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Abstract: The construction sector is currently undergoing a deep digital transformation resulting
from the prioritization of emerging technologies, among which are digital twins. New goals and
opportunities are appearing that minimize the impact on a building’s lifecycle, reduce economic,
environmental, and extra-social costs, optimize energetic performance, decrease energy consumption
and emissions, and enhance the durability and service life of buildings and their components.
Among the research activities that have led to the development of a maintenance management model
(MMM), this paper deals with the digital-twin approach, considering it instrumental to the innovative
governance of the building environment from a lifecycle-based and sustainable perspective. It
includes paying attention to efficiency in terms of resource use, energy consumption, and the energy
performance of buildings, supporting decarbonization processes, and environmental vulnerability
due to natural disasters, extreme weather, and seismic events. Its current implementation is presented
here. In this scenario, the authors, operating at BIG srl, an academic spinoff of the Mediterranean
University of Reggio Calabria, Italy, working together with the startup Sysdev, based in Torino,
Italy, the company Berna Engineering srl, based in Reggio Calabria, Italy, and ACCA Software
spa, based in Avellino, Italy, introduce the experimental application of the DT4SEM for safety and
well-being in buildings, which is specifically oriented to seismic behavior monitoring. The proposal,
while highlighting the innovative character of DT approaches, responds to the need for reliable data
for increasingly effective forecasts and the control of the seismic behavior of buildings, facilitating
informed decision-making for building management while also optimizing maintenance schedules.

Keywords: digital twin; built environment; internet of things; intelligent construction; maintenance;

seismic monitoring

1. Introduction

The key enabling technologies (KETs) framework has marked a digital transformation
upgrade in many industrial and production sectors [1]. It combines and establishes a strong
interaction between research and industry, supporting innovation and operativity and
promoting improved digital solutions for processes, products, and services.

It also accompanies the onset of the fourth industrial revolution [2].

Many years on, European digital policies still emphasize digitalization, automation,
and interconnection as priorities [3-6], enabling a new phase of digital transformation, as
pointed out with the shift from Industry 4.0 to Industry 5.0 [7-9].

In 2021, the EU report “Industry 5.0: Towards More Sustainable, Resilient and Human-
Centric Industry” emphasized the need to accelerate the digital and ecological transfor-
mation already underway to restore the environment and the economy, focusing on three
principles: the centrality of the human, self-sustainability, and resilience [10].

Now, the challenge is to set up a collaborative industry and a super-smart society
characterized by the synergy between machines and humans that is able to accompany the
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transition from digital industry to digital society. This includes an emphasis on digital hu-
manities, which combine emerging digital and computational tools with humanities studies
and can be aligned with all sustainable development goals (SDGs) in an interconnected
and interrelated way [11].

Similarly, also in the construction sector, a deep but very slow digital transformation
is happening, leading to the adoption of emerging technologies as priority instruments.

Furthermore, new goals and opportunities are emerging for the sector: the minimiza-
tion of its environmental impact and emissions, the reduction of economic and extra-social
costs, the optimization of resource use, the improvement of energy performance, and
the enhancement of the durability and service life of buildings and components in their
lifecycle. The urgency of adopting sustainable processes and the mounting attention being
paid to environmental vulnerability due to natural disasters, extreme weather, and seismic
events require systemic and scalable innovations to overcome traditional modalities and
take full advantage of the digital frontier [12,13].

Among the emerging best-performing innovations, the construction sector recognizes
the digital twin, DT, as a paradigm shift. It is considered capable of improving decision-
making processes and simulating and supporting sustainable actions at the technical,
economic, and procedural levels [14-16].

Its experimentation and widespread application are gaining prominence as it enhances
the implementation of many of the goals mentioned above, offering an opportunity to
contribute to sustainability in buildings throughout their lifecycle—at the design stage but
also in re-thinking, redesigning, and modernizing existing buildings [17-19].

In this scenario, some critical aspects arise in terms of achieving the goals above. These
include the availability of data and the ability to collect, format, and process them for a
specific need or requirement. These crucial nodes are already highlighted in ISO 15686
Part 7:2017 [20]. The availability of data from the monitoring of in-use conditions is key to
enabling more reliable performance control, prediction, and simulation of the lifecycle of
buildings. All these opportunities characterize the DT approach and its related potential
for optimizing data management [21].

By adopting the background above, the authors investigate the digital-twin approach,
considering it instrumental to the innovative governance of the building environments
from lifecycle-based and sustainability perspectives. This includes paying general attention
to efficiency during resource use and energy consumption, the energy performance of
buildings, supporting decarbonization processes, and environmental vulnerability due to
natural disasters, extreme weather, and seismic events [22].

