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ABSTRACT In recent times, digital transformations and Industry 4.0 have revolutionized real-time bridge
monitoring and its inspection. The use of smart Structural Health Monitoring (SHM) techniques is becoming
powerful with the competencies of Building Information Modeling (BIM) tools, Artificial Intelligence
(AI), Internet of Things (IoT), and Virtual/Augmented (VR/AR) technologies. However, the lack of
interconnectivity between these tools limits their functionality. This research has addressed this problem
by developing an integrated framework to assess serviceability and implement a smart SHM for a newly
constructed extradosed bridge. Using Finite Element Analysis (FEA), the study proposes an integrated SHM
system that utilizes various IoT sensors, including Wired Strain Gauges (WSG), Liquid Levelling Sensors
(LLS), MEMS accelerometers, and aWeather Monitoring Station (WMS) to monitor concrete deformations,
vertical displacements, structural vibrations, and weather conditions. BIM tool is used to develop the virtual
replica of the proposed SHM system which is then used in the 3D Game Engine (GE) to develop an AR
application. This application is then successfully deployed and tested in the AR headset (HoloLens) where
its capabilities for onsite bridge health monitoring are discovered. This approach overcomes the limitations
of HoloLens devices by providing real-time access to SHM data through a web platform, enabling on-site or
remote AR-based bridge health monitoring. Conclusively, this paper emphasizes the numerical modeling of
bridges for the design of a healthmonitoring system, that highlights the importance of robust SHM techniques
in assessing bridge conditions. Moreover, it introduces a novel approach for smart bridge inspection and
onsite visualization of structural defects in an AR environment.

INDEX TERMS Bridges, finite element modelling, SHM, IoT sensors, AR, HoloLens.

I. INTRODUCTION
Condition assessment of new and existing bridges requires
valuable and reliable information about their serviceability
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approving it for publication was Shaohua Wan.

and performance parameters [1]. The increasing development
of bridge construction and strict compliance with their safety
is necessitating the use of sensors for proper monitoring of
bridges which is based on the development of a Structural
Health Monitoring (SHM) system [2]. Bridge condition
monitoring is always in need of reliable techniques that
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can provide the basis for the effective operationality and
safe usage of the bridge throughout its life, among them
the most adopted technique is the numerical modeling
of the bridge [3]. Therefore, accurate analysis results of
numerical models are of prime importance for the bridge
monitoring system [4]. These numerical analysis results
are sometimes validated by load tests which have focused
on the improvements in analysis and design procedures,
evaluation of the bridge design code provisions, and tracking
the in-service behavior of bridges [5], [6]. The effective
utilization of Finite Element Analysis (FEA) results is based
on the analysis type, structural design procedures, and Finite
Element (FE) model updating of the bridge structure [7].
After the validation, critical values of the resulting parameters
are pointed out for the identification of the locations and types
of sensors [8]. In this regard, linear static and 3D nonlinear
analyses are commonly carried out to locate the position of
sensors [9], [10].

SHM of bridges has been the interest of many researchers,
thus, state-of-the-art research is available on this topic [11],
[12]. The proposal of the SHM system considers FEA
results and outcomes of load tests because experimental
studies in the field and analytical studies using the FEA
framework provide the decision-making for a proper SHM
system for the bridge [13], [14]. The success of this
system is based on the sensors used for the measurement
of bridge health parameters. For this purpose, the most
suitable and field-oriented sensors are usually preferred for
the installation.

