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Abstract—In order to enhance Structural Health Monitor-
ing of engineering structures, an appropriate modelling of the
underlying structures as e.g. bridges or wings is necessary.
Amongst other things this includes relevant (pre-)damages as
cracks, delaminations, imperfect bonding, etc. which have to be
incorporated at the so-called micro- or mesoscale of the structure.
However, given the overall dimensions of typical engineering
structures a discrete modelling of these (pre-)damages is not
feasible at the macro-/structural scale. Thus, a scale-bridging
is necessary to capture the structural behaviour. One promising
approach to incorporate (pre-)damages at the microscale while
maintaining a numerically manageable model of the overall
structure is the sub-structure technique which will be used in
the current project. Since a Structural Health Monitoring using
the aforementioned numerical models strongly relys on useful
measurement data it is of tremendous interest to determine
the optimal number and the optimal position of the respective
sensors. Hence, this topic is also addressed in the current
contribution.

Index Terms—SHM, scale bridging, discrete modelling, sub-
structure technique, optimal sensor positioning

I. INTRODUCTION

Structural Health Monitoring (SHM) is a proper means to
increase the service life of engineering structures such as
bridges or wings. The continuous SHM allows for substanti-
ated conclusions regarding the structure’s current health state.
With this knowledge an efficient maintenance work can be
planned and performed. Beneath the increased service lifetime,
the reliability of the structure is increased, too. However,
this necessitates an appropriate modelling of the underlying
structure.
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Especially in civil engineering the health state of a structure,
e.g. a bridge, is determined by regular inspections with fixed
intervals. The findings are documented in so-called inspection
reports and the respective bridge is rated according to the
number and severity of the damages, if any. These written
statements can be misinterpreted by readers other than the
surveyors. Several approaches exist to automatically evaluate
such inspection reports, e. g. [3]. However, the authors believe
that a continuous monitoring of a structure and the automatic
evaluation of the measurement data is more reliable. For
this automatic evaluation and for deriving respective main-
tenance measures, a sophisticated (numerical) model of the
bridge is needed. Amongst other things this includes relevant
(pre-)damages as cracks, delaminations, imperfect bonding,
etc. which have to be incorporated at the so-called microscale
of the structure. Although much work has been conducted in
recent years to refine material models or to develop numerical
methods which are capable of capturing relevant effects at the
microscale, there is still a lack in numerically efficient methods
and in models incorporating multi-field mechanics.

As can be seen from FIGURE 1 a discrete modelling of
the microscale phenomena such as cracks or the corrosion
state is not feasible at the macroscale. This is due to the
overall dimensions of typical (civil) engineering structures.
Consequently, in order to capture the overall structural behav-
ior a scale-bridging from the microscale to the macroscale is
sought. Within this research project the sub-structure technique
is applied to incorporate pre-damages, crack initiation and
crack propagation at the microscale on the one hand, while

206



dtec.bw-Beitrage der Helmut-Schmidt-Universitat

on the other hand ensuring a numerically manageable model
of the structure at the macroscale. Once such a numerical
model exists it allows substantiated conclusions and forecasts
regarding the remaining service life with and without mainte-
nance work. However, these conclusions and forecasts strongly
depend on the measurement data obtained from the SHM. This
necessitates research works to develop criteria for determining
the optimal number and the optimal position of the sensors
used for SHM.

In the precedent work [23] of some of the authors the
general methodology for solving the aforementioned tasks was
introduced. In the current contribution recent advances as well
as the next scientific steps are described.

Based on the precedent motivation the outline of this
contribution is as follows: Section II gives an overview of
the discrete crack modelling at the micro- and mesoscale
including crack growth due to traffic loads of a bridge. A
methodology for incorporating this damage state at the macro-
/structural scale is described in Sec. III. This scale-bridging
allows for substantiated investigations regarding the optimal
sensor positioning at a given bridge. The approach used within
the project dtec.SHM is introduced in Sec. IV. Finally, a
summary is provided in Sec. V.

II. MICRO- AND MESOMECHANICAL MODELLING OF
(PRE-)DAMAGED STRUCTURES

The adequate modelling of (pre-)damaged materials consti-
tuting engineering structures is of high scientific and practical
interest. This includes modelling crack initiation and crack
propagation [12], [13], [21] as well as a proper modelling
of the (steel) reinforcing’s corrosion state [20]. Depending on
the aggregates used for the concrete mixture, stress corrosion
cracking may occur [19]. An approach for adequately dealing
with stress corrosion cracking phenomena is presented in [10].

Regarding the (pre-stressed) reinforcing of infrastructure
buildings, such as e.g. bridges, several uncertainties exist.
These are not limited to the current damage state but also
extend to the actual cross-sectional area as well as the spatial
distribution of the so-called interfacial transition zone (ITZ)
between the reinforcing and the surrounding host material.
Several approaches exist to describe the influence of the ITZ
to the propagation of acoustic waves [24], [25] which are used
in SHM applications.

