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Abstract—Railway bridges are crucial for transferring passengers and commodities in the transportation network. Railway bridges 

require continuous monitoring to observe their performance. A structural health monitoring system is one method for assessing the 

viability of a railway bridge structure. The functioning of railroad bridge structures has been extensively observed using wireless 

technology. This research aims to implement smart wireless sensors for monitoring the structural health of the railway bridge online in 

real-time during operation. Many sensors were installed on the railway bridge, including strain gauges, accelerometers, linear variable 

displacement transducers, and proximity sensors. Geometric modeling and numerical simulation were performed to find critical frame 

locations on the railway bridge where the instrumentation sensors would be placed. In this study, MONITA
®

 is employed for data

acquisition modules. The MONITA® system consists of a combination of hardware and software that functions to retrieve, send, store, 

and process data. This paper describes the result of establishing this method to comprehend the performance of the steel railway bridge 

structure in real-time via the human-machine interface display dashboard. As a result, the monitoring system can appropriately assess 

a structural railway bridge in real time. This study may be helpful to practicing engineers and researchers in future studies of steel 

railway bridge evaluation. This could be a valuable reference for future studies in implementing such systems as the railway bridge 

early warning system technique in detecting bridge damage. 
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I. INTRODUCTION

Due to the increasing demand for capacity to transport 
goods and people in recent decades, many countries have 
significantly expanded their rail infrastructure. The train is an 
alternative for the transportation of goods and passengers. 
Railway lines were built to connect separate areas with 
relatively dense traffic density. When railroads cross 
obstacles, such as valleys, rivers, highways, or seas, bridges 
are needed to connect them. Railway bridges are essential 
infrastructure for the rail transportation network and need 
effective structural monitoring [1]–[7]. 

In Indonesia, railway bridges are primarily constructed in 
remote areas. In addition, railway bridges are exposed to 
various external influences, such as increased traffic loads and 
harsh environmental conditions. Loading conditions on 
railway bridges have changed in recent decades due to 

increased cargo volumes. As a result, the performance of 
railway bridges gradually deteriorates over time. For some 
reason, railway bridges must be continuously monitored to 
detect localized damage caused by these impacts [8]–[18]. 

By utilizing the data obtained from structural health 
monitoring systems (SHMS), many researchers have 
developed techniques for evaluating the evaluation of the 
parameter identification, damage detection, model update, 
safety assessment, and sustainability of civil engineering 
infrastructure. A model-based damage detection technique 
can identify modal civil structural characteristics according to 
observational data from the SHMS [19]–[26]. Long-term 
system monitoring is developed further by these SHMS. 
However, it is also possible to evaluate railway bridge 
sustainability, serviceability, and safety using the data 
collected by the SHMS. SHMS has utilized the advancement 
of new sensing technologies over the past few decades [27]–
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[35]. Because of the advantages and tremendous benefits for 
applications that demand access to civil engineering 
structures, wireless approaches have been frequently used for 
SHMS [36]–[45]. 

Wireless sensors are also frequently used and placed in 
railway bridge SHM [40], [46], [47]. All wireless sensor 
investigations and implementations have demonstrated the 
potential to use wireless technology in railway bridge 
monitoring and management. The SHMS was initially 
implemented on Indonesia’s BH 77 railway bridge. The 
railway bridge is a steel structure that is a single simple span 
bridge [48], [49]. 

The application and improvement of SHMS have 
substantially advanced with the development of 
contemporary information and communication systems, 
signal processing technology, the internet, and structural 
analysis. It should be understood that there are still significant 
issues with the SHMS that will need to be taken into account 
in the future, including improving the accuracy of the sensory 
system, high-frequency and accurate data sampling, 
knowledge development and data mining, diagnostic 
techniques, and analysis and modeling of big data collected 
from the SHMS and used for management and maintenance 
decisions [25], [50]–[53]. 

This research utilizes advances in the development of 
recent information system technology, modern 
communication, signal processing technology, and the 
Internet of Things to monitor and assess steel railway bridges 
operating with the maximum combination of working loads. 
The field is where the data acquisition station for the 
automatic data transmission and acquisition system's 
automatic monitoring system is located. The real-data 
information can be helpful for safety assessment and 
prioritizing railway bridge maintenance and repair. 

