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This study develops a cost-effective, real-time sensor network system for structural
health monitoring (SHM) of multi-span bridges with distributed MPU6050 inertial
nodes and ESP32 microcontrollers. Three nodes at quarter, mid, and three-quarter span
locations keep recording tri-axial of acceleration and angular velocity signals at 100 Hz
and report features through message queuing telemetry transport (MQTT) to a cloud
dashboard. Calibrated signal processing high-pass filtering, drift-aware double
integration for displacement, and a complementary filter for orientation converts raw
inertial measurement unit (IMU) data into displacements, frequencies, and rotation
estimates. The system was deployed on the Faeq Hassan Bridge (Baghdad), which
includes prestressed concrete (PSC) I-girder spans and a steel I-girder span. PSC spans
showed an average natural frequency of = 4.98 Hz and traffic-induced frequency of
~3.75 Hz (ratio 1.33), with modest dynamic displacements (-2.63 to +1.50 mm). The
steel span exhibited a fundamental frequency near 0.6-2.95 Hz with dominant traffic
frequencies around 6.42 Hz (ratio ~0.46) and larger downward excursions (to -5.96
mm), indicating a higher risk of dynamic amplification. The system achieved +0.09 mm
displacement and +0.04° angular accuracy after calibration and lowered installation
costs by about 60% versus wired SHM. Findings highlight reliable, real-time detection
of resonance-prone behavior and support targeted maintenance for steel spans while
confirming serviceability margins for PSC spans.

1. INTRODUCTION

1.1 Background and problem statement

based on the periodic inspection of specially trained teams that

assess, in detail, the condition of individual elements and such

that appropriate strengthening or repair can be made [4].
Enhancements in the capacity of existing concrete bridges,

A bridge is an important structure composed of two main
sections: the superstructure, which includes the deck, joints,
pavement layers, drainage system, girders or beams, bearings,
and barriers; and the substructure, which consists of
foundations, piers, and pier tops. Bridges are built to span
obstacles such as rivers, roads, and railways, and they are
classified according to their supports and construction
materials. Common types can include concrete, pre-stressed
concrete, wood and steel bridges and structurally they are
divided into two general bridges as simply supported type and
continuous type bridges [1-3].

Bridges are vital in any transportation system, but also very
expensive to construct and maintain. Council bridges that were
built decades ago are now experiencing traffic volumes
significantly higher than their designed capacity, with many
operating either near or at failure. With the development of
sensing and non-destructive testing techniques, more attention
has been paid to the design of reliable SHM systems. On the
whole, periodic examination and maintenance are very
important for safety and cost saving. Optimal bridge care is
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generally consist of load-carrying capacity upgrades, stress
redistribution or material improvement or replacement.
Selection of the method depends on several factors, including
structure type, age, significance of the structure, strength gain
required to restore capacity, amount of damage, availability of
materials, cost and aesthetics [5].

Bridges are important elements of the transportation system
of today. There are >617,000 bridges in the USA and many
more millions around the world, so monitoring for continued
safety and economical operation is necessary [6]. When
catastrophic failures of structures such as I-35W Mississippi
River Bridge (2007) and Morandi Bridge in Genoa (2018)
occurred, the development of advanced SHM with prevention
capability that can detect structural deterioration before failure
became increasingly important [7]. Traditional visual
inspections and occasional measurements are not effective in
evaluating dynamic behavior under actual operation [8].

There are tremendous financial and social impacts of bridge
failure. It has been estimated that over one-third of the United
States' bridges need rehabilitation or replacement, which
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comes at a staggering cost of more than $171 billion [9].
Failure to be able to monitor ongoing degradation may cause
catastrophic collapse, loss of life and public confidence.
Currently inspection is limited to every 2nd year, and has no
potential approach for monitoring of structural performance
continuously nor the gradual degradation leading to failure
[10].

The financial and social consequences of bridge failures are
immense. The U.S. Federal Highway Administration
estimates that more than one-third of the nation’s bridges
require repair or replacement at a cost exceeding $171 billion
[9]. The inability to detect ongoing degradation may lead to
sudden collapse, human casualties, and loss of public
confidence. Current inspection procedures, which normally
occur once every two years, it is not possible to continuously
monitor structural behavior and its slow evolution indicative
of an imminent collapse [10].

1.2 Limitations of conventional monitoring approaches

Conventional bridge monitoring systems have several
inherent limitations that reduce their effectiveness in ensuring
structural safety. Visual inspections, although providing useful
qualitative information, are subjective and depend heavily on
inspector experience and environmental conditions.
Quantitative measurements using instruments such as strain
gauges and displacement transducers are typically restricted to
a few points and require extensive cabling, which makes large-
scale monitoring costly and complex [11, 12].

Moreover, conventional systems only measure static
parameters, e.g., the maximum deflection, and stress under
design load and not dynamic response that can provide early
warning of damage in a structure. Changes in natural
frequency, damping value and mode shape can show stiffness
degradation or local damage well before there are perceptible
changes in the static response. The inability to continuously
assess these parameters is a critical shortfall of current SHM
methodologies [13].

1.3 Evolution of sensor-based monitoring technologies

The emergence of micro-electromechanical systems
(MEMS) technology revolutionized structural monitoring
based on the deployment of miniaturization, low-cost sensors
for problem monitoring involving multi-parameter
measurement concurrently [14]. Inertial measurement units
(IMUs) that were initially being developed for aircraft or
automotive engineering are increasingly used in civil
engineering since the acceleration as well as angular velocity
can be detected at high precision, as well as temporal
resolution.

Among these devices, the MPU6050, a six-axis IMU
integrating a three-axis accelerometer and a three-axis
gyroscope, represents a major advancement in affordable
sensing technology. With configurable ranges of +2 g to £16
g for acceleration and +250 °/s to +2000 °/s for angular
velocity, combined with 16-bit analog-to-digital conversion
and digital motion processing, it provides the specifications
required for reliable and comprehensive structural health
monitoring (SHM) applications [15].

1.4 Theoretical basis of bridge dynamic response

Characterization of the bridge response involves
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consideration of the interaction between static and dynamic
properties that influence the behavior of the structure.
Classical mechanics and vibration theories are the theoretical
background for processing sensor data and detecting physical
damage states [16].

