
 

 

  

Operational Modal Analysis of  

a highway bridge using acquired  

data of different accelerometers 
 

 

 

 

Final Thesis developed by: 

Erika Beatriz Delgado Zhagui 

 

Directed by: 

José Turmo Coderque 

Seyedmilad Komarizadehasl 

 

 

Master in: 

Structural and Construction Engineering 

 

Barcelona, Wednesday, 28th September, 2022. 

Department of Civil and Environmental Engineering

M
A

ST
ER

 F
IN

A
L 

TH
ES

IS
 



Operational Modal Analysis of 

a highway bridge using acquired  

data of different accelerometers 

 

I 

 

OPERATIONAL MODAL ANALYSIS OF A HIGHWAY BRIDGE 

USING ACQUIRED DATA OF DIFFERENT ACCELEROMETERS 

 

I. ABSTRACT 

Structural health monitoring (SHM) applications are increasingly getting more attention. 

It is due to the fact that through their implementation, the detection and characterization 

of damage during a prevention phase can be achieved. Furthermore, SHM is a process 

designed to provide precise and accurate information associated with the condition and 

performance of a structure over time. It should be noted that SHM can also help with 

decision-making processes to optimize the operation, provide maintenance, repair, and 

possibly replace structural elements. 

A typical monitoring system comprises a network of sensors in charge of measuring 

different relevant parameters. However, the high cost of commercial sensors can be a 

critical limitation for their implementation. To overcome the high cost of instrumentation, 

low-cost sensors can be developed and validated for SHM applications. 

This Master's thesis carries out an experimental campaign for the Operational Modal 

Analysis (OMA) of a highway bridge using two accelerometers: a low-cost prototype 

(LARA: Low-cost Adaptable Reliable Accelerometer) and a commercial one (PCB 

907A61). 

In order to evaluate the reliability of the data acquired by LARA and to validate it as a 

low-cost accelerometer for structural health monitoring, these accelerometers were 

mounted on a highway bridge located in Andoain, Basque Country. The results obtained 

for each type of accelerometer are compared by using the Modal Assurance Criteria 

(MAC) and assessing the difference between the analyzed eigenfrequencies. 

Moreover, the modal parameters obtained during the experimental campaign are used to 

calibrate a finite element model of this bridge. This analytical model is calibrated to have 

a closer representation of the real state of this structure and as a benchmark for future 

SHM and damage detection evaluations of this bridge. 

 

Keywords: accelerometers; low-cost sensors; operational modal analysis; structural 

health monitoring; highway bridge. 
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II. RESUMEN 

Las aplicaciones de monitorización de la salud estructural (SHM) están recibiendo cada 

vez más atención, esto se debe a que mediante su aplicación se puede lograr la detección 

y caracterización de los daños en una fase de prevención. Además, SHM es un proceso 

diseñado para proporcionar información precisa y exacta relacionada con el estado y el 

rendimiento de una estructura a lo largo del tiempo. Cabe destacar que esta 

monitorización también puede ayudar en los procesos de toma de decisiones para 

optimizar el funcionamiento, proporcionar mantenimiento, reparar y, posiblemente, 

sustituir elementos estructurales. 

Un sistema de monitorización típico comprende una red de sensores encargados de medir 

diferentes parámetros relevantes. Sin embargo, el elevado coste de los sensores 

comerciales representa una limitación crítica para su implantación. Para superar el 

elevado coste de la instrumentación, se pueden desarrollar y validar sensores de bajo coste 

para aplicaciones de SHM. 

En este trabajo de fin de máster se realiza una campaña experimental para el Análisis 

Modal Operativo (OMA) de un puente de carretera utilizando dos acelerómetros: un 

prototipo de bajo coste (LARA: Low-cost Adaptable Reliable Accelerometer) y uno 

comercial (PCB 907A61). 

Con la finalidad de evaluar la fiabilidad de los datos adquiridos por LARA y validarlos 

como acelerómetros de bajo coste para la monitorización de la salud estructural, se 

instalaron estos sensores en un puente de carretera ubicado en Andoain, País Vasco. Los 

resultados obtenidos para cada tipo de acelerómetro se compararon bajo el Criterio de 

Garantía Modal (MAC) y se evaluó la diferencia entre las frecuencias propias calculadas. 

Además, los parámetros modales obtenidos durante la campaña experimental se utilizaron 

para calibrar un modelo de elementos finitos del puente en estudio. Este proceso se realizó 

a fin de obtener una representación más cercana al estado real de la estructura para que 

sirva de referencia en futuras evaluaciones de SHM y en la detección de daños. 

 

Palabras clave: acelerómetros; sensores de bajo coste; análisis modal operacional; 

control de la salud estructural; puente de carretera. 
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IV. MOTIVATION 

 

The use of Structural Health Monitoring (SHM) systems to evaluate the structural 

conditions of civil engineering works has become very important because it allows the 

detection and characterization of damage during the prevention stage. In this way, you 

can avoid costly repairs and ensure the operation and safety of the structure. 

A typical structural health monitoring system is composed of a network of sensors 

responsible for measuring different relevant parameters of the state of the structure. 

However, these sensors have a high cost, which is a problem when implementing an SHM 

system.   

Currently, there are accelerometers based on low-cost Arduino or Raspberry Pi 

technologies. Still, these have certain drawbacks such as (1) high noise density (ND), (2) 

low sampling rate, (3) not having the Internet timestamp with microsecond resolution, (4) 

not having been used for modal analysis of a real infrastructure, and (5) synchronization 

issues.  

Recently, Komarizadehasl et al. have introduced LARA (Low-cost Adaptable Reliable 

Accelerometer), a low-cost triaxial accelerometer based on Arduino technology, which 

has been developed to solve the problems indicated [1]. 

In this master’s thesis, the use of two accelerometers is proposed: one of low cost (LARA) 

and another commercial of high precision (PCB 907A61), which will be used for the 

Operational Modal Analysis of a highway bridge. Under the results obtained by both 

accelerometers, it will be possible to evaluate the reliability of the data acquired by LARA 

to validate it as a low-cost accelerometer for structural health monitoring. 

In addition, as will be seen later, the modal parameters obtained will also be useful during 

the parametric study carried out to calibrate a finite element model of the highway bridge 

under study. With this it is intended to have a representation more approximate to the real 

state of the structure. 

  



Operational Modal Analysis of 

a highway bridge using acquired  

data of different accelerometers 

 

V 

 

V. CONTENT 

1. CHAPTER 1: INTRODUCTION ............................................................................. 1 

1.1. General ............................................................................................................... 1 

1.2. Objectives .......................................................................................................... 3 

1.2.1. General........................................................................................................ 3 

1.2.2. Specific ....................................................................................................... 3 

1.3. Organization of the document ............................................................................ 4 

1.4. Work plan .......................................................................................................... 4 

2. CHAPTER 2: THEORETICAL FRAMEWORK ..................................................... 7 

2.1. Designing an SHM System ................................................................................ 7 

2.1.1. Noise removal ............................................................................................. 9 

2.1.2. Filtering and resampling ............................................................................. 9 

2.1.3. Acceptance or rejection of poor-quality data ............................................. 9 

2.2. Operational Modal Analysis (OMA) ................................................................. 9 

2.3. Data processing ................................................................................................ 10 

2.3.1. Picking peak (PP) ..................................................................................... 10 

2.3.2. Frequency Domain Decomposition (FDD) .............................................. 12 

2.4. Modal Assurance Criterion (MAC) ................................................................. 14 

2.5. The Internet of Things (IoT) ............................................................................ 15 

3. CHAPTER 3: STATE OF THE ART ..................................................................... 16 

3.1. Structure Monitoring ........................................................................................ 16 

3.2. Sensors: accelerometers ................................................................................... 17 

3.2.1. Features of the CHEAP sensor ................................................................. 17 

3.2.2. LARA Sensor Features ............................................................................. 20 

4. CHAPTER 4: HOW LARA WORKS ..................................................................... 24 

4.1. Data management, taking and control ............................................................. 24 

4.2. Data synchronization ....................................................................................... 24 

4.3. Data resampling ............................................................................................... 24 

4.4. Feed data to FDD code .................................................................................... 25 

5. CHAPTER 5: DATA VALIDATION..................................................................... 26 

5.1. Andoain Bridge ................................................................................................ 26 

5.2. Development of the experimental campaign ................................................... 29 

5.3. Difficulties ....................................................................................................... 31 

5.4. Operational Modal Analysis (OMA) ............................................................... 32 

5.5. Comparison of results ...................................................................................... 34 



Operational Modal Analysis of 

a highway bridge using acquired  

data of different accelerometers 

 

VI 

 

6. CHAPTER 6: CALIBRATION OF A 3D MODEL IN SAP2000 USING 

ACCELEROMETER DATA ......................................................................................... 35 

6.1. Plane Grillage .................................................................................................. 35 

6.1.1. Longitudinal discretization ....................................................................... 35 

6.1.2. Cross-sectional discretization ................................................................... 36 

6.1.3. Boundary conditions ................................................................................. 38 

6.2. Definition of the model in SAP2000 ............................................................... 38 

6.3. Parametric Study .............................................................................................. 39 

7. CONCLUSIONS ..................................................................................................... 49 

8. FUTURE WORK .................................................................................................... 50 

9. BIBLIOGRAPHY ................................................................................................... 51 

 

 

  



Operational Modal Analysis of 

a highway bridge using acquired  

data of different accelerometers 

 

VII 

 

VI. INDEX OF FIGURES 

 

Figure 1. Diagram of a data acquisition system. .............................................................. 8 

Figure 2. Natural frequencies for the Peak Picking method [20]. .................................. 11 

Figure 3. Representation of singular values of the spectral density matrix [20]. ........... 13 

Figure 4. Window used to carry out the Fourier anti-transformation to obtain the 

parameters of the k mode [20]. ....................................................................................... 13 

Figure 5. IoT concept...................................................................................................... 15 

Figure 6. Acquisition and signal systems developed: CHEAP scheme [1]. ................... 18 

Figure 7. Acquisition and signal systems developed: CHEAP in an experiment [1]. .... 18 

Figure 8. Diagram of the steps required for cheap data acquisition. .............................. 19 