The authors, operating at BIG srl, an academic spinoff of the Mediterranean University
of Reggio Calabria, together with the startup Sysdev, the company Berna Engineering
srl, and ACCA Software spa, here introduce the experimental application and related
first results of the digital-twin approach—DT4SEM—regarding safety and well-being in
buildings, specifically oriented to the monitoring of seismic behavior.

The proposal, while highlighting the innovative character of DT approaches, responds
to the need for reliable data in order to make increasingly effective forecasts about the
seismic behavior of buildings. The proposal also contributes to the decarbonization pro-
cesses of the built environment, controlling and maintaining performance over time and
extending a building’s useful life, helping with the management of the carbon footprint of
building materials and components throughout a building’s lifecycle.

The experiment has been carried out on a sample building with a load-bearing re-
inforced concrete structure. The planned deep restoration includes a prototype of the
customized design, installation, and setting of the DT4SEM digital infrastructure.

It synchronizes, on a collaborative platform, the physical building with its virtual
as-built digital model, integrating them using a network based on the Internet of Things
(IoT), which links 2 gateways and 85 multi-sensor nodes, enabling the proactive monitoring
and analysis of seismic behavior over time.
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The first results and their discussion, presented below, confirm the potential of the
digital-twin approach in enhancing building safety and well-being in buildings, contribut-
ing to the durability and service life of buildings.

2. The Digital Turn in Buildings: Current Opportunities and Emerging Potential

The advent of new technologies in the creative processes of architecture confirms the
arrival of digital culture to building lifecycle management. This contrasts with the idea that
the contribution of these technologies is limited to a mere digital translation of the process.

Mario Carpo [23] defined this process as “the digital turn” and, referring to its evolu-
tion, as “the second digital turn”. The first changed the ways of making architecture; the
second changed the ways of thinking about it [24].

The contemporary arrival of the digital turn alongside environmental issues started the
current double transformation—digital and ecological—which has become instrumental in
management and renovation strategies at different scales, including landscapes, territories,
cities, and buildings.

The interaction of digital assets with climate-change aspects, including vulnerability
due to seismic and natural disasters and extreme weather events, has emerged as a key
issue. It combines the broader challenges of Agenda 2030 with the need for systemic and
scalable sustainable strategies and operational practices [25-29].

As stated by the European Green Deal [30], this means paying more attention to the
construction sector and the built environment [31], achieving carbon and climate neutrality
within the timeframes of both the 2030 and 2050 scenarios, and guaranteeing safe and
secure buildings [32-35].

The DT approach, according to Michael Grieves, who coined the term in 2011, syn-
chronizes two realities—physical objects in real space and virtual objects in virtual space—
guaranteeing the mutual exchange of data throughout the entire lifecycle of an object, from
design and production to use and disposal [36,37].

Since then, this technological evolution-revolution has been instrumental in the transi-
tion from atoms to bits and from the physical to virtual dimension [38].

A survey on the adoption of innovative technologies places DT among the top five
emerging trends that will drive technological innovation in the coming decades [39].

Market trends confirm exponential growth and enormous potential [40].

Research activities increasingly validate the technological and innovative role of
building lifecycle-based perspectives [41].

The European Commission, in its 2022 Strategic Foresight Report “Twinning the Green
and Digital Transitions in the New Geopolitical Context”, stimulated the use of DT to
revolutionize planning, monitoring, and management at building and urban scales, further
improving resilience against hazardous events [42].

The Digital Building Logbook (DBL) establishes the central role of DT approaches
in the Operation and Maintenance (O&M) phase, introducing a customized repository of
data [43,44].

DT, as a virtual replica of a physical product, allows the simulation of performance over
time, experimenting with enhancements without testing on material mock-ups, changing
shapes and materials, and evaluating alternative spatial articulations. Furthermore, DT
enables intelligent “phygital” constructions that synergically leverage data and information
modeling throughout a building’s lifecycle [45-47].

The experimental applications of DT aim to structure decision-making processes to re-
duce environmental impacts, guarantee the comfort and satisfaction of end users, optimize
the management of available information, and permit the real-time monitoring and updat-
ing of data [48,49]. They also enable the improvement of the durability and adaptability of
buildings in their lifecycle, planning management, and maintenance strategies, optimizing
performance simulations using machine learning and artificial intelligence [50-52].

