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Abstract—In many industrial sectors, structural health
monitoring (SHM) is considered as an addition to nonde-
structive testing (NDT) that can reduce maintenance effort
during the lifetime of a technical facility, structural compo-
nent, or vehicle. A large number of SHM methods are based
on ultrasonic waves, whose properties change depending
on structural health. However, the wide application of SHM
systems is limited due to the lack of suitable methods to
assess their reliability. The evaluation of the system perfor-
mance usually refers to the determination of the probability
of detection (POD) of a test procedure. Up until now, only
a few limited methods exist to evaluate the POD of SHM
systems, which prevents them from being standardized
and widely accepted in the industry. The biggest hurdie
concerning the POD calculation is the large number of
samples needed. A POD analysis requires data from numer-
ous identical structures with integrated SHM systems. Each
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structure is then damaged at different locations and with
various degrees of severity. All of these are connected
to high costs. Therefore, one possible way to tackle this
problem is to perform computer-aided investigations. In this
work, the POD assessment procedure established in NDT
according to the Berens model is adapted to guided wave-
based SHM systems. The approach implemented here is
based on solely computer-aided investigations. After effi-
cient modeling of wave propagation phenomena across an
automotive component made of a carbon-fiber-reinforced
composite, the POD curves are extracted. Finally, the novel
concept of a POD map is introduced to look into the effect
of damage position on system reliability.

Index Terms— Acousto ultrasonics (AUs), automotive
industry, damage detection, elastodynamicfinite integration
technique (EFIT), reliability assessment.

|. INTRODUCTION

N THE field of structural health monitoring (SHM),

an enormous amount of work, research, and development
has been carried out for several decades. SHM is very attrac-
tive for many industry sectors, e.g., aerospace, automotive,
and nuclear, allowing to increase safety and reduce operative
costs by introducing a change in the maintenance philosophy.
Nevertheless, there is still a gap between scientific research
and the industrial deployment of various SHM methods.
A main challenge for a broad application of SHM sys-
tems is the lack of suitable methods to assess their
performance [1]-[3].

SHM systems are based on different physical principles
adopted to detect the presence of damage. Examples are
modal analysis, electromechanical impedance measurement,
measurement of static parameters (strain measurement), meth-
ods of acoustic emission analysis, or methods based on elastic
waves [4]. In particular, SHM methods based on elastic waves
have been developed for a variety of industrial sectors. The
focus of this work is on ultrasonic guided waves (UGWs),
which are a special form of elastic waves guided by the
boundaries of structures, such as plates and pipes. They are
particularly suitable for damage detection because they are
affected by the media through which they are traveling and
are able to interact even with small hidden flaws, moreover
allowing the inspection of inaccessible areas. Methods based

For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Schematic drawing of a PZT-based guided waves SHM system on a free plate-like structure according to [14]. The system consists of PZTs
(W1-W4), which can emit and receive ultrasonic signals. These signals interact with damage and can be partially reflected or transmitted.

on UGW are widely used, and specific approaches have
been developed to detect various types of damage, such
as delamination, holes, cracks, notches, corrosion, or the
degradation of welded and riveted joints. A comprehensive
summary and a basic description of these methods can be
found in [5].

A schematic drawing of a guided wave-based SHM system
on a plate-like structure is shown in Fig. 1. In the context of
this explanatory example, W1-W4 are piezoelectric transduc-
ers (PZTs) attached to the structure. These transducers are able
to emit and to receive elastic waves in the ultrasonic frequency
range (20 kHz—1 GHz). If a transducer emits such a signal, it is
called an actuator; if it records, it is called sensor or receiver.
SHM methods based on ultrasonic signals actively excited
by actuators are called acousto ultrasonic (AU) methods in
the literature [6], [7]. They are further differentiated into
those exploiting pitch—catch or pulse—echo measurements [8].
In the former, the actuator and sensor are different PZTs, and
the focus is on the wave transmission through the damage,
whereas the latter exploits the same transducer to excite
and sense UGW focusing the attention on the flaw induced
reflections. This work focuses on guided wave-based SHM
systems using a pitch—catch configuration and a frequency of
225kHz to detect damages in a composite structure. Over the
years, many studies have shown the potential of guided waves
to detect and localize damage in fiber composite structures
proving their suitability for SHM of aerospace and automotive
components [6], [9]-[13].

A known method to evaluate the performance of SHM
systems consists in the determination of the probability of
detection (POD) of a test method. In general, the POD can
be understood as a probability curve, obtained by experi-
ments or by simulations, which indicates the probability with
which a fault can be detected [15]. The POD is usually a
function of the size of a defect, which is represented in
POD curves. The regulatory base for SHM is still on its way
and with one issue being a lack of POD evaluation methods
applicable for the reliability assessment of SHM systems [1].
Therefore, the development of POD methods for SHM systems
is urgently required [3].

Since the transducers of an SHM system are permanently
installed on a monitoring object, a purely experimental deter-
mination of the POD would involve a high experimental
effort and an enormous amount of material. The need for
numerical simulation to investigate and perform reliability
assessment of such systems has been already pointed out in
the literature [3]. Therefore, efficient and reliable simulation of
the UGW propagation and their interaction with damage is a
current research topic in the field of SHM [16]. Furthermore,
various regulations, such as the SAE ARP 6461,' pave the
way for computer-aided investigation of SHM systems. The
reliable simulation of wave propagation phenomena is essen-
tial for this. That is why current research continues to deal
with the efficient simulation of wave propagation phenomena.
Thus, Gravenkamp et al. [18] write: “The simulation of wave
propagation phenomena - even for linear two-dimensional
cases - is still challenging for numerical methods. Particularly
in the case of large domains (e.g., seismic waves) or short
wavelengths (e.g., ultrasound) [...].”

This work focuses on two main challenges regarding the
reliability assessment of SHM systems. First, the POD is
determined for a guided wave-based SHM system using sim-
ulated input data for a model-assisted POD (MAPOD). After
obtaining the POD curves, the effect of the damage position
on the system reliability is analyzed using a novel concept:
the POD map.