1.4.1 Static parameters

e Displacement Response: The linear of displacement is
the first indication of form-strain in a structure under
load. based on the elastic beam theory, this load-
deflection relationship is a function of material
properties, geometry and boundary conditions [17].
Stress Distribution: Significance of stress patterns in the
material usage and safety features. In prestressed
concrete (PSC) bridges, compressive prestress forces
are induced to cancel tensile stress under allowable
conditions [18]. On the other hand, steel bridges can
accept both tensile and compressive load in their elastic
stage.
Serviceability Criteria: The service limits control the
factors of human comfort and structural integrity by
specifying the maximum permissible deformations
depending on span length and type of bridge [19].

1.4.2 Dynamic parameters

e Natural frequency: The un-damped vibration of the
bridge is characterized by its natural frequency that is
associated with the stiffness and mass of the model
structure. Variations in material stiffness may occur
due to material damage or degradation and will alter the
vibrational response of a structure (thus rendering
frequency-analysis useful as a diagnostic tool [20].
Damping: It is the ability of a system to dissipate
energy through a material, hysteresis, friction at a joint
or aerodynamic effects. It has a significant influence on
both the amplitude and period of oscillation [21].
Modal shapes: Are a description, with respect to
vibration modes in the system and are affected by
changes of parse supports, connections or properties of
members [22].

1.4.3 Vibration analysis theory

e Amplitude characterization: Vibration amplitude
measures the size of the cyclic motion and is indicative
of structural response levels under dynamic loading.
The amplitude analysis provides the designer with
estimates on the state of serviceability and arising
possible resonance effects [23].
Frequency domain analysis: It is possible to perform
the spectral analysis of dynamic signals to extract the
frequency intermodal component of structural
vibrations, and detect the preferred characteristic mode
of response and also possible changes in the
characteristics of structures with time [24].

1.5 Wireless sensor network architecture

Contemporary SHM systems have a tendency to use
wireless sensor networks (WSNs) for being reductive of
spatial limitations of wired networks of wires, along with
complexities in the type of sensors being used for monitoring
[25]. The ESP32 microcontroller platform with built-in WiFi
and Bluetooth (240 MHz dual-core processing and many
input/output selection possibilities) is the perfect candidate for



such a distributed monitoring network [26].

The message queuing telemetry transport (MQTT) protocol
supports efficient, low-overhead communication from sensors
to a central control, while providing support for standard
Quality of Service levels and message persistence. Such an
architecture provides real-time data delivery as well as
ensuring against system failure due to adverse networking
conditions [27].

1.6 Research objectives and scope

The objective of this research is to fill this gap by
developing and validating an innovative distributed sensor
network for real-time bridge structural condition assessment.
Specific objectives include:

1. An inexpensive monitoring system with MPU6050
sensors and ESP32 microcontrollers;

2. Use of advanced signal processing for reliable
estimation of structure parameters through sensor
information;

3. Dynamic behavior comparison of various (PSC and
steel) structures;

4. Comparison of natural frequencies and mode shapes for
different types of systems (PSC and steel);

5. Development of monitoring guidelines and threshold

definitions for automated alert triggering.

To achieve these objectives, the study integrates both
hardware development and signal processing with
comparative field testing in a coherent model. UStocks16: The
networked MPU6050-ESP32 chain allows for synchronous
detection of vibration, and by adopting digital filtering and
double-integrating algorithms we can process raw sensor data
into displacement and frequency values. This technical
implementation intuitively connects each research goal to a
quantifiable performance measure and, therefore, the design
idea, as well as experimental validation are completed in one
framework of SHM.

2. METHODOLOGY
2.1 System overview

The proposed SHM system consists of a distributed network
of MPU6050 inertial sensors connected to ESP32
microcontrollers. Each node measures tri-axial acceleration
and angular velocity, transmitting data in real time via the
MQTT protocol to a cloud server for storage and analysis. This
modular configuration allows easy scalability, low installation
cost, and continuous monitoring under actual traffic and
environmental conditions.

2.2 Faeq Hassan Bridge description

Faeq Hassan Bridge (also known as the Fine Arts
Interchange Bridge) is a continuous multi-span overpass
located at the Fine Arts intersection in central Baghdad. As
part of the capital’s congestion relief program, the bridge
consists of two parallel carriageways built from reinforced and
PSC. Each carriageway measures approximately 420 m in
length, including the approach ramps, and is about 9 m wide.
The spans are arranged in an Abutment—Pier—Pier—Abutment
sequence, with two intermediate piers and two end abutments
supporting the deck. Figure 1 presents a satellite image of Faeq
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Hassan Bridge.

The superstructure employs PSC I-girders (or box girders)
with a reinforced concrete deck; the concrete grades are C40
for the superstructure, C35 for the substructure, and C40 for
the foundations. High-strength B500 reinforcing bars and
prestressing tendons conforming to ASTM A416 are used
throughout. Including the approaches, the total length of the
bridge is approximately 420-450 m, and the width of each
carriageway is roughly 9 m. The bridge is named after the Iraqi
artist Faiq Hassan and was inaugurated in January 2024 as one
of Baghdad’s early projects to mitigate traffic congestion.

Figure 1. A satellite image showing Faeq Hassan Bridge
2.3 Hardware configuration

Each MPU6050 sensor module contains a three-axis
accelerometer and a three-axis gyroscope integrated into a
single package. The ESP32 microcontroller provides high
processing power (240 MHz dual-core CPU) and built-in Wi-
Fi/Bluetooth connectivity for wireless data transfer. The
system operates at a sampling frequency of 100 Hz, powered
by 5 V DC with local SD card backup to ensure data integrity
in case of communication loss. Figure 2 shows the overall
hardware configuration and data flow between system
components.

Data Visualisation
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Figure 2. System architecture diagram

Each sensor node transmits real-time vibration and angular
data to the MQTT broker. The broker forwards messages to
the cloud database, which feeds the visualization dashboard.
This architecture provides low latency and high reliability with
minimal power consumption.

2.4 Sensor installation and positioning strategy
Three nodes were placed at appropriate locations to monitor

all bridge behaviors, as shown in Figure 3:
e Node 1 (Start): Observing the influence of boundary



conditions and support settlements, at 10% span length
from the support.

e Node 2 (Mid span): Located at 50% of span length,
obtaining maximum deflections and mode shapes.
e Node 3 (End): Located at 2.7 m distance across axis,

symmetric monitoring and detecting the differential
movements.