II. MATERIALS AND METHOD 

A. Structural Health Monitoring System (SHMS) 

The application of SHMS on the railroad bridge is 
connected to using big data to create an expert system. The 
Internet of Things (IoT) and artificial intelligence (AI) are 
related to this technology. Furthermore, the expert system can 
be adopted for civil engineering purposes [13], [41], [54], 
[55]. The development of expert systems covers user 
interfaces, knowledge bases, engine interfaces, and 
development engines [12], [48], [52], [54]. User interfaces are 
used to monitor the condition of the railway bridge at the 
location using sensors installed at the railway bridge. The 
knowledge base describes the problem domain and 
presentation techniques that use facts according to logic. The 
engine interface generates reasoning utilizing the defined 
expert system's knowledge base contents in a particular order. 
The development engine creates rules for the system 
development process using a perspective on programming 
languages and the expert systems section. 

The main objective of the SHMS of the railway bridge is 
to provide serviceability, safety, and sustainability monitoring 

and assessment of the railway bridges during operation. A 
long-term SHM should include decision support systems, data 
management systems, data processing systems, data gathering 
and transmission systems, and sensory systems to achieve the 
objective above [16], [17], [27], [46]. All the systems should 
be integrated into one coordination and efficiently utilized by 
the manager to take actions and policies on the results. 

B. Field Instrumentation Schemes 

The instrumentation scheme was generated to address the 
defined objectives. It was determined by identifying critical 
locations which would give sufficient and precise 
information. It is imperative to validate the suggested model 
with more straightforward solutions before creating a 
numerical model of the railway bridge that incorporates the 
combination of loadings. 

Geometric modeling and numerical simulation were 
performed to observe critical frame locations on the railway 
bridge where the instrumentation sensors would be placed. A 
detailed model of the railway bridge in three dimensions (3D) 
was developed. Fig. 1. illustrates a schematic plan of the 
instrumentation sensor locations. The strain gauges and 
accelerometers were placed at the critical members of the 
railway bridge. The vital locations were determined based on 
the numerical simulation. The placement of strain gauges and 
LVDT locations are shown in Fig. 2. Schematic placement of 
the accelerometer sensors is illustrated in Fig. 3. The locations 
of these accelerometers are determined based on the results of 
numerical simulations, which indicate the critical location of 
the stress that occurs on the railway bridge when the loading 
combinations were applied. The placement of the 
accelerometer is determined by the outcomes of numerical 
simulations performed when the railway is under dynamic 
loading. The natural frequency for this critical position in 
mode 1 is 3.22 Hz, and the vibration period is 0.311 seconds. 

In this study, an analytical calculation of this railway 
bridge was carried out using finite element analysis. The finite 
element analysis was executed by employing STAAD—Pro 
software [56]. The span length of the railway bridge for 
simulation modeling was 40.0 meters, with a width of 4.40 m 
and a height of 6.60 m, respectively. In the finite element 
analysis, the abutment end of the bridge was assumed to be 
supported by hinges, while roller support was at the other end. 
The supports are believed to have no frictional resistance, 
causing translational restraint without inducing rotational 
restraint. The loading combinations were implemented for 
this numerical simulation and followed the applicable 
standards and regulations [57]–[60]. 

C.  Interfacing and Data Processing 

The user interface for offline data analysis is carried out 
using appropriate and helpful software packages. The user 
interface comprises modules for the observed parameters, 
nonlinear dynamic response, generated force, vibration 
response, and deformation phenomena. The user interface 
makes it simple to keep track of a bridge's status. 
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Fig. 1  Schematic plan of sensor installation locations 

 

  

Fig. 2   Placement locations of strain gauges and LVDT 
 

 
Fig. 3  Schematic locations of the accelerometers at the railway bridge 

 
The user interface receives information from the data 

processing as well. The railway bridge can also be monitored 
remotely using the equipment set up at the command center. 
A server cluster, a significant network, and server 
maintenance tools are used primarily to run the command 
center. During the operation of the railway bridge, the data 
processing system can process both dynamic and static data. 
Remote monitoring can be possible depending on the 
equipment at the monitoring center. A server group, central 
network switching equipment, and other server maintenance 

equipment comprise most of the command center's 
equipment, an acquisition station, and workstations. 
According to data on strain signals, deformations brought on 
by stresses, and operating forces in the main components of 
the railway bridge, a structural health monitoring and 
evaluation system can evaluate the safety of railway bridges. 

