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Abstract

The paper concerns assessing the quality of the adhesive connection between a steel plate and the
reinforcing CFRP laminate. A three-stage algorithm for non-destructive damage imaging was
developed. As the first step, an initial study involving dispersion curves of joint components was
executed to determine the material parameters and the appropriate excitation frequency. During the
second step, damage identification in three-layer joints was performed using the weighted root mean
square (WRMS) of the guided wave signals. A novel approach to determine the optimal values of
WRMS parameters was proposed. Within the third step, the guided wavefield was recorded by scanning
laser vibrometry. Visualization of the distribution of WRMS values on the surface of scanned specimens
allowed efficient damage imaging. The application of statistical analysis (histograms) was used to
prepare the final damage maps. The results of the investigations showed the high usefulness of the

developed approach for imaging both intentionally introduced and unintended defects in adhesive joints.
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1. Introduction

Engineering structures experience many harmful factors that can adversely affect their
performance during various stages of their life cycle. Natural ageing of materials, design mistakes,
environmental conditions, vandalistic devastation, or accidental defects can lead to progressive damage
or even structural failure. Strengthening of existing structures is an essential issue since it can eliminate
the results of such destructive factors, providing the appropriate safety level and comfort of use.
Nowadays, there are many methods of strengthening structures or their elements, depending on the type
of structure. Being commonly used in mechanical and civil engineering, metal and concrete elements
often require repair or retrofitting. The application of externally bonded reinforcement (EBR) is an
efficient method of improving the mechanical features of structural elements with many efficient
implementations in real structures. EBR can have a form of adhesively bonded plates, mainly made of

steel or composites. Being lightweight and high strength materials, fibre reinforced polymers have many
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applications in the strengthening of structural elements, e.g., steel beams [1,2], plates [3-5], pipes [6-9]
or concrete beams [10-14].

One of the most commonly used materials for external strengthening is carbon fibre reinforced
polymer (CFRP). Taking into account that the bonding of CFRP reinforcement requires the use of
adhesives, it is crucial for the efficiency of strengthening to provide an adequate quality of the
manufactured joint. It is essential to note that typical adhesive connections are not capable of being
assessed via visual inspection since they are hidden between joined elements. Moreover, CFRP
reinforcement is mainly a layered medium, thus internal delamination can occur without a possibility of
visual detection. Since destructive tests can be expensive and cannot be applied in existing structures, it
is preferable to adopt a non-destructive testing (NDT) approach. Many techniques can be applied for
non-invasive diagnostics of adhesive joints and CFRP elements, among which, the literature shows
several interesting studies involving guided wave-based techniques for NDT, reported below. An
important feature of ultrasonic guided waves is that guided wavefields carry valuable information about
anomalies due to interactions of waves with structural damages. Many researchers took the issue of
ultrasonic wave-based damage detection in CFRP elements. Hosseini et al. [15] studied the modelling
of ultrasonic Lamb wave propagation in honeycomb composites and CFRP plates. They proposed a new
finite element for the analysis of nonreflecting waves. Martinez-Jequier et al. [16] investigated CFRP
samples under three-point bending using the acoustic emission (AE) technique. They associated
different damage mechanisms (delamination, fibre breaking, and matrix micro-cracking) with the
characteristics of propagating wave modes. Detection of CFRP with barely visible impact damage was
considered by Zhang et al. [17]. An ultrasound waveform distortion indicator was used to distinguish
samples prepared with different impact energies. Sikdar and Banerjee [18] considered the localization
of inhomogeneities in advanced sandwich composite structures based on changes in signal amplitudes.
Duan and Gan [19] presented a theoretical investigation of the properties of waves propagating in
anisotropic composite laminates, basing on the dispersion curves characteristics. Mesoscopic modelling
of wave propagation in three-dimensional space using the finite element method was considered by
Nakahata et al. [20]. They estimated the elastic parameters of CFRP composite using the inversion
method and used them for comparison of experimental and theoretical guided wavefields. Apalowo and
Chronopoulos [21] proposed a numerical scheme for quantifying wave interaction with structural
damage in layered composites. They used periodic structure theory and finite element method to
simulate wave propagation in order to detect and assess the orientation and extent of the defects. Sikdar
et al. [22] took up the issue of nonlinear wave propagation in the presence of debonding with varying
sizes between composite plates and stiffeners. They assumed the change of the amplitude of the second
harmonic due to the debond size as a nonlinear indicator of the level of damage. James and Giurgiutiu
[23] analyzed quasi-isotropic CFRP elements with barely visible impact damage. They linked the
parameters of the impact test with the size of damage for plates with different thicknesses. Rozylo and

Debski [24] analyzed composite profiles with a top-hat section under eccentric compressive loading.
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They determined fast Fourier transform spectra of signals registered using the acoustic emission
technique for the identification of delamination and fibre cracking in samples during loading.

The problem of damage identification in adhesive joints of structural elements was also
considered. Mahmoud et al. [25] used surface acoustic waves for the non-destructive evaluation of CFRP
strengthened concrete specimens under ageing conditions simulated as long-term water immersion at
different temperatures. They correlated the wave characteristics with the fracture energy determined in
destructive testing of the samples. Li et al. [26] considered the evaluation of debonding in concrete
beams reinforced with CFRP plates. They proposed the determination of the severity of debonding as a
damage index in the form of a correlation coefficient between an actuated wave signal and a signal
received at a specific point of specimens. Liu et al. [27] applied ultrasonic waves for monitoring damage
development in CFRP-strengthened concrete beams under bending test. They observed a decrease in
signal amplitude and a change of time of flight of waves during progressing damage. Wang et al. [28]
considered the detection of damage at the interface between a concrete column and an adhesively bonded
CFRP overlay using guided waves. They identified intentional defects and monitored the debonding of
the sample under bending load. Kwon and Lee [29] evaluated adhesively bonded CFRP-aluminium lap
joints with different types of artificial defects. They considered the wave propagation induced by
different pulse signals and tone bursts with different frequencies to obtain an optimal one. Li et al. [30]
analyzed the propagation of antisymmetric wave modes for damage detection in adhesive joints between
steel plates and CFRP laminates. They observed a linear relationship between the time of flight of
ultrasonic waves and the debonding size.