MPU6050

Gyroscope
+ Acceleration

Node 2 (Midspan)

j=n MLLLH

Node 1 (Start) Node 3 (End)

MPUG6050 MPU6050

Gyroscope
+ Acceleration

Gyroscope
+ Acceleration

10 span
length

2.7 m draosss
axis

Figure 3. Sensor layout diagram

The sensors were installed in weatherproof IP65 rated
housing, and were affixed with both high strength adhesive
bonding to provide long term stability by environmental
loading and the mechanical fasteners.

2.5 Software architecture and signal processing algorithms

2.5.1 Embedded firmware development

The firmware for the ESP32 has been implemented using
the Arduino IDE and specific libraries were developed in order
to perform the real-time signal processing. The main program
loop runs at 100 Hz, respecting Nyquist criterion in frequency
analysis to 50 Hz, representing all meaningful dynamics in the
bridge.

Main Program Structure:
Initialize System()
Calibrate Sensors()
Connect_WiFi()

Setup MQTT()

Loop {
Read MPU6050 Data()
Apply_Calibration_Corrections()
Process_Signals()
Calculate Parameters()
Transmit_Data()
Store Local Buffer()

2.5.2 Sensor calibration methodology

Extensive calibration methods were applied for the
correction of fiducial sensor’s offsets and environmental
parameters:

Accelerometer Calibration:

* Bias: Static in 6 orientations (X, £Y, £Z).

* Scale factor correction: Since it is compared with

gravitational reference (9.81 m/s?).

* Non-orthogonality: Matrix correction for non-
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perpendicular mounting angle.
Calibration equations:

scal €factor

1
8192.0 o

accelcorrectea = (accelyq,, — bias) *
where,
* accelaw: The unprocessed sensor reading in digital
counts (ADC output).
*  bias: The constant offset error obtained during static
calibration (the value measured when the sensor should
read 0 g).
*  scalejcor: Correction applied to match the actual
gravitational reference (9.81 m/s?).
* 8192.0: A sensitivity constant that converts the digital
reading into acceleration in g units (based on £4 g
range — 8192 LSB/g).

* The result (accelcorreced) gives the physically
meaningful acceleration in g.
_ (gyr0raw — gy Opais) 2
9YTOcorrected = ( )

65.5

where,

*  gyroq..w: Raw digital output from the gyroscope.

*  gyropies: Offset measured when the sensor is at rest (°/s).

*  05.5: Sensitivity constant that converts digital counts to

angular velocity in degrees per second (°/s),
corresponding to a £500 °/s range setting.

The corrected value represents the true rotational speed of
the sensor.

Due to a significantly large measurement error in the Z-axis
(215.39%), Node 3 required an independent calibration
procedure. A dedicated correction factor was therefore applied
to properly rescale its Z-axis acceleration response.

(accel z, 4y — Zpigs) * 0.464
Zeorrected 8192.0

accel 3)
where,
* accel z.4,: Uncorrected Z-axis reading from Node 3.
Zpias: Offset value for the Z-axis.
* 0.464 : Empirically derived correction factor that
rescales Node 3’s sensitivity to match the other nodes.
* 8192.0: Same unit conversion constant as Eq. (1).
This ensures uniform accuracy across all nodes by
compensating for the exaggerated Z-axis response.

2.5.3 Drift-corrected double integration algorithm

To calculate displacement from acceleration, advanced
signal processing techniques are necessary to avoid integration
drift (Figure 4).

Step 1: High-Pass Filtering

as(t) = a(t) —a(t —dt) ()]
Step 2: Velocity Integration
v(t) = a[v(t — dt) + ap(t) df] (5)

Step 3: Integration in Displacement with Decaying Factor



(6)
(7

d(t) = d(t — dt) + v(t) dt
d(t) = 0.99 d(t)

where,
a(t): Raw acceleration measurement at the current
time step.
a(t —dt): Acceleration value from the previous
sampling instant.
as(t) : High-pass filtered acceleration used to
suppress low-frequency drift.
dt : Sampling interval between two consecutive
measurements.
v(t): Velocity estimate at the current time step after
smoothing.
v(t — dt): Velocity from the previous iteration.
a : Smoothing coefficient that balances noise
suppression and response sensitivity.
d(t): Integrated displacement after drift correction.
d(t — dt): Displacement value from the previous
time step.

The decay factor (0.99) was determined empirically through
calibration tests to balance between the relatively long-term
drift and the dynamic response accuracy.

Drift-corrected double integ-
gation algorithm

l

Step 1: High-Pass Filtering

filtered_accel < accel_metric - previous accel

previous_accel « accel_metric

l A
. - \
Step 2: Velocity Integration
velocity < ax (previous_velocity + filtered_accel
previous_velocity < velocity
N\ l ./
N

Step 3: Integration in
displacement with Decayin Factor

displacement += velocity x dt

displacement = 0,99 // Drift correction factor
y,

Figure 4. Flowchart of the drift-corrected double integration
algorithm for displacement estimation

2.5.4 Complementary filter implementation
Estimating angular orientation from accelerometer/
gyroscope measurements through complementary filtering:

0,(t) = 0,(t — dt) + w(t) dt (8)
Brenace = tan ~1(2) x 100 9
pitch,acc — an (az T ( )
L A 180
eroll,acc = tan ( T (10)

A

—)x
Jas +az
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gpitch(t) = a[epitch(t - dt) + Wy (t) dt] (1 1)
+ (1 - a) epitch,acc
eroll(t) = a[groll(t - dt) + wy(t) dt]

12
+ (1 - (Z) groll,acc ( )

wy (1), wy, (t): Gyroscope angular rates (°/s).
y, Ay, a,: Accelerometer readings (m/s?).
dt: Sampling interval.
BOpiteh (£), Bro1i (t): Fused orientation estimates.
84(t): Gyroscope-only integrated angle.
Opitch,acer Prollace © Accelerometer-derived pitch and
roll.

The filter constant (a = 0.95) is chosen to achieve a good
compromise between the rejection of the accelerometer noise
and the compensation of the gyroscope drift.

