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Abstract
The paper presents an innovative concept of digital aggregation of data related to mandatory in-situ load tests of bridge
structures. The proposed approach allows to manage various types of information regarding those experiments, in a way
which is consistent with current good practises in BIM technology and digitalisation of construction industry. The proposed
web platform will allow for vast improvements in decision-making process regarding admission of a given bridge for service, in proper analyses and even predictions of bridges mechanical response. Initial architecture of the system is introduced
along with an appropriate literature review and the identification of key actors and their roles in the described information
management process. To highlight the potential of the solution, two examples are shown. In both cases key advantages of
digital aggregation are emphasised: the possibility to learn from previous analogical in-situ experiments, and the possibility to utilise modern machine learning algorithms and state-of-the-art open-source solutions.
K e y w o r d s : Bridge load tests; TensorFlow; Neural networks; API, BIM, Digitalization.

1. INTRODUCTION
In the last few decades, a very large number of load
tests of engineering structures has been performed in
central Europe. The main cause of this is rapid development of the transportation infrastructure in the
region and the fact that such in-situ tests are recommended [1] or even required as mandatory in numerous countries – e.g. in Slovakia, Spain, Italy and
Poland [2, 3, 4]. These measurements are performed
at different stages in the life cycle of the structure:
a) during the construction phase – e.g. load testing of
foundation piles [5],
b) directly before admission to service – as mandatory
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static and dynamic test loading of road and rail
bridges [2, 6, 7]
c) during service life of the bridge – e.g. when facing a
renovation decision, as part of an expert opinion on
the technical condition or when it is necessary to
increase the load capacity of the structure due to
increasing operational requirements [8, 9].
Out of the above mentioned stages, the most frequent
are mandatory proof load tests. It can be estimated
with considerable certainty that only in Poland itself,
the total number of such experiments to date is
greater than 10,000. So far, all these data are fragmented and archived within the resources and
archives of individual units/laboratories that are
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authorized in a given country. Individual results are
transferred to the owners (public bridge investors),
but usually to a very limited extent and in an archaic
way. There are also no strict universal guidelines as to
the method and scope of this archiving. This mainly
depends on the management strategy adopted in the
individual field laboratories dealing with the load
tests of the bridges. Unfortunately, there is also no
strict strategy for transferring this data to the public
bridge owners/managers that would comply with
good practices of BIM/BriM (Bridge Information
Modelling) [10, 11]. There is also no direct support
for infrastructure managers of the road and rail systems, respecting the proper conduct of the information management process (IMP), in accordance with
the good practices of AM (asset management) strategies included in e.g. [12, 13] and recent advances in
the digitization of the transport construction industry
in Central Europe [14, 15].
Currently, the information exchanged in the aspect
of bridge load testing are also not properly included
in the risk management strategy of the public bridge
owners. They are also not present as adequate components of the information management process,
for example in the form of PMS (pavement management systems), which are often supported by
CMMS (computer-managed maintenance systems)
[16]. According to the group of standards [10], it is
necessary to ensure possible lossless transfer of
information between the particular phases of the
structures life cycle and between the particular
actors – e.g. between the contractor and the bridge
facility manager.
This group of relevant information regarding bridge
load testing should not be limited to span deflections
or vibrations frequencies only. The entire spectrum
of related data should be present and properly
exchanged, including i.e. material, time, survey,
mechanical, geographic, meteorological and many
other data, which can be very valuable in the future
process of information management regarding road
or rail bridge structures. In BIM processes, it is also
improper to operate in isolation from other industries and domains. Experience, data and information
from the construction and testing of similar bridge
objects should be used.
Therefore, most of the information related to the
described load tests should always be included in two
apparently separate information areas.
(I) In the “data drop” package on the edge of the
construction phase, accompanied by the project
information model (PIM) and the projects opera70
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tional phase, accompanied by the asset information model (AIM) in accordance with the organization’s information requirements (OIR), management requirements (AIR), functional requirements (FIR), employers requirements (EIR) with
related documents specified by it – as part of a specific BIM infrastructure undertaking: e.g. Master
Information Delivery Plan (MIDP), all in accordance with good practices defined in [17].
(II) In the collective, national, heterogeneous database system aggregating all valid information
regarding mandatory bridge load tests – which is
the focal aspect of this study.

