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Abstract
The challenge addressed in this paper is the detection of changed boundary conditions at boundaries, which
are either partially or entirely not accessible and possibly also not visible. One possible field in which such
a strategy could be applied is nondestructive testing and structural health monitoring. In contrast to conven-
tional methods targeting the same challenge, it is proposed to test the structure in a mid-frequency range,
where both the required sensitivity is reached and the desired robustness to geometrical features or changes
in the environment is still present. Furthermore it is proposed to exploit a numerical model of the healthy test
object in order to predict damage in areas, which are not accessible for manual inspection. Therefore, a two-
step algorithm is proposed, where the first step consists of a Time-Reversal Multiple Signal Classification
to narrow down the defect location. In the second step, the damage location is further concretised and the
defect extent is estimated based on a model updating scheme using a parametrically reduced order model.

1 Introduction

In many cases changes of boundary conditions can be linked to the appearance of damage. In order to detect
such damage, detection strategies often make use of mechanical vibrations - whether induced by ambient
excitation (e.g. wind) or explicitly excited waves. These strategies can be categorised according to the
frequency range used for the detection. This leads to basically two groups: The low-frequency methods
[1], which work in a frequency range where the vibration is driven by single modes and the high-frequency
methods, relying on the physics of one or more propagating wavemodes, which requires significantly higher
test-frequencies.

Since high-frequency techniques naturally use small wavelengths, they show a good sensitivity to small
defects. On the other hand this advantage comes at the price of a potentially equally high sensitivity to non-
damage related features, as e.g. small changes in the environment or due to re-assembling parts of a complex
setup, which will never be perfectly the same as the initial condition. Therefore these techniques are either
limited to a very small local inspection range or to simple geometries.

The most prominent high-frequency technique for long-range detection is the guided wave method. The basic
concept of guided waves is to excite a specific wave, typically in the high kHz range, which then propagates
along a wave-guide and scatters at a defect. From there the reflected and converted waves propagate to
the sensor array, where they are recorded. Based on the time of flight the location of the defect can be
determined. The intensity of the reflection, as well as the mode-conversion [2] can give insight to the type
or size of the defect. The main disadvantage of this method is that it is only applicable to simple structures
[3], where it can be guaranteed that the reflected and converted waves are caused by the scattering at a defect
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and not by the scattering at a geometrical feature of the test-structure, such as a flange in a pipe [4].

Low-frequency techniques on the other hand often rely on the detection of a change in modal features, such
as modal damping, mode-shapes or natural frequencies [1]. These techniques are applicable to very complex
structures, but suffer from a low sensitivity to small defects, since these do not significantly influence the
global features, which are observed by this kind of techniques.

Both low- and high-frequency techniques cannot be used to observe changing boundary conditions, related
to a defect in real-life structures. While guided waves cannot be used for the detection of such damage, due
to the complexity of these structures, low-frequency methods cannot be applied either, since they often do
not show the desired sensitivity in order to indicate a defect in time. A proposal to overcome this problem
is to move the inspection into a mid-frequency range in order to combine the advantages of both strategies
[5, 6].

The proposed procedure for damage detection in the mid-frequency range is the excitation of the entire struc-
ture, without the ambition to excite exclusively specific wavemodes, which is similar to the low-frequency
methods, and to measure the structural response with an array of sensors. Knowing the structural response of
a healthy structure it is possible to calculate the scattered wave-field, which is what is used in high-frequency
methods. This is in essence what is proposed and explained in more detail in the bulk of this paper.

An additional challenge in the discipline of nondestructive testing and evaluation (NDT&E) is the detection
of inaccessible or invisible defects. An example for such applications is beyond others the inspection of
bolted connections in a framework, which is covered by a revetment. In particular as a solution for this case,
in this paper the use of model based inspection strategies is proposed, where the vibration at the hidden or
inaccessible inspection location is predicted using a vibro-acoustic model (digital twin) of the test object.