Figure 9. LARA elements: a) adjustments and cable connections of the detection part and 

(b) the detection and acquisition part [10]. ..................................................................... 22 

Figure 10. LARA in detail [10]. ..................................................................................... 23 

Figure 11. The location of the Andoain bridge. ............................................................. 26 

Figure 12. Plan of the bridge. View plant. Units: mm.................................................... 27 

Figure 13. Plan of the bridge. Cross section. Units: mm. ............................................... 27 

Figure 14. Bridge N-1 Andoain - Red Cross during installation of accelerometers. ..... 28 

Figure 15. Image of the bridge. ...................................................................................... 29 

Figure 16. Location of accelerometers. .......................................................................... 29 

Figure 17. Andoain Bridge: a) before instrumentation, b) dimensions of the platform in 

millimeters, c) location of the accelerometers. ............................................................... 30 

Figure 18. LARA’s data acquisition: a) Data acquisition equipment box, b) Box placed 

on the bridge. .................................................................................................................. 31 

Figure 19. Instrumentation of the Andoain bridge by using two LARA installed next to 

the PCB 607A61 accelerometers. ................................................................................... 32 

Figure 20. Cross section A-A. Units: mm. ..................................................................... 35 

Figure 21. Discretization of the cross-section. Section A-A. Units: mm. ...................... 36 

Figure 22. Cross section B-B. Units: mm. ...................................................................... 37 

Figure 23. Discretization of the cross-section. Section B-B. Units: mm. ...................... 37 

Figure 24. Bridge grid. Units: mm. ................................................................................ 38 

Figure 25. Bridge model in SAP2000. ........................................................................... 39 

Figure 26. Location of accelerometers considered for the parametric study.................. 40 

Figure 27. Property/rigidity modifiers for analysis in SAP2000. ................................... 40 

Figure 28. Frequency differences for several values of I 33. Analysis for longitudinal bars.

 ........................................................................................................................................ 41 

Figure 29. Frequency differences for several values of I 33. Analysis for crossbars. .... 42 

Figure 30. MAC Z results for iterations. ........................................................................ 43 

Figure 31. MAC 2D results for iterations. ...................................................................... 44 

Figure 32. Frequency differences for different iterations. .............................................. 45 

 



Operational Modal Analysis of 

a highway bridge using acquired  

data of different accelerometers 

 

VIII 

 

 

VII. INDEX OF TABLES 

 

Table 1. Features of triaxial MEMS accelerometers [10]. ............................................... 2 

Table 2. Calendar of activities. ......................................................................................... 5 

Table 3. Selection criteria [16]. ........................................................................................ 7 

Table 4. Material properties............................................................................................ 28 

Table 5. Output data from the modal analysis of accelerometers: LARA and PCB 907A61.

 ........................................................................................................................................ 33 

Table 6. Comparison of modal and eigenfrequency analysis of LARA accelerometers and 

PCB 907A61 ................................................................................................................... 33 

Table 7: Characteristics of each section ......................................................................... 36 

Table 8: Characteristics of each section ......................................................................... 37 

Table 9. Iterations and modification factors for I33 in the parametric study. ................ 43 

Table 10. Properties modifiers........................................................................................ 46 

Table 11. Displacement results and frequencies of the calibrated model and 

accelerometers PCB 907A61. ......................................................................................... 47 

Table 12. Comparison of modal and eigenfrequency analysis of the calibrated model and 

accelerometers PCB 907A61. ......................................................................................... 47 

file:///C:/Users/erika/Desktop/TFM%20REDACCION%20FINAL/ultima%20revision%20TFM.docx%23_Toc115261740
file:///C:/Users/erika/Desktop/TFM%20REDACCION%20FINAL/ultima%20revision%20TFM.docx%23_Toc115261740


Operational Modal Analysis of 

a highway bridge using acquired  

data of different accelerometers 

 

1 

 

 

1. CHAPTER 1: INTRODUCTION 

1.1. General 

The basis of modern society could be its civil structures and infrastructure, so its health 

is extremely important. However, infrastructure data from the American Society of Civil 

Engineers (ASCE) reports that about 9.1% of bridges in the United States of America are 

structurally inefficient [2]. More than 188 million trips are made every day across 

structurally deficient bridges, and [3] many of America's bridges are close to completing 

their useful lifespan. 

Bridges play an important role in the highway transportation network. However, there is 

an increasing concern that highway bridges are suffering from structural degradation and 

deficiency caused by environmental conditions, overloading, structural defects and 

among other factors [4]. 

Today it is considered that the safest and most durable constructions in different aspects 

are monitored and controlled. The monitoring of civil works leads to the research and 

acquisition of new knowledge that promotes a greater understanding of the behavior of 

traditional construction materials and methods, which can manifest itself in a better use 

of existing infrastructure [5].  

A structural health monitoring (SHM) is a process designed to provide precise and 

accurate information associated with the condition and performance of a structure over 

time. With the data obtained from the monitoring, actions can be taken to optimize 

operation, provide maintenance, repair, and replace elements of a structure [5]. 

A typical SHM system is composed of a network of sensors that are in charge of 

measuring several important parameters of the structure's current state. Variables of the 

adjacent environment, such as stresses, deformation, vibration, inclination, humidity 

and/or temperature, can also be measured. By processing this data, engineers can have 

information for decision-making that will ensure the safety of facilities and the people 

[6]. 

Several studies on sensor technology have given rise to various types of sensors for SHM, 

being of interest for the present dissertation work, accelerometers.  

Accelerometers are microelectromechanical systems (MEMS) that measure acceleration 

forces in one or more directions. The forces can be dynamic (such as: movements or 

vibrations, for example those produced by traffic loads, falling debris, construction work 

and earthquakes among others) or static (such as: the continuous force of gravity on 

structural components) [7]. 
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However, one of the main limitations to the implementation of a long-term SHM system 

is the high cost of the measuring devices [8], in addition to the fact that continuous 

monitoring involves permanent placement of instruments on the structure over the 

duration of the project. 

Fortunately, due to important technological developments, MEMS accelerometers have 

found their way into various industrial applications, one of them being the field of 

structural health. Some of these accelerometers offer low-cost alternatives to traditional 

ones [9]. Table 1 presents several commercial applications of triaxial MEMS. The table 

includes the following information organized in columns: (1) sensor number, (2) name, 

(3) cost (excluding VAT): based on the producer's recent declaration. It should also be 

mentioned that the price of LARA, CHEAP and MPU9250 includes all instruments used 

(such as accelerometer, Arduino, cables, and multiplexer), (4) acceleration range, (5) 

frequency speed, (6) noise density (ND), and (7) acquisition equipment. 

Table 1. Features of triaxial MEMS accelerometers [10]. 

Nº Name 
Cost 

(€) 

Acceleration 

Range 

(G) 

Frequency 

speed 

(Hz) 

Noise 

Density 

(µg/√Hz) 

Acquisition 

System 

 

1 
Unquake 

[11] 
2500 ±2.0 500 25 Independent 

2 
3713F112G 

[12] 
2130 ±2.0 500 10 482C27 

3 
IAC-Hires 

[13] 
1192 ±2.0 800 8 

Recovib 

Monitor 

4 
Recovib 

Tiny [14] 
1125 ±2.0 500 30 Independent 

5 LARA 140 ±2.0 333 51 Independent 

6 CHEAP 84 ±2.0 85 162 A computer 

7 MPU9250 50 ±2.0 85 390 A computer 

This table shows the wide range of the cost of sensors. It should be noted that only LARA, 

CHEAP and MPU9250 are prototypes, the other sensors presented are all commercial 

accelerometers. 

Recently, Komarizadehasl et al. [10] introduced a low-cost accelerometer called LARA, 

which as can be seen in Table 1, is one of the cheapest accelerometers and presents a 

noise density (ND) more comparable with high-cost commercial accelerometers than with 

any of the low-cost accelerometers. 

https://micromega-dynamics.com/wp-content/uploads/2020/01/RecoVibTiny-EN-Rev1p4.pdf
https://micromega-dynamics.com/wp-content/uploads/2020/01/RecoVibTiny-EN-Rev1p4.pdf
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LARA (Low-cost Adaptable Reliable Accelerometer) is a low-cost triaxial accelerometer 

based on Arduino technology. Laboratory test results show that LARA has an ND of 51 

μg/√ Hz and a frequency sampling rate of 333 Hz. In addition, in previous studies, LARA 

was applied in a frequency analysis of a short-span pedestrian walkway, whose outputs 

were compared with a high-precision commercial sensor. As a result, errors of less than 

1.3% were obtained [15] [1]. 

Due to the need for low-cost sensors whose results are reliable, this paper carries out an 

experimental campaign for the Operational Modal Analysis of a highway bridge using 

two types of accelerometers: one low-cost (LARA) and one commercial (PCB 907A61). 

The results obtained for each type of accelerometer will be compared under the Modal 

Assurance Criteria (MAC) and the difference between frequencies to evaluate the 

reliability of the data acquired by LARA and to be able to implement it as a low-cost 

accelerometer for structural health monitoring. 

Finally, the modal parameters obtained from the LARAs accelerometers during the 

experimental campaign will also be useful for the parametric study carried out during the 

calibration of a finite element model of the highway bridge under study. With all this, it 

is intended to have a mathematical model that represents in an approximate way the real 

state of the structure and becomes a reference point for future SHM evaluations and 

damage detection in this bridge. 

 

1.2. Objectives 

1.2.1. General 

Perform an Operational Modal Analysis (OMA) of a highway bridge using different 

accelerometers for Structural Health Monitoring (SHM) purposes. 

1.2.2. Specific 

• Raise awareness of the importance of Structural Health Monitoring systems. 

• Research the state of the art of low-cost sensors applied within SHM. 

• Compare the results of the Operational Modal Analysis (OMA) between LARA 

low-cost accelerometers and PCB 907A61 accelerometers, applying the Modal 

Assurance Criteria (MAC) and evaluating the difference between the 

eigenfrequencies. 

• Evaluate LARA as a new low-cost accelerometer for structural health monitoring 

based on OMA comparison results. 