Monitoring of deformations in Reinforced Concrete (RC)
structural elements is of great importance and is considered
the basic parameter that has to be recorded by the SHM
system of bridges, therefore, robust and heavy-duty devices
like vibrating strain gauges are considered suitable tomeasure
the strains in the concrete [15], [16]. In addition to this, the
measurement of vertical displacement is also an important
parameter for the health evaluation of bridges and it is
convenient to measure it directly on long-span bridges.
Therefore, Liquid Levelling Sensors (LLS) are considered
the most suitable and promising devices for this kind of
measurement [17], which can overcome the problem of
inclination angles and provide the most accurate results [18].
Moreover, measurement of linear deflection is also important
as many of the sensors do not satisfy the field measurement
criteria, so, for this purpose, Linear Variable Differential
Transformers (LVDT) are the best-suited devices that can
be reliable for field measurement of linear displacement
for a longer period of time [19]. Vibration monitoring and
measurement of dynamic parameters is also an integral part
of the bridge SHM system for which MEMS Accelerometers
(MA) offer the best services quantitatively. In addition to
vibration monitoring, they can also monitor the forces in
the cables and evaluate the structural integrity of extradosed
bridges [20], [21]. In addition to the mentioned sensors, the
SHM system is incomplete without the weather condition

monitoring station. These kinds of stations are usually
established at the center of the bridge with certain temper-
ature and humidity measurement devices, wind speed and
wind direction monitoring sensors, and atmospheric pressure
measuring devices.

Research works have integrated the SHM systems with
BIM technology [22], [23], [24] to develop the BIM-based
monitoring system where the Internet of Things (IoT)
tools facilitated the data integration processes [25], [26].
This integrated system majorly focused the information
management and fault detection using real-time sensor data.
The major portion of these works revolved around data
management and integration in the BIM models, [27], [28],
[29], thus lacking the AR-based immersive solutions that
are required to visualize SHM data. Similarly, some other
research works [30], [31] proposed only the 3D visualization
capabilities of AR at the industrial scale without exploring
the automation of health monitoring parameters in the AR
environment. Moreover, [32] reviewed the proposals for
data management/integration and visualization of real-time
SHM data using AR but the practical implications of these
proposals were not found. Instead, they were mentioned
as the future research directions - without any practical
implementation. Further, a quality work [33], [34] proposed
AR-based automated damage identification methodologies
that used AI models to detect and classify different damages
and visualize the SHM data using integrative frameworks,
and metadata in AR. However, it just focused on the
length, area, and perimeter of the structural objects whereas
in bridge structures more complex objects are considered.
Additionally, [35] used AR devices to detect potential
problems in the target structures using thermal images.
[36] studied the time delay of bridge Digital Twins (DT)
services and proposed an Artificial Intelligence of Things
(AIoT)-based DT communication framework that can sup-
port smart bridge operation and maintenance. These works
too missed the immersive nature of detected damages. So, all
the mentioned research works lack either the automation part
or the visualization of the detected damages in an AR-based
immersive environment, where the authors found a potential
research gap. Moreover, none of these research works were
seen to target the bridge monitoring system. To further
explore the gaps in this domain, [37] carried out a detailed
review of the implementation of AR technology in bridge
monitoring. This review also lacked a unified BIM/AR-based
immersive bridge SHM system that can not only perform
real-time bridge health monitoring but can also visualize and
integrate the SHM data remotely or onsite. These research
gaps fueled the motivation of the authors to develop a unified
AR application that can perform the said functions and
overcome the heightened research gaps.

The state-of-the-art of this research lies in the integration
of BIM technology, SHM, and AR technology, where the 3D
game engine is used to develop an AR application, that can be
used to automatically integrate the BIM-based virtual SHM
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FIGURE 1. Schematic layout of research work.

systemwith the real system to perform real-time bridge health
monitoring in an AR environment.

II. OBJECTIVES OF THE RESEARCH AND USED
METHODOLOGY
This research focuses on the integration of bridge SHM
systems with AR using the applications of BIM technology.
For this purpose, numerical analysis of a real-life bridge is
performed using the FE analysis technique, and the SHM
system is proposed based on the identified critical zones of
the bridge. Further, the BIM technology is used to develop
the AR-based SHM system of the bridge. This smart system
is developed in 3D GE (UNITY 3D), which is directly linked
with the IoT-based web platform of the real SHM system.
In this way, the major objective of this research is achieved by
developing an integrated framework that helps in automating
the SHM system and visualizing its data remotely or onsite.
All the steps followed in this research work are enlisted in the
schematic diagram shown in Figure 1.