It is proposed to proceed in two-steps, where in the first step the location of the changed boundary (damage)
is predicted using a Time-Reversal MUltiple Signal Classification (TR-MUSIC) algorithm. This process is
described in section 2.1. In the second step, the information on the damage location from step 1 is refined
and the size of the damage is estimated making use of a model updating procedure based on a parametric
reduced order model of the test object. More detail on this step is provided in section 2.2. In section 3 the
derived strategy is applied to a numerical example and in section 4 it is validated on a physical experiment.
Concluding remarks are given in section 5.

2 Sequential TR-MUSIC / pMOR model updating algorithm

In this section a two-step strategy for defect detection in complex geometries is explained. The first step
consists of the localisation of the damaged area using a TR-MUSIC algorithm, which is described in section
2.1. In step 2, the prediction of the defect location is refined and the size of the defect is determined based on
a model updating algorithm, which is explained in section 2.2. As this step is highly expensive for large scale
numerical models, it is only possible in a reasonable time by applying model order reduction techniques and
pre-defining the potential zone of unknown parameters making use of the knowledge gained in step 1.

2.1 Time-Reversal based defect detection

In this section the fundamental principles and algorithms forming the foundation of step 1 of the proposed de-
fect detection strategy are introduced, starting with the TR principle, followed by the TR-MUSIC algorithm,
which is an algorithm based on the TR principle but increasing the performance of classical TR.

2.1.1 Time-Reversal principle

A TR experiment consists of 3 steps. First, a source is emitting a signal, which propagates to an array of
sensors. In the second step the received signal is recorded by the sensor array of N sensors. Then, in step
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3, the recorded signal at each sensor n is reversed in time and re-emitted (what was recorded last is emitted
first) at the sensor locations. According to the TR principle, the re-emitted signal will focus on the original
source location due to a constructive superposition of the re-emitted signals of all sensors.

Since a scatterer can be regarded as the source of the scattered wave field, applying the TR theory to the
scattered wave field Ψs only leads to a superposition of the re-emitted signals at the scatterer location.

In the general case depicted in figure 1, where a wave field excited by an excitation at xm inDt and scattered
at D0 is recorded at an arbitrary point xn in Dr, the recorded signal at one rotational frequency ω

Ψtot(ω, xn, xm) = Ψinit(ω, xn, xm) + Ψs(ω, xn, xm) (1)

can be seen as the superposition of the signal that would be observed without scatterer Ψinit(ω, xn, xm)
superimposed with the pure scattered signal Ψs(ω, xn, xm), which is the one of interest for the TR pro-
cess applied to the detection of a scatterer. In consequence, Ψs(ω, xn, xm) can be calculated based on the
measured vibration Ψtot(ω, xn, xm), provided that the vibration at the initial condition without scatterer
Ψinit(ω, xn, xm) is known.

Figure 1: Sketch of the domains in the test object, with Dt being the transmitter domain (excitation), Dr

the receiver domain (sensors), D the image domain and D0 the damage domain. Γ0 indicates the boundary
between D0 and D.

2.1.2 TR-MUSIC algorithm

In the following frequency-dependency will be assumed, but not specifically indicated by ω as done in the
previous section in order to facilitate readability.

In order to improve the focusing of a TR signal on a scatterer, Prada et al. [8] showed that by repeating
the experiment multiple times (ideally infinitely often), it is possible to focus each time more energy on
the largest scatterer due to the focusing property of the TR principle. Furthermore, the experiment can be
repeated with different excitation locations, potentially resulting in different incident waves at the scatterer
and thus additional information in the scattered wave field. The same authors proved that each eigenvector
of the TR matrix (also called TR Operator):

TRO = KHK (2)

is equal to the TR array with the best possible focusing on one scatterer, respectively, where K is a matrix
with element

Km,n = Ψs(xn, xm), (3)

being the scattered wave field due to an excitation at xm and measured at location xn. Superscript H indicates
the complex conjugate transpose of a matrix. This procedure, referred to as ’decomposition of the time-
reversal operator’ (DORT) allows for obtaining the perfect focusing without the need to repeat the experiment
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multiple times. Later Lehmann et al. [9] showed that the same result can be achieved applying a singular
value decomposition on the matrix K.