The above-reported literature shows that damage detection in CFRP lamina and CFRP
strengthened elements is a widely analysed topic. It is, however, important to note that most of the
researchers did not consider the visualization of actual damage areas. Some studies involving guided
waves for visualization of the actual shape and position of defects in particular structural elements are
reported below. Spytek et al. [31] inspected adhesively bonded aluminium plates with artificial defects
produced with Teflon layers. The laser ultrasound system was used for the investigation of zero-group
velocity modes of Lamb waves in the case of damage visualization based on frequency spectrum
characteristics. Damage visualization in CFRP plate and honeycomb sandwich panels was considered
by Sha et al. [32]. They proposed using guided wavefield curvature, stating that it is more sensitive to
defects than the wavefield itself. A simple and efficient damage imaging technique based on vibration
energy distribution utilizes the calculation of a root mean square (RMS) or, more advanced, its weighted
variant (WRMS). Zak et al. [33] considered aluminium and composite elements with damage in the
form of an additional mass. They provided visualization based on WRMS calculations of waves
collected using a scanning laser Doppler vibrometer (SLDV). WRMS was also used for the investigation
of notches and corrosion in aluminium plates by Lee et al. [34,35]. The presence of disbond inserts in
composite elements was considered by Pieczonka et al. [36] with the use of a 3-D SLDV and RMS. An

attempt to determine the optimal parameters of WRMS calculation was performed by Rucka et al. [37].
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They used statistical analysis to establish an optimal weighting factor and time of averaging for the
imaging of internal defects in adhesive joints of steel plates. An extension of this research was presented
by Wojtczak and Rucka [38]. They focused on the determination of the optimal frequency of the
excitation signal used for wave propagation measurements. Summarizing all the studies mentioned
above, the WRMS-based visualization technique was used for some specimens made of different
materials. However, the propagation of ultrasonic guided waves was not considered in layered media
containing composite layers. What is also important, most of the studies did not discuss the problem of
determination of optimal values of WRMS calculation parameters, they are usually set arbitrary with no
clear explanation.

The aim of the study is damage visualization in adhesive joints between steel plates and external
reinforcement in the form of CFRP lamina. Extensive research has been carried out on guided wave
propagation in layered media containing a transversely isotropic layer. Theoretical and experimental
dispersion curves were determined for each of the analyzed materials (steel, adhesive, CFRP), as well
as for the three-layer joint. A set of carefully planned experiments was conducted for damage detection
and visualization using the calculation of the WRMS of the recorded guided wave signals. The novel
element of the research is the development of a three-stage procedure for non-destructive damage
imaging in adhesive joints of engineering structures. The determination of optimal values of WRMS
calculation parameters based on the linearization of the relationship between the increase of the WRMS
value and the level of damage was proposed. The application of the WRMS histograms for the
determination of the actual level of damage was suggested. The proposed approach was successfully
verified by the experimental investigation of the joints after disconnection. The reported outcomes of
the research allowed stating that the unsupervised choice of calculation parameters can significantly
influence the efficiency of damage visualization, whereas the appropriate analysis of optimal parameters

provides useful results.

2. WRMS-based algorithm for damage detection and imaging

In the current research, the conventional measurement methods (e.g., non-contact ultrasonic wave
propagation scanning) and signal processing techniques (e.g., WRMS calculations) are arranged in a
novel multi-stage procedure for non-destructive damage imaging in adhesive joints of engineering
structures. The scheme of the proposed algorithm is presented in Figure 1. The analysis can be divided
into three steps. Before the major part of the study, some initial analyses need to be performed (step 1).
Firstly, the dynamic elastic parameters of the materials used to prepare the specimens are determined.
For homogeneous isotropic materials without viscous properties (e.g., steel), the dynamic Young’s
modulus such as dynamic Poisson’s ratio can be assumed as equal to the static ones. Thanks to that,
static tensile tests are sufficient to determine the required parameters. In the case of viscous materials
(e.g., epoxy adhesive), the dynamic parameters can differ from the static ones, thus it is required to apply
dynamic methods based on ultrasonic pulse velocity measurements or dispersion curves calculations.

After determining the dynamic material parameters, dispersion curves can be calculated for the analyzed
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specimens. Based on the differences in the dispersion relations of single- and multi-layer media, an

appropriate excitation frequency can be determined.

Step 1: initial analysis ‘ | Step 2: damage identification J Step 3: damage imaging

determination of dynamic elastic guided wave measurements
parameters of applied materials in specified control points

LDV scanning
of the region of interest

e

WRMS calculations with
optimal calculation parameters

calculation of WRMS calculations with a set
dispersion curves of values of calculation parameters

statistical analysis
of WRMS values

determination of appropriate is damage
excitation frequency identified?

no additional
action required

optimization of WRMS
calculation parameters

binary
damage maps

Figure 1. Scheme illustrating the proposed procedure for non-destructive damage imaging in adhesive joints of

engineering structures using guided wave propagation and WRMS calculations

The second step of the algorithm (step 2) is focused on the identification of defects. Firstly, the
guided waves are excited and collected in a small number of control points placed in specific locations
of the analysed specimen. Subsequently, the WRMS values are calculated for the collected signals, using
a few heuristically set values of the calculation parameters. The comparison of WRMS values in control
points allows determining the presence of damage. If no visible change of WRMS is observed, the
algorithm finishes with no further operation required. If, however, an increase of WRMS is revealed,
the defect is identified. In this case, the determination of WRMS calculation parameters is performed to
efficiently visualize the damaged regions in further steps. Two-parameter optimization can be
performed, including variation of time of averaging and weighting factor. In the current paper, the
determination of optimal WRMS calculation parameters is done based on the linearization between
WRMS value in control points and the size of the defect. It is, however, important to note that the
proposed algorithm can be further developed with the use of different optimization approaches.

Having determined an appropriate excitation frequency and WRMS optimal calculation
parameters, the final step of the analysis can be made, i.e., damage imaging (step 3). Firstly, the guided
wave propagation measurements at multiple points in the specific region of interest are performed. The
use of an automated experimental setup, such as SLDV is beneficial to minimize the time cost. Based
on the collected signals, the WRMS maps can be determined in the way of calculations performed with
the optimal parameters determined in the previous step. Then, the statistical analysis of the set of WRMS
values is engaged. The fact that the WRMS histogram for damaged joints shows a bimodal distribution
is used to determine the mode WRMS values in the area of good adhesion and damage. Based on the
differentiation between these two, the limit WRMS value is established. This threshold is then used to
apply a binary scheme of determination of damage maps. Each point with the WRMS value above the
limit is denoted as ‘one’, whereas all remaining points are denoted as ‘zero’. This allows showing the

exact position and size of damage regions in the joint.
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3. Materials and Methods

3.1. Obiject of investigation

The objects of the investigation were adhesive joints of steel plates and composite external
reinforcement joined together by the adhesive. The specimens were as follows: an intact one (#0) and
five with different levels of damage (10%, 20%, 50%, 80% and 100%, #1 — 5, consecutively; specimen
#5 is a completely separated composite), modelled as a lack of adhesive. The geometry of the joints is
presented in Figure 2. The steel plates of dimensions 500 mm x 100 mm were manufactured from
structural steel of type S355 with a thickness of 11.9 mm. The composite was a pultruded carbon fibre
reinforced polymer (CFRP) CarboDur® manufactured by Sika®. This high-strength unidirectionally
reinforced laminate, consisting of carbon fibres and epoxy resin matrix, is intended for the external
strengthening of structures. The applied laminate type S1012 had a width of 200 mm and a thickness of
1.24 mm. CFRP plates were bonded to the steel plates using a two-component epoxy resin SikaDur 30
Normal (Sika®) as a bonding agent. The resulting thickness of the adhesive film was equal to about
2 mm. The defects were obtained by introducing a layer of polystyrene sheeting with a thickness equal
to the destined adhesive film in the destined regions. The inserts were removed during the preparation
process, before the hardening of the epoxy. The prepared joints were cured at room temperature for
seven days.

