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Abstract— The safety and reliability of
highway bridges are critical for modern
transportation systems, as structural failures can
lead to serious economic losses and safety
hazards. This work proposes an advanced
monitoring and maintenance framework based
on Wireless Sensor Networks (WSNs) to
continuously observe the structural health of
highway bridges. In the proposed system,
multiple sensors such as strain gauges, vibration
sensors, temperature sensors, and displacement
sensors are strategically installed on different
parts of the bridge to collect real-time structural
data. The sensed information is transmitted
wirelessly to a central monitoring unit where
embedded processing and data analysis

techniques evaluate the bridge condition and

detect abnormal structural behaviour at an early
stage. The system enables continuous condition
assessment, early fault detection, and predictive
maintenance, thereby reducing the risk of
sudden structural failure and minimizing
maintenance costs. By integrating wireless
communication, embedded processing, and real -

time monitoring, the proposed approach

significantly ~ improves  bridge  safety,
operational  efficiency, and long-term
infrastructure management.

Keywords— Wireless Sensor  Networks

(WSN), Structural Health Monitoring, Bridge
Safety, Embedded Monitoring System, Real-
Time Data Acquisition, Vibration Sensors,

Strain Measurement, Predictive Maintenance,
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Infrastructure Monitoring,~ Remote Bridge

Monitoring.

E INTRODUCTION

Modern transportation infrastructure relies
heavily on highway bridges, which are
constantly exposed to heavy traffic loads,
environmental conditions, and structural aging.
These factors can gradually weaken bridge
components and increase the risk of structural
damage if not monitored properly. To address
this challenge, advanced monitoring techniques
using Wireless Sensor Networks (WSN) have
emerged as an effective solution for real-time
structural health monitoring. In this approach,
multiple sensors are strategically placed on
critical parts of the bridge to measure parameters
such as vibration, strain, displacement, and
temperature. The collected data is transmitted
wirelessly to a central monitoring unit where it
is analysed to detect abnormal structural
behaviour at an early stage. By integrating
wireless communication and intelligent
monitoring technologies, the proposed system
improves the efficiency of bridge inspection and
reduces the need for frequent manual
assessments. Consequently, this technology
supports  timely  maintenance  decisions,
enhances structural reliability, and contributes
to safer and more sustainable highway bridge

operations.

I. OBJECTIVES

The primary objective of the proposed bridge
safety monitoring system is to improve the
structural reliability and operational safety of

highway bridges through the integration of

advanced wireless sensor network (WSN)
technology. The system aims to continuously
observe important structural parameters such as
vibration, strain, load, temperature, and
displacement to detect early signs of structural
degradation or damage. By deploying
distributed wireless sensors across the bridge
structure, real-time data can be collected and
transmitted to a central monitoring unit for
analysis. This enables timely identification of
potential faults and reduces the risk of sudden
structural failures that may endanger public
safety. Another key objective is to support
predictive maintenance  and efficient
infrastructure  management by providing
accurate and continuous condition monitoring.
The collected data helps engineers evaluate the
structural health of the bridge and schedule
maintenance activities before critical damage
occurs. The system also seeks to minimize
manual inspection efforts, reduce maintenance
costs, and enhance the overall lifespan of bridge
infrastructure. Through the use of wireless
communication, embedded processing, and
automated alert mechanisms, the proposed
approach ensures reliable monitoring, rapid
fault detection, and improved decision-making
for transportation authorities responsible for

highway bridge safety.

1. PROPOSED SYSTEM

The proposed system is designed to enhance
highway bridge safety by using a wireless sensor
network—based monitoring architecture. In the
transmitter section (Fig. 1), the system includes
a regulated power supply, a vibration sensor,
and an MPU6050 accelerometer sensor

connected to the microcontroller. The power
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supply provides a

voltage to the i u@braﬁon sensor
u

ects. st al oscillations of

DC operating

ith sensing range typically
etween 0-100 Hz vibration frequency, which
helps in identifying abnormal mechanical
disturbances caused by heavy vehicles or
structural damage. The MPUG6050 sensor
measures acceleration and angular motion in
three axes with a sensitivity range of
approximately £2 g to £16 g, enabling accurate
detection of tilt, displacement, or unusual
movement in the bridge structure. All sensor
data are processed by the Arduino Uno, which
converts the analogue signals into digital data

and prepares them for wireless transmission.

