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INTRODUCTION

Relevance of research and scientific problem

Detecting and quantifying corrosion-type damage is vital for the petrochemical
industry. To ensure a high level of safety and reliability, the storage tank and its floor
should be periodically maintained in order to avoid corrosion-related accidents when
hazardous chemical materials might get into the environment and groundwater.
Various non-destructive testing and evaluation (NDT&E) methods are available for
the inspection of the construction elements in the petrochemical industry, such as
penetrant testing [1], magnetic [1-4], eddy current [1, 5, 6], thermography [7, 8],
radiographic testing [9], acoustic emission [10-12] and ultrasonic techniques [1, 13,
14] which help to avoid chemical spill accidents. The main problem related to the
inspection of the construction elements in the petrochemical industry, namely, storage
tanks and their floors, using conventional NDT methods is that, in most cases, the
storage tank has to be emptied, cleaned and made safe for human entry before any
inspection could be performed. Moreover, such operations are costly and time-
consuming. To overcome these disadvantages, an acoustic emission testing of flat-
bottomed storage tanks is used as a beneficial method for tank operators to obtain
information about possible corrosion, or even leakage of stored products, and about
the floor without emptying the tank. However, the acoustic emission method used for
storage tank inspection suffers from background noise and sometimes is impractical
[10-12, 15,16]. Therefore, a new and more efficient NDT method for the inspection
of storage tank floor, defect localisation and parameter measurement without
emptying the tank needs to be developed.

The most promising technique which enables inspection at relatively long
distances (up to 100 m) is the ultrasonic inspection method, based on the use of guided
waves (GW). Differently from conventional ultrasonic NDT methods, there is no need
to scan the whole object locally while applying ultrasonic guided waves (UGW)
unlike using traditional thickness gauging methods, which only measure directly
beneath the probe and are laborious when large areas need to be scanned. By using
GW, it is enough to attach the ultrasonic transducers in an easily accessible place for
an object segment to be monitored, as it was successfully demonstrated in the long-
range applications for rapid screening of pipes [17-20], rails [21, 22], transmission
lines and steel strands [23, 24] for the detection of corrosion and other structural
defects. These objects are typically tested in the pulse-echo mode; the transducer
transmitting the GW along the structure and returning echoes indicating the presence
of defects or other structural features in the 1D plane. In this regard, the defects in the
tank floor need to be observed and evaluated in the 2D plane. An application of UGW
for the inspection of storage tank floor in the 2D plane and an investigation of
interaction between these waves with their construction features was demonstrated
[25-29]. However, the results of pilot investigations demonstrated only spatial
distribution of attenuation in the tank floor without giving absolute values of the
attenuation which could be related to the level of corrosion. Based on the results, it
can be said that by applying the UGW inspection method, the object can be
continuously monitored and defects can be detected, observing their size and location
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in the object, whereupon the information can be given about the construction stability
and further exploitation.

By using UGW, the storage tank floor could be inspected from the outer
perimeter of the tank which, together with tomographic reconstruction algorithms,
enables to reconstruct a spatial view of the tank floor with the distribution of defects
inside of it. The main benefits of these waves are that UGW can propagate quite long
distances with significant low losses, low sensitivity to object curvature, a large
number of modes, allowing to choose the most appropriate, etc. But the use of the
UGW is complicated because of dispersion, mode conversion at plate overlap and
object non-uniformities, energy leakage to the surrounding medium [30-32].
Measurements are also complicated due to multiple joints, such as shell-to-bottom (T-
joint) and lap joint connections, and a excessive amount of weld seams inside storage
tank floor, which directly affects the transmission efficiency of GW and propagation
distance. As a result, at the moment it is particularly important to develop and
investigate an ultrasonic measurement method, which will enable to detect and
measure defects inside of the storage tank floor from an outer perimeter without
emptying and cleaning of it.

Scientific-technological problem and working hypothesis

The scientific-technological problem that is solved in this work is as follows:
how is it possible to assess the corrosion level of storage tank floors used in the
petrochemical industry, accessing them only from the outside.

The work hypothesis follows from the formulation of the problem: the ultrasonic
guided waves (UGW), in combination with tomographic reconstruction algorithms,
should enable the assessment of the corrosion level accessing only from the outside
of a storage tank.

The aim and tasks of the work

The aim of the present work is to develop and investigate a method of
measurement that enables to detect and measure corrosion-caused defects inside of an
aboveground storage tank floor without emptying and cleaning the storage tank. In
order to achieve the aim, the following tasks were formulated:

1. To analyse the methods used for detecting defects and measuring their
parameters inside of a storage tank.

2. To develop numerical models for the investigation of propagation of the
UGW in the tank floor and its construction elements and to assess the
expected losses, propagation distances, resolution, sensitivity and possible
changes during exploitation.

3. To perform experimental verification of the developed models and
investigation of the regularities observed by modelling.

4. To investigate the use of the UGW tomography technique and the
development such technique which enables to detect damage in the storage
tank floor and a selection of optimal parameters for tomographic
reconstruction.



5. To perform theoretical and experimental verification of the proposed
measurement method and to estimate the expected uncertainties.

Scientific novelty of the work

1. The regularities and parameters of the UGW in the case of their propagation
through shell-to-bottom (T-joint) and lap joint connections used in the
construction of storage tank floor.

2. The improved ultrasonic transmission tomography algorithm for the
reconstruction of the true value of UGW attenuation spatial distribution using
optimisation for each projection.

3. Spatial sensitivity and resolution of ultrasonic transmission tomography
determined by modelling and experiments.

The practical applications of the work

The ultrasonic guided waves (UGW) transmission tomography method
developed in the dissertation can be applied in the industry and designed to detect and
characterise corrosion-type defects in the storage tank floor. UGW transmission
tomography is one feasible approach for inspecting areas with restricted access by
transmitting GW through the area and then processing the measured wave field into
an attenuation map of the storage tank floor and other planar structures.

Research methodology

The tasks presented above were solved using analytical and numerical
modelling studies that have been verified experimentally. Ultrasonic guided waves
propagation analysis was carried out by applying mathematical expressions proposed
in literature and in Prof. K. BarSauskas’ Ultrasound Research Institute used numerical
simulation methods and programs. The propagation modelling of ultrasonic guided
waves has been carried out using the finite element method ANSYS and Abaqus
software packages. The ANSYS and Abaqus simulation results were analysed using
routines written in the MATLAB environment. The digital signal processing was
carried out using the MATLAB software.

Measurements were carried out using a low-frequency ultrasonic measurement
system “Ultralab” which was designed and manufactured in Prof. K. BarSauskas’
Ultrasound Research Institute of Kaunas University of Technology. The ultrasonic
transducers were also manufactured in Prof. K. BarSauskas’ Ultrasound Research
Institute. The test samples and a scaled down model of the storage tank and models of
lap joint welded plates with scaling factor 1:8 made of stainless steel were developed
and used to verify the modelling results. To verify the tomographic method for
reconstructing ultrasonic guided waves spatial attenuation distribution, the
measurements were performed on the specially developed 1 m diameter and 6 mm
thickness circular stainless steel sample with artificial defects. The experimental
research was performed by using the TecScan Systems Inc. TCIS-3000 11-axis large
industrial scanner. The measurements were performed by using Panametrics-NDT
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ultrasonic immersion VV318-SU transducers. For the excitation and reception of the
ultrasonic signals a UTPR-CC-50 pulser/receiver was used.

The measurement uncertainties have been evaluated according to the standard
uncertainties estimation methodology.

Approbation of the results

During the research period, 2 scientific articles were published on the topic of
dissertation in publications referred in the main list of the Institute of Scientific
Information (IS1). The main results of the work were presented in 4 domestic and
international scientific conferences held in Palanga, Lublin, Prague and Munich.

Results presented for the defence of thesis

1. The regularities of the symmetric S, UGW mode propagation through the
shell-to-bottom (T-joint) and lap joint connections.

2. A modified algorithm of the ultrasonic transmission tomography that enables
to obtain true values of attenuation of UGW and their spatial distribution.

3. A model of the storage tank floor for the verification of the tomographic
reconstruction algorithm.

4. The experimental measurement results, resolution and sensitivity of estimated
spatial attenuation distribution in the specially developed stainless steel
sample with artificial defects.

5. The experimental measurement results of spatial attenuation distribution in a
scaled-down storage tank mock-up floor, using the proposed ultrasonic
transmission tomography algorithm with a limited number of projections.

Structure and content of the dissertation

The present doctoral dissertation consists of an introduction, five chapters of the
main body, conclusions and a list of references. The dissertation contains 142 pages
featuring 107 illustrations, 10 tables and 108 mathematical expressions. The list of
references covers 178 items.

The introduction of the dissertation describes the relevance of the problem, the
objective and tasks of the thesis, its scientific novelty and the scope of the practical
application of the work, its research methodology and approbation of results.

In the first chapter, a review of the most common non-destructive testing (NDT)
and measurement methods used for defect detection in the aboveground storage tanks
(AST) and their floor are presented. The advantages and disadvantages of the
presented measurement methods are discussed. Recent advances of the ultrasonic
guided waves (UGW) inspection method for long range application, corrosion-related
damage detection and tomographic reconstruction algorithms are analysed.

The second chapter of the dissertation is dedicated to the numerical investigation
of the UGW propagation in the scaled-down storage tank and transmission through its
construction elements, such as shell-to-bottom (T-joint) and lap joint connections, by
applying finite element (FE) analysis method. The symmetric S, UGW mode
propagation through the shell-to-bottom and lap joint connections in the welded plates
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and their influence on S, wave mode transmission losses in the storage tank were
analysed. The modelling results were presented.

The third chapter of the dissertation covers the experimental investigation of the
symmetric S, UGW mode propagation through the lap joint welded plates and
verification of the modelling results presented in Section 2. The transmission losses
of the symmetric S, mode transmitted through the lap joint connection have been
estimated and the measurement results are presented.

The fourth chapter of the dissertation is dedicated to the proposed improved
transmission tomography reconstruction algorithm for the reconstruction of true
values of attenuation. A numerical model of a storage tank floor for the verification
and investigation of the performance of the tomographic reconstruction algorithm is
presented.

The fifth chapter of the dissertation presents the experimental investigation
results on the UGW propagation in the specially developed 1 m diameter and 6 mm
thickness stainless steel circular sample with artificial defects and in the storage tank
mock-up scaled-down by 1:8 factor. The reconstructed spatial distribution of the
artificial defects and the view of the UGW attenuation distribution in a tank floor
reconstructed by using the proposed improved tomographic reconstruction algorithm
are presented.

At the end of each chapter, the conclusions are presented.

Each chapter of the dissertation ends with conclusions and the general
conclusions of the theoretical and experimental investigations, the list of references
and the list of publications on the topic of the dissertation are presented at the end of
the dissertation.
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1. ANALYSIS OF THE MEASUREMENT METHODS USED FOR
DETECTING DEFECTS IN AN ABOVEGROUND STORAGE TANK

In the petrochemical industry, general and pitting corrosion are the main
corrosion phenomena on the internal and external surfaces of the aboveground storage
tanks (AST) which affect their operation time. In general, the inner and outer surfaces
of the tanks may be the subject of different corrosion types. In this case, the outer
surface corrosion of the storage tank may occur due to contact with atmosphere and
soil. Meanwhile, the corrosion of the inner surface is mainly caused by aqueous
electrolyte solutions, sludge, microbiologically influenced corrosion (MIC) which
intensity in an AST depends on: the crude oil and petroleum product type, the
technology of AST exploitation, constructive features, condition of surfaces (the
presence of rust, coatings), etc. [33]. However, the most crucial part of the AST is its
floor because of the occurring outer (hidden) and inner corrosion and limited
accessibility, which in long term of exploitation may lead to the leakage of petroleum
or chemical products. A typical storage tank floor used for petrochemical products
consists of a set of steel plates having a thickness of 6-8 mm joined together by using
multiple lap joint welds and may have a diameter up to 100 m [27, 28]. Therefore, to
provide a high level of safety and reliability, periodical maintenance of the tank and
its floor should be performed within ascertained time periods, in order to prevent
unplanned repair shutdowns. Such situations require a careful analysis of the
corrosion state of the AST, which is typically performed by using non-destructive
testing (NDT) methods which help to prevent or reduce the possibility of accidents
and enables the detection and evaluation of irregularities in the object or its
construction elements which could affect the period of safe operation. These methods
are based on various physical phenomena and enable the detection of defects in non-
transparent materials.

Therefore, the objective of the research presented in this chapter is the analysis
and investigation of the NDT and measurement methods used or methods that can be
applied for storage tank floor inspection, to detect corrosion-caused defects.

1.1 NDT methods used for the inspection of storage tanks

Non-destructive testing (NDT) is a wide group of analysis techniques used in
industry for evaluating the properties of objects without causing damage. Since the
tank floor is a plate-like object made from multiple welded carbon steel plates, the
mainly measurement methods applicable for plate-like or metal structures, such as
eddy current, magnetic, acoustic emission and ultrasonic methods, are commonly used
for their inspection. All these inspection methods are based on physical phenomena
(electromagnetic radiation or sound) taking place inside of a metal or its surface and
they are discussed below.

The eddy current testing (ECT) methods are commonly used to detect flaws at
the surface or subsurface of conductive materials because the eddy current strength
decreases with depth due to the skin effect. To overcome this, several other
measurement methods based on the eddy current inspection, such as pulsed eddy
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current testing (PECT) [34, 35] and remote field eddy current testing (RFECT) [5, 36]
methods are proposed for detecting corrosion-type defects.

