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ABSTRACT 

Typically vibration based nondestructive testing is done using either high- or low-frequency methods. While at low frequencies 

only a poor sensitivity to defects exists, high frequency methods suffer from a poor predictability of the vibration in complex 

parts. In order to combine the good predictability of vibrations at low frequencies with the necessary sensitivity obtained at 

higher frequency ranges, it is proposed in this paper to perform nondestructive testing in a mid-frequency range. In this 

frequency range, a damage index is calculated using a Time-Reversal Multiple Signal Classification algorithm, indicating the 

defected locations of the assembly. This approach is applied on an experimental setup of a frame consisting of aluminum profiles 

with different cross-sections mounted with rivets and bolts and covered by a honeycomb panel of size approximately 1.4m x 

0.5m. It is shown that the detection of the location of non-visible, deliberately loosened or removed bolts in this setup is possible 

using only the frequency response functions due to 3 impacts on different locations on the frame and recorded by 7 microphones. 
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1. INTRODUCTION  

Detecting defects in complex assemblies is a challenging task in the field of non-destructive testing (NDT). The difficulty even 

increases if the inspected zones are not in the line of sight. In this case vibration based NDT strategies bare the advantage that 

they make use of waves, which can propagate from a not accessible defect to a location where a sensor can be placed.  

Usually, these techniques are applied either at high frequencies or at low frequencies. High frequency waves naturally propagate 

with small wavelengths and thus react very sensitively even to small defects. On the other hand they can only be employed for 

the inspection of simple geometries, as waves with small wavelength are also extremely sensitive to geometrical inaccuracies 

[1]. Low frequency vibrations are used for the inspection of complex parts, assemblies and geometries, as they are less sensitive 

to small geometrical variations, which comes at the price of a reduced sensitivity to defects [2,3]. Therefore, in this publication it 

is proposed to combine the robustness towards geometrical inaccuracies at low frequencies with the required sensitivity obtained 

at high frequencies by moving into a frequency range between these two extremes, the so-called mid-frequency range [4-6]. 

One way to perform non-destructive testing in the mid-frequency range is to extend low-frequency methods to higher 

frequencies. However, these methods typically rely on modal parameters [2,3] and hence require a good separation of natural 

modes. As naturally the modal overlap increases with frequency and as a consequence the identification of single natural modes 

becomes more difficult with increasing frequency, the decision is made not to follow this idea. 

The second option is to lower the frequency range in which high-frequency methods are classically used. The guided wave 

technique is very prominent in this class of methods. It consists of the generation of mostly one specific wavemode, which 

propagates along a waveguide and scatters at a defect. Based on the time of flight measured between excitation of the wavemode 

and arrival time of the reflected wave(s), the intensity of the reflected signal and the mode conversions, the location, the 

dimension and the type of defect can be estimated [7-9]. Lowering the operation frequency of this group of methods would result 

in a larger wavelength of the propagating wavemodes and thus a lower the sensitivity to small defects. At the same time, the 

wave would still scatter at all geometrical features. Following from this short discussion, guided waves applied in a mid-

frequency range inherently unite the disadvantages of low- and high-frequency methods and thus, do not qualify for further 

investigation. 

Another high-frequency method, which has received increasing interest over the last decades – not only in the field of defect 

detection, but also e.g. in the detection of tumors in breast tissue [16] – is the so called Time-Reversal principle [10], which is 

not relying on tracking the propagation of specific wavemodes. Accordingly, there is no physical reason why the sensitivity to 
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geometrical inaccuracies should not decrease with decreasing frequency. Therefore, this method is seen as a promising candidate 

to apply in a mid-frequency range. 

This paper is structured as follows: In section 2, the Time-Reversal principle, the Multiple Signal Classification algorithm for 

improved resolution and their application for defect detection are described. The developed algorithm is applied for the 

localization of loose and removed bolts in an assembly consisting of an aluminum frame covered by a honeycomb plate in 

section 3. A concluding summary of the results can be found in section 4. 

2. TIME-REVERSAL MULTIPLE SIGNAL CLASSIFICATION FOR DEFECT DETECTION 

For the detection of defects a Time-Reversal MUltipe SIgnal Classification (TR-MUSIC) algorithm is used. In essence, the TR 

principle states that the response of an excitation can be time-reversed (the measurement signal is re-emitted reversely in time – 

last time-step is re-emitted first) and will converge at the source location. Accordingly, a TR experiment can be explained in 

three steps. In the first step a point force E(ω) is applied and the response to this excitation is measured by an array of N sensors 

and stored in the vector R(ω). With a vector K(ω) containing the transfer functions from the point of excitation to the N sensors, 

this writes as: 

 � � = � � � � . (1) 

In the second step the recorded signal is time-reversed. This operation is equivalent to a phase conjugation in the frequency 

domain. Therefore, the signal received at the location of the initial excitation ER(ω) is: 

 �� � = �� � �∗ � = �� � �∗ � �∗ � = �� � � � �∗ � , (2) 

where the superscript * indicates the phase conjugate, the superscript T indicates the matrix transpose and the superscript H 

denotes the complex conjugate transpose of a matrix [11,12]. 

