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Abstract: Concrete infrastructure is vulnerable to damage such as spalling. Spalling leads to chloride
penetration, which causes internal corrosion, weakens structural stability and durability, and increases
the likelihood of additional cracks or damage, consequently necessitating repair. Existing repair
methods do not consider the factors that affect damage in the repaired areas, so additional damage
can occur, making monitoring necessary to identify these factors. Nevertheless, existing studies have
not adequately addressed the monitoring of internal conditions within concrete, making it difficult
to manage such damage effectively. Accordingly, in this study, a monitoring system was developed
using building information modeling (BIM) and the Internet of Things (IoT) to better identify internal
changes in concrete pavements. Employing embedded sensors to measure temperature, humidity,
and stress within the concrete, our system uses Dynamo scripts for real-time data visualization within
BIM. Validated against the ASTM D8292 standard, this system captures and analyzes environmental
impacts on concrete. This integration facilitates the detection of internal changes, allowing for the
real-time visualization of these impacts. This study can help establish repair plans by identifying
factors affecting concrete, contributing to preventive maintenance, potentially reducing maintenance
costs, and enhancing the sustainability of concrete infrastructures.

Keywords: concrete pavement; BIM; IoT; monitoring system; data visualization; wheel tracking test

1. Introduction

Concrete is a preferred material in road construction due to its superior strength
and relatively low maintenance costs [1,2]; however, concrete pavements are vulnerable
to various forms of deterioration over time [3,4]. These include the impacts of climatic
changes, physical wear and tear, and chemical interactions, leading to a wide range of
pavement damage [5] such as cracks, scaling, spalling, pop-outs, blowups, joint deteri-
orations, water bleedings, longitudinal joint seal damages, and patch deteriorations [6].
Among these, spalling is of particular concern as it can affect not only the surface of the
road but also its structural integrity [7]. Spalling can pose a direct threat to the safety of
road users, and this risk is exacerbated by frequent usage and environmental factors [7].
Additionally, if not detected in the early stages, spalling can evolve into more extensive de-
terioration, making early detection and proper repair crucial [8,9]. Addressing damage such
as spalling through effective maintenance strategies is essential for significantly extending
the operational lifespan of concrete pavements. These strategies play a pivotal role in
reducing repair costs and minimizing disruptions to road users [10]. Proactively attending
to maintenance needs can greatly enhance the longevity and performance of pavement
infrastructure [11]; thus, addressing spalling through repair measures is critical within the
broader maintenance strategy.
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Two of the most representative techniques for addressing spalling are the throw-and-
go patch and partial-depth repair methods [12]. The throw-and-go patch method, for
instance, serves as a temporary and urgent solution, employing asphalt as a repair material
to promptly fill the damage caused by spalling [13]. However, the repair material is not
identical to the material of the existing substrate when the throw-and-go patch method is
applied [13]. Therefore, when the surface of the concrete pavement repeatedly contracts
and expands due to temperature changes, the adhesive strength of the interface between the
asphalt patch and the spalling is reduced [14]. As it weakens, the asphalt patch eventually
separates from the spalling [15]. The partial-depth repair method, also known as the spall
repair patch, is a frequently adopted method due to its seamless integration with the
pre-existing substrate. This approach entails the utilization of repair materials that match
the composition of the initial concrete surface [16]. However, even if the repair material
is identical to the existing concrete pavement, the concrete patch can be damaged again
for unknown reasons. Currently, the cause of damage is assumed to be the weakening of
adhesion due to the difference in the material properties of the existing substrate and the
repair material, the difference in the coefficient of thermal expansion, and the influence of
moisture penetrating the adhesion interface [17]. However, since these are comprehensive
assumptions as to the causes of damage, it is not easy to determine which cause has a
crucial influence on the damage occurring in the repaired area, leading to challenges in
pavement preventive maintenance. Furthermore, determining the primary cause of the damage
is difficult because it is indetectable to the naked eye until visible in the repaired area.