This contribution is structured as follows. The introduction
to SHM systems that have just been given is followed in
Section II by a description of the concept of the POD as
it is used in the field of nondestructive testing (NDT). It is
followed by a section that shows why this approach has to be
supported by numerical models for SHM systems. Afterward,
Section III shows the governing equations of elastic waves
and a selected discretization method. This method, known
as the elastodynamic finite integration technique (EFIT),
is specially adapted for the modeling of structures made of

1“SAE International is a global association of [...] engineers and related
technical experts in the aerospace, automotive, and commercial-vehicle indus-
tries” [17]. An Aircraft Recommended Practice is a guideline for develop-
ments in the aircraft industry.
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carbon-fiber-reinforced composites. The procedure and para-
meters of the modeling are explained for a selected component
from the automotive industry. In Section IV, the results of the
numerical experiments are presented. Based on these results,
a model-assisted concept for determining the POD of an SHM
system is presented, which includes the visualization of system
performance with the novel concept of so-called POD maps.
The POD maps are finally discussed, and this work concludes
with a summary in Section V.

[I. PROBABILITY OF DETECTION FOR SHM SYSTEMS

This section starts with an overview of the available liter-
ature in POD, originating from classical NDT methods, and
continues with the theoretical background for the calculation
of the POD curves in SHM systems. Finally, the concept of
MAPOD is presented.

A. Theory of POD

The POD indicates the probability of a system to detect a
specific flaw [19]. The original development and description
of the POD come from aviation and were driven by the high
safety requirements in this industry. A historical overview can
be found in [20]. The standards developed by Berens were
used to determine the reliability of NDT methods used in
regular inspections. Later, it was estimated that approximately
25% of an aircraft’s operating costs are due to inspections and
maintenance [9]. Therefore, the use of integrated monitoring
methods, e.g., based on actively excited UGW, allows for
structural evaluation and has the potential of replacing costly
inspections.

Testing and monitoring methods must be qualified in accor-
dance with the applicable test regulations to demonstrate a
sufficiently high level of reliability in damage detection and
assessment. This reliability assessment is based on the POD:
a monotonous function of a parameter of interest, which
characterizes the flaw [21], [22]. This parameter is usually
the size of the flaw, and therefore, the POD is often given
as a function of it [23]. In addition, critical flaw sizes that
affect the integrity of the component during its lifetime are
often known from the design. Therefore, a flaw of the critical
size must be detected by a test procedure reliably so that the
acceptance criterion can be met [24]. From this point, POD
curves correlate each flaw size to the probability of detecting
that flaw during the lifetime by the specified test procedure.
The data to populate a POD curve can be obtained either
by measurements or by numerical simulations, which must
include information about the critical flaw and its size. From
these diagrams, the agy/95 value can be obtained. This value
denotes the flaw size, which can be detected with a probability
of 90% and a confidence level of 95% [25]. Practically,
this flaw size represents quantitatively the performance of
the inspection procedure, and the aggj9s value is used to
characterize the reliability of the system. A test system is
considered suitable for the present test task if agp/95 is smaller
than the acceptance criterion.

Two parametric methods are mainly used to determine a
POD in the field of NDT [9], [21], [26]. This is, on the one

hand, a method based on binary data, the hit-miss analysis,
and, on the other hand, the method of analysis of the signal
response. The Berens method that is accepted as a standard
can generally be categorized as a method of signal response
analysis. The development from the hit-miss analysis through
the analysis of the signal response to the Berens method is
also described as an “evolution” of the POD calculation [27].

The standard work of POD determination in the field of
NDT is the summary of various investigations in the avia-
tion sector of the U.S. Department of Defense, from which
a manual on the determination of the reliability of NDT
systems was developed [28]. The manual, MIL-HDBK for
short, and the associated software mhl823 form an inter-
nationally accepted standard for performing POD analyses.
The theoretical foundations on which the MIL-HDBK is
based can be found in [23] and were later supplemented by
Berens [26], Berens and Loomis [29], and Berens et al. [30].
These publications, in turn, form the basis for a large number
of other works. A fundamental overview and an introduction to
factors influencing POD can be found in [31]-[33]. However,
a standard for carrying out POD investigations for SHM
systems has not been established yet [1], [2], [4], [19], [34].

In the following, the Berens method is described, and the
assumptions are discussed with regard to its application for
the reliability assessment of SHM systems. Specifications
within this work, which are made for the final application
example, should be regarded as one way of implementation.
The decisions made are based on existing research work and
are intended to stimulate further scientific discussion.

The variables whose correlation is examined in POD obser-
vations are the damage size a and the signal response 4, also
called damage index (DI). In the context of UGW, the DI
is obtained from measurement signals after processing steps.
A characteristic to describe the damage size depends on
the application, the test procedure, and the type of damage.
Possible characteristics are, for example, the flaw length,
diameter, depth, area, or volume.

The basic assumption of the Berens method is a linear
relationship between the damage size a and the DI 4. Under
certain circumstances, this is only given in a semilogarith-
mic or double-logarithmic scale, i.e., the variables loga and
loga are included [28]. In the following derivation, the nota-
tions a and a are continued without loss of generality.

Remark 1 (Selection of a Suitable DI): Different guided
wave modes interact differently with a certain type of
damage [6]. Whether there is a linear relationship between
damage size and DI depends, in particular, on the mode shapes
of the stress components relative to the location of damage.
A suitable DI shall, on the one hand, be adjusted to the type
of damage, and on the other hand, it has to be demonstrated
that it is linear with the damage size. A selection of possible
damage indices is provided by Loendersloot et al. [10] and
Su and Ye [35]. For anisotropic materials, e.g., fiber-reinforced
composites, Buethe er al. [19] show the DI

DI =1 —||CC|| (1)

where CC describes the correlation coefficient and is linearly
related to the area of a delamination on a logarithmic scale.
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The cross CC is determined between the baseline and
the current measurement.”? Loendersloot er al. [10] and
Moix-Bonet ef al. [12], [13] examine a large number of DIs
regarding their interaction with typical damage in composites.
They ultimately identify four DIs that are optimally suited for
the stated purpose. Among them is also the DI as given in (1).
Based on these results from the literature, the DI based on CC
is used in this work.

In general, the relationship between a and & can be
described according to a linear model

Y=X-B+e 2)

whereby the usual notation from statistics is used and with
which

a 1 ay
y=|:| x=]|:
ay, 1 a,
€1
ﬁ:(ﬁ?) e=1:|. 3)
&n

The vector of the dependent variable Y contains the DIs 4;
for the associated damage sizes a; determined after n mea-
surements. The matrix X is called the data matrix or design
matrix. f denotes the vector of the regression coefficients,
and ¢ denotes the error vector, which describes external
influences or measurement errors.