Furthermore, it is known that the total wave field observed at a defected test-object Ψ  is equal to the superposition of the 

initial wave field of the intact object Ψ� �  and the waves scattered from the defect Ψ  at each frequency: 

 Ψ �, � , � = Ψ� � �, � , � + Ψ �, � , � . (3) 

with xn the sensor location and xm the location of the excitation. In the following, dependency on ω will be assumed, but not 

specifically mentioned in order to facilitate reading. If Ψ  can be measured and Ψ� �  is known, Ψ  can be calculated based 

on equation (3). As a consequence, the task becomes to find the source of Ψ , which is equivalent to the scatterer and thus 

the defect location. Therefore Ψ  is calculated for multiple sensors and due to unit inputs at different excitation locations 

and saved in a tensor K with N rows, equivalent to the number of sensors, M columns, equivalent to the number of 

excitations and F in the third dimension, equal to the number of frequencies evaluated. 

The physical interpretation of this tensor K is equivalent to its meaning in equation (2). The product ��� is often referred 

to as the TR operator. Prada [12] and Lehman [13] showed that the eigenvectors of the TR operator and the singular values 

of K are equivalents and represent the time-reversed signal with maximum focusing after infinitely often repeating the TR 

experiment. 

Re-writing the scattered field according to the Lippmann Schwinger formulation results in [13]: 

Ψ � , � =  ∫ � , � Θ � Ψ �, �Γ ��, (4) 

where r is one point on the boundary of a scatterer Γ  and Θ �  is the scattering potential at this point. The propagation of the 

scattered waves from r to the sensor at xn is described by � , �  and the total incident field at r due to an excitation at xm is 

denoted as Ψ �, � . For square integrable Ψ , equation (4) can be re-formulated into a product of linear operators [14,15]: Ψ � , � =  � � , � Θ � � �, � � � . (5) 

This equation describes how an excitation � �  propagates to the scatterer � �, � , how these incident waves interact with 

the scatterer Θ �  and how the scattered waves propagate to the sensor locations (� � , � ). 

Assuming one or multiple scatterers of unknown size and location in the investigation region the receiver propagator can be 

decomposed using a singular value decomposition: 
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 � � , � = ∑ � Φ∞
= , (6) 

where the singular vectors Φ  describe the propagation from a point on the surface of the scatterer r to the sensor at xn. An 

approximation of equation (6) is given in equation (7) by truncating the sum at N: 

� � , � ≅ ∑ � Φ= . (7) 

If N is chosen large enough, equation (7) approximates equation (6) with sufficient accuracy and the entire test region is 

illuminated. 

Using such a sensor array to inspect a known defect, in the following indicated by the superscript D0, equation (7) changes to: 

� � , � � ≅ ∑ �� Φ�= . (8) 

Since equation (8) describes a sub-case of equation (7), it follows that the number of meaningful singular values can maximally 

reach N, but is likely to be smaller than N. 

Applying the same logics to the receiver propagator � �, � , equations (7) and (8) write as 

� �, � ≅ ∑ � Ψ= , (9) 

� �, � � ≅ ∑ �� Ψ�= , (10) 

where the truncation of M is given by number of excitation locations. Introducing equations (8) and (10) into equation (5), the 

wave field scattered at a known defect  

Ψ � , � =  ∑ ∑ Φ� Λ ,� Ψ�== � �  (11) 

is defined by the sum of the relevant singular vectors of the receiver and transmitter propagator. The scattering event in equation 

(11) is expressed by Λ ,�
, which includes the influence of Θ � , ��  and �� . In small sensor arrays, as used in this paper, the 

truncation factors N and M are determined by the number of sensors and excitation locations, respectively, while care has to be 

taken that the illumination of the test region is still sufficiently given. 

Based on the description in equation (11), K can be written as the matrix product � = ����, (12) 

where � contains the M singular vectors describing the propagation from the excitations to the scatterer and � the N singular 

vectors related to the propagation from the scatterer to the sensor array. Keeping in mind the discussion of meaningful singular 

vectors in the context of equation (8), the rank of K is � ≤ min ,  and likely to be � < min , . This allows to split 

the space spanned by the singular vectors into a physically meaningful part of dimension �  called signal space and a part of 

dimension − �  or − � , respectively, spanning the so called noise space, with no physical meaning, but the mathematical 

property of being orthogonal to the signal space. Due to this orthogonality, there is no common information in signal and noise 

space singular vectors, which results mathematically in: �� � = 0, for � ≤ �  and � > � . (13) 
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Equation (13) is written for the sensor side singular vectors �, since those are used in the experimental validation. However, 

replacing � by � and following the subsequent steps, the algorithm can also be used for localizing defects from the excitation 

side. 

