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Abstract:

The present work aims at studying voids detection in bonded metal/composite or
concrete/composite assemblies using numerical simulations of Acousto-Ultrasonic (AU). The
assemblies are made of a steel or concrete substrate and a unidirectional composite laminate bonded
with an epoxy adhesive. This study allows assessing experimentally and numerically the sensitivity
of AU technique to voids within the joint. Three-dimensional FE models are developed to simulate
the influence of voids and sensor location on the recorded signal. Both the relative location of the
sensor with respect to the defect epicentre and the kind of receiver sensor are thus fundamental for
defect detection. The proposed model enables determining the parameters affected by the size of the
defect (such as e.g., amplitude and frequency centroid) and an analysis based on the relevant
parameters increases the probability of detection of voids.

1 INTRODUCTION necessary to provide methods to detect and/or

Adhesively bonded composite
reinforcements have been increasingly used in
civil engineering. Used in the repair,
reinforcement and rehabilitation of structures
with composites, they extend the service life of
structures. Despite their advantages, the
effectiveness of bonded joints can be
compromised due to the presence of adhesion
defects or damage such as voids, porosity,
poor adhesion or low cohesion strength. It is

identify defects present in the bonded joints. It
requires reliable and robust control and
monitoring methods to check the quality of the
assemblies produced and monitor their
progress over time. This should be able to
discriminate the different types of defects that
may be encountered and evaluate their
severity. Defects need to be identified either
during initial control or inspection during
service life. The acousto-ultrasonic (AU)
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technique shows good potential to answer this
challenge [1-7]. It is a combination of
ultrasonic  characterization and acoustic
emission.

The aim of our study is to evaluate the
potential of the AU technique for detecting
and identifying defects such as voids
encountered in bonded civil engineering
assemblies [8-10]. AU is a non-destructive
testing technique that combines acoustic
emission (AE) and ultrasound (US)
techniques. It involves sending an elastic wave
through a material wusing piezoelectric
transducers and then, after it has propagated,
receiving it for processing using AE methods.
The resulting stress wave is then analysed
using acoustic emission methodology through
the description of related signal parameters.
There are still challenges in applying AU
method on these structures with several layers
of dissimilar materials. This method, as the
standard guided ultrasonic inspection method,
is based on the interaction of the waves with
the defects present in the adhesive joint. The
main difference is that the wave modes and
propagation paths are not well established. The
signal is therefore difficult to analyse;
nevertheless, it is a rich source of information
that reflects the material properties,
microstructure and possible presence of
defects. The signals are reflected by different
layers and overlapped, scattered and
attenuated. A single experimental approach is
thus not sufficient to fully understand this
interaction. In this context, the numerical
simulation of the test will be useful.

We begin this paper by describing the
characteristics of the studied assemblies and
the measurement protocol. Then, we present
the results obtained in terms of repeatability,
detection capability and the identification of
simulated defects. The last part is dedicated to
the modelling aspect.

2 SPECIMENS/ AU MEASUREMENTS

In this part, we present measurements
obtained on assemblies of pultruded carbon
fibre composite plates bonded to steel or

concrete substrates [8]. The composite (T800
S carbon fibre and epoxy matrix) and the
dimensions of the adhesive layers are
300 mm x 50 mm and 1.4 mm and 1 mm thick
respectively. The composites are bonded to
steel plates (S355, dimension
320 mm x 100 mm, 5 mm thick) or concrete
slabs (C25/30, dimension 410 mm x 210 mm,
110 mm thick). The used adhesive is a
Sikadur30 two-component cold-curing epoxy
resin. The surface preparations are the
following: sandblasting and degreasing of the
surfaces, followed by light abrasion and
degreasing of the composite reinforcement.
The reference sample is named type o. For
samples with voids named type-B, a type 1
defect is simulated with a lack of adhesive on
a central area and a type B2 defect corresponds
to a lack of adhesive on 1/3 of the bonded area
in the center of the joint (Table 1).

AU equipment from MISTRAS Group is
used: an ARB1410 electronic card for
transmission and a PCI2 card for reception. A
preliminary study enabled to select the sensors
and the coupling method. We used a S9204
sensor for transmission and two R15 sensors
for reception (Figure 1). These piezoelectric
sensors have a resonance frequency around
150 kHz and are coupled to the samples with
phenyl salicylate, a crystal with a Tr= 40°C
that solidifies at room temperature.