III. EXPERIMENTAL WORK TO DESIGN A BRIDGE
MONITORING SYSTEM
A. DESCRIPTION OF THE BRIDGE STRUCTURE
For this research, a case study of an extradosed bridge
structure, located along the National Highway 75 in Poland,
is considered. The bridge consists of four spans having
continuous prestressed decks made of C60/75 concrete. The
lengths of the external two spans are 100m whereas the
central two spans are 200.0 m long. The original design of
the bridge was carried out following the Load Model (LM)-1
according to the Euro Code (EC)-1 standard [38] (having the
adaptation coefficientsα = 1.00) and for class A according to
the PN 85/S standard [39]. The overall width of the structure
is 17.68 m having a two-directional roadway (8.60 m wider
between curbs). In addition, there is a 4.0 m wider pedestrian
and bicycle route supplemented with a balustrade.

The box girder section of the structure has a constant height
of 4 m. The bottom slab of the box section has a width

FIGURE 2. Bridge cross-section and spans layout.

of 8.60 m which increases to 10.10 m at the top slab. The
diagonal webs have a width of 0.40 m in the mid-zone of
the spans and 0.60 m in the support zone. The webs are
connected with the upper and lower slabs having a thickness
of 0.30 and 0.25 m, respectively, in the middle zone of
the spans. The lower slab has a thickness of 0.70 m in the
supporting zone. There are 22.70 m high pylons (measured
against the grade line) supported on the intermediate supports
having a cross-section of 2.70 × 3.50 m, fixed in the girder.
The layout of the bridge with a cross-section is shown in
Figure 2.

B. MONITORING SYSTEM DESIGN USING NUMERICAL
MODELING TECHNIQUE
There are several techniques for the design of a bridge
monitoring system but numerical modeling is the most robust
and adopted one to study the behavior of a bridge and identify
the associated damages which in turn identify the need and
location of monitoring devices. The FEA gives complete
details of the bridge’s current state of materials, the effects
of loading, and environmental conditions on the bridge’s
daily use. It also helps to identify the monitoring points
for these parameters. Thus static linear analysis (FEA) of
the bridge is carried out in this research to calculate and
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FIGURE 3. FE model of the bridge.

analyze the internal forces and span displacement. Further,
cracking of the bridge is also observed. The values of the
bending moments are observed to check for the moment
capacity of the bridge. Moreover, the deflected shape of
the cables is considered to evaluate their movements for
the identification of monitoring points. In this numerical
analysis, only those parameters (stresses, strains, internal
forces, crack widths, temperature, and humidity variations)
are observed which have a direct impact on the bridge
health and whose monitoring is critical for bridge damage
identification. The developed numerical model with the
adopted geometry and its cross-section is shown in Figure 3.

C. DISCUSSION OF THE OUTCOMES OF NUMERICAL
ANALYSIS
In this research, the maximum bending moments in the
bridge spans and cross sections are calculated and are shown
in Figure 4. These results are then compared to the EC
limits [38], to evaluate whether the bridge has sufficient
moment capacity or not. Due to low values of stresses in the
cross-sections, axial forces in the girder were omitted from
the analysis parameters. The findings of the linear analysis
show that the structure has a somewhat higher flexural
stiffness.

The shear force resulting from the applied load is
substantially below the resistance of the reinforcement, which
gives enough shear resistance to the structure. Although
the reinforcement can withstand greater stresses, the surface
stresses in the tension zones are comparable to internal forces
and found to be reasonable. Additionally, the ranges of all
stress controls are also observed to be satisfactory.

In the case of the cables, as shown in Figure 4, it is
considered that the elastic stay cables are completely flexible
and can only withstand tensile forces. In the analysis, only the
self-weight of the cables is considered so the deflection due to
their own weight is analyzed, which shows that inclined stay
cables sagged into a catenary shape. The sag of the cables is
observed more in the first three cables of each section which
shows that these cables need monitoring of cable’s tension
stiffness, which varies with the amount of sag.