• Calibrate a mathematical model of the highway bridge under study taking as a 

reference the modal parameters obtained from the readings of the accelerometers. 
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1.3. Organization of the document 

In addition to the motivation, generalities and objectives described above, for the 

development of this TFM the following chapters will be included: 

• Theoretical framework: This chapter develops topics of interest in structural 

monitoring to evaluate structural health to help the understanding of this 

research work. It will explain how the design of an SHM system is currently 

developed and the different methods for data processing. 

• State of the art: This chapter will describe the recent progress in low-cost 

accelerometers. 

• Operation of LARA: This chapter explains the process carried out by a low-

cost accelerometer, specifically LARA. 

• Data validation: This chapter reports how the experimental campaign has 

been developed in order to know the reliability of the information acquired by 

some low-cost accelerometers. For this purpose, a comparison of the results 

with other commercial accelerometers will be made following the Modal 

Assurance Criteria (MAC).  

• Highway bridge model calibration: The operational modal analysis of the 

highway bridge will be carried out by performing a finite element model in 

the SAP2000 program. To do this, the model must first be calibrated, and this 

process will be carried out using the data acquired during the experimental 

campaign. 

• Conclusions: The relevant results obtained during the development of the 

research and the conclusions reached will be explained. 

• Bibliography: All the reference documentation that has been of support for 

the development of this project will be presented. 

 

1.4. Work plan 

During the development of this research project, several activities were carried out.  

Table 2 presents the schedule of the work plan followed: 
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Table 2. Calendar of activities.  

 

Next, the tasks involved in the development of each activity are explained.  

Preliminary study on LARA: As one of the objects of study was the low-cost 

accelerometer LARA, a study was carried out about the progress made, and also the 

available codes for its programming were put into practice. 

Connection of all LARA codes: As part of the development of this work it was necessary 

to connect several codes made in MATLAB that are part of the programming of LARA. 

As a result, the accelerometer can perform functions such as reading data from various 

sensors, resampling, synchronizing information given a specific time, and feeding data to 

the FFD code. 

Preliminary 

study on 

LARA

Connecting all 

LARA codes

State-of-the-art 

review

Experimental 

bridge test

Modelling in 

SAP2000

Preparation of 

the TFM 

document

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

ACTIVIDADES

JULY

AUGUST

SEPTEMBER

WEEK MONTH

DECEMBER

JANUARY

FEBRUARY

MARCH

APRIL

MAY

JUNE
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Review of the state of the art: Several investigations were conducted to learn about the 

advances and importance of structural health monitoring systems and low-cost sensors, 

the type of data processing used by these systems, and the commercial and low-cost 

accelerometers available. Moreover, from the basic information, a list of sensors was 

determined to compare the characteristics and the price they present. 

Experimental test on the bridge: The experimental campaign was carried out on the 

study bridge, where two types of accelerometers were placed: LARA and PCB 907A61. 

To be able to evaluate the performance of LARA, the data collected were processed to 

perform the Operational Modal Analysis and compare the response of both under the 

Modal Assurance Criteria (MAC) and the percentages of difference between the 

eigenfrequencies found. 

Modelling in SAP2000: The original drawings of the bridge were reviewed, and a 

general description of the bridge was made, such as dimensions, material properties and 

support conditions. Under the indications of the Grillage Method, the bridge elements 

were modeled in SAP2000. With the OMA results obtained by the accelerometers during 

the experimental study, the model will be calibrated by performing a parametric study 

until acceptable values of MAC and differences between frequencies of the first 4 modes 

are reached. 

Preparation of the TFM document: a document reflecting the results of the research 

will be prepared. 
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2. CHAPTER 2: THEORETICAL FRAMEWORK 

 

2.1. Designing an SHM System 

An SHM system's design is based on several instruments, communication systems, and 

computational and numerical analyses that offer a diagnosis of the structure being 

monitored. The following steps can be used to create a SHM system [16]: 

• Characterize the structure: design information, loads, among others, are described 

considering the physical dimensions, the expected ranges of deformations and the 

environmental conditions to which it will be subjected. 

• Identify the phenomenon to be measured: internal and external effects caused by 

the loads on the structure are determined and the points on the structure where 

these parameters will be measured are defined. 

• Choose the type of sensors: Some criteria that can help in selecting the type of 

sensor are shown in Table 3.  

 

Table 3. Selection criteria [16]. 

Sensor performance 

characteristics 

Environmental 

constraints 

Economic 

considerations 

Sensitivity 
Temperature range 

Cost 

Resolution 
Humidity range 

Availability 

Discrimination Range 
Size 

Reliability 

Linearity 
Packaging 

Ease of installation 

Hysteresis 
Need of isolation from 

disturbances 
Data acquisition needs 

Accuracy 
Thermal effects 

 

Precision 
 

 

Stability 
 

 

Response time 
 

 

Frequency response 
 

 

 

• Determine data acquisition system: hardware, software, precision, speed, 

resolution, and the communication system between the numerous instruments all 

must be considered for the development of this system. 
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• Establish data management and selection of the signal processing method: Filters 

are used to perform a normalizing and conditioning operation on the signal. 

Moreover, the outcomes might be reported in qualitative or probabilistic terms (in 

case these are variable). 

 

• Perform health analysis and diagnosis: Is the last stage in which an analysis of the 

health of the structure is performed, where larger damages can be detected by 

statistical methods, while for an early detection of future damages that could 

occur, other data processing methods are required, such as wavelet analysis, 

modal analysis, vibration, among others. The diagnosis aims to determine the 

location, size, and type of damage. These data must be presented in a 

comprehensible and easy to understand form. 

An important part of the design of the SHM system is the selection of the data acquisition 

system, which is the procedure used to gather, process, and send the data produced by the 

sensors for further analysis and interpretation. These sensors produce a digital or analog 

signal, depending on the type used, that represents the physical variable under observation 

or being measured. The data acquisition system then transforms them into a format that 

can be processed by a computer. These are the fundamental parts of this system [16] [17] 

(see Figure 1): 

 

 

Figure 1. Diagram of a data acquisition system. 

• Data acquisition hardware: A series of electronic components that collect, 

condition, convert and transmit signals from the sensor to the computer. 

• Data acquisition peripherals: Includes the cables, connections, junction boxes, 

and enclosures needed to physically connect sensors to the data collecting 

hardware as well as to protect the hardware from the environment. 

• Data acquisition software: The controller software and the application software 

are the two types of programs that are typically used in combination with the data 

acquisition system. The data acquisition gear, computer operating system, and 
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application software can all communicate with each other more easily thanks to 

the controller software. While the user and the data acquisition system are 

connected by the application software. It enables the user to read, view, save, and 

analyze measurements as well as configure and manage the data gathering gear. 

The first crucial step in any signal analysis and interpretation is preprocessing, which 

happens after the data from the various sensors has been collected. Standardization and 

cleansing are two fundamental activities needed for this. The goal of standardization is to 

distinguish between the elements of the sign that are affected by potential damage and 

those that are altered by operational and environmental factors. Cleaning involves the 

following [18]: 

2.1.1. Noise removal 

Average methods or local and/or global smoothing can lower the noise level. Signals such 

as sharp peaks that are far from predicted observations are often called outliers. Standard 

statistical analysis or some commonsense guidelines that consider the time nature of 

physical phenomena like deformations, temperatures, and wind speed typically remove 

these portions of the signal [19]. 

2.1.2. Filtering and resampling 

Filtering deletes some parts of the collected data within given frequency ranges. It can be 

performed in the time, frequency, and spatial domains. Some types of filters are designed 

to reduce and soften noise. Resampling or frequency reduction is used to reduce the range 

of the acquired data [19]. 

2.1.3. Acceptance or rejection of poor-quality data 

To avoid errors during signal analysis, the integrity of the acquired data should be 

checked, and poor-quality data should be removed. This can be done using the error 

messages of the SHM system's self-check tool or individual experience and judgment. 

Poor connections, loose sensor mounting, malfunctioning systems or sensors, for 

example, can result in poor data quality [19]. 

 

2.2. Operational Modal Analysis (OMA) 

In traditional modal analysis, the modal parameters are obtained from the frequency 

response functions, which relate the output data (response) with the input data 

(excitation). However, for this analysis, it is necessary to know the input and output of 

the system [20]. 
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On the other hand, operational modal analysis is based on the measurement of the 

structure's response (output) when it is subject to the action of the environmental and 

service forces that act on it. That is, it obtains the modal parameters of the structure under 

operating conditions. This type of analysis is used when the structures to be studied are 

difficult to artificially excite due to their size, shape, or location [20]. 

Some advantages of this type of analysis are: 

• Since you only must place the measuring equipment, generally the process of 

installing the test is faster. 

• No need for exciter equipment. 

• It is carried out on the site of the structure. 

• It does not interfere with or interrupt the operation of the structure. 

• The measured response is representative of the actual operating conditions of the 

structure. 

In contrast, the application of this type of analysis also presents disadvantages such as: 

• These types of tests produce small responses and are usually affected by noise. 

• As the excitation is unknown, it is more difficult to perform the analysis than a 

traditional case, so it requires careful data analysis. 

• It is necessary to use more sensitive equipment that manages to capture the 

response. 

There are many methods for performing operational modal analysis. Some of them are 

Peak Picking (PP) and Frequency Domain Decomposition (FDD) [20] which will be 

explained later. 

In this document, the OMA will be carried out with the data obtained after measuring 

vibration signals with the accelerometers (LARA and PCB 907A61). 

 

2.3. Data processing 

Here are explained the different methods of processing data collected by sensors to 

perform an operational modal analysis. 

2.3.1. Picking peak (PP) 

The modal parameters of civil engineering constructions subject to environmental loads 

can be determined using this method. This approach is based on the frequency response 

function, which, in relation to natural frequencies, reaches extreme values. Simply by 

looking at the graph of the normalized averaged spectral density function, these 

frequencies can be determined [20]. 
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Although input forces are not measured, this problem is resolved by using a modal 

parameter identification technique that was adapted from the conventional one and in 

which each measurement point's frequency response function and coherence function are 

calculated in relation to the reference measure. As a result, the input is the signal from the 

reference sensor. The transfer function refers to the relationship between the response 

measured by any sensor and the reference sensor in operational modal analysis, not the 

relationship between the response and the applied force [20]. 