Therefore, studies are currently being conducted to monitor the condition of concrete
using continuously evolving technologies.

Sakr and Sadhu [18] proposed a method to improve the real-time monitoring of aging
infrastructure by integrating building information modeling (BIM) and the Internet of
Things (IoT). They leveraged a Dynamo-based framework for laboratory-scale bridge and
building models to automatically collect and analyze acceleration data and visualize them
within BIM, solving the problem of manual data linking, thus reducing the need for human
intervention and improving data processing capabilities.

Scianna et al. [19] integrated BIM and IoT sensors to monitor structural behavior in real
time. They developed a bridge beam model that enables real-time deflection simulations in
a laboratory environment using a low-cost sensor system consisting of distance sensors,
Arduino Uno, Wi-Fi transmission modules, and BIM 2023 software. This model enables
the monitoring of construction projects that has not traditionally been addressed after the
design phase and demonstrates how to visualize real-time data within BIM.

Chang et al. [20] proposed the integration of BIM and IoT to enhance decision support
in facility management. To support the decision-making process, they developed a platform
to visualize environmental conditions within BIM using sensor data and applied this
platform in a university campus environment to measure real-time data from various
sensors for different scenarios such as energy conservation and audience distribution in
auditoriums. They show how data can be visualized in BIM, and their platform leverages
Dynamo for automated data capture and visualization, demonstrating the potential of
this integration to improve the facility’s management and operational efficiency through a
better visualization of sensor data and more informed decision-making.

Oreto et al. [21] developed a BIM tool designed to optimize urban road maintenance.
By integrating various data sources, such as road geometry, traffic, and pavement condition,
into the BIM environment, the possibility of creating efficient maintenance plans allows
practitioners to systematically assess pavement conditions, predict future deterioration,
and select appropriate maintenance interventions. This research can improve the efficiency
and sustainability of road maintenance operations by integrating advanced recycling
technologies and secondary raw materials.

Sofia et al. [22] proposed a digital twin platform for bridge monitoring and mainte-
nance for the Mohammed VI Bridge in Morocco. In their paper, based on a point cloud
scanned through a mapping solution, a digital twin model was created using the Leica
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CloudWorx plugin and then integrated with the 3D city model environment, bridge survey
information, and IoT sensors.

Isailović et al. [23] utilized a Bridge Information Model (BrIM) that integrates damage
components into BIM through point cloud-based spalling detection and IFC models. In
their study, the shape and characteristics of the detected damage were visualized in the
BrIM by first extracting the damage from the point cloud obtained using a UAV through
image-based multi-view classification and mapping the image segment depicting the
damage to the damaged site. Their study aimed to contribute to the use of digital twins to
manage future deployment environments.

Kang et al. [24] introduced multimedia knowledge-based bridge condition monitoring
using digital twins. Based on the small amount of data collected using the sensors of the
real system, the situation was analyzed through various simulations in the digital twin
model, and the optimal time for maintenance was predicted and applied to the actual
bridge. The simulation consists of scenarios such as obtaining displacement and stress
values of members using temperature, wind direction, wind speed, and other factors such
as input data or obtaining the load applied to the bridge by converting the acceleration
data into natural frequencies after collecting them.

Previous studies, summarized in Table 1, present techniques for identifying the con-
dition of structures using BIM-based monitoring technology. However, these studies
primarily focus on assessing the extent of damage in concrete pavements after it has
occurred, rather than identifying the internal condition of concrete. Consequently, this
approach fails to pinpoint internal changes in concrete due to environmental influences. If
internal changes in concrete can be identified, it will be easier to analyze factors affecting
concrete, making it possible to select appropriate repair materials when damage occurs
in the future. To address this challenge, this study aims to develop a monitoring system
using BIM and the IoT to better identify internal changes in concrete pavements, thereby
confirming the system’s ability to accurately identify the factors influencing concrete and
increase its sustainability. This study employs several embedded sensors to measure tem-
perature, humidity, and stress within the concrete, leveraging Dynamo scripts for real-time
data visualization within BIM. This system is validated against the ASTM D8292 standard
to ensure its accuracy and reliability in capturing and analyzing environmental impacts on
concrete. This integration facilitates the detection of internal changes, enabling the real-time
visualization of environmental impacts on concrete. The findings can assist in establishing
repair plans by identifying factors affecting concrete, contributing to preventive mainte-
nance, potentially reducing maintenance costs, and enhancing the sustainability of concrete
infrastructures. Following this introduction, Section 2 presents the detailed methodology,
including the design and implementation of the monitoring system. Section 3 discusses the
validation process and results. Section 4 elaborates on the findings and their implications
for concrete pavement maintenance. Finally, Section 5 concludes the paper, summarizing
the contributions and suggesting directions for future research.