Some of these aspects characterize the current experimentation of DT4SEM and intro-
duce further research areas:
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e  Progressive accuracy and reliability of the “as-built” BIM digital model. This is the
graphic and informative model of the existing building, complete with information
and technical specifications relating to the assets it contains, as also introduced in the
ISO 19650:2024 standard [53-56].

e Pervasive/extensive use of the Internet of Things. This streamlines the effective
connection between sensors, software, and ICT technologies, creating an informative
infrastructure that activates potential data flows relating to the physical dimensions
and performance of buildings. This allows the real-time monitoring and integration of
analytics as well as control and simulation functions to develop performance models
and data-driven decision-making [57-59].

e Potentiality in applying virtual and augmented reality: integrating artificial intelli-
gence and virtualization for data visualization and subsequent simulation and checks.
This permits simulations and the prediction of future performance, preventing anoma-
lies and inefficiencies and permitting changes or improvements at the design stage
without having to test on special mock-ups [60,61].

Alongside these themes, others emerge with a focus on more instrumental aspects:

Widespread use of building information modeling (BIM) [62].
Combination of BIM and the digital-twin approach as part of the data-generation
process and information management for lifecycle planning [63,64].

e  Combination of BIM and IoT as a support in implementing simulations and monitoring
processes, the application of virtual and augmented reality, and managing information
during a building’s lifecycle, particularly in the in-use phase [58,59].

Data information management concerning the O&M phase [65,66].

Monitoring building structural resistance under seismic forces over time, introducing
a thorough transformation in operating practices and simulation and verification
tests [67,68].

Despite the interoperability between BIM and structural analysis software being high,
intuitive, and direct, it presents some problems at an operative level. Communication
between architectural and structural areas and related information transfer often occurs
without different disciplines interacting. However, modeling and verification in BIM
can bring benefits and facilitate structural calculation through dialogue with the current
available FEM (Finite Element Method) software. The challenge of interoperability is to
avoid a loss of information following the transfer of elements from one software to another
and the removal of manual control [69,70].

Furthermore, strong limitations remain concerning the integration of digital simulation
processes with laboratory and mock-up testing. Interoperability implementation is expected
to realize and guarantee a continuous exchange between design and structural analysis
software, improving the reliability of testing results and the predictive assessments of
building behavior over time [71].

These objectives are unanimously shared by the different scientific disciplines involved
in the sustainable management of the built environment, and recognize DT as a potential
holistic approach [72,73].

3. Materials and Methods

The potential of DT and its possible implementation lends itself to work concerning
the digital-twin approach for seismic and energetical monitoring—DT4SEM—which is an
implementation of the maintenance management model (MMM) (Figure 1) [74].

The upgrading introduced here has been developed within research activities dealing
with the innovative governance of the built environment, carried out over several years
by the authors and recently implemented in the PRESMA Infinity BIM Project (design,
execution, and maintenance of the digital model for the digital twin of the “Infinite Build-
ing”) funded by the Italian Ministry of Economic Development, MISE, and “Digital-twin
Approaches for the Innovative Governance of the Built Environment” funded by MUR ex
DM 1062/2021 [75].
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Figure 1. The maintenance management model, MMM by BIG srl.

The initial prototyping, patenting, experimentation, and marketing tasks of the MMM
were financed in 2018 with POR Calabria Region funds, and subsequently, in 2021, a two-
year loan was obtained from the Smarté&Start Italia subsidy program operated by Invitalia
Spa (Roma, Italy).

3.1. The Methodological Experimentation Framework

The use of DT4SEM results from an active dialogue between all partners involved,
which works synergistically, combining expertise and knowledge.

The authors, as researchers and founding partners of the academic spinoff BIG srl,
defined the theoretical and operational framework concerning the DT4SEM approach. The
startup Sysdev srl provided the smart-sensor system, its deployment plan, and installation.
ACCA Software spa provided the software and platform together with relative informatics
competency. Berna Engineering srl carried out a deep renovation of the sample building in
late 2022, adding the seismic monitoring as proposed by DT4SEM.

This experimental version takes advantage of the previous deductive approach, al-
ready applied to the development of MMM, aimed at defining homogeneous families of
properties—characteristics, performance, faults, anomalies, controls, etc.—for interoperable
information management in the O&M phase.

Two aspects are strictly functional to this goal, specifically:

e Tools for the collection, structuring, and management of heterogeneous data in an
openBIM format: location, use, safety, accessibility, usability, environmental quality, etc.

e  Data for the simulation, verification, and prevention of critical and risk events through
digital model processing software, monitoring systems, and machine learning.

Moreover, DT4SEM specifically exploits the growth of the market for sensors ap-
plied to buildings to ensure the continuous monitoring and analysis of the building’s
seismic response. Its methodological framework includes the creation of the as-built BIM
model of the sample building, sensor deployment plan settings, and linkage with the
data-management platform.

The prototype version of DT4SEM, commissioned for this experimental application,
now represents the first go-to-market state.

The sample building is in Reggio Calabria, located at Viale della Liberta 28 (Figure 2).
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Figure 2. The sample building during the renovation works.