As a result, in this kind of analysis, the response measured by the reference sensor is 

related to all transfer functions. Additionally, due to the high signal-to-noise ratio at the 

resonant frequencies, the coherence function for two simultaneous recordings of response 

signals has values that are close to one. Consequently, the selection of these frequencies 

can be aided by looking at the coherence function. [20]. 

The peaks of the previously averaged and normalized spectral density function are used 

to identify natural frequencies. The discrete Fourier transform is applied to obtain this 

function by converting the accelerations to the frequency domain (DFT). The natural 

frequencies that are the peaks of this are shown in Figure 2 [20]. 

The dynamic response at resonance peaks is defined by a single mode. The validity of 

this assumption increases the more apart the modes are, and the smaller the structure's 

damping is [20]. 

 

Figure 2. Natural frequencies for the Peak Picking method [20]. 

The formula (1) provides the modes that can be identified using this technique.  In this 

expression, the subscript p is varied while keeping q constant. While each of the values 

of the column of the matrix of crossed spectral densities for each natural frequency 

identified at the spectrum's peak is read. [20] 
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𝑆𝑞𝑝(𝑤𝑟0)

𝑆𝑞𝑞(𝑤𝑟0)
≈

𝑟0ϕ𝑝

𝑟0ϕ𝑞
 (1) 

Where 𝑤𝑟0 is the frequency at which the spectral peak has been identified. These values 

contain phase and amplitude information and are normalized to a unit value with a zero 

angle that is divided by the spectral density of the signal chosen as a reference. Therefore, 

the relationship of the cross spectral density between the positions p and q and the 

autospectral density at position q (reference) is evaluated [20]. 

It is important to note that both the damping and deformation ratios and the estimation of 

the natural frequency are susceptible to approximations and errors and may not always 

produce accurate findings. The structure's damping, the analysis window employed, the 

number of means computed, the width of the frequency peak in relation to the resolution 

applied, and the proximity of natural frequencies all affect the errors committed [20]. 

 

2.3.2. Frequency Domain Decomposition (FDD) 

This approach essentially improves the Peak Picking method. The relationship between 

the abscissa x (t) and the ordinate y (t) is given by the expression (2): [20] [21] 

𝐺𝑦𝑦(𝑗𝑤) = �̅�(𝑗𝑤)𝐺𝑥𝑥(𝑗𝑤)𝐻(𝑗𝑤)𝑇 (2) 

Where, 𝐺𝑥𝑥(𝑗𝑤)is the input spectral density matrix (of order r x r), r is the number of 

inputs, 𝐺𝑦𝑦(𝑗𝑤) is the output spectral density matrix (of order m x m) known as the 

frequency response function, the superscripts indicate complex conjugate matrix and 

transposed matrix, respectively. 

The first step is to estimate the spectral density matrix. Once the values of �̂�𝑦𝑦(𝑗𝑤) are 

calculated to discretize frequencies 𝑤 = 𝑤𝑖, it is decomposed by means of Singular Value 

Decomposition (SVD) : [20] [21] 

�̂�𝑦𝑦(𝑗𝑤𝑖) = 𝑈𝑖𝑆𝑖�̅�𝑖
𝑇 (3) 

Where the matrix 𝑈𝑖 contains the singular vectors and 𝑆𝑖 is a diagonal matrix containing 

the singular values. 

The singular values are described as a linear combination of the self-spectral densities of 

a set of one-degree-of-freedom systems. Near peak k, mode k will predominate in the 

response, obtaining the peak modes of vibration in the singular value representation. The 

largest singular value corresponds to the strength of the dominant mode of vibration for 
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each frequency i. The other singular values contain noise or other modes hidden behind 

the dominant one [20] [21]. Figure 3 shows a representation of singular values. 

If the spectral density function is transformed to the time domain by means of the Fourier 

transform, the system's response of a damped degree of freedom is obtained [20] (Figure 

4). 

 

Figure 3. Representation of singular values of the spectral density matrix [20]. 

 

 

Figure 4. Window used to carry out the Fourier anti-transformation to obtain the parameters of the 

k mode [20]. 

The expressions required for the calculation are detailed below: 

• The logarithmic decrease δ experienced by the signal is calculated by the 

expression: 

𝛿 =
2

𝑘
ln (

𝑟𝑜

|𝑟𝑘|
) (4) 
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Where 𝑟0 and 𝑟𝑘 are the initial and final ends of the signal, respectively. These two must 

be separated by an integer k of cycles, i.e., they are peaks or valleys. 

• The damping coefficient can be found by the expression: 

𝜁 =
𝛿

√𝛿2 + 4𝜋2
 (5) 

• The natural frequency can be determined using the damped natural frequency and 

the damping coefficient with the expression: 

𝑓 =
𝑓𝑑

√1 − 𝜍2
 (6) 

It should be clarified that a variety of software (such as MATLAB) are already available 

that can calculate the specified expressions. These simply need the input data, which in 

this case, are the frequencies obtained from the sensor measurements. 

 

2.4. Modal Assurance Criterion (MAC) 

The Modal Assurance Criterion (MAC) value is used to compare modal forms between 

analytical and experimental analyses. The MAC equation (eq. 7) compares the mode 

forms of experimental analyses with the mode forms of digital twin analysis. To confirm 

the experimental analysis with the analytical or calibrate the digital twin using 

accelerometers, the MAC number for each mode shape must be between 0.8 and 1 [22]. 

Small values indicate a lack of similarity between experimental modal analysis and the 

digital twin. 

The MAC value is calculated using the Eq. 7: 

𝑀𝐴𝐶(𝑟, 𝑞) =  
|{𝜑𝐶}𝑇{𝜑𝐿}|2

({𝜑𝐶}𝑇{𝜑𝐶})({𝜑𝐿}𝑇{𝜑𝐿})
                                         (7) 

Where {𝜑𝐶} is the normalized mode shape matrix extracted from the FEM model and 

{𝜑𝐿} is the extracted mode shape matrix from the FDD analysis that is already converted 

to real-mode shape values and has been normalized. 
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2.5. The Internet of Things (IoT) 

The Internet of Things (IoT) is a distributed ICT (Information and Communication 

Technology) system that integrates sensors, computing devices, algorithms and physical 

objects known as the "Things" that are uniquely identifiable. The "Things" can gather and 

transferring data through interconnected systems without the need for human 

intervention, providing autonomous data processing in an IoT system that enables the 

communication of information between many sensors, actuators, devices, controllers, and 

data storage [23]. 

 

Figure 5. IoT concept. 

To measure a variety of physical variables or phenomena, several sensors can be attached 

to an object or device. These sensors can then communicate their data to the cloud, where 

a variety of services and end users can use it [24]. 

For data sharing amongst its constituent entities, all IoT systems rely substantially on 

effective and dependable communication networks. IoT technologies make it possible to 

gather enormous amounts of data, resulting in a big data repository. [25]. 

The availability of inexpensive, low-power computer, sensor, and communication 

devices, as well as the advancement of intelligent software approaches that allow the 

economically efficient implementation of sophisticated algorithms, have all contributed 

to the expansion of IoT systems [23]. 
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3. CHAPTER 3: STATE OF THE ART 

 

3.1. Structure Monitoring 

Weather conditions, poor construction processes, inadequate dosing of materials, among 

others, can affect a structure's useful life. Visual inspections have been used throughout 

history to determine the various pathologies in the structures brought on by these 

conditions. The visual inspection of a structure consists of identifying pathologies that 

may occur over time and that define its current state [26]. These inspections are purely 

visual, that is, those that the human eye can identify. This form of "monitoring" has the 

unfortunate disadvantage of not enabling preventive action on structures because, in most 

cases, damage that can be seen with the human eye is already at a critical stage and may 

risk human lives and this often leads to even more expensive repairs.  

Visual inspection may not always be sufficient, and further research may be required, 

such as the extraction of material samples, the measurement of geometric changes and 

vibrations of the structure using temporal instrumentation, and even numerical modeling 

of the building's behavior [19]. As a result, it is important to assess the health of structures 

using tools that can detect deficiencies that might not be visible to the human eye but 

could nonetheless shorten their useful lives. 

One of the objectives of the Structural Health Monitoring System (SHM), which 

evaluates the condition of a structure, is to detect damage that occurs over time because 

of environmental actions or extraordinary loads, such as earthquakes, strong winds, 

runoff, thermal effects, ice conditions and increased live loads far more than design loads. 

The purpose of the SHM technique is to provide data that accurately describe the integrity 

status of the structure and its components. Typically, a network of sensors, data storage, 

transmission and implementation of a system that analyzes the data and provides an 

assessment of the condition of the structure and its components is used to perform SHM. 

Ideally, a SHM system is built around non-destructive techniques (NDE), such as 

vibration and acoustic emission analysis, which are used to evaluate the various dynamic 

features that characterize the behavior of structures over time [27] [28]. 

Since structural health monitoring (SHM) systems [29] have also been implemented in 

transportation infrastructure to assess structural performance and detect damage, and 

moreover, most of these systems are installed on bridges, a highway bridge has been 

proposed to be evaluated in this project.  
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3.2. Sensors: accelerometers 

Accelerometers are force-sensors attached to a seismic mass. When vibration is induced, 

this mass applies a specific force, which is proportional to the measured acceleration [30], 

and as a result, an electrical signal is obtained. The three fundamental principles: 

piezoelectricity, piezoresistivity, and differential capacitive measurement, are the basis 

for most vibration sensing technologies [30]. Piezoelectric accelerometers could function 

at a wide range of frequencies [31] and record dynamic changes in mechanical variables 

using the piezoelectric action of specific materials [32]. When mechanical stresses are 

applied, piezoresistive accelerometers—also known as strain gauge accelerometers—

measure the change in electrical resistance of a piezoresistive element [33]. Differential 

capacitive accelerometers measure variations in capacitance to determine the 

displacement of the proof mass [33]. The last type of accelerometers, micro-

electromechanical systems (MEMS), might be created by combining all these 

technologies (piezoelectric, piezoresistive, and capacitive change) for converting 

acceleration to an electrical signal. These sensors are micromachined silicon-based 

components that typically include an accelerometer sensor and circuitry for signal 

conditioning [33]. Due to the MEMS accelerometers' considerable ongoing technological 

advancements, they are now being used in a variety of industrial applications. Compared 

to more conventional uses, some of these accelerometers provide affordable alternatives 

[9]. 

