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Abstract. In the last decades, ultrasonic guided waves have proven to be a
promising tool for structural health monitoring (SHM). For a number of reasons,
narrowband burst signals are widely used to excite structures in order to reduce
the impact of multimodal wave propagation and dispersion. This paper
addresses a different approach using broadband random excitation signals.
While burst signals are advantageous for damage localization and compensation
of environmental and operational conditions, the interference of stochastic
waves resulting in a complex wavefield could be more sensitive to structural
changes, including defects. Based on promising experimental results published
recently, potentials and limitations resulting from random excitation are inves-
tigated in this paper. Sensor signals are simulated using the time domain spectral
element method for a carbon fiber composite plate and twelve piezoelectric
transducers. The simulated sensor signals are analyzed using different statistical
methods, including the Nullspace-based Fault Detection algorithm known from
vibration-based SHM, to compute damage indices for the intact and damaged
states of the plate. Moreover, wavefield images computed by the root mean
square (RMS) are presented. Detected defects and non-visible damage positions
are compared and the results are discussed.

Keywords: Structural Health Monitoring � Guided waves � Signal processing �
Random excitation � Composites

1 Introduction

There are various upsides using narrowband bursts signal for guided waves based SHM.
One of the main benefits is the reduced complexity of wave propagation. Regarding
guided waves in general, multimodal wave propagation and dispersion lead to complex
wavefields and measured signals that are difficult to interpret, especially under changing
environmental conditions. Narrowband tone burst excitation can be used to simplify the
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resulting signals, especially when combined with wave tuning. Changes in the signals
can then be identified in the simplest case by subtracting baseline signals from currently
measured ones or by using additional signal processing [1].

A different approach using stochastic excitation or diffuse wavefields was used
multiple times in vibration based SHM and was recently transferred to guided waves
[2]. The reasons for this approach are related to possible advantages of the complex
wavefields; due to the interfering nature they might be more sensitive to changes than
narrowband tone bursts. This could lead to several benefits, either the detection of
smaller damages or the application of less sensors. Another advantage could be the
exploitation of ambient excitation so that potentially no active excitation would be
required and therefore the weight of SHM-systems could be reduced.

In recent examples different ways of excitation were used to generate diffuse
wavefields, one example is to use high pressured air that is randomly sprayed over the
tested plate [3]. Another research group worked with a pulsed Nd:yttrium-aluminum-
garnet-laser enabling local excitation at various positions [4]. The analysis in both cases
was based on Greens function. The transfer function between sensors was calculated
and compared in different structural conditions. Due to the path-based analysis at least
weak localization of damage was possible.

The analysis in this paper is based on simulated data. This has on one hand several
advantages, for example all unwanted influences, like temperature or humidity are
excluded. In addition, different damage cases or sensor distributions can be tested
without too much expenses later on. On the other hand, simulated data could be
corrupted by different numerical errors and discrepancies between the model and
reality. The simulated signals used for analysis later on are computed using the spectral
elements method, known for excellent modeling of wave propagation [5].

The simulated model consists of a carbon fiber composite plate and twelve
piezoelectric transducers. One transducer is always used in turn as an actuator while the
others sense the simulated signals. Four different states of the model are simulated and
the following methodology is used to identify damaged and undamaged states: The
excitation signal for the actuator consists of white noise to generate a complex
wavefield; the resulting signals at the sensors are then analyzed using different tech-
niques especially by means of the Nullspace-based Fault Detection algorithm (NSFD).
Damage is simulated in this model at different positions on the plate in form of
delamination.

The novelty of this approach is to simulate and analyze data of diffuse wavefields
generated by piezoelectric transducers with stochastic input signals. Because the
approach is not based on path related damage indicators, localization will be rather
difficult and the approach will need to be combined with additional algorithms.

2 Numerical Simulations

2.1 The Time-Domain Spectral Element Method

The time-domain spectral element method [5] was used for numerical simulations of
propagating elastic waves. A flat shell element was used which is based on Mindlin-
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Reissner first-order shear deformation theory. It has 36 nodes and 5 degrees of freedom at
each node: displacement components along three axes and two independent rotations of
cross-sections.

Parallel implementation, similar to the one presented in Ref. [6], was used to speed
up computations. The proposed approach differs in the calculation of elemental forces
which depend on the contribution of the extensional stiffness, the flexural stiffness,
bending-stretching coupling, twisting-stretching along with bending-shearing coupling,
stretching-shearing coupling and bending-twisting coupling instead of the matrix of
elastic constants assigned to each layer of a composite laminate. Hence, the proposed
method is more suitable for wave propagation modelling in multilayer composite
laminates because it leads to a much lower number of degrees of freedom (see [7] for
more details).

2.2 The Numerical Model

The structure under investigation was quasi-isotropic carbon-fibre-reinforced polymer
(CFRP). The assumed layup of the composite was [45/0/-45/90/-45/0/-45/0/45/90]. The
dimensions were 500 mm � 500 mm and the thickness 2 mm. The assumed material
properties of unidirectional CFRP are given in Table 1. The assumed mass density was
1571 kg/m3.

