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ABSTRACT

This article presents a case study with various developments of digital twinning of a sample of load
tests performed on several railways bridges. The case study is located in Extremadura, South Western
Spain and its aim is the generation of a validated, multi-layered information construct in the form of a
digital twin as the result of a load test. This result is conceived, not only to verify the assumptions of
the design of the bridge but also, to optimize future maintenance plans of the network. This particular
case study is framed within a vaster European effort on digitization of the construction sector.
Research and Innovation Actions within this demo case are aimed at integrating routine requirements
and procedures of load tests with cutting edge digital technologies for the generation of validated vir-
tual replica of these physical bridges. The generated twins during these load tests behaviourally match
the obtained response during loading and as such, represent an ideal model for future simulations
and behavioural predictions. Different data-gathering techniques and numerical models are integrated
within a Common Data Environment (CDE). All efforts related to measurement, simulation, 3D model-
ling, assessment and validation can be wrapped up systematically for further use during regular oper-
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ation of the asset.

1. Introduction

The maintenance of infrastructure systems is crucial to
ensure their longevity and reliability. Infrastructure systems,
such as roads, bridges, and buildings, play a vital role in
society and are integral to economic growth and develop-
ment. Regular maintenance helps prevent structural deteri-
oration, prolongs the lifespan of infrastructure systems, and
minimizes the need for costly repairs or replacements. For
these purposes, understanding the structural behaviour of a
bridge is essential for ensuring its safety and longevity. By
analysing the bridge’s structural behaviour, engineers can
identify potential weaknesses, predict how the bridge will
respond to external forces, and design effective maintenance
and repair plans. This knowledge is particularly important
for older bridges that may have deteriorated over time, as it
helps identify critical areas for maintenance or replacement
and ensures the bridge’s continued safe operation.

Load tests are an effective method for assessing the con-
dition of bridges. They are carried out both for newly con-
structed and existing bridges to verify design assumptions,
verify finite element models, evaluate material degradation,
analyse heritage buildings, or try to determine the remaining
life of the structure. Bridge load testing can be divided into
two categories: Diagnostic Load Tests and Proof Load Tests

(Lantsoght, 2019). Diagnostic Load Tests (DLT) involve
applying known loads to the bridge while monitoring its
structural behaviour through sensors or other types of data-
collection techniques. This data is then used to validate ana-
lytical models used during design phases. On the other
hand, Proof Load Tests (PLT) are more comprehensive
assessments that verify the as-designed full load capacity of
the bridge. Test loads are applied in multiple steps, and the
structure is continuously monitored for any signs of distress
or non-linear behaviour. Additionally, PLT provide a lower
bound on the true strength capacity of the bridge and can
also be used to validate advanced analytical and numerical
models.

Bridge load testing provides a fundamental phenomeno-
logical insight about the structural response and behaviour
of these assets. Routine DLT are meant to establish verified
standards on the design and on the construction of a bridge
(Alampalli et al, 2021). Measurements related to the
response of the structure when subjected to controlled loads
are taken and compared to numerical idealizations similar
than those used for design (with potential changes occurred
during construction). If results are within tolerances, the
bridge is considered as acceptable and operations are open.
While nowadays the analytical methods for predicting
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bridge responses are much more refined, and the need for
convincing the traveling public that a bridge is safe has
diminished, the uncertainties on the bridge’s behaviour
increase over time due to the effect of deterioration mecha-
nisms. Load tests are relatively expensive. A quite consider-
able coordination between owners, machinery, designers,
monitoring staff and construction companies is needed. The
development of routine DLT represents a precious episode
in bridge construction that can also be leveraged in eco-
nomic terms using digitization. It is thus, interesting to
extract the maximum amount of information from the
bridge during these load testing episodes for the sake of
constructing a comprehensive information construct.

The construction phase of infrastructure systems repre-
sents the prequel to DLT whereas the operation phase repre-
sents its sequel. Digitizing different phases of assets from the
construction sector can bring significant benefits, including
improved productivity, cost savings, and better safety out-
comes. By using digital tools such as Building Information
Modelling (BIM) or its natural evolution, Digital Twins,
design. Construction and maintenance companies can collab-
orate more effectively, reduce errors and rework, and better
manage project timelines and budgets. The use of digital
tools can also improve safety outcomes by identifying poten-
tial hazards and improving communication between workers
on-site. Digitization can also enable better tracking and
maintenance of buildings and infrastructure, ensuring their
longevity and sustainability. When it comes to Architecture,
Engineering and Construction (AEC) at design, construction
and maintenance phases, digitalization based on emerging
and established technologies 4.0 is also called to be a major
enhancer (Dallasega, Rauch, & Linder, 2018; Pregnolato
et al., 2022).

