - 
6 - 2,34 - 
7 1,98 - - 

Average 1,99 2,34 4,34 
 

To discuss and analyze the experimental results, a numerical model was developed us-
ing the MIDAS GEN software. The model incorporates beam, shell, and brick elements 
to accurately simulate the structural behavior. It is important to note that, given the two 
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bridges are identical in terms of geometry, loads, and static scheme, the FEM analysis 
at this stage applies to both. 

Table 4 presents the numerical eigenfrequencies and their relative differences com-
pared to the experimental results. A good agreement was observed between the model 
and the experimental values. 

 

Table 3. OMA results for bridge 2. 

Accelerometer Mode 1 [Hz] Mode 2 [Hz] Mode 3 [Hz] 
1 - 2,39 - 
2 - 2,42 - 
3 2,05 - - 
4 - - 4,55 
5 - - - 
6 - 2,40 - 
7 2,05- - - 

Average 2,05 2,40 4,55 
 
 

Table 4. FEM eigenfrequencies and relative differences with OMA results. 

 Mode 1 [Hz] Mode 2 [Hz] Mode 3 [Hz] 
Numerical Value 2,13 2,39 4,31 

Relative difference with 
OMA for Bridge 1 7,0% 2,1% 0.7% 

Relative difference with 
OMA for Bridge 2 3,9% 0,4% 5,2% 

 
Due to limitations in our measurement setup, we did not directly measure mode 

shapes experimentally. Our analysis relies on interpreting the acceleration data captured 
by sensors at various locations. Areas of higher acceleration readings correlate with 
more significant structural activity in specific modes. We compared these empirical 
findings to the mode shapes anticipated by our numerical model. 

FEM model helps also in describing the mode shapes. Mode 1 is a translational in 
the transversal direction y, indeed it is detected by accelerometers aligned in this direc-
tion, see Fig. 8 for a qualitative graphical representation. 

Mode 2 is a flexural one with rotation along the bridge transversal axis y, featuring 
nodes at the quarter-span of the deck, which in reality corresponds to translational 
movements directed along the vertical z-axis. Finally Mode 3 is purely flexural with 
translations along the z-axis and a maximum at mid-span, consequently it is identified 
by accelerometer 4 in both bridges. 
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Fig. 8. Mode 1 qualitative representation for arch-stayed type bridge. 

 

4 Conclusions 

In conclusion, the application of Operational Modal Analysis (OMA) to the studied 
bridges presents a non-intrusive method for assessing structural integrity and identify-
ing dynamic characteristics critical to structural health monitoring. Our findings reveal 
that OMA can effectively capture the structural responses to operational and environ-
mental conditions. The successful identification of natural frequencies and modal 
shapes underscores the potential of OMA as a powerful diagnostic tool for ongoing 
structural evaluation, emphasizing its role in preventive maintenance strategies and 
structural longevity.  

Indeed, the information regarding eigenfrequencies and eigenmodes is invaluable 
for both structural identification problems and structural monitoring. Eigenfrequencies, 
or natural frequencies, are fundamental to understanding a structure's ability to resist 
dynamic loads, serving as a benchmark for assessing potential alterations or damages 
over time. This data is crucial for identifying the current state of a structure, as changes 
in eigenfrequencies can indicate modifications in stiffness, mass distribution, or bound-
ary conditions, often before visual signs of damage become apparent [9]. 

Furthermore, continuous monitoring of these parameters allows for the development 
of a detailed performance history of the structure, enhancing predictive maintenance 
strategies [10]. This approach enables timely repairs and may significantly extend the 
structure's lifespan while ensuring safety and functionality. In the broader context, the 
amalgamation of eigenfrequency and eigenmode data, when integrated with advanced 
computational models, can lead to more sophisticated structural health monitoring sys-
tems, ultimately leading to smarter, more resilient infrastructure. 

For these reasons the study's implications for the advancement of structural health 
monitoring are significant, offering a pathway to safer, more efficient management of 
bridge infrastructure. 
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Modo di vibrare n°1 

Frequenza [Hz] Periodo [s] 
Masse di partecipazione modale [%] 

DX DY DZ RX RY RZ 
2.13 0.47 0.000 39.054 0.000 45.38 0.000 0.001 

Vista prospettica 

 

Vista dall’alto 

 
 

Modo di vibrare n°1 

Frequenza [Hz] Periodo [s] 
Masse di partecipazione modale [%] 

DX DY DZ RX RY RZ 
13.24 0.0755 0.0000 7.1376 0.2021 74.0336 0.0000 0.0001 

Vista prospettica 

 

Vista frontale 

 

 
Modo di vibrare n°5 

 

RAPPORTO N.: 2019094_CND0100 
REV. N.:  00 
Data:       12-03-2020 

 

33 

Modo di vibrare n°1 

Frequenza [Hz] Periodo [s] 
Masse di partecipazione modale [%] 

DX DY DZ RX RY RZ 
2.13 0.47 0.000 39.054 0.000 45.38 0.000 0.001 

Vista prospettica 

 

Vista dall’alto 

 
 

Modo di vibrare n°1 

Frequenza [Hz] Periodo [s] 
Masse di partecipazione modale [%] 

DX DY DZ RX RY RZ 
13.24 0.0755 0.0000 7.1376 0.2021 74.0336 0.0000 0.0001 

Vista prospettica 

 

Vista frontale 

 

 
Modo di vibrare n°5 



11 

References 

1. Au, S. K. (2017). Operational modal analysis. Modeling, Bayesian Inference, Uncertainty 
laws Springer, Heidelberg. 

2. Stochino, F., Attoli, A., Serra, M., Napoli, A., Meloni, D., Mistretta, F. (2023). Structural 
Identification from Operational Modal Analysis: The Case of Steel Structures. Buildings, 
13(2), 548. 

3. Civera, M., Mugnaini, V., Zanotti Fragonara, L. (2022). Machine learning‐based automatic 
operational modal analysis: A structural health monitoring application to masonry arch 
bridges. Structural Control and Health Monitoring, 29(10), e3028. 

4. Mironov, A., Safonovs, A., Mironovs, D., Doronkin, P., Kuzmickis, V. (2023). Health Mon-
itoring of Serial Structures Applying Piezoelectric Film Sensors and Modal Passport. Sen-
sors, 23(3), 1114. 

5. Tomassini, E., García-Macías, E., Reynders, E., Ubertini, F. (2023). Model-assisted cluster-
ing for automated operational modal analysis of partially continuous multi-span bridges. 
Mechanical Systems and Signal Processing, 200, 110587. 

6. Ministero delle Infrastrutture e dei Trasporti. (2018). Norme Tecniche per le Costruzioni 
(NTC18). Technical standards for constructions, in Italian. 

7. Bendat, J.; Piersol, A. (1993) Engineering Applications of Correlation and Spectral Analy-
sis; Wiley: New York, NY, USA.  

8. Zahid, F.B.; Ong, Z.C.; Khoo, S.Y. (2020) A review of operational modal analysis tech-
niques for in-service modal identification. J. Braz. Soc. Mech. Sci. Eng. 42: 1–18. 

9. Gentile, C., Borlenghi, P., Saisi, A. (2021). Detecting and localizing anomalies on masonry 
towers from low-cost vibration monitoring. Smart Structures and Systems, An International 
Journal, 27(2), 319-333. 

10. Gentile, C., Ruccolo, A., Canali, F. (2019). Long-term monitoring for the condition-based 
structural maintenance of the Milan Cathedral. Construction and Building Materials, 228, 
117101. 
 