D. Sensory System 

The primary factors considered in a sensory system include 
the kind of sensor used and where it is placed on the railway 
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bridge. It should be noted that the position of the sensors 
should be considered for future railway bridge maintenance 
and rehabilitation. All sensors were installed on the railway 
bridge to obtain the required parameters. On the railway 
bridge, many sensors were installed, including ten units of 
strain gauges, four units of accelerometers, two units of 
proximity sensors, five units of node/data loggers, nine units 
of solar panels located on the railway bridge top, and one at 
the guardhouse rooftop. 

1)   Strain gauges: The strain gauge is one of the most used 
sensors for measuring stress applied to a structural element. 
The sensor location of strain gauges can be seen in Fig. 4. The 
strain gauges are attached to the flanges of the railway bridge 
girders using a powerful epoxy glue with firm adhesion. 

 

 
Fig. 4  Strain gauge sensors utilized for this SHMS 

 

The strain gauge sensor is in the form of metal foil or metal 
wire, which conducts an electric current attached to the object 
to measure strain where the amount of strain comes from 
loading. This sensor is connected directly to the object whose 
strain is measured. The strain gauge works based on changes 
in pressure, resulting in changes in resistance. The strain 
gauge produces a change in the stress value proportional to 
the change in strain. The change is entered into the electrical 
circuit as a Wheatstone bridge. After that, how much voltage 
is in the strain gauge will be known. The technical 
specifications of the strain gauge are presented in Table 1. 

TABLE I 
STRAIN GAUGE TECHNICAL SPECIFICATION 

No Specification Remarks 

1 Operating voltage 24 V 
2 Sensor type Metal foil strain gauge – 

full bridge 
3 Resistance 350 Ohm 
4 Output signal analog 0 – 5 V 
5 Output cable Coaxial 
6 Measurement range > 5,000 
7 Grid length 3 mm / 6mm 
8 Gauge factor – 2 

The strain gauge calibration used is the shunt method. 
Using a single-leg shunting bridge, the shunt calibration 
method simulates the strain in a Wheatstone bridge circuit. 
The strain gauge used is 350 Ohm with a gauge factor of 
~1.98, terminated using a 47k Ohm resistor in a Wheatstone 
bridge circuit to simulate compression on a 3,722.9 µɛ strain 
gauge. 

2)   Accelerometer sensors: Accelerometer sensors were to 
be used for the evaluation of structural member vibration of 

the railway bridge. These accelerometers measure the 
vibration of stiffening trusses and the main girder. Vibration 
sensors or accelerometers that can read three directions (X, Y, 
and Z axes) were installed on the bottom side of the structure 
bridge to read the vibration of the structure from the right and 
left and up and down dynamic loadings. These sensors work 
based on changes in position that cause vibrations. 

This study used a particular type of accelerometer with an 
excellent low-frequency property to measure the vibrations of 
the main girder and stiffening truss. Table 2 provides specific 
information on the chosen accelerometer sensors utilized in 
this study. As many as four accelerometers are installed for 
the needs of the SHMS in this study. The accelerometer 
sensor bracket as a handle for the sensor to railway bridge 
structure and installation technique is illustrated in Fig. 5. 

TABLE II 
TECHNICAL SPECIFICATION OF ACCELEROMETERS 

No Specification Remarks 

1 Operating voltage 3.300 V 
2 Output signal SPI protocol 
3 Data rate 125 samples per second (sps) 
4 Response frequency 0.078 – 13.250 Hz 
5 Output cable 10 meters 
6 Measurement range Maximum 8 G
7 Protection index IP68 

  
Fig. 5  Installation of accelerometer sensors 

3)   Proximity sensors: Proximity instrumentations detect 
when a train passes over a railroad bridge. When the train 
passes through the railway bridge, the proximity sensor will 
start working and send signals to all sensors so that all sensors 
record the required data with a predetermined sampling rate. 
For this reason, proximity sensors are necessary at both ends 
of the railway bridge at a distance of 5 meters from the outside 
of the bridge. Installation of 2 proximity sensors is placed on 
the railroad. Schematic location and installation of the 
proximity sensors are illustrated in Fig. 6. Detailed 
specifications of the selected proximity sensors used in this 
research are presented in Table 3. 

