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Abstract. Reliability assessment of StructuralHealthMonitoring (SHM) systems
poses new challenges pushing the research community to address many questions
which are still open. For guided wave-based SHM it is not possible to evaluate the
system performance without taking into account the target structure and applied
system parameters. This range of variables would result in countless measure-
ments. Factors like environmental conditions, structural dependencies and wave
characteristics demand novel solutions for performance analysis of SHM systems
compared to those relying on classical non-destructive evaluation. Such novel
approaches typically require model-assisted investigations which may not only
help to explain and understand performance assessment results but also enable
complete studies without costly experiments. Within this contribution, a multi
input multi output approach using a sparse transducer array permanently installed
on a composite structure to excite and sense guided waves is considered. Firstly,
the method and the analysis of path-based performance assessment are presented
considering an open-access dataset from the Open Guided Wave platform. Then,
a performance analysis of a guided wave-based SHM system using Probability of
Detection is presented. To explain some unexpected results, the model-assisted
investigations are used to understand the physical phenomena of wave propaga-
tion in the test specimen including the interaction with damage. Finally, issues and
future steps in SHM systems’ performance assessment and their development are
discussed.
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1 Introduction

Structural Health Monitoring (SHM) is massively being investigated in many engineer-
ing fields in order to efficiently monitor critical structures, whose sudden and/or hidden
failure gives rise to concern [1]. Among several techniques successfully implemented
so far, those using ultrasonic guided waves (GWs) received much attention because they
can propagate with relatively low attenuation over long distances and interact with a
variety of defects emerging within a structure [2, 3]. Nonetheless, there is still a lack
of industrial deployment of GW-based SHM systems and routine applications are far
from being common. Among several factors preventing their massive implementation,
a major concern comes from the lack of validation standards [4]. Despite the efforts of
the SHM community [5], the performance assessment is still not trivial in the way to
establish the reliability of an SHM system.

The standard procedures already established in the field of non-destructive testing,
e.g. Probability of Detection (POD), cannot be fully transferred to the SHM systems due
tomany influencing parameters. In addition, testing the system reliabilitywhile including
so many factors is time and cost consuming. That is where simulation comes into play,
providing an useful tool to reduce or even replace measurements in order to look into
system’s performance [6]. However, despite recent breakthroughs achieved in this field,
getting experimental results is still challenging when dealing with complex structures
and needs further attention. In this context, the present paper shows different numerical
techniques and model idealisation approaches in view of model-assisted performance
assessment of GW-based SHM systems.

2 Path-Based Performance Assessment

A structure builds the basis for each SHM system. Even if two structures are made from
the same material, the type of the structure will have a significant effect on the SHM
system applied. Based on the structure, other defining factors are the requirements for
the SHM system, like the type of damage under consideration, as well as environmental
and operational conditions. The monitoring system itself is defined not only by the used
type and amount of sensors building the measurement setup, but also and significantly
by the data analytics, including method selection and possibilities of including training
data. The aim of SHM is to monitor structural health using this defined system. For
the applicability to industrial monitoring problems, it is necessary to take into account
performance assessment. Therefore, the development of an SHM system must include
performance assessment strategies like the Probability of Detection (POD). Evaluating
the PODconsiders two parameters of the damage identification: the threshold for damage
detection and the defect size. In a POD analysis the threshold value for damage detection
is fixed, while several defect sizes are considered.

The POD is chosen in this work for performance assessment of SHM systems.
The analysis requires two main inputs: the defect size a and the damage indicator â
which is proportional/sensitive to the damage size. The damage indicator is obtained
by comparing the signal response acquired in a damage-free and damaged state. In the
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scope of this work, the damage indicator DI for a specific actuator-sensor pair evaluates
the energy difference between two structural states with:

DI =
k=N∑

k=1

(xC(k) − xB(k))
2 (1)

where xB(k) represents the discrete signal response of the pristine state and xC(k) of the
current state at time step k. N represents the maximum number of data points. A zeroDI
value indicates a healthy state, while increasingDI values correlate with growing defect
sizes.

Moreover, no localization procedure is included, but the focus is on path-based
POD analysis. The changing distance between damage and sensor network has a major
influence during the damage identification process. Therefore, the effects of the damage-
path on the POD are investigated in this work.