Consequently, if not created during construction, DLT
represent an ideal milestone for twinning bridges in digital
platforms. On the one hand, specific, bespoke structural
models are performed. On the other hand, measurements
quantifying the structural response are taken. If both results
are matched using not only basic comparisons but compre-
hensive digital twinning, the asset enters the service phase
not only physically, but also virtually. The Digital Twin
(DT) represent the natural evolution of BIM in terms of its
capabilities, serving as an information system that connects
the physical and virtual worlds to facilitate decision-making
throughout the design, construction, and maintenance stages
(Davila-Delgado & Ovyedele, 2021). To achieve this, the DT
relies on the development of information pipelines, which
are carefully defined paths that combine and transform
measured data to yield specific insights. While advance-
ments in sensing, data-gathering techniques, internet of
things (IoT), cloud technologies, and simulation have made
it possible to establish comprehensive DT (Chacon, Casas,
et al., 2023), integrating these technologies into pipelines
still presents technical challenges from both systems archi-
tecture and software integration perspectives. The level of
automation in the decision-making process is determined by
the readiness of the system of information pipelines defined
within the DT.

This article presents the developments on the digital twin-
ning of new bridges for maintenance purposes. This research
is performed within the frame of the H2020 European
project Ashvin, related to Digital Twins for Design,
Construction and Maintenance. The project provides a series
of demo cases for all stages. One of the demo cases is a ser-
ies of new bridges belonging to a high speed train network
in Extremadura, Spain. The case study is aimed at deploying
different data-collection techniques. Additionally, bridges are
geometrically virtualized using IFC Standards. On the othert
hand, numerical simulations are performed according to all
scenarios deployed during the load tests. All measurements
are IoT transmitted and then visualized within a Common
Data Environment (CDE). The article also shows how efforts
related to sensing, simulation, modelling, assessment and val-
idation can be wrapped up systematically for further use
during regular operation of the asset.

2. The infrastructure: a high-speed railway network

Alta Velocidad Espanola (AVE), Spanish for “Spanish High
Speed,” is a high-speed rail service in Spain operated by
Renfe, the national railway company. The speed of the
trains is up to 310km/h (193 mph). It runs on a network of
high-speed rail tracks owned by Administracién De
Infraestructuras Ferroviarias. The trains use standard gauge,
allowing for direct connections to France. Currently, Renfe
operates AVE trains but private companies also operate
along the line. Figure 1 shows the AVE network status as of
December 2022, highlighting the different branches of “in
service,” “under construction,” “projected,” and “in partial
service” (Administracion De Infraestructuras Ferroviarias
(ADIF), 2023).

The branch of the Highspeed Railway; Madrid-Bajadoz
has been under construction in recent years. It is supposed
to connect in the years to come two major European cities
in nearly 3h by train: Lisbon and Madrid. The map pro-
vided in Figure 1 also shows its specific location. Its origin
is some 50 kilometers South of Madrid and then the line
goes South-West direction towards Badajoz. Presently, it has
been built only on the Spanish side. The length of the dou-
ble line from Madrid to Badajoz is 437 kilometers and it
includes several viaducts, bridges, culverts and tunnels.
European funds (FEDER) under the challenge of sustainable
transportation helped developing this strategic infrastruc-
ture. Figure 2 displays a schematic overview of the major
stations connected by the line in this specific.

In the specific segment between Plasencia and Caiceres,
all viaducts and bridges were tested before service by Drace,
a Spanish firm that collaborated within the research project.
A total of 19 viaducts were tested covering an approximate
length of 8km of Viaducts. Three types of structural types
(cross-sections) are identified:

» <«

e Pre-stressed twin concrete box girders, which represents
approximately 42% of the total length. Eight viaducts
with identical prefabricated girders (with varying length
though) belong to this category A.



STRUCTURE AND INFRASTRUCTURE ENGINEERING . 3

Vai o Gijon )
Roonna 7 7 P *¥Bilgao—._!rin, P
ey 0 Oviedo o “Og bastisn “aa
ﬁ Santiago de TR
7’?', O, Compostela ‘ Reinosa Ovitoria @PamploN2
154 v aleon »
) .! pn Ourense : 0
& _Sanabria AV a/OBulgos Husca Figueres-Vilafant ,{'
“Palencia OGiroria
r Zamora Zaragoza \ Lieida-Pirineus ) Oﬂ
\
Jvalladolid  Calatayud 3 4 /Barcelona-Sants
\ Medina del e da T -
Campo AV  Segovia Tomasmap e i
‘,} Madrid-Chamartin g o'Guadalajara

Madrid-Puerta de Atocha}

.““ : Toledo’
L d Caceres o Svalencia
] Requena- D
J / Badaj0z )}y Ciudad Real y Utiel \ t‘?
Cde Mérida by eroliano 4 Shacce ke
'—J\.f“ Elche AVD 9 Alicante
7 Orihuelad [
f\ Cordoba 4 aén H Miucia
{ 3“’“‘" 7 Granada
{ e o sl O
L e’ o {
d
o ~—Almeria "
Cadizy PMalaga s In sService
- 4 Under construction
-
- o = Projected
i \ == In partial service
[ N A ,///

Figure 1. High speed railway network. Spain. December 2022. De HrAd. CC by-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=17338661.
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Figure 2. High speed railway network Madrid-Extremadura-Portuguese border.
Spain. December 2022.

e DPre-stressed single-cell concrete box deck, which repre-
sents approximately 42% of the total length. Eight via-
ducts with identical prefabricated decks (with varying
length though) belong to this category B.

e Continuous multi-cell concrete box deck, which repre-
sents approximately 16% of the total length. Three in-
situ casted bridges belong to this category C.