 

 
Fig. 6  Schematic placement and installation of proximity sensors 
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TABLE III 
TECHNICAL SPECIFICATION OF PROXIMITY SENSOR 

No Specification Remarks 

1 Sensor type Magnetic induction 
2 Maximum distance 15 mm 
3 Cable connection 3 wires 
4 Input voltage 10 – 30 V 
5 Protection index IP67 

4)   LOBELIATM node logger: The LOBELIATM data 
recording node is a module that collects data recorded by each 
sensor. LOBELIATM is one type of module from the 
MONITA® system. The data gathered in the LOBELIATM 
data logger is then sent via the wireless system to the 
MONITA® SEVER device via the MASTER NODE. Data 
transmission from LOBELIATM DAQ to MASTER NODE 
uses a 2.4 GHz Wi-Fi network. The appearance of 
LOBELIATM is shown in Fig. 7. Furthermore, data 
transmission from the MASTER NODE to MONITA® 
SERVER uses the 4G GSM network. The MONITA® 
SERVER device is located at the head office. The 
LOBELIATM data recording node installation is shown in Fig. 
8. 

 
Fig. 7   LOBELIATM node logger 

 

  
Fig. 8  Schematic installation of LOBELIATM data logger 

5)   Linear Variable Displacement Transducer (LVDT): 
Linear Variable Displacement Transducer (LVDT) sensors 
are usually used to measure or detect small movements to the 
slightest possible movements. The LVDT sensor has two 
secondary coil parts: the primary coil and the ferromagnetic 
material core. All coils have a coil on the pipe, while the point 
is in the middle. A typical form of electromechanical 
transducer called an LVDT may translate the rectilinear 
motion of an item that is mechanically connected into an 
associated electrical signal, for example, a latching sensor 
which will convert a linear position or latching mechanical 
reference into an electrical signal proportional to the phase 
and amplitude. 

This study measured the vertical deformation of railway 
bridges using an LVDT. The LVDT sensor is placed at one 
end of the railway bridge for security reasons. The schematic 
placement of LVDT locations and components can be seen in 

Fig. 9. The type of LVDT used to measure vertical 
deformation in this study can measure vertical deformation up 
to ±0.0762 meters. The LVDT is an electromechanical 
transducer that converts mechanically coupled mechanical 
movement into an electrical signal (voltage). The technical 
specifications of the LVDT are listed in Table 4.  

 
Fig. 9  Schematic of the LVDT sensor installation 

TABLE IV 
TECHNICAL SPECIFICATION OF THE LVDT 

No Specification Remarks 

1 Operating voltage 24 V 
2 Sensor type analog 
3 Analog Signal Outputs 0 – 5 V 
4 Cable output Coaxial 
5 Measurement range - 10 up to + 10 cm 
6 Dimension 500 x 20 x 5 cm 

E. Data Acquisition and Transmission Module 

The data-acquiring system can process all data while the 
existing railway bridge is used throughout its entire life cycle. 
The data acquisition and transmission system primarily 
choose data acquisition tools, processes, and sampling 
configurations. Researchers have developed a wireless data 
acquisition system for application on SHMS [40], [46], [47]. 
However, for the accuracy of data acquisition and 
transmission systems, it should always be checked for high 
frequencies, especially for long-distance transmission, which 
can transmit signal distortion [61], [62]. 

The transmission network comprises a field-integrated 
data-gathering station and a server group of modules. The 
field data acquisition system connects the bus transmission 
network to the acquisition modules. The comprehensive 
distribution system sensors, centralized control, distributed 
acquisition, and data uploading are installed in the railway 
bridge data collection stations to prevent signal distortion or 
sounds brought on by distance transmission. This technique 
uses some data acquisition modules and collection nodes. Fig. 
10 depicts the automatic monitoring system's schematic data 
collecting and transmission configuration. 
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Fig. 10  Schematic arrangement of data acquisition and transmission of an automatic monitoring system 

 
In this study, MONITA® is utilized for data acquisition 

modules. The MONITA® is a system for continuously 
acquiring data. The MONITA® system consists of a 
combination of hardware and software that functions to 
retrieve, send, store, and process data. The leading 
transmission network includes instrumentation sensors (strain 
gauges and accelerometers), LVDTs, and proximity. When 
the train passes over the railway bridge, proximity will signal 
all instrumentation sensors to record the required data 
parameters. The recorded data will be processed in DAQ 
modules, sent to the server, and stored as a database. 