Table 1. Summary of literature review.

Title Research Gap Methods Results and Limitation

Visualization of structural health
monitoring information using
Internet-of-Things integrated with
building information modeling [18]

Lack of visualization of
data changes BIM, IoT sensors

Automatic data collection and
BIM visualization/Applicable
primarily to lab-scale models

Structure monitoring with BIM and
IoT: The case study of a bridge
beam model [19]

Lack of measurement of
internal changes
in structures

Arduino Uno, BIM
Real-time BIM visualization of
bridge deflections/Accuracy may
vary outside lab settings

An automated IoT visualization BIM
platform for decision support in
facilities management [20]

Lack of measurement of
internal changes
in structures

BIM, Dynamo

Improved decision-making via
real-time environmental data in
BIM/Limited to university
campus settings
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Table 1. Cont.

Title Research Gap Methods Results and Limitation

BIM-based pavement management
tool for scheduling urban
road maintenance [21]

Lack of real-time moni-
toring data visualization BIM

Systematic road maintenance
planning with predictive
tools/Lack of verification of
various environment variables

Mobile Mapping, Machine Learning
and Digital Twin for Road
Infrastructure Monitoring and
Maintenance: Case Study of
Mohammed VI Bridge
in Morocco [22]

Unable to determine
cause of internal damage

Point cloud, IoT
sensors, DTM

DTM integration with data
enables structural health
monitoring/Absence of actual
field data application

Bridge damage: Detection, IFC-based
semantic enrichment
and visualization [23]

Incapable of identifying
source of
internal damage

BrIM, UAV, point cloud

BrIM achieves over 70% accuracy
in detecting 5 out of 7 types of
damage/Only surface damage
can be detected

Multimedia knowledge-based bridge
health monitoring using
digital twin [24]

Lack of identification
for cause of
spalling occurrence

DTM

DTM closely matches real bridge
with 0.1% and 5.4% errors/Limited
in unpredictable or
changing conditions

2. Materials and Methods

The entire framework of the monitoring system proposed in this research encompasses
a comprehensive process, from data measurement using sensors to visualization, as shown
in Figure 1. Initially, the system involves embedding temperature and humidity sensors,
along with a load cell, into concrete. This setup is designed to measure variations in temper-
ature, humidity, and stress within the concrete. The data collected from these measurements
are then wirelessly transmitted from the site to indoor facilities via a microcontroller [25].
Subsequently, in the visualization phase, fluctuations in the transmitted temperature, hu-
midity, and load data are rendered visible using Autodesk Revit [20]. Due to the limitations
of commercial BIM software in directly visualizing sensor-measured data, the use of visual
programming software is essential to enable visualization [26]. This proposed system
effectively facilitates the monitoring of concrete road pavement conditions at repair sites
through the integration of BIM and IoT sensors. This allows for the measurement and
management of changes resulting from external stimuli, such as passing vehicles at the
repair site, by illustrating them in a 3D concrete patch model within a digital environment.
To achieve this, scripts for visualizing IoT-measured data in BIM were developed using
Dynamo 2.13.1.3891, a visual programming tool of Revit 2023.
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2.1. Monitoring System
2.1.1. Monitoring System Configuration