2.5.5 Vibration analysis algorithms

Amplitude Estimation: Vibration amplitude is estimated as
the root-mean-square (RMS) value averaged in a sliding
window. Figure 5 illustrated Vibration amplitude and zero-
crossing frequency estimation algorithm.

S

Amplitude Estimation

(RMS)

High-Pass Filtering
=l Velocity Integration

Drift-Corrected
Displacement

High-Pass Rung
Frequency Estimation

Figure 5. Vibration amplitude and zero-crossing frequency
estimation algorithm

3. RESULTS

3.1 System performance and validation

The enhanced calibration technique used for calibrating
MPU6050 sensors on the Al-Faeq Hassan Bridge successfully
minimized the difference between the nodes. The per-axis bias
and scale factor corrections were applied along with
temperature compensation and digital low-pass filtering (10
Hz accelerometer/20 Hz gyroscope), as shown in Figure 6. It
may be observed that the earlier incorrect Node 3 Z-axis bias
is now consistent with the remaining nodes. Summary of the
final calibration parameters can be found in Table 1. The



enhanced calibration process

which satisfies the required performance specifications.

Table 1. Sensor calibration parameters

improved measurement
consistency across all sensor nodes, achieving a displacement
accuracy of £0.09 mm and an angular accuracy of +0.04°,

Temperature Coeff. +0.12/ +0.11/ +0.13/
(Accel, mg/°C) +0.10/ +0.09 / +0.12/
XN/Z +0.15 +0.14 +0.16
Temperature Coeff. +0.005 / +0.005 / +0.006 /
(Grro ol Oy Xz 0004/ +0.004 / +0.005 /
’ +0.006 +0.006 +0.006
DLPF Cutoff 10 Hz /20 10 Hz /20 10 Hz / 20
(Accel/Gyro) Hz Hz Hz

The distributed sensor network performs with high stability

robustness in the long-term monitoring (six-month)

process. As illustrated in Figure 7, the system availability and
the data quality provided have both been maintained at a level

System Availability: The combined average network
availability remained at 98.7%. The sources of

Data Quality: Good data collection was obtained for
99.3%, suggesting great robustness of the sensing
system. There was almost no loss in the data, occurring

Communication Performance: The network and its

*  Maximum latency at peak traffic: 127 ms;

Parameter Node 1 Node 2 Node 3
Acceleégg;e)t(e r Bias -5.1 +4.2 -6.7 3.1.1 System reliability and data quality assessment
Accelerometer Bias
+3.8 -3.5 +5.4
(mg) Y and
Accelerometer Bias 8.9 497 124
(mg) Z ’ ' '
Gyroscope Bias (°/s) 1031 044 1053 exceeding 98%, with relatively small differences.
X . . . o
Gyroscope Bias (°/s) 028 4036 0.41
G Y s (o) downtime were
erSCOPZBlaS /s) +0.39 -0.33 +0.42 *  Planned maintenance: 0.8%;
Accelerometer Scale 1006 0,99 1003 . Connect1v1t¥ issues: 0.3%;
(per-axis) X : : : *  Hardware failures: 0.2%.
Accelerometer Scale 1.004 1.001 1.005 .
(per-axis) Y ’ ’ ’
Accelerometer Scale 1.008 1.003 1011
(per-axis) Z : ' ' only due to
G)E;O;fgzies)s ;:(a le 1.004 1.002 0.999 *  Communication loss: 0.4%;
° 3 . o,
Gyroscope Scale 1003 L ool Lo Bad readings (filtered out): 0.3%.
(per-axis) Y : : ‘ i licat
Gyroscop§ Scale 1.005 1003 1001 communication were also efficient
(per-axis) Z ) ) ) * Average message latency: 45 ms;
*  Message loss rate: 0.15%.
—— xAxis
—8— yAxis
10 zAxis
g
5 \
B
x -
o
]
&; /
_5 L
Node 1 Node 2 Node 3
Figure 6. Accelerometer bias across sensor nodes
100.00
—e— Availability %
99.75 —e— Data Quality %
99.50 |
£ 99.25F
‘§ 99.00
§ 98.75}
98.50 |
98.25
98.00

q:

Month

Figure 7. System performance over 6 months
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Figure 8. Stress distribution comparison
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T

42 56

< Concrete Deflection (mm) -o- Steel Deflection (mm)

Figure 9. Deflection profile along span

3.1.2 Comparative static performance analysis Vertical
The stress distribution and deflection control of the PSC Deflection
spans under combined service loads were better than those of Maximum -6.0 mm 70 mm -30 mm
the steel I-girder span. As can be seen from Table 2, the Downward (Concrete)
.. . . Maximum
pretensioning system also resulted in near-zero tensile forces -112 mm
. . i . . ey 1e Upward +4.0 mm 0 mm
at its service condition and a mild compressive force with little (camber) (Steel)
downward deflection compensated by the prestress camber. Utilization
The steel underwent higher stress levels and deflected more Ratio
han th Ithough both ithi idelines. . ~399
than the concrete, althoug both were wit in code gu}de ines Tensile 0% 39% 100%
These results validate that a more economical service-level (80/207)
response is achieved with the PSC geometry as illustrated in . ~30% ~24% 0
Figure 8, Compressive (6/20.35) (50/207) 100%
. ~63%
0, 0,
Deflection 20% (6/30) (70/112) 100%

Table 2. Static response comparison under combined loading

3.1.3 Detailed stress distribution analysis

Prestressed Steel I- X . o
Parameter Concrete Girder Allowable The PSC girder spans showed equitable stress distribution,
Spans Span Limits as the individual pre-stress applied in the spans virtually
Maximum nullified the tensile stresses in both the top and bottom fibres
Tensile Stress due to service loading. The maximum measured compressive
Top Fiber 0 MPa 0 MPa 207 MPa stress (=-6.0 MPa) even is about 30% of the allowable limit,
(Steel) which demonstrates a significant structural surplus.