Readings by field instrumentation sensors are connected to 
MONITA® DAQ modules. Under the measured parameters, 

the various modules can gather a variety of signals, including 
voltage, current, and alignment signals. The traffic flow 
monitoring system terminal connects to the monitoring 
center's computers through fiber ethernet, and the monitoring 
data is saved locally in a database before being transferred to 
the server for use in calls and queries. The schematic topology 
traffic flow diagram of the SHMS is illustrated in Fig. 11. The 
DAQ Module used in this system is the MONITA® analog 
module. The analog module functions to read analog data and 
send data to the server, and it can be stored in the database 
before the data is transferred to users. 

 

 
Fig. 11  Schematic topology traffic flow diagram of the SHMS 

 

F. Calibration and Validation 

Calibration and validation are essential in ensuring the 
performance of sensors used in SHMS, including their 
accuracy and dependability. These processes involve 
establishing the relationship between sensor outputs and the 
physical quantities being measured and verifying the accuracy 

of sensor measurements under real-world operating 
conditions. 

During calibration, each sensor used in the SHMS is 
carefully calibrated using appropriate calibration techniques. 
This involves subjecting the sensors to known inputs or 
reference standards and recording their outputs. Calibration 
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curves or coefficients are developed to convert sensor outputs 
into meaningful physical measurements accurately [63]. 

Validation is conducted to assess the performance and 
accuracy of the calibrated sensors in real-world scenarios. 
This includes comparing the sensor measurements obtained 
from the SHMS with reference measurements or data from 
traditional monitoring methods or analytical models. The goal 
is to ensure the sensor measurements align with the expected 
values and exhibit consistency and reliability. Long-term 
stability analysis is a crucial validation aspect, where the 
sensors' performance is continuously monitored over an 
extended period. This allows for detecting any drift or 
degradation in sensor accuracy over time, ensuring the 
reliability of long-term monitoring [64]. 

By performing calibration and validation, SHMSs can 
provide accurate and reliable measurements for assessing the 

health and condition of structures. These processes enhance 
monitoring effectiveness, enabling timely and informed 
decision-making for maintenance, repairs, and structural 
modifications. 

III. RESULTS AND DISCUSSION 

A. Remote Monitoring System of the Railway Bridge 

The SHMS monitoring system is not carried out at the 
railway bridge location but is monitored remotely in real-
time. This monitoring system is via the Human Machine 
Interface (HMI) dashboard. The design of the BH 340 railway 
bridge HMI dashboard in the SHMS application resembles 
modeling the actual state of the railway bridge by following 
the 3D model used in the previous stage. A screenshot of the 
dashboard display is shown in Fig. 12.  

 

 
Fig. 12  Dashboard overview on HMI display 

 
From the dashboard in Fig. 12, real-time reading values for 

each sensor can be obtained in the form of numbers and units 
of measurement. Information that can be received from the 
dashboard includes the position of each installed sensor, 
namely ten units of strain gauges, four units of tri axes 
vibration accelerometers, two units of LVDTs, and two units 
of proximity sensors to detect the presence of a train crossing 
the railway bridge. The actual reading of the sensor value is 
based on the train passing through the BH 340 railway bridge, 
which is triggered by the proximity sensors. Furthermore, 
historical data stored on the server can be accessed for further 
analysis. 

B. Structural Monitoring of the Railway Bridge 
To analyze the condition of the railway bridge structure, it 

is necessary to monitor the railway bridge via wireless sensors 
of strain gauges installed on the bridge. The system was 

designed to control and keep track of the sensors' state, 
wireless connections between the master instrument node, and 
gateways to the MONITA® SHMS server. The user interface 
has been thoughtfully created to make the most of the wireless 
sensors, which can be easily added or removed. The primary 
differences from a conventional wire-based management 
system are flexible addition, subtraction, and replacement of 
sensors and graphical representations. 