An algorithm providing even superior detection results is the so called TR-MUSIC algorithm [10]. Similar
to the DORT algorithm, TR-MUSIC relies on the decomposition of K into its singular values and vectors,
but in contrast to DORT, the time-reversal and back-propagation is performed in an alternative manner, as
explained below in detail.

Properties of the scattered wave field

A necessary requirement for the application of the TR-MUSIC algorithm is the square integrability of the
transfer function H(xn, xm) in the image domain or observed domain D (

∫
D ‖H(xn, xm)‖2dxm < ∞),

which holds for linear damped mechanical systems and the square integrability of the excitation signal.
Under this assumption the scattered wave field can be re-written according to the Lippmann Schwinger
formulation as [9]:

Ψs(xn, xm) =

∫

Γ0

H(xn, r)Θ(r)Ψtot(r, xm)dr, (4)

with r being a point on the boundary Γ0 between scatterer D0 and image domain D (Γ0 ⊂ D), H(xn, r) the
transfer function between r and the sensor location xn, Θ(r) the scattering potential at r and Ψtot(r, xm) the
total wave field at r due to excitation at xm. Due to the square integrability properties of Ψs(xn, xm), it can
be re-formulated in a product of linear operators [11]:

Ψs(xn, xm) = Pr(xn, r)Θ(r)Pt(r, xm)ρ(xm). (5)

The excitation ρ(xm) is applied in Dt, while the sensor is placed in the domain Dr. The propagators
Pr(xn, r) and Pt(r, xm) describe the propagation from r to xn and from xm to r, respectively.

Decomposition of the system with arbitrary scatterers

In this sub-section, it is assumed that there are scatterers at arbitrary locations in the image domain D. The
receiver propagator Pr(xn, r)

Pr(xn, r)J(r) =

∞∑

n=1

λDn ΦD
n J(r) (6)

can be decomposed in its singular values λDn and singular functions ΦD
n describing the propagation from r to

xn and the secondary source J(r) describing the excitation of waves due to the scattering of incident waves
at an arbitrary scatterer at r.

Equation (6) can be truncated by keeping only the N most relevant singular values:

Pr(xn, r)J(r) '
N∑

n=1

λDn ΦD
n J(r), (7)

which is an approximation if a continuous receiver domain or a very high number of sensors is considered.
In the case of a rather small finite array, N is automatically given by the number of sensors.

In a similar fashion, the transmitter propagator Pt(r, xm) can be decomposed the same way as shown for the
receiver propagator in equation (6) resulting in a set of singular vectors ΨD

m.

As the final objective is to find the boundary of the scattering domain Γ0 in the observed domain D, the aim
is to be able to assess for all points z ∈ D if it is on Γ0.
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If the information provided by the N sensors and M excitations is sufficiently large, the dynamics in the
entire observation domain D can be described by the truncated set of singular functions ΦD

n and ΨD
m.

Decomposition of the system with known scatterers

As the searched-after scatterer location Γ0 is logically a subset of all possible scatterer locations, which was
considered in equation (6), the decomposition of the receiver propagator for the case of a known scatterer
domain writes as:

Pr(xn, r)
D0J(r) '

N∑

n=1

λD0
n ΦD0

n J(r), (8)

and the number of meaningful singular values in Pr(xn, r)
D0 is ≤ N , due to Γ0 ⊂ D. Applying the same

logic to the decomposition of the transmitter operator of the searched-after scattering domain, one finds that
the number of meaningful singular values in Pt(r, xm) can maximally reach M .