In the linear model, the following assumptions are still
applied: the error components are independent and & ~
N(0, ) applies, i.e., they are normally distributed with
expected value 0 and have the identical variance 72. Under
these assumptions, estimators b and ¢2 for § and 72, respec-
tively, can be determined according to

b= (X"x)"'x"y
1
¢? = ;(Y — Xb)T (Y — Xb). (4)

In general, Berens et al. [23] use the maximum likelihood
method to determine the estimators. Under the above con-
ditions on ¢, this coincides with the least-squares estimator
presented in (4). With the estimator b, the regression line is
determined as

a = by + bia. (5)

A flaw in the test object is accepted as detected if a
exceeds a given threshold. This threshold is called decision
threshold dge.. The larger the decision threshold, the larger is
the smallest damage size that can be detected.

Remark 2 (Selection of the Decision Threshold): For SHM
systems based on UGW, Loendersloot and Moix-Bonet [11]
write that “no physical interpretation is available to set a
general threshold.” The reasons for this are the different wave

2In real laboratory measurements, the electronics may cause a phase shift
between different time signals. To minimize the influence of this phase
shift, the cross correlation coefficient can also be determined by the Hilbert
transformations of the time signals. Since such a phase shift does not occur in
simulations, the DI is determined directly from the time signals in the context
of this work.

modes, reflections, mode conversions, and anisotropic behav-
ior, the latter aspect being mainly valid for fiber composites.
For real measurements, the decision threshold can be set at
a level of 3 or 6dB above the noise level. The noise level
can be obtained from measurements of the reference state
if multiple and statistically independent measurements are
available. For this purpose, the baseline measurement must
be repeated several times [14]. Usually, the inherent noise
characterizing the signal response shows a normal distribution.
When considering the specific metric (i.e., DI), it is possible
to verify the normality assumption with a variety of paramet-
ric or nonparametric tests. Among them, the Kolmogorov—
Smirnov test is certainly one of the most accepted and can be
applied successfully even when a limited number of samples
are available, such as in [36], where the satisfaction of the
Gaussian assumption was achieved. If no noise level is known,
as can be the case in simulations, it is possible to choose
the decision threshold as the minimum of the regression
line or to obtain it from attendant simulations [19]. In the
present contribution, noise is inserted into the simulations.
This is explained in Section III-B.
Since a ~ N'(Xf, %), also

dgee = (0.5, Xb, ¢?) (6)

applies, where @ is the distribution function of the standard

normal distribution. The POD(a) for the damage size a is
defined according to

(7

POD(a) =1 - @(M).

9

Alternatively and according to Mueller [14], with the defi-
nition of

Agec — bo S
= = — 8
1POD b TPOD b (®)
(7) is rewritten as
POD(a) = @(m). 9)
TPOD

That is, a given damage size a generates a DI a, and the
POD(a) is the probability that & exceeds the threshold dgec

POD(a) = P(d > dgec). (10)

The damage size for which POD(aygy) = 0.9 applies is
denoted by agy [26].

Since the determined POD curve is obtained from a specific
sample, the real function can vary around the fit curve. For
this reason, it is necessary to determine confidence bands
around the POD curve in which the real function lies with
the highest possible confidence level [15]. There are different
approaches on the kind of confidence, such as tolerance bands,
prediction bands, and confidence bands, which all return the
degree of probability, belief, or support that an unknown
parameter value lies in a specific interval. However, among
those interval estimators, the latter one is the most commonly
adopted. Although the amount of data available in MAPOD
is countless and does not suggest the use of this approach,
practical POD estimations are almost always made from data
of limited sample sizes and, hence, require confidence bounds
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to be given [37], motivating its use even in this context. There
are various approaches in the literature for determining the
confidence bands [15], [24], [27]. A comparison of different
methods can be found in [38]. The derivation according to
Berens can be found in [23] and [28]. The final resulting
value agg,95 specifies the flaw size a, which can be detected by
measuring the DI & with a probability of 90% and a confidence
level of 95% [14].

B. Model-Assisted POD

Influencing parameters that have been considered so far and
implemented in models within the framework of the determi-
nation of a POD for classical NDT methods are the “human
factor,” the test conditions or environmental conditions, the test
equipment (sensitivity, resolution), the test process, the mate-
rial under investigation, or interactions between all the factors
mentioned [33]. According to the conclusions emerging from
the sixth European American Workshop on Reliability of
NDE [39], influences can be broken down into four groups:

1) intrinsic capability;

2) environmental parameter;

3) human factors;

4) organizational factors.

However, influencing factors differ between NDT and SHM
methods. For example, the “human factors” can be neglected
when using an SHM system [40]. Furthermore, the limitation
of environmental conditions with regard to integrated systems
is not expedient since they should also be used in operation,
i.e., under fluctuating environmental parameters. Environmen-
tal conditions, material properties, and the geometry of the
objects under investigation can be identified as the cause for
fluctuations in monitoring systems [2]. For SHM systems,
the installation of the actuators and sensors on a structure
and the distribution of the damage are further factors influenc-
ing the variations in damage detection [4]. The measurement
results of an SHM system are usually closely related to
the structure on which it is applied and, therefore, cannot
be transferred to other structures [27]. The latter authors
also consider the variability of damage, i.e., its position and
orientation, as parameters influencing the POD of an SHM
system. Furthermore, the probability of damage occurring and
its distribution are often unknown in reality [27].

In summary, the verification of the POD for SHM systems
requires not only a variation of failure types and sizes, as well
as the geometry and structure of various coupons and com-
ponents, but also the consideration of various environmental
parameters. The effort and scope for tests to prove a POD
are considerably greater for SHM systems compared to NDT
methods and cannot be achieved by laboratory tests alone.
As Buethe er al. [19] write: “due to the fixed mounting
of SHM systems on structures, experimentally based inves-
tigation is particularly difficult and resource consuming.”
Investigations of the POD must, therefore, also be carried
out based on simulations, also known as MAPOD. In the
literature, MAPOD approaches are basically divided into two
categories [2], [22], [27], [41].

1) Transfer Function Method: Empirically determined

POD curves are used to obtain estimates of the POD

of a comparable inspection scenario. This means that
empirical data from several individual experiments are
combined to form an overall statement about the POD
of an NDT method. During the determination of the
new POD curve, it is argued how significant factors
influence the POD. The influencing factors represent
well-understood physical phenomena.

