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Abstract: The objective of the research presented here is the investigation of ultrasonic guided wave
(UGW) propagation through the lap joint welded plates used in the construction of a storage tank
floors. The investigations have been performed using numerical simulation by finite element method
(FEM) and tested by measurement of the transmission losses of the guided waves transmitted through
the welded lap joints. Propagation of the symmetric Sy mode in the welded stainless steel plates in the
cases of different lap joint overlap width, operation frequency, and additional plate bonding caused
by corrosion were investigated. It was shown that the transmission losses of the Sy mode can vary in
the range of 2 dB to 8 dB depending on the ratio between lap joint width and wavelength. It was also
demonstrated that additional bonding in the overlap zone caused by corrosion can essentially reduce
transmission losses.

Keywords: ultrasonic non-destructive testing; guided waves; lap welds; storage tanks

1. Introduction

In the petrochemical industry, corroded areas of a storage tank floor are an object of
non-destructive testing (NDT). For this reason, testing for a high level of safety and the reliability of
periodical maintenance of the tank and its floor should be performed, in order to avoid corrosion
related accidents when hazardous chemical materials might get into the environment and groundwater.
In order to avoid this, various NDT methods for the inspection of the construction elements in the
petrochemical industry, such as penetrant testing, magnetics [1], eddy current [2], thermography [3,4],
radiographic testing [5], acoustic emission [6], and ultrasonic techniques are used [7,8]. The main
problems related to the inspection of the storage tanks and their floors using conventional NDT
methods is that, in most cases, the tank has to be emptied, cleaned, and made safe for human
entry before any inspection could be performed. It causes large financial and time costs to perform
these operations.

In this regard, the most promising technique which enables inspection at relatively long distances
(up to 100 m) and can be used for the inspection of storage tank floor from an outside perimeter of
the tank is ultrasonic inspection method, based on the application of ultrasonic guided waves (UGW).
Advantages of such a technique were successfully demonstrated on the long range applications for
rapid screening of pipes [9-12], rails [13,14] and transmission lines [15]. At present, UGW technology
is used primarily to detect and locate defective areas. A significant number of studies on the interaction
of UGW with discontinuities in flat plates [16-19] and pipes [20-24] have been reported by a number of
researchers. One challenge in UGW inspection is that general corrosion occurring over a large surface
area may not create reflection sufficient for detections. In this regard, the primary effect on guided wave
inspection when corrosion is present is an increase in the attenuation of UGW energy. If the attenuation
is measured, it may be possible to produce an estimate of the degree of corrosion through the inspected
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object [23]. Unfortunately, other mechanisms besides corrosion such as additional coatings [23,25],
loadings [26], temperature [23], construction features—e.g., welds, bends, and branches—can produce
an increase of guided wave attenuation and influence the achievable inspection range. In the case
of the tank floor, the attenuation of UGW is mainly conditioned by the leakage of guided waves to
the liquid and the losses in the welded lap joints. It is necessary to take into account that, in order to
propagate the whole tank floor, the UGW needs to pass multiple welds. Therefore, estimation of losses
on the lap joint welds is a critical issue in determination of possibilities of such an approach.

A huge amount of work has been produced on the general topic of UGW propagation in lap
joint connected objects, mainly targeting adhesively bonded [27-32], bolted [33], and brazed [34] lap
joints. However, little attention was paid to metal plates joined using lap welds. It is necessary to
underline that lap joint welds are essentially different from listed ones as it has narrow weld part
and relatively wide unwelded part (overlap zone). Additionally, the contact condition in the overlap
zone can vary due the heavy load of the filled tank, humidity, or partial corrosion. The influence of
these parameters on the attenuation of the guided waves propagating through the weld have not been
investigated sufficiently. So, the purpose of the research presented is to determine regularities and
assess transmission losses of the UGW propagating through lap welds and to investigate how they
are affected by the different lap weld overlap widths, operation frequency, and variation of bonding
condition in overlap zone.