3.2.1. Features of the CHEAP sensor 

CHEAP (Cost Hyper-Efficient Arduino Product) is a low-cost system used to measure 

accelerations accurately. It uses the average output of five similar low-cost MEMS 

(microelectromechanical systems) accelerometers to eliminate noises, improve resolution 

and reduce the sensitivity of these factors [1] [19]. 

CHEAP consists of the following elements: 

• Microcontroller: Arduino Due has been selected among many other options as it 

can provide a reasonable amount of memory to load complicated codes. In 

addition, it has a faster clock speed (84 MHz) of communication compared to 

other alternatives. Figure 6 shows the diagram of the microcontroller created [1]. 

• Accelerometers: MPU9250 was chosen for CHEAP because it is reasonably 

priced, uses less energy compared to MPU6050 with less noise density, and has a 

better frequency range compared to LIS344ALH and ADXL 335 especially in low 

frequency signals [1]. 

• Multiplexer: MPU9250 uses the -Integrated Circuit (I2C) protocol to 

communicate with the Arduino. I2C allows multiple "slave" digital integrated 

circuits (sensors) to communicate with one or more "master" (Arduino) chips. All 

the sensors are inserted into the Arduino in a different direction. For this 

application, five MPU9250s with similar addresses have been used [34]. Figure 7 
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shows the fixation of the low-cost accelerometers (MPU9250) on a rigid steel 

plate. The Arduino needs a different address for each component connected to its 

I2C port to interact and control the sensor. A multiplexer (TCA9548A) was used 

to change the direction of similar sensors. The multiplexer has eight bidirectional 

switches that are controlled by the I2C bus. To introduce each sensor into the 

Arduino platform, only the direction of this multiplexer and the channel used by 

the sensor in the multiplexer are required [1]. 

• Rigid plate: Because CHEAP is made up of five sensors, these must be placed on 

a rigid plate whose material does not absorb or dissipate vibrations (such as steel 

or aluminum) [1]. 

• Grounding the system: The Arduino Due GND pin must be grounded. If the 

system detects the absence of this connection, the system startup could face 

problems and it would be necessary to restart it [35]. 

 

Figure 6. Acquisition and signal systems developed: CHEAP scheme [1]. 

 

Figure 7. Acquisition and signal systems developed: CHEAP in an experiment [1]. 
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Once the hardware configuration is completed, a code is executed on the Arduino 

platform, which simultaneously obtains the acceleration of the five MPU9250 

accelerometers. Arduino can print information with a frequency of 250 Hz for an 

MPU9250, however, the more sensors are connected to the microcontroller will generate 

a decrease in speed since more data will be printed. In this case, for 5 connected sensors, 

the frequency decreases to 85 Hz [1].  

Regarding the synchronization of the results, they are not synchronized, that is, Arduino 

connects with the first sensor, gets its measurement, and then, with the second, and so on. 

This is because Arduino executes codes one line, this leads to a delay in printing results 

between each sensor of approximately 2.2 milliseconds. Despite this delay, FFT (Fast 

Fourier transform) can be applied for final evaluations. It makes possible to work without 

having the same exact time of data capture for each record [1]. 

Finally, on a PC using Phyton the printed data of the Arduino serial port with its capture 

time will be saved in a text file. Then the acceleration of the five MPU9250 

accelerometers is averaged and will be reported as the final output of CHEAP [1]. 

Figure 8 illustrates the steps of the proposed measurement system. This process involves 

the following (1) Upload the code written in the memory of the Arduino microcontroller 

from the Arduino platform. (2) Connect all the sensors and the multiplexer to the Arduino. 

(3) Plug the USB port of the Arduino to the computer to activate the sensors. (4) Acquire 

the data by running the code written in Python by the computer.

 

Figure 8. Diagram of the steps required for cheap data acquisition.  

After running the CHEAP acquisition code from a shared folder with OneDrive, the 

collected information is saved in the cloud storage, so the acquired data from each test 

can be accessed. 

However, despite its advantages, CHEAP also has certain limitations [1]: 

• Limited bandwidth: Low sample rate (85 Hz) due to inefficiently used library 

codes. 

• Dependency: Being dependent on a computer for data acquisition. 

• Be uniaxial: Since accelerometers are aligned on a single axis, they can only 

acquire signals from a single direction. 

• Storage: Not having a data memory to store the acquisition data. 

1. Upload the 
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arduino
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• Noise ratio: The use of a length of 2 meters of cable and the male/female 

connection between the ports of the accelerometers and the multiplexer affects the 

final noise ratio. 

• Synchronization: Not having access to the precise time via Network Time 

Protocol (NTP) for feature sensor synchronizations. 

• Wireless Control: Not connected to the Internet and cannot be controlled or 

observed wirelessly. 

• Noise Density (ND) Measurement: CHEAP's resolution and noise density (ND) 

has not been measured. 

Because of these drawbacks, they have limited its use to academic purposes only. To use 

CHEAP in SHM applications it is necessary that it allows to save acquisition information 

along with the exact capture time for future synchronization of the sensor, store the data 

to work autonomously and finally, to control the different accelerometers involved in an 

experiment, a panel is necessary to interact with them [1]. 

In a summary, CHEAP is a low noise density, high resolution accelerometer built from 

five inexpensive, high noise density, poor resolution accelerometers (MPU9250 sensor). 

CHEAP collects data simultaneously from each of the five accelerometers using a 

multiplexor. Arduino Due receives the collected data from all sensors at each time stamp, 

then averages the data from the five sensors and prints a single output containing the 

inherent noises of the five sensors and the signals being studied [1]. 

This sensor was developed to receive data uniaxially, however, the MPU9250 sensors 

have the possibility of recording data from all directions because it is a triaxial sensor. 

Unlike common uniaxial sensors, which can only acquire single-axis data, CHEAP can 

be programmed to receive uniaxial data from any of the three directions. A triaxial 

dynamic data acquisition system can be built by programming three sets of CHEAP, one 

in the X direction, one in the Y direction, and one in the Z direction. In other words, 

CHEAP is a potential triaxial accelerometer that has been programmed to be uniaxial [1]. 

3.2.2. LARA Sensor Features 

LARA (Low-cost Adaptable Reliable Accelerometer) was developed as an update to 

solve those drawbacks found in CHEAP, which presents the following main 

improvements [10] [19]. 

An important feature of LARA [10] is its wireless internet connection, which must have 

a very high signal (3G or higher preferably) so that no data is lost during logging. The 

data is transmitted and stored on a 32 Gb card and through the wireless internet connection 

the records stored in the OneDrive shared folder can be accessed. This makes possible 

the grouping and interconnection of devices and objects through a network, where all of 

them could be visible and interact through the Internet of Things (more explanation about 

IoT in chapter 2.5). 
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• Higher bandwidth: Achieve a faster sample rate (333 Hz) by efficiently rewriting 

all library codes, an acceleration range of ±2.0g, and an effective bandwidth of 

165 Hz. 

• Independence: This accelerometer does not depend on any connected computer 

for data acquisition. LARA has a low-cost microprocessor attached that lets save 

the acquired data on an SD card or any flash or portable hard drive [10]. 

• Triaxial data acquisition: Having all LARA accelerometers aligned in the X, Y, 

and Z direction makes the final product suitable for triaxial data acquisition. In 

addition, if necessary, it can function as a uniaxial, biaxial accelerometer. 

• No coding error: Increasing a system's frequency sampling can result in reports of 

errors, interruptions, data loss, or fluctuation in frequency sampling rate. 

According to the literature, in one experiment LARA ran for a whole week and 

saved the data without errors or interruptions or loss of data [10].  

• Low noise density. 

• Schedule data acquisition: A code has been prepared in Python to program and 

finalize vibration acquisition. This programming has two benefits. First, it makes 

possible the wireless synchronization of the sensor with free software. Second, it 

can be used for OMA applications. It should be noted that when a structure is 

highly excited by environmental causes, accelerometers can extract more valuable 

data. Therefore, a programmable accelerometer can help acquire data only when 

the structure is under high traffic or extreme activity [10]. 

• Internet timestamp and synchronization: LARA's Network Time Protocol (NTP) 

is turned on. First, NTP constantly synchronizes each LARA's clock with the 

precise time of the Internet. Second, a precise time stamp is applied to each 

recorded vibration. Post-processing of sensor synchronization is made feasible by 

this feature. There are no other suitable free software-based sensor 

synchronization solutions, according to the literature review. For scheduling a 

measurement, LARA uses python software rather than a Data Acquisition (DAQ) 

system. This way, various LARAs can acquire information simultaneously in 

other parts of a structure [10].  

• Improvement of the synchronization delay of internal sensors: Each LARA's 

accelerometers are not entirely synchronized. In fact, the Arduino runs code line 

by line. The Arduino opens the library code when the main code is run, uses the 

data to identify the acceleration of the first sensor, then the second, and so on. 

This process requires time. In the CHEAP, there was a 2200 microsecond delay 

between each sensor print. The corresponding LARA delay is decreased to 210 

microseconds because of hardware and software improvements, which is 10.47 

microseconds shorter than the CHEAP delay. A shorter lag time contributes to 

better LARA sensitivity to acquire higher frequencies [10]. 

• Post synchronization of several LARAs: To use LARA outputs in the OMA 

application, data from all accelerometers must first be synchronized and have the 

same sampling frequency. Due to the construction phases of the Arduino Due, the 
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sampling frequency of each LARA is slightly different. In fact, one LARA may 

have a sampling frequency of 333.56Hz while another with the same code but 

different Arduino Due has a sampling frequency of 333.87 Hz, but this issue can 

be resolved since LARA has access to the accurate time on the Internet. To 

synchronize each LARA's outputs, a time must be chosen in which all sensors are 

functional from that moment on. For the selected time, the maximum permissible 

phase difference between two LARAs is 1.5 milliseconds. Then, using the 

MATLAB software's resampling function, the sampling speed of several LARAs 

can be unified [10]. 

• Wireless accessibility: Users can remotely access the saved data via the Internet. 

As a result, LARA could be managed, updated using online commands, and data 

can be recorded [10]. 

