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Abstract

Safety provisions in building or civil structural works are a paramount concern in construction. Under an overload,
a beam can bend so much that serious damage or collapse could occur suddenly. The Bangladesh National Building
Code (BNBC) 2020 has prescribed permissible deformation limits for such members. However, most of the
buildings do not have any real-time monitoring system that would warn if any of its beams are close to that limit.
The study revolves around the development of a simple low-cost system for the user to be informed about activities
going beyond safe deformation limit in beam elements. The technique can help avoid failure by giving early
warnings. As a first step toward realization, very large bending movement is induced by load on a section found
to be most critical by simulation through Abaqus software from allowable deformation limit defined by BNBC
2020. Then a strain gauge is attached at that section to admit bending of the beam during load application. As soon
as the strain exceeds the limit, the system issues an audible warning ("beep") so all concerned present in the vicinity
may be alerted to the impending failure process. In the lab, a test was conducted using a certain cross section of a
sample Steel beam element. The system had worked correctly with a warning sound whenever the beam crossed
its safety limit. This outcome signifies that the developed system can be used in real-time safety monitoring of
buildings. In this research, we developed the system by incorporating IoT technology, which simplifies the
process, enhances data reliability, and enables convenient usage through mobile applications. In future, The system
could be used in other parts of the building like columns or slabs which can help in improving safety and making
building monitoring smarter and more reliable.

Keyword: Abaqus Simulation; Overload Detection; Building Safety Alert, [oT technology.

1 Introduction

Civil structures are frequently subjected to extreme loadings during their service life, particularly during natural
disasters such as earthquakes and typhoons. These events impose significant stresses on both new and existing
buildings, raising critical concerns about their structural integrity and, consequently, public safety. The failure of
major civil structures like bridges and buildings often results in tragic loss of life and severe social and economic
impacts. In response, many industrialized countries are prioritizing investments in structural health monitoring
(SHM) systems for their key infrastructures to enhance safety and resilience.

Modern SHM technology involves the permanent installation of sensors on structures to continuously record
structural responses over time, enabling real-time analysis and early detection of potential damage. This approach
contrasts with traditional non-destructive testing methods, which typically rely on periodic inspections carried out
at specific times and locations. Among computational methods, finite element analysis tools like ABAQUS offer
precise simulations of beam behavior under various loading and environmental conditions, allowing engineers to
predict potential failure modes and optimize sensor placement for effective monitoring. Additionally, wireless data
transmission and user-friendly interfaces enable remote monitoring and timely decision-making, which are critical
in disaster-prone and high-risk areas.

This study focuses on developing and validating a smart real-time warning system that combines sensor data with
ABAQUS-based simulations to detect Steel beam failure. It aims to improve structural health monitoring by
providing accurate, immediate feedback on beam integrity, allowing proactive interventions to extend the service
life of structures and safeguard occupants. Through experimental validation and simulation, the system’s
effectiveness in real-world applications is assessed, highlighting its potential as an essential tool for modern civil
engineering practices.

Monitoring of buildings has emerged as a critical concern for engineers and architects, as structural systems and
building envelopes must comply with safety, serviceability, and sustainability requirements throughout their
lifecycle. Accurate assessment of structural conditions is therefore vital to ensure durability, functionality, and
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overall safety of the built environment(Abdulkarem et al., 2020).For example, The Rana Plaza collapse stands as
one of Bangladesh’s most devastating man-made disasters, resulting in the loss of over 1,200 lives. It remains
among the worst industrial accidents in the global garment sector. The Rana Plaza collapse was primarily attributed
to structural failures including an unstable foundation on filled land, unauthorized additional floors, and the use of
substandard materials, compounded by regulatory lapses allowing illegal construction (Whearty et al., 2014). The
Department of Public Works and RAJUK investigations supported these findings, emphasizing the critical need
for stringent building code enforcement and real-time structural health monitoring to prevent such disasters. Due
to maintain and restore a high-rise building is expensive, a structure needs to be constantly observed. According
to (Sofi et al., 2022) , structural health monitoring (SHM) can increase public health safety, increase a structure's
lifespan, and drastically reduce the building's maintenance and rehabilitation expenses .