2. Numerical Simulation of the Guided Waves Propagation

2.1. Dispersion Curves

In the case of long range UGW application, the objects being tested are big and consequently the
test samples for the inspection technique development also are big and expensive to manufacture,
as well impractical to use in laboratory conditions. Due to this reason, we decided to use
scaled-down physical and numerical models of the object simultaneously. In a corresponding way,
we changed the operation frequency. Such an approach is valid as the properties of UGW depend on
frequency-thickness product fd and linear acoustic propagation is assumed. This means that, if the
dimensions of the object—including plate thickness—are reduced by the factor N then the frequency
of selected ultrasonic waves will be higher by the same factor N and the properties of the guide wave
will be the same. So, instead of investigating large objects, it is reasonable to carry out investigations
with the scaled-down models and verify determined regularities on a real-sized object afterwards.

In order to answer the questions related to UGW propagation in a tank floor constructed out of
multiple lap joint welded plates, models with the scaling factor 1:8 were developed and investigated.
Investigations were carried out by using stainless steel plates. The elastic properties of materials used
in the numerical model were as follows: density p = 8000 kg/m?3, Young’s modulus E = 193 GPa, shear
modulus G = 77.2 GPa, and Poisson’s ratio v = 0.31. In order to properly select the operation frequency
and modes suitable for investigation, the dispersion curves of the phase ¢y, and group cgr velocities
in the 8 mm thickness and in the scaled-down 1 mm thickness stainless steel plates were calculated
using the semi-analytical finite element (SAFE) method [35,36]. The algorithm of the method was
implemented by the authors. The calculated dispersion curves of UGW are presented in Figure 1.
The dashed line denotes the frequency selected for investigations. This frequency for a real-sized
object is 50 kHz, and for a scaled-down model is 400 kHz. The product fd in both cases is the same.
The velocities of the fundamental guided wave modes in the case of 1 mm thickness steel plate at the
selected operation frequency are presented in Table 1.
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Figure 1. Ultrasonic guided waves phase (blue) and group (red) velocities dispersion curves for:
(a) 8 mm thickness stainless steel plate; (b) 1 mm thickness stainless steel plate.

Table 1. Velocity of the asymmetric A, symmetric Sy, and shear horizontal Sy guided waves modes at
400 kHz frequency for 1 mm thickness stainless steel plate.

Guided Wave Mode Phase Velocity c,,, m/s Group Velocity cg, m/s
Asymmetric Ag 1701 2751
Symmetric S 5156 5134
Shear horizontal Sy 3106 3106

The symmetric Sy guided wave mode was selected for analysis due to several key properties of
this wave mode [37]:

e the group velocity of the symmetric Sp wave mode is highest, ensuring that it arrives before
any other modes, thus making it easier to identify and separate the time interval in the
measured signals;

e symmetric Sy wave mode is less sensitive to liquid boundary interaction. It has lower attenuation
and leakage losses compared to the asymmetric Ay wave mode, thus it enables stronger signals to
be received at a longer propagation distance.

2.2. Transmission Losses Dependence from Lap Joint Width and Operation Frequency

In order to investigate how the welded lap joint overlap zone width Al influences propagation of
the UGW symmetric Sy mode and its transmission losses ogp(f) the numerical modelling was carried
out using the finite element (FE) method. The model of the lap joint used in the numerical investigation
is presented in Figure 2. It should be noted that the model is presented on different vertical and
horizontal scales.

| 285 mm )
i‘ 150 mm - | Stainless steel
Excitation | 50mm . | 3<f£|n Weld seam | plate
Zone ,<—>|l | ; [ / 1 mm&
Eai Incidl:r:v:ave L _! <_I t I ‘
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;< o 341 mm .