Bottom Fiber 0 MPa 80 MPa 3.35 MPa By contrast, the steel I-girder span exhibited the typical
. (Concrete) bending stress profile, with a maximum tensile stress of

Maximum . .
Compressive appr0x1mgtely 80 MPa at th; bottom fibre and a maximum
Stress compressive stress of approximately -50 MPa at the top fibre.
. 207 MPa Although these values represent only 39% and 24% utilization
Top Fiber -4.0 MPa -0 MPa (Steel) of the permissible tensile and compressive capacities,
Bottom Fiber 6.0 MPa 0 MPa -20.35 MPa respectively, they remain significantly higher than those

(Concrete) observed in the PSC span.
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3.1.4 Deflection performance comparison

Deflection performance was the primary point of difference
between the two types of structures. The PSC girders had a
high stiffness, and the maximum vertical deflection
(downwards) of the girder was about -6.0 mm, which was only
20% of the allowable limit. Cambers: This small amount of
camber is essentially due to the prestressing effect that
introduces an upward camber (+4 mm) and thereby eliminates
the service load deflections.

In comparison, the steel I-girder span experienced much
larger deflection, with maximum downward movement
reaching up to approximately -70 mm. Even though still less
than the code limit (about 63% of the allowable range), this
could affect user comfort and enhance dynamic effects under
heavy traffic loading Figure 9.

The findings of this study highlight the higher
maintainability of the PSC span as opposed to the steel girder
span.

3.2 Dynamic analysis results

3.2.1 Natural frequency characteristics

Mode analysis indicated distinct differences between the
resonance characteristics of the two system types. It is
observed that the fundamental frequency of the PSC spans is
about 2.3 Hz, and similarly so for closely spaced higher
modes, which occur for frequencies in the range 3.8—4.7 Hz.

127

10

Frequency (Hz)

Across the dominant modes, the average frequency was =5.0
Hz due to a larger mass and damping of the system, which
lowers dynamic sensitivity as shown in Table 3.

Table 3. Natural frequency analysis results

Prestressed . .
Mode Concrete Spans Period St;el I-Girder
) ®) pan (Hz)
1 2.27 0.439 0.56
2 3.80 0.262 3.10
3 422 0.236 6.25
4 4.56 0.219 8.20
5 4.71 0.212 9.50
Average 4.98 0.274 6.63
Cl\j[‘gdczl 227 Hz 0.439 s 0.56 Hz

Instead, the I-girder steel span exhibited a significantly
lower fundamental frequency of about 0.6 Hz, which was in
line with its lighter superstructure and higher flexural
flexibility. But the higher modes of the steel girder governed;
hence, an average natural frequency of about 6.6 Hz was
achieved. Although the low first mode frequency is within
acceptable limits, it may render the bridge more vulnerable to
slow-moving heavy vehicles under dynamic amplification, as
seen in Figure 10.

Natural Frequency Characteristics (Modes 1-5)

—e— Prestressed Concrete Frequency (Hz)
Steel |-Girder Frequency (Hz)

3

Mode Number

Figure 10. Natural frequency analysis

3.2.2 Loaded vibration frequency analysis

The monitoring system measured vibration frequencies
under vehicle traffic and dynamic performance of two types of
structures can then be compared directly. As seen in Table 4,
3.75 Hz for the PC spans, where the loaded frequencies ranged
between 3.2 Hz at the quarter span to 3.8 Hz at the three-
quarter span. However, this value is much smaller than the
average natural frequency of the system (4.98 Hz), showing a
good ratio of frequencies r = 1.33. Such a ratio signifies
unlikelihood of resonant conditions arising under typical
traffic loads.

In contrast, the steel I-girder span displayed an average
loaded vibration frequency of 6.42 Hz, which was
substantially higher than its critical natural frequency (2.95
Hz). This results in a frequency ratio of 0.46, an unfavorable
condition that suggests the potential for dynamic amplification
effects. Although the system remained stable during
monitoring, this outcome highlights the greater vulnerability
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of the steel system to resonance-related serviceability issues
under repeated traffic actions.

Table 4. Dynamic vibration response under vehicle loading

. Distance  retressed o gieel IGirder
Location (m) Concrete Span (Hz)
Spans (Hz) P
Quarter 15 32 5.9
Span
Mid Span 30 3.6 6.4
Three-
Quarter 45 3.8 6.9
Span
Average - 3.75 6.42
Critical Favorable ratio  Unfavorable ratio
. - 1.33 (no 0.46 (amplification
Finding .
resonance) risk)




3.2.3 Dynamic displacement analysis

Dynamic displacements showed significant amplitude and
symmetry differences between the PSC spans and the steel I-
girder span. From Table 5, it can be seen that the dynamic
balance of the PSC system was relatively good with a
displacement in an upward direction as large as +1.50 mm,
pointing downwardly being -2.63 mm and this makes total
range from above mentioned two extremes is 4.13 mm. The
RMS amplitude of 1.85 mm and the peak-to-peak ratio 1:1.75
show that both the relaxation and centering profiles are
relatively symmetric, which denotes a fairly well-optimized
profile in terms of structural response.

The steel girder span, however, had greater amplitudes of
displacement (up to -5.96 mm in downward direction and
+0.66 mm upwards). This led to a full dynamic range of 6.62
mm and an RMS amplitude of 3.12 mm, far larger than that
for the concrete system. The significant cross-symmetrical

/

Dynamic Displacement (mm)
o

peak-to-peak ratio of 1:9.03 represents a distinct downward
bias toward under-dynamic response, reflecting the fact that
the stiffness was lower and the flexibility greater for steel
Girder as presented in Figure 11.

Table 5. Dynamic displacement response comparison

Parameter Prestressed Steel I-
Concrete Spans Girder Span
Maximum Upward +1.50 mm +0.66 mm
Displacement
Maxnpum Downward 2.63 mm -5.96 mm
Displacement
Total Range 4.13 mm 6.62 mm
RMS Amplitude 1.85 mm 3.12 mm
Peak-to-Peak Ratio 1:1.75 1:9.03

_/

-4 —— Prestressed Concrete Displacement {(mm)

Steel |-Girder Displacement (mm)

0 1 2

2 5 6

Time (s, normalized)

Figure 11. Dynamic displacement response of PSC VS steel

3.2.4 Acceleration and velocity response patterns

Dynamic acceleration and velocity of the two systems
present significant differences. As summarized in Table 6, the
PC spans suffered a greater peak vertical accelerations value
(£3.7 m/s? upwards and -3.5 m/s* downwards) which motored
a total acceleration range of 7.22 m/s?. This suggests faster but
damped motion, in agreement with the stiffness and confined
properties of traffic loaded PSC vibration.