To implement data transmission and reception for monitoring temperature, humidity,
and stress changes, the IoT system is composed of a temperature and humidity sensor, load
cell, Arduino board, communication conversion module HX711 [27], and a LoRa-based
wireless communication module, as shown in Figure 2. The IoT devices in the proposed
monitoring system are classified into two groups: IoT-Node and IoT-Gateway. The IoT-
Node is embedded in the concrete repair site to collect temperature, humidity, and stress
measurement data from within the concrete. In contrast, the IoT-Gateway receives the data
measured from the IoT-Node in real time and transmits it to the monitoring system.
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In this research, the Arduino Uno [28], the most widely used and easily programmable
among Arduino boards, was utilized. A total of six Arduino Unos were employed to
set up the IoT-Node and IoT-Gateway: the key components of the IoT device. However,
the Arduino Uno does not inherently support wireless communication, thus requiring
an external wireless communication module for completion [29]. Therefore, this study
employed the SX1276 [30], a LoRa-based wireless communication module that is compatible
with Arduino Uno, supports the I2C serial communication protocol, and provides open
source libraries for Arduino, enabling data transmission.

In the IoT-Node, one Arduino Uno is connected to each temperature–humidity sensor
and load cell, collecting measured data. The gathered data are then sent to the Arduino
Uno with a connected LoRa module in the IoT-Gateway. This Arduino Uno is programmed
to output the same data received by the Arduino Uno with the LoRa module. As a
result, a total of four Arduino boards were used for the delivery of temperature, humidity,
and stress measurement data, with Dynamo being connected using two boards. This
configuration allows both software to simultaneously process temperature, humidity, and
stress measurement data through communication with the connected boards.

2.1.2. Sensors

The SHT-31 humidity–temperature sensor from Sensirion [31] and the Model 53 load
cell from Honeywell [31] were used to measure the physical quantities of temperature,
humidity, and stress within the damaged areas. To ensure the cost-effectiveness of the
monitoring system, the SHT-31 and Arduino Uno were utilized. While the SHT-31 is a chip-
type sensor released in a DFN-8 package, a probe-type sensor with an internal waterproof
coating was used to prevent short circuits due to moisture and to extend its lifespan during
concrete embedding. The specifications of the SHT-31 are shown in Table 2, and the circuit
connection with the Arduino Uno is shown in Figure 3.
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Table 2. SHT-31 specifications.

Parameter Range Accuracy Resolution

Temperature −40 ◦C~+125 ◦C ±0.2 ◦C 0.01 ◦C
Humidity 0~100% (R.H.) ±2% 0.01%
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The Model 53, used for stress measurement, is a button-type strain gauge-based load
cell with an output voltage of 2 mV/V and a maximum load range of 50,000 lb [32]. A
strain gauge-based load cell generally outputs a low voltage, necessitating the usage of a
voltage amplifier [33]; thus, the HX711 module, which includes a high-precision 24-bit A/D
converter chip and a voltage amplification circuit, was employed. When physical force is
applied to the Model 53, the electrical signal passes through the amplification circuit and is
delivered to the HX711 chip. The received electrical signal is converted into a digital signal
and transmitted to the upper device, the Arduino Uno. The specifications of the Model 53
are shown in Table 3, and the circuit was connected as shown in Figure 4, following the
design method suggested by Al-Mutlaq and Wende [34].
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Table 3. Model 53 specifications.