Decomposition of the measured wave field K

Replacing Pr(xn, r) and Pt(r, xm) in equation (5) with equation (8) and its equivalent for the transmitter
side leads to

Ψs(xn, xm) =

N∑

n=1

M∑

m=1

ΦD0
n ΛD0

n,mΨD0
m ρ(xm), (9)

where ΛD0
n,m is composed of the singular vectors λD0

n and λD0
m and the scattering potential Θ and describes the

actual scattering at the defect surface. ΨD0
m and ΦD0

n are singular functions describing the wave propagation
from the excitation to the defect and from the defect to the sensor array, respectively. The largest number of
meaningful singular values in (9) is min(M,N).

Writing equation (9) in matrix notation, according to equation (3), it follows for a unit excitation that the
singular value decomposition of the matrix K leads to the singular system:

K = ΦΛΨH, (10)

where Φ is a matrix containing the N singular vectors Φn related to the propagation from scatterer to sensor
array, Ψ contains the M singular vectors Ψm related to the propagation from excitation to scatterer and
Λ is the diagonal matrix of singular values. Due to the dimensions of K, its rank cannot be greater than
min(M,N).

Assuming a sufficiently large number of excitations M and sensors N , to illuminate the entire inspection
domain D and a defect that is small as compared to D, it is likely that K is rank deficient, meaning the
rank of K, R0 < min(M,N). In this case one obtains from equation (10) a set of R0 singular vectors Φn

and Ψm related to the non-negligible singular values. Those vectors describe the physical vibration due to
the scattering and will be referred to in the following as the vectors spanning the signal space SΦ and SΨ,
respectively. Furthermore, there are N − R0 vectors Φn and M − R0 vectors Ψm related to the negligible
or zero singular values. These vectors spanning the noise spaces NΦ and NΨ, respectively have no physical
interpretation, but the mathematical property of being orthogonal to the signal space:

SΦ ⊕NΦ,

SΨ ⊕NΨ.
(11)
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Assembling TR-MUSIC pseudospectrum

In this sub-section, only the TR-MUSIC algorithm for sensor-side imaging is explained, as in the upcoming
sections only this one will be used. However, the necessary equations for excitation-side imaging can be
derived following the same line of thoughts explained here below for sensor-side imaging.

Due to the orthogonality between signal and noise space (equation (11)), vectors from the signal space cannot
share information with vectors from the noise space, which results mathematically in:

ΦH
n1
Φn2 = 0, for n1 ≤ R0 and n2 > R0. (12)

As all physical propagation paths relate to the propagation from the surface of the scatterer Γ0 to the sensor
array, this information is completely captured in the signal space singular vectors. As a consequence of this
property and equation (12), it follows for a vector gz with each element containing the transfer function from
a random point z ∈ D to one sensor in the sensor array, that

gH
z Φn = 0, for R0 < n ≤ N, (13)

if z ∈ Γ0. On the other hand, if z 6∈ Γ0,

gH
z Φn 6= 0, for R0 < n ≤ N, (14)

since in this case the test vector gz also contains components relating to the noise space NΦ.

The TR-MUSIC algorithm makes use of the relations of equation (13) and (14), by calculating a pseudospec-
trum

I(z) =
(
| gH

z Φn |
)−1

, for R0 < n ≤ N, (15)

for each point of interest z ∈ D, which reaches a maximum for z ∈ Γ0 and has a smaller value for z 6∈ Γ0.

In order to improve the robustness of the method, a summation over the entire noise space is commonly ap-
plied. Furthermore, recent publications suggest a multiplication of the pseudospectra over a large frequency
range (Nf discrete frequency lines), often called interferometric MUSIC. The advantage of this is that ran-
dom measurement errors, as well as small errors in the model contribute differently to the pseudospectrum at
different frequencies, while the contribution of the scatterer is always the same. As a result the contributions
of the scatterer interfere constructively, while other influences do not [12, 13]. This leads to the TR-MUSIC
algorithm as it is used in this paper:

I(z) =




Nf∏

f=1

N∑

n=Ro+1

| gH
z,fΦn,f |



−1

, (16)

where in addition the vectors gz are normalised in order to account for the modal behaviour [5], which is
still not negligible in the mid-frequency range.