Piezoelectric transducers of the diameter 10 mm and the thickness 0.2 mm were
taken into consideration in the model by changing local inertia and stiffness in corre-
sponding spectral elements. The composite laminate was modelled by using one layer of
spectral flat shell elements at its neutral plane. However, the contribution of all com-
posite layers to the overall elemental stiffness was taken into account in the usual way.

Three locations of delamination of diameter 10 mm were investigated. The
delamination locations and arrangement of 12 piezoelectric transducers is presented in
Fig. 1. Each delamination case was considered separately. Two layers of flat shell
spectral elements were used at delamination location in order to mimic separation of
composite layers. Furthermore, contribution to the stiffness is divided into upper and
lower elements according to the position of the delamination in between composite
layers (it was assumed that the delamination is between 4th and 5th composite layer).

Other important parameters used in the numerical simulation are the total wave pro-
pagation time of 1.3 ms, the number of elements 9360 and number of nodes 234 612. It
gives on average 1 mm spacing between nodes. It should be noted that the mesh is
dense enough for wavelength up to about 5 mm. However, due to random excitation,

Table 1. Material properties of unidirectional CFRP (Units: GPa), see [8] for more details.

C11 C12 C22 C44 C55 C66

130 6.1 11.2 3.0 4.2 4.2
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higher frequencies and shorter wavelengths are generated which are not properly
modelled. But the conceptual work presented here is not affected by that. The mesh
density was selected to achieve reasonable computation time. The time integration step
equal to 0.0106 ms was chosen to assure the stability of the solution.

The random excitation was applied to the transducer T1 and signal voltages were
collected at all 12 transducers. Additionally, transverse displacements at the top surface
were computed on a uniform grid of 500 � 500 points (for full wavefield analysis). The
simulation was repeated 5 times to have 5 different random excitations and corre-
sponding responses. Next, the simulation was repeated in the same manner for trans-
ducer T2 and so on. The procedure was repeated 4 times which covers delamination
locations #1, #2, #3 and reference state. The total number of simulations was 240.

Fig. 1. The geometry of the analyzed composite laminate, see [8].
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3 Data Analysis

3.1 Full Wavefield Signal Processing

The aim of full wavefield analysis is verification whether the randomly excited prop-
agating waves contain damage-related information. Each frame of propagating waves
was processed by using a median filter with kernel size 3 � 3. Next, the frames were
combined by using weighted root mean square (WRMS). Essentially WRMS gives
information about the spatial distribution of energy.

The energy distribution is shown in Fig. 2. High values of the presented map can be
seen at the excitation area and delamination area of corresponding delamination
locations. Of course, for the reference case (Fig. 2d) high values occur only at trans-
ducer location. The energy distribution maps confirm that signals of propagating waves
contain damage-related features. It is important to note that each delamination can be
precisely localized although the excitation was stochastic.

3.2 Damage Detection Analyzing the Simulated Signals

Nullspace-Based Fault Detection Algorithm. The main tool to analyze the signals is
the NSFD, known from vibrations based SHM. The algorithm is based on state-space
models that are able to describe the behavior of the monitored structure. Using the
covariance-driven approach the respective modelling is defined by system matrices
derived from auto- and cross-correlation of measured signals in form of a Hankel
matrix. Structural changes of the monitored structure result in changes in the respective
Hankel matrix and can be detected using the nullspace of reference Hankel matrices.
Further explanation regarding the algorithm can be found in various literature [9].
The vibration-based approach, of course, cannot be transferred one-to-one to guided
wave-based SHM. In contrast to vibration-based structural monitoring, the NSFD
cannot detect modal changes here. However, it is a promising mathematical tool to
detect changes in wave fields as well. The two most important requirements are
simultaneous recording of the signals and broadband stochastic excitation.

On the following pages a number of figures will be presented, illustrating different
kinds of damage indices (DIs). All of them are organized in a similar form. The first
measurement of the undamaged state is chosen to be the reference state and no DI will
be displayed due to fixed values. First four DIs will refer to the undamaged state, while
indicators 6-10 refer to delamination at position 1 (see Fig. 1), 11–15 refer to position 2
and 16–20 to position 3. In addition, the average value for each structural state will be
presented on top of respective bars.

The following figure shows the DINSFD calculated using the NSFD for excitation at
transducer six (T6) as an example. In general, the results can change due to the position
of the excitation, but in this study the differences in the results, especially for delam-
ination at position 2 and 3, are rather small and excitation at position 6 is presented as
representative for all the others. The delamination at position one, however, is a lot
harder to be observed and its detection does depend on the actuator position. In this
example signals of eleven sensors have been analyzed to calculate the DINSFD (Fig. 3).
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The next example shows the DINSFD computed under same excitation conditions
but using only the signals of T9-12. This sensor configuration was chosen, since in this
case there are no delamination on the direct path between sensors and actuator. Also, in
this case the changes in the global wavefield can be well detected (Fig. 4).