Figure 2. Model used for the investigation of the symmetric Sy guided wave mode transmission
through the different width Al lap joint welded plates.
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The ANSYS finite element software was used to obtain wave propagation through the 2D geometry
which includes an implicit algorithm with Newmark time integration method for solving the transient
wave propagation. The model of elastic wave propagation is based on the assumption of linear
elasticity and solution of the Navier equation of the elastic wave motion in matrix form [38—44]:

Mu+Ca+Ku=F (1)

where M is the mass matrix, C is the damping matrix, K is the stiffness matrix, u, u, u—are the nodal
displacement, velocity, and acceleration vectors, respectively, F is the externally applied excitation
nodal forces. To simplify the model, a linear elastic solid is considered and no damping is added in this
study (C = 0). The model under investigation was considered to be infinite in the z direction so that the
plane strain condition is used, which assumes that all strains occurs in the x—y direction and there are
no strains in the z direction. Four-node PLANE42 linear elements were used to represent the 2D section
in the plane strain. The element has four nodes, each with two degrees of freedom—translations in the
nodal x and y directions. The spatial size of the finite element was set to 0.2 mm, which corresponds to
21 elements per wavelength in accordance with the minimum wavelength of the slowest asymmetric A
wave mode at the 400 kHz frequency (Table 1). The excitation was performed by applying longitudinal
force as five periods of 400 kHz sine-burst with the Gaussian envelope signal to the edge of the model
(Figure 2). The time integration step dt = 10 ns is equal to 1/250 of the period at 400 kHz central
frequency. The time interval used for the modelling of elastic wave propagation was At = 0 <+ 80 us.
The overlap zone width Al of the lap joint between welded plates was gradually changed from 4 mm
up to 13 mm by steps of 1 mm. The material elastic properties in the modelling were used such as
presented in Section 2.1.

The signals corresponding to the fastest propagating symmetric S UGW mode were acquired
by selecting the sets of nodes at the positions Rcl, 50 mm and Rc2, 285 mm distance from the
excitation zone. The position Rcl is situated before the lap joint weld and Rc2—after the lap joint weld,
respectively. The distances were selected in a way that ensured the sufficient time domain separation
of different guided wave mode signals. The received signal was assumed to be the mean value of the
longitudinal particle velocity across the plate thickness, which was calculated by using the following
presented expression:

u(t) = N, Z ”n(t) )

where, N, is the number of nodes and u; is the nodal value of the longitudinal particle velocity

in node n. The time intervals corresponding to the fastest propagating symmetric Sp UGW

mode signals were selected from the time diagrams of the received signals by using the Hanning

window. The transmission losses agy(f) of the selected wave mode were calculated by using the

following equation:

o ETlm (D]
[T ux ()]

where, u,(t) is the reference ultrasonic signal (picked-up by the virtual receiver Rc1 before the weld),
u1(t)is the ultrasonic signal transmitted through the weld (picked-up by the virtual receiver Rc2 behind
the weld), FT denotes Fourier transform. The obtained waveforms of the signals in the time domain
of the ultrasonic symmetric Sy wave mode are presented in Figure 3. The variations of the signal
amplitude related to different widths of the overlap zone can be observed (Figure 3b). The obtained
transmission losses ogy(f) of the symmetric Sy wave mode for the current lap joint weld width Al
meaning were acquired by taking the value corresponding to the frequency f = 400 kHz. The obtained
transmission losses dependence versus plate overlap zone width is presented in Figure 4, where dots
denote transmission losses value obtained by FE analysis, and the solid line denotes the interpolation

aso(f) = —201 ®)

by piecewise cubic Hermite polynomial.
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Figure 3. The waveforms of the signals measured: (a) before lap joint connection at Rc1 position;
(b) after lap joint connection at Re2 position in the case of different overlap zone width Al
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Figure 4. The transmission losses agy(f) of the Sy guided wave mode in the case of different lap joint
overlap zone width Al