2) Completely Model-Based: With this approach, factors
that cause fluctuations within an inspection are system-
atically modeled and their effects identified. The models
are used to estimate signal responses and fluctuations.

Current research is initially concerned with the development

and understanding of the POD concept in the context of SHM
since there is no standard procedure for determining the POD
of an SHM system [27]. This work follows a completely
model-based approach.

I1l. NUMERICAL MODELING

In this work, the EFIT is used for modeling the wave prop-
agation phenomena through an automotive component made
of composite material. The EFIT method allows modeling
the complete wave field in homogeneous and heterogeneous,
isotropic, and anisotropic materials. Further details can be
found in [42]-[45]. Section III-A lays the groundwork for the
wave field modeling based on the EFIT and applies the method
to the current test object.

A. Modeling of UGW in Anisotropic Materials

Cauchy’s equation of motion describes the propagation of
elastic waves in an (inhomogeneous) medium

2

0
pﬁuzvoa—i—f

with p = p(x1, x2, x3) being the mass density, u = (uy, us, usz)
the displacement vector, ¢ the time, o = {0jj};, j=1,2,3 the stress
tensor, and f = (fi, f>, f3) the body forces, respectively.
In the case of linear deformations, Hooke’s law holds true

(1D

c=C-nq (12)
where # denotes the strain
1 T
n= 5(w+(w) ) (13)
and
Cii Ci2 C13 Ci4 Cy5 Cye
Cyp Cyp3 Coy Cos5 Cop
C33 C34 C35 C36
C= 14
Cas Cy45 Cyus (14)
symm. C55 C56
Coes

is the elasticity matrix for the case of anisotropic materials.
The basic idea of the EFIT is to perform an integration of
the differential equations over a defined control volume. First,
(11) and (12) are transformed into a first-order hyperbolic
system by introducing the particle velocity v = (6/0t)u

0
p—v=V.o+f

ot (15)
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Fig. 2. Staggered grid cell i,j of the 2-D-EFIT scheme.

and

0
Zo=C-

ot
For readability, we present the method only for the 2-D case
in the x; — x3 planes and for the first component v; of (15).

The exemplary equation is

- (16)

5 5
6, _°
P’ T ax

The integral form of (17) over such a control volume V
reads

0 0 0
—01dV = —_— —_— dv. (18
/Vpatln /V(axltm-i- ax3013+f1) (18)

With the help of the divergence theorem, we transfer (18)
into

0
o+ —oiz+ fi.

0x3 a7

0 0 0
—0 dV = — — dv (19
/Vpatln /‘/(8x1011+ax3013+f1) (19)
= /(011,013)-n dS+/ fidv  (20)
s v

where n is the outer unit normal vector of the boundary S. The
most commonly used grid cells are Cartesian ones, and there
are different possibilities to locate the unknowns within the
control volume. Fig. 2 shows the staggered case often used
for elastodynamic problems. Assuming the staggered spatial
grid and applying the midpoint rule to the cell i, j we obtain
a quadrature scheme from (19), which reads

0
pavl(i,j) cAxiAxz = (o1 + 1, j) — o011, j)) - Axz
+(o13G, j)—oi3G, j—1)) - Ax,

+1G, j) - AxiAxs. (2D
Dividing (21) by Ax;Axs results in
pivl(i,j) _onl@+1,))—ouG))
ot Ax;
+0'13(i,j) —oi3(,j—1) + ARG ). (22)

A)C3

For time integration, the Leap frog scheme is chosen to
complete the EFIT procedure as follows:

n+looo. n—1 .. 0o . 0o
s = s + +19 - s

vy @, j)=0v; 3, J) D Ax) (0'11(1 J) —oq( ]))

At 0o

+m(01l3(ld) —op3(, j — 1))

Ar
+— /G )). (23)

p

Here, the upper index in v; and oj; corresponds to dis-
cretization in the time domain with time step Az. The remain-
ing equations of (15) and (16) are discretized employing
almost the same procedure.

As boundary conditions, a stress-free boundary is assumed.
This boundary condition is implemented with the help of the
stress-imaging method. This technique is attributed to [46] and
is described in detail in [47] and [48] for staggered grids.

B. Properties and Parameters of the Sample Application

In this work, test objects made of a carbon-fiber-reinforced
plastic (CFRP) material are considered. The models are the
result of work from the project CarbonSafe. The aim of this
project was the development of a suitable SHM system for
safety-relevant components made of CFRP in the automotive
industry. More results of the project can be found in [49]-[51].

Modeling of the multilayered structure made of an
anisotropic composite material is possible by EFIT if the
elastodynamic material parameters of a single layer are known.
Using a 3-D discretization of the structure, each ply can then
be modeled as one or more material cells in the thickness
direction. Since the single layers are usually thinner than
500 um, the corresponding cells have a very small dimension
in the thickness direction. To satisfy the stability condition
of explicit time integration i.e., the Courant—Friedrichs—Lewy
(CFL) condition, the time step of the overall algorithm
becomes extremely small, which leads to a considerable
computing time expenditure, especially when the number of
layers increases. Although this approach would ensure high
fidelity modeling of the structural behavior under transient
dynamic load, the computational effort can be insufficient if
the laminated plate has a certain number of plies. To reduce
computational effort significantly, the multilayered material
can be idealized by the equivalent single-layer (ESL) approach.
This method has already been successfully used to model SHM
systems based on UGW for composites [34]. In particular,
it ensures a good computational efficiency without reducing
the model performance. At the same time, it offers high accu-
racy in modeling of the global structure of the wave field [52]
and returns reasonable indication about the interaction between
wave and through thickness damage [34]. Originally, the ESL
approach was developed and used for fatigue tests supported
by finite element modeling on composite materials and is
particularly suitable for thin laminate structures [53]. The aim
of the method is to obtain a single layer, whose stiffness is
equivalent to that of the multilayered material. The equivalent
structure is obtained by computing the effective stiffness
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matrix using the classical lamination theory, the first-order
shear deformation theory, or other plate theories. They are
derived by making suitable assumptions on the displacement of
plate particles according to the shear behavior of the structure.
Basic assumptions are given as follows.

1) Each individual layer is linearly elastic.