CFRP plate

adhesive film steel plate

e
K 500 w
b) [mm]
#0 #3 250
#1 —%50%& #4 400
#2 <100 #5 500
I:] good adhesion r) no adhesion

Figure 2. The geometry of analysed joints (a) with the variants of damage #0 — #5 (b)

In addition to specimens #0 — #5 intended for damage detection, several samples were prepared
to determine material parameters. Firstly, a set of samples were prepared for static tests, i.e., five steel
flat bars with dimensions of 200 x 20 x 11.9 mm (set #A), nine adhesive dogbone specimens with a
global size of 200 x 30 x 3 mm (set #B) and three groups of specimens made of CFRP laminate (four
coupons in each group) cut in three directions: along the fibres (#C), across the fibres (#D), and skew
(#E), with an angle of 45 degrees, all with the dimensions of 100 x 20 x 1.24 mm. Secondly, a single
plate for dispersion curves measurements was prepared for each material. Steel (#F) and CFRP (#H)
plates had dimensions of 500 x 100 mm and differed only in thickness (11.9 and 1.24 mm, respectively),
whereas the adhesive specimen (#G) had dimensions of 200 x 100 x 2.1 mm. The maerial densities of

the materials were: p, = 7582 kg/m? (steel), pa = 1720 kg/m? (adhesive), and p. = 1597 kg/m® (CFRP).
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3.2.  Experimental setup

3.2.1. Static tensile tests

Material properties of steel, CFRP and adhesive were identified in static tensile tests. Steel bars
were examined using Zwick/Roell Z100 testing machine equipped with a contacting extensometer
makroXtens Il WN (Zwick, Germany). The experiments were performed with a constant displacement
increment of 0.2 mm/min. From the test, the static Young’s modulus was determined. Adhesive dogbone
specimens and CFRP bars (rectangular specimens) were tested with Zwick/Roell Z10 machine
supported with an optical videoXtens extensometer (Zwick, Germany), allowing determination of both
the static Young’s modulus and the Poisson’s ratio. The tests were also displacement-controlled with

the same test speed of 0.2 mm/min.

3.2.2. Guided wave propagation measurements

The measurements of guided waves were carried out by the scanning laser Doppler vibrometry
(SLDV) technique. The experimental setup, shown in Figure 3a consisted of the laser vibrometer PSV-
3D-400-M (Polytec GmbH) equipped with a VD-07 velocity decoder, the arbitrary function generator
AFG 3022 (Tektronix, Inc.) and the high-voltage amplifier PPA 2000 (EC Electronics). The Lamb
waves were excited employing the plate piezoelectric actuator NAC2024 (Noliac) with dimensions of
3 x 3 x 2 mm3, bonded to the specimen surface by petro wax 080A109 (PCB Piezotronics, Inc.). Each
specimen was laying freely on the surface of a table top during measurements. It is important to note,
that wave propagation was not disturbed by the environmental factors providing that no coupling
between contacting surface of the specimen and table top was introduced.

Four samples (additional steel #F, adhesive #G and CFRP #H plates and intact joint #0) were at
first tested to determine the dispersion curves. The guided wave signals were registered in 91 points
distributed evenly along a straight line with a length of 90 mm. CFRP plate and joint #0 were measured
along two paths, as depicted in Figure 3a: trace L along the fibre direction and trace T at an angle of 90°
to the fibres. The measurements on joint #0 were conducted on both sides (at CFRP and steel surfaces).
Steel and adhesive were assumed as homogeneous isotropic materials, therefore the measurements were
performed only along a single trace (here, T). The PZT actuator was attached at position Al for
measurements along trace L, and at position A2 for measurements along trace T (Figure 4b). The
excitation was a single-cycle sine wave modulated by the Hann window with a voltage of 2 V (peak to
peak amplitude). Measurements along each trace were conducted five times with different carrier
frequencies of the tone burst, namely, 50, 100, 150, 200, and 250 kHz. Each of the measured signals
was averaged 20 times to improve the signal-to-noise ratio.

At the second stage, samples #0 to #5 were scanned in the context of damage detection and
imaging. The excitation signal was a five-cycle wave packet obtained by Hann windowing of a
sinusoidal burst with a central frequency of 100 kHz. Taking into account the damping of adhesive the
peak to peak amplitude was increased to 5 V. The wave was excited by the PZT actuator attached at

position A3 (Figure 4c). Guided wave signals were collected in 2829 points distributed on the top surface
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of the CFRP plate, in a regular square grid with size 23x123, as shown in Figure 3c. The signals were
averaged 20 times. To exclude the boundary regions from measurements, the margins of 6 mm were
assumed, thus the area of scanning covered a surface of 488 x 88 mm?, resulting in a scan resolution of
4 mm in both directions. In the case of potential damage identification (discussed further), two control
points were marked (P1 and P2). The complete set of experimental data gathered by the laser vibrometer

in the course of the guided wave measurements is available at [39].

b) trace line T
actuator Al ’[ T
trace line L § & ;
N\ N amplitier = — —
N\ !\“ i |.—90—,§ o)
- = €—91 points —> ‘L
B ibrometer | ) k 120 =I\actuator A2 [mm]
C) =25 control point P2 i
= 374 : Z actuator A3 T T
32 3 Z : 2 S
Q 123 points J
I :
6 488 6> [mm)]
k 500 y

Figure 3. Scanning laser vibrometry for guided wave measurements: a) experimental setup; b) scheme of

measurement traces for dispersion curves determination; ¢) scheme of measurement grid for damage imaging

