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Abstract. The Operational Modal Analysis [1] is a kind of test in which the input 
forces are derived from the environmental conditions. The dynamic behavior of a 
structure, on the other hand, is a kind of “fingerprint” that depends only by intrinsic 
characteristics (mass, stiffness, damping, boundaries, degree of freedom, etc.) and 
not by the applied loads. The structural response remains unchanged in absence of 
modification (structural damage, etc…), otherwise a variation of frequencies and 
vibration modes occurs. The present paper illustrates the dynamic identification 
of an existing building supporting a cell tower. An innovative technology has been 
employed to measure the forces transmitted by the tower to the building and an 
accurate FE modelling has been performed to assess the model. The comparison 
between the experimental evidences with the results of FE models allows the 
dynamic identification of the structure. 

The element of novelty of this work is the attempt to use a hybrid procedure 
that allows to dynamically identify a structure by environmental excitation but at 
the same time to measure the induced actions and thus develop the identification 
calculations with compulsive notes, allowing a calibration of the model to obtain 
a more accurate solution. 

Keywords: Operational Modal Analysis · Dynamic identification · Safety 
assessment 

1 Introduction 

In recent decades, the monitoring and analysis of existing structures have become crucial 
for ensuring the safety and durability of buildings. Structures subjected to cyclic external 
forces, such as wind and traffic, can experience significant variations in their dynamic 
properties, making the development of advanced techniques for their identification and 
evaluation necessary. Among these techniques, Experimental Modal Analysis (EMA) 
and Operational Modal Analysis (OMA) are fundamental tools for the dynamic charac-
terization of structures. EMA is a well-established technique used to assess a structure’s 
dynamic characteristics, in which both the applied forces and the structural responses are 
known and measured. However, for many existing structures, the application of dynamic
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loads is complex or impractical, making OMA a more suitable approach. In OMA [1], 
the excitation of the structure is caused by unmeasured environmental forces, such as 
wind or traffic. In the telecommunications context, buildings supporting metal antenna 
towers are particularly susceptible to additional stresses transmitted to the substructure. 

This study aims to investigate the dynamic response of an existing building support-
ing a metal tower by analyzing the interaction between the reinforced concrete structure 
and the tower placed on the roof. 

2 Study Objectives 

The primary objective of this study is to accurately characterize the dynamic behavior 
of a building with an overhead metal structure using a hybrid EMA-OMA analysis. This 
approach enables the measurement of wind-induced forces and the dynamic response of 
the structure, aimed at structural identification through the calibration of a Finite Element 
Method (FEM) model. The hybrid procedure not only allows for the identification of the 
dynamic behavior of the structure under ambient excitation but also accurately measures 
the applied forces, facilitating a more precise assessment of structural safety conditions. 

By combining the use of an anemometer, accelerometers and strain gauges, it has 
been possible to measure both the actions (wind forces) and the dynamic response of 
the structure. These measurements were then replicated in an FEM model, capable of 
providing an accurate representation of the actual structure. 

3 Case Study 

The subject of this study is a building constructed in the early 1970s, intended as a 
telephone exchange center, located in an area subjected to significant environmental 
loads, including wind forces and vehicular traffic. The structure consists of a reinforced 
concrete frame, spanning four above-ground floors and one basement level, covering a 
usable floor area of approximately 2,650 square meters. The building has plan dimensions 
of approximately 51.50 × 18.00 m, with an irregular configuration both in plan and 
elevation. The average floor height is 4.35 m, and the floors are made of hollow brick-
concrete slabs with a thickness of 44 + 4 cm, designed to withstand accidental loads of 
up to 1,000 kg/m2. The foundations consist of footings on bored piles with a diameter 
of 400 mm. 