It is a six-story building with a load-bearing structure of reinforced concrete pillars
and beams.

The experiment scheduled the installation of a seismic detection sensor system and
its integration and linkage into the BIM model. This enabled a dialogue between the
physical and digital assets of the building sample through a collaborative platform for the
management and visualization of data. It also verifies the replicability and scalability of
other sample buildings in different contexts.

3.2. The Architecture of DT4SEM: Digital Twin for Monitoring Seismic Behavior in Buildings
DT4SEM refers to certain distinct but interconnected systems consisting of:

An as-built BIM model.
A smart-sensor system and the Internet of Things.
A collaborative platform of cloud computing and storage.

3.2.1. As-Built BIM Model

The creation of the as-built BIM model, according to the ISO 19650:2024 standard [53],
comprises the systematization of the disaggregated and available information and the
subsequent application of reverse-engineering approaches, such as scan-to-BIM processes.
This allows the survey of all other required as-built parameters concerning the sample
building and the integration of those available from its design documentation. The first
phase involves an on-site survey, both outside and inside the building, using a Leica BLK
360 Laser Scanner (Figure 3).

Figure 3. The survey phase with a laser scanner.

The two “point clouds” resulting from the laser scanner survey were made indepen-
dently of each other using the Cyclone Register 360 BLK Edition and then joined together
using Autodesk ReCap and cleaned for the modeling phase (Figure 4).
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Figure 4. The point cloud.

All different available data in various formats (paper documentation, dwg, pdf, doc
files, etc.) and types (administrative, technical, managerial) were formatted and organized
for their management and exchange, therefore optimizing their use in the modeling phase.

The first phase of BIM modeling involved the creation of a structural model. Using
the point cloud and the AutoCad plans, “grids” corresponding to the pillars and “levels”
corresponding to the various floors were generated (Figure 5).
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Figure 5. The modeling phase using the point cloud.

Subsequently, a structural and architectonic model was developed (Figure 6).

- ®
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A

Figure 6. The structural and architectonic as-built of the sample building.

The level of information requirement (LOIN) for the specific information management
process (UNI 17412:2021) [76] and the related development level (LOD) were established to

clearly define the accuracy required within the BIM model (UNI 11337-4:2017) [77].

The import—export process used openBIM according to the IFC standard (UNI EN
ISO 16739:2024) [78]. It was also applied to the transmission and data display during the

in-use phase.

In relation to this phase, an important upgrade pointed to the modeling and uploading
of the smart sensor as a new BIM object—ifcGUID (Figure 7).
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Figure 7. The smart-sensor system as a BIM object.

This allowed dual results: (i) the integration into the BIM workflow visualization of
continuous monitoring and analysis of the building’s seismic response and (ii) the dialogue
with other structural or analysis tools (such as temperature control).

The definition of the new BIM object includes three specific aspects: geometric model-
ing, the attribution of data, and interoperability properties.

The first defines the 3D sensor geometry within BIM software concerning its size,
shape, and position within the structure.

The attribution of data focuses on all possible insertions of sensor properties and
installation specifications.

Finally, interoperability goals are finalized to ensure the BIM object sensor is compati-
ble with the standard file formats used in BIM, such as Industry Foundation Classes and
IFC, and especially to guarantee data exchange and interoperability with other software or
design and structural analysis tools.

Thus, the smart sensor is available as an exportable BIM object—ifcSensorType—in
IFC format in the as-built BIM model of the sample building. It is fitted out with properties
(e.g., type, manufacturer) and technical parameters (e.g., sensitivity, measurement range)
adjournable and implemented over time or integrable with other information such as
installation specifications or maintenance data. It is also set to be integrated into the
referred smart-sensor deployment plan that is calculated, validated and implemented for
the sample building.

3.2.2. Smart-Sensor System and Internet of Things

The smart-sensor system for structural monitoring used in the experiment is SHBox®
by Sysdev Srl, Torino, Italy, adopted in collaboration with the research group and applied
to building structural elements (Figure 8). Sysdev srl is a startup that develops innovative
structural sensor solutions. The ongoing collaboration between the authors, BIG srl and
Sysdev srl, in certain operations on bridge monitoring has resulted in an added confirmation
of the choice of this smart-sensor system.
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Figure 8. The smart-sensor system.

SHBox® is an innovative and static solution founded on the Internet of Things (IoT)
paradigm using multi-sensor nodes connected via wireless technologies, smart metering,
remote reading, and management. A network infrastructure allows the central management
of data monitoring and its transmission to a centralized platform for processing, storage,
and display. Multi-sensor nodes, infrastructure networks, and system software platforms
constitute the components of the smart-sensor system.