In order to monitor the cracking of the concrete in the
box girder and pylons, the calculated reinforcement with
minimum concrete cover is used in this analysis. The cracking

profile of the whole box-girder and pylons, as shown in
Figure 4, does not show any significant cracks that are
affecting the bridge load-bearing capacity. The maximum
crack width (0.60 mm) is observed at the support of the box
girder, whereas the crack width at the web of the spans is
found to be 0.20 mm which is exactly the same as observed
in the visual inspection. The stress concentrations at the
mid-span and closer to cable connections are quite significant
and are considered for long-term monitoring.

IV. PROPOSAL OF SHM SYSTEM
Considering the need for proper monitoring of the bridge,
the SHM system is proposed. There are several ways
of bridge sensor placement mainly including Information
from the previous studies, field conditions, and structural
requirements supplemented with the experience of bridge
inspectors, results of FEA, based on the maximization of the
Fisher Information Matrix (FIM), based on the properties
of the covariance matrix coefficients, and using energetic
approaches. In the case of the subject bridge, the most
adopted methods are used for the proposal of the SHM
system, which includes the results of FEA analysis and
the expert opinions of system designers. The system will
provide the onsite monitoring of the technical condition of
the structural elements at selected measurement points of
the bridge. Considering the functional use of the bridge,
continuous assessment of rheological properties, the behavior
of the bridge under the applied loads, and monitoring
of the suspension system and bridge spans are important
which necessitates the need for the proper SHM system.
The proposed system will perform the monitoring of defor-
mation measurement, synchronous dynamic measurements
(Dynamic deflection and accelerations), structural response
measurement under the operational loads, and monitoring of
temperature, humidity, and wind effects on the structure.

The SHM system first includes the installation of vibrating
wire strain gauges (WSG) to measure the deformation in the
RC pylons and slabs of the box girder. The selection of these
sensors is considered after analyzing the strain profile of the
bridge along the bridge deck and in the pylons. These sensors
are made up of stainless-steel tubes having flanges at both
ends. Inside the tube, between the flanges, is the vibrating
wire being in the tension between the ends of the tube which
are fixed in the concrete. For the measurement of the strain
inside the concrete, the wire is plucked in such a way that
it starts to vibrate inside the tube. The frequency of this
vibrating wire is dependent on the strain in the concrete. The
change of the vibrating frequency directly reads the strain
or stress in the concrete which accounts for the deformation
of RC members. In the case of the subject bridge the most
critical parts (supports, pylons, and mid-span) are marked for
the installation of strain gauges so, 16 sensors are proposed
to be installed along the bridge. The layout of these sensors
is shown in Figure 5.

The next device planned for this system is the Liquid
Levelling Sensor (LLS) for the measurement of vertical
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FIGURE 4. FE analysis results with the indicated crack width.

FIGURE 5. Location of strain gauges.

displacement. These sensors are connected in series with the
reference station forming a hydrostatic system for measuring
the changes in displacement relative to the reference point.
The reference sensor is set outside the measurement zone
staying fixed during the measurement time and is a reference
for the other measurement sensors in the circuit. System
components are connected by a cable filled with liquid
and set the air pressure in a line. The movement of the
sensor causes a pressure difference, which is measured by
the transducer placed in the sensor. With this scheme five
sets (3 sensors with an additional reference sensor) are
planned to measure the vertical displacement in each span
of the bridge. The layout of these sensors is shown in
Figure 6.

FIGURE 6. Location of LLS.