A distinctive feature of the building is the presence of a metal antenna tower, installed 
in 1975 on the rooftop of the structure. The tower, with a height of 21.10 m, has a square 
base measuring 4.00× 4.00 m, which progressively tapers to 2.00× 2.00 m at the top. The 
tower is primarily composed of L-shaped steel profiles and UPN beams, interconnected 
through plates and bolts. Along the height of the tower, intermediate rest platforms are 
present, as well as an internal ladder with a safety cage. The connection between the 
tower and the reinforced concrete substructure is achieved through three tiers of HEB 
and IPE steel beams, welded together and bolted to the substructure. This configuration 
allows for the distribution of the loads transmitted by the tower across the beams and 
columns of the building, without requiring a rigid anchorage, thereby permitting a degree 
of movement and dissipation of stresses (Fig. 1).
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Fig. 1. Photo of the rooftop of the building and the metal tower installed on top 

4 EMA and OMA 

Modal analysis is a fundamental technique for studying the dynamic behavior of struc-
tures by identifying their natural frequencies, mode shapes, and damping factors. In the 
literature, structures can be subjected to dynamic testing using two main methodologies: 
Experimental Modal Analysis (EMA) and Operational Modal Analysis (OMA). 

EMA is a traditional technique used to determine the modal properties of a structure 
by applying controlled excitation forces [2]. In this context, the applied loads—such as 
instrumented hammers, shakers, or vibrodynes—are introduced to the structure, and the 
dynamic response is measured using sensors, typically accelerometers or strain gauges. 
One of the main advantages of EMA is the ability to control both the magnitude and the 
location of the applied forces, enabling accurate identification of the structure’s dynamic 
properties. However, the application of EMA to large-scale structures, such as buildings 
and towers, is often limited by the complexity of generating sufficiently large forces to 
induce a noticeable response (Fig. 2). 

Fig. 2. Schematic diagram of an Experimental Modal Analysis 

OMA is an alternative methodology that identifies the dynamic properties of struc-
tures without the need to apply controlled forces. OMA leverages existing environmental 
forces, such as wind, traffic, and other naturally occurring phenomena, to analyze the 
dynamic response of the structure. This approach has proven particularly useful for 
structures that cannot easily be excited with known loads, such as bridges, tall buildings, 
or telecommunications infrastructure.
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In the present study, OMA was employed as the primary method for the dynamic 
identification of the building-tower system. The choice of this methodology was driven 
by the nature of the acting forces, primarily wind, which provides a continuous and 
variable input capable of exciting the structure’s natural modes. Through the use of 
accelerometers and strain gauges installed at key locations on the structure, significant 
data were collected for dynamic characterization (Fig. 3). 

Fig. 3. Schematic diagram of an Operational Modal Analysis 

4.1 Comparison Between EMA E OMA: Hybrid Approach 

In this study, a hybrid approach was adopted, combining the advantages of OMA with 
more precise control over external forces. Although wind acts as a random force, typ-
ical of OMA, in our method it is measured using an anemometer, allowing real-time 
monitoring of the intensity and direction of the wind. This makes our approach more 
effective than traditional OMA, as it eliminates uncertainty related to the variability of 
environmental forces, thereby improving the accuracy of the dynamic characterization 
of the structure. The combination of these measurements with FEM modeling provided 
a precise representation of the structure’s dynamic behavior, overcoming the typical 
limitations of both EMA and OMA [3]. As a result, modal identification is more com-
prehensive and reliable, owing to the known induced forces, ensuring that the model 
accurately reflects the real operating conditions of the structure. Wind actions were 
translated into dynamic loads through assessments or conversions suggested by vali-
dated documents such as “EN 1991-1-4: Eurocode 1: Actions on structures - Part 1–4: 
General actions - Wind actions” and “ Italian D.M. 17/01/2018 – Aggiornamento delle 
«Norme Tecniche per le Costruzioni» and the accompanying explanatory circular of 
21/01/2019, §3.3 and §C3.3 Wind Action, respectively. 

5 Measurement System: Edge Component Design 

The measurement system implemented for monitoring the structure in this study was 
designed with specific operational conditions and design constraints in mind. The system 
configuration was optimized to allow for precise and synchronous data acquisition from 
sensors distributed over a wide area and subjected to variable environmental forces, such 
as wind.
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The design of the measurement system was strongly influenced by the need to ensure 
reliable remote monitoring of both reinforced concrete structures and lightweight metal 
structures, such as telecommunications towers. The design constraints that guided the 
choice of system architecture include:

• The requirement for a gateway (Industrial PC - IPC) with LTE connectivity and 
sufficient processing capacity.

• Wiring of a sensor network distributed over a wide area, with cable lengths of up to 
several tens of meters.

• Resistance to electromagnetic (EMI) and radiofrequency (RFI) interference, along 
with protection from environmental agents (IP65 certification or higher).