Each multi-sensor node implements a LoRa transceiver with the referred LoRaWAN
protocol. Multi-sensor nodes can, therefore, both connect to LoRa Sysdev networks and
roam to public LoRa networks.

In both cases, data are sent to the system software platform for initial processing
through algorithm libraries. Subsequently, filtered and aggregated data are retransmitted
to the collaborative platform, usBIM.IoT, using the ACCA Software spa that provides the
management of DT4SEM.

The network infrastructure is made up of new generation gateways (network access
points) that communicate both with multi-sensor nodes through the LoRa protocol and
with software platforms via the physical ETHERNET network—3G/4G. The gateway can
also be connected to fiber-optic back panels.

The smart-sensor system operates with two types of multi-sensor nodes that can be
used alternatively or in combination with each other.

e  Multi-sensor displacement nodes measure at the same point: displacements, inclina-
tions, accelerations (during a seismic event), seismic events, and temperature.

e  Multi-sensor deformation nodes measure at the same point: deformations, inclinations,
accelerations (during a seismic event), seismic events, and temperature.

In this experiment, multi-sensor deformation nodes were installed, also evaluating
factors such as sensitivity, frequency range, and robustness (Figure 9).

The multi-sensor nodes represent the “atomic” elements of the system. They may be
equated with the “elements” of a “point cloud” of a digital survey, with some differences:
they are dynamic points, constantly updating, but at the same time, they enable the
updating of the digital structural model, which has been built and interpolated using them.

Thus, this particular “point cloud” is both the reproduction of the structure system
of the sample building and the representation of its dynamic DT. For this reason, the
redundancy of multi-sensor nodes, such as the presence (deployment) of multiple nodes
close together, does not constitute a duplication but an advance in accuracy and information.
For example, a very long beam can take on a non-symmetrical profile if subjected to a load.
In this case, deploying multiple multi-sensor nodes along the entire beam allows for a more
accurate analysis than a simple average deformation.
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Each node can detect potentially dangerous stress events for the building (earthquakes,
explosions, impacts, etc.). By recording the progress of the event for its entire duration,
the nodes allow the salient parameters to be processed in a summary form that can be
immediately used to evaluate the impact on the structure.

MULTI—-SENSOR NODE DATA SHEETOF DEFORMATION

It is composed of two parts, incorporated together to form a single object:

« A flexible part, made of plastic material, which incarporates the STRAIN-sensitive element and a
Thermal guide for reading TEMPERATURE

« A rigid part {openable watertight container) containing the sensor electronics and the battery
interchangeable

e It is completely
rain sensitive part watertight and
HEE dimensions: 150 mm sealed and can be

painted or covered

It is completely watertight and sealed and can be
RIGID PART painted or covered with non-metallic materials (so
9Bx64x47 mm as not to shield the radio emission).
It Is necessary to leave the cover accessible for
battery replacement

DIMENSIONS

PARAMETER RESOLUTION NOTE

Deformation (Strain) 10 microstrain Bidirectional measurement performed along the

longitudinal axis
of the sensor
Helps comp \L defi tion induced by
Temperature —40°C /+125°C Hf=5°C thermal expansion of the substrate
Inclination = 0.005 © Performed with triaxial accelerometer
Acceleration +/=1g = Measured only during a seismic event

The sensor provides the following parameters as output:

= Duration of the seismic event, expressed in seconds

= JAverage frequency of the seismic event, for each axis (XYZ), expressed in Hz.

= Peak acceleration (positive and negative) recorded during the seismic event, for each axis
(XYZ), expressed in mG

Seismic avent = Peak displacement (positive and negative) recorded during the seismic event, for each axis (X-

¥Z), expressed in mm

Simultaneously with the sampling of the acceleration on the 3 axes, a high frequency sampling (125
Hz) of the DEFORMATION is performed, storing the maximum value reached, both positive and
negative. Furthermore, at the end of the seismic event, a final reading of the DEFORMATION and
INCLINATION is performed to verify the effects of the earthquake on the monitored structure

MNon-rechargeable lithium ganese battery with a total capacity of 6 Afh
at a voltage of 6V.

DEGREE OF PROTECTION 1Pe7

OPERATIONAL RANGE —40°C + 85°C

CERTIFICATIONS RED 2014/53/EU - ATEX 2014/34/EU

Figure 9. Technical sheet: deformation multi-sensor node.

Thanks to these data, it will be possible to carry out static and continuous structural
analysis activities, together with the dynamic detection of extraordinary stresses on the
structure in the event of an earthquake or other sudden events (explosions, impacts, etc.).

They create an information infrastructure that activates significant potential data flows
relating to the physical dimensions and performance of single parts of buildings.

The multi-sensor nodes are low-energy-consumption-based and powered by multi-
year batteries to ensure service continuity. They are simple to install and maintain: no
power line is required, and the battery is changed every year.

