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Abstract. Ports are critical infrastructure assets that play a key role in the func-
tional and spatial activities related to maritime transportation. In today's digital
age, the creation of Digital Twins (DTs) of port systems has become increasingly
important in order to proactively address maritime issues. While port DTs are
primarily used for logistics and operations, DT technologies can also aid in man-
aging the performance of port infrastructure over its lifespan. This study presents
a conceptual framework for developing Spatial Digital Twins (SDTs) of port con-
crete pavements at mooring facilities using Structural Health Monitoring (SHM)
data. The framework incorporates Non-Destructive Testing (NDT) techniques
including Ground Penetrating Radar (GPR), Falling Weight Deflectometer
(FWD), and Unmanned Aerial Vehicle (UAV) camera-based methods. Moreo-
ver, Geographic Information Systems (GIS) tools are also employed to facilitate
the creation of digital replicas using geospatial information. A contextualization
of a UAV-driven application is presented for the concrete pavements of a Greek
port, specifically Lavrio port with a focus on twinning structural surface defects,
particularly cracking, with computer vision-based techniques. The results indi-
cate that the UAV-based geospatial crack detection methodology effectively
tracks crack patterns over time, despite variations in surface conditions and noise
interference. By showcasing how SDTs enable real-time representations of port
concrete pavements, this study is valuable for understanding maintenance needs
and offers practical insights for DT applications in port infrastructure manage-
ment.

Keywords: Port Concrete Pavements, Spatial Digital Twins, Non-Destructive
Testing (NDT); Unmanned Aerial Vehicles (UAVSs), Geographic Information
Systems (GIS); Surface Cracking.

1 Introduction

Ports are essential hubs that facilitate the transportation of passengers and goods,
create job opportunities, and drive economic development in port regions through
value-added services and logistics activities [1]. As sustainability becomes a top prior-
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ity and the global economy relies heavily on maritime transportation, ports face chal-
lenges in improving operational efficiency and addressing environmental, energy,
safety, and security concerns [2].

The competitive nature of maritime transportation motivates ports to adopt innova-
tive technologies to enhance their performance, service quality, and productivity [3]. In
recent years, digital transformation in ports has expanded to include 5G networks, radio
frequency identification (RFID), blockchain, and artificial intelligence-driven automa-
tion, forming the foundation of port digitization [4]. Moreover, the Internet of Things
(1oT) including sensors and embedded systems enables the seamless interconnection of
devices, allowing for real-time monitoring and control of port operations [5]. These
advancements support digital platforms, cargo forecasting, and automated manage-
ment, enabling ports to operate more efficiently, optimize assets, lower costs, and boost
revenue and sustainability [4].

The infrastructure digitization includes smart sensors, artificial intelligence, and 10T
which play a crucial role in the evolution of Digital Twin (DT) technology [6,7]. DT
create virtual representations of physical assets, utilizing real-time data to simulate, an-
alyze, and optimize system behavior [8,9]. The concept of DTs first emerged in the
early 2000s with Grieves introducing twinning for Product Lifecycle Management
(PLM) purposes [8,9]. Since then, DTs have expanded beyond PLM and are now being
utilized in the port industry [8]. European marine networks are incorporating DTs for
port systems, with the port of Rotterdam in the Netherlands developing a DT version
that includes infrastructure data, shipping movements, and environmental conditions to
optimize mooring, loading, and departing processes [10]. The Digital Port Twin project
in Hamburg, Germany aims to enhance control centers by digitizing infrastructure and
analyzing sensor data [11]. Moreover, the Hamburg Port Authority is working on a DT
for a bridge based on structural condition data from monitoring sensors [12]. The port
of Livorno in Italy is using a DT engine with a pilot 5G network for virtual navigation
through a digital replica [13]. The port of Gothenburg in Sweden is also embracing
digitalization [14]. Except for Europe, ports worldwide, including Shanghai and Dalian
in China, are also adopting DTs for container terminals [9].