For the measurement of linear displacement, LVDTs are
recommended to be installed in each span of the bridge.
As they work on the principle of a transformer, they measure
the displacement by linking the signal values with the
position. With every fluctuation of the signal, it measures
the displacements. These sensors are further used to inspect
the rheological properties of each span of the bridge. These
sensors are directly attached to the surface of the box girder at
the expansion joints and measure the deformations directly.
So, a total of 5 sensors are recommended to be installed at
each of the expansion joints. The layout of these sensors is
shown in Figure 7.
To monitor the effects of external loads on the structure,

especially the dynamic effects of moving and wind loads,
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FIGURE 7. Location of LVDTs.

FIGURE 8. Location of accelerometers.

MEMS accelerometers are proposed to be installed. These
sensors are based on the principle of compression, where
the compressive loads produce a charge in the sensors. This
charge produces vibrations of a certain frequency which are
measured directly from the applied force using Newton’s
Second Law ofMotion. Measurement of vertical acceleration
at the center of each span will be carried out using these
sensors, therefore, 4 sensors are recommended to be installed
on the whole bridge. Further, the results of the FE analysis
show the critical deflection of the first three cables in
each set, thus, 2 sensors at the first and third cables will
monitor the vibrations and other dynamic parameters along
the cables. The measurement of the force will be carried
out by analyzing the vibration frequency along the cable;
therefore 2 directional measurements will be carried out
using these sensors. 2 sensors in each set of cables are
planned to be installed. In this way, a total of 24 sensors
are proposed. The layout of these sensors is shown in
Figure 8.

In addition to the measurement of the above-mentioned
parameters, monitoring of climatic parameters is also impor-
tant for bridge health. For this purpose, the SHM system
of the bridge is also provided with the monitoring of wind
speed and its direction and measurement of temperature
and humidity along the facility. For these measurements,
sensors measuring wind speed, wind direction, temperature,

FIGURE 9. Location of Mateo station.

and humidity measurement devices are recommended to
be installed at each set of pylons (Fig. 10). These devices
will be installed as a weather monitoring control station
provided with the multichannel data logger having a built-in
atmospheric pressure sensor. This weathermonitoring control
station is planned to be installed at the central pylon of the
bridge. This way surveillance of the whole bridge can be
carried out efficiently. The layout of these sensors is shown
in Figure 9.
To achieve the research objectives, wireless sensors

integrated with the IoT web platform were needed. For
this purpose, three wireless sensors (1xWSG, 1xWMS,
and 1xMA) were selected as the representative of the
proposed SHM. These sensors were then used to develop
the AR-based SHM using the applications of BIM and IoT
tools. These tools facilitated the online data integration and
helped in the immersive bridge health monitoring using the
real-time monitoring of the health parameters. The results
of the measured parameters are automatically updated and
visualized in the graphical format as shown in Figure 10.

V. DEVELOPMENT OF THE AR-BASED SHM SYSTEM
USING A CUSTOMIZED AR APPLICATION
DT-based automated SHM systems are currently trending
in bridge monitoring because of their on-field applications
but this research tried to develop the AR-based SHM
system which can enhance the capabilities of a traditional
SHM system using the applications of AR. Currently,
AR applications in the construction industry are only used
for machine control on construction sites, concrete pouring,
reinforcement detection, onsite clash detection, and worker’s
field safety [40], [41], [42]. So far, very limited research
is available that tries to implement this technology in
bridge monitoring, thus, this research offered a novelty by
developing an immersive AR-based SHM system.

The developed immersive SHM system includes the
wireless IoT sensors which integrate real-time sensor data
from the installed sensor network and process it through
a web platform with real-time analysis AI algorithms. The
processing of SHM data is not in the scope of this research
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FIGURE 10. The IoT-based web platform of the bridge SHM system.

thus, no particular attention is given to data processing
algorithms. The integration of SHM data with AR using AR
headsets creates a seamless real-virtual blend. Holographic
overlays highlight critical areas and gesture controls enable
online data management. This way it helps to manage
the technical condition of the bridge with real-time alerts,
remote/onsite monitoring, cloud integration, data visualiza-
tion, system calibration, and maintenance procedures to
ensure the system’s accuracy, reliability, and functionality
while offering an advanced solution for monitoring of bridge
health in real-time.