To avoid overloading the data network and maximize battery life, multi-sensor nodes
operate according to an event logic. Each sensor, while carrying out a continuous measure-
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ment of the structure on which it is applied, autonomously transmits new data only when
it verifies that the new value has significantly deviated from the previous one.

In the absence of events, a message is transmitted at configurable periods.

The smart-sensor system can automatically activate appropriate warning signals if
the threshold values of the quantities measured by the multi-sensor nodes are exceeded.
This information is made available via the usBIM.IoT platform. It implements supervision
and remote control of IoT devices directly from the openBIM model, transforming it into a
dynamic and reactive system to the events.

3.2.3. Collaborative Platforms and Cloud Computing and Storage

The collaborative platform is the usBIM.IoT, produced by ACCA Software spa, which
is an open and accessible Platform As A Service (PAAS) specifically customized for data
management (Figure 10).

———— g R B LS D

Figure 10. The collaborative platform.

It provides data collection, analysis, and visualization concerning the current DTASEM
experiment. It is usable online, directly by browser, by various operators (owners, managers,
administrators, technicians and professionals, end users, etc.), allowing the management of
openBIM models in a single common-data environment (CDE).

It also provides cloud computing and storage that makes mass memory available for
archiving and managing BIM models and monitoring historical data.

Guaranteeing the historical storage of all detected data allows the differentiation of
the visualization and analysis criteria based on the current and past state. Moreover, by
integrating virtual and augmented reality, it is possible to use the openBIM 3D model
for data visualization, subsequent simulations, and checks through specifically dedicated
guided and customized navigation paths coherently with the functional localization and
indication of active reports.

Thus, the platform is the management and control center of the LoRa data-collection
network. It is the digital support where the dynamic virtual model of the physical reality
monitored by the multi-sensor nodes takes shape and where data are collected.

The data from multi-sensor nodes may be evaluated individually but can also be
dynamically re-aggregated via interpretive physical models. These models can refer directly
to libraries of aggregation algorithms already provided and immediately usable. They can
also be customized to the user’s needs and operational requirements.

The platform’s analytical tools process and interpret the data, identifying patterns,
anomalies, and potential structural problems, and permitting automated alerts and main-
tenance schedules based on sensor data. At the same time, the platform’s digital viewer



Sustainability 2024, 16, 8245

13 of 22

tools allow real-time visualization of sensor data on the BIM model, granting intuitive and
mainstream monitoring and evaluation even for non-expert end users.

Through the platform, it is possible to interact directly with a single node and check
and change the operating parameters of the network sectors (served by the gateways).

In particular:

e Communications and user access take place via advanced cryptographically protected
protocols (LoRa, TSL).
Device firmware is protected from access and cloning by the processor.
Access to data and a preliminary analysis of the state of the structures are simple, fast,
and timely.

e  The graphical interface is multi-device and multi-user, accessible from a browser in all
its functions.
The user interface is configurable based on different needs.
Specific queries may be launched from end users, and dynamic chat activated between
various operators with advanced team working functions and online meetings.

Moreover, the collaborative platforms of DT4SEM also guarantee:

e  Maximum reliability in the conservation of historical data of the structures (the data
are replicated on data centers located on two different continents).

e  Complete continuity of service, even in the face of periodic maintenance and update
interventions (SLA equal to 99.9%, failor over system).
Ability to manage a very large number of data (dynamically scalable databases).
Integrated management of the 3D visualization network.
Integrated management of machine-learning algorithms for statistical and predic-
tive analysis.

o  Total scalability of the system, capable of supporting any expansion of both the number
of sensors deployed and the number of users.

e  The data-management platform facilitates automated alerts and maintenance schedul-
ing based on sensor data.

3.3. The Deployment Plan of Multi-Sensor Nodes and Gateways

The deployment plan is the allocation of the smart sensors and gateways on the build-
ing sample according to a project properly designed by experts in load-bearing structures.

In this experiment, the deployment plan has provided the installation of 2 gateways
and 85 multi-sensor nodes based on the LoRaWAN protocol (Figure 11).

The gateways and the multi-sensor nodes have been positioned and configured to
ensure the most appropriate coverage of the building, carrying out monitoring and analysis
both at the structural element and building scale.

The latter accounts for the analysis referring to a single element or a single zone. The
coordinated processing of multiple measurements allows in-depth evaluation to be carried
out on the entire building with the opportunity to compare its real behavior with theoretical
simulation models.

The new generation gateways and the network access points were installed both on
the ground floor and on the terrace. They communicate with the multi-sensor nodes and
the software platform via the 3G /4G physical ETHERNET network (Figure 12).