3.3. Dispersion curves for isotropic and transversely isotropic materials

3.3.1. Theoretical calculations

Guided waves are a specific type of acoustic wave that propagates in restrained media. In elements
bounded by two parallel surfaces (plate-like structures), so-called Lamb waves and shear horizontal
waves can exist, mutually referenced as plate waves. Both wave types are naturally decoupled, which is
because Lamb waves originate from pressure and shear vertical bulk waves, whereas shear horizontal
guided waves stem independently from the shear horizontal bulk waves [40]. There are two considerably
relevant features of guided waves, in general. The first one is multimodality which means that for a
specific frequency value, many different modes can propagate independently in the analysed medium.
Two types of Lamb wave modes can be observed: symmetric (S0, S1, S2,...) and antisymmetric (AO,
Al, A2,...), and also shear horizontal waves can occur in symmetric (SHO, SH2,...) and antisymmetric
(SH1, SH3,...) forms. The second important issue is the dispersive nature of guided waves which means
that wave characteristics (like wavenumber, wavelength, and propagation velocities) are frequency-
dependent. Dispersion curves constitute the graphical representation of these relations and their shapes
are sensitive to changes in material parameters and geometry of the analysed medium. In the case of
plate waves, the thickness of the plate, material density, and elastic parameters are important features.
The complexity of the problem of dispersion curves determination depends on the type of analysed

medium and the assumed method of modelling. In general, the relation between wavenumber k and
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angular frequency w is found. The simplest example is a homogeneous isotropic plate with a constant
thickness. The dispersion relations can be determined independently for symmetric and antisymmetric
Lamb wave modes by solving the so-called Rayleigh-Lamb equations [41-43].

In composite materials, the directional dependence of material properties creates the problem of
dispersion curves calculation much more complex. Some complications correspond to the determination
of mechanical parameters. A unidirectional fibre-reinforced lamina can be modelled as a transversely
isotropic medium, for which at least five independent elastic constants need to be determined to build
the stiffness matrix tensor C [44]. Denoting the fibre direction (Symmetry axis) as 1 and the remaining
directions as 2 and 3 (constituting plane of symmetry), one needs to determine two Young’s moduli:
along fibres E1 and across fibres E», two Poisson’s ratios: out of the plane of isotropy vi2 and in the plane
of isotropy v3, and shear modulus out of the plane of isotropy Gi..The remaining constants are the
dependent ones. Four of five constants can be easily determined in simple static tensile tests (E1, vi2, Ea,
and Gi2). According to the literature [45], some simplifications can be made to reduce the number of
constants from five to four using the assumption that Poisson’s ratio in the plane of symmetry is equal
to Poisson’s ratio in the transverse plane, i.e. v»3 = v12. Having the complete set of mechanical parameters
it is possible to determine the stiffness tensor C as the inverse of a compliance tensor S which has a
much more simple form. The determined stiffness tensor is used to calculate the theoretical dispersion
curves. The literature provides some solutions to the dispersion problem for transversely isotropic and
generally anisotropic media [46]. It is, however, beneficial to use the semi-analytical finite element
method (SAFE) which assumes the discretization of the waveguide in the cross-section altogether with
the adoption of an analytical solution in the wave propagation direction [43]. A simple and very effective
software utilizing SAFE is GUIGUW [47]. The use of SAFE methods is very convenient also for layered

media, especially consisting of hon-isotropic layers.

3.3.2. Experimental measurements

The procedure of determination of experimental dispersion curves for a specific element is based
on a series of measurements of propagating waves in points distributed along the line traced on the
object surface (cf. Section 2.2.2 and Figure 3b). As a result, a guided wave field s(x,t) in the space-time
(x-t) domain is obtained. To improve the resolution of the desired dispersion relations in the wavenumber
domain, a zero-padding is applied to the raw data s(x,t) in the space domain, obtaining the expanded
data se(x,t). The two-dimensional fast Fourier transform (2D-FFT) is then applied to the expanded signal

set se(x,t) to convert it to the wavenumber-frequency (k-f) domain according to the formula [48,49]:
D(k, )= [s,(xt)e > dxdt, o)

where D(k,f) denotes the Fourier coefficients (wave amplitudes) in the wavenumber-frequency domain.
The range of the effective frequency spectrum depends on the excitation frequency. To visualize the

curves in a wider frequency range, the above-described algorithm can be repeated for several
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measurements with excitation signals with different carrier frequencies. The final result is an

aggregation of a series of maps Di(k,f).

3.3.3. Determination of dynamic mechanical parameters based on dispersion curves

The sensitiveness of the dispersion curves to any changes in the parameters of the analysed
medium allows using them for non-destructive determination of the mechanical properties of materials.
They can be a very useful tool, especially in the case when static tests cannot be applied. Dispersion
relations were successfully used for parameter identification in composite elements [50-53] and
adhesive [54]. In the current research, a method based on the comparison of theoretical and experimental
curves was applied. The algorithm firstly requires the determination of experimental dispersion curves
using 2D-FFT (see the previous chapter). Dispersion curves are then extracted from the wavenumber-
frequency field by tracing the peak values for a set of consecutive frequencies in the analysed frequency
range. As a result, the dispersion relations in the intended form of single curves can be plotted. Secondly,
a set of theoretical dispersion curves are calculated in a probable range of parameters values. Finally,
the experimental curves are compared with the theoretical ones, obtained for all combinations of
parameters. For each comparison, the value of the residual sum of squares (RSS) is calculated based on
the difference between N experimental ke and theoretical k: wavenumber values, according to the

formula:
RSS = i(k&i k) @)
i=1

To obtain an optimal pair of determined parameters, the minimization of the RSS function is required.
To eliminate the problem with cumbersome units of RSS, it can be normalized to its maximum value
obtaining RSSn. Assuming that there are two varying material parameters, e.g., Young’s modulus E;
and Poisson’s ratio vj, the RSSn is represented by a two-dimensional field RSSn(i,j) in E-v domain.

What is worth noting, a single curve, as well as multiple curves, can be considered at the same time.

3.4.  Damage imaging using WRMS

It is commonly known that a raw guided wavefield (e.g., acquired using SLVD, like in Section
2.2.2) is not the best way to represent the image of potential damage. Further signal processing of the
collected signals is required to reveal the actual shape and position of a defect. The simple but very
robust approach is based on the calculation of the root mean square (RMS), also called the effective
value. For damage detection and visualization, it is beneficial to use the weighted root mean square
(WRMS) that allows enhancing results by the reduction of the incident part of the signals collected. The
WRMS technique is based on signal energy distribution, thus it is sensitive to any changes in material
stiffness and the presence of boundaries, which makes it very promising for damage detection. Taking
into account a discrete time-domain signal s, =s(t;) with N samples (r = 1,2,...,N) registered with a
constant time interval At, giving the duration of T. = (N — 1)At, the WRMS can be calculated as follows
[33,55,56]:

10
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N
WRMS = /%Zwrsf , 3)
r=1

where w; denotes a weighting factor whose value is defined for any consecutive sample based on its

number as:
wo=r". (4)