For the receiver side, all physical propagation paths relate to the propagation from the scatterers’ surface Γ  to the sensor array, 

which means that this information is captured in the signal space and not at all present in the noise space. Therefore, it follows 

for a vector gz with each element being the transfer function from an arbitrary point z in the test region to a sensor in the sensor 

array that ���� = 0, for � < � ≤  and � Γ , ���� ≠ 0, for � < � ≤  and � Γ , (14) 

since in the second case, gz contains components corresponding to the noise space. Making use of equation (14), a damage index 

is defined  � = (|���� |)− , for � < � ≤  (15) 

that peaks when � Γ . Although equation (15) is theoretically sufficient to find a defect in the test region, its performance can 

be improved by adding a summation over the entire noise space. An additional improvement can be achieved by multiplying the 

results of all evaluated frequency lines. The underlying principle is that information that is coherent over all frequencies is 

magnified, while incoherent information vanishes. Since the only coherent information present at all frequencies is the scattering 

at the defect(s), the damage index at their location(s) will increase as compared to other test locations. [16,17]. Additionally gz is 

normalized in order to minimize the influence of natural modes in the structure [4]. These adaptions lead to the damage index as 

it is used in this paper: 

� = ∏ ∑ |��,�� � ,�|=� +
�

�=
− . (16) 

3. EXPERIMENTAL VALIDATION 

In order to validate the TR-MUSIC algorithm as described in section 2, it is applied for non-destructive testing of the structure 

shown in figure 1. It consists of three C-section aluminum beams with 4mm wall thickness, which are screwed with bolts to two 

I-section aluminum beams (the I-section is constructed by merging two C-section beams with 3 mm wall thickness with rivets, 

see figure 1 right). There is a total of six connection points with two bolts per connection. The framework is covered at one side 

with a honeycomb plate of roughly 1,4 m x 0,5 m, which is fixed to the frame with a layer of double-sided tape and additional 

bolts. As a consequence, the 12 bolts keeping the frame together are not visible from this side, which will be referred to as ‘front’ 
in the following. In total the frame is excited with an impact-hammer at three locations at the front and the radiated sound was 

measured up to 900Hz by an array of 7 microphones at the front side of the assembly, shown in figure 1 left. 

 

               

 

Fig. 1 Experimental setup front view (left), view at the back side of the test-object (center), side view at bottom left connection 

(right). 
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Defects are introduced by removing or loosening at least one of the 12 bolts of the frame-construction. The three defect types 

studied in the following, representing damage of different severity and at different locations are: 

1) 2 removed bolts at the bottom left connection (BL), shown in figure 2a. 

2) 1 bolt tightened with reduced torque (difference to fully tightened bolt is not visible with the bare eye) at the top central 

connection (TC), shown in figure 2b. 

3) 1 bolt removed at the top central connection (TC) and at the same time 1 bolt removed at the top right connection (TR), 

shown in figure 2c. 

 

 

a 

 

b 

       

c 

 
                  Fig. 2 Defects introduced in the structure. (a) 2 bolts removed at bottom left connection, (b) one loose bolt at top 

central connection (not visible) (c) one bolt removed at top central and one at top right connection. 

 

As the aim is to find the defected connection, the damage index as defined in equation (16) is calculated for each bolt, but for the 

representation of the final results, the two damage indices per connection are multiplied with each other. These damage indices 

are displayed in figure 3. The six labels on the x-axis refer to the six connections under investigation and the height of the bar at 

each connection represents the damage index. In each graph the bars are normalized with respect to the largest bar, so that the y-

axis is always ranging from 0 to 1. 

 

 

 

a 

 

b 

 

c 

 

d 

 

                  Fig. 3 Normalized damage index for (a) 2 bolts removed at bottom left connection (BL), (b) one loose bolt at top 

central connection (TC) (not visible) (c) one bolt removed at top central (TC) and one at top right connection (TR) (d) one loose 

bolt at top right connection (TR) after fixing the top central connection. 