In addition, a series of culverts with varying length (up
to 20 m span) also belong to the set of assets under testing.
Last but not least, the specific segment includes two con-
crete arches. Almonte Viaduct (384 m) and El Tajo Viaduct
(324 m), which represent two milestones of bridge engineer-
ing in Spain.

Access to certain load tests was given to the research pro-
ject by Drace and ADIF. Moreover, available information
and measurements performed by Drace were shared for

research purposes. Access to the sites together with prior
access to the logistics of the load tests (values of loads, dis-
tances between axles) allowed the development of actions
for the digitalization of three specific assets. The following
sub-section depicts these bridges.

3. The assets

Two viaducts and one culvert have been selected for the
development of digital twinning during load testing. For
the formers, the study is comprehensive. For the latter, the
study is limited to the generation of drone-based point
clouds. One viaduct consists of eight simply supported
beams whereas the another viaduct consists of a continuous
element. Both structural types are repetitive throughout the
depicted railway, which adds usefulness to the case study.
The former is called Valdelinares Viaduct. It is an 8-
spanned structure with a total length of 280.4 m. Figure 3a
displays a drone-view of the Viaduct. The latter is called la
Plata Viaduct. It is a 4-spanned continuous beam with a
total length of 114 m. Figure 3b displays a drone-view of
the Viaduct. Valdelinares has a twin concrete girder cross-
section (category A, Figure 4a) whereas la Plata has an in
situ casted pre-stressed concrete deck (Category C,
Figure 4b).

The particular case of the culvert has been used for the
generation of digital models of the asset using drones. These
assets are quite repetitive in these types of infrastructure sys-
tems. Drone-based reproduction may represent a cost-effi-
cient way of generating accurate virtual representations.
Details on this specific topic are given in section 6.5.
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(a) Valdelinares Viaduct. 8 simply
supported spans

Figure 3. Structures under study.

(b) LaPlata Viaduct. 4-sanne continuous
concrete beam
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(a) Valdelinares Viaduct

Figure 4. Structures under study.

4, Load tests in bridges
4.1. Load test practice

The current governing codes and guidelines for DLT in the
United States are the 1998 NCHRP Manual for Bridge
Rating through Load Testing and Chapter 8 of the
American Association of State Highway and Transportation
Officials Manual for Bridge Evaluation (AASHTO, 2016).
Over the last two decades, the practice of load testing has
evolved, and its intersections with other fields have
expanded. Given these developments, a new Transportation
Research Board (TRB) Circular, Primer on Bridge Load
Testing, has been developed. Several countries have national
codes or guidelines for load testing. The German guideline
(Deutscher Ausschuss fiir Stahlbeton, 2000) was developed
for load testing of plain and reinforced concrete structures
that are flexure critical. The guideline for load testing from
the United Kingdom (National Steering Committee for
the Load Testing of Bridges of the Institution of Civil
Engineers, 1998) only deals with diagnostic load testing. In
Ireland, a manual for load testing (National Roads
Authority [NRA], 2014) considers diagnostic load testing of
older metal and concrete bridges as an accompaniment to
assessment calculations. In Switzerland, load testing is used
for the assessment of existing bridges and is included in
the SIA 269:2011 code (Schweizerischer Ingenier- und
Architektenverein [SIA], 2011). In Hungary, the serviceabil-
ity of existing structures can be verified through load testing
(Hungarian Chamber of Engineers, 2013).
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(b) La Plata Viaduct

Load testing requirements for railway bridges in Spain are
governed by NAP 2-4-2.0 (Administrador De Infraestructuras
Ferroviarias [ADIF], 2021). ADIF is responsible for managing
the entire Spanish high-speed railway network. As per
Spanish regulations, DLT must be conducted on bridges in
newly constructed lines as a transition from construction to
operation, but they can also be performed on bridges in exist-
ing lines for routine checks or proof load tests in response to
specific incidents. NAP 2-4-2.0 outlines the procedures for
both static and dynamic tests to assess the structural perform-
ance of the bridges. All loads for the described load tests
were provided by ADIF in form of locomotives and loaded
wagons. A 313 series locomotive (82 tons), a 308 series loco-
motive (82 tons) and two Requena Wagons (63 tons) and
another FACSS (80 tons) were provided for the generation of
load combinations, which were designed at less than 60% of
the service loads, as indicated in these specifications.

Static tests involve applying various load configurations
along the length of the bridge to account for all unfavorable
load scenarios. The testing process has five steps: (1) taking
measurements with the bridge unloaded, (2) positioning
vehicles according to the load configuration, (3) maintaining
the load until the deformed shape of the bridge is stabilized,
(4) unloading the bridge, and (5) taking measurements until
the bridge returns to its original shape. Additionally, a test
with quasi-static loading is performed, where a moving load
is passed over the bridge at a reduced speed (5-10 km/h).

Dynamic tests evaluate the bridge’s response to moving
loads. At least three types of tests must be conducted,



including the vehicle passing over the bridge at an inter-
mediate speed, the vehicle passing at the maximum author-
ized speed, and the vehicle breaking while passing over the
bridge at maximum speed. These load tests are complex and
costly procedures that require experienced personnel, proper
planning, and appropriate equipment. The testing process is
summarized in a flowchart in Figure 5.