Pulsed eddy current testing (PECT) method is a recently developed NDT&E
method used for measuring the thickness of steel objects, such as pipes, vessels, and
tanks, which uses a pulsed coil excitation for structural inspection. Differently from
the conventional ECT method where a harmonic signal is used for excitation of the
inducing coil, the PECT method uses pulsed excitation with a wide range of
frequencies and is composed of a wide spectrum of frequency components. Moreover,
the PECT method allows simultaneous inspection at different depths because the
depth of penetration into a structure under investigation by eddy current is depended
on the frequency of excitation [34, 35, 37-40]. Generally, the dependence of the
penetration depth 6 of eddy currents into test material is defined by expression
1.1.1 [40]:

1
W ' (1.1.2)

where f is the frequency of the signal injected into the inducing coil, x is the magnetic
permeability and o is the electrical conductivity.

By using the PECT method, the excitation coil is driven with a repetitive
broadband pulse, usually a rectangular wave. However, for the PECT systems which
use detection coils, the existing signal interpretations are reference-needed. To
overcome it through loading of the variable duty cycle excitation and varied pulse
width excitation techniques for a no reference-needed PECT method have been found.
The operating principle of the varied pulse width excitation technique is presented in
Fig. 1.1.1 [35, 41]. In this technique, the excitation is composed of a sequence of
rectangular pulses PW,,;;, whose widths gradually increase with constant pulse width
increment PW, ..., and space time Pg,, between the neighbouring pulses.

o=

A
o | PW(1) PW(2) PW(K)
PWlnil PWInil PWmit kxp Incre
o - - == <i ﬂ ==:_-=i
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2 > — 5>

Fig. 1.1.1. Variable pulse width excitation and induced eddy currents [35, 41]

Generally, the peak time (rising and zero-crossing times) which is related to the
depth of the defect, and peak value corresponding to the size of the defect, are the
main features used in the PECT method [34, 38, 39]. However, the PECT method
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suffers from noise and is not sufficient to extract more information about the defect.
To overcome this disadvantage, advanced signal processing techniques, such as
principal component analysis (PCA) and independent component analysis (ICA) are
involved to interpret eddy current sensor response and to classify defects by feature
extraction [38, 40, 42]. Moreover, the PECT method only allows inspecting the
defects of the storage tank floor from the inside of the tank.

Remote field eddy current testing (RFECT) is an electromagnetic NDT
method widely used in aviation and industrial applications for detecting corrosion and
losses of wall thickness in the ferrous heat exchanger and boiler tubes [36, 43, 44].
Furthermore, several other studies on the use of the RFECT method for the detection
of the back-side local corrosion in the flat bottom plates of an oil storage tank
constructed of the ferromagnetic material were proposed [5, 6, 45].

According to the standard application of the RFECT method, the probe
consisting of exciter and detector coils at a certain distance between each other is
passed through the inspected object. The exciter coil is fed with a low frequency
(10 Hz-1 kHz) alternating current and causes an electromagnetic field around it,
which spreads out in the axial direction and as well into the wall and generates a
secondary field which is much weaker than the primary field directly at the exciter
coil. As it was obtained on the inspection of tubes, the direction of the energy flow is
from inside to outside, and the area is called near field. The slope of an
electromagnetic field in the near field in the axial direction is very fast because it has
to provide the energy for the induction of eddy currents into the wall, while the slope
of the secondary field at the outside is much smaller. Thus, at a certain axial distance
from the exciter coil, there is an area at which the secondary field is stronger than the
primary field which is called remote field. If a detector coil is placed in this area
between the near field and the remote field, where the direction of energy flow is
reverted, an electromagnetic field induced by energy which passed the wall thickness
two times will be measured. On the direct coupling path, the energy comes directly
from the exciter coil; however, on the indirect coupling path, the energy has passed to
outside of the object and is transmitted back to the inside. If a defect is located in the
wall on the indirect coupling path, it can be detected due to a change of the
electromagnetic field in the remote field [36, 43, 44].

Meanwhile, to detect the flaws in flat plate structures used for the construction
of the storage tank floor by the means of the RFECT method, the most important step
is to make the indirect remote field penetrate the plate twice. To achieve the remote
field eddy current effect in the flat plate, shielding unit is used in an RFEC probe to
block the direct coupling field above the plate. As it was demonstrated on the
applications of flat plates for detecting back-side local corrosion in the 6 mm thick
bottom plates of an oil storage tank constructed of ferromagnetic material, it is
possible to use the U-type component (UTC) made of the same material as the plates
in the RFEC probe [5, 6, 45]. A schematic diagram of the RFEC probe with the U-
type component is presented in Fig. 1.1.2 [5, 6, 45]. Eddy currents induced on the
UTC and ferromagnetic plates attenuate the direct coupling field, therefore, the RFEC
phenomenon occurs for detection of defects in ferromagnetic plates.
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Fig. 1.1.2. A schematic diagram of the RFEC probe with a UTC for generating a remote field
for detecting back-side flaws [5, 6, 45]

The main advantage of this inspection method is its high sensitivity to large wall
thickness reduction (>50%) without sharp edges. Also, the RFECT method is not
restricted by the skin effect. However, its main drawback is that this inspection
method cannot differentiate whether the wall thinning is caused by internal or external
defects and the storage tank floor can only be inspected from the inside. This requires
emptying and cleaning the tank before the inspection. Moreover, it is essential to scan
the entire floor of the storage tank to detect defects. A relatively high power
consumption and the long probe length are also considered as drawbacks of the
RFECT method [45, 46].

Magnetic flux leakage (MFL) testing is one of the most commonly used
methods for the NDT&E of the ferromagnetic structures, such as steel pipes,
aboveground storage tanks, such as those for oil and chemicals, rail tracks, ropes, etc.
[2-4, 47-51]. In general, the MFL testing method uses a strong magnetisation system
to yield a measurable magnetic flux leakage from the specimen. The magnetisation of
the object in MFL systems is typically performed by using permanent magnets,
successfully implemented in the pipeline inspection gauges (PIGs) for pipeline
inspection. However, they are not always preferred, as magnetisation cannot be turned
off when desired. To overcome this problem, electromagnets and electric currents are
used to magnetise the object. The strength of the applied magnetic field is usually the
saturation region of the magnetisation curve (B-H curve) of the ferromagnetic
material, so that the reduction of material thickness will cause a large flux to leak
[49, 51]. Ideally, the magnetisation system in a magnetic flux inspection system
should produce a magnetic field of such characteristics:

e strong enough to cause a measurable magnetic field to leak from the test
material at metal-loss regions;

o uniform from inside to outside surfaces of the inspected object thickness so
that the measured signal is more linearly related to the depth of metal-loss;

e consistent in magnitude so that flux leakage measurements can be compared
at different locations during an inspection run.

The magnetisation process is governed with equations 1.1.2 and 1.1.3 [51]:

m
M :L:XmH , (1.1.2)
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where M is magnetization intensity, H is the magnetic field intensity, B is the magnetic
flux density, V is the volume of the magnetized specimen; Zmo is the sum of the

magnetic moments in a certain volume, y,, is the magnetic susceptibility of a
specimen; uq, is the permeability of air, u, is the relative magnetic permeability of
materials with respect to air, u is the absolute permeability of the medium.

There are two schemes for applying MFL testing to the inspection of defects in
a storage tank floor. The usual method is used for detecting metal-loss defects in the
so-called “near-side” of the materials, which could occur on the top of the tank floor
due to the impurities of the stored product. The second method is used for detecting
the “back-side” metal-loss defects of materials that might be caused by the
environment and reaction with soil. However, in both cases the distribution of the
magnetic flux leakage is strongly affected by the parameters of the defect (length,
width, sharpness at the edges), thus making it difficult to differentiate between top
and bottom defects [3, 47, 48]. It has been shown that internal flaws have a lower
amplitude cross-section than external flaws. From that observation, the use of a
separate sensor, such as eddy current sensors, which are less sensitive to internal
corrosion was suggested to enable distinguishing between the top and bottom metal-
loss [48].

The main advantage of the MFL testing method is that it allows a low-cost and
efficient inspection with easy implementation. However, if a storage tank floor has
not been magnetised to a sufficient extent, the defects cannot leak enough magnetic
flux or it all can be flooded by noise. Moreover, the use of MFL testing method
requires the inspected tank to be emptied and cleaned before the operator can perform
the inspection. Since the area to be inspected is much bigger than the magnetizer, the
tank floor can be inspected only locally and it is necessary to scan the floor.

Acoustic emission testing (AET) is a passive NDT method used in various
industries, including the petrochemical industry. The application of AET to NDT&E
allows a continuous monitoring and non-intrusive inspection for detecting active
defects in storage tanks and pressure vessels. The AET method enables to overcome
many shortcomings of the previously described PECT, RFEC and MFL inspection
methods, because the tank does not need to be shutdown, emptied, and it does not
require floor cleaning and scanning point by point [10-12, 15, 16, 52-55]. The main
advantages of the AET method for the inspection of the storage tank are:

¢ high sensitivity;
o carly and rapid detection of defects, flaws, cracks;
e cost reduction;
o minimised plant downtime, because there is no need to empty or clean the
tank;
inspects the whole tank floor;
identifies tanks which need to be prioritised for inspection and repair;
e leaves good tanks on-line and saves on shut-down and cleaning time.
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By using the AET method for inspection, the tested storage tank is typically
70% filled with product, which provides the required load pressure and generates an
elasto-plastic strain in it. When a crack or another flaw grows, energy is released, and
it propagates in the tested structure in the form of stress waves. The main
characteristics of the AE signals used for damage detection and source identification
are the signal amplitude, its duration, rise time, energy envelope and AE counts [55,
56]. Further evaluation of defects in the tank floor by using AET method is judged
according to the distribution density of the AE events detected in the tank, which are
usually localised by using Time Difference of Arrival (TDOA) measurements [52, 54].
The schematic diagram of the AE source location estimation in the 2D plane by using
TDOA technique is presented in Fig. 1.1.3 [54]. By using TDOA measurements, each
AE event is composed of more than 3 AE signals recorded by different AE sensors
and generated by the same AE source. However, the TDOA measurements do not
consider the situation when multiple AE sources generate signals simultaneously and
might result in incorrect test results, because AE signals coming from different AE
sources will be interpreted as one [52].

Sy(X2Y2)

S3(Xa)Ya)

S (XyYy) 6,0 65
Fig. 1.1.3. A diagram of AE source location estimation by using the TDOA technique [54]

From figure presented, the distance and angle of the AE source from the sensor
can be determined by solving the following 1.1.4 and 1.1.5 equations [54, 57]:

1 DI-Atd?
== i A (1.1.4)
2 Aty + D, c0s(6, - 6)
D2 _ At2y2
1 Ds —Aty (1.15)

R == y
2 AtV + Dy cos(6 - ;)

where At; and At, are the time differences between sensors S-S, and S,-S;,
respectively, v is the velocity in the material. Solving the set of these equations gives
the location of the AE source in a polar form (R, 6).

The main advantage of the AET method is that it enables to perform the
inspection and get the distribution of active defects in the 2D plane of a storage tank
floor without emptying of it, by using sensors installed on the outside surface of the
tank wall. However, the acoustic emission mainly occurs when the load is changed,
thus some variation of the tank loading during the inspection is required. On the other
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hand, acoustic emission is mainly expected by defects under development, so the
passive defects can exist in the tank floor at the same time. Herewith, further analysis
of the active defects should be carried out by using other NDT methods from the inside
of the tank in order to get a more accurate estimation of defect parameters. Moreover,
before formal AE inspection, background noise should be monitored to make sure it
fulfils the requirements of the test. Therefore, it should be noted that AE tests on
storage tanks should not be carried out in windy conditions or in the rain.

Ultrasonic testing (UT) is one of the most common and frequently used NDT
methods for detecting and evaluating the defects and structure irregularities in objects
or their construction elements. In most cases, the conventional ultrasonic NDT of the
objects is performed by using bulk waves and scanning the whole object locally to
determine the thickness of the object or any other defect parameters. However, in the
case of AST inspection, it is related to extreme time-consumption since large areas of
the tank should be inspected. Moreover, the tank should be emptied and cleaned for
floor inspection in search of structural irregularities and made safe for human entry.

To overcome all these drawbacks of the conventional ultrasonic NDT, more
advanced measurement techniques based on ultrasonic guided waves (UGW) are
used. Guided waves are elastic perturbations propagating in a solid structure with free
boundaries, for which displacements occur both in the direction of wave propagation
and perpendicularly to the plane of the plate [58, 59]. In recent years, UGW inspection
has been successfully used in NDT and structural health monitoring (SHM)
applications for detecting defects and structural irregularities in the composite
materials, plate-like structures and pipes since the possibility of rapid screening has
been demonstrated for long lengths (up to 100 m), buried, coated, or in other ways
inaccessible objects [13, 20, 60-65].

The main advantages of the UGW inspection which make the technique so
attractive for NDT and SHM applications are [66-68]:

o the ability to inspect simultaneously a long segment of the object from a single
transducer position;
increased area coverage;

¢ no need for complicated and expensive insertion/rotation devices for scanning
because the probe does not need to be moved during inspection;

o low sensitivity to object curvature and connecting joints;

o alarge number of modes, allowing to choose the most appropriate;

o the ability to inspect under water, coatings, or insulation without significant
loss of sensitivity;

e cost effectiveness of inspection.

At present, the UGW technology is used primarily to detect and locate discrete
defects. These defects are detectable because they cause a reflection of the guided
waves at an unexpected temporal location in the reflected waveform. However, the
understanding of the reflection and scattering of UGW requires detailed knowledge
of the interaction of the incident wave with different defect types. In this aspect, a
significant amount of studies on the interaction of UGW with discontinuities in flat
plates [69-72] and pipes [73—77] has been reported by a number of researchers. In
most cases, the discontinuities, such as corrosion patches in the plates or pipes are

19



represented by relatively simple-shaped defects, such as flat-bottomed part thickness
holes. Despite the fact that regular part thickness hole is not strictly representative of
a corrosion patch, it is assumed that the nature of the UGW behaviour found in this
study has generic applications to the behaviour in real cases. One challenge with the
UGW inspection is that general corrosion which occurs over a large surface area may
not reflect enough energy to be detected. In this regard, the primary effect on guided
waves inspection when corrosion is present is an increase in the energy attenuation of
guided waves. If the attenuation is measured, it may be possible to estimate the degree
of corrosion through the inspected object [76]. Unfortunately, other mechanisms
besides corrosion, such as additional coatings, liquid loadings, temperature,
construction features, e.g. welds, bends and branches can increase the attenuation of
guided waves and influence the achievable inspection range [30, 32, 65, 76]. In this
case, the attenuation of the UGW propagating in the storage tank floor is conditioned
by multiple welds and wave leakage losses into the surrounding medium. Thus, before
the inspection technique can be developed to quantify corrosion of a tank floor using
UGW, the attenuation caused by multiple welds used to connect separate plates in the
construction of the tank floor must be investigated.