LARA is integrated into two parts [10]:  

• A sensing part contains the aligned accelerometers and the multiplexer, shown in 

Figure 9.a  

• An acquisition part consists of an Arduino and a Raspberry pi Figure 9.b.  

The sensing and acquisition parts of LARA are shown in detail in Figure 10. 

 

Figure 9. LARA elements: a) adjustments and cable connections of the detection part and (b) the 

detection and acquisition part [10]. 
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Figure 10. LARA in detail [10]. 

 

In addition to the CHEAP components, LARA includes: 

A Raspberry pi: is a small-sized Linux-based computer that can be connected to Arduino 

microcontrollers. In this way, the operator can access the Arduino codes for modification 

or updating purposes. A python code was created to save the acquisition data on the 

memory card of the Raspberry Pi to store and acquire the data provided by the 

accelerometers. The data obtained from Arduino was recorded with a precise timestamp 

that can be used to synchronize various LARAs for future SHM applications. This 

timestamp is reported from the inside clock of the Raspberry pi. Figure 10 shows the 

connection between the Arduino and the Raspberry pi [10]. 

A PCB (printed circuit board): is used to place the sensors at the target location with all 

their axes aligned. Sensors should use the shortest cable length possible in the connections 

between the multiplexer and the accelerometers [10]. 
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4. CHAPTER 4: HOW LARA WORKS 

This chapter briefly explains the processes performed by the LARA code. 

4.1. Data management, taking and control 

The data of the signals received by the LARAs accelerometers are stored in a cloud 

(Google drive) every 30 minutes. The collected information is stored in a folder as a text 

document (.txt*) for each sensor in operation, regardless of the number of accelerometers 

you are working with. Once the information is available in the cloud, that information 

will be taken manually. 

4.2. Data synchronization 

The code will start reading the information collected by all accelerometers and will take 

as a benchmark: the start time at which the first accelerometer started reading plus 60 

seconds. Once the reference point is known, all information prior to this time will be 

erased. This means that all the information will have the same start time so the data will 

be synchronized 

Once these data are synchronized, a matrix "D" will be created containing the 

accelerations of each accelerometer up to a data length of 500,000. All information above 

500,000 data will be deleted. 

For each matrix D, the acceleration value measured minus the average of all the data 

acquired for each axis will be taken. Note that LARAs accelerometers can receive signals 

in all three directions, so the information collected will be for the X, Y and Z axes. 

4.3. Data resampling 

Data resampling is necessary because the sampling frequency of each LARA is slightly 

different due to the construction phases of the Arduino Due. In fact, one LARA may have 

a sample frequency of 333.56 Hz while another with the same code, but different Arduino 

Due has a sample frequency of 333.87 Hz. 

Following the process that executes the LARA programming, the MATLAB software 

resampling function will be implemented in order to unify the sampling rate of several 

LARAs. Equation (8) shows the MATLAB resampling function used. 

DD = resample(D,t,Fs,'spline') (8) 

DD results in a matrix with triaxial acceleration data from LARA with a sampling rate of 

Fs equal to 333 Hz (target sampling frequency), D are the LARA acceleration outputs, t 

is the available time matrix that Raspberry Pi recorded, and spline is the interpolation 

method employed [36]. 
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Subsequently, the matrix "Dx", "Dy" and "Dz" will be created that contain the 

accelerations for each global axis of the various accelerometers. Therefore, their size will 

correspond to [Nyy x N] where Nyy is the number of sensors and N is the number of time 

steps. 

 

4.4. Feed data to FDD code 

Once the data has been resampled, the modal operational analysis (OMA) will be 

carried out. The frequency domain decomposition (FDD) method was used to perform 

the modal analysis of the data collected. For this research, we used MATLAB code that 

is freely available [37]. 

Therefore, based on the FDD method and from the acceleration records (output data) 

obtained during the monitoring of the structural health of civil engineering works subject 

to environmental noise, this function is responsible for calculating the following: 

• Mode Shapes 

• Eigenfrequencies 

• Modal damping ratio 
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5. CHAPTER 5: DATA VALIDATION 

Data validation was performed by comparing the results obtained in the Operational 

Modal Analysis between the low-cost LARA accelerometers and the commercial PCB 

907A61 accelerometers. With this purpose, an experimental campaign was carried out on 

a highway bridge. 

5.1. Andoain Bridge 

The bridge that was part of the experimental campaign and later modeled in SAP2000 in 

this document is the N-1 Andoain – Red Cross bridge, which is located in Andoain, 

Basque Country, Spain. The annotated coordinates of this bridge in Google Maps are 

43.219019, -2.024778. The location of this bridge is shown in Figure 11. 

 

Figure 11. The location of the Andoain bridge. 

The Andoain bridge allows vehicles to travel towards Toledo or San Sebastian and was 

built in 1972. It is composed of T-type beams, has a deviation angle of approximately 70º 

with a length in direction X of 13.00m (see Figure 12). The cross section of the bridge 

shows that the structure is made up of two platforms separated by a joint, the width of 

each platform is approximately 14.50 m and consists of 4 lanes (see Figure 13). Since it 

is separated by a joint, only the platform where the accelerometers were placed will be 

used for the modelling part, since the two platforms are independent structures. 
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Figure 12. Plan of the bridge. View plant. Units: mm. 

 

 SECTION A-A 

 

 

Figure 13. Plan of the bridge. Cross section. Units: mm. 

  

Y 
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Regarding to the characteristics of the materials, they are detailed in Table 4: 

Table 4. Material properties 

Materials 

Specific 

Weight 

(kg/m3) 

Resistance 

(kg/cm2) 

Modulus of 

Elasticity 

(kg/cm2) 

Poisson 

ratio 

ASTM A706 Reinforcing 

Steel 
7 850 4 200 2 040 000 0.30 

Concrete C20/25 2 400 200 305 915 0.20 

 

In addition, Figure 14 shows that the platforms are supported on closed stirrups at both 

ends. An important fact to appreciate in Figure 15 is that the longitudinal beams (X axis) 

present damage to their structure, this could be due to the circulation of vehicles under 

the bridge whose height is higher than permitted. 

 

 

Figure 14. Bridge N-1 Andoain - Red Cross during installation of accelerometers. 
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Figure 15. Image of the bridge. 

5.2. Development of the experimental campaign 

For the development of the experimental campaign, the following instrumentation was 

implemented:  

• Nine PCB 907A61 sensors (5 Z uniaxial, 3 Z-Y biaxial and 1 Z-Y-X triaxial) in 

the location shown in Figure 16. 

• Two LARAs accelerometers ubicated at points 1 and 5. 

 

Figure 16. Location of accelerometers. 

Visible damage 

X 

Y 
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To compare the results of the modal analysis between the two types of accelerometers, 

two LARA accelerometers and three commercial accelerometers PCB 607A61 were 

taken into consideration. 

Figure 17.a. shows the bridge before placing the instruments and indicates with green 

circles the approximate location of the LARA accelerometers considered in the study. 

The plan of the dimensions of the bridge deck in meters is illustrated in Figure 17.b. The 

location of the installation of the sensors on the original plane is shown in Figure 17.c., 

sensor 1 is located half the length of the beam and sensor number 2 is located one quarter 

of the length section. 

 

a)                                                                                        b) 

 

(c) 

Figure 17. Andoain Bridge: a) before instrumentation, b) dimensions of the platform in millimeters, 

c) location of the accelerometers. 

It is important to note that at the midpoint of the beam two uniaxial accelerometers were 

placed perpendicular to each other (PCB 607A61) to be able to monitor the vertical 

movements in the Z direction and the transverse ones in the Y direction of the bridge. In 

X 

Z 
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contrast, for the location one-quarter of the length of the beam span, it was instrumented 

using only a PCB 607A61 accelerometer to monitor this point's vertical movement (Z-

direction). 

In this way, three channels were available: the Z and Y directions in the middle of the 

length of the beam marked with orange color and the Z direction at a quarter of the length 

of the beam marked with green (see Figure 17.c.). Then, two triaxial LARA 

accelerometers were mounted next to the points where the commercial accelerometers 

were located.  

5.3. Difficulties 

A difficulty that arose during the study is that the bridge does not have a constant supply 

of electrical energy, only during the night hours when access to electricity is necessary to 

turn on the bridge's bulbs, which are connected to the main source of electricity in the 

city. It should be noted that this experiment was carried out during the summer, which 

means that nights were shorter, which represented less time available to recharge the 

batteries. For that, the sensors needed enough battery to acquire data during the day and 

have fast chargers to recharge them at night, so the box shown in Figure 18.a. was 

designed. Included in this box are three fast-charging power banks with a capacity of 

2000 mA and fast chargers specifically designed to charge the power banks, so that the 

power banks can be fully charged in less than two hours. The 4G wireless modem USB 

dongle offers Internet access for remote control of sensors. The installation of the data 

acquisition box on the Andoain bridge is shown in Figure 18.b. 

 

 

(a)                                              (b)  

Figure 18. LARA’s data acquisition: a) Data acquisition equipment box, b) Box placed on the 

bridge. 



Operational Modal Analysis of 

a highway bridge using acquired  

data of different accelerometers 

 

32 

 

The LARA detection component was then installed on the bridge. This component was 

connected to the acquisition box using special USB cables with signal amplifiers. 

Laboratory tests revealed that conventional USB cables can connect the detection 

component to the acquisition component up to a distance of three meters. However, this 

range can be increased by connecting USB connections with amplifiers to 18 meters. The 

instrumentation of the Andoain bridge is shown in Figure 19. 

 

Figure 19. Instrumentation of the Andoain bridge by using two LARA installed next to the PCB 

607A61 accelerometers. 

5.4. Operational Modal Analysis (OMA) 

Vibration acquisition data from May 22, 2022, between 11:00 and 11:30 a.m. (CEST) 

were compared between commercial PCB 607A61 accelerometers and those of LARA 

accelerometers. The frequency domain decomposition (FDD) approach was used to 

perform a modal analysis of the data collected for the two solutions. This research used 

MATLAB code that is freely available [37].  It is worth mentioning that this work does 

not compare the results of the other days of structural monitoring since certain 

technological problems prevented commercial sensors from collecting data on some days. 

Consequently, after three months of problems in the system, the company in charge of 

installing and maintaining the commercial sensors decided to stop the monitoring. 