Table 1: Characteristics of the specimens with sizes of
the voids. CC: Concrete and Composite, SC: Steel and
Composite, a. for the specimen with no defect in the
adhesive joint and 8 for the specimens with voids
defects.

CCor reference sample
SC-a

CC-p. centered void :
100 mm x 50 mm dimension

CC-B2 centered void :
1/3 of the bonded surface

SC-B1 centered void :
50 mm x 25 mm dimension

SC-p.: centered void :
1/3 of the bonded surface

Independent series of measurements
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(including the decoupling/coupling of the
sensors) are performed on each sample for
both types of assembly. 7 measurements
containing 10 shots are carried out for each
sample, giving a total of 70 emitted signals.
The emitted signal is a continuous square
wave with a frequency of 150 kHz and an
amplitude that varied according to the type of
assembly (4 V for steel-composite S-C
assemblies, 10 V for concrete-composite C-C
assemblies). First investigations allowed
validating the repeatability of the procedure
through the determination of time-domain
cross-correlation coefficients between signals
received from the same test specimen [8].
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Figure 1: Sensors locations on specimen and position of
the defect for SC specimen. The sensor N°2 is located
above the defect at 115 mm from the emitter, while the

N°1 is at 230 mm away from the emitter.

3 EXPERIMENTAL RESULTS

To assess the voids detection ability, a
parametric analysis is conducted by comparing
several acoustic emission parameters of the
received signals for all samples. Figures 2 and
3 show the energy values represented by the
signal strength  recorded for the healthy
asample and f samples. A significant
difference is observed for the sensor located at
the epicenter of the defect (sensor 2). On the
contrary, for sensor 1, there is little difference
between the reference material o sample and
the B samples whatever the type of substrate.
The location of the sensor with respect to the
defect location seems accordingly to be of
primary importance for a robust defect
detection. Morover, the size of the defect does
not seem to have a significant influence on the
features calculated at the epicenter of the
defect. With a Principal Component Analysis
(PCA), that considers all AE features recorded

Principal component 2

(such as rise time, amplitude, frequency
centroid, energy, duration, .....) a separation
exists between the signals collected on the a-
type samples and the samples with defects
mainly for the data collected in position 2.
Nevertheless, for the sensor position N°1, test
specimens with defects seem to be also
distinguished from the reference one.
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Figure 2: Signal strength of AE signals received in
concrete-composite assemblies: a) sensor N°1 b) sensor
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Figure 3: Signal strength of AE signals received in
steel-composite assemblies: a) sensor N°1 b) sensor N°2
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Figure 4. First principal component as a function of
second principal component for SC-a. sample, 1 and 32
samples obtained with a) only sensor N°1 data and b)
only sensor N°2 data.
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4 MODELLING OF THE AU
4.1 Model

A 3D FE model [9] is produced using Abaqus
commercial software (Dassault Systemes
Simulia Corp., Providence, RI, USA). The
geometry consists of a steel substrate with a
composite plate using an epoxy adhesive, as
shown in Figure 1. We simulate three models,
one without defects and two with voids of
different sizes in the middle of the assembly.
The assembly is modelled by three layers
corresponding to the steel substrate, the
composite plate and the epoxy joint. The
behavior of each layer is assumed to be linear
elastic. The excitation is simulated by an
imposed displacement at one of the mesh
nodes corresponding to the emitting sensor (E)
center location. The input signal is defined as a
150 kHz sinusoidal signal (Figure 5). Material
damping is described using Rayleigh
coefficients a« and £ [11]. Two kinds of
sensors are simulated: a perfect point-sensor
denoted PS and a R15 sensor. The ideal “point
sensor” is a virtual sensor that would acquire
signals at a single measurement point (at a
node) without sensor effects. The radius of a
piezoelectric ceramic for the R15 sensor is
equal to 7.25 mm, so the aperture effect that
results in a non-uniform response over its
entire active surface is considered and its
frequency response [12]. The wvelocity is
calculated by considering the average out-of-
plane velocity weighted over the sensor’s
surface and the sensitivity function of the
sensor. In this study, the coupling effect is not
considered. All numerical signals are filtered
with a Butterworth filter from 20 kHz to 1200
kHz. In order to compare the experimental
signals and the numerical signals, the end of
the experimentally acquired signals is
determined using an energy criterion [13]. For
each point in the waveform, the cumulative
energy calculated from the beginning is
compared with the energy contained in a 10 us
window following that point. If this energy is
less than a certain threshold (0.1 %) of the
cumulative energy, then the corresponding
point is considered to be the end of the signal.