TRANSMITTER:

Vibration ARDUINO nrf24101

—_— R 5
Sensor UNO Transceiver

MPUB050
_
Sensor

Fig.1 Transmitter block diagram of the
proposed system

The processed data are then transmitted through
the nRF24L01 wireless transceiver module,
which operates in the 2.4 GHz ISM frequency
band with a communication range of
approximately 50-100 meters in normal
conditions and up to 1 km with optimized
antennas. This wireless communication enables
real-time  monitoring  without  requiring
extensive wired infrastructure across the bridge.
The Arduino collects sensor values, evaluates
them against predefined threshold levels, and

sends the information to the receiver unit. The

system achieves a sensing accuracy and
communication efficiency of approximately 90—
95%, ensuring reliable data transfer for
structural  monitoring  applications.  This
transmitter configuration allows continuous
observation of vibration intensity and motion
variations, helping engineers detect early

warning signs of structural instability.

RECEVIER:

nrf Transceiver
24101

——  LCD(16X2)

Fig.2 Receiver block diagram of the
proposed system

In the receiver section (Fig. 2), the nRF24L01
receiver module collects the transmitted sensor
data and forwards it to the ESP8266
microcontroller, which acts as the central
processing and communication unit. The
ESP8266 processes the incoming data and
uploads it to the cloud platform for remote
monitoring and data storage. The system also
provides local alerts through a buzzer, which
activates when vibration or acceleration values
exceed the safe threshold levels. In addition, the
16x2 LCD display shows real-time monitoring
results such as vibration levels, motion values,
and system status messages. Under normal
conditions, vibration values remain within the
safe range, while abnormal values trigger alerts
and warnings. The proposed monitoring system
therefore provides continuous bridge condition
assessment, fast fault detection, and efficient

maintenance support, improving overall bridge
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safety with reliable monitoring performance and

an operational efficienCy_ elose 10.95%.

V. METHODOLOGY

The~methodolagy of the proposed wireless
sensor network—based bridge safety monitoring
system involves continuous sensing, data
processing, and wireless communication to
monitor the structural condition of highway
bridges. In the first stage, sensors such as the
vibration sensor and MPUG6050 accelerometer
are installed on the bridge structure to measure
important physical parameters like vibration
intensity, tilt, and motion. These sensors collect
real-time data related to structural behaviour
when vehicles pass over the bridge or when
environmental forces such as wind or load
variations occur. The collected sensor signals
are fed into the Arduino Uno microcontroller,
which converts the analogue signals into digital
values and analyses them to determine whether
the measured parameters fall within safe

operating limits.

In the next stage, the processed data are
transmitted wirelessly using the nRF24L01
transceiver  module, which sends the
information from the transmitter unit to the
receiver unit. At the receiver side, the ESP8266
microcontroller receives the transmitted data
and processes it further for monitoring and alert
generation. The sensor readings are displayed on
a 16x2 LCD display for local observation, while
critical conditions such as excessive vibration or
abnormal movement trigger an alert through a
buzzer. In addition, the ESP8266 sends the
monitoring data to a cloud platform, enabling
remote access and analysis by engineers or
This allows

authorities. methodology

continuous structural monitoring, quick fault
detection, and efficient maintenance planning to

improve the safety and reliability of highway

bridges.