The mode shapes of commercial sensors and LARA accelerometers were compared using 

the Modal Assurance Criteria (MAC) value. (See eq. 8) 

Where {𝜑𝐶} and {𝜑𝐿} are the modes extracted from the FDD analysis of commercial 

accelerometers and LARA, respectively. The MAC value for each mode shape must be 

between 0.8 and 1 for its similarity to be considered acceptable to the mode shapes [22].  

 

Table 5 shows the modal and frequency analyses of the PCB 607A61 and LARA 

accelerometers for the first three forms of bridge mode. This table includes the following 

information: (1) Mode number, (2) LARA: number corresponding to its location, (3) Y-

1 2 
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mode shape: the normalized value of the bridge's transverse axis mode shape value, (4) 

Z-mode shape: the normalized value of the vertical axis of the bridge's vertical axis mode 

shape value, and (5) Frequency:  The results of the eigenfrequency analysis from the data 

acquired by LARA. The descriptions of columns 6, 7, 8 and 9 are analogous to those of 

columns 2, 3, 4 and 5 but correspond to the PCB 907A61 accelerometers.  

 

Table 5. Output data from the modal analysis of accelerometers: LARA and PCB 907A61. 

MODE 

 

LARA 

 

Mode 

shape 

Y 

Mode 

shape 

Z 

Frequency 

(Hz) 

 

PCB 

607A61 

 

Mode 

shape 

Y 

Mode 

shape 

Z 

Frequency 

(Hz) 

 

1 
1 0.11 -1.00 

12.27 
1 0.06 -1.00 

12.14 
2  -0.62 2  -0.56 

         

2 
1 -0.19 -1.00 

13.73 
1 -0.19 -1.00 

13.66 
2  -0.60 2  -0.53 

         

3 

1 0.27 -1.00 

14.99 

1 0.27 -1.00 

14.89 
2  -0.63 2  -0.57 

 

Table 6 shows the comparison of the modal and frequency analysis of the two solutions 

using the MAC value and the percentage of eigenfrequency difference. This table is 

organized through the following columns: (1) Mode number, (2) MAC 2D: This value 

compares the three-channel mode shapes. It is 2D because two of the channels correspond 

to vertical vibrations (Z axis) and one channel corresponds to those of the transverse axis 

(Y axis), and (3) Frequency difference. 

 

Table 6. Comparison of modal and eigenfrequency analysis of LARA accelerometers and PCB 

907A61 

MODE MAC 2D 
Frequency 

difference (%) 

1 0.997 1.13 

2 0.997 0.56 

3 0.999 0.62 
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5.5. Comparison of results 

From Table 5 it can be seen that the values produced by the two data collection systems 

are very close. It can be observed that the largest difference between the estimated 

eigenfrequencies of the LARA accelerometers and those of the commercial 

accelerometers is only 0.13 Hz. 

 

Table 6 shows that the MAC2D resultant value for the 3 modes is greater than 99% 

similarity, which means that the difference between the results is practically 

imperceptible and demonstrates the excellent accuracy of the solution presented. 

Furthermore, the frequency difference between the two types of accelerometers is less 

than 1.2% for the different vibration modes.  

Under the observations made, it can be affirmed that the results of the LARAs have 

been validated.  
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6. CHAPTER 6: CALIBRATION OF A 3D MODEL IN SAP2000 

USING ACCELEROMETER DATA 

 

The method used to model the structure, the definition in SAP2000 software and the 

parametric study performed will be explained below. 

6.1. Plane Grillage 

To achieve consistent results, the characteristics of the elements that conform the structure 

and the conditions of support of the bridge must be considered in the definition of the 

grillage. 

The cross sections that are shown on the figures below corresponds to those that are 

marked on the Figure 12. 

6.1.1. Longitudinal discretization 

Longitudinal discretization is based on the division of the cross section into smaller 

sections and then modeled in a calculation program as a "frame", for which the 

corresponding calculation was carried out respecting the limitation to define SL 

(longitudinal separation), which is defined below: 

• 1 longitudinal bar per beam 

The bars are located on the axis corresponding to the center of gravity of the section, that 

is 0.993 m. 

 

SECTION A-A 

 

Figure 20. Cross section A-A. Units: mm. 
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Therefore, the section is discretized as follows: 

SECTION A-A 

 

Figure 21. Discretization of the cross-section. Section A-A. Units: mm. 

Table 7 shows characteristics of each longitudinal bar: areas of each section, shear areas, 

moment of inertia, and torsional rigidities. 

 

Table 7: Characteristics of each section 

Longitudinal 

bars 

 
A (m2) A_c (m2) I (m4) J_long (m4) 

L1 0.799 0.395 0.155 0.206 

L2 0.692 0.392 0.141 0.069 

L3 0.994 0.495 0.234 0.121 

The data were obtained from the sections drawn in AutoCAD by applying the command 

"massprop".  

 

6.1.2. Cross-sectional discretization 

This transverse discretization tends to facilitate the assignment of properties in the 

transversal direction. Therefore, like the longitudinal bars, the crossbars will be modeled 

in a calculation program as a "frame", for which the corresponding calculation was carried 

out respecting the limitations to define ST (transverse separation) which are defined 

below: 

• They will be located in each diaphragm and respecting the compression slab. 

• ST/SL between 1 and 2. 
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SECTION B-B 

 

Figure 22. Cross section B-B. Units: mm. 

It is proposed to use a distance ST=1.5m, so the ratio would be equal to: 

𝑆𝑇

𝑆𝐿
=

1.7

1.5
= 1.33 ∴ ¡ 𝑜𝑘! 

Therefore, the section is discretized as follows: 

SECTION B-B 

 

Figure 23. Discretization of the cross-section. Section B-B. Units: mm. 

Table 8 shows characteristics of each longitudinal bar: areas of each section, shear areas, 

moment of inertia, and torsional rigidities. 

 

Table 8: Characteristics of each section 

Crossbars 

 A (m2) A_c (m2) I (m4) J_trans (m4) 

T1 0.302 0.252 0.039 0.057 

T2 0.453 0.223 0.043 0.059 

T3 0.759 0.569 0.175 0.029 

 

The data were obtained from the sections drawn in AutoCAD by applying the command 

"massprop".  
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It is important to know that in order to ensure that the self-weight is not considered twice, 

the properties of the cross members have been modified so that they have zero weight. 

Finally, following the conditions established for the longitudinal and transverse spacing, 

and the discretization of the bridge, the grid is established as follows: 

 

Figure 24. Bridge grid. Units: mm. 

6.1.3. Boundary conditions 

To make the model as consistent as possible, it is necessary to know the conditions at the 

nodes that represent the support devices: displacement (in X, Y and Z direction) restrained 

at the level of a stirrup on its eight supports and sliding joint on the X axis on the 

remaining supports. 

 

6.2. Definition of the model in SAP2000  

Using the SAP2000 software (based on the finite element model -FEM), the structure was 

modeled, taking as a reference the mechanical properties of the materials and the 

measurements established in the original design plans of the bridge granted by the 

Generalitat de San Sebastián. 
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The properties of the bars shown in Figure 25 were defined in Chapters 6.1.1 and 6.1.2, 

the boundary conditions in Chapter 6.1.3 and the properties of the materials were 

described in Chapter 5.1. 

 

  

Figure 25. Bridge model in SAP2000. 

 

6.3. Parametric Study 

The results of the Operational Modal Analysis (OMA) of the data collected by the 

commercial accelerometers during the experimental campaign at the Andoain bridge will 

be considered as a reference to adjust the model. The mathematical model will be adjusted 

until MACZ and MAC2D values higher than 80% are obtained, and the differences 

between the measured frequencies are minimal. 

For the parametric study, the information of three PCB607A61 accelerometers was taken, 

which are indicated in Figure 16. Accelerometers number 1 and 5 were uniaxial (took 

information from the Z axis) and accelerometer number 3 was biaxial (took information 

from the Z and Y axis). 
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Figure 26. Location of accelerometers considered for the parametric study. 

For the calibration of the model, the modification factors for the moment of inertia about 

the local axis 33 were adjusted, this is because it could be observed at the site that the 

structure is mostly deteriorated in that direction (see Figure 15).  

To adjust the modification factors of the bars in SAP2000, open the “Define” window, 

go to “Sections Properties”, then select “Frame Sections”. Once inside the “Frame 

Sections” window, choose the section and select “Modify/Show Property”. The 

corresponding window will be displayed, and the “Set Modifiers” option will be shown 

where the “Frame Property/Stiffness Modification Factors” can be modified ( Figure 27). 

 

Figure 27. Property/rigidity modifiers for analysis in SAP2000. 

To perform the corresponding calibration, it was first analyzed which was the impact on 

the modal response given by the model for different modification factors of the moment 

of inertia about axis 33, both for longitudinal and crossbars.  
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To evaluate the behavior of the model when the properties of the longitudinal members 

were modified, the following graph was made (Figure 28) showing the different factors 

used to modify the properties of the moment of inertia 33 on the horizontal axis and the 

percentages of frequency difference obtained between the model and the accelerometers 

on the vertical axis, for the 4 modes analyzed. 

 

Figure 28. Frequency differences for several values of I 33. Analysis for longitudinal bars. 

 

By modifying the moment of inertia around the local axis 33 of the longitudinal members, 

it is observed that there is a decrease in the percentage of frequency differences until a 

factor of 0.7 is reached. However, if these elements are given a factor of less than 0.7, 

higher error values start to be obtained. 
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Similarly, the behavior of the model will be studied when the properties of cross members 

are modified. The following graph (Figure 29) shows the different factors used to modify 

the properties of the moment of inertia 33 on the horizontal axis and the percentages of 

difference obtained on the vertical axis for the 4 modes analyzed. 

 

Figure 29. Frequency differences for several values of I 33. Analysis for crossbars. 

In this case, the transverse members show a constant decrease in frequency differences 

as the inertia is reduced. However, it is necessary to evaluate their behavior when the 

capacity of the longitudinal members is also affected. 

Considering all these results, is determined that the moment of inertia around 33 for 

longitudinal members can be reduced to 0.7 while for the transverse members their 

capacity must be reduced to achieve an adequate model response. Considering these 

statements, the response of the model will be analyzed for different iterations, which are 

shown in Table 9. 
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Table 9 is organized in columns as follows: (1) iteration number, (2) I33 modification 

factor for longitudinal members and (3) I33 modification factor applied to cross members. 