In the above formula, m is a nonnegative power of the weighting factor. If m = 0, the weighting factor
is constant and equal to a unit, thus no weighting is applied to the signals and the formula (3) describes
the simple RMS. The power m is one of the quantities that strongly influences the quality of damage
visualization. The second one is the time of averaging T, i.e., the duration of the signal taken into
account. It is worth noting that the use of statistical analysis in the interpretation of damage visualization
using WRMS can be effectively applied [37,38]. It was proved that WRMS histograms can be useful in

the assessment of the level of damage.
4. Results and Discussion

4.1. Dispersion curves

As the initial step (cf. Figure 1) for further damage detection analysis, the calculation and
interpretation of dispersion curves for the joint was done. At the start, the dispersion relations for the
three components (i.e., steel, adhesive, and CFRP) were investigated to check their material parameters
for the appropriate calculation of dispersion curves for the joint. Steel was treated as an isotropic
material, thus only two mechanical parameters were required. The static tensile tests (sample set #A)
provided the value of Young’s modulus equal Es = 197.3 GPa with a standard deviation of 7.7 GPa and
a coefficient of variation 3.9%. The Poisson’s ratio was assumed to be vs = 0.30. The calculations of the
dispersion curves were carried out using an authorial script prepared in Matlab® solving Rayleigh-Lamb
equations. The experimental dispersion curves for steel plate #F were determined using 2D-FFT. Figure
4a presents the theoretical curves superimposed on the experimental result. The visual agreement of
experimental and theoretical curves allows stating that static elastic parameters are appropriate for the
modelling of wave propagation in the analysed steel plates.

The investigations for the adhesive were then conducted. It can be also modelled as an isotropic
material, thus Young’s modulus and Poisson’s ratio were determined during the static tensile tests on
adhesive dogbone specimens from set #B. The mean value of the static Young’s modulus was equal to
E.s = 11.80 GPa with a standard deviation of 0.98 GPa and coefficient of variation 8.3%. The static
Poisson’s ratio was equal to vas = 0.38 with a standard deviation of 0.08 and a coefficient of variation
equal to 21%. The determined static parameters were used to calculate the theoretical dispersion curves
(Figure 4b, black dashed lines) that were compared with the experimental relations obtained from the
investigation of plate #G. The significant inconsistency was observed due to the well-known fact that
the dynamic parameters of materials with viscoelastic properties (such as adhesives) can be different

from the static ones. The reason is the high strain ratio during dynamic load [54,57-59]. Thus, the
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dynamic parameters were determined by two-parametric optimization, using the procedure utilizing
RSS calculation, described in Section 2.3.3. A series of dispersion curves were calculated in the Young’s
modulus range of 11 —16 GPa and Poisson’s ratio range of 0.1 —0.45 to be compared with the
experimental SO and A0 curves extracted from the 2D-FFT map. As a result, the optimal values of
dynamic elastic parameters were obtained as: Eaq = 13.5 GPa and vaq = 0.30. The increase of the
Young’s modulus is visible, which is a typical relation for viscous materials. The corrected theoretical
curves (including the dynamic parameters) are presented in Figure 4b (white solid lines). The
convergence of the experimental and theoretical approaches is now evident. This fact allows stating that
the determined dynamic parameters are correct. What is worth noting, the AQ curve is clearly visualized
while the SO curve is moderately visible. This is due to the fact that the PZT actuator induced vibrations
in the direction perpendicular to the plate surface.

b) 2400
2100

o
S S
S 3

wavenumber [rad/m]
.
S
S

0 0%
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
frequency [kHz] frequency [kHz]

Figure 4. Dispersion curves for isotropic materials used in the study: a) experimental (coloured map) and
theoretical (white line) curves for steel plate #F, b) experimental (coloured map) and theoretical curves (black
dashed line and white solid line for static and dynamic parameters, respectively) for adhesive plate #G

The CFRP lamina needed to be analyzed as a transversely isotropic material, thus a number of
parameters were determined in static tensile tests on samples from sets #C (Ei, v12), #D (E), and #E (Eas
in the direction at a 45-degree angle). The obtained values are presented in Table 1 altogether with mean
values, standard deviations, and coefficients of variation. Based on the determined constants, the shear
modulus G12 in the transverse plane was calculated [44], giving a value of 6.73 GPa. The Poisson’s ratio
Vo3 Was assumed to be equal to vi,. The theoretical dispersion curves for both directions 1 and 2 were
calculated using GUIGUW software. The results are presented in Figure 5 with experimental curves
determined along the corresponding L and T paths for plate #H (cf. Figure 3c). A good agreement of
both fundamental modes is observed, which confirmed the appropriateness of the determination of
elastic constants. According to the experimental relations, in L-direction curves, only the fundamental
A0 mode is detected. The SO mode was not detected, due to the antisymmetric character of the excitation.
On the other hand, in T-direction both A0 and SO modes are visible. The occurrence of SO mode was
possible because the propagation of the wave along T-direction was disturbed by the carbon fibres which

constituted a significant heterogeneity.
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Table 1. Static elastic parameters of CFRP lamina specimen sets #C, #D, #E

Parameter MEAN STD cov

Eic[GPa]  169.02 8.19 4.9%

Vize [-] 0.503 0.050 9.9%

Ezc [GPa] 9.85 0.14 1.4%

Essc [GPa] 15.99 1.23 7.7%
a) 1800 b) 2400
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Figure 5. Experimental (coloured map) and theoretical (white line) dispersion curves for CFRP plate #H in two

directions: a) L-direction; b) T-direction

As a final step in the dispersion relations analysis, the curves for the three-layer plate were
determined using joint #0. The theoretical calculations were conducted with the use of GUIGUW
software. The models were prepared based on the material parameters of steel, adhesive and CFRP. The
experimental curves were determined for the signals registered on both upper and lower surfaces of joint
#0 (on the steel and CFRP sides). The theoretical curves were superimposed on the experimental
relations in Figure 6 for both directions (L and T). Primarily, it is important to note that the wave
propagation in the assumed range of 0 —500 kHz is a complex problem, because of the multimodal
character of the guided waves. Sixteen modes were obtained from the calculations, however, it was
difficult to identify them separately in the experimental maps because of the small differences in
wavenumber values and multiple intersections. Nevertheless, the overall view of the 2D-FFT maps
corresponds to the shape of the theoretical curves. As a result of the SAFE approach, there are mixed
symmetric, antisymmetric and shear horizontal modes (there is no simple way to decouple the problem
of propagating Lamb and SH waves). The fundamental SO, AO, and SHO modes were marked in all
subfigures. Firstly, it is important to note that there is a significant discrepancy between the 2D-FFT
maps obtained from the processing of signals collected on steel and CFRP surfaces. From the steel side
(left column in Figure 6ab), the maps are similar in both L and T directions. This is because the steel
plate was relatively thick, which may have impeded propagation through the whole thickness of the
joint. The curves are similar in value to the ones obtained for the single steel plate (cf. Figure 4),
however, the appearance of higher modes is demonstrably shown by the significant disturbance of the
maps, especially in L direction. The SO and A0 modes were not detected in a higher frequency range