• The ability to support different types of sensors (accelerometers, strain gauges, and 
anemometers).

• Synchronization of data acquisition across all sensors to ensure coherent data analysis.
• Power supply via the bus to reduce cabling and system complexity. 

To meet these requirements, the EtherCAT protocol was chosen for communication 
between the sensors and the gateway due to its ability to transmit data synchronously with 
minimal latency and sub-microsecond synchronization. EtherCAT is compatible with 
standard Ethernet cabling and supports daisy-chain configurations. For sensor power 
supply, a hybrid EtherCAT/PoE system was employed, using commercial passive PoE 
injectors to provide power directly over Ethernet cables, eliminating the need for addi-
tional power cables. This approach allowed for a streamlined and robust topology while 
ensuring a stable 24 V power supply to each measurement point (Fig. 4). 

Fig. 4. General schematic of the edge measurement acquisition system 

The sensor network installed on the structure consists of a variety of devices, strate-
gically positioned to monitor the forces at play and the dynamic response. The sensors 
used include:

• Strain gauges to measure deformations on the tower’s support columns, configured 
in a Poisson half-bridge.

• High-sensitivity accelerometers to measure vibrations in the floor and tower, placed at 
different heights to obtain a comprehensive view of the structure’s dynamic behavior.

• An anemometer, installed at the top of the tower, to measure wind intensity and 
direction, the main driving force in the monitored system (Fig. 5).
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Fig. 5. Schematic representation of the adopted measurement system. 

The gateway, installed in the technical room beneath the metal structure, serves as 
the central hub of the measurement system. Equipped with an Industrial PC (IPC) run-
ning a Linux operating system, the gateway manages communication with the sensors 
via an EtherCAT master software developed using the IgH Etherlab master. The gate-
way is responsible for initiating and halting measurements, synchronizing sensors, and 
transmitting data to the cloud for further processing. The system ensures two-way com-
munication with the DEFA Ingegneria portal, where data is acquired, processed, and 
stored. This setup allows real-time monitoring of the structure while also adjusting the 
measurement frequency and duration based on the detected environmental conditions. 

6 Input and Output 

In the context of dynamic structure monitoring, one of the key aspects is the analysis 
of environmental forces that influence structural behavior. In this study, wind was iden-
tified as the primary external force capable of exciting the structure. Accelerometric 
and strain gauge measurements, acquired under operational conditions, allowed for the 
characterization of the structure’s response to wind-induced forces. 

6.1 Wind as the Primary Driving Force 

Wind continuously and variably acts on the structure, exerting both horizontal and tor-
sional forces. Its effects are particularly intense on exposed overhead structures, such 
as towers, inducing deformations in the support columns and significant vibrations in 
the metal components of the tower. To measure wind intensity and direction in real-
time and define the input forces while monitoring these effects, an anemometer was 
installed at the top of the tower. The measurements revealed a significant correlation 
between wind intensity and the structural vibrations and deformations, with a Pearson 
correlation coefficient greater than 0.7 (Fig. 6).
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Fig. 6. Correlation between wind force and measured accelerations (left) and measured deforma-
tions (right) 

This finding supports the hypothesis that the relationship between wind speed and 
structural response is not perfectly linear, due to the empirical nature of the wind-induced 
forces and the complexity of the dynamic interactions between the superstructure and 
the substructure. 

6.2 Accelerometric Measurements: Dynamic Response of the Tower 

Accelerometers placed at key points on the structure provided real-time data on the 
dynamic response of the tower and the floor of the technical room beneath it. The recorded 
accelerations, particularly at the top and mid-level of the tower, revealed wind-induced 
vibrations and their transmission through the structure. The accelerometric analysis 
identified the main vibration modes of the tower and superstructure, showing a strong 
correlation between wind intensity and vibration amplitude, confirming the significant 
impact of environmental conditions on the structure’s dynamic behavior. 

6.3 Strain Gauge Measurements: Deformations in the Support Columns 

Strain gauges installed on the tower-supporting columns provided detailed data on 
deformations caused by dynamic loads. Using a Poisson half-bridge configuration, the 
measurements revealed stress variations in the columns in response to wind intensity 
and vibrations from the tower. Peak deformations were directly correlated with wind 
speed and tower vibrations, with notable stress increases, such as a 0.128 MPa rise 
recorded by Sensor 628 on the northwest column during a medium-intensity wind event 
on 17/01/2023, demonstrating the tower’s significant influence on the columns (Fig. 7).
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Fig. 7. Analysis of stress variation (MPa) measured by strain gauges – ∆σ = 0.128 MP a.