Regarding velocity response, the prestressed case also
showed a greater magnitude, presenting peak positive upward
+0.0517 m/s and downward -0.0600 m/s velocities resulting in
a total range of 0.1117 m/s.

Table 6. Dynamic acceleration and velocity measurements

Prestressed Concrete  Steel I-Girder

Parameter

Spans Span
Peak Vertical
Acceleration
Upward +3.72 m/s? +1.28 m/s?
Downward -3.50 m/s? -1.32 m/s?
Range 7.22 m/s? 2.60 m/s?
Peak Velocity
Upward +0.0517 m/s +0.028 m/s
Downward -0.0600 m/s -0.030 m/s
Range 0.1117 m/s 0.058 m/s

The steel I-girder span, on the other hand, showed reduced
acceleration amplitudes (from 2.60 m/s*) and smaller velocity
values (from 0.058 m/s). This is due to its higher ductility (as
previously observed), since the structural response happens

over a larger period of time with lower instantaneous
accelerations but more final displacement.

3.3 Vibration analysis and frequency domain results

3.3.1 Spectral analysis results
By means of frequency-domain analysis over the
acceleration response signals, a unique spectral signature for
each structural system was established, and corresponding
dynamic response characteristics were distinguished.
(1) PSC Spans Spectral Content:
*  Main peak: 3.75 Hz (traffic induced vibrations);
* Secondary peaks: 2.27 Hz (fundamental) and 4.98 Hz
(fundamental mode);
*  Frequency bandwidth: 0.5-12 Hz concentrated below 8
Hz;
*  Spectral purity: Narrow peaks and next to no broadband
noise.
(2) Steel I-Girder Span Spectral Content:
*  Main peak: 6.42 Hz (traffic induced vibrations);
*  Secondary peaks: 2.95 Hz (fundamental) and 0.56 Hz
(fundamental mode);
*  Frequency bandwidth: 0.2-15 Hz with distributed
energy content;
* Spectral complexity: Multiple overlapping peaks
indicate complex modal interaction.

3.3.2 Resonance risk assessment
The resonance risk assessment was conducted based on the
ratio of the primary natural frequency (fn) to the dominant



loaded vibration frequency (fl). This frequency ratio criterion
is widely accepted for the assessment of resonance safety, and
ratios higher than 1.2 are usually believed to be safe, whereas
those lower than 0.8 are considered susceptible to resonance.
(1) PSC Spans:
*  Frequency ratio (fn/fl): 4.98/3.75 = 1.33;
* Risk level: Low (ratio >1.2 considered safe);
* Recommendation: Continue normal monitoring.
Steel I-Girder Span:
*  Frequency ratio (fn/fl): 2.95/6.42 = 0.46;
* Risk level: High (ratio <0.8 indicates concern);
* Recommendation: Immediate structural enhancement
required.

3.4 Comparative performance assessment

3.4.1 Overall structural performance matrix

The comparison performance assessment integrates the
static, dynamic and material efficiency factors into one
consolidated evaluation matrix. At 30 years, the paramount of
the PSC spans in surpassing most performance metrics is
demonstrated in Table 7.

e  Static Stress Control: PSC was highly efficient as the
stress utilization ratio was only about 20.6% of the
allowable range vs. 41.5% for the steel girder.

e Deflection Performance: The concrete span used 14%
of the deflection limit, in contrast with the steel one that
used more than 80%, meaning virtually six times better
performance for concrete.

e Dynamic stability: The PSC had a frequency ratio in the
safe condition (fn > fl) revealed stable dynamic
characteristics, whereas for the steel girder there were
resonance issues (fn > fl).

e Vibration amplitude: Displacement amplitude of the
concrete span was less by 38% than that for the steel
system, indicating better serviceability.

e Frequency Response: A distinctly safe resonance ratio
(1.33) was held by the concrete spans and no such
safety margin was found for steel girder (0.46).

e Material Economy: Balance of material with regard to
the prestress system, stress in concrete is minimized to
zero, achieving durability against tensile stress; but in
steel girders the limit state was elastic and a smaller
safety margin.

Table 7. Comprehensive performance comparison

Performance Prestressed Steel I- Relative
Aspect Concrete Girder Performance
Static Stress Excellent Good Concrete 2x
(20.6% max  (41.5% max
Control S S better
utilization) utilization)
Deflection Excellent Acceptable Concrete 5.8%
(14% of (81.3% of
Control L S better
limit) limit)
Dynamic Good (fn > Concern (fn sigr?irfli(:cr;rtlfly
Stability fl) <fl) better
Vibration Low (4.13 Moderate Concrete 38%
. (6.62 mm
Amplitude mm range) better
range)
Frequency Favorable Unfavorable Concrete
Characteristics ratio (1.33) ratio (0.46) much safer
High Good
Material (prestressing (elastic Different but
Efficiency eliminates range comparable
tension) operation)
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3.5 Statistical analysis of dynamic parameters

To improve the reliability and interpretability of the results,
the measured dynamic parameters were statistically analyzed
across multiple recordings under comparable traffic
conditions. The calculated mean values, standard deviations,

and 95% confidence interval (CI), Table 8, provide
quantitative evidence of the system’s accuracy and
repeatability.

The PSC span exhibited consistent vibration characteristics,
with a narrow CI indicating minimal data dispersion.
Conversely, the steel I-girder span showed larger variability in
both frequency and displacement, confirming its higher
sensitivity to dynamic amplification effects. The standard
deviations below £0.22 Hz and +0.12 mm across all readings
confirm the stability and precision of the distributed
MPU6050-ESP32 sensor network.

Table 8. Statistical summary of dynamic response

parameters
Span 95% CI
Parameter T Mean SD (Lower—
ype Upper)
Natural Frequeney  po 498 018 4.80-5.16
(Hz)
Natural Frequency g1 995 020 2.68-3.18
(Hz)
RMS
Displacement PSC 2.06 0.09 1.88-2.23
(mm)
RMS
Displacement Steel 596 0.12 5.71-6.17
(mm)

These findings validate that the proposed MEMS-based
SHM system provides repeatable and statistically significant
results under real operating conditions, ensuring its suitability
for long-term field monitoring.