A key element of efficient SHM systems is wireless smart sensor networks, which offer lower installation and
maintenance costs compared to wired systems (Yu et al., 2024). SHM aims to provide automated monitoring and
damage detection with minimal labor to ensure structural integrity and safety (Sun et al., 2010) . According to
(Hasni et al., 2018), wireless sensor networks (WSNs) play a vital role in SHM of steel frames, with ongoing
efforts to enhance their functionality for precise, low-energy structural diagnostics. Applications include real-time
pressure monitoring, cyber-physical co-design for beams and trusses, and using accelerometers and strain sensors
to assess earthquake damage. Hu and Wang developed WSNs specifically for monitoring highway steel bridges.
Warning thresholds enable early issue detection and improvements, enhancing prototype safety and reliability,
especially where failure is unacceptable (Salovaara et al., 2017).

This study aims to develop a wireless beam sensor to enhance real-time deflection monitoring, improving
Structural Health Monitoring by enabling early detection and proactive intervention. The sensor system is designed
to detect deflection based on theoretical structural designs and monitor beams before reaching their max allowable
limit of defection according to BNBC 2020, thereby preventing safety risks.

2. Methodology
This section outlines the research methodology, including the overall design and the procedures followed in the
study. It covers the various materials, preparations, instruments, parameters, and provisions applied in the design

of the beam load monitoring sensor system.

2.1 Research Framework
This flowchart provides a step-by-step overview of the research workflow:

Research Workflow

Phase 1 Phase 2 Phase 3
- Data collection and system
implementation
- Real-time Strain variation
measurement
- Analysis of structural responses

Phase 4

- Conclusions and
recommendations

- Assessment of Structural - Development of load-detection
Conditions sensor
- Review of existing load- - Selection of materials and
monitoring methods components
- Identification of key parameters - Sensor calibration and testing
and provisions set-up

- Proposal for practical
applications and future
enhancements

This flowchart summarizes the step-by-step phases involved in the research methodology.

2.2 Preparation of Test Specimen

The following materials, tools, and equipment listed were used in the study for the preparation of the beam
prototypes:

In this research work, a hollow box section steel member is used as the beam due to its high strength and efficient
load-bearing capacity. Steel box section dimension is 17x2”, 26 feet long. A loading transfer rod is used to convert
a single point load into two equal point loads for accurate two-point or four-point bending tests.
This support block is used to provide stable bearing for the specimen during four-point bending tests in a Universal
Testing Machine. Loading plate is placed under the loading of Compression Testing Machine head to transfer the
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applied load evenly to the distributing rod or spreader bar. The Compression Testing Machine is a digital device
that displays applied load and testing time, enabling precise measurement of material strength and behavior.

g
4

loading plate

Distribution rod

box section steel bar

Support block

PR,

Fig 1: Compression Testing Machine Fig 2: All components used in Experiment
2.3 Materials Used in Beam Sensor

Strain Gauge Bending Sensor Module Y3 Weighing Amplifier Module: The Strain Gauge Bending Sensor
Module detects changes in strain, which cause small voltage changes; it then amplifies these signals into stronger
electrical outputs that microcontrollers or data systems can easily read to monitor deformation and strain.

ESP32 microcontroller: The ESP32 microcontroller is a powerful, low-cost device with built-in Wi-Fi and
Bluetooth capabilities, enabling wireless connectivity and real-time processing for IoT, automation, and sensor
applications.

Fig 3: Integrated IoT system: strain gauge sensor, amplification module, and microcontroller with alert
mechanism.