2) The laminate is very thin, i.e., the thickness is much

smaller than the other dimensions.

3) The thickness is constant.

4) Due to the thin laminate, the plane stress condition holds

true.

Another general condition for the validity of simplified plate
theories concerns the wavelength, which shall be significantly
greater than the structure thickness, this is usually the case
for UGW whose wavelength is in the range of several tens
of millimeters propagating in plate-like laminates of a few
millimeters of thickness. Further explanations regarding plate
theories and the propagation of Lamb waves in laminates
can be found in [54]. Moreover, a detailed derivation of the
effective stiffness matrix can be found in [55].

If the elastodynamic constants of a single layer and the
stacking sequence of the laminate are known, the effective
stiffness matrix can be calculated with the freely usable
program eLamX?, which is developed at the TU Dresden at
the Institute of Aerospace Engineering. The program and an
online manual describing the basic operation of eLamX? can
be obtained from [56].

The automotive component made of CFRP is shown in
Fig. 3. A CAD dataset of the geometry of the component
was provided by the partner in the CarbonSafe project, which
was used to extract the curvilinear edge of the component
as a polygon. For the shown test specimen, the multilayered
structure is given with the layup of [0/45/90/0/—45/90], whose
equivalent elastic matrix is

891181181 0 0 0
18.189.1181 0 0 0
18118.18.1 0 0 0

Ces=| o 0o o0 207 0 o |CP> @9
0 0 0 0 207 0
0 0 0 0 0 207

Fig. 3 also shows a schematic drawing of the 2-D model
of the test specimen, including the coordinate system. A total
of four piezoelectric circular transducers were applied to the
structure. Their centers are located at the positions

W1:x; =80 mm, x3=80 mm
W2 :x; =240 mm, x3 =80 mm
W3 :x; =150 mm, x3 = 180 mm

W4 :x; =300 mm, x3 =260 mm.

In the ESL method, damage within the structure can be
modeled as a local stiffness reduction. The damage idealization
in a CFRP structure using the ESL method has already
been described and investigated in the literature [57]. The
degradation of the composite material can be modeled by
reducing its stiffness according to

C=x-C (25)

300

100

200

X, in mm

360

Fig. 3.  Top: picture of an automotive component made of CFRP.
Bottom: schematic drawing of the 2-D model of the test specimen
including marked positions of the PZTs (e).

where k = 0.5 is the so-called scaling factor [57]. This
assumption is supported by Dayal et al. [58]. Impact damages
lead to microcracks in fiber composites, and these lead to a
local reduction of stiffness. A corresponding approach within
the framework of the ESL method was confirmed in [34] by
experimental NDT measurements on a damaged test specimen.

In this work, the configuration of damage is varied, i.e., one
damage is repeatedly introduced at one position and changed
in form and orientation, leading to the introduction of vari-
ation, as it is necessary for the POD analysis. In gen-
eral, impact-induced damage in composite materials can be
assumed to be elliptical [19]. As part of the final reports of
the SARISTU? project, different papers showed investigations
on impact damage to structures made of composite materials in
aircraft industry [10], [11]. The authors specify delaminations

3Smart Intelligent Aircraft Structures [59].
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Fig. 4. Schematic drawing of the selected damage positions (x) and

the positions of the PZTs (e) in the test specimen.

with a radius of more than 20 mm as critical because they lead
to exterior damage barely visible by visual inspection. For the
automotive sector, the publication of a corresponding specifi-
cation is not known to the authors of this article. Therefore,
a delamination area of 100 mm? is considered critical for the
automotive CFRP component used in this study. This size is
specified as the acceptance criterion for later examination.

The entire area to be discretized, which encloses the above-
mentioned specimen from the CarbonSafe project, has an
extension of 361 mm x 339 mm (see Fig. 4). The number of
grid cells was 722 x 678 cells, resulting in Ax = 0.5 mm.
Damage was modeled at 27 different locations shown in Fig. 4
in separate simulation runs. Each damage was modeled as
a local change in stiffness according to (25) with x = 0.5.
The damage size a is the area A in mm?. Starting from a
given area, the damage was assumed to be elliptical with the
semiaxes p and g. The semiaxes were randomly varied five
times per given area A. A total of 11 different areas were
specified for each damage position, from 50 to 150 mm? with
an increase of 10 mm?2. First, the semiaxis p was determined,
the length of which was normally distributed. The radius of a
circle with an identical area A was assumed as the expected
value u. The standard deviation is defined by the following
equation:

u—3Ax
3

Varying of damage orientation includes a variation of spe-
cific importance for the performance assessment based on the
POD. With this specification, 99.73% of the values for p are in
the interval 4 £ 37, and p is at least 3Ax long, i.e., it can be
represented in the grid of discretization. From the value for
p and A = wpq, g was finally determined. This procedure
basically follows the investigations of [27], which considers
the variability of damage as an influencing parameter on the
POD of an SHM system. Other sources of variation, such

(26)

T =

as the influence of environmental and operational conditions,
such as stress and temperature, have not been taken into
account in this purely simulation-based approach.

The transducers were modeled as a point source, whereas an
actuator acted as surface forces f; and f3 in both spatial direc-
tions, respectively. A five-cycle Hanning-windowed cosine
pulse with a center frequency of 225 kHz was chosen as the
excitation signal. For comparable structures and components,
a damage interaction potential has already been shown in
this frequency interval [49]. The observation time was set to
150 s, which results in a total of 3600 time steps according
to the CFL condition.

IV. RESULTS AND DISCUSSION

This chapter evaluates the performance of the formerly
described guided wave-based SHM system by means of POD
and is organized as follows. The wave field model, upon which
the POD evaluation is based, is presented in Section IV-A.
In Section IV-B, the POD curves for single combinations of
actuator—sensor pairs and damage locations are determined.
Section IV-C presents the POD maps as a method to dis-
play the POD evaluation for all damage locations. Finally,
Section IV-D combines the POD maps to obtain the perfor-
mance evaluation of the complete SHM system and analyzes
the effect of the damage position on the system reliability.