Digital twinning is a rapidly evolving trend in which digital models serve a variety
of functions, making it challenging to establish a unified definition [8,9]. In the port
industry, this challenge is further complicated by the complexity of port systems af-
fected by the interaction of various actors in operations and processes. As a result, dig-
ital twinning for port systems is still in its early stages, requiring decentralized policies
to manage specific parts of port facilities and operations before implementing a sys-
tematic approach to port DTs. Hence, port DTs encompass various aspects, including
integrated port energy systems that support low-carbon development through compre-
hensive data coverage, minimal delays, reliable transmission, and real-time system
mapping [15]. Additionally, they enhance port logistics by enabling accurate predic-
tions, autonomous distribution, and optimized container deployment through digital
replicas fed with operational and warehousing data [7]. Furthermore, virtual sensing
technologies assist in addressing safety control challenges during construction [16].

While Digital Twins in ports have primarily been developed to optimize logistics,
operations, and energy management, their application in Lifecycle Management and
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Maintenance of port infrastructure remains underdeveloped. Most initiatives focus on
enhancing efficiency in cargo handling and supply chain coordination, whereas the use
of DTs for monitoring structural integrity and supporting long-term maintenance strat-
egies has received comparatively less attention. This gap can be attributed to challenges
in real-time data integration, as running high-fidelity models and managing large da-
tasets for real-time structural analysis introduce significant computational demands and
costs [17]. Additionally, adapting DTs to heterogeneous port infrastructures further
complicates their implementation.

Ports are complex engineering systems with various constructed facilities [18].
These facilities are vulnerable to climate change [19], natural hazards [20], marine con-
ditions, and human-induced factors [21], affecting their structural integrity. To tackle
issues related to structural degradation and implement smart maintenance strategies,
creating a digital replica of a port structure with data from Structural Health Monitoring
(SHM) applications can be beneficial [22]. SHM information provides valuable insights
into the structural behavior of a structure through intelligent inspections and structural
condition assessments [23]. Hence, utilizing SHM-driven digital twins for scenario
planning, risk assessment, and decision-making optimizes maintenance costs and en-
hances the overall resilience of port infrastructure.

In light of the above, the present work presents a conceptual framework for modeling
digital replicas of port infrastructure with a special focus on the concrete pavements of
mooring facilities. Its main contribution is to demonstrate the process of creating a Spa-
tial Digital Twin (SDT) that focuses on the geospatial aspects of the port pavement (i.e.,
location and dimensions) [24] using SHM data. The innovative aspects of the frame-
work lie in the synergistic combination of multiple Non-Destructive Testing (NDT)
techniques, enabling a comprehensive assessment of both surface and subsurface struc-
tural conditions. Specifically, Ground Penetrating Radar (GPR) allows for subsurface
defect detection, Falling Weight Deflectometer (FWD) provides structural performance
evaluation through deflection measurements, and UAV-based imaging enables real-
time, large-scale surface condition monitoring. By integrating these methods, the
framework can screen the entire structure, offering a complete evaluation of its surface
and subsurface integrity. This approach enhances accuracy, spatial coverage, and real-
time data acquisition, making it a powerful and efficient tool for digital modeling.

The study contextualizes the results of UAV-driven applications conducted at the
concrete pavements of a Greek port, namely Lavrio port, located in the southeastern tip
of Attica, aiming to provide practical insights for shifting from theory to practice. The
digital modeling process concludes with analyzing geospatial metadata collected by
UAVs using programming modules and GIS tools. The investigation initiates the crea-
tion of a database that will be regularly updated with structural information required to
simulate structural response. The research findings indicate the potential for developing
real-time replicas that, with additional research, can help in testing structural behavior,
assessing remaining lifespan, and examining maintenance scenarios.
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2 Methods

2.1  Building an SHM-driven DT framework

A Digital Twin (DT) is a digital representation of a physical system, developed based
on three key aspects [8,25]:

a. Physical integration: identifying the components of the physical structure that
are incorporated into the digital model.

b. Lifecycle consideration: analyzing the temporal evolution of the structure, in-
cluding lifecycle stages, changing requirements, and long-term value.

c. Functional capabilities: ensuring the DT can support modeling, visualization,
interaction, and synchronization.

An SDT is an extended DT, mirroring a real-world object with precise geospatial
accuracy in terms of location and dimensions [24]. For port concrete pavements, the
extended SDT principles are applied in three main areas:

a. Structural identification and defect mapping: locating the pavement within the
port system, determining cross-section properties (e.g., materials and layer
thicknesses), and mapping surface defects.

b. Service life estimation: predicting the remaining lifespan using pavement design
principles and updated traffic data.

c. Geospatial data management and scenario analysis: utilizing tools to update
structural information while evaluating various traffic and maintenance scenar-
i0s, such as increased heavy-truck traffic or milling and replacing concrete lay-
ers, respectively.