Range Operating Temperature Ø Load Button

~200 kN −54 ◦C~+121 ◦C 19.8 mm

2.2. Development of Dynamo Scripts for Data Visualization

Although BIM can visualize specific structures with a 3D model and store attribute
information, it cannot receive data measured via sensors. Consequently, in this study,
Dynamo, a visual programming software, was used to develop scripts for visualizing the
data collected from the IoT sensors in a commercial BIM program. Autodesk Revit was
used for BIM creation. Among commercial BIM programs such as Bentley, Civil 3D, and
Revit, Revit was chosen because of its high compatibility with Dynamo and its widespread
use. These developed scripts allow for temperature, humidity, and stress data transmitted
from the Arduino Uno to be applied to a 3D model within Autodesk Revit, thus visualizing
changes through color. The developed scripts consist of four node groups, as shown
in Figure 5.
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Group A connects the Arduino Uno microcontroller and Dynamo using the Firefly [35]
library node. To accomplish this, the Firefly library node enables serial communication
between Dynamo and the two Arduino Unos, each connected to the temperature–humidity
sensor and the load cell. When the Arduino Uno is connected to a PC via a USB cable,
it communicates by converting the signal to the Recommended Standard 232 (RS232)
serial communication standard, which is represented as a serial port rather than the
USB communication standard [36]. Therefore, since each Arduino board connected to
the PC is assigned a unique serial port number, the port number was set in the Ar-
duino IDE to transmit data to Dynamo, allowing for the measurement data from the
temperature–humidity sensor and load cell to be received.

Group B contains nodes where the data received from the Arduino Uno are converted
to a format that can be used in Dynamo. Since the received data are delivered in string
format, it must be converted into numerical format. In this process, the string-formatted
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data are therefore broken down into a form corresponding to temperature, humidity, and
stress data and converted into real numbers.

Group C contains nodes that select parameters of a 3D model created in Revit and can
input the attribute information required by the user. This group converts the temperature,
humidity, and stress data and the current time and date into real numbers to be inserted into
the parameters (temperature, humidity, and stress) of the 3D model as attribute information.

Group D, the final group, sets the model to perform 3D visualization, defines colors,
and performs 3D data visualization. This group defines colors corresponding to each 3D
model representing temperature, humidity, and stress based on a specified color range
using RGB elements. In this process, the 3D model created in Revit can visually represent
the data measured from the sensor. The BIM used in this study was implemented as shown
in Figure 6. This model represents the concrete repair part of an arbitrary concrete bridge
structure in 3D, and each of the data processed in node groups A, B, C, and D is connected
to visualize the changing environmental variables.
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In this study, the decision to symbolically visualize temperature, humidity, and stress
in separate models within the BIM framework, rather than combining them into a single
model, was to enhance the interpretability and utility of the data. This symbolic visual-
ization allows for a clearer and more precise representation of each environmental factor.
In a BIM context where accuracy is essential, this approach significantly reduces the po-
tential for data overlap and confusion. By creating distinct visual models for temperature,
humidity, and stress, this study ensures a more effective analysis, crucial for the predictive
maintenance and safety assessment of the concrete bridge structure. This methodological
choice demonstrates an understanding of the challenges in presenting complex data in a
manner that is both clear and symbolically informative to the user.