However, despite the ability of these waves to detect and locate the reduction of
wall thickness, UGW are known to have a limited ability to accurately estimate the
remaining thickness of the object. For this reason, the UGW are better known as a
screening tool which allows to identify and localise the areas of a structure with
possible defects which should be further inspected locally by other measurement
methods [18, 19, 74, 78]. Moreover, it has been proposed that UGW tomography
offers an opportunity to provide more accurate estimates of wall thickness by placing
an array of transducers around the object at the fixed transducers position and
improving monitoring sensitivity with a variety of mode choice and data analysis
schemes [14, 68, 79-81]. Also, it allows to perform an inspection of the storage tank
without emptying it from the outside perimeter of the tank and obtain the distribution
of defects in the storage tank floor in a 2D plane. However, the use of the UGW and
GW tomography in the NDT and SHM applications for damage detection is much
more complicated due to the dependence of these waves on many parameters which
are analysed in more detail in the following sections.

1.2 The characteristics and regularities of the ultrasonic guided waves
propagation

Over the recent years, many new technologies have been developed with the
potential for fast damage detection in the aerospace, civil and mechanical
infrastructures. Lamb wave inspection is the most widely used damage detection
technique based on the UGW, on which in the last few decades, a large amount of
experimental research was published in a large number of publications related to the
use of the UGW. However, the use of UGW is much more complicated in comparison
to conventional UT due to the complex nature of these waves and their dependence
on multiple parameters. Therefore, it is important to understand of the main
parameters of UGW.

20



Lamb waves are guided waves in which elastic perturbations propagate in a solid
plate with free boundaries, for which displacements occur both in the direction of
wave propagation and perpendicularly to the plane of the plate [58, 59]. In an isotropic
and homogeneous plate, as shown in Fig. 1.2.1, the waves, regardless of the mode,
can generally be described in a form of Cartesian tensor by the following
equation [82]:

g+ (A g+ pf =y, (1L§=223.), (1.2.1)

where u; and f; are displacement and force in x; direction, respectively, p is the density
of the material, x is the shear modulus, 4 is the Lamé constant.
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Fig. 1.2.1. Lamb wave propagation in a plate-like structure [58, 82]

There are two main types of ultrasonic Lamb wave propagating in a plate-like
structure: symmetric modes, denoted as S,, and asymmetric modes, denoted as A,,. The
motion of these symmetric and asymmetric Lamb wave modes are presented in
Fig. 1.2.2 [58, 83].
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Fig. 1.2.2. Symmetric and asymmetric Lamb wave modes motion [58, 83]

By using Helmholtz decomposition, the 1.2.1 expression could be decomposed
into two uncoupled parts, governing longitudinal and shear wave modes defined by
the following equations [82, 84]:

%9 0% 1 0%
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where ¢, and cs are longitudinal and shear wave velocities, respectively, c, is the
phase velocity, x; — corresponds to the direction along the plate, x; — the direction
perpendicular to the plate surface, A;, A,, By, and B, are constants which define
boundary conditions, k is the wavenumber, 4 is the wavelength and w is the angular
frequency.

Physical displacements of the plate can be expressed in terms of field variables
according to the following expression [82, 84]:

u1=%+a—w, u, =0, uszﬁ—a—w. (1.2.7)

OX OX3 OXg 0%

The characteristic equation that describes the Lamb waves in isotropic,
homogeneous plate can be written by following expression [82]

tan(gh) _ Ak *qpy
tan(ph) (k2 +4p% +2up? k2 -2’
By using the expressions of longitudinal and shear wave velocities shown in
1.2.6, the characteristic equation can be decomposed into two parts which describe

symmetric and asymmetric Lamb wave modes, defined with equations 1.2.9 and
1.2.10, respectively [82, 84]:

(1.2.8)

tan(qh)+ 4kqp _
anloh) [T

0, (1.2.9)

tn(ah) (k2 —q?f _ 1.2.10
tan(ph)+ 4k2qp =0 (1:2.10)

The phase c,, and group ¢, velocity dispersion curves of the symmetric and
asymmetric GW modes can be observed by using Rayleigh-Lamb equations
(expressions 1.2.9 and 1.2.10). The following expressions relate angular frequency w
with wavenumber k and correspond to the frequency spectra or phase velocity ¢, with
angular frequency @ and corresponds to the dispersion curves [85]. By taking into
account the wavenumber k expression and phase velocity c, the group velocity ¢, of
the UGW could be calculated according to expression 1.2.11 [85]:
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where fd is the frequency times thickness. In this case, each Lamb wave mode has its
own phase c,, and group c,, velocities depending on the frequency and plate thickness.
The predicted phase c,, and group c,, velocity dispersion curves, calculated using the
semi-analytical finite element (SAFE) method [86, 87], of the Lamb waves in an
8 mm thickness steel plate are presented in Fig. 1.2.3a and Fig. 1.2.3b, respectively.
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Fig. 1.2.3. The predicted UGW phase c,, (a) and group ¢, (b) velocity dispersion curves for
8 mm thickness steel plate

One of the principal difficulties when using UGW in various applications is their
multi-modal nature. This means that even when the single incident GW mode is used
for the inspection, the interaction of the wave with geometrical features of the
structure under investigation or defect can result in a complicated multi-modal signal
due to mode conversion. The multi-mode propagation of the UGW complicates the
inspection and analysis of the measurement data because, in the worst case, different
wave modes overlap in the signal, thus complicating the extraction of information of
the single mode. Therefore, measurements usually are carried out using the
fundamental asymmetric A, or/and symmetric S, guided waves modes. The most
important parameters in selecting the operation frequency f, of the UGW are the phase
Cpn and group ¢, velocities in the material which influence the spatial resolution and
measurement sensitivity. In conventional ultrasonic measurements, the operation
frequency f, or wavelength 1 is the main parameter that influences the spatial
resolution and sensitivity. On the other hand, other researchers have demonstrated that
the dispersive guided waves could be used to detect and size the defect by measuring
the relative amplitude of the modes generated by mode conversion at a defect. It was
demonstrated that UGW may be used to find notches when the wavelength A to defect
depth ratio is of the order of 40, thus showing a higher sensitivity of the guided waves
to some type of defects compared to the conventional bulk waves UT [88-90]. The
correct selection of the operating frequency f, minimises the dispersive and multi-
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mode propagation of the UGW. The dispersive propagation of the UGW distorts the
signals in the time domain. Furthermore, it reduces the spatial resolution and the
sensitivity of measurements and increases the risk of overlapping signals [31, 88, 91].
Other important parameters of the UGW used in the long-range inspection are

the attenuation in the material and propagation losses. The attenuation in material
directly influences the amplitude of UGW with increasing distance, while the
propagation losses of the guided waves are most commonly caused by volume
scattering. The UGW attenuation and propagation losses are directly affected by such
factors as:

signal distortion caused by wave dispersion;

wave diffraction;

wave mode transformation;

material reduction;

leakage of wave energy into the surrounding medium.
Direct influence on the UGW signal amplitude has a geometrical complexity of
the structure which causes difficulties in the effective use of the GW because of the
high level of scattering which leads to a complicated transmission, reflection,
diffraction and mode conversion [92-95]. The propagation losses arising from the
dispersion of the signal energy being dissipated not only in the wave propagation
direction but also in other directions. To correct for radial fall-off of the waves energy,

the signal measurements are typically normalised by 1/ Jr law, where r is the distance

the wave has propagated [93]. Also, there is an acoustic wave energy transformation
influenced by the material attenuation, when a part of the signal energy is converted
into heat. However, this effect is more pronounced and more frequently observed in
composite plates than in metallic constructions [96-98]. Another important factor
influencing UGW attenuation is wave mode conversion caused by wave interaction
with discontinuities/defects, as well as thickness reduction which leads to newly-
converted modes and energy dissipation. Thus, the attenuation and propagation losses
of the UGW are complex and can be influenced by many factors, such as roughness
of the surface of the plate, plate material inhomogeneity and influence of the
superimposed parts or components on the surface of the plate [32, 99, 100]. In the
case of storage tank floor inspection, the propagation losses of the UGW are mainly
caused by multiple lap welds, corrosion caused thickness reduction and wave energy
leakage to the surrounding medium, thus complicating the inspection of storage tanks
by the means of guided waves. At the same time, the dependence of UGW on many
parameters creates the necessary preconditions for measurements and evaluation of
the inspected structure integrity.

In this respect, the most essential are the UGW propagation losses due to the
leakage of the wave energy into the surrounding medium. These leakage losses
depend on the liquid boundary interaction between the object and the surrounding
medium. In the ideal case, if the object is loaded with air, these leakage losses are very
low because of the significantly different acoustic impedances between air and the
test object and can be neglected. However, for the objects loaded with water, petrol
or another acoustic environment, this phenomenon for some UGW modes may have
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a significant effect and determine the main factors in choosing the most suitable
operating GW mode. A steel plate submerged into water could be analysed as an
example. To calculate the dispersion curves of the leakage losses, the commercially
available “DISPERSE” software based on the global matrix model was applied [101].
The dispersion curves of leakage losses for an 8 mm thick steel plate loaded with
water from one side are presented in Fig. 1.2.4.
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Fig. 1.2.4. Predicted dispersion curves of UGW leakage losses « for an 8 mm thick steel
plate loaded with water

As the dispersion curves show, some wave modes have frequency bandwidths,
where due to a large wave energy leakage to the surrounding medium, UGW modes
are strongly attenuated and practically cannot propagate, thus complicating the use of
UGW for the long-range inspection. As in the case of the most frequently used
fundamental asymmetric A, and symmetric S, guided wave modes, it could be
observed that the leakage losses for asymmetric A, wave mode in the frequency
bandwidth from 30 kHz up to 200 kHz varies from 69.33 dB/m to 133.1 dB/m, as
opposed to the symmetric S, mode which shows essentially lower leakage losses
which vary from 0.12 dB/m to 10.88 dB/m. The main factor influencing the losses of
guided waves is that in each mode the displacement and stress distribution changes
with frequency and thickness. A general observation is that at low frequencies the out-
of-plane u, displacement component is dominant for the asymmetric A, guided wave
mode and is almost constant through the thickness. However, when frequency
increases, the out-of-plane u, displacement component reduces compared to the in-
plane u, displacement component in relative amplitude. Meanwhile, for the symmetric
Sy, wave mode, a general observation is that at low frequencies, the in-plane u,
displacement component is dominant and almost constant through the thickness.
When the frequency value increases, the relative amplitude of the out-of-plane u,
displacement component increases, and u, component gets more concentrated in the
centre of the plate. Meanwhile, in the frequency bandwidth where leakage losses are
lower, the out-of-plane u, displacement component reduces, compared to the in-plane
u, component in the relative amplitude thus resulting in lower leakage losses to the
surrounding medium. It is assumed that water or other liquids mainly have an impact

25



on the reduction of the out-of-plane u, displacement component, while the in-plane u,
displacement component is affected only by liquids possessing high viscosity [102].

As the analysis of UGW characteristics indicates, the symmetric S, wave mode
is the most suitable for inspecting the storage tank floors for several reasons. The
symmetric S, wave mode has the highest propagation velocity and should pass the
tank floor first, thus making it easier to separate from whole signals. Moreover, it is
less dispersive in the frequency bandwidth where only fundamental guided wave
modes exist. Furthermore, the symmetric S, wave mode contains lower leakage losses,
ensuring longer propagation distance in fluid coupled structures.

1.3 Ultrasonic guided waves tomography

When UGW propagate in structures with corrosion defects, many phenomena,
such as mode cut-off and conversion, velocity changes, mode frequency shifts,
transmission and reflection amplitude ratio change can be observed and used to detect
corrosion in the structures. Conventional UGW testing methods generally only
evaluate change of the parameter of interest along the wave propagation path of either
reflected or transmitted signal. As in the case of pipe inspection, it can be stated that
the corrosion exists somewhere between the transmitter and the receiver. However, in
the case of the storage tank floor inspection, the 2D distribution of the corrosion is
preferred. The only technique which enables a 2D reconstruction of physical property
distribution is tomography. Therefore, if UGW measurements are made for a number
of transducer positions, then an image of the inspected region can be reconstructed by
using tomographic reconstruction algorithms to give an easily interpretable spatial
map of the parameter of interest [14, 79, 103-112].

In general, tomography reconstructs the distribution of some physical
parameters in the cross section of the object from the so-called projections. The
gathered UGW information is utilised according to the two main principal setups of
tomography:

o reflection tomography — ultrasonic waves backscattered within the volume
are processed using the complete signal for imaging;

e transmission tomography — attenuation or velocity of waves transmitted
through the volume are processed using only the amplitude of the time-of-
flight of the first arriving pulse for imaging.

Ultrasonic reflection tomography is more often used in the field where
transmission tomography is not possible because of physical constraints of the object.
The basic aim of reflection tomography is to reconstruct a cross-sectional image of
the object from the reflection data. One major aspect of this form of imaging is that it
is not necessary to encircle the whole object with transmitters and receivers for
gathering the projection data because the transmission and reception are done from
the same side of the object. However, ultrasonic reflection tomography fails when
strong multiple scattering occurs, and large objects with respect to wavelength must
be inspected [113, 114].