A. Description of the Wave Field

Fig. 5 shows exemplary wave fields of the absolute value
of the displacement in the test specimen at f = 15us
and ¢+ = 30us, left and right figures, respectively. The
transducer W1 was the actuator in this case. The baseline,
the damage case with inserted damage with A = 100 mm?,
p = 6.11mm, and ¢ = 5.2mm at the position x; = 100 mm
and x3 = 100mm, and the difference signal of the two
mentioned states are presented in Fig. 5. In the representations
of the baseline and the damage case, the expected directional
dependence of the wave field due to the anisotropy of the
material is observed. The interaction with the damage can be
seen more clearly when the difference signal is shown. The
damaged area acts as a scatterer, and in addition, it can be
seen how the scattered part of the wave also propagates direc-
tionally from the position x; = 100mm and x3 = 100 mm.
These results correspond to the results of laser vibrometer
measurements on comparable CFRP structures [6], [7].

B. POD Evaluation

To evaluate the POD of the SHM system, all transduc-
ers were used sequentially as actuators and the other three
transducers as sensors. According to the pitch—catch approach,
the transducer that is used as an actuator is not simultaneously
adopted as the sensor. The DI in (1) is chosen to represent the
signal response 4. In the literature, a linear relationship was
shown for DI with the area of damage in anisotropic materials
on double logarithmic axes [19].

The entire evaluation algorithm consists of determining the
time signals of the baseline and the damage state at each
sensor for each damage position, each damage size a, each
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Fig. 5. Absolute value of the total displacement in the test specimen. The left and right columns show the wave fields at t = 15 us and t = 30 us,
respectively. The upper row shows the baseline, and the middle row shows the damaged state with the damage introduced with A = 100 mm?,
p = 6.11 mm, and g = 5.2 mm at the position x; = 100 mm and x3 = 100 mm. The bottom line shows the differential signal of the two states
mentioned. The transducer W1 was the actuator.

damage configuration, and each actuator—sensor combination.
This results in a total number of 5940 simulations. From the

time signals, the DI a is calculated.

The decision threshold dg4.. was obtained from the data of
the simulations. The procedure was based on the method pre-
sented in [19]. The basic idea is that only the DIs on indirect
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catch paths for all damage positions and the smallest damage size
of 50 mm?. Top: when evaluating u;. Bottom: when evaluating us.

paths are evaluated to determine the decision threshold. Thus,
only the DIs that are dominated by reflection components of
the time signals are considered. For each damage position,
the most distant pitch—catch path between two transducers
was first determined. By the distance between a path and the
damage position, the Euclidean distance between the location
of the damage and the perpendicular foot on the path is
meant. For this path, the DIs a were then determined for both
actuator—sensor combinations for the five modeled damage
sizes with @ = 50 mm? according to (1). This resulted in a total
distribution of 270 a values (see Fig. 6). From this distribution,
the 90% percentile was chosen as the decision threshold. The
evaluation of the time signals of the u; component resulted
in dgec = 0.0109 and for the u; component in dgec = 0.0087.
Based on these values, it can be assumed that the u3 com-
ponent is generally more sensitive and that considering the
u3 component will result in smaller values for agg and agq,9s.
However, later analysis shows that such a conclusion cannot
be derived from the numeric value of the decision threshold.
The regression line between the damage size a and the DI a
was then determined for each actuator—sensor combination.
The POD curves according to Berens’ model were then
determined using the abovementioned specifications. Within
the scope of the evaluation algorithm, two POD curves were
generated for each damage position and each actuator—sensor
combination: one based on the time signals of the u; com-
ponent and one based on the time signals of the u3 compo-
nent. An example of the described evaluations is shown in
Figs. 7 and 8. The following evaluations refer to the case of a
damage at the position x; = 100 mm and x3 = 100 mm. Fig. 7
shows the determined regression line between @ and a based

0 L L L L L L "‘\
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Area in mm?

Fig. 7. Top: representation of the linear relationship between a and a
including regression line and parameters of the investigation when
evaluating the vy time signals. The transducer W1 was the actuator,
and the transducer W2 was the sensor. The damage was located at the
position xy = 100 mm and x3 = 100 mm. Bottom: representation of
the determined POD curve of a damage at the position x; = 100 mm
and x3 = 100 mm when evaluating the uy time signals. The values
ago = 93.87 mm? and agggs = 97.14 mm? were determined.

on the time signals of the u; component for the actuator—sensor
combination W1-W?2. Since the damage position, in this case,
is close to the actuator W1 (see Fig. 3), it can be expected that
the influence on the time signals is relatively high, i.e., even
very small damage should be detectable. Nevertheless, there
are also a few outliers in Fig. 7, which can be related to
the modeling of the damages. When defining the ellipses,
one of the semiaxes was assumed to be normally distributed,
and the second semiaxis was calculated from the area of the
damage. The normal distribution of the semiaxes resulted in
very narrow ellipses in a few cases. These ellipses, depending
on the orientation between the damage and the wavefront,
can lead to less or more interaction for the same size of the
damage.

During the evaluation, the minimum and maximum of the a
values were determined as dp;, = 0.0040 and G« = 0.0349,
respectively. The resulting POD curve is also shown in Fig. 7,
from which agy = 93.87mm? and agyos = 97.14 mm?
were obtained. If the time signals of the u3; component are
evaluated, comparable values result with agy = 106 mm? and
agn/os = 109.18 mm?. Nevertheless, in this example, the u,
component is more sensitive, i.e., more suitable for detecting
the damage as one can see from the smaller values of ag
and agn/9s-
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Fig. 8. Top: representation of the linear relationship between & and a,
including regression line and parameters of the investigation, when
evaluating the uy time signals. The transducer W3 was the actuator,
and the transducer W4 was the sensor. The damage was located at the
position xy = 100 mm and x3 = 100 mm. Bottom: representation of
the determined POD curve of a damage at the position x; = 100 mm
and x3 = 100 mm when evaluating the u; time signals. The values
ago = 156.12 mm? and agp/e5 = 168.56 mm? were determined.

From the estimated POD, it is possible to obtain agy for
the defect size detectable with a 90% probability, which is
standard accepted as safe. Taking into account the confidence
interval, agg/95 is obtained as the minimal defect size detectable
with a 90% probability with a 95% confidence. This means
that the defect size detected in 90% of cases has a 95%
probability to be smaller than agp/e5. Many publications allude
to the agoos criteria for reliability, which is the flaw size
at which POD is 90% with confidence of 95% or greater.
Although ag/95 has been criticized for its arbitrariness, it is
the de facto metric for quantifying the performance of the
system (the detectability criterion), giving that it represents the
minimum detectable damage with a statistically meaningful
belief. Nonetheless, for the sake of clarity, both agy and ago,95
are discussed afterward.