2. PURPOSEFULNESS
LOAD TESTS

OF

BRIDGE

From the formal point of view, the main task of the
mandatory load tests is an attempt to confirm the
correctness of the structure’s mechanical response
and to support the decision on the acceptance of the
object for service. However, taking into account the
set of good practices contained in the previously cited
sources, the main purpose of the load tests should be
formulated much more broadly. Generally speaking –
there should be an increase in the degree of saturation and maturity of the information model (Digital
Twin) of the object and thus improvement of the
quality of decision-making processes concerning it.
Therefore at least these several aspects should be
closely investigated and assessed:
– supports settlements and bearing deformations
control [18],
– global stiffness of the structure [19],
– control of the occurrence of local abnormalities
(e.g. mutual collisions of loose hangers of arch
bridges in dynamic tests), cracks, local detachments of concrete cover etc. [20, 21, 22],
– validation of the assumptions of numerical FE
models analyzed both in the longitudinal and
transverse directions as well as in the context of
the dynamic response of the model / calibration of
the FEM model – replacement of the FEM model
class [23],
– load capacity validation [9],
– reliability validation [24],
– fatigue reliability validation [25],
– initial calibration of the SHM system [26], including the creation of an appropriate reference point
and determination of alarm thresholds,
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3. PROPOSAL OF A DIGITAL DATABASE
OF BRIDGE LOAD TESTS
Taking into consideration the above mentioned
remarks, the main proposal of this study is to create
a collective, digital databases containing all crucial
information regarding the conducted mandatory load
tests in countries where such experiments are obliga-

Figure 1.
Simplfied sketch of proposed digital platform for bridge load tests information management
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tory (e.g. Slovakia, Spain, Italy, Poland). The database in given region would be created on the basis of
digital resources of all the largest load testing laboratories in region. In this paper data sets from Poland
are highlighted as exemplary. Such database will consist of coupled heterogeneous data containers (SQL
databases, data in the form of time series, documents) concerning the mechanical response of the
structure, geographic data, time data, material data
and many others. Not all data types are envisioned as
mandatorily provided by all laboratories, however,
greater variety of information containers has larger
potential for future application. Access to this collective data base will be available – on properly defined
terms – to both the managers of the transport infrastructure in Poland and all the actors of individual
transportation construction undertakings. This will
also require appropriate formal and legal preparation in the projects’ post-pilot application phase, in
particular on the part of public administrators (however, it is not the purpose of this study to discuss this
aspect). The database and appropriately addressed
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– reference base for subsequent measurements [27].
It should, however, be emphasized, that all of the
above objectives can be achieved much more reliably
in the view of the existence and possibility of insight
into the statistics from analogous results of the
mechanical response of similar bridges that have
been studied in the past. This applies in particular to
selected typical bridges presented in [28].
Importantly, collection of information about these
bridges aggregated this way enable their representation and management in accordance with the requirements of modern standards [12, 17].
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4. SIMPLIFIED EXAMPLES OF THE USE
OF ARTIFICIAL NEURAL NETWORKS
TO ANALYZE AND PREDICT THE LOAD
TESTS RESULTS OF TYPICAL BRIDGES