 

It can be seen that in the case of 2 removed bolts at the bottom left (BL) connection, exactly and uniquely this connection is 

indicated as defected in figure 3a. Although the second defect is not even visible with the bare eye (as described above and as 



International Symposium on Structural Health Monitoring and Nondestructive Testing 2018, Saarbruecken, Germany 

 

 

6 

 

 

 

can be seen from figure 2b), the applied algorithm detects uniquely and correctly the top central connection as defected (figure 

3b). In the third case, two defects are induced at two different connections. As can be seen in figure 3c, only the top central 

defect is detected immediately, again uniquely and correctly. The second defect at the top right connection cannot be spotted in 

figure 3c. However, if the highlighted connection (TC) is fixed and the test is repeated, the second defected connection is found 

(figure 3d). This example indicates the capability of the presented algorithm to manage to detect sequentially multiple defects in 

a complex assembly. 

As shown by the results presented in figure 3, the proposed TR-MUSIC algorithm is capable of detecting different types of 

defects at different locations in the structure. Added value for a practical application of this method would be given if it could be 

used for the distinction between a defected and an intact structure in addition to the localization of defects. Therefore the damage 

indices are calculated once based on a reproducibility measurement performed directly after the reference measurement at the 

intact structure (figure 4 left) and once based on the measurement of the repaired structure at the end of the measurement 

campaign (figure 4 right). It is worth to mention that the frequency response functions in both cases are very similar to those 

measured at the reference intact structure, which can already be seen as a first indication that there is no defect in the structure. 

However, even if this indication is ignored, the distribution of damage indices calculated for the (theoretically) intact structures 

(figure 4) look significantly different to those calculated based on the tests at the defected structure (figure 3).  

    

                  Fig. 4 Normalized damage index for a repeatability measurement at the intact structure (left) and for a measurement 

at the fully repaired structure (right). 

 

If the damage index is calculated based on two consecutive measurements, without physically changing the structure (figure 4 

left), the damage index at all observed connections is in a comparable range. Also in the case that a measurement at the repaired 

structure is used as ‘potentially defected’ (figure 4 right), the damage index at none of the connections under investigation is 

negligible as compared to the maximum damage index, although the distribution of the damage index values over the observed 

connections is not as even as in the first case. This might be due to residual stresses after the repair and an imperfect (though 

technically sufficient) recreation of the original state. 

In any case, the obtained damage indices of the intact (repeatability measurement) and repaired structure are clearly different as 

compared to those of actually defected structures, where the experiments in this example always uniquely highlight one defect. 

Therefore, when starting an experiment, a damage index with a distribution comparable to that in figure 4a is expected as long as 

there is no defect in the structure. As soon as a defect is introduced, it is anticipated that the damage index changes and uniquely 

one connection is marked as damaged. After repairing the defect at this connection the experiment should be repeated and 

possible defects at additional connection points should be repaired until the damage index shows again a more spread 

distribution, comparable to that in figure 4b, indicating that there is no more defect in the structure. In order to obtain again 

damage indices with a more even distribution for measurements at the intact structure, it is proposed to define the measurement 

of the repaired structure as reference for future tests. 

3. CONCLUSION 

In this paper, the application of the TR-MUSIC algorithm in a mid-frequency range is proposed with the aim to combine the 

high robustness of low-frequency methods with the high sensitivity to defects of high-frequency methods. Firstly, the algorithm 

and the necessary steps for its application are explained. 

In the second part, the TR-MUSIC algorithm is applied in a range between 0Hz and 900Hz to detect the location of loose or 

removed bolts in a complex assembly consisting of different aluminum beams, covered by a honeycomb panel using only a 

hammer excitation at three different locations and an array of seven microphones. Due to the geometry and the sensor 

placement, none of the introduced defect is in the line of sight of the microphone array. 

In three experiments, defects at three different locations are introduced and found back successfully using the described test 

method. From this observation it can be concluded, that the algorithm is able to reliably find single defects at different locations 

in the structure. 
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Furthermore, defects of different severity are introduced (1 bolt tightened with insufficient torque, 1 removed bolt, 2 removed 

bolts next to each other). The conducted experiments show that defects of all three levels of severity can be detected uniquely 

and correctly. 

In addition one experiment is undertaken, in which the structure contains defects at two different locations. In this case the 

algorithm detects uniquely the location of one of the introduced defects. After fixing the indicated defect and repeating the 

experiment, also the second defect is found. This last observation suggests that the proposed algorithm can also be applied for 

the sequential detection of multiple defects. 

In addition, the conducted experiments demonstrate that the detection of defects, which are not in the line of sight is possible 

using only a small sensor array of 7 microphones. 

As well, it is shown that the distribution of the damage index at the observed connections calculated based on a second 

measurement of the initial structure or based on measurement of the repaired structure is different to that calculated for an 

actually defected structure. This hints that the described algorithm can not only be applied to locate defects, but also to verify 

that a performed repair is successful or to determine if a structure is defected. 
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