It was observed that the overlap zone width Al in the welded lap joint essentially influences
the transmission losses gy (f) of the analyzed symmetric Sy wave mode and varies from 1 dB/weld
up to 7.5 dB/weld depending on lap joint overlap width. The results demonstrated that the highest
transmission losses xgy(f) of the symmetric Sy wave mode are obtained in the case of 9 mm overlap
zone width. The obtained dependence of transmission losses agy(f) can be explained by the fact that
UGW are reflecting back and forth within the free edge of the overlapped part of the plate and this
produces a series of signals which interfere with each other in such a way that it becomes essentially
dependent on the length of propagation path which is defined by the width of the overlapped zone.
On the other hand, it means that it is dependent on the wavelength A of the symmetric Sy wave mode.
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In order to determine how the transmission losses asy(f) of the symmetric Sy wave mode for
particular lap joint overlap zone widths depend on excitation frequency, numerical modelling was
carried out. The frequency of the excitation signal (five periods of sine-burst with a Gaussian envelope)
was changed in the frequency range from 150 kHz up to 500 kHz with 25 kHz steps. Obtained
dependencies of the transmission losses xgy(f) in the case of different frequencies and different overlap
zone widths (Al = 4 mm, Al = 9 mm, Al = 13 mm) are presented in Figure 5.
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Figure 5. The transmission losses ag(f) of the Sy guided wave mode for the different excitation signal
frequency in the case of I: 4 mm overlap, II: 9 mm overlap, and III: 13 mm lap joint overlap widths
(dots: FE analysis results, solid line: interpolation by piecewise cubic Hermite polynomial).

The presented results demonstrate that there are some regular changes of maxima and minima
in the dependency of the transmission losses versus frequency. The dependency of the transmission
losses versus frequency is different for different overlap zone widths. In this case, it can be assumed
that the superposition of the direct waves and the waves reflected by the free end of lap joint of Sy wave
mode signals takes place, and hence depending on the total width of the lap joint Al, leads to a larger
or lover amplitude of the resultant wave. In the case of the single-edge closed reflector, the maxima or
minima will appear at every integer number of ;A per lap joint width (Figure 6a). So, it can be stated
that the increase of transmission losses o (f) of symmetric Sy wave mode transmitted through the lap
joint is expected at every odd number of }17\ per lap joint width. Meanwhile, on the even number of }I)‘
per lap joint width, a reduction of the transmission losses could be observed. This regularity can be

expressed by
n-c
o (f, A1) = max (), n =1,3,5,... "
. n-c
OCSO(f, Al) = mm(Tgr),n = 2,4,6, N
15
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Figure 6. (a) Wave propagation and reflection in the lap joint connection; (b) dependence of the
transmission losses local maxima and minima from the wavelength for particular lap joint width
(square: local minima, dots: local maxima od the transmission losses).
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The graphical representation of the maxima and minima of transmission losses agy(f) versus
frequency and lap joint width Al are presented in Figure 6b.

The numerical investigation performed on the UGW propagation through the single lap joint
welded connection demonstrated that the overall transmission losses agy(f) of the symmetric Sy
wave mode are strongly dependent on the selected system parameters, such as width of lap joint Al
and operation frequency. Thus, it was observed that—depending on the wavelength per lap joint
width—the increase (related to the odd number of }I}‘) or reduction (related to the even number of %7\)
of transmission losses could be observed.

2.3. Transmission Losses Dependence on Plates Bonding

As was demonstrated in investigations carried out earlier by a number of researchers, the
dispersive behavior of UGW is strongly dependent on the bonding state between lap joint connected
objects [27,29-32,45,46]. Thus, the velocity and amplitude of UGW signals transmitted through lap
joint are among the main parameters to be affected [27-29]. Typically, in adhesive bonding, the elastic
waves are transmitted through the adhesive layer in the overlap region where the adhesive serves
as a medium for wave transmission and the overall efficiency of the transmission is mostly affected
by the width of the lap joint area and adhesive layer parameters by itself. In contrast to adhesively
bonded lap joints, lap joints produced in storage tank floor construction are commonly connected only
by the weld seam. The overlap zone which in its original state does not possess acoustic coupling
between the upper and lower plates during long period of tank exploitation (usually design life of an
aboveground storage tank is 25 years, but in some cases may be in use for 50-70 years) leads to partial
cohesion of the plates in overlap zone. The physical factors leading to it can be pressure of the filled
tank, moisture retention in the lap and corrosion. How such phenomena are affecting transmission
losses agp(f) of the selected Sy guided wave mode was the task for the second stage of investigation.

To achieve this goal, three cases of the UGW propagation through the lap joint welded plates
were analyzed (Figure 7):

(a) plates are connected only at the weld seam position (Figure 7b);
(b) partially bonded plates (50% cohesion) (Figure 7c);
(c) fully bonded plates (100% cohesion) (Figure 7d).