2.4 Numerical Simulation and Experimental workflow:

The four-point bending test method was selected to generate pure bending in the steel beam. A numerical
simulation was conducted in Abaqus to identify the critical section of the beam. During modelling, This experiment
is considered some assumptions. The following assumptions are made:

It is assumed that the steel box section bar used in the tests behaves in the same way as a real steel beam under
loading. This allows us to use it for sensor calibration and for checking how well the system works. It is assumed
that the integrated sensor system can correctly detect strain and deflection. This helps in improving structural health
monitoring and ensures warnings can be given before the beam reaches its failure point. It is assumed that the live
display and mobile app-based monitoring system will show strain accurately, with very little delay, so that users
can rely on the system for real-time decisions.

The beam dimensions were set as 1" x 2" in cross-section and 27" in length, with 1.5" overhanging parts on both
sides from the supports. The loads were applied 8" away from each support. The simulation identified the mid-
span of the beam as the critical section.
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Fig. 4: ABAQUS Modelling for four-point Bending Fig. 5: Critical Section for strain at midspan

Following the simulation, a laboratory setup was established to perform the bending test. A strain gauge was
precisely attached at the critical mid-span section of the beam. The strain gauge signals were amplified using a
weighing amplifier module and interfaced with an ESP32 microcontroller. The microcontroller was programmed
using the Arduino IDE to enable real-time strain data acquisition, calculate strain values based on the gauge factor,
and compare these values against allowable limits.

Fig. 6: Experimental Setup for Four point Bending & Sensor Installation

For real-time monitoring, the ESP32 microcontroller transmitted the processed strain data wirelessly via Bluetooth
to a mobile device. A serial Bluetooth terminal application on the phone was used to receive and display the live
strain readings, facilitating monitoring and analysis during the test.

4:57 b fe :
@ Terminal

=  Terminal

Connecting to ESP32test ...
Connected

M2 M3

Fig. 7: Serial Bluetooth Terminal Apps Interface
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Finally, the system was designed to provide an audible beep and a warning alert on the mobile app when the beam’s
deflection exceeded the allowable limit, enabling timely detection of potential failure.

3 Result and Discussion:

Per BNBC 2020, the allowable deflection for the 24-inch span beam is L/240 = 0.1 inch. Using the strain-deflection
relationship, this corresponds to a critical strain of 0.000199. The load required to induce this strain is:

P=¢El/Lc

where:
P = Applied load (Ib)
¢ = Critical strain (0.000199)
E = Young's modulus of steel (29000 ksi)
I = Second moment of inertia (0.041 in*)
¢ = Distance from neutral axis (0.5 in)
L = Shear span / Load point distance (8 in)

M

This calculation yields P = 59.151b=263 N, which was set as the warning threshold in

the real-time monitoring system.
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Fig. 8: Real time strain Monitoring during
Exneriment
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Fig 9: Strain limit alert activated above BNBC
2020 allowable deformation.

After extracting value from apps and Compression Testing Machine display we get:

Table 1: Strain and load data from real time Strain Monitoring

Strain Load (N)
0.00011708 43
0.00014556 85
0.00015707 102
0.00016099 119
0.00016228 128
0.00021995 (Warning) 227
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Fig. 10: Load Vs Strain graph for real time Experimental value

However, the experimental test showed a load of 171.07 N at a strain of 0.000199. Upon threshold exceedance,
the buzzer alarm activated reliably, validating the warning mechanism. This results in a percentage error of
approximately 32%.

The observed error is attributed to several limitations:

1) manual testing reduced sensor sensitivity,

2) ignored effects of mechanical and environmental factors on measurement stability,

3) reuse of a slightly deformed steel bar after sensor wire damage, affecting data accuracy.

4 Conclusion

This research successfully demonstrated the use of a wireless strain monitoring system integrated with an ESP32
microcontroller and Bluetooth for real-time detection of deflection in a steel beam under four-point bending. The
combination of finite element analysis and experimental testing validated the identification of the critical section
for strain measurement. Although the experimental results showed a 32% discrepancy from theoretical predictions
due to sensor sensitivity, environmental factors, and test conditions, the system proved effective in providing real-
time strain data and warning alerts upon exceeding allowable limits. Future work focusing on improving sensor
calibration, environmental control, and testing protocols is recommended to reduce errors and enhance the
accuracy and reliability of the monitoring system.
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