6.4 Analysis of Results 

After filtering the signals, both from accelerometers and strain gauges, it was possible 
to identify the structure’s natural frequencies through spectral analysis using the Welch 
periodogram [4]. Two main frequency peaks were detected:

• 2.05 Hz and 3.65 Hz for the X direction component
• 1.80 Hz for the Y direction component (Figs. 8 and 9). 

Fig. 8. Frequency Domain Analysis - Accelerometers: X dir. (2.05 Hz and 3.65 Hz) and Y dir. 
(1.80 Hz)
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Fig. 9. Frequency Domain Analysis - Strain Gauges: X direction (1.80 Hz and 2.05 Hz) 

As shown in the figures, the main frequencies obtained from both strain gauge and 
accelerometer measurements coincide, demonstrating a strong correlation between the 
wind acting on the tower and the subsequent response of the substructure. 

7 Finite Element Modeling (FEM) 

A Finite Element Model (FEM) was created to simulate the dynamic behavior of both 
the metal tower and the reinforced concrete substructure. Three models were developed: 
one for the tower, one for the substructure, and a combined global model. Linear Frame 
elements represented the tower and substructure, while meshed quadrangular Area ele-
ments were used for the floors and platforms. The foundation was modeled with fixed 
supports for the substructure columns, and the tower’s base connection was represented 
as an intermediate constraint between a fixed support and a hinge (Fig. 10). 

Fig. 10. From left to right: FEM model of the metal tower, reinforced concrete framed structure 
and global one 

The FEM model was calibrated using data from accelerometers and strain gauges to 
improve the accuracy of stiffness and constraints representation. After iterative updates, 
the model’s natural frequencies and mode shapes aligned well with experimental data 
(Table 1).
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Table 1. Comparison between Measured and Calculated Natural Periods using the Calibrated 
FEM Model 

Mode of Vibration Measured Natural Period 
[s] 

Calculated Natural Period 
[s] 

Percent Difference 

Mode 1 0,556 0,579 4,1% 

Mode 2 0,490 0,483 1,4% 

Mode 3 0,275 0,252 8,3% 

The table compares the experimentally measured natural vibration periods with those 
calculated using the calibrated FEM model for the first three vibration modes. The 
results demonstrate a strong correlation between the measured and simulated values, 
with minimal percentage discrepancies. The overall average discrepancy is 4.6%, further 
confirming the FEM model’s accuracy in representing the structure’s dynamic behavior. 
Stress measurements in the columns also matched the simulations, particularly in high-
stress areas, demonstrating the model’s effectiveness in capturing dynamic interactions. 
Additionally, a damping coefficient of 4% was estimated through Time-History analysis, 
with only a 10% difference in predicted acceleration compared to actual measurements. 

8 Interpretation of Results, Structural Safety, and Maintenance 

The results from experimental analyses and FEM simulations offer crucial insights into 
the structural safety of both the building and the tower. The measured natural frequencies 
and vibration modes indicate that the structure remains elastic under expected dynamic 
loads, though the added stress on the columns due to the metal superstructure emphasizes 
the need for regular monitoring. The calibrated FEM model was effective in assessing 
long-term structural integrity, revealing cyclic stress variations and aiding in predictive 
maintenance planning. The integration of experimental and simulated data provided a 
thorough understanding of the structure’s dynamic behavior, confirming the hybrid app-
roach’s accuracy in linking environmental factors like wind to structural responses, and 
opening possibilities for improved maintenance and seismic vulnerability assessment. 

9 Conclusions 

The study’s findings can be applied to various similar structures, enhancing infrastruc-
ture monitoring through advanced techniques. Key applications include integrating IoT 
sensors for real-time structural monitoring, extending the hybrid methodology to other 
structures like bridges and viaducts, and improving the analysis of structural interac-
tions, particularly in seismic scenarios. This approach, combining experimental data 
with theoretical models, offers opportunities to enhance infrastructure safety, durability, 
and resilience against dynamic forces.
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