The most common approach of the UGW tomography is based on the use of
transmission tomography, where the information could be gathered by using straight-
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ray or diffraction tomography methods. The interaction of UGW with discontinuities
affects the attenuation and velocity properties of the ultrasonic signals, thus the
attenuation, speed variations, time-of-flight, frequency shift are among the main
parameters used in tomographic reconstruction. However, the most common approach
of UGW transmission tomography is based on the measurement of wave speed
variations and converting it into thickness variations by using GW dispersion relations
for wave speed as a function of the frequency-thickness product. The solution of this
system yields a velocity map over the entire inspected region of the object which is
converted into a thickness map used to detect corrosion or other types of defects
[81, 106, 112-117].

According to the brief description of transmission tomography, it is assumed
that in straight-ray ultrasonic tomography waves travel in straight directions without
diffraction. A typical straight-ray parallel beam projection tomography set-up is
presented in Fig. 1.3.1.

Projection
Py

Fig. 1.3.1. Parallel beam projection for tomographic reconstruction

In straight-ray UGW tomography the projection data must correspond to the line
integral of a given parameter and thus the ray theory must be valid [115, 118, 119].
The ray theory is valid when the characteristic size of a defect d is larger or
comparable to the wavelength A and the width of the first Fresnel zone Lg, which is
defined with equations 1.3.1 and 1.3.2 [115, 118-120]:

d>A4, d>Lg, (1.3.1)
Lr=vLA, (1.3.2)

where L is the length from the source to the receiver, 1 is the wavelength.

When the sizes of defects or other heterogeneities in the object become
comparable or smaller than the wavelength, it is not possible to use ray theory-based
concepts, because of interference between the incident and scattered signals, and wave
diffraction becomes dominant thus limiting the resolution of the straight-ray UGW
tomography. If the propagation distance between the source and the receiver is
reduced, the ray theory becomes valid but the required reduction is too large to be of
practical use thus limiting the use of straight-ray tomography for long-range UGW
inspection [115].

Since the guided Lamb wave cannot penetrate through strongly scattering
defects, and the assumption of straight-ray tomography limited by the ray theory fails,
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diffraction tomography is used as a way to incorporate scattering effects into
tomographic reconstruction algorithms. The objective of the ultrasonic diffraction
tomography is to reconstruct the spatial distribution of a target material property from
the perturbation induced by the structure of the object on the free propagation of a
wave field [116, 118, 121-123]. The processing of the scattered field in diffraction
tomography is carried out in the spatial frequency domain. The mapping of the
scattered field in the spatial frequency domain is presented in the Fig. 1.3.2 [116, 121].
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Fig. 1.3.2. A circular array that can illuminate an unknown object from all directions r, and
detect the scattered field from any direction r (a), the two dimensional K space showing the
mapping of the scattered field measured in direction r from an incident direction r, (b)

By using the configuration presented in Fig.1.3.2, the unknown object is
illuminated from direction r, and the scattered field is detected in direction r. The

scattered field measured in direction r maps into the K space at K(r—r,), where k is

the wavenumber. As the position of the source rotates around the array, an Ewald
limiting disk in the K space with a radius 2k is populated. For any source in the array,
the sensors can be divided into transmission and reflection subsets. The scattered field
measured with the transmission subset maps in the K space on the transmission arc
and the reflection subset maps on the reflection arc. For any direction r,, the

transmission subset is contained within a circle of radius +/2k in the K space and the

reflection subset is contained between +/2k and 2k (Fig.1.3.2). Therefore, the
transmission subset contains the lower spatial frequencies and the reflection subset
contains the higher spatial frequencies [116, 121].

To perform a diffraction tomography reconstruction, an approximation of the
wave equation must be used to calculate the scattered field which is done by using the
most common Born and Rytov approximation methods [116, 117, 124]. By using the
Born approximation, the scattered field is obtained by subtracting the incident field
from the total scattered field. It is considered that the field scattered by a defect is a
superposition of the scattered field from many elemental scatterers and all these
scatterers behave independently. However, as the wavelength passes through a
scatterer, its phase becomes distorted, meaning that the elemental scatterers no longer
behave independently. For the Born approximation, the phase difference between the
incident field and wave propagating through the unknown object must be less than z.
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Therefore, the Born approximation is only valid for small, low contrast (contrast being
defined as the velocities difference between the background medium and the unknown
object) or limited size defects, where the phase distortion is low. However, for many
applications of the UGW tomography, it is important to detect and quantify large
heterogeneities, such as corrosion depths which are up to 80% of the total wall
thickness. This large thickness variation corresponds to a large velocity difference,
thus causing the Born approximation to break. For this reason, the Born
approximation is known to efficiently represent the perturbations caused only by weak
scatterers [116, 118, 120, 124]. The Rytov approximation used for wave equation
approximation focuses on the variations of phase and is more complex to implement
because a complex algorithm needs to be evaluated. To use the Rytov approximation,
the phase of the total and incident fields needs to be unwrapped. The change in the
scattered phase over a wavelength is the most important parameter used for Rytov
approximation. Moreover, Rytov approximation is valid when phase change over a
single wavelength is small but it faces difficulties in its practical implementation
[116, 120, 124].

In general, to take full advantage of the different properties of UGW, the
transducers used in tomographic reconstruction applications should be broadband and
excite any desired point on the dispersion curves. At the same time, a spatial sampling
criterion must be kept because the quality of reconstruction depends on the density of
rays passing through the object. According to this criterion, if the most common
circular aperture is used for gathering the tomographic data, the minimum number N
of transducers to correctly sample a wave field of wavelength can be expressed with
equation 1.3.3 [125]:

27, 1 Az,
N > /10 (1+a jz /10 , (1.3.3)
N-1

where r, is the radius of the circle which circumscribes the object; 4 is the wavelength;
o, =y,/n where y, is the Bessel function maximum, n is the Bessel function order.

Then the sampling interval between the transducers A deployed along the circular
aperture of radius r could be defined according to expression 1.3.4
Ar
A< o (1.3.4)

Expression 1.3.4 shows that in the case of using the most common circular
aperture, the sampling interval depends on the size of the defect to be imaged relative
to the wavelength and on its position with respect to the aperture [125]. However, in
the practical implementation of ultrasonic tomographic measurement method, it is
impossible to measure a large number of projections thus a limitation of the quality of
reconstruction occurs.

Since ultrasonic diffraction tomography is limited by the fail of Born and Rytov
approximations for strongly scattering objects and difficulties in its practical
implementation for the inspection of the storage tank floor, a straight-ray tomographic
inspection method was selected as the most suitable. However, by using straight-ray
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UGW tomography, only the defects that are bigger than the wavelength can be
observed, thus a limitation of the resolution occurs.

1.4 Ultrasonic guided waves tomographic imaging algorithms

In UGW tomography, it is important to choose a practical tomographic
reconstruction algorithm in order to get a good reconstructed tomographic image. The
algorithms used in the tomographic reconstruction are divided into two main
groups — filtered back-projection based algorithms and algebraic reconstruction
algorithms.

The filtered back-projection (FBP) algorithm is a generally well-known
algorithm for imaging the data collected by using tomographic inspection methods.
FBP consists of three main steps: weighting, filtering and back-projection for image
reconstruction. The key to FBP imaging is the Fourier slice theorem that relates the
measured projection data to the two-dimensional Fourier transform of the cross-
section of an object.

Parallel beam projection and fan-beam projection are two most common
acquisition geometries used in filtered back-projection based tomography. By using
the parallel beam acquisition geometry, the object is reconstructed from a set of line
integrals taken at different angles around the object. In general, if a parallel beam
acquisition scheme, presented in Fig. 1.4.1, is used for the reconstruction of an image

f(x,y), then its projection P,(t) at angle € along line t could be defined according

to equation 1.4.1 [103, 105]:

Py(t)= Tf(tls)d& (14.1)
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Fig. 1.4.1. Parallel beam projection for tomographic reconstruction

Then, the spatial Fourier transform of function P,(t) is defined according to
equation 1.4.2 [103, 105]:

Sg(a)): J‘ Pg(t)e—jantdt _ J‘ f(X, y)ej2m(xc030+ysin6)dxdy , (1.42)
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where the coordinate transform relation, presented with expression 1.4.3, has been
applied [103]:

t =xcos(8)+ ysin(@), s=—xsin(@)+ ycos(d). (1.4.3)

The object function f(x,y) can be recovered by using the inverse transform

and, taking into account the spatial frequency relation, can be defined according to
equations 1.4.4 and 1.4.5 [103, 105]:

u=awcos(d), v=wsin(@), (1.4.4)

f(x,y)= j IF(u,v)ejZ”(“X+W)dudv. (1.4.5)

If the Cartesian coordinate system for the frequency domain is changed to a

polar coordinate system, equation 1.4.5 used for the reconstruction of the object
function f(x,y) can be written as [103, 105]:

27@

X y J'J' o, 9)6127210 xc050+y3|n9)wdwd9 IQQ t)dé? (1.4.6)

The filtered back-projection and the object function f(x,y) in terms of (x,y)

and projection angle 6 could be defined according to equations 1.4.7 and 1.4.8 [103,
105]:

- IF(w 01 |alde , (1.4.7)

—00

V4

f(x, y):J'Qg(xcos¢9+ ysing)de (1.4.8)
0

where |«| is the filter response. However, in the tomographic reconstruction based on

the use of the FBP method, the filtering of the projection results in the loss of true
value of the measured parameter. Despite that, the spatial distribution is reconstructed
correctly.

Differently from the parallel beam algorithm, by using the fan-beam acquisition
geometry, the object is reconstructed from a set of line integrals spreading out from a
single point which is rotated about the object. If a fan-beam scheme, presented in
Fig. 1.4.2, is used for tomographic reconstruction of animage f(x,y) then the filtered

back-projection, in general, could be defined with equation 1.4.9 [126]:

x y = J'iz (1.4.9)
0

where L is the distance from the point P with coordinates (x, y) to the transmitter,
Qa(;/') is the filtered projection data along line y =»' for the current projection,
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y —current receiver angle with respect to the central ray, ' is the angle of the fan
beam ray passing through the point P.

Receiver

Fan projection

Transmitter

Fig. 1.4.2. Fan-beam projection with an evenly spaced circular transducer array

By using a fan-beam tomographic reconstruction scheme, it is assumed that each
projection R, () has N data points sampled with a sampling interval &y, where « is

the projection angle. Then the modified projection data could be defined with equation
1.4.10 [126]:

R.,(n-&)=R,(n-&)-Reos(n-&). (1.4.10)

Convolving of each modified projection R, (n-&y) with the high-pass filter
g(y) to get corresponding filtered projection Q,(n-&y) is done by using equations
1.4.11 and 1.4.12 equations [14, 126]:

1 -
8oy )
g(n-&)=40,n even : (1.4.11)
1
-——— = .n odd
esin(- )
Q,(n-)=R.,(n-&)*g(n-&). (1.4.12)

Then weighted back-projection of each filtered projection along the fan is
performed according to equation 1.4.13 [14, 126]:

27 .Q, (n-5')
(x, Y):ﬁém’

where M is the total number of projections, L is the distance from the transmitter to
point P(x,y), ¢; isthe i projection angle, »' is the angle of the fan beam ray passing
through point P(x, y).

The main advantage of the FBP based reconstruction algorithms is that they are
computationally fast, accurate and easily implemented. However, in the practical

implementation of the FBP based tomographic reconstruction, it is not possible to
measure a large number of projections necessary for the Fourier transform based

(1.4.13)
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techniques to produce highly accurate results. To reduce the aliasing distortions
caused by an insufficiency of the input data, the interpolation with respect to sample
angle and projection angle based on the limit measurements are used. This allows to
decrease some artefacts by generating the required projection data for the number of
sampled grid values necessary for displaying an improved reconstructed image [14,
80, 127, 128]. Nevertheless, the main drawbacks of FBP based algorithms are that
these algorithms require a strictly determined scanning configuration and are very
sensitive to the noise in the experimental data.

Algebraic reconstruction algorithms used in the tomographic imaging assume
that the cross section of the object consists of an array of unknowns, and sets up
algebraic equations for the unknowns in terms of the measured projection data.
Algebraic reconstruction algorithms are typically used in situations where it is not
possible to measure a large number of projections, or in case those projections are not
uniformly distributed.

The algebraic reconstruction technique (ART) based on the Kaczmarz
algorithm is an iterative algebraic reconstruction algorithm used for tomographic
image reconstruction from sparse data. By using algebraic methods, a square grid is
superimposed over the unknown image and image values are assumed to be constant
within each cell of the grid. In general, the ART can be defined according to equation
1.4.14 [14, 80, 108, 129]:

Wi n Fnsa = Puva s (1.4.14)

where Fy,4 is an unknown column vector storing the image values, Py,,q — column

vector composed of the ray sum values measured with each ray of total M projections,
Wy «n —Weight (or coefficient) matrix in which an element @y represents a measure

of the contribution of the j* cell to the i"" ray integral.
Equation 1.4.6 can be solved with an iterative scheme proposed by Kaczmarz,
which is expressed with expression 1.4.15 [14, 108]:

> o 0
pi — Zwin 1:n
n=1
L 2
zwin
n=1

where L is the relaxation factor (chosen as less than 1), «y is the weight factor that

determines the amount of influence that the j grid pixel has on the i ray. By using
Kaczmarz method the algebraic reconstruction starts from an initial guess for the
reconstructed object and then performs a sequence of iterative grid projections and
correction back-projections until the reconstruction has converged.

The main advantages of ART over FBP based algorithms is that it has better
noise tolerance and better handling of sparse and non-uniformly distributed projection
data [14, 80, 108, 129].