5 210mm R Stainless steel
- “13mm late
- ' 100mm . p
Excitation < > I<—>| Weld seam
zone — | — N 1mm¢
L
! Ingde11t I = 2 I I -
i Rcl Rc2 |— N A I —t
i‘ wave 350mm 9mm Reflected wave ‘! Re2 I
I 411mm |
et >
(a)
//
T \ Areaof 5. Area of o
!<_>i \ cohesi(\)n u—.l cohesio\n |<_>I
: ‘\ { X . X :
I l /
je—>| [—>
9mm 9mm 9mm
(b) (0) (d)

Figure 7. (a) Model used for the investigation of the symmetric Sy wave mode propagation through
the lap joint in the case of: (b) plates are connected only at the weld seam position; (c) partially bonded
plates; (d) fully bonded plates.



Metals 2016, 6, 315 8 of 15

The modelling was performed by using the same FE model parameters as those presented in
the previous subsection. During the modelling, it was assumed that—due to cohesion of the plates
in overlap region—there is solid contact. In the case of solid contact, it was assumed that the contact
layer between plates has the properties of stainless steel. This means that the contact allows the
propagation of both normal and tangential components of the waves. The transmission losses xgy(f)
of the selected wave mode were calculated by comparing the spectra of the acquired Sy wave mode
signals, observed before lap joint connection and after it, by using Equation (3) presented earlier.
The predicted transmission losses agy(f) of the analyzed symmetric Sy wave mode for different plate
bonding conditions are presented in Figure 8.

|

aso, (dB)

O L 1 1 1 1 1 J
200 250 300 350 400 450 500 550 600
/, (kHz)

Figure 8. The transmission losses ogp(f) of the Sy wave mode at different lap joint bonding conditions
in the case: I: plates are connected only at the weld seam position, II: partially bonded plates, III: fully
bonded plates.

The numerical investigation that we carried out demonstrated that the highest transmission losses
aso(f) of the analyzed ultrasonic symmetric Sy guided wave mode are obtained in the case where plates
in the lap joint are connected only by the weld seam. The predicted value of the transmission losses
ago(f) of Sy mode at 400 kHz frequency were estimated to be 7.7 dB/weld. Meanwhile, in the case of
the partially and fully bonded lap joints, these transmission losses of the Sy wave mode were obtained
to be 2.1 dB/weld and 2.7 dB/weld, respectively. Such a decrease of the transmission losses agy(f)
for the analyzed symmetric Sy guided wave mode in the case of the partially and fully bonded lap
joint welds may be explained by the fact that due cohesion changes the width of the connection zone
between lap joint welded plates. The performed numerical modelling demonstrated that average value
of the transmission losses of symmetric Sy wave mode were at a level of 8 dB/weld, but additionally
these losses strongly depend on cohesion between plates. Taking into account that there can be 10 s of
welds across the tank floor, the total transmission losses may exceed 100 dB. However, considering
possible plate cohesion in the overlap region, those losses are expected to be much lower.

3. Experimental Investigation of Guided Wave Propagation through Lap Joints

The objective of this part was the experimental verification of the modelling results, obtained
using a finite element model. For this purpose, the special test sample was manufactured by welding
two 1 mm-thick stainless steel plates together. The plates were welded using lap welds with different
overlap zone width Al, which linearly change from 2 mm up to 15 mm (Figure 9). The width of the
weld seam was 3 mm. Experimental investigation of the ultrasonic symmetric Sy guided wave mode
propagation through the welded lap joint was performed using the experimental set-up presented in
Figure 9.
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Figure 9. Experimental set-up for the investigation of the ultrasonic Sy guided wave mode propagation

through the lap joint welded plates with different overlap zone width Al.