3.6 Economic analysis and sensitivity evaluation

The economic study used real component costs provided by
local suppliers and checked with online electronics suppliers
(up to the year 2025). The average cost of the market price of
each module is summarized in Table 9; this shows the
implementation cost of the distributed MPU6050-ESP32
system.

Table 9. Market-based cost breakdown of the distributed
MPU6050-ESP32 monitoring system

Component Quantity U?[l]ts%(;“ (}})St;‘)l)
MPU6050 IMU Sensor 3 8.5 25.5
ESP32 Microcontroller 3 9.8 294
IP65 Sensor Enclosure 3 6.0 18.0
Power Supply + Cables 3 3.0 9.0

Installation & 20.0 per 600
Calibration Labor node ’
Total Implementation i ) 141.9

Cost

To evaluate the sensitivity of the system cost with respect to
the changes on the markets, the costs of hardware, personnel,
and maintenance were varied by +20%. The variation of the



costs and their effects on the system costs are shown in Table
10.

Table 10. Market-based cost breakdown of the distributed
MPU6050-ESP32 monitoring system

Base o o Cost
Parameter line S(-:tztl(:a/l(‘)io S-c?l?afio Variation
® (%)
Hardware 82 65.6 98.4 +12.0
Components
Labor and
Installation 60 48 2 +8.5
Power and 18 14.4 21.6 425
Maintenance
Total Cost 1019 1230 157.6 +10.4
Impact
4. DISCUSSION

4.1 Interpretation of comparative structural performance

The comprehensive analysis of Faeq Hassan Bridge has
provided insights into the basic differences in behavior of PSC
and steel [-girder systems, which are in agreement with theory,
but also have uncovered critical conditions that have not
previously been predicted. The good behavior of the PSC
spans (zero tensile stress and 14% of the allowable limits for
deflections) confirms the possibility to optimize the
consumption of materials and resources in the ultra-
lightweight prestressed hollow core [28].

The observed distribution patterns of the stresses support
well known theory for the behavior of PSC, in which the
prestress is used to cancel the tensile stresses due to external
loading [29]. The highest compressive stress of -4.19 MPa is
only 20.6% of the allowable compressive stress, indicating
that there is ample structural reserve, which is indicative of
good design for the prestressed system [30]. This compares to
only 41.5% tensile stress utilization of the steel span and
demonstrates the cost-effectiveness in terms of materials for
PSC construction.

4.2 Critical analysis of dynamic response characteristics

4.2.1 Frequency domain behavior and resonance risk

The most result of this study is the frequency inversion
observed in the steel I-girder span in which the natural
frequency (2.95 Hz) with ratio of the loaded frequency (6.42
Hz) is less than one, i.e., the frequency ratio of 0.46. This
situation deviates from traditional design specifications where
the natural frequency is generally more than 1.2 times the
traffic-induced frequency in order to avoid dynamic
amplification [31].

Very low frequency response optimum of 1.33, in
accordance with recommendations of American Association
of State Highway and Transportation Officials [32] to avoid
resonance with a PSC span. This favorable frequency
matching and the higher fundamental frequency (2.27 Hz)
compared to that of the steel span (0.56 Hz) imply better
dynamic stiffness properties of PSC bridges [33, 34].

4.2.2 Dynamic amplification and serviceability concerns
The steel span's deflection utilization of 81.3% approaches
the critical threshold where serviceability concerns become
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paramount. Research by Yosefi et al. [35] and recent work by
Issa et al. [36] demonstrate that bridges operating above 75%
of deflection limits exhibit increased susceptibility to fatigue-
related deterioration and user discomfort. The observed
asymmetric displacement pattern (upward-to-downward ratio
of 1:9.03) suggests potential issues with bearing functionality
or foundation settlement that warrant immediate investigation.

The dynamic displacement ranges of 6.62 mm for the steel
span, compared to 4.13 mm for concrete spans, indicate 60%
higher vibration amplitude that could compromise structural
integrity over time. The study by Liu et al [37] has shown that
sustained high-amplitude vibrations can accelerate fatigue
crack propagation in steel structures, particularly at welded
connections vulnerable to stress concentrations.

4.3 Validation of sensor technology and monitoring
methodology

4.3.1 MPU6050 performance in structural applications

The application MPU6050 sensors to fill the gap within
health monitoring has shown that the accuracy level of these
consumer-grade sensors is beyond what is normally expected.
The level of displacement accuracy reached (+0.12 mm) is on
par with what could be achieved with conventional linear
differential variable transducer technology (LVDT) sensors
but entails significantly reduced costs. Further, the level of
angular displacement accuracy (+0.08°) is higher than what is
achieved with other similar MEMS-based monitoring
technologies developed by Crognale et al. [38]. Finally, the
consistency level of MPU6050 sensor values is consistent with
other studies, such as those carried out by Radgolchin and
Anbarsooz [39], which argued that precise vibration
measurement is paramount within components that are
sensitive to fatigue failure.

4.3.2 Signal processing algorithm effectiveness

The double integration algorithm combined with drift
correction obtained the displacement accuracy satisfying the
requirements for its utilization in structural bridge health
monitoring. High-pass filtering of order 100 with a decay
factor of 0.99 successfully removed integration drift and
retained dynamic response features, in accordance with the
procedure used in Feng et al. [40] and Yang et al. [41].

The complementary filter performance at oo = 0.95 achieved
a good compromise between the rejection of accelerometer
noise and calibration of gyroscopes drift and resulted in
performances that were similar to more sophisticated Kalman
filtering methods to a fraction of the computational load [42].
This efficiency is critically important for performing on-the-
fly processing in resource-limited embedded processors.

4.4 Real-time monitoring
reliability

system performance and

4.4.1 System availability and data quality

The achieved of system up-time over 98.7% is at a level to
beat the commercial SHM systems available in the market
(approximately 95-97% up-time). The 99.3% rate of complete
data indicates for the reliability of the arrival of MQTT data
packets and redundancy of data storage strategies included in
the architecture of the system.

The 1.8% false positive rate is much lower than those of
typical threshold-based monitoring systems, which commonly
present false positive rates of 5—10% [43]. This improvement



is due to the multi-parameter correlation analysis and
environmental compensation algorithms based on the
temperate and wind effect.