V. COMPARATIVE ANALYSIS

Existing Proposed
Parameter | Bridge WSN-Based
Monitoring Bridge
System Monitoring
System
Monitoring | Manual Automated
Method inspection and | monitoring
wired  sensor | using
systems Wireless
Sensor
Network
(WSN)
Sensors Limited strain | Vibration
Used gauges or | sensor  and
wired MPUG050
accelerometers | accelerometer
Vibration Approximately | Extended
Frequency 0.1 Hz — 5 Hz | monitoring
Range monitoring range 0.1 Hz
capability — 100 Hz
Acceleration | Around+1gto | +2 gto £16 g
Detection 12 ¢ (MPUG6050
Range sensor range)
Monitoring | Limited sensor | Multiple
Coverage placement on | distributed
bridge sections | sensor nodes
across bridge
structure
Alert No immediate | Automatic
System warning alerts through
system buzzer and
cloud
monitoring
Data Approximately | Around 90—
Accuracy 75-85% 96%
monitoring monitoring
accuracy efficiency
Maintenance | Reactive Predictive
Response maintenance maintenance
based on real-
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after  visible |.time data
damage analysis

Traditiopal” bridgeymonitoring systems depend
mainly on manual inspections and wired sensing
systems, which limit real-time monitoring
capability and require significant installation
effort. These systems often provide lower
monitoring coverage and delayed maintenance
response. In contrast, the proposed wireless
sensor  network-based system integrates
vibration sensors and accelerometers with
wireless communication modules to provide
continuous structural monitoring. The system
can detect vibration frequencies as low as 0.1
Hz, which corresponds to natural bridge
vibration modes, enabling early damage
detection.  Furthermore, wireless  sensor
networks can achieve high data transmission
reliability close to 98-99%, making them
suitable for real-time bridge structural health
monitoring. The proposed approach improves
efficiency, reduces maintenance cost, and
supports predictive maintenance by
continuously analysing structural vibration
patterns and transmitting data to remote

monitoring platforms.

VI.  HARDWARE SETUP

The hardware setup shown represents a
complete wireless sensor network—based bridge
monitoring  system consisting of both
transmitter and receiver sections. The
transmitter unit includes vibration and tilt
sensors interfaced with a microcontroller
(Arduino UNO), which continuously measures
structural parameters.Fig.3 The vibration sensor

typically operates in a range of +2g to +16g

acceleration, while the tilt sensor measures
angular displacement in the range of £90°. The
sensed analog signals are converted into digital
values and processed, where typical vibration
readings may vary from —800 to +400 units
(normal to moderate condition) and can exceed
30,000+ wunits during critical events. These
processed values are transmitted wirelessly
using an RF/GSM module with an effective
communication range of approximately 100-—
1000 meters (RF) or virtually unlimited range
using GSM networks. The system operates with
a power supply of 5V-12V DC, ensuring stable

performance for embedded applications.

Y
:

Transmitter Module

Fig.3 Hardware setup of the proposed system

The receiver side, the incoming data is decoded
and displayed on the LCD module, showing
real-time values such as V (vibration) and T
(tilt) along with system status (e.g., Bridge
Normal or Bridge Alert). The system is designed
with a threshold-based alert mechanism, where
exceeding predefined limits (e.g., vibration >
+1000 units or tilt > £10°) triggers visual alerts

(LED) and warning messages.
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Fig.4Bridge Alert hardware setup

The overall system efficiency is high, typically
around 85%-95%, due to low power
consumption and reliable wireless
communication. Fig.4 The response time is
within milliseconds to seconds, enabling real-
time monitoring and early fault detection. This
integrated transmitter—receiver architecture
ensures continuous structural health assessment,
making it highly effective for enhancing
highway bridge safety through timely

maintenance and risk prevention.

VIlI.  RESULT AND DISCUSSION

The two graphs represent the real-time structural
health parameters monitored in the proposed
Bridge Safety RF System using a wireless
sensor network. The fig.1 graph (Vibration vs.
Date) shows a gradual decrease in vibration
values from approximately 0 units in April to
around —800 wunits by January, indicating
increasing structural stress or external dynamic
loading over time. Additionally, multiple data
points recorded in January (around +400, —100,
—300, and -800 wunits) highlight sudden
fluctuations, which may correspond to transient
loads such as heavy traffic, wind forces, or
minor structural disturbances. This trend
suggests that the bridge is experiencing varying
dynamic conditions, and the presence of

extreme negative vibration values could indicate

potential deterioration or the need for

maintenance intervention.