The low frequency ultrasonic measurement system “Ultralab”, produced and manufactured at
Prof. K. Barsauskas Ultrasound Research Institute of Kaunas University of Technology, was used
as the control instrument for measurements. The wideband ultrasonic transducers operating in the
thickness mode were used for the generation and reception of the ultrasonic guided wave signals.
The excitation was performed by using three periods of rectangular pulse with a frequency of 400 kHz
and an amplitude of 300 V. The reception of the propagating ultrasonic guided waves was performed
by using low frequency ultrasonic transducer having special wear-proof convex form replaceable
protector made out of fiberglass with a contact area of 1 mm [47-49]. The frequency responses of the
ultrasonic transducers used as the transmitter and the transducer used as the receiver are shown in
Figure 10. The sampling frequency fs was selected fs = 100 MHz, the frequency range of the amplifier

filters was 0.02 MHz-2 MHz and the total gain of amplifiers was 45 dB.
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Figure 10. The frequency responses of the (a) transmitter and (b) receiver with convex protector

(the equivalent diameter of the contact area 1 mm).
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The experiments were carried out in the following way. The transmitter was attached at the first
position to the edge of the stainless steel plate (in order to create the longitudinal force) using specially
developed spring-type adjusters and the receiver was scanned across the weld in the x direction
(Figure 8). Scanning of the test sample for the B-scan type data collection of the propagating ultrasonic
guided waves was performed by using a one-axis scanner with the scanning step of 0.1 mm and the
total scanned distance was x = 270 mm. At each position, the signals were recorded to form a B-scan
image of the ultrasonic guided waves propagating in the lap welded stainless steel plates. In order to
improve the signal to noise ratio, the averaging of the eight signals at each measurement position was
used also. The initial distance between transducers was set to be Ax = 40 mm. It was selected so that
asymmetric Ay and symmetric Sy guided wave modes would be separate in time domain already at
the initial measurement position. Oil was used as the coupling material between transducers and test
sample. Then the transmitter was attached to the second position along the edge and the scanning
along the x axis was repeated. The distance between each measurement position along the plate edge
was 50 mm, in total the measurements were performed across 450 mm of the edge. This enabled
investigation of the test sample in the area where the width of the lap joint overlap zone Al is gradually
changing from 4 mm up to 13 mm with steps of 1 mm.

The measured signals in the form of a B-scan image (in the case of 4 mm overlap width) are
presented in Figure 11a. Dashed lines denote the positions of the lap welds. In the B-scan image, the
pattern of the propagating symmetric Sy and asymmetric Ao UGW modes could be clearly observed, as
well the occurring reflection and mode conversion on the weld. The wavenumber-frequency analysis
has been reported as an effective means for wave mode identification and propagation analysis.
The wavenumber-frequency representation of time-space wavefield data u(x,t) was performed by
using the 2D Fourier transform (FT), which is defined as [50-56]:

+00 400
Uk f) = [ [ ux e tredxar ®)

—00 —00

where, x is the spatial coordinate, ¢ is the time, w is the angular frequency, k is the wavenumber. Taking
into account that k = w/cpp, the U(kf) can be easily transformed into U(cpp,f). The reconstructed
patterns of the dispersion curves of the ultrasonic guided wave modes propagating in the welded
plate are presented in Figure 11b.
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Figure 11. (a) An experimentally obtained B-scan image of the ultrasonic guided waves propagating
through the lap joint welded plates in the case of the 4 mm overlap zone width; (b) reconstructed
guided waves dispersion curve pattern by using 2D Fourier transform (FT).

From the results presented in Figure 11, it was observed that the most dominant and strongest
propagating ultrasonic guided wave mode in the investigated test sample is the asymmetric Ay wave
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mode. It could be explained by the fact that, for reception, the thickness mode ultrasonic transducer
was used. Such a transducer has an essentially higher sensitivity to the out-of-plane u, displacement
component which is dominant for asymmetric Ay wave mode motion. This is mainly due to the
attached protector, which possesses a special shape, enabling it to record the modes with a dominant
longitudinal component. Nevertheless, the propagating symmetric Sy wave mode, which has lower
amplitude, can also be clearly observed. It can also be noticed, that the asymmetric Ay guided
wave mode in the investigated test sample was generated at the lower 40450 kHz frequency range.
Meanwhile, the symmetric Sy wave mode was generated at the 320-450 kHz frequency range.