To achieve these goals, the VR model of the bridge
is created from scratch using the BIM tool (Revit) [43].
After uploading the VR model to the AR device, it can be
implemented in the AR where the real coordinates of the
bridge are embedded as a QR code. Scanning this code from
the exact ground location projects themodel in AR [44]. After
the projection of the BIM model in the AR environment,
several functions like real-time damage detection, clash
detection, ground reality checks, construction quality control,
and SHM data management can be performed. In this
research, AR implementation is linked with the IoT-based
web platform where the real-time data of bridge sensors
is stored, which is then linked with the AR model by
developing the virtual replicas of the sensors on the BIM
model (embedded with the web address of the IoT platform).
In this way bridge sensors can be developed virtually on the
BIM model and sensor data can be managed and visualized
using the AR devices.

A. LIMITATION OF AR DEVICES (HOLOLENS) TO ACCESS
IOT WEB PORTAL
The authors performed several field tests for bridge health
monitoring using AR device (HoloLens). During these field

experiments, some results weren’t successfully achieved
which helped to identify the limitations of HoloLens. When
the BIM model supplemented with virtual sensors was
uploaded to HoloLens and implemented in AR, it was
encountered that the virtual sensors (with the embedded
URL of the SHM platform) were not functional in the
AR environment. Several attempts were made to activate
the sensors in the AR environment, but no success was
achieved. To address this limitation, some literature was
reviewed which proposed a solution to this problem using
UNITY 3D [45], [46]. UNITY 3D has the capabilities of AR
application development which can address the limitations of
AR devices.

B. DEVELOPMENT OF AR APPLICATION (APP) FOR THE
AR-BASED SHM SYSTEM
The basic objective of this app development was to overcome
the limitations of AR devices (HoloLens) by developing
a novel way of linking the IoT platform of the bridge
SHM system with its AR model. For this purpose, the BIM
model of the bridge was used as a source file in a 3D
game engine (UNITY 3D). In order to use this model in
the AR, the Mixed Reality Tool Kit (MRKT) is integrated
and configured with the project. This configuration helps
to develop the Universal Window Platform (UWP) which
defines the build settings of the app and links it with VR/AR
platforms, Android, and WebGL platforms. In this research,
UPW is developed for HoloLens, so the target device is set to
HoloLens with ARM64-built Architecture, which defines the
architectural configuration of the project. After developing
the build settings, SHM sensors are virtually developed using
Canvas meshes. Canvas helped to generate these sensors as a
clickable button in order to integrate them with real sensors
of the bridge.

After adding sensors to the app virtually, they are integrated
with the IoT platform of the SHMsystem, for which a C-sharp
script is developed in Visual Studio (VS). This script can link
the sensor to any of the web platforms. The script is kept
generic by adding multiple web addresses to each sensor.
After developing the script in VS, it is attached to the UNITY
so that it can be further linked to each sensor. This way each
virtual sensors are linked with the real sensor’s data. To run
this app, play mode is switched on, and clicking each sensor
opens the SHM data in the web browser. A visual interface of
these steps and the developed app in the UNITY environment
is shown in Figure 11.

C. DEPLOYMENT OF AR APP TO HOLOLENS
After successful testing of the developed app in UNITY, it is
then deployed toHoloLens. Deployment of the developed app
involves setting upHoloLens settings and pairing the appwith
the target HoloLens device. For this purpose, firstly, build
settings are set to the ‘‘build’’ option in UNITY to develop
a .sln (Visual Studio file) file that can open the project in
VS. After opening the project in VS, the first thing is to pair
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FIGURE 11. App development in UNITY 3D and its linkage with the IoT platform.