4.2. Sample of results obtained in the case studies

Load tests on the set of bridges located along the Plasencia-
Caceres branch of the network were systematically
performed by Drace (formerly Geocisa) according to NAP
2-4-2.0. In the vast majority of load tests, 25 mm range (=~
0.02mm accuracy) Linear Vertical Differential Transducers
(LVDTs) and PL-60 strain gauges were employed together
with accelerometers (PCB Piezotronics 393 B12). LVDTs
were placed to measure deflections at mid-spans. Additional
LVDTs were deployed at supports for measuring bearing
displacements. Strain gages and accelerometers were placed
at the centre of each span to measure local strains and
accelerations. After measuring, files containing time-series
data were collected. Figures 6 and 7 display representative
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samples of measurements related to static tests (deflections
and strains) and dynamic tests (accelerations) respectively.
Figure 6a presents measurements on deflection at
Valdelinares when loading span 3. The step-wise nature of
the plot shows how the load is gradually increased (one
locomotive first, two locomotives subsequently) and
decreased. As indicated in NAP 2-4-2.0, loads are sustained
in time for stabilization purposes.

Figure 6b displays the longitudinal strains measured at
mid-span 2. Static data were processed to obtain maximum
deflections and strains for each span of the bridge, as well
as shape recovery rates after loading. Then, results were
compared with deformation and deflection values obtained
from the physical model for subsequent calibration. All
measured magnitudes provide results as Time-Series.
Dynamic measurements were used to calculate vibration
modes and frequencies, which are also directly compared
with the corresponding results in the physical model.

4.3. Comparisons between predictions and measurements

In all viaducts, measurements from accelerometers were used
to calculate vibration modes and frequencies. These values
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Figure 5. Flowchart of the load test procedure according to NAP 2-4-2.0.
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are directly compared with the corresponding predictions
given by numerical models. Figure 8 depicts the relationship
between the frequency obtained from the measured acceler-
ation and the predictions given by numerical models for
four modes.

The obtained values are summarized in Table 1. The pre-
dictions correctly reproduce the dynamic behaviour of the
structure. The comparison between physical and numerical
values range between 91 and 119%, which according to the
Standards, satisfy the load test verification of the models.
These values are of the utmost importance for the verifica-
tion of assumptions taken while modelling the bridge during
design. These values represent an interesting starting point
for these structures. Potential changes in these values may
warn about alterations in the structural behaviour of the
beams.

5. Leveraging load tests for enabling the digital
birth of bridges

Load tests are expensive. Complex logistics, human resour-
ces and specialized equipment are mobilized by bridge

18:40 18:45 18:50
May 17, 2021

time

agencies, owners and construction firms during these epi-
sodes. These resources put together result on detailed
reports with adequate comparisons between the behaviour
of the real asset and its corresponding prediction models as
depicted in Section 4.3. Nonetheless, integrating information
in a digitally comprehensive way would not add an excessive
cost to the episode. Prediction models, measurements and
reports are required anyways. As a result, load tests repre-
sent an ideal milestone for twinning bridges in digital plat-
forms. On the one hand, specific, bespoke structural models
are performed. On the other hand, measurements quantify-
ing the structural response are taken. If the information is
stored digitally and coupled with the corresponding geomet-
rical models of the bridge, an open information construct of
the asset (namely, its digital twin) can be established as a
tool for maintenance purposes.

The challenge consists of integrating different layers of
data in an interoperable, useful and retrievable way. Figure
9 shows some of the potential layers one can organize in
the form of a digital twin. BIM models, numerical models,
measurements, standards for procedures and validation, and
many other layers erect the frame of this information

um’m

16:30 16:40 16:50 17:00 17:10 17:20
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Figure 6. Static test. (a) Valdelinares. Deflection at mid-span 3 (b) La Plata. Longitudinal strain mid-span 2.
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Figure 7. Dynamic test. (a) Valdelinares. Deflection at mid-span 3 (b) La Plata. Longitudinal strain mid-span 2.
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Table 1. Obtained vibration frequency values and comparison.
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Bridge under study

La Plata
Valdelinares (Outer spans)
Valdelinares (Inner Spans)
La Plata
Valdelinares (Outer spans)
Valdelinares (Inner Spans)

Predictions

Measured / Predicted Ratio

construct. Presently, most of this information is already
gathered during the life cycle of the asset but stored in a
disaggregated form. This information construct is, however,
open to many potential formats, layers and forms of organ-
ization of the information. One essential aspect though,
would be to conceive the load test in such a way that the
generated data is useful for many other stakeholders during
the operational phase. If information can be embedded
seamlessly using compatible formats, seamless pipelines of
information are enabled. Scalability and capabilities for
updating systems is needed as in all computer systems.
Figure 9 illustrates some of the layers of information that
may contribute to the same CDE.