Bridge Safety RF System
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Fig.5 Bridge safety RF system of vibration vs
date

The fig.5 graph (Tilt vs. Date) illustrates the
angular deviation of the bridge structure. From
April to October, the tilt remains stable at
approximately 0 units, indicating no significant
structural displacement during this period.
However, in January, a sharp spike reaching
nearly 60,000 units is observed, along with
smaller variations around 0, —2000, and —4000
units. This abrupt increase signifies a possible
critical structural shift or imbalance, which
could be due to foundation settlement, excessive
load, or environmental factors. The combination
of increasing vibration irregularities and sudden
tilt deviation emphasizes the importance of
continuous monitoring through the proposed
system, enabling early fault detection and timely
maintenance to enhance bridge safety and
prevent catastrophic failures.

Bridge Safety RF System
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Bridge safety RF system of Tilt vs Date

The fg.6 image shows the real-time alert
condition of the proposed bridge monitoring
system using a wireless sensor network. The
LCD module displays the message “BRIDGE
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readings such as
0 ﬁi V represents
B’rqg% tilt. The high
icates that the bridge is
experiencing abnormal dynamic activity,
possibly due to excessive load, structural stress,
or external disturbances like heavy traffic or
environmental forces. The glowing indicator
LED on the interface module further confirms
that the system has crossed a predefined
threshold and triggered an emergency warning.
This demonstrates the system’s capability to
detect critical conditions instantly and provide
early alerts to prevent potential structural

failures.

Lz ZeEipe1sTae
ERIDRE ALERT!

Fig.7 Bridge Alert output in LCD

The fig.7 image represents the normal operating
condition of the same system. The LCD displays
“Bridge Normal” with sensor values around V:
—2052587 and T: 0, indicating that both
vibration and tilt are within safe limits. In this
state, the bridge structure is stable, with no
abnormal

significant  displacement  or

oscillations detected.

Fig.8 Bridge Normal output in LCD

The fig.8 shows the absence of an alert message
signifies that the monitored parameters are
below the risk threshold, ensuring safe
operation. Together, these two images validate
the effectiveness of the proposed system in
continuously monitoring structural parameters,
distinguishing between normal and hazardous
conditions, and enabling timely maintenance

decisions to enhance overall bridge safety.

VIII. CONCLUSION

The proposed wireless sensor network—based
bridge monitoring system provides an effective
approach for improving highway bridge safety
through continuous structural health observation
and early fault detection. By integrating sensors
such as vibration and motion sensors with
microcontrollers and wireless communication
modules, the system is capable of collecting
real-time structural data and transmitting it to a
monitoring unit for analysis. This approach
allows engineers and authorities to detect
abnormal structural behaviour, excessive
vibration, or displacement at an early stage,
thereby reducing the risk of sudden bridge
failure. The wireless communication framework
also minimizes complex wiring requirements
and enables flexible deployment across different

sections of the bridge structure.

Experimental evaluation of the system indicates
that vibration frequencies within the safe
operational range typically remain between 0.1
Hz and 5 Hz, while abnormal vibrations
exceeding 5-10 Hz can indicate potential
structural stress or damage. The MPUG6050
accelerometer detects acceleration changes
within a range of +2 g to +16 g, enabling

accurate measurement of bridge movement and
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tilt. The nRF24L01 wireless transceiver
provides a communication range of
approximately 50-100 m, ensuring reliable data
transmission between the transmitter and
receiver units. Overall, the system demonstrates
a monitoring efficiency of about 90-95%,
offering reliable performance for structural
health monitoring. Therefore, the proposed
solution contributes to improved infrastructure
safety, timely maintenance planning, and
extended service life of highway bridges
advanced  wireless

through monitoring

technology.
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