To streamline these processes, it is essential to adopt a smart infrastructure manage-
ment mindset. Effective infrastructure asset management relies on Structural Health
Monitoring (SHM) to maintain functionality and serviceability over time and aid in
maintenance and repair decisions [23]. By integrating SHM data, port SDTs can en-
hance modeling and analysis for improved decision-making (Figure 1). SHM involves
the use of NDT techniques to acquire data on a structure’s condition and assess its
structural performance throughout its lifespan [23].

Commonly used NDT measuring processes for concrete pavements in highways,
airports, or ports include the GPR and FWD [26-28]. The GPR technique is based on
the transmission of electromagnetic pulses through the structure. These waves partially
return to the receiver depending on the electric properties of the encountered layer ma-
terials [29]. GPR data are used to estimate layer thicknesses.

The FWD technique is a reliable method for estimating the modulus of the pavement
layers. Its basic principle involves creating a load impulse by a dropping known mass
from a specified height onto a loading plate which transmits the load to the pavement
[28]. The typical deflection response is measured and used for backcalculation to esti-
mate pavement moduli.



Spatial Digital Twins for Port Concrete Pavements:A Theoretical Framework

and Practical Insights 5

SHM for moduli and thickness estimation

FWD GPR

I l Falling mass

Port Concrete Pavement UAV camera
=
=
= =
.E
7] Concrete layer 5’
- )
1 =
@ (=]
S o o =
5 Base/subbase I
3 4
= <
EB Subgrade g
=
o S
=

Pavement evaluation

Simulation of different traffic & maintenance scenarios <«——

Fig. 1. The SHM-based SDT framework for port concrete pavements

Considering the above, the estimated moduli obtained from FWD, combined with
the GPR thickness data, can create a digital pavement cross-section. By simulating var-
ious traffic scenarios within this digital representation, it is possible to estimate the
remaining pavement life. While established methodologies and software are available
for analyzing rigid (concrete) airport pavements such as aprons [30-31], similar tools
for port pavements are currently lacking. In the absence of dedicated methodologies,
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the FAARFIELD software, originally developed for airport pavement design and eval-
uation, can be adapted by customizing the integrated non-aircraft vehicle loads to re-
flect port-specific loading conditions.

Except for the GPR and FWD techniques, current trends in SHM of port infrastruc-
ture include the employment of cameras mounted on UAVSs [32]. Remote sensing with
UAVs has been acknowledged for delivering SDTSs by utilizing the geospatial metadata
acquired through photogrammetry applications [24]. UAV-captured images with inte-
grated geospatial information can be analyzed with the Close Range Photogrammetry
(CRP) method to generate georeferenced maps with a 2D illustration of the considered
structure. This allows for identifying surface defects such as cracking, spalling, scaling,
and others [33]. The acquired information is useful for calibrating FWD moduli based
on the actual condition of the concrete layer. Moreover, guidelines for NDT testing
with FWD on rigid (concrete) pavements outline the recommended test locations and
spacing for the FWD equipment [31]. UAV cameras can complement FWD measure-
ments by offering a comprehensive overview of the entire structure and digitally exam-
ining all concrete slabs [32].

Spatial Digital Twins of Port Concrete Pavements
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Fig. 2. The steps of building a UAV-based SDT of port concrete pavements

2.2 The UAV Spatial Digital Twinning

This study explores the use of UAV technology to initiate spatial digital twinning of
concrete pavements at mooring facilities, with a specific focus on crack detection — a
prevalent defect in port concrete pavements [34]. Identifying and accurately locating
cracks is crucial for assessing the structural condition of the pavement. Digital Image
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Processing (DIP) is increasingly being used to automate crack detection procedures
[35]. However, current methodologies often do not provide the necessary geospatial
information to pinpoint the exact crack location. To address this issue, a three-step
UAV-based approach is presented for working on geospatial metadata during the con-
struction of an SDT (Figure 2):

- Step 1: Implementation of periodic intelligent NDT inspections with UAVs
equipped with high-resolution cameras and in-situ data analysis with CRP for gen-
erating geospatial metadata (i.e., orthophotos and Digital Elevation Models, DEMs).
- Step 2: Automation in the structural condition assessment of in-service port con-
crete pavements. Computer vision techniques are employed to work with the geo-
spatial data from Step 1 (i.e., CRP output) for crack detection with: a) modules im-
ported in programming languages for managing georeferenced images and b) GIS
applications for analyzing geospatial metadata acquired by image analysis.