The stress state of the railway bridge is shown in Fig. 13 
while a train passes over it. Under moving loads, the railway 
truss bridge experiences tension and compression. The strain 
gauge monitoring windows show clearly when the train enters 
and leaves the railway bridge. Fig. 13 indicates that the 
tension steel frame of the train before and after leaving the 
railway bridge shows a stable position. However, when the 
train crosses the bridge, the tension in the steel frame 
experiences a change in stress. 
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Fig. 13  Trend of steel frame structure data based on strain gauge sensor readings under moving loads 

 

C. Steel Railway Bridge Deformation Indicator 
They were carried out using two units of LVDT sensors. 

The two LVDT sensors are mounted at the end of the railway 
bridge, on its left and right, respectively. Fig. 14 shows the 
results of the deformation measurements of the BH 340 
railway bridge. Based on the data in Fig. 14, it can be seen 

that there is a significant deflection that is read by the LVDT 
sensor when the locomotive passes the BH 340 railway 
bridge. As seen in the LVDT data (blue and green lines), the 
railway bridge deflects vertically to a maximum distance of 
0.360 cm to 0.720 cm from its original position. It returns to 
a near-zero position when the locomotive moves away from 
the BH 340 railway bridge. 

 

 
Fig. 14  Deformation due to moving loads recorded by LVDT 

 
Compared to the deformation from the numerical 

simulation results, the deformation does not show a 
significant difference. The deformation resulting from 
numerical simulation calculations is 50.580 mm and appears 
in the middle of the span [45]. This deflection occurs due to 
the loading of the RM 1921 load. According to PM 60 2012 
[57], a steel frame bridge's maximum permissible vertical 

deformation is 1/1,000 of its span. In this study, the span of 
the railway bridge is 40.000 meters, so the maximum 
allowable deformation is 40.000 mm. 

D. Dynamic Analysis of the Railway Bridge 
Vibration readings are obtained from the readings from 4 

units of accelerometer sensors. The reading of 1 
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accelerometer sensor produces 3 data, namely the horizontal, 
vertical, and axial axes obtained simultaneously. Fig. 15 
shows the vibration graph on the railway bridge when the 
locomotive passes the BH 340 railway bridge. The vertical 
axis represents the maximum acceleration, while the 
horizontal axis shows the time history. Fig. 15 also illustrates 

the time history of accelerations at the upper frame and the 
lower frame at midspan in three directions: towards the X, Y, 
and Z axes. The three accelerations are almost similar and in 
agreement. Therefore, all three of them are difficult to 
distinguish in the figure. 

 

 
Fig. 15  Time history of the railway bridge due to moving loads 

 
The three-way acceleration is transformed via a Fast 

Fourier Transform (FFT) to find a more precise 
understanding. Fig. 16 shows the FFT acceleration of the 
railway bridge due to moving loads. From the FFT data in Fig. 
16, the highest natural frequency data on the X-axis is 6.250 
Hz. This figure corresponds to the number generated from 
numerical analysis, which gives a natural frequency result of 

6.103 Hz and occurs in 0.164 seconds [65]. The dynamic 
response of the bridge can be obtained by applying a similar 
analysis to the recorded accelerations during and after the 
passing of trains over the railway bridge. Decaying vibration 
is expected after the passing of the train so that the dynamic 
response with no train can also be observed. 

 
Fig. 16  Fast Fourier Transform (FFT) acceleration of the railway bridge due to moving loads 
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IV. CONCLUSION 
A structural steel railway bridge's online real-time 

monitoring system is observed using smart wireless sensors. 
The following concluding remarks elaborate on the findings 
of the study. This paper has presented a real-time structural 
steel railway bridge monitoring system using smart wireless 
sensors. As a result, the monitoring system can appropriately 
assess a structural railway bridge in real-time. 

The HMI dashboard in the SHMS application displays real-
time reading values for each sensor, which can be obtained in 
the form of numbers and units of measurement. Information 
can be received from the display dashboard. The data sent via 
the transfer tool will also be entered into the document control 
and data interface. As a result, analysis can be done 
automatically through the expert system placed in the Control 
Center, and the results will show up on the display dashboard 
for policymakers to make decisions and actions based on the 
outcomes of these readings. 

The data generated from sensor readings in real-time can 
be used to verify the results of numerical calculations using a 
finite element analysis approach. Therefore, this monitoring 
system is an assessment technique and does not need to carry 
out direct observations on-site. Further studies are 
recommended to be carried out, especially to detect the 
substructure and loading combinations due to seismic activity. 
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