3. Results and Discussion
3.1. Results

This study focused on three key factors that significantly impact the performance of
concrete: temperature, humidity, and stress. Temperature was monitored, considering
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that damage to concrete is primarily caused by differences in the coefficients of thermal
expansion of the existing aggregate. Additionally, humidity levels were monitored, as
moisture infiltration in concrete can lead to damage. Furthermore, recognizing impact load
as a contributing factor to concrete damage, a load cell was used to measure changes in
stress applied to the concrete. In this study, sensors corresponding to these three key factors
were embedded in concrete specimens for monitoring, and changes were visualized. To
validate the developed monitoring system, the ASTM D8292 standard test method was
utilized [37]. This method is primarily focused on assessing the permanent deformation
behavior and rutting resistance using a modified loaded wheel tracking test. ASTM D8292,
originally devised to evaluate the deformation characteristics and rutting resistance of
asphalt mixtures under repeated traffic load conditions, uses a wheel tracking device to
simulate vehicular load. Additionally, the tester used in this standard is designed to be
sealed and includes an integrated temperature control system, ensuring a consistent testing
environment. Although ASTM D8292 is typically associated with asphalt testing, the
continuous load and temperature control benefits of the wheel tracking test effectively
simulate road conditions, meaning that this approach can be adapted for use with concrete.
Based on these considerations, the ASTM D8292 standard was adapted to a concrete
specimen with embedded IoT sensors in this study for the purpose of performing the
verification of the sensors embedded in the concrete specimen, as shown in Figure 7.
During the wheel tracking test process, data were collected and transmitted using an
IoT-Node and IoT-Gateway based on the Arduino Uno and LoRa modules. Data measured
during the wheel tracking test process can be linked to BIM and IoT sensor data through
scripts developed using Dynamo and then applied to the 3D model in Autodesk Revit
to visualize changes in color. Among various temperature settings tested, changes in
temperature, humidity, and pressure were measured in a test conducted at 40 ◦C and
visualized, as shown in Figure 8. During the wheel tracking test, the embedded sensors
accurately measured the temperature, humidity, and stress within the concrete specimen.
The collected data were transmitted in real time and integrated into the BIM environment
using scripts developed with Dynamo. This integration allowed for the visualization of
environmental changes directly within the BIM. As the temperature increased to 40 ◦C
during the test, the corresponding sensors recorded this change, and the BIM reflected
these data by changing colors to represent different temperature levels. Similarly, changes
in stress and humidity measured by the sensors were visualized within the BIM, enabling a
clear and immediate interpretation of the data.

Buildings 2024, 14, x FOR PEER REVIEW 10 of 14 
 

 
Figure 7. Wheel tracking test for monitoring system verification. 

 
(a) 

 
(b) 

 
(c) 

Figure 8. Visualization results through Dynamo scripts: (a) temperature, (b) humidity, and (c) stress. 

Figure 7. Wheel tracking test for monitoring system verification.



Buildings 2024, 14, 1589 10 of 14

Buildings 2024, 14, x FOR PEER REVIEW 10 of 14 
 

 
Figure 7. Wheel tracking test for monitoring system verification. 

 
(a) 

 
(b) 

 
(c) 

Figure 8. Visualization results through Dynamo scripts: (a) temperature, (b) humidity, and (c) stress. Figure 8. Visualization results through Dynamo scripts: (a) temperature, (b) humidity, and (c) stress.

3.2. Discussion

This study aims to develop and validate a monitoring system integrated with BIM
and IoT technologies to assess the internal conditions of concrete pavements. The approach
involved embedding temperature, humidity, and stress sensors into concrete specimens
to monitor changes in these parameters. The results from the monitoring system revealed
several significant findings regarding the performance and potential of this integrated
approach. The concrete specimen, designed to mimic a spall repair patch, was tested under
various temperature settings by continuously applying load using the wheel tracking
tester’s internal experimental temperature control function. The data collected during
these tests validated the effectiveness of the monitoring system. The sensors accurately
measured changes in temperature, humidity, and stress, providing data that could be
visualized in real time within the BIM environment. This ability to monitor environmental
conditions within the concrete is crucial for understanding the factors that contribute to
concrete deterioration [38].
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Existing studies have lacked a direct visualization and monitoring approach for the
internal conditions of concrete. The integration of BIM with IoT sensors and the use
of Dynamo scripts for the real-time visualization of the internal conditions of concrete
present significant advancements over traditional monitoring methods. Traditional BIM
software has limitations in directly visualizing sensor-measured data, but by leveraging
the visual programming tool Dynamo, these limitations were overcome. The developed
scripts enabled the seamless integration of real-time sensor data into BIM, allowing for the
visualization of temperature, humidity, and stress changes. The visualization within BIM
enables stakeholders to interpret and respond to environmental changes more effectively,
offering a more intuitive understanding of the state changes within concrete structures [39].
By representing temperature, humidity, and stress data through color-coded 3D models,
stakeholders can easily interpret the environmental impacts on the concrete. This facilitates
proactive maintenance and repair strategies, potentially reducing long-term maintenance
costs and extending the lifespan of concrete pavements. This proactive approach is expected
to enhance the durability and sustainability of concrete infrastructure by ensuring that
maintenance and repair efforts are both timely and effective.