2.2 Model updating

The model updating algorithm applied in the framework of this investigation is extensively described in [14].
In this section, only a short summary is given. For more details, the reader is referred to [14].

In order to update parameters of models, typically the model is evaluated at multiple frequency lines and the
results are compared to a measurement. Based on the difference between the two, a cost function is defined.
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The objective of the model updating is to minimise this cost function by gradually changing the unknown
parameters until the model represents the measurement with a satisfying accuracy. For model with a large
number of degrees of freedom (DOFs) this procedure becomes extremely time consuming. Therefore, for
this work, the models are reduced using a Krylov subspace projection, so that the simulation can be run with
a reduced number of DOFs, which results in a reduced simulation time.

Furthermore, the parameter dependency of the original model, resulting from the unknown and to be updated
parameters, is kept in the reduction scheme used in this publication in order to avoid that a new reduced order
model has to be constructed for each parameter change. The consequence is an additional speed up of the
model updating procedure.

In [14], the number of parameters to be updated needs to be limited to guarantee convergence, as can be seen
by the assumed pre-knowledge of the defected edge. This is why the two-step strategy is necessary to narrow
down the number of DOFs to be updated.

3 Numerical validation

The algorithm of section 2 is numerically validated at the example of an acoustic cavity covered by an A3
aluminium plate of 3mm thickness, as shown in figure 2. The boundaries of the plate are modelled as hinged.
However, the nodal rotational stiffness along the boundary in the intact state is chosen sufficiently high (104

Nm/rad) in order to be seen as a quasi clamped connection. Following the longest edge in each direction,
the acoustic cavity has a dimension of 0.82m x 0.98m x 1.15m. More details to the exact dimensions of the
acoustic cavity can be found in [14]. The mesh is chosen such that the model is accurate up to 400Hz using
10 elements per acoustic wavelength.

Inside the acoustic cavity there are N = 10 virtual microphones at which the acoustic pressure is recorded.
A structural excitation acting in z-direction and thus exciting the out-of-plane motion of the plate is applied
to the aluminium plate at x = 0.2735m, y = 0.3440m, z = -0.35m (yellow point in figure 2). As there is only
one excitation, it follows that there is also one singular vector of the signal space. The leftover 9 singular
values are attributed to the noise space.

Defects in this example are modelled as reduced rotational stiffness values at 7 adjacent nodes along a
boundary of the aluminium plate closing the acoustic cavity. The case of 1 defect at the centre and 1 defect
at the top of the right boundary (case 1), of 1 defect at the top of the right boundary (case 2) and of 1 defect
at the centre of the top boundary (case 3) are investigated. Additional cases studied at the same experimental
setup can be found in [7].

Figure 2: Numerical model of the acoustic cavity (blue) closed at one side by an aluminium plate (grey).
The yellow point indicates the excitation location.
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Even in an experimental setup, in both cases, the vectors gz must be simulated and cannot be measured.
In the first case this is because a rotational DOF at a hinged plate would have to be excited, which would
require a complicated excitation mechanism. In the second case an excitation in z-direction would need to
be applied very close to the boundary, where the z DOF is constrained. This would result in the best case in
a very noisy measurement.

The edge-detection results of the TR-MUISC algorithm are presented in figure 3. The bars represent a
damage index per edge of the plate which is calculated by summing the pseudospectrum of all nodes at one
edge, dividing this sum by the number of nodes at this edge and normalising the values for all edges by the
damage index corresponding to the largest value obtained for one edge.

Case number gz rotational DOF gz z-displacement

1

2

3

Figure 3: Edge detection results for the 3 defect scenarios listed previously. The bar for each edge represents
the damage index corresponding to the respective edge.