If, in contrast, the actuator—sensor combination W3-W4 is
evaluated for the abovementioned damage position, the depen-
dence of the POD on the location of the damage or on the
arrangement of the transducers within the system becomes
apparent. The damage position is no longer on a direct pitch—
catch path between W3 and W4 (see Fig. 3). The difference
signal at W4 is not dominated by the transmitted wave
components but by those scattered from the damaged area.
It is, therefore, to be expected that larger values for agy and

agnyos will be retrieved for this actuator—sensor combination.
Corresponding results based on the evaluation of the u#; com-
ponent are shown in Fig. 8. A smaller slope of the regression
line compared to that in Fig. 7 can be observed. Parameters
dmin = 0.0021 and ap.x = 0.0160 were determined. If one
compares the maximum & value of 0.0160 obtained in this
case (W3-W4) with that of the actuator—sensor combination
WI1-W2 (0.0349), it becomes clear that the same damage sizes
can result in different damage indices. From the constructed
POD curve, agy = 156.12mm? and agoyos = 168.56 mm?
could be determined (bottom in Fig. 8). The flatter slope of the
POD curve in Fig. 8 compared to that in Fig. 7 also confirms
the preliminary consideration that larger defects must be occur
for the actuator—sensor combination W3-W4 than for the
combination W1-W?2 to obtain a POD of 0.9. However, if the
u3 component is evaluated for the actuator—sensor combination
W3—W4, agy = 50.5 mm2 and agn/9s = 52.84 mm2 are
obtained. The reflected part of the wave, which influences the
difference signal and, thus, DI, dominates in the case of the u;
component. This is, therefore, more suitable for the evaluation
of the actuator—sensor combination W3—W4 in order to detect
the above-mentioned damage.

It is worth noting that Fig. 7 shows a more heterogeneous
scatter of data around the predicted value. However, the POD
approach is based on certain strict assumptions about the
regression model best fitting the data, which is demanded,
as such, to accommodate the linear relationship between the
signal response and the flaw size while ensuring a limited devi-
ation of the signal response around the estimated value and the
same deviation across all values of the flaw size. Nonetheless,
the lack of homoscedasticity (homogeneous scattering) showed
by some paths in the relationship between the response and
flaw size will not alter the generality of the discussion made
afterward and the qualitative validity of the results already
shown (i.e., inspection be transducer pair W1-W2 will always
return a performance much higher than that performed by
W3-W4 when the damage is located at x; = 100mm and
x3 = 100mm). The use of the POD approach is, indeed,
aimed to establish a rigorous way to evaluate how the damage
position affects the performance of the system (measured by
the path-based agg,95) rather than to find out the more plausible
ag0,95 value.

C. Creation of POD Maps

It has already been shown in the literature that the
POD within an SHM network depends on the damage
location [4], [60]. Since the PZTs of an SHM system are per-
manently installed, the distance between the transducers and
damage varies depending on the location of the damage and,
thus, also the POD. This effect is emphasized in anisotropic
materials since their force-deformation behavior is directional
and, thus, also the propagation speed of guided wave modes.

The influence of the chosen path between two transducers
on the damage detection was investigated in [19]. Using
numerical simulations on an anisotropic composite specimen,
the authors show that a DI varies depending on the location
within an SHM network. The numerical and experimental
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Fig. 9. Graphic representation of the determined agy and agg9s values
based on the evaluation of uq. The transducer W1 was the actuator, and
the transducer W2 was the sensor. Top: agg. Bottom: agg/gs.

investigations in [4] also showed that the arrangement of
the PZTs has an influence on damage detection. Since the
location, size, and orientation of accidental induced damage
are unknown in reality, the best possible arrangement of the
transducers is also unknown. However, if the arrangement of
the transducers within an SHM network is fixed, it follows that
the location, size, and orientation of damage must be varied
in order to assess the POD.

For this purpose, there is the possibility to create a POD
map to investigate the influence of the damage location on
the POD of an SHM system. A POD map is created by
specifying a fixed number of points on the investigated object
where damage is modeled. For each damage location, the size
of the damage is varied, and the values a9y and agys95 are
determined using the Berens method. This relationship can
be visualized in a height profile map. Such maps based

1

Fig. 10. Graphic representation of the determined agg and agg/gs values
based on the evaluation of us. The transducer W1 was the actuator, and
the transducer W2 was the sensor. Top: agg. Bottom: agg/gs.

on computer-aided investigations of an SHM system were
presented in [60] and [61].

The POD evaluation described in Section IV-B was then
carried out for all damage positions. Figs. 9 and 10 show the
determined agy and agg,95 values for the actuator-sensor com-
bination W1-W2 when evaluating the u; and u3 time signals,
top and bottom, respectively. The damage positions that do not
meet the acceptance criterion of 100 mm? are marked in black.
These representations also confirm the location dependency of
the POD within the test specimen. In general, when evaluating
the u; component, it can be determined that the acceptance
criterion can be met in the area between W1, W2, and W3.
This is not true in a region in the “Northeast” of the specimen
(see Fig. 9). These damage positions are also not in the trans-
mission path between W1 and W2. The magnitude of the DI
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Fig. 11. POD maps obtained by interpolation from Fig. 9. The transducer
W1 was the actuator, and the transducer W2 was the sensor. Top: agg.
Bottom: agg/gs.

is significantly influenced by the scattered wave component.
However, this scattered wave only shows a clear influence on
the u; differential signal at W2 at a high value of a. When
evaluating the u3 component, the determined agy and aogq,95
values mostly decrease (see Fig. 10). Moreover, the acceptance
criterion cannot be met for three damage positions within the
region between W1, W2, and W3.