3.3. Limitations

This study has several limitations. The verification experiments of the monitoring
system were performed in a controlled indoor environment using a wheel tracking device
with a minimum operating temperature of 30 ◦C. This indicates a lack of verification for
temperatures lower than 30 ◦C. Concrete in real-world scenarios faces diverse environmen-
tal conditions, such as significant temperature variances between day and night, seasonal
shifts, and weather-related degradation. However, due to practical challenges in applying
these conditions on-site, such as legal and safety issues, this study was confined to indoor
settings. Therefore, there is a necessity for further exploration into actual meteorological
conditions and practical applications in real-world settings.

Furthermore, the research predominantly focused on three critical elements: tempera-
ture, humidity, and stress [40–42]. These were chosen based on their primary impact on
concrete damage due to differential thermal expansion, moisture penetration, and impact
loads. However, additional physical and chemical characteristics, such as pH levels, chlo-
ride content, and carbonation depth, could also significantly affect the performance and
lifespan of concrete. Therefore, it is necessary to consider these aspects and integrate a
wider range of sensors for a more comprehensive analysis.

Additionally, this study’s findings are based on controlled experimental conditions.
While these conditions allowed for the precise control and measurement of variables, they
may not fully represent the complexity and variability of real-world environments. Future
research should aim to validate the monitoring system under more varied and realistic
conditions to ensure its robustness and applicability.

Lastly, this study utilized the visual programming tool Dynamo to overcome the
limitations of traditional BIM software in visualizing sensor-measured data. While this
approach proved effective in this study, the reliance on specific software tools may limit the
generalizability of the findings. Exploring alternative tools and methods could enhance the
system’s adaptability and usability across different platforms and applications.

4. Conclusions

1. This research focused on the development and validation of a monitoring system for
concrete repair areas, integrating BIM and IoT technologies. This study’s findings led
to several significant conclusions:

2. The development of the monitoring system facilitated the measurement of tempera-
ture, humidity, and stress changes within a concrete repair area. It enabled a deeper
understanding of the effects of core factors like temperature, humidity, and stress
change within the concrete repair area.
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3. The successful integration of BIM and IoT using Dynamo provided data visualization
capabilities not previously achievable in traditional BIM software. This integration
allowed for the real-time visualization of sensor data within the BIM environment,
enhancing the interpretability and utility of the collected data.

4. The reliability of the proposed monitoring system was validated through an adapted
ASTM D8292 experiment. Originally designed for asphalt, this method was adapted to
provide a controlled testing environment for concrete specimens, ensuring consistent
temperature settings and sustained load conditions. This adaptation enabled the
precise verification of the embedded sensors’ performance.

The development of an integrated BIM and IoT monitoring system in this study
represents a significant advancement in the field of predictive maintenance for concrete
pavements. This innovative approach is expected to extend the lifespan of concrete pave-
ments and reduce the overall costs associated with reactive maintenance, thereby enhancing
the sustainability of these structures. Moreover, the methodologies developed in this study
have potential applications in maintaining other concrete structures, such as tunnels and
bridges, indicating a broader impact beyond pavement roads.

Future research should focus on addressing the identified limitations, such as the need
for real-world validation under varied environmental conditions and the integration of
additional physical and chemical sensors for a more comprehensive analysis. Additionally,
exploring alternative tools and methods to enhance the system’s adaptability and usability
across different platforms and applications will be crucial. Expanding the monitoring
capabilities to include a wider range of environmental factors will further improve the
robustness and applicability of the monitoring system, ultimately contributing to more
effective and sustainable concrete infrastructure maintenance strategies.

5. Patents

A patent application for the proposed method has been filed (pending registration)
in South Korea: “Electronic Apparatus for Identifying the Cause of Re-Damage of Con-
crete Based on Digital Twin, and Its System”, Application No.10-2023-0050751, Korean
Intellectual Property Office (KIPO), 18 April 2023. Published version of the manuscript.
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