Table 9. Iterations and modification factors for I33 in the parametric study. 

Iteration 
Modification Factor I33 

(LONG BARS) 

Modification Factor I33 

(CROSS BARS) 

1 1 1 

2 0. 9 0. 9 

3 0. 8 0. 8 

4 0. 7 0. 5 

5 0. 7 0. 3 

6 0. 7 0. 1 

Figure 30 shows the variation of the proximity value of MAC Z when applying the 

different iterations. The horizontal axis of the graph shows the iteration number, and the 

Y axis shows the MAC Z values for the 4 modes analyzed. 

 

Figure 30. MAC Z results for iterations. 

It is determined that iterations number 4 and 5 present MACZ values close to 1 for the 4 

modes, which demonstrates the excellent accuracy of the presented solution. 
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Figure 31 shows the variation of the proximity value of MAC 2D when applying the 

different iterations. The horizontal axis of the graph shows the iteration number, and the 

Y axis shows the MAC 2D values for the 4 modes analyzed. 

 

 

Figure 31. MAC 2D results for iterations. 

 

Iteration number 4 is determined to have MAC 2D proximity values between 0.8 and 

0.9 for all 4 modes, which can be considered an acceptable approach. Unlike the other 

iterations that present proximity values far away from 1. 
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The following graph (Figure 32) shows the number corresponding to the iteration applied 

on the horizontal axis and the percentages of frequency difference obtained on the vertical 

axis, for the 4 modes analyzed. 

 

Figure 32. Frequency differences for different iterations. 

 

The differences between the frequencies for mode 4 decrease until reaching the 3rd 

iteration, for modes 2 and 1 they decrease until the 4th iteration, and for mode 3 it 

decreases as the iterations progress. Therefore, it is assumed that the iteration that presents 

the most favorable result regarding to the frequencies is iteration 4. 

Finally, it is concluded that both the results obtained from MAC Z, MAC 2D and 

Frequency Differences that the iteration number 4 presents good results.  
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Table 10. Properties modifiers.  

Modification 

Factor I33 

(LONG BARS) 

Modification 

Factor I33 

(CROSS BARS) 

L1: 0.7 

L2: 0.7 

L3: 0.7 

T1: 0.5 

T2: 0.5 

T3: 0.5 

 

Therefore, the moment of inertia about local axis 33 is affected by modification factor 

equal to 0.7 for longitudinal bars, and per 0.5 for crossbars (Table 10).  

The comparison of the modal parameters (MAC Z, MAC 2D and difference between 

frequencies) applying the modification factors, resulting from the Parametric Study, on 

the bars modeled in SAP2000 is presented below. 

Table 11 shows the modal and frequency analyses of the model in SAP2000 and the PCB 

607A61 accelerometers for the first four bridge mode shapes. This table includes the 

following information: (1) Mode number, (2) Sensor location: number corresponding to 

its location (see Figure 26), (3) Displacement in the Y direction measured in meters, (4) 

Displacement in the Z direction measured in meters, (5) Y-mode shape: the normalized 

value of the mode shape value of the transverse axis of the bridge, (6) Z-mode shape: the 

normalized value of the mode shape value of the vertical axis of the bridge, and (7) 

Frequency: the results of the eigenfrequency analysis from the data output by SAP2000. 

The descriptions in columns 8, 9, 10 and 11 are analogous to those in columns 2, 5, 6 and 

7, but correspond to PCB 907A61 accelerometers.



Operational Modal Analysis of 

a highway bridge using acquired  

data of different accelerometers 

 

47 

 

 

 

 

 

 

 

 

MODE Sensor location Y (m) Z(m) Y Z Frequency (Hz) PCB607A61 Y Z Frequency (Hz) 

1 

E1   -0.0264   0.4153 

12.08 

a1   -0.7374 

12.14 E3 0.0032 -0.0637 -0.0506 1 a3 0.0591 -1 

E5   -0.0446   0.7002 a5   -0.5634 

2 

E1   0.1296   1.3873 

13.38 

a1   -0.8499 

13.66 E3 -0.0003 0.0935 -0.0037 1 a3 -0.2088 -1 

E5   0.0659   0.7050 a5   -0.5334 

3 

E1   -0.1194   1 

16.20 

a1   -1 

14.89 E3 0.0269 0.0980 -0.2250 -0.8209 a3 -0.391 0.7694 

E5   0.0673   -0.5641 a5   0.3385 

4 

E1   0.0620   1 

16.89 

a1   -1 

17.30 E3 0.0914 -0.0403 1.4751 -0.6499 a3 -0.5353 0.5503 

E5   -0.0276   -0.4457 a5  0.2689 

MODE Sensor location MACZ MAC 2D 
Difference between 

frequencies (%) 

1 

E1 

0.9 0.9 0.43 E3 

E5 

2 

E1 

0.9 0.9 1.99 E3 

E5 

3 

E1 

1.0 0.8 8.80 E3 

E5 

4 

E1 

1.0 0.8 2.37 E3 

E5 

Table 11. Displacement results and frequencies of the calibrated model and accelerometers PCB 907A61. 

Table 12. Comparison of modal and eigenfrequency analysis of the calibrated model and accelerometers PCB 907A61. 
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The comparison of these results is shown in Table 12 which indicates that, upon 

performing the MAC Z calculations, it was obtained that for the 4 modes is greater than 

93% of approximation, which means that the difference between the results is practically 

imperceptible and demonstrates a high accuracy of the presented solution. 

For the MAC2D results, it was obtained that all the modes present an approximation 

between model and accelerometers greater than 80%, which indicates an acceptable 

approximation.  

While in the comparison between frequencies, we obtained differences of less than 2.4% 

for modes 1, 2 and 4, which results in a good approximation. In contrast, mode 3 is far 

from the expected, presenting a difference of 8.8%. In other words, for modes 1, 2 and 4 

the percentage difference is low but mode 3 should be adjusted since the model result is 

not so close to that obtained in the experimental campaign. 
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7. CONCLUSIONS 

Structural health monitoring (SHM) applications are becoming more and more essential 

in of civil engineering because they allow the condition and performance evaluation 

structures. The main objective of SHM applications is to determine in a preventive stage, 

if the structure presents any damage or if it could have it over time under the current 

conditions in which it is operating.  In this way, it helps to avoid costly repairs and to 

guarantee the operation and safety of the structure. 

According to an Infrastructure Report Card prepared by ASCE, about 9.1% of the bridges 

in the United States of America are considered structurally inefficient and that many of 

these bridges are already close to complete or have already exceeded their useful life 

period. With this we can appreciate the importance of having the ability to evaluate the 

structural health of civil works, since the constructions are subject to different actions that 

probably were not considered during their design phase, are exposed to environmental 

factors that deteriorate the original properties of the materials that compose them, 

complete their useful life period for which they were designed, among others. 

The comparison of the results of the Low-cost Adaptable Reliable Accelerometers 

(LARAs) and PCB 907A61 accelerometers (commercial solutions) mounted on the 

Andoain Road Bridge concluded that the values obtained by the two data collection 

systems are extremely close. It was observed that the largest difference between the 

estimated eigenfrequencies of the accelerometers was 0.13 Hz which corresponds to 

1.13% difference. Regarding the Modal Assurance Criterion (MAC) and MAC2D (value 

for the vertical and transversal bridge movements) values, it was obtained that for the 3 

modes it is higher than 0.99 of approximation, i.e., the difference between the results is 

practically imperceptible and demonstrates the high accuracy of the presented solution. 

Therefore, the feasibility of using the LARA as a low-cost accelerometer prototype for 

the modal analysis of the Andoain bridge is validated.  

It should be noted that during the experimental campaign certain difficulties were 

encountered, such as the fact that there was no power supply during the day, but only at 

night. As a solution, a box was developed in which three fast charging power banks with 

a capacity of 2000 mA and fast chargers were included, so that the power banks could be 

fully charged in less than two hours. 

To calibrate the analytical model of Andoain bridge using the available information of 

the commercial accelerometers (PCB 907A61) a parametric study was carried out. 

Through that, adjustments were made to the section modification factors on the analytical 

model created on SAP2000. These factors were modified until the values of MAC Z 

(vertical movements of the bridge) and MAC 2D reached greater than 0.8. The analysis 

was elaborated between the responses obtained with the mathematical model and the 

operational modal analysis of the commercial accelerometers (PCB 907A61). Studying 

of various iterations resulted in that the moments of inertia around axis 33 should have a 
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modification factor equal to 0.7 for longitudinal members, and 0.5 for transverse 

members. This means that the moment of inertia capacity around the local axis 33 of the 

longitudinal beams is reduced by 30% and the transverse members by 50%. 

In the comparison between the results of the calibrated model and the commercial 

accelerometers, it was concluded that: according to the MAC Z calculations, it was 

obtained that for the 4 modes it is higher than 0.93 of approximation, which means, high 

accuracy of the presented solution. For the MAC2D results, it was obtained that all modes 

present an approximation between model and accelerometers greater than 0.8, which 

indicates a good approximation. While for the comparison between frequencies, values 

of less than 2.4% are obtained for modes 1, 2 and 4, in contrast, mode 3 is far from the 

expected, with a difference of 8.8%. Therefore, for modes 1, 2 and 4 the percentage 

difference is low, which could be considered as valid, but mode 3 should be adjusted 

since it presents dispersion in its result. However, since the important vibration modes 

present good results in general, the model is considered as calibrated. 

 

 

8. FUTURE WORK 

 

The data of the actual TFM will correspond to a research work that will continue up to 

the publication of a paper about the calibration of mathematical models by a parametric 

analysis using the information available from commercial accelerometers. 

The information contained in this work will also be used for the development of two 

papers titled: "Development and Validation of a Low-Cost Accelerometer for Health 

Monitoring Bridges" and "Laboratory Validation of an Arduino based Accelerometer 

Designed for SHM applications" that will be presented at the conferences: EURODYN 

2023 XII International Conference on Structural Dynamics and IALCCE 2023 Eighth 

International Symposium on life- cycle civil engineering, respectively. 
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