Figure 2.
Simplfied sketch of proposed modifications in the bridge
approval criterion [32]

data inquiries (through API on a digital platform)
may turn out to be key in the process of making the
correct decision on approving a given bridge for service or initiating possible repair programs, implementing additional monitoring [29], and as to the
required method and scope of updating the information model (digital twin DT) of a given bridge.
Experts performing the load tests will no longer rely
solely on the designer’s analytical finite element (FE)
model or their own archives, but will have full statistics of the mechanical response of analogous objects
at their disposal, with the complete context of other
data types. Therefore, the decision-making process
and hence the process of saturating the model included in the BrIM strategy with information will be more
responsible and valuable. Fig. 1 shows a collective
infographic which in a simplified and intuitive way
shows selected aspects of the proposed database system and appropriate connections.
Importantly, the authors’ proposal envisions a
process that is in line with the standards and trends of
modern research literature [8, 27, 30, 31], in which it
is clearly emphasized that it is worth enriching the
traditional deterministic approach to the load test
designs through a probabilistic approach and analysis
of large amounts of data (so-called “Big Data”).
Single, usually uncalibrated deterministic values are
then replaced with appropriate - probabilistically
defined – intervals of the expected values of the
mechanical response of the structure based on a reliable analysis of sensitivity and uncertainty [32],
(Fig. 2). It is worth to note that Fig. 2 presents very
simplified version of the above mentioned procedure,
thus the reader is encouraged to read the source
study [32].
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Two illustrative examples were used to highlight the
application potential of artificial neural networks in
the analysis and interpretation of the in-situ bridge
load tests. Both examples concern typical, two-girder,
two-span, post-tensioned road viaducts (Fig. 3). It is
worth to emphasize that it is not the intention of the
authors to eliminate in-situ test loads; on the contrary, neural networks are to contribute to the
improvement of the quality of inference based on
these tests.
Usually, a large amount of data is required to properly train and validate the performance of deep neural networks. In the following, illustrative examples,
an small excerpt from the database of the accredited
testing laboratory of Aspekt® Laboratorium Sp. z.o.o
was used. For each of the representative objects presented in Fig. 3, 73 data types were archived. These
are, for example, geometric data (e.g. theoretical
spans, spacing of girders, cross-sectional characteristics, etc.), geographic, material (e.g. incisal modulus
of concrete elasticity), meteorological data, regarding
the method and quality of measurement, results (e.g.
displacements, deformations, settlements, vibration
and damping parameters) and others.
Due to the illustrative nature of the provided examples, two basic limitations to simplify the analysis
have been adopted. Firstly, only 11 tested objects of
the type shown in Fig. 3 and 11 data sets with appropriate load-tests results (and related data) were
selected for training the neural networks. This number results from the availability of relevant data in the
pilot (preliminary) stage of the project. Due to such a
limited number of training examples, the validation
set was not built (all examples were used to optimize
the network weights). Secondly, the scope of the decision-making process regarding the types of data saturating a given perceptron has been arbitrarily limited
to a dozen key parameters based on analyzes, e.g.
correlation and sensitivity after rescaling the input
data [33] and also based on the authors extensive
experience in this field.
The purpose of the neural networks in the example
“A” is to predict the average deflection of the girders
in future stress tests of analogous viaducts. On the
other hand, the goal of neural networks in the example “B” is to find the expected percentage difference
in the displacements calculated theoretically from the
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Figure 3.
Exemplary typical bridge under test loading

Figure 4.
Regression perceptron of 4-7-1 architecture

FE model, and those that will be obtained in the insitu measurements. Both examples refer to the static
part of the tests, and in both, three architectures of
neural networks were analyzed: the 7-7-1, 7-9-1 and
the 7-5-4-1. These numbers denote respectively: the
number of batch units (representing input/training
data), the number of neurons in a given hidden layer
(layers “in between” the input and output) and the
number of neurons in the output layer (regression
results in this study), not including bias neurons. To
better understand this notation, a sketch of the 4-7-1
perceptron is provided in Fig. 4, along with two bias
neurons that always “send” a value of 1.0 (gray-filled
neurons).
Two key hyperparameters: the number of layers and
the number of neurons in a given hidden layer (and
thus the given network architecture), were chosen on
the basis of two good practices introduced e.g. in
[33]. (1) For most problems, especially with a limited
3/2021
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number of training examples and parameters, it is
good practice to start with one hidden layer. (2) The
second principle was that the first hidden layer
should be larger than the rest (adopted in the 7-5-4-1
architecture).
All perceptrons in hidden layers use the so-called
“Rectified Linear Unit” (ReLU) activation function
[33]:
ReLU(z)=max (0,z)
(1)
Due to the regressive nature of the network, the activation function in the output layer was omitted. After
the analyzes and taking into account the preliminary
nature of the examples, to predict the average deflection of the girders in static tests (example “A”), training parameters were selected in the form of: (1)
directly loaded span length, (2) skew value, (3) axial
moment inertia of the girders, (4) the width of the
road, (5, 6) the widths of the sidewalks, (7) the theo-
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Figure 5.
Cost function values in each training epoch; in regard to:
a) the example “A”; b) the example “B”