4.4.2 Wireless communication performance

The average message latency of 45 ms and maximum
latency of 127 ms during peak traffic periods demonstrate the
adequacy of WiFi-based communication for real-time
monitoring applications.

The message loss rate of 0.15% compares favorably with
cellular-based monitoring systems reported by Abdrabou et al.
[44] while offering significantly lower operational costs due to
the elimination of recurring data subscription fees.

4.5 Economic impact and cost-effectiveness analysis

4.5.1 Total cost of ownership comparison

The 60% cost saving shown in this figure compared to the
example based on traditional monitoring systems proves the
feasibility of economical uses of the MEMS based monitoring
technology.

With an ROI of 8.2 months, the ROI directly beats industry
expectations for Infrastructure monitoring investments
(typically around 2-3 years to recover investment) clearly
demonstrating payback period). This shortened return on
investment is due to lower installation costs, elimination of
cabling and automatic capture of data which reduces need for
man inspection.

4.5.2 Maintenance cost reduction and risk mitigation

Best estimate of 40—50% reduction in maintenance cost and
validates the business case for continuous monitoring
deployment. The ability to successfully identify frequency
inversion in the steel span and address the issue before disaster
struck represents a cost avoidance of $500,000 and above (not
counting the incalculable value of averting human casualties).

The studies by Bittencourt et al. [45] and Yazdi [46] suggest
that continuous monitoring systems can enhance the service
life of bridges by 15-25% through optimized maintenance
scheduling and early intervention schemes.

4.6 Implications for bridge engineering practice

4.6.1 Design verification and code compliance

The appearance of frequency inversion in the steel span
presents difficult problems regarding current design methods
and static transient analysis for dynamic response estimation.
The above condition explicitly shows that the bridge is
idealized statically without considering characteristics of
dynamic response, implying a possible shortcoming in current
design procedures [47].

The existing American Association of State Highway and
Transportation Officials [48] provisions, as well provide very
limited guidance for long-span steel bridges with dynamic
analysis and cover primarily static deflection limits. Results of
the study show that there may be a justification for the revision
of the design codes, with mandatory dynamic analysis being
considered for bridges whose span lengths exceed a minimum
value in order to prevent similar behavior in future
construction.

4.6.2 Structural assessment and rehabilitation strategies
The current need for the strengthening of this steel span
justifies the ability of the monitoring system to alert critical
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situations that would not be detected unless bridge failure
occurs. The suggested use of further diaphragms or tuned mass
dampers is similar to rehabilitation approaches proposed by
Mardanshahi et al. [49].

The relative performance of PSC spans offers some
interesting insights applicable in future bridge projects,
especially in high use regions where the assessment of
dynamic loading is critical. The excellent structural
effectiveness and dynamic properties indicate a greater
potential use of PSC technology in medium-to-long span
applications [50].

4.7 Technological advancement and future applications

Successful relation of WSN with cloud-based data
processing forms a basis for interoperability with wider scope
smart city infrastructures. The ability to do this in real-time
and create automatic alerting is consistent with akin to the
relatively recent emergence of the notion of autonomous
infrastructure management [51].

With further integration into traffic management systems,
dynamic load management based on the real-time structural
condition assessment would be possible, and the service life of
the bridge could be extended as well as optimize the traffic
flow. This is one major step to making really smart
transportation infrastructure [52].

4.8 Limitations and areas for future research

4.8.1 Sensor technology limitations

Although the MPU6050 sensors proved to be effective for
this type of monitoring, some limitations should be noted. The
thermal sensitivity of MEMS accelerometers (0.02 mg/°C)
necessitates on-going compensation algorithms, that may not
completely cover the non-linear temperature effects in long-
term operational durations [53].

Further research into MEMS sensor long term stability in
extreme environments and development of better calibration
methods for correcting individual sensor variation would be
beneficial. The introduction of self-calibrating sensor
networks could have a substantial impact on both
measurement confidence and maintenance needs.

4.8.2 Structural modeling and correlation

The observed differences between theoretical predictions
and measured behavior, particularly regarding the steel span's
dynamic characteristics, highlight the need for improved
structural modeling techniques that better account for real-
world boundary conditions and material properties. Future
research should focus on developing hybrid experimental-
numerical models that can be continuously updated based on
monitoring data.

The integration of physics-based models with data-driven
approaches represents a promising direction for enhancing
structural assessment capabilities and improving predictive
accuracy for long-term performance evaluation.

5. CONCLUSIONS

This study demonstrates the feasibility of a distributed
MEMS-based sensor network for real-time SHM of multi-
span bridges. It had been also confirmed that the combination
of MPU6050 sensors with the ESP32-MQTT structure



enabled effective real-time vibration and displacement
monitoring for both PSC and steel I-girder spans. The system
demonstrated the displacement and angular deviation accuracy
of £0.09 mm and +0.04° respectively, in addition to reducing
installation cost by approximately 60% compared to a wired
SHM system installation method.

The main scientific contributions of this paper are:

e Design of a scalable and low-cost distributed
architecture for SHM through Wi-Fi and MQTT model
enabling support for large infrastructure networks.
Frequency inversion demonstration in the steel I-
girder span (fn/fl = 0.46) as a diagnosis signature of
dynamic amplification risk.

Demonstration of statistical compatibilities over multi-
node measurements, to validate the certainty of
MEMS-based sensing in bridge applications.
Economical verification of concept with short pay-back
time (=8 months) and 40-50% less maintenance costs
over the lifetime.

Notwithstanding these contributions, however, some
limitations warrant consideration. The temperature sensitive
MEMS accelerometers, as well as the environmental
influences over his long monitoring period, could cause slight
drift errors even with calibration corrections. The field test was
restricted to one type of bridge and location, which may not be
entirely representative of other structural and climatic
conditions. Future work is needed to generalize the system to
other types of bridges and weather conditions, to introduce
automatic calibration algorithms and Al-based anomaly
detection in order to improve automation and predictive
maintenance capabilities.

In conclusion, the proposed system is an applicable step
forward towards the smart and self-reliant bridge
infrastructure, showing how real-time sensing along with data-
based analytics can contribute to higher safety, lower cost, as
well as longer service life for our transportation network.
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