6. Exemplary actions for twinning load tests

The depicted routine load tests have allowed developing
exemplary actions for the sake of virtualizing the asset. This
virtualization is conceived in a way that the result is useful
during operation. Maintenance planners can make use of
the centralized information, revisit the load test status or
track potential changes on those assets. In subsequent
inspection episodes, information can also be added to the
same information construct. The following subsections show
the hitherto developed actions. Further developments are
expected to be included by the end of the Research and
Innovation (R&I) Action project Ashvin. This article shows
an overview of the digital twinning of the assets. Additional
technical specs for the informatics of the system in this
demo case are provided in Ramonell and Chacén (2022).

6.1. Common data environment and loT platform

In this R&I Action, the DT platform oriented to end users
is conceived as a common data environment in which all
sources of information are visualized, treated and leveraged.
The platform is vast-scoped and it is based on a game
engine developed in Unity Technologies (2021) with several
embedded tools conceived for providing assistance and thus
improving design, construction and maintenance of infra-
structure systems. Assets are twinned with interoperable
geometrical entities and on top of the geometry, the toolkit
provide access to information, analysis and decision-making
capabilities. Users can grasp relevant information from the
real asset, from simulations, or from historical data.
Accordingly, users can have a comprehensive vision of the
asset during its corresponding stage under development.
Figure 10 shows a geometrical representation of one of the
twinned bridge within the platform (namely, La Plata
Viaduct). IFC standard formats can be converted to the

Mode 1 Mode 2 Mode 3 Mode 4
3,82 Hz 5,31Hz 7,13Hz 9,42 Hz
3,90 Hz 4,36 Hz 6,81 Hz 7,64 Hz
3,87 Hz 4,23 Hz 6,74 Hz 7,50Hz
119% 113% 116% 107%
108% 108% 91% 94%
107% 106% 91% 93%
Numerical Models Standards
Measurements BIM

Figure 9. Different information layers that can be added to the digital twin.

platform together with its corresponding metadata. On the
other hand, all displayed tools perform specific functional-
ities at all stages (design, construction, maintenance).

Information from sites requires proper collection, trans-
mission and storage. Information is orderly transmitted,
stored and retrieved using Mainflux (2023), an open-source
IoT platform. Mainflux is high performant, scalable with a
small memory footprint that can operate both in the cloud
as well as on edge devices. Supports out of the box proto-
cols widely used for sensor data (MQTT, HTTP, CoAP,
LoRA) and can be easily be extended with additional proto-
col support since it is being built following a micro services
paradigm. Data can be sent in SenML (standardized format
for sensors), JSON or CBOR. Mainflux is based on user-
defined entities called: (i) things and (ii) channels. These are
managed by the user as building blocks for setting up a
meaningful data-collecting environment. Things usually rep-
resent devices (although it may also be an application)
which publish/consume data. Channels represent a way of
organizing, structuring, sharing data between things
(devices).

Data being published to the platform is available as a
stream via MQTT, Web-Socket or alternatively, it can be
retrieved from the structured time series database via a
REST API. The most basic form of the setup requires that
the user creates a thing, a channel and then connects both.
Each user requires authentication. After a device is set with
thing credentials and topics to which the device should
send messages (normally measurements from sensors).
Additionally, for enhanced security, x509 certificates can be
provided for things and deploy them to the device enabling
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mTLS. It means encryption both on server and on client
(device).

During the load tests, both static and dynamic measure-
ments were taken (with a sample rate of up to 200Hz), a
high volume of data has been ingested in a relatively short
period of time. Mainflux requires robustness when it comes
to such levels of sampling rate to avoid data traffic conges-
tion. Load tests can also include developments based on
edge analytics where additional services can be deployed
along with a minified version of Mainflux on the edge. For
instance, the whole time series can occasionally be character-
ized by a reduced version of data (a vector of Eigenmodes
and its associated damping). Thus, the computation can be
performed closer to the data origin and thus minimizing
data that needs to be transferred to the cloud. These results
can be thus sent to many other specific applications for
simulation, calculation, surrogate models, BIM, or many
other stakeholders.

6.2. Geometrical models

BIM models were created in Revit from PDF drawings pro-
vided by collaborators. The model is shown in Figure 11
and it is based on structural framings and slabs. All models
are conceived for IFC subsequent interoperability. Using
Rhino.Inside.Revit, a Grasshopper plug-in, parametric mod-
els were built in order to access the topological components
of a three dimensional Brep (body, face, edge and vertex).
This option enables the model for further discretization of
cross-sections to perform fiber-based elastic or inelastic ana-
lysis or to generate enriched IFC files.

P T

 H88538808E

Figure 10. La Plata Viaduct featured in the developed platform.

6.3. Numerical models

Numerical models were preliminarily created with propiet-
ary Licence Software (MIDAS Civil). Subsequently, the
model was updated to the data flow using codes found in
MatchFEM (Chacon, Casas, et al., 2023), one of the tools
embedded in the CDE depicted in section 6.1. For La Plata,
frame elements supported as a continuous beam represents
the pre-stressed concrete deck. On the other hand, for
Valdelinares, simply supported frame elements were used
for idealizing beams with two pre-stressed concrete girders.
In the preliminary models, beams are connected with rigid
links to shell elements representing the concrete slab.

6.3.1. Static analysis

Statics load tests simulations were performed applying uni-
form loads on the FE models. These loads represent the
actual live loads produced by the locomotives and wagons,
considering all loads hypothesis. For dynamic load tests,
vibration modes were determined. Figure 12 presents a sam-
ple of results.