FIGURE 12. Visualization of SHM data in HoloLens.

the device with the HoloLens over the wifi network. It can
be done by turning on the developer mode of HoloLens and
retrieving a code that after adding to the VS project connects
UNITY with the HoloLens. After that, the IP address of the
HoloLens is added to the VS project for debugging. This
started the deployment of the app to HoloLens and after
successful deployment, the app icon appeared in the main
menu as shown in Figure 12.

D. VISUALIZATION OF SHM RESULTS USING THE
DEVELOPED APP
After the deployment of the app in the UNITY, it was
opened and tested at the lab scale. All the SHM devices
were found to be at the exact locations of the actual sensors.
Clicking the sensor opens the IoT platform where real-time
data is continuously monitored and stored. This data can
be visualized over a certain period (1 hr., 6 hr., 1 day,
1 week, and 3 months) (Figure 12). Data can also be stored
in HoloLens as a .CSV file which can further be transferred
to any workstation. This way visualization of SHM data can

be performed onsite or remotely and data can be transferred
to the project team over the Internet. The schematic layout of
this whole process is shown in Figure 12.

VI. EVALUATION OF THE PERFORMANCE AND
RELIABILITY OF THE AR-BASED SHM SYSTEM IN
REAL-WORLD BRIDGE MONITORING
The success of the developedAR-based SHMsystem requires
long-term performance monitoring and evaluation in real-
world scenarios. The successful implementation of this
system requires several key factors, i.e. Long-term stability,
periodic calibration of system accuracy and precision,
adaptability, and scalability, maintenance of sensors network
and IoT platform, user feedback and industrial surveys, data
integration, and regular updating of the AR- application.
Once the system is installed on a bridge, the in-depth
analysis of these aspects through the bridge inspection
activities, data processing, and regular system modification
will offer the real benefits of this promising system in bridge
monitoring.

VII. COST AND BENEFIT ANALYSIS OF TRADITIONAL
SHM SYSTEM WITH THE IMMERSIVE SHM SYSTEM
This research is primarily ‘‘applied,’’ in nature aimed at
benefiting the stakeholders of the bridge industry. To further
elaborate on the benefits of the proposed AR-based SHM
system over the traditional system a thorough cost-benefit
analysis comparing both the bridge monitoring methods is
presented in (Table 1).

This table explains a detailed comparison of the costs and
benefits associated with the AR’s implementation in bridge
monitoring. This comparison provides valuable information
for decision-making in the field of infrastructure manage-
ment. Additionally, it is essential to consider the existing
condition of the bridge, its design parameters, specific safety
requirements, and monitoring goals when evaluating the
system requirements and making decisions based on the
presented analysis.
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TABLE 1. Cost-benefit analysis of AR-based SHM system and traditional
system.

VIII. PRACTICAL APPLICATIONS OF THE RESEARCH
FINDINGS
The use of BIM technology is evolving in bridgemanagement
and monitoring systems. Typically, it helps the management
of SHM data, interoperability of different software platforms,
management of construction processes, and coordination
purposes [47] but the applications of BIM technology are still
unexplored in the implementation of AR/VR.

This research explains the demonstrative nature of an
AR-based SHM system for a bridge. The scalability and
generalizability of this technique was a challenging task. Dif-
ferent types of bridges i.e., suspension, arch, and cable-stayed
bridges behave differently in different conditions. Therefore,
basic consideration is given to the sensor installation, data
integration process, AR-interface adaptability, adaptability
in data visualization, and user interface management. The
developed application uses the VR background, which unifies
the number of elements, thus, any kind of bridge with
a different number of elements is considered as a single
unit so the issue of geometric complexity is resolved.
Further, the used IoT interface houses all kinds of sensors
and facilitates the data integration processes. It involves
robust algorithms for data visualization, data processing,
and data transfer, accommodating complex and cumbersome
data management. Moreover, the developed application is
customized from scratch, so it is customizable and adaptable
in nature, which can be easily modified as per the bridge
design and monitoring requirements.The basic objective
of selecting the extradosed bridge with such a long span
(200 m) was to test the capabilities of the developed
application over a complex structure and it was assumed
that if this experiment is successful, it could be applicable
to any other cable-stayed bridges, concrete girder bridges,
concrete/steel arch bridges, and steel truss bridges. Thus,
the successful implementation of research findings on this
specific test case ensures the extension of these results to

other bridges. Such experimentation is also planned by the
authors to test this application on every type of bridge so that
a conclusive study about the implementation of AR can be
published for different types of bridges.