Again, delamination at position 2 and 3 are clearly detected while position 1 is
barely visible. This leads to the observation that the influence on the wave field at this
location is smaller than at the other positions and further investigation in the future
might show why this is the case. In this paper, however, the focus will continue to be
on the signal processing techniques that are able to detect the changes in signals due to
delamination at different positions.

Damage Detection Based on Auto- and Cross Correlation Vectors. There is a
certain disadvantage using NSFD; the time needed to compute DIs is increasing
drastically using multiple sensors and an increasing number of timesteps for the

(a) delamination #1 (b) delamination #2

(c) delamination #3 (d) reference

Fig. 2. Wavefield energy for the case of excitation at transducer T1.

Damage Detection with Ultrasonic Guided Waves 793



computation of the Hankel-Matrix. To make live monitoring more easily another
algorithm was derived demanding less computational time. Here, the vectors of the
auto- and cross-correlation functions are computed in the same way as for NSFD. The
length of the resulting vectors corresponds to the number of selected time shifts, while
the number of vectors corresponds to the number of possible sensor combinations.
Since there are 11 sensors 66 differing combinations of sensors are possible and 15360
time shifts have shown to deliver good results. The resulting 66 � 15360 matrix can be
computed for every measurement and another DI can be calculated by comparing these
matrices.

An easy way to do so is to calculate the correlation coefficient for corresponding
columns and then average the 66 results to get the DIcorr shown in Fig. 5. Using the
correlation coefficient of course means that the DIcorr should decrease if structural
changes occur. The advantage is of this approach is decreased computation time
because no singular value decomposition has to be calculated and accordingly more

Fig. 3. Results of NSFD algorithm using all sensors; excitation at T6.

Fig. 4. Results of NSFD algorithm only using the sensors T9-12.
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timesteps can be used and live monitoring would be easier. The downside is reduced
sensitivity and clarity of DIs.

Further Signal Processing Based on Simple Spectra Analysis. The presented
algorithms are designed to detect changes in the structural behavior and therefore in the
resulting wavefield of the monitored object. Knowledge about the type of change is
crucial for effective use of the algorithms. This part is focusing on further signal
processing to investigate what type of change is detected in the signals. There are
countless possibilities to analyze stochastic signals, but in this case frequency analysis
delivers promising results.

The first step to compare the different states of the simulated plate was to compute
the power spectral density for one signal in every simulated measurement. In this case
the signal received at T7 while excitation took place at T6 was picked as an example.
Knowing that measurements 1–5, 6–10, 11–15 and 16–20 belong to the 4 different
states they were averaged to get four respective spectra to compare with each other
(Fig. 6).

Fig. 5. Results using the algorithm based on correlation vectors; all sensors; excitation at T6.

Fig. 6. Example of PSD: Averaged for each structural state.
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A closer look at the spectra leads to the thesis that the main difference in the spectra
are to be found between 1 MHz and 3,5 MHz, and again the changes for delamination
two and three are much easier to identify. To test this the correlation coefficient of the
spectra is computed in this area. The following figure shows the results for the cor-
relation coefficient averaged for all received signals with excitation at T6 (Fig. 7).

A gap between measurement 9 and 10 can be identified not only in this example
with excitation at T6, but for all actuator-sensor combinations. This leads to the con-
clusion that mainly this change in the spectra of the signals is detected by the algo-
rithms used in this paper.

Of course, other signal processing techniques have been used on the simulated data.
Techniques known from classic guided waves SHM based on burst signals couldn’t
detect the damage due to the stochastic signals. The change in RMS- values also is not
sufficient to detect delamination, even if it is calculated in the frequency range between
1 MHz and 3,5 MHz.

4 Conclusion and Outlook

The NSFD as well as the algorithm based on auto- and cross-correlation vectors are
able to detect the structural changes in the simulated plate resulting from delamination
at position two and three while position one is hardly visible. Further signal processing
leads to the conclusion that small shifts in the power spectral density of the signals lead
to the detection of the delamination. The simulations providing the necessary signals to
test the algorithms run stable and are a powerful tool to optimize various features of the
SHM-system: For example, number and position of the transducers or signal range of
excitations signals. Furthermore, different kinds and positions of damage can be sim-
ulated in the future and the sensibility of damage detection algorithms can be tested. Of
course, further investigation has to be done regarding the mentioned discrepancies
between simulation and reality, namely by testing the algorithm with experimental data

Fig. 7. Correlation coefficients: Comparing spectra averaged for each structural state.
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containing information about delamination. In addition, it needs to be tested if ongoing
stochastic excitation shortens the lifetime of respective transducers. Another downside,
as already mentioned, is the high sensitivity of the NSFD for changes in the envi-
ronmental conditions (EOCs). Possibilities to differentiate between damage and
changes in EOCs need to be found or clustering might be one possibility. A promising
approach is the combination of different approaches to compensate the lack for EOC-
compensation and damage localization.
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