3 Theory of POD

Probability of Detection is one of the most suited approaches to assess the reliability of
an SHM system, returning the minimum detectable size with a certain confidence level
and an acceptable false call rate. It can be achieved with either hit/miss approach, where
a binary decision is used to calculate the probability to detect a damage with a specific
size, or â vs. a approach as used in classical NDT, where the relation between the signal
response â and real damage size a is fitted to predict a regression curve, which is then
used to derive the POD trend versus damage size. This latter technique is also well suited
for DI-based SHM approaches, i.e. using DI instead of signal response to estimate the
flaw size. Employing this approach, it is possible to estimate the signal response of an
SHM system versus flaw dimension in a statistically meaningful way and, as such, the
inherent POD as:

POD(a) =
∫ ∞

âdec
f â|a(â) dâ (2)

where f(â) is the normal probability density function around the predicted response.
However, the definition of the POD is still aleatory in the way the signal response is

predicted through the linear regression. Hence, statistical bounds are used to establish
the 95% lower confidence, which is associated to the POD95, which returns 97.5%
probability in stating that the actual POD is greater than that value. Once the POD95
is established, the flaw dimension which returns 90% probability of detection is the
critical damage dimension a90|95, which can be detected by the system in a statistically
significant way. The a90|95 value can be assumed as the target of the system, namely the
minimum detectable size, and compared to AI based identification performance. It is
worth noting that the decision value can be set according to specific probability of false
alarm (generally 10%). Then the resulting a90|95 can be assumed as the system target
achievable at the cost of that false call ratio.

Furthermore, as will be shown in the later application example of this paper, labo-
ratory investigations can be supported by simulations. As in the present case, numerical
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investigations are even used to interpret and understand the POD results of real lab-
oratory measurements. This approach is therefore called model-assisted performance
assessment of SHM systems.

4 Numerical Modelling

The method and the model-assisted analysis of path-based performance assessment
presented are based on an open-access dataset from the Open Guided Wave platform
[7]. The test specimen is a carbon fiber composite platewith an additional omega stringer.
The geometry of the test specimen was provided as a CAD data set and its dimensions
and material parameters correspond to those of the plate described in [8]. Furthermore,
the setup of themodelling corresponds to that of the experiments, which is also described
in [8]. This refers to the positions of the piezoelectric transducers, the positions, sizes
and orientations of the artificial damage, as well as to the signals and frequencies of the
performed pitch-catch measurements on this plate.

To save computational time, it is possible to chose a homogenized material model.
Thus, a very fine meshing in the thickness direction of the plate can be avoided. From
the stiffness matrix Cij of a single ply, the lay-up of [45; 0; –45; 90; –45; 0; 45; 90] S and
using the rotation over the z-axis for the angle θ, the stiffness matrices C ′

k of the rotated
plies k = 1; …; 16 could be determined by

Cavg =
16∑

k=1

hk
H

C ′
k (3)

where, hi is the ply thickness and H the total thickness. The resulting homogenized
stiffness matrix of the plate is

Cplate
avg =

⎛

⎜⎜⎜⎜⎜⎜⎜⎝

56.6 20.1 5.6 0 0 0
20.1 56.6 5.6 0 0 0
5.6 5.6 11.2 0 0 0
0 0 0 3.6 0 0
0 0 0 0 3.6 0
0 0 0 0 0 18.2

⎞

⎟⎟⎟⎟⎟⎟⎟⎠

GPa

as well as of the stringer

Cstringer
avg =

⎛

⎜⎜⎜⎜⎜⎜⎜⎝

59.1 23.1 3.4 0 0 6.8
23.1 86.6 3.6 0 0 6.8
3.4 3.6 9.6 0 0 0.1
0 0 0 4.8 0.2 0
0 0 0 0.2 4.4 0
6.8 6.8 0.1 0 0 24.9

⎞

⎟⎟⎟⎟⎟⎟⎟⎠

GPa

Since the later signal evaluation is done for the excitation frequency of 40 kHz,
the validity of the homogenized model is compared to the multi-layered model at first.
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Fig. 1. Left: Comparison of homogenized and multi-layered models: group velocity angular dis-
persion curve for 40 kHz. Right: Exemplary comparison betweenCOMSOL andEFIT: normalized
out-of-plane displacement u3 at the sensor position T7 with the excitation at T4.

Looking at the angular dispersion curve of the group velocity, one can see a high level of
agreement between two models (Fig. 1, left), thus, allowing the use of the homogenized
model for accurate numerical modelling.