- Step 3: Change detection in structural integrity and investigation of degradation
factors. The detected crack patterns are related to loading conditions from vehicles
and other factors. Linking structural defects and failures to potential causes assists
in planning maintenance actions to address forthcoming damage evolution.

Additional information on Steps 1 and 2 can be located in references [32] and [36],
respectively. Figure 3 provides an overview of the STD architecture shifting from Step
1 to Step 2 and Step 3, respectively, illustrating the workflow for inspecting, analyzing,
and evaluating when applying UAV-driven SHM programs.

3 Contextualized outcomes

The SDT approach depicted in Figure 2 was applied to the concrete pavements of
the mooring facilities of the domestic ferry and cruise domain of Lavrio port, a Greek
port located at the southeastern tip of Attica (Figure 4). The specific port serves a wide
variety of operations including domestic ferry, yacht, and cruise shipping, as well as
commercial activities. The intelligent UAV in-situ inspections (ISIs) were conducted
on four discrete dates with different UAV flight altitudes (Table 1). Four orthophotos
were generated with the Agisoft Metashape Professional software (Figure 5). The total
duration of data collection and data analysis are included in Table 1.
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Fig. 5. The four orthophotos illustrating the concrete pavements of the mooring facilities of the
domestic ferry and the cruise domain of the Lavrio port for the four (4) in-situ inspections: 1SI-
1 (2020-02-10), I1S1-2 (2020-09-04), ISI-3 (2021-02-10), and 1SI-4 (2021-07-09) [32]-
Step 1 of Figure 2
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Table 1. Summary table regarding the application of Step 1 of the port DT (Figure 2) [32]

In-situ in- Flight  Flight Durationof ~ Ground
spection Date altitude duration UAV data anal- resolution
No. (m) (min) ysis (min) (cm/pixel)
ISI-1 2020-02-10 48 20 48 1.06
ISI-2 2020-09-04 56 33 56 1.21
ISI-3 2021-02-10 76 13 76 1.66
ISI-4 2021-07-09 56 12 56 1.17

ISI-1 (a) ISI-1 (b)

ISI-2 (a) 1S1-2 (b)

1SI-4 (a) 1SI-4 (b)

Fig. 6. Geospatial crack detection at the concrete area under investigation (Figure 4) for the
three in-situ inspections: 1S1-1 (2020-02-10), ISI-2 (2020-09-04), and 1S1-4 (2021-07-09) [36] -
Step 2 of Figure 2

As shown in Figure 4, the study area enclosed in the black box refers to a cracked
concrete slab. The cracks highlighted in red, green, yellow, and blue were manually
detected. The increasing number of manually digitized cracks observed between the
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ISIs indicates that crack propagation was occurring at frequent intervals, approximately
every six months. Hence, crack detection needed to be performed regularly to examine
structural degradation and identify potential causes. Although crack screening in the
study area was time-consuming, it provided valuable insights for evaluating the results
of the image processing-based methodology outlined in Step 2 of Figure 2.

The geospatial crack detection approach was applied for the orthophotos of ISI-1,
IS1-2, and ISI-3. The flight altitude and the ground resolution of ISI-3, along with the
presence of a large shadow from the berthed vessel within the study area resulted in the
exclusion of the georeferenced image of ISI-3 from the crack detection process (Step 2
of Figure 2). Figure 6 shows the results of the crack detection process by analyzing the
geospatial metadata of the photogrammetry applications. The illustrations of Figure 6
are limited to the primary cracking pattern of the study area. By comparing the manu-
ally digitized cracks in Figure 4 with the results of the geospatial crack detection meth-
odology (Figure 6), it is evident that the proposed approach effectively identifies crack-
ing patterns, demonstrating its reliability for structural condition assessment of port
concrete pavements. Further details regarding the performance metrics of the crack de-
tection analysis can be found in the study of [36].