In this work the focus for the numerical modelling of dam-
age on the microstructural level lays on different fracture sim-
ulation methods to simulate and predict the crack propagation
in a multiphase material such as concrete. Initially, four widely
used fracture simulation methods are evaluated, comparing
their computational expenses and implementation complexities
within the Finite Element (FE) framework. This comprises the
intrinsic Cohesive Zone Model (CZM) using zero-thickness
cohesive interface elements (CIEs), the Standard Phase-Field
Fracture Modelling (SPFM) approach, the Cohesive Phase-
Field Modelling (CPFM) approach, and an innovative hybrid
model. The hybrid approach combines the CPFM fracture
method with an application of the CZM within the interface
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zone. Within the context of concrete the Finite Element model
is characterized by three phases, namely inclusions, matrix,
and the interface zone. An example of a detailed modelling of
an emerging crack utilizing different modelling approaches is
provided in FIGURE 2.

The in-depth analysis of these modelling techniques reveals
that the CPFM approach stands out as the most effective
computational model in case the thickness of the interface
zone is not significantly smaller than that of the other phases.
In materials like concrete, which contain interfaces within their
microstructure, the interface thickness is notably small when
compared to other phases. This leads to the hybrid model
standing as the most authentic finite element model, utilizing
CIEs within the interface to simulate interface debonding.

A significant finding from this investigation is that the
CPFM method is in agreement with the hybrid model when
the interface zone thickness is not excessively small. This
implies that the CPFM fracture methodology may serve as
a unified fracture approach for multiphase materials, in case
the interface zone’s thickness is comparable to that of the other
phases. For an indication of the interface’s thickness it is re-
ferred to [16]. According to the measurement results presented
therein, an interface thickness of 40% of the aggregate’s radius
might be a good first estimation.

Following this, the modelling approach on the microstruc-
tural level can serve as the basis for the incorporation of
Neural Networks to predict the structural response at small
scales for different damage scenarios. This is required in
a subsequent step for the scale transition. Current literature
demonstrates the effectiveness of new deep-learning-based
surrogate models for fracture analysis in homogeneous and
composite materials, e.g. [1], [2], [22]. Within this project
a spatiotemporal UNet-based surrogate model is proposed,
which is capable of predicting the homogenized stress-strain
curve and final crack pattern of concrete microstructures. For
this, a specially designed pipeline is developed to interpolate
the FE data to a regular grid with high accuracy, eliminating
the need for complex surrogate frameworks like Graph Neural
Networks and making it possible to implement neural operator
learning on the current model to increase accuracy for future
development.

III. SCALE-BRIDGING BY MEANS OF SUBSTRUCTURE
TECHNIQUE

Bridge dimensions by several orders of magnitude differ
from the dimensions of the bridge’s microstructure and cracks,
if any. As an example, it is referred to FIGURE 1 and FIG-
URE 2. Thus, modelling a bridge including its microstructure
within one single FE model is not appropriate since the
microstructural details would dramatically increase the FE
model size. In practical applications such FE models can
hardly be calculated due to a lack of computer memory space
and computation time. A promising alternative is applying
model order reduction techniques. Examples for physical
subspace methods are modal subspace methods, the KRYLOV
subspace method, and the so-called GUYAN reduction, cf. [4],
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FIGURE 1.
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FIGURE 2. EXAMPLE FOR MODELLING OF A DISCRETE CRACK AT THE
MICRO-SCALE WITH DIFFERENT FRACTURE SIMULATION METHODS, TAKEN
FROM [14].

[5]. Other model order reduction techniques do not take into
account the underlying physics. One example is the proper
orthogonal decomposition [11]. However, main characteristics
of the underlying mechanical system still need to be captured.

Macroscale
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FIGURE 3. SKETCH OF SCALE BRIDGING USING SUBSTRUCTURE TECH-
NIQUE, INSPIRED FROM [6].
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FE MODEL OF ONE SUPERSTRUCTURE OF THE BRIDGE STADER STRASSE, HAMBURG, GERMANY. CALCULATIONS ARE PERFORMED USING

Another possibility to reduce the computational costs is to
use scale transition approaches as e. g. the FE? technique [17].
Herein, the basic concept is to generate two different FE
models to deal with the different scales of the model: (i) the so-
called microscale model, as it was described in Sec. 1I, takes
into account the microstructural aspects as e.g. aggregates,
ITZ, degradation (e.g. corrosion state), and cracks (if any);
(ii) the so-called macroscale model describes the global, i.e.
structural, behaviour and takes into account e. g. the loading
conditions and the bearing conditions at the structural scale.
In classical homogenization approaches both scales are related
to each other in such a way that the average of the mechanical
work on the microscale is equal to the mechanical work on
the macroscale. This condition is known as the Hill-Mandel
condition [7], [8].