In the context of load testing, validation and verification
of structural performance require a close match between the
mechanical properties of the materials and the assumed val-
ues at the design phase. Due to the heterogeneous nature of
concrete and its evolution overtime, the presumed mechan-
ical properties may not align with the real values. An accur-
ate calibration of the material becomes of utmost
importance, especially in singular infrastructures such as
bridges.
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Figure 11. Geometrical representation of la Plata Viaduct.



To perform simulations of the time-dependent structural
behaviour of the assets in its Digital Twin, a previously devel-
oped numerical model was implemented (CONS, Mari,
2000). The simulations generated by the model were adapted
to match sensors, geometries and analysis in the CDE. The
model allows for the development of nonlinear and time-
dependent analysis for three-dimensional reinforced and pre-
stressed concrete. To enhance its functionality, CONS was
integrated into a graphical environment utilizing Rhino and
Grasshopper parametric software. This environment allows
the discretization of complex cross-sections and the construc-
tion of fiber-based models. Employing visual programming
scripts, multiple parameters such as the bridge cross section
shape, filaments for discretization, constitutive models of
materials, pre-stressing loads and tendons, and internal loads,
are set up. This parametric approach enables a structural ana-
lysis where any modification to the input data dynamically
changes the results, facilitating the calibration of material
mechanical properties by providing a responsive feedback
loop.

In Figure 13, the parametric fiber-based model of the La
Plata Viaduct’s cross section is presented, showcasing the
assembly process and results. This model allows the accurate
matching of strains measured at sensor locations with the
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corresponding fiber strains. By employing reverse engineer-
ing techniques, it is feasible to calibrate the elastic modulus
of the concrete, enhancing the verification of the structural
performance. Results are then integrated into the CDE pro-
viding valuable data for maintenance during the operation
stage.

6.3.2. Dynamic analysis

Regarding the dynamic analysis, the series of acceleration
data obtained during the dynamic tests are pre-treated and
processed to obtain the main vibration frequencies of the
structure, as well as the modal shapes and the associated
dynamic damping. For this purpose, Multiple Operational
Modal Analysis Platform (MOMAP) was used. This code
was developed in Python for signal analysis. The application
performs the following steps. In data pre-treatment, the sig-
nals are processed to reduce noise and eliminate frequency
content outside the range of interest of the signal, to avoid
misinterpretation of the analysis results and to increase the
accuracy of the structural values obtained. This includes
the option of applying a digital high-pass filter, selecting the
cut-off frequency, applying a downsampling technique with
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Figure 12. Numerical models of la Plata. Load case 1 and results implemented in

Comp. NL
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Figure 13. Parametric fibre-based model of La Plata Viaduct cross section.
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a selectable factor, and applying a noise reduction algorithm
based on decomposing the signal into singular values.

Data analysis consists of obtaining the dynamic parame-
ters of the structure. Various OMA techniques are available,
which have the advantage of not needing to control or
know the load applied during the test, are fast and data
gathering does not interfere with the regular operation of
the asset, in comparison of traditional experimental modal
analysis, in which loads need to be controlled. These algo-
rithms only require as input the response of the structure,
in this case, accelerations to dynamic disturbances.
Following methods are available for the analysis, for details
see references: Enhanced version of the Frequency Domain
Decomposition (Brincker, Zhang, & Andersen, 2001; Gade,
Moller, Herlufsen, & Briiel, 2005) and Covariance-driven
Stochastic sub-Space Identification (Ho & Kalmadan, 1966).
MOMAP includes connection with Mainflux and SQL data-
bases, from where measurement data series are obtained.
This tool represents an exemplary application of third par-
ties integration within the data environment (Figure 14).

6.4. Images and reports

Many types of data can be collected. Imagery, or other
reports can be included as a way of documenting the initial
conditions of the asset. All this gathered information can be
used in subsequent maintenance or reparation episodes dur-
ing the asset life-cycle. Basic use of imagery for reporting is
already of great use. Load tests often includes many load
cases and hypothesis that are further documented. Zenithal
and/or isometric views of such instants helps managers to
understand and gain confident about the results docu-
mented in other forms. Figure 15 show examples of imagery
(which is also available in video form) corresponding to La
Plata Viaduct when subjected to two different load
hypothesis.

6.5. Drone-based 3D digital representation for digital
twinning of bridges

Another aspect examined in the context of this work is the
use of drones to scan the bridges of our use case scenario
autonomously or either with reduced human supervision to
deliver a photogrammetry 3D model. High-quality Digital
3D models are key to creating digital twins and visualiza-
tions that facilitate the sharing of knowledge between work-
ing groups, contributing to a broader understanding of a
building or a construction environment. However, obtaining
3D models of the physical buildings and landscapes is labor-
intensive when done manually using hand-held devices. The
ability to capture an extensive model of the building is often
limited due to physical constraints such as the size of large
constructions. Alternatively, commercial 3D reconstruction
solutions involve using high-end LiDAR sensors, which
increase the cost of the 3D scanning (Liao, Zhou, & Yang,
2021).