The use of GIS tools allowed for mapping cracks’ location with precise coordinates,
quantifying their features (such as length and width), and tracking variations over the
time intervals by building a database (Step 3 of Figure 2). Indicatively, Table 2 presents
the changes in length and width characteristics for 1SI-1 and 1SI-2, which were recog-
nized as the most accurate inspections [36]. The results suggest that crack propagation
could be an ongoing process, influenced by factors such as aging infrastructure, lack of
maintenance treatments, and continuous operation of Lavrio Port. However, due to sur-
face noise and variations in pavement conditions, the outcome primarily can serve as a
trend indicator rather than precise growth measurement. In older concrete pavements,
direct numerical comparisons are limited due to dirt accumulation, scratches from drag-
ging loads, and other irregularities that can interfere with image-based measurements.
Despite these challenges, the UAV-based geospatial crack detection methodology ef-
fectively tracks crack patterns over time, demonstrating its usefulness for maintenance
planning and decision-making.

Table 2. GIS-based measurements of crack features [36]

In-situ inspection No.  Total Length (m)  Maximum width (mm)

IS1-1 23.65 82.0
IS1-4 27.88 89.0

The above results and observations that occurred from the application of Steps 1, 2,
and 3 of Figure 2 are essential for the spatial digital twinning of the concrete pavements
at the mooring facilities of Lavrio port. To assist with maintenance planning, GPR
thicknesses are required to examine the depth of intervention and FWD moduli are sig-
nificant to determine the extent of the structural degradation of the slab. If cracking is
limited to the surface, local treatments may be considered adequate. However, signifi-
cantly low values of concrete moduli may indicate the need for total slab replacement.
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4 Conclusions and Discussion

Digital Twinning of port systems can take many forms. Logistics, shipping opera-
tions, and security are among the most popular aspects of port DT. Within the context
of Lifecycle Management and Maintenance of port infrastructure, the present paper
seeks to feed a DT engine for port concrete pavements with SHM information. The
contextualization of state-of-the-art remote sensing inspections, condition assessment
methodologies, and GIS-based management of geospatial metadata supported the
building of SDTSs. The periodic implementation of the UAV-based SHM program com-
plied with the twinning aspect of temporal span by providing useful information for
temporal structural changes and damage evolution. Therefore, decision-making on ap-
plying smart maintenance practices can be supported.

The present work indicated that port SHM-based SDTs using UAV approaches al-
low for detecting and mapping structural defects of port concrete pavements by visual-
izing and digitally transforming the structural condition to geospatial output. Infor-
mation regarding the length, width, and location of the detected cracks is acquired. The
DIP-based approach can reduce the need for manually digitizing cracks, significantly
saving time. However, engineering judgment remains crucial to filter out noise and
exclude irrelevant surface features (e.g., dirt, tire marks, or scratches) that may interfere
with crack detection. Crack evolution patterns are tracked and rapid quantification for
building a database is achieved. Major crack expansion is reliably captured while subtle
changes in smaller cracks may not always be conclusive. Nevertheless, this approach
provides a valuable tool for identifying significant cracks that require monitoring over
time, supporting data-driven maintenance strategies.

The study provides a foundation for future advancements in the integration of SDT
frameworks for port infrastructure monitoring, opening new research avenues in auto-
mated structural assessment and predictive maintenance. Although the camera-based
UAYV technique used for the SHM applications proved efficient for condition assess-
ment, the SDT simulation for predicting and managing the pavement structure’s re-
maining lifetime could be enhanced with additional structural data, as shown in Figure
1. Further research could explore automated thresholding for crack severity classifica-
tion and crack progression models to strengthen predictive maintenance strategies
within port concrete pavement DTs. Additionally, integrating machine learning models,
such as convolutional neural networks (CNNs) for crack detection and anomaly detec-
tion algorithms for sensor networks, could enhance real-time monitoring and predictive
analytics. The combination of real-time sensor data with artificial intelligence-driven
analysis could improve damage progression modeling, enabling more effective auto-
mated decision-making in DT systems.

Furthermore, the scalability of the UAV-based SDT framework can be expanded to
other port infrastructures by adapting the methodology to different structural materials
and environmental conditions. For instance, breakwaters experience wave-induced
loading and require stability assessments [37], while steel port structures such as jetty
conveyors involve nodal displacements [17]. Future research could tailor UAV-SHM
workflows, data fusion techniques, and predictive modeling approaches to address the
unique structural health challenges of diverse port assets.
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