The simultaneous iterative reconstruction technique (SIRT) is known to be
useful for Lamb wave tomography because of great flexibility at practically any

ey SO}

j i (()ij ) (1415)
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scanning geometry and the existence of incomplete data sets. Moreover, the SIRT
algorithm is relatively robust, computationally efficient, insensitive to experimental
noise and, compared to ART, results in smoother tomographic image reconstruction
[106, 109, 126, 130]. Typically, SIRT uses a double-cross hole geometry, presented
in Fig. 1.4.3, which allows practically any scanning geometry.
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Fig. 1.4.3. Geometry for double-cross hole tomography [126]

The SIRT reconstruction algorithm attempts to solve for the Lamb wave
velocity within each grid cell v[m,n], where [m,n] are the cell coordinates, which is
done by solving equation 1.4.16 [106, 126]:

- - di, j,m,n]
T, J|= tli, j,m,n|= —_—,

] m,nerzay[i[j]J ! m,nerza:y[i,i] vm.n] (1.4.16)
where TIi, j] is the total time it takes the wave to travel from the transmitter to the
receiver, t[i, j,m,n] is the amount of time rayfi, j] travels within the celllm,n], which
is equivalent to the length of rayfi, j] ina celllm,n] divided by the cell velocity v[m,n]
[106]. The solution of this equation yields a velocity map over the entire region and
by giving the operating frequency this velocity map can be converted into a thickness
map used to detect defects.

The probabilistic reconstruction algorithm (PRA) used in tomographic
reconstruction allows flexibility in array geometry selection. Additionally, PRA
enables the reconstruction to be performed with good quality and fast speed. The
formulation used in the algorithm for defect probability at any given point in space is
presented with equation 1.4.17 [14, 67, 131]:

N N

P(x,y)=> p(xy)=D A % : (1.4.17)

k=1 k=1

where P(x,y) is the estimation of the defect probability at position (x, y) within the
reconstruction region, p,(x,y) is the estimation from the ki transmitter-receiver pair,
A, is the input feature of the k™ transmitter-receiver pair, N is the total number of the
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transmitter-receiver pairs in the sensor network, S is the scaling parameter which
controls the size of effective elliptical distribution. For the k™ path, R is a ratio of the
total distance measured from point (x, y) to the transmitter (x,yy, ) and to receiver

(o> Yok )» Which is defined with equation 1.4.18 [14, 67, 131]

\/(X_Xlk)z +(y_ylk)2+(X_X2k)2+(y_y2k)2 _
\/(Xlk —sz)z +(Y1k - Y2k)2

The most crucial part of the PRA is the separation of a given mode and selection
of the extracted feature from the k™ actuator-sensor pair. Usually, a set of actuator-
sensor pair signals is affected when a defect occurs. As a result, the pixel where the
defect is located has a dominantly larger probability in the defect distribution
probability image compared to other pixels. By using a 2D probability density
function and applying the expectation-maximization algorithm one can select a
threshold to defect estimation image and estimate the location of a defect.

The reconstruction algorithm for the probabilistic inspection of damage
(RAPID) has been specifically formulated for applications with ultrasonic guided
waves. A major advantage of the RAPID algorithm is that wave diffraction is
accounted for by the elliptical location probability distribution.

RAPID consists of two main steps: signal comparison and image reconstruction.
Signal comparison is based on damage index estimation, known as signal difference
coefficient (SDC), which measures how statistically different the current signal is
from a reference signal. The SDC for all transmitter-receiver pairs is estimated
according to equation 1.4.19 [111, 131-135]:

R= (1.4.18)

’ ].A[:(ij (t)- ﬂIYij (t)- ,U]dt

, (1.4.19)

J“f o) ket flyy0)- o

where t; is the direct arrival time for each transducer pair, x4 is the mean of the
corresponding signal, x;(t) is the current signal, y; (t) is the reference signal, and AT

is the time window.

Image reconstruction by using RAPID is done by spatially distributing each
obtained SDC value on the image plane in an elliptical pattern where the two foci of
the ellipse correspond to the transmitter and receiver locations. The spatial distribution
function in which SDC values are distributed is defined according to equation 1.4.20
[111, 132-135]:

m’ﬁ>Rij(X1y)

sij(xy)=1 1-p : (1.4.20)
0, otherwise
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where g is the shape factor controlling the size of ellipse (represents the size of
ultrasonic beam width), which can be defined as the ratio of the sum of distances from
point (x, y) to a transmitter i and receiver j for proper reconstruction image, Rjj (x,y)

is the ratio of the sum of distance from point (x, y) to the transmitter i and receiver j

to the distance between the transmitter and receiver.
Finally, the image amplitude at each pixel is a linear sum of the location
probabilities from each transmitter-receiver sij(x,y) pair with the total number of

transmitter-receiver pairs given by N, which is defined with equation 1.4.13
[111, 132-135]:

N-1 N

P(x,y)= Z ZSDCijsij (x.y). (1.4.21)

i=1 j=i+l

However, if the defect is located not in the middle of the test object, the ray
propagation path in each direction becomes different thus resulting in a distorted
reconstructed image. Therefore, the variable shape factor is used to reconstruct a real
defect image [133]. Despite the advantages of flexibility at any scanning geometry
and reconstruction from the sparse data, the main drawback of the proposed algebraic
reconstruction algorithms used for tomographic reconstruction is their inefficiency,
since a large amount of physical unknowns are needed and required to be updated
iteratively thus limiting the application of algebraic reconstruction methods for large-
scale systems.

The presented review shows that there is a wide range of available tomographic
reconstruction algorithms used for UGW visualisation, which differ in the
requirements for projection geometry, reconstruction accuracy, computational speed,
etc. All these algorithms traditionally are divided into two main groups — filtered back-
projection (FBP) and algebraic reconstruction methods. At the same time, it cannot be
unambiguously stated which of the methods presented is the most suitable for a
particular case because they require separate studies of the problem in order to reach
a compromise between the accuracy of the desired measurements and computational
speed.

1.5 Related works in Prof. K. BarSauskas’ Ultrasound Research Institute

Prof. K. BarSauskas’ Ultrasound Research Institute represents the majority of
ultrasonic research groups at Kaunas University of Technology which have been
researching ultrasound for more than 50 years. The research of long-range guided
wave ultrasonics started in 2004 with the 6" EU Framework programme for Research
and Technological Development (FP6). Since then, the institute with its partners has
participated in international projects (FP6 and FP7) related to the long-range and
medium-range UGW inspection of storage tanks (Condition Monitoring of Large Oil
and Chemical Storage Tanks Using Ultrasonic Guided Wave Tomography Without
the Need to Empty and Clean the Tank, TANK INSPECT), offshore structures
(Development of Ultrasonic Guided Wave Inspection Technology for the Condition
Monitoring of Offshore Structures, OPCOM), on and offshore wind turbine blades
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(In-situ wireless monitoring of on and offshore WINd TURbine blades using energy
harvesting technology, WINTUR), engineering assets (Long Range Ultrasonic
Condition Monitoring of Engineering Assets, LRUCM), tidal stream generators
(Development of a Condition Monitoring System for Tidal Stream Generator
Structures, TIDALSENSE) and sprinkler inspection (Medium Range Ultrasonic
Inspection Technique for Detecting Micro-biologically Induced Corrosion in
Automatic Fire Sprinkler Systems, SprinkTest) for finding defects, corrosion and
condition monitoring of the objects.

During the TANK INSPECT project (2004—2006) the ultrasonic technique for
non-destructive inspection of storage tank floor based on the application of the UGW
tomography was developed. The pilot investigations were carried out on a real
aboveground storage tank under in situ conditions proved the suitability of the
technique for monitoring the condition of a tank floor. Additionally, the investigation
of propagation of UGW in the storage tank floor has demonstrated a close relation
between the properties of propagating waves and the presence of non-homogeneities
or corrosion.

The objective of the OPCOM project (2005-2008) was to develop NDT
methods for offshore structures using UGW. During the project, permanently
mounted ultrasonic sensors and systems for continuous monitoring of offshore
structures for crack and corrosion were developed.

The objective of the LRUCM project (2005-2008) was to develop a novel long-
range ultrasonic condition monitoring technological tool for finding defects and
corrosion in a wide range of degrading engineering assets, e.g. pipelines, offshore
platforms, cable-stayed bridges, etc. During the period of the project, the institute
proposed the optimal spatial arrangement of transducer arrays for long-range
ultrasonic NDT.

The objective of the WINTUR project (2009-2011) was to develop an advanced
integrated system for real-time SHEM and impending failure detection for on and
offshore wind turbine blades, enabling a fundamental realignment of
inspection/maintenance strategies that are based on the actual condition of the blades.
During the project, the institute developed inspection and monitoring techniques for
wind turbine blades based on the application of guided waves.

During the TIDALSENSE project (2009-2011), the SHM technique for tidal
stream generators using a combination of long-range guided waves and acoustic
emission was developed. The configuration and arrangement of the transducers for
optimal generation and reception of UGW were determined and the technique of
automatic classification of defect-free and defective regions of hydrofoil was
developed.

The objective of the SprinkTest project (2013-2015) was the development of an
automatic fire sprinkler inspection method based on the medium-range ultrasonic
guided waves test. During the project, with the collaboration with partners, the
numerical simulations, experiments and method validation was performed.
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1.6  Conclusions of the Chapter 1

The analysis of the measurement methods used for detecting corrosion-caused
defects in ASTs and their floor constructions demonstrated that inspection could be
performed by using a series of different NDT methods based on different physical
phenomena. Each of the aforementioned methods has its own advantages and
disadvantages. However, most of the common inspection methods, such as the PECT,
RFECT, MFL and conventional UT require the storage tank to be emptied and cleaned
before any inspection could be performed. Additionally, all the mentioned
measurement methods allow to detect the defects only locally and are time-consuming
procedures. To overcome many of the shortcomings of the earlier mentioned
inspection methods the AET for the inspection of the storage tanks is used. It allows
to inspect the tank without emptying it, cleaning the floor and scanning point by point
from the outer perimeter of the tank. However, AET is sensitive to background
conditions and could not be performed under specific environmental conditions.

The only technique which enables to inspect or at least assess the corrosion of
the storage tank floor without accessing into the tank is the ultrasonic inspection
technique based on the application of GW together with ultrasonic transmission
tomography. The analysis revealed that this technique has a potential to obtain a 2D
map of general corrosion damage of the tank floor. However, the investigations
carried out by different authors do not give the answers to the most important
guestions: firstly, the necessity to know the absolute value of attenuation as only it,
and not the relative distribution can be related to the level of corrosion or to the level
of thinning of plates in the storage tank floor. The second question relates to the fact
that previous investigations do not explain the difference of losses on lap joint welds
obtained by modelling and on real storage tanks. The question also relates to the
regularities of UGW propagation through the lap joints when they are under the angle
with respect to wave propagation path. The third essential aspect is the assessment of
expected resolution and the sensitivity of UGW tomography to different levels of
thickness reduction.

Therefore, in order to develop a technique for assessing the corrosion in the tank
floor from the outside, the following tasks have to be solved:

e a development of numerical models for the investigation of UGW
propagation in the tank floor and its construction elements and to assess the
expected losses, propagation distances, resolution, sensitivity and possible
changes during exploitation;

o the experimental verification of the developed models and the investigation
of regularities observed by modelling;

e aninvestigation of UGW tomography technique and the development of such
one which enables to detect damage in the storage tank floor and a selection
of optimal parameters for tomographic reconstruction;

o theoretical and experimental verification of the proposed measurement
method and estimation of the expected measurement uncertainties.
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2. AN INVESTIGATION OF ULTRASONIC GUIDED WAVES
PROPAGATION IN THE FLOOR OF A STORAGE TANK

The typical AST used for petrochemical products is constructed in accordance
with the BS EN 14015:2004 standard (Specification for the Design and Manufacture
of Site Built, Vertical, Cylindrical, Flat-Bottomed, Above Ground, Welded, Steel
Tanks for the Storage of Liquids at Ambient Temperature and Above) [136]. Based
on this standard, the floor of a storage tank is constructed of a set of 6-8 mm thick
steel plates joined together by using multiple lap joint welds and may have the
diameter up to 100 m (Fig. 2.1). As it was described in the previous chapter, the UGW
propagate in planar structures, such as plates or sheets and may possess an unlimited
number of modes. However, for ultrasonic measurements, mostly the fundamental
asymmetric A, and symmetric S, wave modes are used. The transmission, reflection
and mode conversion of these waves take place on all non-uniformities in the storage
tank floor, including welds and defects, and cause energy losses of the propagating
guided waves and directly influence the achievable inspection range. For this reason,
it can be difficult to understand the UGW propagation in the storage tank floor and its
interaction with discontinuities, as well as to interpret the UGW signals. Therefore, in
order to answer the main questions related to the propagation of the UGW, numerical
modelling is widely used.

_______

Shell-to-bottom connection
(T-joint)

Lap joint connection
Fig. 2.1. The typical geometry of an aboveground storage tank

The aim of the present research is to investigate the UGW propagation through
the shell-to-bottom (T-joint) and lap joint connections of the welded steel plates,
commonly used in the construction of a storage tank floor (Fig. 2.1). This affects the
UGW propagation and is not sufficiently investigated. The most important aspects
which determine the diameter of a tank which can be inspected are the losses of UGW
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propagating through the multiple joints of the welded storage tank plates which should
be estimated, and it is important to analyse how they are affected by such factors as:

o the width of plates overlap zone;

e operating frequency;

o adhesion between steel plates;

o applied additional fluid loading, etc.

To answer those questions on the UGW propagation and determine the expected

transmission losses, the numerical investigation by using the finite element (FE)
method was carried out.

2.1  An analysis of ultrasonic guided waves propagation through the shell-to-
bottom junction

In the case of long-range UGW application, the objects under testing are large,
consequently, the test samples for the development of an inspection technique also are
large and expensive to manufacture, as well as impractical to use in laboratory
conditions. Due to this reason, it was decided to use a scaled-down physical, and as
well numerical model of the object simultaneously in a corresponding way changing
the frequency. Such approach is valid, as the properties of UGW depend on the
frequency-thickness product f-d. It means that if the dimensions of the object,
including plate thickness, are reduced by the factor N and, at the same time, the
frequency of the selected ultrasonic waves is higher by the same factor N, the
properties of UGW will be the same. Thus, instead of investigating large objects, it is
reasonable to carry out investigations with scaled-down models and verify the
determined regularities on a real-sized object afterwards.