(above approximately 250 kHz), SHO mode was also not present in both directions. Turning to the curves
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registered on the CFRP side (right column in Figure 6ab), the presence of A0 mode in a high frequency
range (above 250 kHz) was evident. In the L-direction, the A0 mode could be misinterpreted as a SHO
mode which was not actually present. The SO mode was detected in T-direction, which may have been
caused by the presence of carbon fibres. This stays with the agreement with the CFRP curves (cf. Figure
5), for which SO mode was also observed only in T-direction curves.

a) 1600 1600

1400 1400

= 1200

wavenumber [rad
wavenumber [rad/)

0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
frequency [kHz] frequency [kHz]

wavenumber [rad/m]

0 < % / 0 - - /
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
frequency [kHz] frequency [kHz]

Figure 6. Experimental (coloured maps) and theoretical (white lines) dispersion curves for intact joint #0 (experimental
curves measured at steel and CFRP sides in left and right columns, respectively): a) L-direction; b) T-direction

The interpretation of dispersion curves can be very helpful in the determination of the appropriate
excitation parameters [38]. It is well known that the interpretation of wave propagation with lower
frequencies is far easier since a small number of wave modes are simultaneously present. On the other
hand, the lower wave frequency, the poorer resolution of damage visualization, which is connected with
the increase in wavelength. Thus, it is essential to choose an excitation frequency that is high enough to
give efficient results and simultaneously is relatively low to excite only a few wave modes. For the
analyzed joint #0, two fundamental modes SO and AO propagates in the frequency range up to about
115 kHz. Based on this fact, the excitation frequency for damage detection and visualization was
assumed to be equal to 100 kHz (cf. Section 2.2.2). What is noteworthy, due to the fact of registering
signals on CFRP surface, the difference between wave propagation in the area of damage (single-layer
CFRP plate) and the joint (three-layer waveguide) can be the basis for distinguishing between these two
media, leading to a successful damage identification and visualization. The comparison between the
dispersion curves for joint #0 and CFRP plate #G is presented in Figure 7. There is a clear distinction
between the curves for a chosen frequency. It corresponds to the difference in wave velocity which is a
significant factor affecting the energy of propagating waves. On this basis, it can be stated that damage
detection with WRMS (which is connected to wave energy) should be efficient.
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Figure 7. Comparison of dispersion curves for CFRP plate #G and intact joint #0: a) L-direction; b) T-direction

4.2. Damage detection

4.2.1. Damage identification

The diagnostics of analyzed specimens was divided into two stages (cf. Figure 1, steps 2 and 3).
The first one of those is damage identification, focused on providing information about the presence of
damage. The signals collected in control points P1 and P2 were engaged (see Figure 3c). This allowed
stating that damage identification can be done in a low-time cost measurement. Firstly, the WRMS
values were calculated for signals from both control points in all joints #0 — #5 and then normalized with
respect to the WRMS in control point P1. This operation allowed treating the WRMS in point P1 as a
reference and the value in point P2 as an indicator, giving information about the change of the wave
energy which is sensitive to damage in the joint (it is expected to increase in the presence of any
damage). The WRMS ratio was calculated for point P2 by dividing the values in all joints #0 —#5 by
the WRMS value for intact joint #0, thus an increase of WRMS ratio can inform about potential defects.
This assumption can be made taking into account the damping of adhesive. The presence of epoxy in
areas with good adhesion reduces the signal amplitude, thus the damaged regions (without adhesive) are
characterized by the higher values of WRMS (which is actually an energy-based damage indicator). It
is a well-known fact that WRMS calculation parameters (such as the time of averaging Te and weighting
factor described with the power m, see Section 2.4) have a significant influence on the obtained WRMS
values, thus there is the need to determine the optimal values. For this reason, several calculations were
conducted for a set of parameter values (m was assumed in the range of 0 — 5 with a step of 0.05 and Te
varied between 0.3 ms to 3.1 ms with a step of 0.05 ms). A linear relationship between WRMS ratio and
the percentage of damage surface for partially damaged joints (#1 —#4: 10%, 20%, 50%, 80%,
respectively) was assumed. Two-dimensional optimization in the m-T. domain was performed with a
criterion of maximization of the linear correlation coefficient r (using Pearson’s definition). The
variation of r with respect to m and T. is presented in Figure 8a. It is important to note that the calculated
surface did not have a trivial shape. The low values of r were obtained mainly for lower values of Te,
however, the higher ones were also not very efficient. The global maximum (marked in the figure) of r
was obtained for the optimal values of the calculation parameters: mgy = 0.85 and Teop = 2.1 ms

(r = 1.000). Remarkably, the maximum was not sharp, and many more parameter pairs in the adjacent

15


http://mostwiedzy.pl

A\ MOST

area had a similar value of r. For this reason, it can be assumed that a series of parameter pairs can give
results with comparable efficiency. The threshold r;=0.98 was assumed to establish the range of
possible efficient parameter pairs. It is the inner surface of the irregular shape area marked with a red
dashed line in Figure 8a. Any combination of parameters from this surface is expected to provide a
useful damage visualization.

To reveal the differences in the correlation coefficient r between different pairs of parameters, the
relations between WRMS ratio and the level of damage are presented for different m values (with
constant Teopt, Figure 8b) and for different T. values (with constant mop, Figure 8c). The optimal result
is presented with a red line in both charts, showing a clear linear relationship. It is evident that there is
no linear relationship observed between the WRMS ratio and the level of damage for calculation
parameters with values distant from the optimal. It is, however, essential to note that there are values for
which the relationship is close to linear, which stays in agreement with the conclusions made based on
the interpretation of the surface in Figure 8a. What is also important to clarify, the intact joint #0 does
not satisfy the linear relation because it has no damage, thus there is no factor causing the disturbance
in wave propagation (in fact, WRMS increase) and it should not be considered with damaged joints.
Another exception is sample #5 that is also out of relation. This specimen, being a single CFRP plate is
actually an intact specimen because the excitation and control points are placed all on the same surface,
thus no significant increase in WRMS can be observed between control points P1 and P2. It is also
important to note that it has WRMS ratio similar to the intact joint #0 (lower or higher, depending on

the calculation parameters), which testifies the appropriateness in the preparation of specimen #0.