Recently, the use of unmanned aerial vehicles (UAVs)
has increased, particularly with the integration of artificial
intelligence, which has opened up new applications that can
support the acquisition of a higher level of understanding of
an environment (Mauriello & Froehlich, 2014; Spreitzer,
Tunnicliffe, & Friedrich, 2020). The success of using drones
as remote sensors is based on high-resolution topographic
models through inexpensive equipment. Moreover, in the
last few decades, a combined interest from both the com-
puter vision and robotics communities have brought them
together working on techniques such as Structure from
Motion (SfM) (Westoby et al, 2012) and visual
Simultaneous Localisation and Mapping (SLAM) (Steder,
Grisetti, Stachniss, & Burgard, 2008) for robotic navigation
and augmented and virtual reality applications, which are
becoming increasingly popular. The interdisciplinary
approach to the robotic vision problem promoted further
research for real-time methods that could organise the
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spatial information of multiple images in a sequential man-
ner to structure 3D models. Recent advances in deep neural
network research and the enhanced processing capabilities
of GPU graphics have led to the increasing use of neural
networks to reconstruct models and extract features from
complex 3D scenes.

The parallel success of 3D representation algorithms
and drones heightens the interest in developing robust
frameworks for building and construction monitoring and
inspection (Shim, Dang, Lon, & Jeon, 2019). Furthermore,
the latest developments in Instant Neural Radiance
Fields (Miuller et al, 2022) offer a promising new
approach to generating images from unseen viewpoints
and creating neural renderings, surpassing conventional
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3D reconstruction techniques in both scene accuracy and
speed of reconstruction.

The H2020 project Ashvin has leveraged these technolo-
gies to implement the Image-Based 3D representation
(3DRI) method for the instant representation of 3D models
based on visual information captured by drones, as demon-
strated in Figure 16. In our examined use cases, bridges
pose a significant challenge for digitization due to the
unavailability of plans in digital format and the complexity
of their geometry. The 3DRI method, employing drones to
capture visual data, offers a cost-effective and flexible alter-
native for generating accurate 3D models of bridges, provid-
ing a comprehensive representation of their geometry and
contextual information. The 3DRI method’s portability and

Figure 15. La Plata Viaduct. Exemplary load cases.

Figure 16. Example of an image-based 3D representation generated using the 3DRI method.
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suitability for outdoor environments make it a practical tool
for digital twinning of infrastructure assets.

6.6. Lidar-based 3D digital representation for digital
twinning of bridges

Laser scanning is a reality capture technique that results in
large point clouds that accurately represent the geometry of
3D objects. A point cloud is an unordered collection of
points that store its coordinates (x;, v, z;) in a specific
coordinate system, as well as other properties that allow
determining the color and the type of surface being scanned.
Laser scanners are nowadays readily available in the market,
and they are performant devices that are able to capture the
geometry of large entities with sub-millimetric accuracy
within minutes. The challenge behind using this technique
is processing the resulting point clouds (Riveiro &
Lindenbergh, 2019) which usually contain millions of
unstructured points from which geometrical features need
to be abstracted. The assets depicted in this research have
not been directly measured with laser scanners. It is, how-
ever, interesting to point out its usefulness and potential
during episodes of load testing.

6.7. Ground-based interferometric synthetic aperture
radars for digital twinning of bridges

GB-InSAR is a reality capture technique of great interest in
large span bridges or intricate geometries. RADAR is a short
form for Radio Detection and Ranging systems. The basic
working principle of all the radio systems is the same. The
radio uses a transmitter to produce an electromagnetic sig-
nal that is then propagated into the space using an antenna.
When this signal strikes an object, it gets reflected back, and
this reflected signal is known to be the echo signal. When
the antenna detects the echo signal, it gets fed into the
receiver. The assets depicted in this research have not been
directly measured with GB-InSAR. However, two long-
spanned arches of the same highspeed railways were meas-
ured using GB-InSAR during load tests due to their size
(Rodriguez-Gonzalez et al., 2022). It is, however, interesting
to point out its usefulness and potential during episodes of
load testing for some specific cases.

7. Discussion

This article presents actions for collecting data for digitally
twinning a bridge during a load test, however, there are still
many open gaps to be addressed in future works. First, there
is still a gap in how all this layers of information can be
effectively contextualized a made accessible through a single
API. This is essential for end users, which will generally be
infrastructure managers. Information may come from many
different sources and third parties (in this exemplary case
study, tools and methods come from many sources such as
advanced structural analysis (CONS, in its Grasshopper ver-
sion or MOMAP, in its Python version) or such as photo-
grammetry-based point clouds (3DRI). End-users require

meaningful access to various types of data, thus leveraging
existence of these information pipelines.

One key takeaway from this study is that information
pipelines for processing data-collected during load tests
would benefit from Standardization. These pipelines are
developed following the needs and specifications of Spanish
NAP 2.0 which provide a representative sample of integra-
tion. Time-streams sensor data require seamless allocation
within IoT platforms. Accessible Standardized IFC BIM mod-
els are also needed. Advances on geometrical Standarization
are already tackled by CEN 442 WG9 in Europe. On top of
these basic layers, simulations, imagery, point clouds and
other types of data can be added, which is more difficult to
define in a Standard way. This integration represents one of
the core tasks of the research project whose final conclusions
are expected to shed light in this respect using Knowledge
Graphs-based systems (Chacon, Casas, et al, 2023; Khan
et al., 2022; Ramonell & Chacon, 2023).