In order to answer the questions related to UGW propagation in a storage tank
floor and its construction elements, such as shell-to-bottom (T-joint) and lap joint
connections, the models with the scaling factor 1:8 were developed and investigated.
The investigation was carried out by using stainless steel plates, elastic properties of
which are presented in Table 2.1.1.

Table 2.1.1. The elastic properties of the stainless steel alloy used in modelling

. Density p, Young’s Shear modulus . , .
Material kg/m? modulus E, GPa G. GPa Poisson’s ratio v
Stainless steel 8,000 193 779 0.31

alloy

The dispersion curves of the phase c,, and group c,, velocities in the 8 mm thick
and in the scaled-down 1 mm thick stainless steel alloy plates were calculated using
the SAFE method. The obtained dispersion curves are presented in Fig. 2.1.1. The
dashed line denotes the frequency selected for investigations. This frequency for real-
size objects is 50 kHz, and for scaled-down model — 400 kHz. The product fd in both
cases is the same. The velocities of the fundamental UGW modes in the case of 8 mm
and in the case of the scaled-down 1 mm thick stainless steel plates at the selected
frequency are presented in Table 2.1.2.
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Fig. 2.1.1. The UGW phase (blue) and group (red) velocities dispersion curves for 8 mm
thick (a) and 1 mm thick stainless steel plate (b)

Table 2.1.2. The velocity of the A,, Sy and Sy, guided wave modes for the 8 mm and
1 mm thick stainless steel plates

8 mm thick stainless steel plate | 1 mm thick stainless steel plate
. (f =50 kHz) (f =400 kHz)
Guided wave mode Phase velocity ~ Group velocity i Phase velocity  Group velocity
Conr (m/s) Cqr (m/s) Conr (m/s) Cyr (m/s)
Asymmetric Ao 1,698 2,747 1,701 2,751
Symmetric So 5,157 5,132 5,156 5,134
Shear horizontal Sy 3,107 3,105 3,106 3,106

The modelling of the UGW propagation was based on the analysis of the
symmetric S, wave mode propagation because of several key properties of this wave
mode that could be predicted from literature analysis and presented in Fig.1.2.3,
Fig.1.2.4 and Fig.2.1.1:

e the group velocity ¢, of the symmetric So wave mode is higher, 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 the liquid boundary interaction.
It has lower attenuation and leakage losses compared to the asymmetric Ao
wave mode; thus it enables stronger signals to be received and longer
propagation distance.

In order to investigate the UGW propagation, transmission efficiency of the
selected symmetric S, wave mode and possibilities to use it for the inspection of a
storage tank, numerical simulation of the wave propagation through the shell-to-
bottom (T-joint) junction consisting of both-side and one-side filled welds, presented
in Fig. 2.1.2, was carried out by applying the finite element (FE) method. The ANSY'S
finite element software was used to obtain the wave propagation through the 2D
geometry which includes an implicit algorithm with Newmark time integration
method for solving the transient wave propagation.
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Fig. 2.1.2. The 2D model of the structure under investigation with shell-to-bottom junctions

Research on elastic wave propagation is based on the assumptions of linear
elasticity. The general Navier equation of elastic wave motion in a matrix form is
defined according to equations 2.1.1-2.1.5 [137-145]:

Mi+Cu+Ku=F, (2.1.1)
M = IQ ANTNAQ | 2.1.2)
C= IQNTKNdQ , (2.1.3)

K= IQ [LN] D[LNJQ, (2.1.4)
F= jQ NT fbdQ+JFNdeF , (2.1.5)

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 nodal forces, p is the mass density, « is the damping
property, N is the shape function, D is the elasticity matrix, L is the strain-
displacement operator, f, is the body force, t is the traction vector defined on the
Neumann boundary T'y. To simplify the model, a linear elastic solid is considered and
no damping are added in this study (C=0).

The model under investigation was considered to be infinite in z direction, so
that the plane strain condition which assumes that all strains occur in x-y direction is
used and there are no strains in the z-direction. PLANE42 elements are used for 2D
modelling of solid structures. The element has 4 nodes, each with 2 degrees of

42



freedom — translations in the nodal x and y directions. To ensure good spatial
resolution in the FE modelling, 10 to 20 nodes per wavelength are normally required.
The finite element size was selected according to equation 2.1.6, so that there would
be on the order of 20 nodes per wavelength [137, 138, 140, 141, 146]:
— ﬂ“min
l, = al (2.1.6)

where l¢ is the element length, Amin is the shortest wavelength of interest, n = 10 +~ 20
is the number of nodes per wavelength. To obtain the desired accuracy, the spatial
size of the 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 frequency of 400 kHz (Table 2.1.2).

Time integration step that gives accurate solutions in an efficient manner was
selected according to equation 2.1.7 [137, 138, 140]:

1

dt < —,
20f

2.1.7)

where f is the frequency of interest. The discretization step in the time domain
calculated according to the presented equation is dt =10 ns. The time interval of
At =0+ 130 us was selected for modelling wave propagation to ensure that the
symmetric S,, as well the newly generated UGW modes pass the whole distance in
the analysed model.

For the excitation of UGW in the stainless steel plate, 5 periods of 400 kHz sine-
burst with a Gaussian envelope signal was used. The bandwidth of the excitation
signal at -6 dB level is from 335 kHz to 465 kHz. The waveform of the applied
normalised excitation signal and its spectrum are presented in Fig. 2.1.3a and
Fig. 2.1.3b, respectively.
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Fig. 2.1.3. The waveform of the 400 kHz excitation signal (a) and the amplitude spectrum of
the excitation signal (b)

In order to determine the transmission efficiency and expected transmission
losses ag,(f) due to the shell-to-bottom junction, two cases of ultrasonic symmetric
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So guided wave mode propagation through the shell-to-bottom junction, presented in
Fig. 2.1.4, were investigated. In the first investigation, presented in Fig. 2.1.4a, the
excitation of UGW was performed by applying a uniformly distributed and
concentrated force in the longitudinal direction to the vertical wall of the model joined
to the bottom plate by both-side filled weld (10 mm above the weld). In the second,
presented in Fig. 2.1.4b, the uniformly distributed and concentrated force was applied
at the edge of welded plates in the longitudinal direction. The thickness of the stainless
steel plates was 1 mm and the width of the excitation zone in the performed FE
analysis was set to be 1 mm for both cases. It should be noted that the models bellow
are presented on different vertical and horizontal scales.
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Fig. 2.1.4. Models used for investigating UGW propagation through the shell-to-bottom
junction when excitation is performed on the vertical wall (a) and on the edge of welded
plates (b)

To measure the transmission losses ag,(f) of the symmetric S, UGW mode

due to shell-to-bottom junction, three areas have been chosen in the model
corresponding to the position before the shell-to-bottom junction, after first and
second shell-to-bottom junctions, respectively. In the case of UGW excitation from
the vertical wall of the model, signals of the longitudinal particle velocity were
recorded to be Rcl — 5 mm from excitation zone, Rc2 — 150 mm and Rc3 — 270 mm
from the plate edge (Fig. 2.1.4a), which corresponds to the position before weld, after
the first (both-side filled) and the second (one-side filled) welds, respectively. The
distances were selected so that to ensure that the mode of interest separates in time
from the other propagating GW modes as far as possible. It is noteworthy that no wave
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dispersion was considered in the simulation. The mean value of the longitudinal
particle velocity across the plate thickness was calculated by using equation 2.1.8:

u(t)= Niiun(t), (2.1.8)

€ n-1

where N, is the number of nodes and u,, is the nodal value of the longitudinal particle
velocity. The obtained waveforms of signals in the time-domain of the UGW
propagation through the shell-to-bottom junction when excitation was performed on
the vertical wall of the model (Fig. 2.1.4a) are presented in Fig. 2.1.5.
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Fig. 2.1.5. The waveforms of signals obtained during the excitation from the wall:
Rcl — before shell-to-bottom junction, Rc2 — after the 1%t (both-side filled) shell-to-bottom
junction and Rc3 — after the 2" (one-side filled) shell-to-bottom junction

The fastest propagating symmetric S, UGW mode signals were selected from
the time diagrams of the received signals by using the Hanning window, and the
frequency spectra U(f) were calculated using the Fourier transform (FT). For better

comparison of the frequency spectra, the results were normalised in respect of the
reference signal spectra, according to the expressions presented below:

U, (f)=FTu,(t)],

) B Ur(f) (2.1.9)
U= o)
UE(f)=%kr((t2])), (2.1.10)

where u,(t) is the reference ultrasonic signal (picked-up by the virtual receiver Rcl
before the weld), u(t) is the ultrasonic signal transmitted through the weld (picked-

up by the virtual receivers Rc2 and Rc3 behind the weld, respectively). The
transmission losses ag,(f) of the S, guided wave mode signals caused by the shell-

to-bottom connection in the wave propagation path were obtained by comparing the
frequency spectra of the signals received before, after the first and second joints,
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respectively. The transmission losses ag,(f) of the selected wave mode were
calculated by using equation 2.1.11 presented below

aso(f)z—ZOIgM‘. 2.1.11)

FTu, (t)
The results of the symmetric So UGW mode spectra U"(f) and transmission

losses ag,(f) as it passes through the shell-to-bottom junction are presented in

Fig. 2.1.6. During the investigation, it was presumed that the values of transmission
losses obtained from frequency spectra ratio are reliable within the bandwidth where
the spectra of the reference signal reduces by -20 dB. Under such assumption, the
bandwidth where the measurements are reliable are presented with dashed lines in
Fig. 2.1.6b.
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Fig. 2.1.6. Spectra of the So UGW mode 1 — before, 2 — after the 1%, 3 — after the 2" shell-to-
bottom junction (a), b) the transmission losses ag,(f) of the So mode 1 — after the 1%,

2 — after the 2" shell-to-bottom junction when excitation is performed from the vertical wall
of the model (b)

The results demonstrate that the amplitude of the symmetric S, UGW mode as
it passes through the both-side filled shell-to-bottom junction decreases by 15.9 dB at
the central frequency of the 400 kHz of the excitation signal when excitation is
performed on the vertical wall of the model. Meanwhile, the transmission losses
as () of the Sy mode after the second one-side filled shell-to-bottom junction have
been estimated to be 1.7 dB.

In the case of excitation on the edge of the model, signals of the longitudinal
particle velocity were measured: Rcl —20 mm, Rc2 — 150 mm and Rc3 — 270 mm
distances from the excitation zone (Fig. 2.1.4b). The mean value of the longitudinal
particle velocity across the plate thickness and transmission losses ag,(f) of the
analysed S, wave mode were calculated by using equations 2.1.8 and 2.1.11. The
obtained waveforms of the propagating signals, spectra U"(f) of the selected

symmetric S, UGW mode, and the estimated transmission losses ag,(f) as it passes
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through the shell-to-bottom junction connections are presented in Fig. 2.1.7 and,
Fig. 2.1.8, respectively.
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Fig. 2.1.7. The waveforms of signals obtained during excitation on the edge: Rcl — before
shell-to-bottom junction, Rc2 — after the 1%t shell-to-bottom junction and Rc3 — after the 2"
shell-to-bottom junction
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Fig. 2.1.8. Spectra of the So UGW mode 1 — before, 2 — after the 1%t and 3 — after the 2"
shell-to-bottom junction (a), the transmission losses aso(f) of the Sp wave mode 1 — after

the 1%t and 2 — after the 2" shell-to-bottom junction when excitation is performed on the edge
of the model (b)

The results demonstrate that in case of excitation on the edge of the presented
model (Fig. 2.1.4b) the transmission losses ag,(f) of the symmetric S, wave mode
as it passes through the both-side filled shell-to-bottom junction are 2.1 dB at the
400 kHz centre frequency of excitation signal. Meanwhile, the transmission losses of
the S, mode after one-side filled shell-to-bottom junction were estimated to be 1.8 dB.
The results of different UGW excitation and wave transmission through the shell-to-
bottom junction cases indicate that the transmission losses ag,(f) of the symmetric
S, wave mode when the transmission is from the shell (wall) to the bottom are up to
14 dB higher than it was estimated in the case of excitation from the edge. This
suggests that significantly stronger UGW signals could be expected during the
measurements on the edge of the storage tank floor.
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The investigation of UGW transmission efficiency through the shell-to-bottom
junction at different excitation signal frequencies was carried out in order to evaluate
the operation frequency-dependent transmission losses ag,(f) of the symmetric S,
guided wave mode when excitation is performed on the edge of the welded plates by
using the configuration presented in Fig. 2.1.4b. The frequency of the sine-burst with
Gaussian envelope 5-periods excitation signal was changed in the frequency range
from 150 kHz up to 500 kHz with the step of 25 kHz. The transmission losses ag(f)
of the symmetric S, wave mode were estimated by using equations 2.1.8 and 2.1.11
taking only the value corresponding to the central frequency of the excitation signal.
The results of symmetric S, UGW mode transmission losses ag,(f) as it passes
through the shell-to-bottom junction with both-side and one-side filled welds are
presented in Fig. 2.1.9. The approximation of the observed discrete transmission
losses of S, UGW mode results after the first and the second shell-to-bottom junctions
are presented by solid and dashed lines, respectively.
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Fig. 2.1.9. The transmission losses ag,(f) of S, UGW mode transmitted through the shell-

to-bottom junction at different excitation signal frequencies: 1 — after the 1%t (both-side filled)
and 2 — after the 2" (one-side filled) shell-to-bottom junctions

The numerical modelling demonstrated that due to the shell-to-bottom junction
in the direct wave propagation path, when an excitation signal of different frequency
is applied to the edge of the shell-to-bottom junction model, the transmission losses
agy () of the propagating symmetric S, UGW mode increase practically in a linear

manner with frequency. Meanwhile, the observed distribution of the signal
transmission losses ag, (f) at a lower frequency range after the second one-side filled

shell-to-bottom junction are mainly caused by wave scattering and overlapping of the
direct, newly generated, and reflected signals in the time-domain. The average value
of variation of transmission losses after both-side Aag, 1 and one-side Aag, , filled

shell-to-bottom junction due to the shift of excitation frequency and deviation og; 1,
oy o Of results, in the case of linear approximation, were estimated by using the
following equations:
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n

Aagy 1 = %Z(aso_l,nl(f )_ Qg0 1 (f )) , (2.1.12)
i=1

Os0 1= \/i Z|(a80_1,i+1(f )— A5 1 (f ))— A5:30_1(“ ]2 : (2.1.13)
i1
Aagy 5 = %Z|(0‘so_z,i+1(f )-aso it ))— (aSO_l,i+1(f )-aso 1i(f )l , (2.1.14)
i
Aagy 1 = aSO_l,i+l(f )_ qsp_1,i (f ) ' (2.1.15a)
Osg 2 = \/ﬁ Z|[(aso_2,i+1(f )- Qsp 2 (f ))— Aag) 4 ]— Aaso_z(f 12 , (2.1.15h)
i1

where agy 15, agy »; are the transmission losses of the symmetric S, guided wave

mode after both-side filled and one-side filled shell-to-bottom junctions, respectively;
i =1-+n, nis the total number of measurement points at which transmission losses
were measured. It was estimated that the average change of the symmetric S, wave
mode transmission losses Aag, 1 as it passes the both-side filled shell-to-bottom

junction is 0.108 + 0.052 dB at the 25 kHz excitation frequency shift. Meanwhile, the
average change of transmission losses Aag, , after one-side filled shell-to-bottom

junction were expected to be 0.085 =+ 0.055 dB at the 25 kHz excitation frequency
shift, considering only the results of measurement (in the frequency bandwidth from
275 kHz to 500 kHz) where no significant variation of transmission losses were
observed.