IX. MAJOR CHALLENGES AND THE ASSOCIATED
RECOMMENDATIONS FOR FUTURE RESEARCH WORK
The major challenge associated with this research includes
the limited capabilities of AR headsets. To date, the available
headsets have the limitation of the number of elements
(< 10k) in the BIM models that can be visualized in AR.
In the case of bridges, sometimes the number of elements
in the BIM models is much higher than this limit. So, this
issue has been addressed in the designed application where
the bridge model is imported with the VR background, this
way the whole structure acts as a single unit, and individual
elements are not counted in numbers, which overcomes this
problem. Besides this, there still exists an issue of using
HoloLens in bright sun which causes visualization issues
during the day time. To resolve this issue, it is recommended
to carry out the field experimentation either during overcast
weather conditions or should be done close to the sunset
timings, to have better visualization of data. Additionally, the
accuracy and reliability of wireless sensors integrated with
AR applications may be affected by environmental factors
such as temperature, humidity, and vibration. Therefore,
further research is needed to overcome these limitations.

X. CONCLUSION
This research has focused on the advancements in the
current bridge health monitoring practices by developing an
Augmented Reality (AR) application that can be used in AR
device (HoloLens) for the visualization and management of
Structural Health Monitoring(SHM) data.

The major conclusions of this research are:
• Research work proposed the SHM system based on the
Finite Element (FE) analysis results. The FE analysis
of the bridge did not reveal any critical damage to the
bridge. The results of internal forces, displacements, and
stress controls are within the prescribed limit of the
Euro Code (EC). The calculated crack width reaches
the maximum value of 0.60 mm closer to the external
support and the value around the mid supports is exactly
equal to the value measured in the in-situ measurements.
The deflected shape of cables is showing more sag in
the first three cables suggesting a need for proper strain
monitoring in these areas.

• Based on the results of numerical modeling and
identified prone zones, the SHM system of the bridge is
proposed. This system involves the installation of strain
gauges (WSG) for the measurement of deformation in
pylons and concrete slabs, Liquid Levelling Sensors
(LLS) for the measurement of vertical displacement,
LVDTs (LVD) for the measurement of linear displace-
ments, MEMS Accelerometers (MA) for monitoring
the effects of external loads on the structure especially
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the dynamic effects of moving and the wind loads,
and climate control station (WMS) for monitoring
of wind speed, its direction, and measurement of
temperature and humidity. This SHM system is sup-
plemented with an Internet of Things(IoT)-based web
platform that controls and manages the bridge health
monitoring data. Three wireless sensors (WSG, MA,
and WMS) are used as representatives of all sensors
of this SHM system, and the data of these sensors
is stored and visualized graphically over the IoT web
platform.

• The development of the AR-based SHM system using
an AR app is the major novelty of this research,
which involves the applications of BIM and Augmented
Reality(AR) technologies. This research carried out
several attempts to access the web platform of the SHM
system through the HoloLens device in AR, but it wasn’t
possible as there is no such application available that can
perform the said job, so a proprietary application was
developed in this research to do so. This application is
developed in a 3D game engine i.e., UNITY 3D, and
linked with the IoT web platform of the SHM system.
The same application is successfully deployed to the
HoloLens and SHM data is successfully visualized in
HoloLens. This way, successful implementation of AR
is ensured which makes it essential for bridge inspectors
to visualize, analyze, store, and share the SHM data
while being on site.

Thus, this paper provides a prototype of the AR-based SHM
system that can smartly monitor bridge health and can be
effectively used in the bridge industry.
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