Each multi-sensor node is identifiable through 3D BIM coordinates. They were applied
after analyzing the structure, geometry, and properties of the salient structural elements
according to the point-cloud concept and the relative principle of redundancy.
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Figure 11. The installed multi-sensor nodes

W

Figure 12. The installed gateway
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They were allocated on the surface of the artifact to be monitored by gluing with rapid
structural acrylic adhesive. For correct installation, the surface was adequately smoothed
and prepared, removing external layers that were not perfectly integral to the body of the
product, as well as cleaning away grease and dirt (Figures 13-15).
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Measure Points on Vertices and Shape Changes 4 7
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Total
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Figure 13. The deployment plan
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Figure 14. The deployment plan. Section of the sample building.
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Address i Liberty Avenue 28, Reggio Calabria
Intervention | First intervention 20/11/2023-23/11/2023. Second intervention 12/02/2024-15/02/2024
date Installer | Earthy Plants on behalf of Sysdev
Gateways installed | 2 — Kerlink Wirenet Station and Kerlink Istation
Gateways replaced | 0

Multi-sensor | n. 85 of type LR-SS (Multi-sensor nodes relevant for temperature, inclination,
acceleration in case of seismic event and deformation)

nodes installed
Multi-sensor nodes
replaced No. 14
Configuration | 02/19/2024
end date
Multi-sensor Parameter Unit of measure Value MNotes
node configuration L
Acquisition interval Seconds 14,400 (4 hours)
Periodic Send Interval
(HEARTBEAT) Minutes 1,440 (24 hours)
Strain activation threshold : z
(for the foreseen models) (2) microstrain 30,000
Sexagesimal
Tilt threshold } 1
Earthquake acceleration start
threshold Lt i
The value 255
< deactivates the
| Earthquake time threshold (1) | seconds 5 earthquake
| measurement
MMF earthquake frequency percentage 90
Earthquake acceleration end
threshold jie &

The multi-sensor node calibration procedure and setting was performed since the month of
May 2024, at the end of the redevelopment works underway on the building, to avoid the
continuous recording of non-standard information caused by construction site activities.

Figure 15. The installed deformation multi-sensor node

Gluing was mandatory for the multi-strain sensor node because the strain-sensitive
part (black band) had to adhere perfectly to the surface of the structural element being
monitored. In this regard, every possible air bubble underneath the strip was appropriately
eliminated. Multi-sensor nodes are self-aligning. It is not necessary to align exactly with the
Earth’s vertical, as required by conventional inclinometers. It is also not necessary to reset
the measurement bridge of the strain gauge, as required by conventional strain sensors.

4. Results

The installation of DT4SEM infrastructure was carried out between November 2023
and April 2024 at the end of a deep renovation of the building sample. This was to
avoid recording non-standard information caused by construction site activities during the
allocation and subsequent setting phases.

Following installation, since May 2024, a precise and efficient calibration procedure of
the multi-sensor nodes and relative settings has been provided.
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Furthermore, in-depth tests were also begun in order to verify the quality of the sensor
node settings. The software platform was tested and configured to process data collected
by the installed multi-sensor nodes. Once the check was completed, four sensors were not
aligned and were unable to communicate with the platform. Therefore, they were replaced.
Since then, verifications and setting tests have yielded positive results.

They have also confirmed the total scalability of the system, guaranteeing its capability
of supporting any expansion of both the number of sensors deployed and the number
of users.

Operation activation of DT4SEM and the related monitoring functionalities will follow
shortly. It will definitely begin working when the site closes, all activities are completed,
and the deep renovation project is settled, potentially in autumn 2024.

The last operation scheduled will be the installation of two 1905-cm monitors in the
entrance hall of the two stairwells for real-time visualization of the data monitoring and
DT navigation. They will show technicians and end users the real-time operating status of
sensors and gateways, display the data values detected by the sensors and the operating
temperature, and indicate the last alert issued relating to the recording of seismic events.

DT4SEM experimentation has reached the Technology Readiness Level 9 (TRL9): a
system proven through successful operations in an operating environment and ready
for full commercial deployment (Figure 16). The development process started at TRL6—
technology demonstrated in the relevant environment [74]—and progressed through to an
intermedium TRL8—system is complete and qualified [75].

Cffine Offiine > &8 1 Oniine

T r— 1 1 82

211 21.0<c

NO_ALERT

Figure 16. The dashboard of the collaborative platform.

DT4SEM infrastructure showcases the potential of DT in innovating and optimizing
building management as well as controlling a building’s safety and security conditions,
offering real-time monitoring of the structural integrity of a building, guaranteeing auto-
mated alerts, providing fast intervention in the case of anomalies detected by one or more
sensors, and scheduling maintenance.