The main extracted features analyzed are the
following: signal amplitude, duration, centroid
frequency and the peak frequency. Additional
less conventional features have been
calculated, such as the opening frequency (5%
of the energy of the spectrum) or the cut-off
frequency (95 % of energy).
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Figure 5: Simulation of the AU test indicating the
location of the virtual transmitter and receiver sensors,
each virtual receiver is separated by about 28 mm.

4.2 Results

Figure 6 shows the variation of amplitude as a
function of the distance between the emitter
(E) and the receiver. The data collected by the
ideal “point sensor” (PS) or obtained by the
R15 sensor are represented for the reference
assembly and for the type-p assemblies. We
can observe with the perfect sensor a
significant decrease in the amplitude at the
epicenter of the defect, more important for the
larger void size P2. The characteristics of the
signals received after the void are significantly
equivalent to those of the reference.
Simulation with the ideal “point sensor”
highlights the difficulty of detecting the void
for a sensor not located at the void epicenter.
The wvariation in frequency features as a
function of distance from the transmitter is
shown in Figure 7. There is a significant
decrease in the frequency content of the signal
recorded with the ideal “point sensor” just
above the defect. Frequencies around 150 kHz
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are attenuated compared with lower
frequencies. The reduction in frequency
content changes with the size of the defect.
Indeed, the frequency barycenter is less than
100 kHz for the B2 type defect and greater than
100 kHz for the smallest 1 defect.

Indeed, in a healthy sample for the sensor in
position 2, 78% of the spectral energy is in the
125-200 kHz frequency range, whereas it is
only 53% for the B1 defect and 17% for the B2
defect. The change in this frequency content
can be correlated to the size of the void. At the
sensor location 230 mm after the defect, no
significant difference is observed. It can be
seen that the size of the void has an influence
on the signature of the AU signal recorded by
the sensors at the epicenter of the void and
could be distinguished with the ideal “point
sensor”.

In application, we should find the same result
with broadband sensors, which should not
modify the frequency content.

Using the R15 sensor, we can observe a
change in the frequency barycenter, although
the differences are much less marked (Figure
7b). The R15 sensor amplified the frequency
content around 150 kHz due to its resonance
and eliminated this reduction in frequency
content even for sensor 2. The energy
contained in the 125-200 kHz frequency band
is 91% and 87%, respectively, for the
undamaged sample and the sample containing
a Pl-type defect. Separation from the
undamaged material was therefore difficult,
and the probability of detection decreased.
Taking the R15 sensor into account also
reduces the probability of detecting voids in
the frequency domain compared with the ideal
“ point sensor”.

Nevertheless, the simulation shows that
certain descriptors are little affected by the
sensor effect, such as the opening frequency,
and retain a good sensitivity to the defect and
its size (Figure 8). Simulation can be used to
determine the relevant features that are
sensitive to the size of the detect, even with the

sensor effect.
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Figure 6: Variation of amplitude as a function of the
distance between the emitter and the ideal “point
sensor” (PS, o) or R15 (o) for the different assemblies.
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ideal “point sensor” (PS, o) or b) R15 (o) for the
different assemblies.
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Figure 7: Variation of opening frequency as a function
of the distance between the emitter and the R15 sensor
(o) for the different assemblies.

7 CONCLUSION

We have observed that the position of the
receiving sensor is crucial for the detection of
bonding defects using the acousto-ultrasonic
method. The time and frequency features of
the signals acquired by the receiver sensor are
strongly influenced by the presence of a void
in relation to a healthy sample mainly if the
receiver sensor is located at the epicenter of
the defect. Features such as amplitude, energy,
frequency barycenter and peak frequency are
more affected as the size of the void increases.
This effect is attenuated when a R15 sensor is
considered, particularly for the smallest defect
size. These results highlight the difficulty of
using only AE features (parameters extracted
from the recorded signals) which reduce the
characteristics of the signal to just a few
parameters, some of which become too
imprecise for void detection when the
sensitivity of a real R15-type sensor is added.
This modelling is not exhaustive and does not
consider all the aspects interacting with the
signal (emitting sensor, coupling, acquisition
system).  Nevertheless, this study has
highlighted the potential offered by the
numerical approach for a better understanding
of wave propagation in the assembly and its
interaction with defects, as well as its
usefulness for an optimal choice of receiving
sensors and relevant features.
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