The finite element analysis of the symmetric S, UGW mode propagation
through the shell-to-bottom junction demonstrated that the overall S, wave mode
amplitude transmitted through the joint is strongly dependent on the selected
excitation location. The measurement of transmission losses ag,(f) has shown that
significantly stronger symmetric S, UGW mode signals could be expected during the
measurements on the edge of the tank floor. Moreover, the analysis of S, wave mode
propagation through the shell-to-bottom junction has shown that the transmission
losses agy(f) of the symmetric S, wave mode are linearly dependent and increase

with the excitation frequency.

2.2  Transmission of ultrasonic guided waves through the lap joint

A typical storage tank floor used for petrochemical products consists of a set of
carbon steel plates joined together by using two types of welding — butt-weld or lap
joint welds. However, the most common and frequently used joint in the construction
of the tank floor is based on the use of lap joint welds which are more than adequate
for the service conditions and require no expensive weld preparation. Nevertheless,
they are considered to be more complicated from the point of view of UGW
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propagation, because of the occurring mode conversion, wave scattering at plate
overlap region, etc. Therefore, the regularities of the UGW propagation through the
lap joint welded plates depending on their parameters, such as the overlap length,
operating frequency and bonding state condition should be considered as well in order
to successfully apply UGW for the inspection of a storage tank floor. The purpose of
this research is to assess lap joint-dependent transmission losses ag,(f) of the

symmetric S, wave mode for a single welded lap joint connection and determine how
they are affected by the width Al of the lap joint and applied excitation signal
frequency.

In order to investigate how the overlap zone width Al of a single welded lap
joint connection influences the propagation of the symmetric S, UGW mode and its
transmission losses ag,(f), numerical modelling was carried out using the finite

element (FE) method. The analysis of UGW propagation was performed by using the
model of a lap joint presented in Fig. 2.2.1. It should be noted that the model is
presented on different vertical and horizontal scales.
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Fig. 2.2.1. The model used for the investigation of the S, UGW mode transmission through
lap welded plates of different overlap zone width Al

Four-node PLANE42 linear elements were used to represent the 2D section in
plane strain. The finite element size was selected to be 0.2 mm. The discretization step
in the time domain was selected to be dt =10 ns and the time interval used for the
modelling of elastic wave propagation was At = 0 + 80 ps. The overlap zone width Al
of the lap joint between plates was gradually changed from 4 mm to 13 mm by a step
of 1 mm. The investigation of the symmetric S, UGW mode propagation through a
single lap joint was performed by applying 5 periods of 400 kHz sine-burst with the
Gaussian envelope signal, which has been described in Section 2.1 and presented in
Fig. 2.1.3, to the edge of the model in the longitudinal direction. The elastic properties
of the material used in the analysis were the same as presented in Table 2.1. The
attenuation of UGW was not considered in the model.

The signals corresponding to the fastest propagating symmetric S, UGW mode
were acquired by selecting sets of nodes at positions Rc1 — 50 mm and Rc2 — 285 mm
away from the excitation zone, so as to avoid overlapping of the direct, newly
generated at lap weld and back-reflected signals in the time domain. The mean value
of the longitudinal particle velocity across the thickness of the plate was calculated by
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using equation 2.1.8. The waveforms of signals in the time domain of the symmetric
So wave mode for different overlap zone widths Al are presented in Fig. 2.2.2. The
transmission losses ag,(f) of the analysed symmetric So UGW mode as it passes

through the lap joint welded connection were calculated according to equation 2.1.11
by comparing the frequency spectra of the symmetric So mode signals measured
before lap joint with the virtual receiver Rcl and after it measured with virtual
receiver Rc2. The transmission losses ag,(f ) of the symmetric S, wave mode for the
current lap joint width Al were estimated taking only the value corresponding to the
frequency of f =400 kHz. The dependency of S, wave mode transmission losses on
the width of the lap joint overlap zone is presented in Fig. 2.2.3, where dots denote
the values of transmission losses obtained by FE analysis, and the solid line denotes
the interpolation by a piecewise cubic Hermite polynomial.
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Fig. 2.2.2. The waveforms of signals measured before lap joint connection at Rc1 position
(a), after lap joint connection at Rc2 position at different overlap zone widths Al (b)
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Fig. 2.2.3. The transmission losses aSO(f) of the S, guided wave mode at different lap joint

overlap widths Al (dots — FE analysis results, solid line — interpolated by piecewise cubic
Hermite polynomial)

It can be observed that the width of the overlap zone Al in the welded lap joint
connection influences the transmission losses ag,(f) of the analysed symmetric S,

UGW mode, which varies from 0.95 dB/weld to 7.53 dB/weld depending on the width
of the lap joint. The results demonstrate that the highest transmission losses ag, ()

for the symmetric So wave mode are obtained when the overlap zone between lap joint
connected stainless steel plates is 9 mm. The dependence of transmission losses
asy () can be explained by the fact that waves are reflecting back and forth within

the free edge of the overlapped part of the plate and produces a series of signals which
interfere with each other and become essentially dependent on the length of the
propagation path, defined by the width of the overlapped zone. On the other hand, it
means that it is dependent on the wavelength /. of the symmetric S, wave mode.
Since the connections used for constructing the storage tank floor are not
symmetrical, they might possess different lap joint width Al and orientation-
dependent transmission losses. For this purpose, numerical modelling was carried out
when lap joint connection is oriented in the opposite direction with respect to wave
propagation (bottom-top wave transmission) direction than it was presented in
Fig. 2.2.1 (top-bottom wave transmission). UGW propagation was analysed by using
the differently-oriented model of lap joint weld presented in Fig. 2.2.4, according to
which the elastic wave transmission is performed from the bottom plate into the top
(upper) plate. The numerical modelling was performed by using the same FE model
parameters as described earlier. The transmission losses ag,(f) of the analysed

symmetric So UGW mode were calculated according to the aforementioned method,
taking only the value of transmission losses corresponding to the frequency of
f = 400 kHz of the excitation signal. The dependency of transmission losses ag(f)
on the width of the overlap zone Al in the differently-oriented welded lap joint
connection (bottom-top wave transmission) is presented in Fig. 2.2.5.
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Fig. 2.2.4. The model used for the investigation of the S, UGW mode transmission through

lap welded plates of different width Al lap welded plates when joint is oriented in opposite
directions with respect to wave propagation direction
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The modelling demonstrated that transmission losses ag,(f) of the symmetric
So UGW possess the same characteristic independently from lap joint orientation with
respect to wave propagation direction. It was observed that the highest transmission
losses are of 9 mm plates overlap zone width Al and are equal to 7.9 dB/weld. The
dependency demonstrates that the overall transmission losses ag,(f) of the S, wave
mode transmitted through the welded lap joint are expected to be up to 15% higher in
the bottom-top plate wave transmission direction.

In order to determine how the transmission losses ag,(f) of the symmetric S,
wave mode for a particular width of the lap joint overlap zone Al depend on the
variation of excitation signal frequency, numerical modelling was carried out by using
amodel of lap joint connection presented in Fig. 2.2.1. The frequency of the excitation
signal (5 periods of 400 kHz sine-burst with Gaussian envelope) was changed in the
frequency range from 150 kHz to 500 kHz with the step of 25 kHz. The dependencies
of transmission losses ag,(f) of different excitation frequency and different widths
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of the overlap zone (Al =4 mm, Al =9 mm, Al =13 mm) taking only the value of
transmission losses corresponding to the centre frequency of excitation signal are
presented in Fig. 2.2.6.
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Fig. 2.2.6. Transmission losses as,(f) of the So wave mode for different excitation signal

frequencies of a— 4 mm overlap, b — 9 mm overlap and ¢ — 13 mm lap joint overlap widths
(dots — FE analysis results, solid and dashed lines — interpolated by piecewise cubic Hermite
polynomial)

The results demonstrate that there are some regular changes of the maxima and
minima in the dependency of transmission losses ag, () versus excitation frequency.
The dependency of transmission losses versus excitation frequency is different for
different widths of the overlap zone. It can be assumed that the superposition of direct
waves and the waves reflected by the free end of the lap joint of S, wave mode signals
takes place and, hence, depending on the total width of the lap joint Al, leads to a
larger or smaller amplitude of the resultant wave. In the case of single-edge closed
reflector, the maxima and minima appear at every integer number of %44 per lap joint
width (Fig. 2.2.7a). Thus, it can be stated that the increase of transmission losses
agy () of symmetric S, UGW mode transmitted through the lap joint is expected at
every odd number of YA per lap joint width. Meanwhile, the reduction of the
transmission losses could be observed on the even number of "4/ per lap joint width.
This regularity can be expressed with:

n-c
aso(f,AI):max( 4;"} n=135,...,
@.2.1)

n-c
aso(f,AI)zmin[ 4fgr], n=24,6,...

A graphical representation of the maxima and minima of transmission losses
agy () versus the frequency and lap joint width Al are presented in Fig. 2.2.7b.

54



15 A N
13.7077 \————i\-‘—\— e v
\\\ \\ ~No N :
SA
Incident 2 Elo WA it % i i Ny
wave .3 mm S N S~ %l
i - Weld seam E \~\§‘
) ‘, _ia/, ’ “s T et
/ ~<— . ——
I<_ _______ LKI > /\, \\\ 1/4]'
Pooc v Puas NG
[~ Back-reflected
Overlap width Al wave qOO 150 200 250 30(% I?SO 400 450 500 550
, kHz
a) b)

Fig. 2.2.7. Wave propagation and reflection in the lap joint connection (a) and dependence of
the transmission losses local maxima and minima on the wavelength for a particular lap joint
width (square — local minima, dots — local maxima of the transmission losses) (b)

The numerical investigation of the UGW propagation through the single lap
joint welded connection demonstrated that the overall transmission losses ag,(f) of

the symmetric S, wave mode are strongly dependent on the selected system
parameters, such as the 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 %1) or the reduction (related to the even number of Y41) of the
transmission losses could be observed. Such relationship could be clearly observed in
Fig. 2.2.6, where, depending on the wavelength of the incident wave and overlap zone
width, additional transmission losses maxima and minima for the S, mode transmitted
through lap joint connection occurs.

2.3 The influence of bonding state between lap joint on the guided wave
propagation

As it was demonstrated by previous investigations, the dispersive behaviour of
UGW is strongly dependent on the bonding state between lap joint connected objects
[147-153]. Thus, the velocity and amplitude of the UGW signals transmitted through
lap joint are among the main parameters to be affected [150, 152, 154]. 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. Differently from adhesively bonded lap
joints, the lap joints produced in a storage tank floor construction are commonly
connected only by the weld seam. The overlap zone which in the original state does
not possess acoustic coupling between the upper and lower plates, leads to partial
cohesion of the plates in the overlap zone during the long years of tank exploitation
(usually the design life of an AST is 25 years, but in practice, the tanks may be in use
for even 50-70 years). The physical factor leading to it can be the pressure of the filled
tank, moisture retention in the lap and corrosion. The example of a typical welded lap
joint connection view of the storage tank floor edge in service is presented in
Fig. 2.3.1. How such phenomena are affecting the transmission losses ag,(f) of the

selected symmetric S, UGW mode was the task of the presented investigation.
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Fig. 2.3.1. Lap joint condition in a real storage tank floor during service and operation period

The main purpose of numerical investigation is to determine how the bonding
condition between lap joint of the welded plates affects the transmission losses a, ()
of the symmetric S, UGW mode. To achieve this goal, three instances of the UGW
propagation through the lap joint welded plates were analysed by using the scheme
presented in the Fig. 2.3.2a:

a) plates are connected only at the weld seam position (Fig. 2.3.2b);
b) partially bonded plates (50% cohesion) (Fig. 2.3.2c);
c) fully bonded plates (100% cohesion) (Fig. 2.3.2d).