WRMS ratio [—]

1 1 1 | 1 1 1 | 1 0 1 1 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
level of damage [%] level of damage [%]

Figure 8. Determination of the optimal calculation parameter based on the designed level of damage: a) linear
correlation coefficient in regard to time of averaging and power of weighting factor; b) WRMS ratio for different
powers of weighting factor; b) WRMS ratio for different averaging time
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To sum up the above analysis, the guided wave measurements in a small number of points,
supported with WRMS calculations can be successfully used in the damage identification of defects.
However, it is important to note that a full separation is not clearly detected. It is expected that once the
optimal parameters are determined, they can be used for damage identification of a random defect. The
initial analysis of parameters can be conducted based on a series of physical models with intentionally

prepared damage (like in the current research) or in the way of numerical simulations.

4.2.2. Damage visualization using WRMS maps

For damage visualization, the WRMS ratios of wave signals collected in all points in the scanned
area (cf. Figure 3c) were calculated. Taking into account that WRMS values are normalized with respect
to the value calculated in the control point P1, the mutual scale for all maps was assumed. The results
of WRMS calculations for different pairs of calculation parameters are presented in Figure 9. Firstly,
the WRMS maps for the optimal parameters (m =0.85 and T, =2.1 ms resulting in r = 1.000) are
presented in Figure 9a. It is visible that there are some dispersed defects in joint #0 designed as intact.
This may have occurred due to the possibility of the fact that the quality of the contact between the
adherends and the adhesive film was not unified (e.g., the adhesive could not be perfectly spread on the
joint). According to the dispersion curves discussed in Section 3.1, this may have affected the shape of
some modes (e.g., A0 is slightly shifted in the curves determined in T-direction from CFRP side).
However, the values are not significant, so the joint can still be assumed as intact. For the damaged
joints #1 — #4, the WRMS values are significantly higher when compared with the area of the properly
prepared joint. The clearest increase of WRMS in the debonded area is obtained for joint #1 and it
slightly decreases with the size of the defect, however, it is still really efficient for the greatest damage
in sample #4. These changes are the result of the fact that the greatest damage area, the less reflections
the wave experiences during the assumed time of propagation. What is important for joints #1 — #3,
there are some additional unintentional damage areas aside from the designed damage. The reason for
this fact may be the shrinkage of the adhesive during the curing process. It creates the need for correction
of the above-conducted optimization, which will be discussed in the further part of the study. The
separate composite #5 has no visible defects because it should be actually treated as the one without
damage. The conclusions from the interpretation of the maps agree with the ones obtained during the
damage identification step. Figure 9b shows the WRMS maps for another pair of parameters giving the
correlation coefficient above the assumed threshold (m =0.60 and T. = 1.6 ms, r = 0.984). The efficiency
of visualization is comparable to the one obtained for optimal values. To prove that the proposed
optimization method is justified, two examples of WRMS visualizations for pairs of parameters that
result in correlation coefficients below the threshold are presented. Figure 9c presents the maps
calculated for m=3.00 and Te = 0.7 ms (r = 0.729). The visualization of the defects is not as clear as for
the above-discussed pairs, especially for specimen #4 with the greatest damage. What is more, the
sample #5 seems to be partially damaged, which is the result of the fact of the low value of time of

averaging. Another example (Figure 9¢c, m =5.00, Te = 3.1 ms, r = 0.950) is also not efficient, despite
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the relatively high value of r. The visualizations are even less clear, only #3 has a visible defect, while

the others have barely visible damages. Moreover, artificial defects are visible in joint #5.
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Figure 9. WRMS maps (dimensions in [mm]) for all joints for different pairs of calculation parameters
(weighting factor exponent m and time of averaging Te) with calculated correlation coefficient: a) m = 0.85,
Te=2.1ms, r =1.000 (optimal pair); b) m = 0.60, T = 1.6 ms, r = 0.984; ¢c) m = 3.00, T, = 0.7 ms, r = 0.729;
d) m=5.00, Te =3.1 ms, r =0.950
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4.2.3. Statistical analysis — WRMS histograms

Additional information about the efficiency of the prepared WRMS maps can be provided by
tools of statistical analysis, i.e., histograms. The WRMS values calculated for all points in the scanned
area are treated as a series of scalar values for which a histogram can be calculated such as a probability
distribution fitted. Firstly, the mean value and standard deviation of the set of values were calculated.
The extreme values (extremely high and low) that may disturb the histograms were excluded from
further calculations using the three-sigma rule, which allows omitting the values differing from the mean
with more than three standard deviations (leaving about 99.7% of values). Secondly, the histfit function
from Statistics and Machine Learning Toolbox in MATLAB® was used to plot the probability density
functions. The results of the calculations for two pairs of WRMS calculation parameters are presented
in Figure 10. The optimal set of parameters was used to prepare the histograms that are presented in
Figure 10a. The intact joint #0 is characterized by the unimodal distribution, which shows that there is
a single characteristic mode value describing the map (WRMS ratio of about 0.5 in the peak). However,
the mode is not symmetric, it is developed in the direction of higher values, which creates a possibility
of revealing a weak (not very clear) disbond. This conclusion agrees with the fact that there is
unintentional dispersed damage in the joint (cf. Figure 9). The partially damaged joints #1 — #4 are
characterized by evident bimodal distributions. The modes with lower values correspond to the
undamaged parts of the joints, whereas the modes with higher values are connected to the defects. The
intact mode in damaged samples has a higher value (between 0.8 and 0.9) than the intact mode for joint
#0, which allows stating that the presence of the defect influences the WRMS values in the undamaged
area. It can be observed that the greater the damaged surface, the more clear is the defect mode in
comparison with the intact mode. What is more, the damage mode value decreases with the surface of
the damage (from about 3.0 for joint #1 to about 1.4 for joint #4). It shifts to the intact mode, which is
also observed in the WRMS maps (cf. Figure 9), where the most clear defect visualization was obtained
for joint #1. For joints #1 and #2 the damage mode (its integral) is smaller than the intact one, for joint
#3 the two modes are comparable, whereas for joint #4 the defect mode is demonstrably greater than the
intact one. This corresponds to the ratio between good adhesion and damaged areas of the joints. The
sample #5 has a unimodal distribution, a single symmetric mode can be observed due to the fact that
there is no actual damage. The histograms for a pair of calculation parameters that gives r = 0.950
(denoted as not efficient) are presented in Figure 10b. The histogram for intact joint #0 is similar to the
one obtained for the optimal pair of parameters. What is noteworthy, the histograms for partially
damaged joints #1 — #2 present unimodal distributions. However, the asymmetry of the histograms
allows stating that there are some weakly detectable disbonds. This agrees with the previously discussed
visualizations (cf. Figure 9d). The joints #3 — #4 are described by bimodal distributions. The histogram
for joint #3 presents the clear bimodality (the WRMS map also had a good quality), whereas for joint