In order to separate the signals of symmetric Syp wave mode propagating in forward direction from
the reflected waves and from other guided wave modes, the 2D filtering in the wavenumber-frequency
domain was used. The filtering process can be mathematically expressed as the product between the
wavenumber-frequency spectrum U(k,f) and filter function W(k,f) [52,53,55]:

Uw(k, f) = U(k, f) - W(k, f) (6)

where, W(kf) is the 2D bandpass filter in the wavenumber-frequency domain and Uy (kf) is the filtered
2D spectrum. The filtered spectrum Uw(kf) is then transformed back into the space-time domain
using the inverse 2D FFT in order to obtain the filtered wavefield uw(x,t) [55]

uw (x, ) = FT05 [Uw(k, )] @)

The filtered 2D Uw(k,f) spectrum converted into the phase velocity—frequency domain Uw(cph,f)
and reconstructed afterwards B-scan uw/(x,t) are presented in Figure 12. As an example, the time
waveforms of the experimentally measured UGW signals and experimental signals after using spatial
mode filtering are presented in Figure 13.
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Figure 12. (a) Filtered B-scan image of the ultrasonic guided waves propagating through the lap joint
welded plates in the case of the 4 mm overlap zone width; (b) reconstructed guided waves dispersion
curve pattern by using 2D FT from filtered data.

As can be seen from the presented B-scan, the other guided wave modes and reflected waves are
completely filtered. Two signals were selected for the assessment of transmission losses on the lap
weld, one before the weld and another one after guided waves are transmitted through weld. The first
one, used as the reference signal, was measured at the distance 90 mm from the transmitter or edge of
the plate. Another one was measured at 265 mm distance away from the transmitter. The Hanning time
window was used to select the segment of the signal correponding to the first burst of the propagating
Sp wave mode. The transmission losses agy(f) on the lap weld of the symmetric Sy guided wave
mode in the case of different width Al lap joint connections were estimated according to Equation (3)
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presented earlier by comparing the frequency spectra of the Sy guided wave mode measured before
and after it is transmitted through the lap joint weld. The transmission losses xgy(f) for the particular
overlap zone width Al were estimated by taking the value corresponding to the frequency f = 400 kHz.
The obtained dependency of the transmission losses xgy(f = 400, Al) versus overlap zone width are
presented in Figure 14. For comparison, the dependency obtained by FE modelling is also presented.
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Figure 13. Waveforms of the ultrasonic guided wave signals measured: (a) before lap joint weld;
(b) after lap joint weld; (c) waveform of the signal before the lap joint weld after applying spatial mode
filtering; (d) waveform of the signal after the lap joint weld after applying spatial mode filtering.
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Figure 14. The transmission losses xgy(f) of the Sy mode obtained by I: using numerical simulation
finite element (FE) method, II: experimental measuring.

It can be observed that experimentally measured transmission losses ogy(f) of the symmetric Sy
guided wave mode possess a variation similar to those obtained by finite element modelling. It was
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estimated that the highest transmission losses are obtained in the case of the 9 mm overlap zone
width and are approximately 7.6 dB. This maximum loss occurs due to interference of the waves
directly propagated through the lap joint weld and the waves reflected by the free edge of the lap joint.
Meanwhile, the observed differences from the numerical results are mainly conditioned by mounting
of the transmitting transducer to the edge of the plate, i.e., parallelism of fixing that directly affects the
acoustical contact and, in the case of amplitude measurements, is are particularly important.

4. Conclusions

The ultrasonic guided wave propagation through the lap joint welded plates used for the
construction of the fuel tank floor were investigated by estimating the influence of the lap joint overlap
width, operation frequency, and additional plate bonding on the transmission losses. The performed
numerical investigation and experiment demonstrated that the transmission losses of the Sy wave mode
can vary in the range of 2 dB to 8 dB depending on the ratio between lap joint width and wavelength.
In addition, it was demonstrated that the additional bonding in the overlap zone caused by such
factors as moisture retention, pressure, and corrosion can essentially reduce the overall transmission
losses of the through lap welds transmitted guided waves.
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