retical modulus of elasticity of the concrete girders.
In the example “B” – regarding the expected differences between the actual measurements and the theoretical FE analysis, parameter No. (7) was replaced
with the result of the maximum theoretical deflection
of the directly loaded span from the numerical analyzes included in the respective load test designs. It
should be emphasized once again that the target
number of training parameters (including calibration
data from the construction site), and thus the complexity of the architecture of neural networks, will be
significantly deepened in the face of the proposed
cumulative database and digital platform (Fig. 1).
The examples presented here are only intended to
illustrate the potential of this approach. Therefore,
the process of training neural networks was based on
the most basic algorithm of stochastic gradient
descent (SGD) with the procedure of backpropagation. This technique is explained step by step in the
educational publication of the first author [34]. All 6
perceptrons – 3 in the example “A” and 3 in the example “B”, have been trained based on the TensorFlow
scientific Python 3 module with the implementation
of the Keras [35] application programming interface.
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Figure 6.
Comparison of the predictive effectiveness of perceptrons in
regard to:
a) the example “A”; b) the example “B”

5. RESULTS OF THE NEURAL NETWORKS APPLICATION
In case of example “A” (deflection prediction), the
training process converged after a maximum of
60 learning epochs in all the three applied perceptron
types (Fig. 5a). The term “epoch” is explained in e.g.
[24] (and denotes one set of singular iterations
through all training samples). Correct regression of
the expected in-situ deflection quotient to the theoretical deflection from the appropriate numerical
models (example “B”) required a maximum of 40
learning epochs (Fig. 5b). The convergence criterion
was identified as fulfilled if the approximation of the
cost function values (at least six epochs) with the first
degree polynomial returned the value of the slope
coefficient lower than 0.2%.
As shown in Fig. 5a and 5b, the most efficient process
of searching for the optimal network weights took
place in the case of the 7-9-1 perceptron and the network with two hidden layers: 7-5-4-1. Nevertheless,
regardless of the network hiperparameters, the learning curves should be initially identified as correct.
The effect of training all six perceptrons is to obtain
a matrix of optimally matched weights for each network, minimizing the global cost function, selected in
the form of mean squared error. Weights are numer-
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A few decades ago, hardly anyone predicted that the
data from the construction of engineering structures,
e.g. in the form of photographs of concrete cracks,
would be so valuable. Today – in the era of implementing digital systems supporting the engineer’s
decision-making process based on digital data (the
so-called “data-driven approach”) and deep learning
algorithms – collections of such photographs are used
by virtually all reputable research units dealing with
the problems of inspection of reinforced concrete
structures.
A similar sets of data, with perhaps even greater
application potential, are – according to the authors
– the archives of the load testing laboratories in
numerous countries where such experiments are
obligatory. For example in Poland, there is probably
over 10,000 such relevant data sets and thus information packages on bridge structures. This data should
be collected and used in a manner consistent with
modern Bridge Information Management (BrIM)
requirements. Therefore, the main goal of this study
was to present a proposal for the construction of a
collective, digital, relational database of the load tests
of typical bridges. In order to make this vision a reality, cooperation between the management entities
(public bridge owners in given country) and all
accredited load testing laboratories in given region is
needed. The database will allow to significantly modernize the diagnostic process related to the acceptance of a given bridge based on the in-situ load tests
due to:
– the possibility of a reliable reference of new results
to wide, multi-sample, multi-criteria statistics from
the results of analogous objects,
– deviation from the current practice of making
acceptance decisions based solely on the often
uncalibrated FEM models, in favor of multi-criteria analysis, including the use of deep learning,
– opening the possibility of enriching analyzes with
modern probabilistic and reliability processes and
not limiting the approach to the deterministic tools
only,
– enabling reliable inference about the calibration of