#4 it is not as evident (the map was not as efficient). An interesting fact can be observed for the sample
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#5 which has a unimodal distribution, however, some additional higher values with no modal character

are present. This clearly corresponds to the artificial damage observed in WRMS maps.
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Figure 10. WRMS histograms for damage visualization maps for all joints: a) Te = 2.1 ms, m = 0.85 (optimal
pair, r = 1.000); b) Te = 3.1 ms, m =5 (r = 0.950)
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The histograms for partially damaged joints #1 — #4 (with optimal calculation parameters) can be
used to determine the actual level of damage based on the real defect surface. In this case, the peak
values of both good adhesion and damage modes were read from probability distribution functions. The
mean value of these two was then calculated to be treated as the limit between the values characterizing
the intact and damaged parts of specimens. The number of values above the limit were counted and used
for calculation of the corrected defect area (Table 2). It is clear that for joints #1 — #3 the actual damage
surface is greater than the designed one (which is visible in the WRMS maps, cf. Figure 9). For the joint
#4, the actual damage is equal to the designed one. To better show the results of calculations, the damage
visualizations are presented for specimens #1 — #4 in Figure 11. The maps present binary images of

defects (black areas denote the defects). The maps agree with the WRMS maps.

Table 2. Estimated level of damage based on WRMS histograms

Value #1 #2 #3 #4

Good adhesion mode 0812 0.748 0.878 0.782
Damage mode 2.865 2.343 2.057 1.402
Limit between modes 1838 1546 1468  1.092
Estimated level of damage 15% 27% 55% 80%
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Figure 11. Damage maps for partially damaged joints #1 — #4 (dimensions in [mm])

4.2.4. Updating WRMS damage images

Having the corrected values of the level of damage, the optimization of WRMS calculation
parameters was done again to verify the previous calculations (based on the designed values). The results
of the calculation of Pearson’s correlation coefficient r with respect to time of averaging and weighting
factor are presented in Figure 12, altogether with the area of r above the established threshold r: = 0.98.
The obtained function does not differ significantly from the one calculated for the designed levels of
degradation (cf. Figure 8). The lowest values of the correlation coefficient are obtained for low and high
times of averaging. The corrected optimal pair of calculation parameters is Moptc = 0.90, Teoptc = 1.7 MS.
The previously determined optimal values are included in the surface of efficient pairs of calculation
parameters with the close to the unit, i.e., r =0.998. The new optimal pair of parameters was verified by
the calculation of WRMS maps (Figure 13). The results are comparable in efficiency with the maps for
the previously discussed pairs (cf. Figure 9). This allows stating that the actual levels of damage and the

designed ones are not significantly different.
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m=0.85
T,=2.1ms

1.7 ms

Figure 12. The linear correlation coefficient regarding time of averaging and power of weighting factor for the

determination of optimal WRMS calculation parameters based on the actual level of degradation
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Figure 13. WRMS maps (dimensions in [mm]) for all joints for the optimal pair of calculation parameters based

on the actual level of damage, m = 0.90, T = 1.7 ms, r = 1.000

4.2.5. Experimental verification of results obtained

To verify the effectiveness of the proposed damage imaging algorithm, the prepared joints #1-#4
were visually assessed. The parts of the samples were detached by hand with the support of a steel
spatula to reveal the true shape of the defects. The photographs of the separated adherends are shown in
Figure 14. It is clearly visible for all samples that the adhesive remained entirely on the steel plate. This
may have resulted from the fact that the steel-adhesive contact is stronger than CFRP-adhesive, because
the CFRP plate has fibres that can be separated individually from the rest of the element (what can
actually be observed in the photographs). The area of the true damage (white line) is greater than the
designed one because there are some unintentionally produced defects, as it was mentioned analysing
the previously discussed WRMS maps. It is obvious for all samples #1-#4 that the shape of the true
defect is similar to the one presented in damage images in Figure 11. To verify the results quantitatively,
the photos of the damaged adherends were processed in ImageJ software [60]. The pictures were first
scaled to show the real dimensions of the specimens, i.e. the ratio px/mm was established by the known
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length and width of the sample. Then, the parts of defects captured by scanning (red areas) were digitally
measured. The gained values were divided by the entire area of scanning (488 x 88 mm?2) to obtain the
percentage of damage. The results of the calculations are presented in Table 3. The obtained true level
of damage was compared to the one estimated with the proposed algorithm (see Table 2), giving the
relative errors up to a few percent. Thus, it can be stated that the proposed damage imaging algorithm

allows to determine with sufficient accuracy the size and shape of the defects in adhesive joints.

partially disbonded joint #1 partially disbonded joint #3

partially disbonded joint #2 partially disbonded joint #4
; Y g = F_

Figure 14. Photographs of the examined joints after disconnection (white line — true defect area, yellow line —

scanning area, red line — true defect surface in the scanning area)

Table 3. Verification of estimated level of damage based on experimental examination

Value #1 #2 #3 #4
Are of defect [mm?] 6217 11867 24161 34984
True level of damage 14% 28% 56% 81%
Estimated level of damage 15% 27% 55% 80%

Percentage error of estimation  7.1% 3.6% 1.8% 1.2%

5. Conclusions

In this paper, the condition assessment of steel plates strengthened with adhesively bonded CFRP
laminate was carried out by guided wave propagation. The three-stage algorithm for damage imaging
was developed. The experimental studies aimed at damage imaging based on weighted root mean square
calculations supported with statistical analysis. A description of wave propagation phenomena in the
considered three-layer joint and its components was presented to determine the excitation frequency for
the guided wave-based damage visualization.

The damage regions were successfully identified and visualized using WRMS maps prepared for
guided wave signals. The assumption of linearization between the WRMS value and the level of damage

was proved to be effective in the determination of optimal values of WRMS calculation parameters. The
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proposed WRMS-based damage imaging allowed visualizing defects intentionally introduced in
adhesive joints, as well as unintended ones. The strong impact of WRMS calculation parameters on the
efficiency of the obtained damage images was observed. The usefulness of WRMS histograms for the
calculation of the actual level of damage was confirmed. The results obtained were successfully verified
by visual inspection of the samples after separation.

The proposed three-stage approach has the potential for use in non-invasive diagnostics of large-
scale engineering structures. In the first stage (damage identification), a structure should be divided into
smaller segments that can be tested one-by-one with a small number of measurements. The results can
provide information about the presence of defects. If any defects are identified in a specific segment,
the second stage (damage visualization) occurs, which consists of scanning the guided wavefield to
obtain detailed damage maps. The future work will focus on the further development of the proposed
algorithm to be applicable for real-scale engineering elements, e.g., bridge girders.
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