For the first step of the detection procedure, the calculation of the pseudospectrum based on the TR-MUSIC
algorithm as described in section 2.1.2, the noise space vectors Φn will be orthogonal to a vector characteris-
ing the propagation from the defect to each microphone location. Since, in this example, it is known that the
rotational stiffness along the edge has been changed in order to simulate a defect, it is obvious to choose gz
so that it contains the propagation path from a node z on the boundary of the aluminium plate, excited by a
torque to the microphone array. However, in a real defect detection example, typically a defect changes more
than only one property. In order to verify, that the TR-MUSIC algorithm can also provide good results in
this case, a second set of vectors gz is investigated. In this second attempt, gz contains the acoustic pressure
at the microphone array due an out-of-plane (z-direction) excitation on the plate at a node located at z, very
near the boundary.

As can be seen from figure 3, the defected edge is indicated correctly in all cases studied, independent,
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whether there are 2 or 1 defects per edge.

Furthermore, it can be seen that the image based on the force-excitation generated gz shows as good results
as the image based on the torque-excitation generated gz . From this observation it can be concluded that
the TR-MUSIC algorithm can indicate accurately the location of a defect, although not the correct quantity
(here gz based on z-displacement, not based on rotational DOF) is used.

Starting from the correctly detected defected edge, the model updating procedure introduced in section 2.2
is applied to all cases listed previously. In figure 4, central column, the rotational stiffness after the model
updating along the detected edge is plotted. A node on the edge is considered to be defected as soon as the
logarithm of the rotational stiffness at this location drops below 2.

Based on this criterion, the model updating provides the correct defected zone in the case that the defect is
located in the centre of the top edge (case 3).

Case number gz rotational DOF gz z-displacement

1

2

3

Figure 4: Prediction of the defected zone based on the edge detection results presented in figure 3 for the
3 studied defect scenarios. In the central column, the rotational stiffness after the model updating is shown
on a logarithmic scale. In the right column, the edges of the plate are shown as a black rectangle. The truly
defected area is highlighted by a bold red line and the predicted defected area is indicated with blue crosses.
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If the defect is close to a corner (case 2), size and location of the defect are still predicted approximately
correctly. However, the defect’s extent towards the corner is slightly underestimated. This can be explained
since a change of the rotational stiffness close to a corner has less effect on the plate’s dynamics, since the
corner is also supported by the stiffness of the adjacent edge.

If there are 2 defects at the same edge, one close to the centre, one close to a corner (case 1), 2 defects
are detected with approximately the right extent and location. The observations of the previously discussed
cases, where those defects were investigated separately, can be applied to the combination of the two.

Thinking of the application of the proposed method to a real detection scenario, it is important that the result
is provided within a reasonable time, so that by applying this two-step approach, time is saved as compared to
manually inspecting the test object. Therefore, the computation time (Dell laptop, core i7, physical memory:
8GB) for all cases is listed in table 1.

As can be seen from table 1, processing the data for the edge detection can be performed within 3s (1st
step, TR-MUSIC) in this example. The calculation time is independent of the application case, since in
all cases, the pseudospectrum needs to be calculated for the same amount of nodes on the boundary. The
total calculation time for the refinement of the defect size and location spreads between 415s and 1013s,
depending on the case. This is due to the different number of nodes per edge, and thus different number of
unknowns in the updating procedure and the building of the parametrised reduced order model. Furthermore,
the simulation time is influenced by the time the algorithm needs to converge. For example 1 defect at the
top of the right boundary (case 2) is found faster than 2 defects at the same boundary (case 1).

4 Experimental validation

The numerical results presented in section 3 are verified in this section using the same numerical model
(material properties updated with experimental data), but real measurements. The measurement data used
here was acquired by van Ophem et al. and sets the basis for the results presented in [14]. A picture of the
test setup can be found in figure 5. As can be seen, the plate is mounted to the box enclosing the acoustic
cavity with bolts.