numerical models in many aspects (not only in
terms of global stiffness correction),
– the possibility of building and developing probabilistic random fields and optimization analyzes of
the expected mechanical response of a given
bridge in its life cycle, along with data integration
for the calibration of structural health monitoring
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ical values assigned to each of the connections
between neurons, including bias neurons.
In the second step of computations – on the basis of
the obtained set of optimal weight matrices – the predictions of each network with respect to all bridge
structures were calculated and compared with the
actual in-situ results. The training examples were
therefore then treated as a separate validation set - so
in this analysis the values of the network weights were
constant (taken from previous step). The individual
perceptrons were treated as optimized (already
“trained”), and the examples collected from the insitu experiments as not yet carried out (for which the
mechanical response of the structure should be predicted). As shown in Fig. 6, the results of comparing
the described predictions to the in-situ measured values are very promising.
It is worth emphasizing that for proper assessment of
the trained neural networks, results from independent validation examples that were not part of the
training set are needed. Such a set of validation data
will be created in the face of the implementation of
the authors’ proposal to build a collective database
system and appropriate web platform (Fig. 1).
Nevertheless, already at the present - early - stage of
development of the predictive models, promising
relationships can be noticed. The comparison in
Fig. 6a shows that based on the optimized weight
parameters of individual networks, calculations of
the predicted average deflections of the girders are
very similar to the results of in-situ measurements.
The maximum prediction error concerns the simplest
7-7-1 perceptron and does not exceed 7%. In terms of
estimating the quotient of theoretical FE deflection
to the in-situ deflection, the greatest comparative discrepancies were obtained in relation to the perceptron with two hidden layers (7-5-4-1). The smallest
differences were obtained with the use of the 7-9-1
neural network, which turned out to be effective in
both analyzed aspects. Studying Fig. 6a and 6b, it can
be seen that the broken line representing the results
of the 7-9-1 network is very similar in shape to the insitu results. However, models with a greater number
of hidden layers should not be disqualified, especially in the planned, future analyzes based on a significantly larger set of data and training parameters.
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systems,
– improving the quality of the decision making in the
aspect of admission to service / for ordering repetition of a given load test / for introduction of additional structural health monitoring / for introduction of structural recovery programs,
– enabling the correct update of the information
model (DT –) of a given bridge in the BIM
methodology.
In order to demonstrate the potential of the proposed approach, two illustrative examples of the
implementation of deep learning algorithms were
used. Both examples were limited to predicting a static mechanical response of bridges of the selected
type. In both examples, three neural network architectures were used. In the first example, in which the
average deflection of the girders was predicted, the
error of results did not exceeded 7% of the actual insitu deflections. Larger discrepancies were noted in
the second example, which concerned the prediction
of the in-situ deflection ratio to the theoretical
deflection from the FEM model. However, only one
of three perceptrons (with two hidden layers)
returned unsatisfactory results. This is understandable, considering the limited number of learning
examples in the presented computations.
Nevertheless, with respect to simpler network architectures, especially the 7-9-1 system, the obtained
results were very promising in both analyzed aspects
of the prediction. The observations confirmed the
legitimacy of conducting further research in the
aspect of application of machine learning algorithms
in the assessment of the bridge load tests results and
consequently, the construction of a comprehensive,
on-line, digital database. For this to be possible, it is
necessary to aggregate and build an appropriate website with server support and a secure Application
Programming Interface (API) for users and managers saturating the database in the future, in accordance with good practices of digitization of the infrastructure segment.
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