The Elastodynamic Finite Integration Technique (EFIT) as well as the FEM software
COMSOL are used for modelling the wave propagation. The EFIT method allows to
model the complete wave field in heterogeneous, anisotropic materials and is based on
staggered grids in space and time. Further details can be found in [9]. For the EFIT
simulation a cartesian grid with a grid size of 1 mm was used for the whole specimen
and the time step was 35.7 ns. The excitation was modelled as a force acting on the
surface of the plate and the displacements were used as sensor signals. In COMSOL,
the Solid Mechanics module was used to model the plate as well as the stringer, and the
Electrostatics module was used tomodel the piezoelectric transducers. A free tetrahedral
mesh was implemented using quadratic Serendipity elements for the Solid Module and
quadratic elements for the Electrostatics module. The spatial step size was 3 mm and
the time step size was 0.1 μs. A damage was modelled as an application of a metallic
circular disc, as described in [8], where also the details on the experimental design and
the positions of the damage can be found. For each pair of transducers mentioned, the
damage-free condition was first simulated. Then the simulations were repeated with
damage of different sizes. Differential signals were calculated from the signals received
at the sensors and the damage indicators DI were calculated according to (1).

5 Results and Discussion

Again, it should be noted that the setup of the test specimen and the description of
the experiments are given in [8]. Moreover, the simulation tools COMSOL and EFIT
show a high level of agreement as can be seen in Fig. 1 (right) which shows the out-of-
plane displacement at receiver location T7 after the 40 kHz burst excitation at position
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T4. Both modelling environments reproduce the propagation speed of the guided wave
modes very well.

In the next step, the calculation of the DIs according to [8] was also reproduced with
the simulation data. Corresponding results are shown in Fig. 2 demonstrating a good
agreement between the results of the experimental data and the simulation. It can be
seen that the simulation data very accurately reproduce the behavior of the increasing
DIs observed in the laboratory experiments for both selected actuator-sensor paths.

Fig. 2. Analysis of the normalized signal energy of the differential signal for two actuator-sensor
paths as described in [8]. The horizontal axis is proportional to an increasing damage size for
different damage locations (D1, D2, D3). Left: Laboratory data based on the Open Guided Wave
data set. Right: Data based on EFIT simulation. Both figures show the evaluation for DIEnergy
and f = 40 kHz.

Based on the description in Section Theory of POD, the a90|95 values were then
calculated for each actuator-sensor path using the experimental data. A representation
of the results for all 3 damage positionsD1, D2 andD3 is shown in Fig. 3, where a90|95 is
color-coded along different paths. The color scale ranges from red (small a90|95 values)
to blue (large a90|95 values) where blue is for non-sensitive paths. Furthermore, we refer
to [4], where an alternative possibility is described in detail to graphically represent the
POD of a SHM network.

Fig. 3. Graphical representation of the a90|95 values along different paths. The damage position
is marked with a circle o, the transducers with crosses x. The figure shows the evaluation for
DIEnergy, f = 40 kHz and adec = 0.01.
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It can be seen for all 3 damage positions that the respective damage can be sensitively
detected by transmission measurements. Interestingly, this plot also shows that there
are both sensitive and non-sensitive paths in transmission measurements that cross the
respective damage directly. Examples of such sensitive and non-sensitive paths are T4-
T7 as well as T2-T11 for damage D1. Therefore, further COMSOL modelling was done
to understand the behavior of the sensitive and non-sensitive paths more deeply.

Fig. 4. The wave field of the differential signal (undamaged - damaged) for a damage of size
671 mm2 at position D1. The time steps 150 μs, 250 μs and 350 μs are shown from left to right,
respectively. Top: Actuator-sensor path T4-T7. Bottom: Actuator-sensor path T2-T11.

Figure 4 shows the wave fields of the differential signals for the transducer paths
T4-T7 and T2-T11. In both cases it can be seen that the propagation of the differential
signal is directional along the respective path. It can also be seen for the time step of
350μs that the differential signal is reflected at the left edge of the plate and this reflected
part is received by the transducer T7 and thus the path T4-T7 is more sensitive to D1.
In turn, such reflection is not visible at the right edge of the test specimen making the
path T2-T11 less sensitive to D1.

6 Concluding Remarks

The presented modelling results show very clearly how simulations can support the
understanding of experimental data and results of POD investigations. Moreover, POD
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is one potential solution for performance assessment of SHM systems. POD can be a
tool to assess and optimize the parameters for a certain damage identification algorithm.
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