Standardization paves the way for owners and managers
to have clear targets for the information delivery from the
construction industry. Procurements, tendering and man-
agement can gradually increase the digital needs of the sec-
tor for the sake of tackling operation and maintenance of
bridges more efficiently, productively and safely. For
instance, one realistic scenario would be the following: the
load test involves several types of measurements performed
by many different unconnected stakeholders. On the other
hand, virtual geometrical models (BIM) are provided by
designers and constructors. Simulations (structural analysis)
are also be delivered by other third parties. Ideally, the
co-existence of so many layers would benefit from open
pathways, formats, and data-exchange tools that enable
cooperation. Examples of data-exchange proposals for vir-
tual entities in bridges represent a research and development
trend to be explored in the field of load tests as well
(Barrasa, Hodler, & Webber, 2021; Borrmann et al., 2019;
Deng, Menassa, & Kamat, 2021; Janowicz, Rasmussen,
Lefrancois, Schneider, & Pauwels, 2020).

Another key take away is the use of the Digital Twin for
maintenance  purposes. Providing stakeholders with
Standard open-access digital twin platforms enables inter-
connection in the future of the asset. As a result, the asset-
related information has the potential to improve the overall
network of assets. The digital twin platform acts as a single
source of truth that not only allows information sharing
among contemporary and not necessarily connected stake-
holders but keeps the information available for future needs
(see Figure 17). Exploitation of these digital assets will
become more valuable in time as data accumulation and
continuous model update and verification will allow to
observe behavioral trends and, thus, represent more accur-
ately maintenance needs of the physical assets. Currently,
digitalization of built assets is still low, and if digital con-
cepts such as digital twins are to be implemented, there is
the need to design strategies for effective digitalization. Load
tests in newly constructed bridges present a good opportun-
ity to establish primeval yet useful digital twins of these type
of structures with insignificant additional operative costs.
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Presently, additional costs are mostly related to data integra-
tion. Measurements, simulations, verifications and other
report delivery are needed in a load test. Integrating this
information represents the crucial challenge for newly
designed load tests with digital twin capabilities.

In addition, one important aspect of digital twinning in
bridges is the synchronicity requirements. The load tests are
episodes that are typically developed during one day on a
Standard bridge. All data acquisition and measurements are
taken to office for further analysis and comparisons. The
development of DT implies similar time needs. The informa-
tion construct can be integrated and readily available within
the same time span than the delivery of reports that is pres-
ently done. However, on the long run, new measurements or
new issues that are integrated in the bridge twin are not
needed on a “real-time” basis. Rather, this information is
needed on a “right-time” basis, which may take days, weeks
or even years. As a result, the challenge for DT in bridges
would rather be its open integration for various stakeholders

rather than the development of high-fidelity, low computa-
tional power, and real-time numerical advanced models
stored in servers and providing continuous information
about the status of the asset. This challenge is more common
in other industries (nuclear, aeronautics, manufacture).

8. Conclusions

Digitization of infrastructure is essential for organizations to
stay competitive and improve efficiency in today’s techno-
logical landscape. By automating tasks, accessing and analy-
sing data, and improving the customer experience,
digitization can streamline operations and reduce costs.
Civil engineering infrastructure systems are also on the
verge of this digitization. On the other hand, load tests in
bridges are crucial episodes that require significant resour-
ces. These tests help ensure the safety and structural integ-
rity of the bridge by simulating various load conditions.
While expensive and time-consuming, load tests are
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necessary to understand the behaviour of the asset as well as
to ensure its longevity.

Static and dynamic load tests are common methods used
to assess the structural integrity and safety of bridges. Static
tests involve the application of a static load to the bridge,
while dynamic tests simulate real-life conditions by applying
a dynamic load. Both tests help engineers determine the
bridge load capacity and identify any potential structural
issues that may need to be addressed. Presently, written
reports about the performance of a bridge during load
testing are delivered by the corresponding stakeholders.
Comparisons between numerical models and measurements
are established under the assumption of different thresholds
given by guidelines and recommendations.

This article presents a vision on the creation of a Cyber-
Physical Bridge during load testing. This vision is the result
of a multidisciplinary joint effort related to the development
of physical-to-virtual pipelines of information for design,
construction and maintenance of infrastructure systems in
the form of digital twins. The creation of an adequate
Digital Birth of those assets represents a very important
milestone that will increasingly needed in the verge of digit-
ization. As a matter of fact, efforts related to structural ana-
lysis, 3D modelling, measurements, documentation and
procurements are nowadays regularly executed during load
testing but these efforts are performed in a disaggregated
form. A comprehensive digitation of all generated informa-
tion during a load test episode (measurements, connections,
simulations, documentation) can be organized for mainten-
ance purposes. A flexible, scalable digital twin of the bridge
developed during load testing may provide added value and
a crucial aid to maintenance planners during the life-cycle
of the bridge. As a result, an adequate representation of a
load test in the form of a digital twin represents an ideal
episode of a physical bridge to generate its digital birth.
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