In this contribution the focus is set on the FE? approach, a
sketch of which is given in FIGURE 3. Within this approach at
each integration point of the macroscale model a microscale
model has to be calculated. This microscale model consists
of a so-called representative volume element (RVE), i.e. a
volume element comprising the representative characteristics
of the micromodel in the vicinity of the respective integration
point at the macroscale. A detailed 3D FE model of a bridge
will have at least several thousands of finite elements, see
FIGURE 1. Thus, considering a RVE for each integration point
may still lead to an unacceptable effort with respect to the
computational cost. As an alternative, a subregion which is
affected by the global loading conditions in a special manner
can be identified and subsequently can be used to apply the
FE? method. If it is necessary to assign different RVEs to
different integration points at the macroscale, the additional
computational cost has to be taken into account. Only for
the special case that linear elasticity is assumed and that
each integration point is characterized by an unique RVE,
six calculations of a microscale model should be sufficient.
These calculations refer to six boundary value problems on
the microscale which are characterized by linear independent
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strain states on the macroscale (three extension strain states
and three pure shear strain states). With these problems the
effective (homogenized) elasticity tensor on the macroscale
can be determined.

The boundary condition for the FE models at the microscale
will be determined from an initially calculated macroscale
model. For doing so, the deformation gradient or the strain
are evaluated. After the microscale model(s) have been solved
the results will be used to obtain macroscale quantities such as
the tangent stiffness or the stresses by means of an averaging
approach. Subsequently, these macroscale quantities are used
to start a new iteration process on the macroscale model.
Based on the evaluation of macroscale quantities such as
displacements or velocities, in a next step optimal sensor
positions can be identified from the numerical model. The
respective procedure is described in the next section.

IV. OPTIMAL SENSOR POSITIONING AT THE STRUCTURAL
SCALE

In engineering disciplines, such as e. g. aircraft engineering
or wind engineering, the (micro-)sensors are optimised to be
positioned within the respective material during the production
process of the structure [9], [18]. However, in the project
dtec.SHM focus is set on determining the remaining service
life of already existing structures. Thus, sensors preferably
need to be fixed at the surface of the material (i.e. steel-
reinforced or pre-stressed concrete).

It is desirable to place the sensors in locations that pro-
vide the most information about damage and impact to the
structure. It is not assumed that the location of the damage
is known a priori. A non-negligible challenge in optimising
sensor placement is the large number of possible locations.
For practical applications the accessibility of the possible
positions to place the sensors also needs to be taken into
account. Determining the number and placement of sensors
is essential for cost-efficient monitoring of the structure and
for minimizing the amount of data. This is to be done in
such a way that each sensor provides added value in terms of
information about the condition of the structure. The problem
can be solved numerically with the help of optimisation
methods.

A first step to determine the sensor positions on a structure,
e.g. a bridge or a building, is to set up a numerical model
that should represent the structural behaviour of it. This can
be performed by an optimisation approach that adjusts the
local or global material parameters such that the measurement
data and the results from numerical simulation are matched.

Then, one can employ optimal experimental design, which
is a well-established technique to design and improve experi-
mental setups in order to increase the accuracy of parameter
identification in terms of a suitable optimality criterion in view
of measurement errors. A problem, in which the parameter to
be determined is the location of damage, needs to be modelled
by the deviation from the material parameters. Measurements
of the state can be made by a series of sensors. However,
measurement errors have to be considered at some point. An
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approach for automatically detecting sensor malfunctions from
measurement data is presented in [15]. The overall aim is to
optimise the position of the sensors such that the changes
in measurements to changes in the material parameters are
maximized. This can be realized with the help of the Fisher-
information matrix. The approach for determining the optimal
positioning of a sensor (network) is sketched in FIGURE 4.
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placement
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Measurements . . adjustment
Solvmg Opti- not converged .
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FIGURE 4. SKETCH OF THE CONCEPT AND PROCEDURES OF THE OPTIMAL
DESIGN OF EXPERIMENTS AND THE PARAMETER ESTIMATION PROCEDURE
TO DETERMINE OPTIMAL SENSOR POSITIONING.

V. SUMMARY

To deal with the challenges arising when planning, per-
forming, and evaluating Structural Health Monitoring for e. g.
bridges a three-step-approach is suggested. This approach
includes (i) an adequate modelling at the microscale, (ii) a
scale transition to the macroscale including numerical analyses
at this macroscale, and (iii) based on the obtained findings an
optimal positioning of the single sensors of a SHM sensor
network.

At the microscale, several models have been developed by
the authors. These models allow determining or capturing the
effects of e.g. corrosion or crack initiation and propagation.
With respect to the crack initiation and propagation, the
Cohesive Phase-Field fracture model turned out to be a very
effective approach for modelling these effects if the material
combinations lead to comparable thicknesses of interfacial
transition zones of the single constituents as it is the case for
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e. g. bridges. The detailed knowledge of the material behaviour
at the microscale is transferred to the macroscale by means
of the FE? approach. To foster the numerical efficiency of
the calculations at the macroscale, only those subregions of
the structure are incorporated in the FE? approach which
are highly loaded or/and which show existing or propagating
cracks.

Furthermore, the procedure for the optimal positioning of
sensors was described. Two optimisation problems are re-
quired. The first is used to build a numerical model which
behaves similar to the structure and yields the associated
material parameters. By perturbing these material parameters
in a second optimisation problem, it is possible to maximize
the effect of changes in material parameters—which are used
to model the damage—on the changes in sensor signal. Thus,
an optimal position for sensors can be obtained.
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