Defects are simulated by successively removing bolts at the right edge, starting from the centre. Frequency
response functions due to a hammer excitation at the same location as indicated in figure 2 are measured at
the microphone locations every time a new bolt is removed. As the bolts are not explicitly modelled in the
numerical model, only the influence of a removed bolt on a related property, e.g. rotational stiffness at the
modelled boundary of the plate or z-displacement close to the edge can be used for the detection algorithm.
That this is in principle possible for the TR-MUSIC based edge detection is shown in the previous section,
where a reduced rotational stiffness can be detected based on the z-displacement close to that edge. For the
second step, the refinement of the defect location and size, it is assumed that a removed bolt can be best
represented in the numerical model by a locally reduced rotational stiffness.

The TR-MUSIC results for the detection of the edge at which there is a removed bolt are presented in figure
6. In all cases, the left edge is correctly and uniquely indicated as defected. As both, the damage index

Case number
time MUSIC time model updating

[s]
model order reduction model updating total

[s] [s] [s]
1 3 304 709 1013
2 3 329 455 784
3 3 225 190 415

Table 1: Simulation time to obtain results based on numerical simulations.
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Figure 5: Test setup: Acoustic cavity with microphones installed (left) and cavity closed by an aluminium
plate bolted to the structure (right) [14].

1 removed bolt 4 removed bolts

6 removed bolt 12 removed bolts

15 removed bolts 17 removed bolts

Figure 6: Edge detection results for different numbers of removed bolts along the left edge. The bar for each
edge represents the damage index corresponding to the respective edge.
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using gz containing the response to an excitation in z-direction and the damage index using gz containing
the response to an excitation of a rotational DOF show the same result, only the first of the two is shown in
figure 6.

In figure 7, the final results of the second step, the model updating, are presented. These base on the detection
of the correct edge by the TR-MUSIC algorithm. For completeness, the stiffness values after the model
updating can be found in [14]. As in figure 4, the edges of the plate are sketched by a black rectangle and
the zone on the edge that is predicted to be defected is indicated by blue crosses. Furthermore, the positions
of the bolts used to clamp the plate are indicated by black crosses. The removed bolts are highlighted with a
red circle.

The results demonstrate that for 1 loose bolt at the centre of the left hand side, the rotational stiffness value

1 removed bolt 4 removed bolts

6 removed bolt 12 removed bolts

15 removed bolts 17 removed bolts

Figure 7: Prediction of the defected zone based on the results presented in figure 6. The plate’s boundary is
drawn as a black square and the bolts clamping the plate are indicated as black crosses. The removed bolt is
highlighted with a red circle and the predicted defected zone on the edge is marked with blue crosses.
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after the model updating drops in the region of the edge nearby this bolt. When increasing the number
of removed bolts to 4, 6 and 10 in negative y-direction, the zone of reduced rotational stiffness and thus
the area along the plate boundary predicted to be defected increases in the same direction. However, there
seems to be a certain saturation, so that the predicted defect zone never ranges to the corner of the boundary.
This phenomenon was already observed and explained in the numerical part in section 3 by the increasing
influence of the stiffness of the adjacent edge on the stiffness of the edge under investigation, which gains
importance the closer one gets towards the corner.

If in addition bolts are successively removed in positive y-direction, which is the case for the examples of 12,
15 and 17 removed bolts, the zone marked as defected increases step by step in this direction, while the lower
end of the predicted defect does not change. This shows that the method is able to detect in which direction
bolts are removed. However, if the number of removed bolts is initially already very high, the sensitivity
towards an additionally removed bolt decreases, as can be seen e.g. by the comparison of the evolvement
of the predicted defect from 1 to 4 removed bolts. The observation that the predicted defect does not range
until the corner of the left edge, although all bolts along this boundary are removed also holds for the upper
corner, for the same reason as explained previously.

One can conclude that the prediction of the defected edge based on the TR-MUSIC algorithm works reliably
for all cases under investigation. Although the subsequent model updating cannot point out removed bolts
directly, it can be used to refine the information about the defect, since as expected, the updated rotational
stiffness along the boundary of the edge under investigation correlates well with the number of removed
bolts.