By interpolating the determined agy and aggjo5 values from
Figs. 9 and 10 to a finer grid, a POD map could be generated,
respectively. The finer grid was chosen with a resolution
of Ax = 0.5mm. The MATLAB function scatteredInter-
polant was used with the natural neighbor interpolation [62].
The results are shown in Figs. 11 and 12. These graphic
representations once again illustrate the investigation of the
actuator—sensor combination W1-W2 described above. The
acceptance criterion can be met in the region between W1, W2,
and W3, whereas this is not the case in the “Northeast” of the

1

Fig. 12. POD maps obtained by interpolation from Fig. 10. The
transducer W1 was the actuator, and the transducer W2 was the sensor.
Top: agg. Bottom: agg/gs.

test specimen. When evaluating the u; time signals, a max-
imum value of agy9s = 1910.58 mm? could be determined
among all damaged positions; when evaluating the u3 time
signals, a maximum value of 1318.38 mm? was determined.
In contrast, if the actuator—sensor combination W3-W4 is
used, the POD maps change (see Figs. 13 and 14). In the
region between W3 and W4, damage below the acceptance
criterion of 100 mm? can now be detected. At the same time,
this is not possible in areas in the “West,” “South,” and “East”
of the test specimen, i.e., this actuator—sensor combination is
also not suitable for globally meeting the acceptance criterion.
Here, a local dependence of the POD is again confirmed.
In general, the u3 component of the displacement is more
sensitive to damage. On the one hand, when evaluating the
u3 component, the determined agy and agg 95 values are lower
in the region between W3 and W4; on the other hand,
the acceptance criterion can be met in two areas around
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Fig. 13. POD maps obtained by interpolation based on evaluation of uy.
The transducer W3 was the actuator, and the transducer W4 was the
sensor. Top: agp. Bottom: ago/gs.

W1 and W2 (see Fig. 14). By evaluating the #, time signals,
a maximum dgg95 value of 333.28 mm? could be determined
for the test specimen and, by evaluating the u3 time signals,
a maximum value of 252.33 mm?.

D. Discussion

The preliminary investigations confirm that the POD within
the SHM system depends on the arrangement of the trans-
ducers or the selected actuator—sensor combination. It fol-
lows that there is an optimal actuator—sensor combination
for each damage position. In this context, optimal means
that the actuator—-sensor combination with the smallest aqg
and agg/95 value is selected. For example, the actuator-sensor
combination W4-W1 was found to be optimal for the damage
location at the position x; = 100mm and x3 = 100 mm with
agy = 27.4mm? and ages = 29 mm? when evaluating the
U] component or agy = 30.62mm? and agp/95 = 31.9 mm?

1

Fig. 14. POD maps obtained by interpolation based on evaluation of us.
The transducer W3 was the actuator, and the transducer W4 was the
sensor. Top: agg. Bottom: agp/gs.

when evaluating the u3; component. The order between the
actuator and the sensor must be explicitly considered since
the reciprocity on a pitch—catch path does not necessarily
apply after damage has been introduced due to anisotropy.
For the entire system, therefore, not only an optimal actuator—
sensor combination can be specified for each damage position
but also the component of the displacement that shows the
higher interaction, i.e., the component where agy and agg)95
are smaller. In the example above, this is the u; displacement
with agy = 27.4mm? and agnyos = 29 mm?.

Fig. 15 shows the agy and aggsos values that are selected
as optimal for all damage positions, among all actuator—
sensor combinations, and between the components of the
displacement. By interpolation of the determined agg and agg,95
values from Fig. 15, the POD map of the entire SHM system
can finally be obtained (see Fig. 16). It can be seen that the
entire system can meet the acceptance criterion of 100 mm?,
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Fig. 15. Graphic representation of the lowest agy and agggs values at
the current damage positions among all actuator-sensor combinations.
Top: agp. Bottom: agg/gs.

which does not apply to every actuator—sensor combination as
one can see from the examples in Figs. 11-14. The maximum
agoyos value of 75.59 mm? could be determined for the whole
CFRP component. In a region in the “Northwest” of the test
specimen and at x; = 150mm and x3 = 100mm, only
defects of the certain sizes can be detected with the needed
probability, and other smaller damage will be missed. This
result is particularly pronounced for the latter damage position,
as it is located in a region between W1, W2, and W3 and is,
nevertheless, difficult to detect. Due to the anisotropy of
the specimen and the resulting characteristic of the wave
propagation, it follows that the scattered wave field of this
damaged area predominantly “passes” the transducers W1,
W2, and W3 (see Fig. 5). Only a relatively large area of
damage causes a reflected signal that is above the decision
threshold.

Bottom: agg/gs.

The structure of the distribution of the agy and agg9s values
with regions of smaller and regions of higher values that
directly adjoin one another was also observed in the literature.
Schubert et al. [60] visualized the maximum amplitude that
can be achieved by constructive superposition of excited
wave modes in a metal plate depending on the location.
This maximum amplitude is directly related to a possible
interaction with a damaged area and, thus, to the damage
sizes that can be detected depending on the location. For
anisotropic, plate-like structures made of fiber composite mate-
rials, Loendersloot et al. [10] and Memmolo et al. [34] show
examples of imaging techniques used for damage detection.
These examples also show that areas of high interaction can
be located directly next to regions of less interaction. The
causes are different distances between actuator, sensor, and
damage position, as well as the anisotropic structure of the test
object. Due to the purely model-based approach, the absolute
values of POD curves and POD maps cannot be easily
transferred to experimental investigations. On the one hand,
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the determination of a decision threshold was realized using
insensitive paths at the smallest modeled damage. Measure-
ment noise was not taken into account due to the nature of the
simulation. On the other hand, other influencing parameters,
such as temperature variation or variation of stresses, have also
not been included in the analysis. Moreover, the transducer
itself has not been modeled. Instead, the resulting #; and u;
components have been analyzed. Nevertheless, the qualitative
statements of the study enable a highly improved knowledge
about the system’s performance. Especially, the POD map
allows for a location-specific analysis of the system perfor-
mance and enables SHM system engineers to make informed
decisions during the design and operation phase.

V. CONCLUSION

In this work, the EFIT was used to model a curvilinear
automotive component made of CFRPs. Furthermore, the ESL
approach was used in the context of the discretization scheme
to model the anisotropic material behavior of multilayered
composites. These developments were then combined in order
to check the feasibility of the MAPOD principle on the
exemplary modeled automotive component. The approach for
generating POD curves was taken from classical NDT and
transferred to the modeled SHM system. To characterize the
performance of the SHM system, a method for creating POD
maps was presented and implemented. The results obtained
visualize whether the SHM system is able to hold the accep-
tance criterion defined for the investigation. Nevertheless,
a continuing comparison of the model and experimental data is
still necessary to provide a complete reliability assessment of
the SHM systems. The developments of this work can be used
as tools for the model-assisted evaluation and optimization of
an SHM system.
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