Real-time data exchange between physical and virtual models also empowers stake-
holders to make informed decisions, therefore fostering sustainability and safety, simulating
different seismic scenarios, and analyzing the dynamic response of the building. Further-
more, the monitoring data can be compared with the results of simulation procedures by
verifying their accuracy, also allowing their use as feedback data during the design phase.

As set out in the introduction, the proposal responds to the need for innovative
governance of the built environment. Furthermore, DT4SEM deals with a mainstream
application of seismic monitoring, considering existing residential buildings, not just
particular circumstances or public buildings and monuments. The widespread application
of the proposed infrastructure to residential buildings provides immediate data on the
state of structures after a seismic event. This provides streamlining procedures to check
the usability of buildings, timely intervention in the presence of high-risk conditions, and
the general planning of necessary interventions based on priorities. They are all aspects
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that imply economic and social returns, the saving of resources, and opportunities for
sustainable and coherent intervention.

5. Discussion

DT4SEM experimentation presented here confirms the digital twin as a potential
paradigm shift for the built environment. Meanwhile, the preliminary results deriving
from it specifically demonstrate the effectiveness of the DT approach for providing early
warnings about structural issues. The virtual model visualizes and simulates different
scenarios, facilitating informed decision-making for building management and optimizing
maintenance schedules.

Future research on DT4SEM upgrades will focus on its broader adoption in the build-
ing sector for optimizing and controlling the carbon footprint of existing buildings and
related decarbonization processes. The proposed seismic monitoring experimental ap-
plication and feedback from data monitoring can significantly influence building design
management and maintenance strategies.

The current new machine-friendly and interconnected spatiality promotes the evo-
lution of smart buildings into cognitive buildings, equipping buildings—now intelligent
constructions—with systems and devices that carry out activities, provide services, collect
and return data, and exchange information from human to human, from human to ma-
chine, and between humans and machines. According to these new perspectives, technical
challenges and fostering interdisciplinary collaborations can enhance the integration of
data-driven approaches, such as the DT approach, through advanced technologies, sensors
for comprehensive building monitoring, and predictive analytics algorithms. In particular:

e  Data-driven approaches to ensure the safety and resilience of buildings. The monitor-
ing data acquired by seismic sensors can be appropriately used in a post-earthquake de-
tection phase by implementing the information and measures used by civil protection
organizations and other emergency services. Detailed and historical documentation—
pre- and post-earthquake—can improve the accuracy of damage assessments, support-
ing decision-making processes regarding priorities and the urgency of intervention.
Finally, it can contribute to the improvement of procedures activated by all organiza-
tions involved via the possible implementation of information with new metrics or
criteria referring to the data expressed by sensors [79-81].

e Advanced dynamic modeling and predictive simulations. The accuracy and under-
standing of building behavior during seismic events can be enhanced by incorporating
historical data from seismic monitoring. This facilitates predictive simulations to
assess seismic risk and identify critical areas requiring urgent interventions [82-84].

e Integration of innovative technologies for energy and seismic monitoring. Seismic
monitoring can be integrated with other innovative technologies for building decar-
bonization, such as energy consumption sensors, automated control systems, and
energy recovery/storage technologies. This integration improves building energy
management, reduces greenhouse gas emissions, and optimizes energy use by simulat-
ing HVAC (heating, ventilation, and air-conditioning) systems and analyzing thermal
flows [85-87].

e Energy efficiency management. Seismic monitoring can contribute to identifying
dynamic building characteristics, including foundation and structural behavior pat-
terns. By integrating seismic monitoring data, it is possible to evaluate how structural
modifications impact building energy and environmental performance. These data
can be used to optimize building design for enhanced energy efficiency. For instance,
knowledge of building vibrations and oscillations can influence foundation design
to reduce dissipated energy and optimize thermal performance, contributing to the
reduction of the carbon footprint of buildings [88-90].

e  Predictive maintenance and asset management. By integrating seismic monitoring
data into the digital twin, it is possible to monitor structural aspects and predict
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maintenance needs. This helps extend lifespan and reduces the resource consumption
required for maintenance activities [91-94].

e Risk management and urban planning. Seismic monitoring provides crucial infor-
mation for seismic risk management at an urban level. A better understanding of
building seismic dynamics can influence urban planning policies and the design of
earthquake-resistant infrastructure, contributing to more sustainable and resilient
urban planning. This approach makes buildings nods of smart grids and smart cities
capable of communicating with other buildings, safety systems, and end users [95-97].

Thus, the widespread use of digital twins results in a number of general bene-
fits. Some of them already characterize the studies developed by the authors and the
current experimentation of DT4SEM, and define contemporarily further research activi-
ties/domains/implementations as listed above.
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