As already mentioned in the section covering the numerical examples, the simulation time is important,
since the objective of the developed method is to provide insights into the health status of a test object
within a reasonable time, so that it can be used e.g. directly during a measurement campaign. Therefore, the
calculation time for each number of removed bolts is listed in table 2. The time needed by the TR-MUSIC
algorithm constitutes 2s to 3s and thus did not change as compared to the numerical examples (the small
difference is due to the different sorting of the matrices used as input for the TR-MUSIC algorithm applied
to the simulations and the measurements). This is to be expected, since the same numerical model is used in
both, the numerical and the experimental applications and therefore the number of nodes along the boundary
at which the pseudospectrum needs to be evaluated remains constant. For a real user this fast calculation
time would mean that a result for the edge detection could be expected almost immediately after obtaining
the necessary input data.

The total calculation time for the model updating step ranges between 500s and 1048s and is comparable
to that of the numerical examples. Also the fact that the simulation time increases in tendency with the
number of removed bolts goes in line with the observations previously made. It can be explained by the
larger difference between the frequency response of the healthy and the defected system, which results in a
larger number of optimisation steps until convergence. Since the model order reduction step is independent
of the actual defect, this step could be taken offline, as proposed by van Ophem [14]. As can be seen from

Removed bolts
time MUSIC time model updating

[s]
model order reduction model updating total

[s] [s] [s]
1 2 350 150 500
4 2 351 370 721
6 2 349 569 918
12 3 350 469 819
15 3 348 491 839
17 3 350 698 1048

Table 2: Simulation time to obtain results based on measurements.
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table 2, this would reduce the total simulation time in all cases by 350s.

5 Conclusion

A two step strategy is developed in order to rapidly and reliably predict zones of a test object where boundary
conditions have changed (defect). The first step consists in locating this area of the test object using a Time-
Reversal MUltiple Signal Classification (TR-MUSIC) algorithm. In the second step dimension and location
of the area predicted in the previous step are updated making use of a parametrised reduced order model.

The strategy is first explained and then applied to a numerical example and a physical experiment. As
numerical example an acoustic cavity covered by an aluminium plate is selected. The plate is modelled
as hinged, defects are modelled by changing the rotational stiffness at the edges. The experimental setup
uses the same acoustic cavity, covered by the same plate. In contrast to the numerical example, the plate is
mounted to the acoustic cavity with 52 bolts along the edges. In order to simulate a defect 1, 4, 6, 12, 15 and
17 bolts are removed successively along one edge.

Based on the numerical simulation and experimental validation the following conclusions can be made:

The TR-MUSIC algorithm allows a very fast prediction of the defected zone, which is independent on the
actual defect size and severity, but depends solely on the inspected area and the desired resolution. In all
cases studied the correct edge is reliably indicated after a calculation time of maximum 3s.

The model updating based on a parametrised reduced order model is a valuable tool to gain further insight
on the defect zone detected previously by the TR-MUSIC algorithm. In the numerical examples studied, the
size and location of the defect can be predicted correctly, if there are only defects (one or multiple defects
are possible) at one edge. In the physical experiment it can be observed that the number and locations of
removed bolts corresponds well with the zone along the edge of the plate, which is indicated as defected by
the algorithm.

The simulation time needed for the model updating is below 12min (if the reduced order model is built
offline) in all cases, with the tendency to decrease for smaller defects.

The necessity and advantage of a model based defect detection strategy is pointed out, since the necessary
quantities for the MUSIC algorithm (frequency response due to the excitation of a rotational degree of free-
dom at a clamped edge of a plate or out-of plane displacement very close to a clamped edge) cannot or
only with huge difficulties be determined experimentally. The need of a numerical model for the model
updating algorithm is obvious. The successful application shows that it is possible to combine both, physical
measurements with numerical models.
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