It should be noted that the model is presented on the different vertical and
horizontal scales.
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Fig. 2.3.2. a) the model used for the investigation of the symmetric S, wave mode
propagation through the welded lap joints (a) when: plates are connected only at the weld
seam position(b), partially bonded plates (c) and fully bonded plates (d)

The investigation of the symmetric So UGW mode propagation through the lap
joint welded plates was carried out by applying 5 periods of 400 kHz sine-burst with
a Gaussian envelope signal, which was earlier described in Section 2.1 and presented
in Fig. 2.1.3, to the edge of the model. The concentrated and uniformly distributed
excitation force was applied in the longitudinal direction. The properties of the
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material used were the same as presented in Table 2.1. Four-node PLANEA42 linear
elements were used to represent a two-dimensional section of the object and plane
strain condition assumed to be present. The finite element size was selected to be
0.1 mm so that there were at least 10 elements per the thickness of the plate. The time
domain discretization step was selected to be dt = 10 ns. The time interval used for
the modelling of elastic wave propagation was At = 0 + 200 ps. During the modelling,
it was assumed that due to the cohesion of the plates in overlap region, there is solid
contact. With such contact present, it was assumed that the contact layer between
plates has the properties of stainless steel, which means that the contact allows the
propagation of both — normal and tangential components of the waves in the overlap
region.

In order to estimate the transmission losses ag,(f) of the symmetric S, UGW
mode transmitted through single and multiple welds, three areas of interest were
chosen. The waveforms of the longitudinal particle velocity component were obtained
by placing virtual receivers at Rcl — 150 mm, Rc2 — 350 mm and Rc3 — 550 mm
distances from the applied excitation zone, which corresponds to the positions before
a lap joint, after the first and the second lap joints, respectively. The distances were
selected to ensure that the analysed ultrasonic symmetric S, guided wave mode
separates in time from the other newly-generated and back-reflected modes as far as
possible. The mean value of the longitudinal particle velocity across the plate
thickness and transmission losses ag,(f) of the analysed symmetric So guided wave
mode were calculated by using equations 2.1.8 and 2.1.11. The acquired waveforms
of the mean value of the longitudinal particle velocity, the spectra of the analysed
symmetric S, wave mode selected from the time diagrams of the received signals by
using the Hanning window and the losses of transmission ag,(f) as it passes through
the lap joint welded plates on different bonding state condition between plates are
presented in Fig. 2.3.3-Fig. 2.3.8, respectively. The values of transmission losses
asy(f) of the symmetric S, UGW mode as it passes through the lap joint connection
at the frequency of 400 kHz excitation signal for the different bonding state conditions
between stainless steel plates are presented in Table 2.3.1.
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Fig. 2.3.3. Waveforms of the obtained signals in plates connected only at weld seam position
picked up by receiver Rcl — before the lap joint, Rc2 — after the 1% lap joint and Rc3 — after
the 2™ lap joint connection, respectively
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Fig. 2.3.4. The spectra of the S, UGW mode: 1 — before the lap joint, 2 — after the 1% and
3 — after the 2™ lap joint, respectively (a) and the transmission losses aso(f) of the S, wave
mode after 1 — the 1%t and 2 — the 2" lap joint in plates connected only at the weld seam
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Fig. 2.3.5. Waveforms of the obtained signals in the partially bonded (50% cohesion) lap
joint between plates picked up by receiver Rcl — before the lap joint, Rc2 — after the 1% lap
joint and Rc3 — after the 2™ lap joint, respectively
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Fig. 2.3.6. The spectra of the S, UGW mode: 1 — before the lap joint, 2 — after the 1% and
3 — after the 2" joint, respectively (a) and the transmission losses aso(f) of the Sy wave

mode after 1 — the 1% lap joint and 2 — the 2" lap joint in the partially bonded (50%
cohesion) lap joint (b)
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Fig. 2.3.7. Waveforms of the obtained signals in the fully bonded (100% cohesion) lap joint
between plates picked up by receiver Rcl — before the lap joint, Rc2 — after the 1% lap joint
and Rc3 — after the 2" lap joint, respectively
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Fig. 2.3.8. The spectra of the S, UGW mode: 1 — before the lap joint, 2 — after the 1% and
3 — after the 2™ lap joint, respectively (a) and the transmission losses aso(f) of the S, wave

mode after 1 — the 15t and 2 — the 2™ lap joint in the fully bonded (100% cohesion) lap
joint (b)

Table 2.3.1 Transmission losses ag ( f ) of the symmetric So UGW mode on different
lap joint conditions

Case of inspect aso,, dB asp,, dB
1.  Plates connected at weld seam position 7.7 16.1
2. Partially bonded plates 2.1 4.1
3. Fully bonded plates 2.7 5.4

The carried out numerical investigation demonstrated that the highest
transmission losses ag,(f) of the analysed symmetric S, UGW mode are obtained

when the plates are connected only by the weld seam in the lap joint. The predicted
average value of transmission losses ag,(f) of the S, mode transmitted through a

welded lap joint at 400 kHz frequency was estimated to be 8.05 dB/weld. Meanwhile,
in the partially and fully bonded lap joints, the transmission losses of the S, wave
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mode were obtained to be 2.05 dB/weld and 2.7 dB/weld, respectively. Such decrease
of transmission losses ag,(f) for the analysed symmetric S, guided wave mode in

the partially and fully bonded lap joints may be explained by the fact that cohesion
changes the width area in the connection zone between lap joint welded plates and the
UGW are transmitted more efficiently from one plate to another. In general, the
numerical modelling demonstrated that the average value of transmission losses of S,
UGW mode is at the level of 8 dB/weld; additionally, these losses strongly depend on
the cohesion between plates. By considering that there can be tens of welds across the
tank floor, the total transmission losses may exceed 100 dB. However, concerning
possible cohesion of plates the losses are expected to be much lower in the overlap
region, during long-term exploitation of the storage tank.

2.4  The influence of load on the ultrasonic guided wave propagation

The propagation of UGW in an AST is much more complicated from the point
of view of NDT and SHM not only because of multiple joints but also because of
liquid boundary interaction between the object and the surrounding medium which
affects the behaviour of the guided wave propagation. Whenever UGW are
propagating in objects that are in a vacuum, the energy of the system under
investigation remains constant if all of the materials are elastic and there are no
leakage losses to the environment. However, if the object is immersed or loaded by
another acoustical material, the energy can leak into the surrounding material and be
lost. This directly affects the amplitude of the propagating UGW signals and have a
significant impact on further propagation of some of the modes. In this section, a
storage tank which contains liquid is studied in order to estimate the effect of loading
the storage tank floor with another material on UGW propagation. Water and petrol
fluid loadings, as well a load of moist sand (which is used as pedestal of the tank) are
considered in this study. Although there are differences between the properties of
water and oil products, their effects are expected to have low relevance to the overall
liquid loading, so they are neglected. Oil products, in particular, may be more viscous
than water, which would increase the overall attenuation for propagating UGW
modes, but this should be low for typical viscosities of oil products [81,155]. The
purpose of modelling was to investigate the UGW propagation in a 2D section of a
scaled-down storage tank containing multiple shell-to-bottom and lap joint
connections in order to assess the expected transmission losses ag,(f) of the
symmetric S, UGW mode on different loading conditions.

In order to investigate the effects of the UGW propagation through multiple
shell-to-bottom and lap joint connections and its dependence on different loading
conditions, numerical simulations were performed by applying the FE analysis
method. The acoustical properties of the materials used in FE analysis of the UGW
propagation on different loading cases are presented in Table 2.4.1 [25, 156-158].

60



Table 2.4.1 The acoustical properties of materials used in modelling

Material Density p, Young’s modulus Pois_son’s Bulk modulus K,
kg/m?® E, GPa ratio v GPa
Stainless steel 8,000 193 0.31 3
alloy
Water 1,000 — - 2.2
Petrol 800 - - 1.07 (1.07-1.49)
Moist sand 1,980 - - 37

The Abaqus/Explicit finite element software was used to obtain the wave
propagation through the 2D geometry of the storage tank on different loading
conditions, which includes an explicit algorithm with the central difference time
integration method for solving the transient wave propagation. Compared with the
implicit integration method, explicit integration method requires less computational
effort per time step. However, the explicit integration method can only be
conditionally stable and, in principle, is used when the size of the integration time step
dt needed for accuracy is about the same as the time step limit defined by the stability
limit [140, 142, 159, 160].

The investigation of UGW propagation in the 2D section of a scaled-down
storage tank was performed for four different loading cases by using the model
presented in Fig. 2.4.1:

a) there is no load applied on the storage tank floor (surrounding environment —
vacuum);

b) water load is applied on the upper surface of the storage tank floor;

c) petrol load is applied on the upper surface of the storage tank floor;

d) water load is applied on the upper surface and moist sand load applied on the
bottom surface of the storage tank floor.
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Fig. 2.4.1. The 2D storage tank section used for investigating the load impact on UGW
propagation
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The solid structure was modelled by using CPE4R — a 4-node bilinear plane
strain quadrilateral, reduced integration with hourglass control elements (hourglassing
is a numerical phenomenon by which zero energy modes propagate). For modelling
of the acoustical medium (in case of wave propagation in an elastic medium — usually
a fluid), the 4-node AC2D4R reduced integration with hourglass control acoustic
elements were used. The linear bulk viscosity parameter which introduces damping
associated with volumetric straining was set to be equal to q. = 1. The liquid boundary
interaction between the investigated object and the applied load was defined by using
surface-to-surface tie constraint assumption, where the surfaces of the storage tank
model were selected as master and surfaces of the surrounding medium (water, petrol
and moist sand) were selected as a slave. Elastic wave propagation in the linear
isotropic acoustical materials is described by an equivalent fluid. The speed of sound
in such equivalent fluid is described by equation 2.4.1 [161]:

c=_[—, (2.4.1)
P
where p is the density, K is the bulk modulus.

The size of the finite element was selected according to equation 2.1.6 so that
there would be on the order of 20 nodes per wavelength and was equal to 0.2 mm. For
the excitation of UGW in the presented 2D storage tank model, 5 periods of 400 kHz
sine-burst with a Gaussian envelope signal defined in 2.1 section was used. The
concentrated and uniformly distributed surface force was applied to the edge of the
storage tank floor in the longitudinal direction. The discretization step in time domain
was selected to be dt = 5 ns. The time interval used for modelling of wave propagation
was At =0+ 250 ps.

Modelling of the structural-acoustical problems by the means of the FE analysis
method can lead to very large models, which may be prohibitively costly in terms of
computational resources. Therefore, in order to reduce the size of the model and
prevent multiple reflections occurring at the boundaries of water, petrol and moist
sand layers, the non-reflecting boundary condition was used. It assumes that acoustic
waves are transmitted across such a boundary with little reflection of energy back into
the acoustic medium, and the amount of energy reflected is small if the boundary is
far away from major acoustic disturbances.

The symmetric S, UGW mode propagating through the storage tank floor was
selected by applying the rectangular time variable window whose position changes
depending on the distance and group velocity ¢, of the wave mode under analysis.
The time variable window is defined by equation 2.4.2:

X+ X 1 0<t<At
h |t— S P " 4.
W( Cyr J {0, other (24.2)

where ¢, is the group velocity of the guided wave mode under analysis, x is the
distance between the transmitter and the receiver, X, is the initial distance between
transducers, At,, is the width of time variable window. The signals corresponding to
the Sy mode were distinguished by using the time variable window, and a peak-to-
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peak amplitude of the symmetric S, wave mode was estimated according to
equation 2.4.3:

Upp (x)=max{u(t)- by (¢, x)]-minfu(t)-hy, (&, x)]. (2.43)

The results of the UGW propagating in the investigated 2D storage tank section
in the form of B-scan images with denoted S, wave mode, joint positions and relative
U,., amplitude change of the selected symmetric S, wave mode depending on applied
load, within the boundaries of the time variable window, are presented in Fig.2. 4.2—
Fig. 2.4.5. In general, the B-scan images presented in Fig. 2.4.2a—Fig. 2.4.5a reveal
that the applied loading has the most significant impact on the asymmetric A, guided
wave mode propagation. As a result of liquid boundary interaction between the
investigated object and the surrounding medium, and the dominance of the out-of-
plane u, displacement component in A, wave mode motion, large energy leakage to
the surrounding medium occurs. As a consequence of high leakage losses caused by
the applied load, the asymmetric A, wave mode is strongly suppressed and propagates
only short distances in the fluid-loaded storage tank. Meanwhile, the influence of the
applied loading on the amplitude of the transmitted guided wave for the symmetric S,
UGW mode is less noticeable because the dominant component of particle
displacement for this wave mode is the in-plane u, and mostly a shearing motion at
the liquid-plate contact. Thus, the energy leakage losses to the surrounding medium
for the symmetric S, UGW mode are mainly caused by out-of-plane u, displacement
component which is considered to be small at the liquid-plate contact and results in
lower wave energy losses. As graphs of the propagating symmetric S, wave mode
along the storage tank floor presented in Fig. 2.4.2-Fig. 2.4.5 show, the reduction of
the S, wave mode U, , amplitude is mainly caused by the shell-to-bottom and welded
lap joint connections in the direct wave propagation path. Moreover, wave scattering,
mode conversion, which leads to newly-generated modes, and energy dissipation
takes place.
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Fig. 2.4.2. B-scan image of the waves propagating along the floor of the AST (a), Upp
amplitude change of the S, wave mode when there is no load applied on the tank floor (b)

63



A
900 Shell-to-bottom junction .7~ 900

Peia

. 700

1000==============="=="="g~ e | 10007
\
L

z
800| Time variable Window\s P4 800

£ 600 \
€ 500 \
* 400

il i iy 300

Shell-to-bottom 200 \
junc{ion 100

200 250 0 05 1 15 2 25 3 35
Up.p, a.U. x10

b)

Fig. 2.4.3. B-scan image of the waves propagating along the floor of the AST (a), Upp
amplitude change of the S, wave mode when a water load is applied on the upper surface of
the tank floor (b)
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Fig. 2.4.4. B-scan image of the waves propagating along the floor of the AST (a), Upp
amplitude change of the S, wave mode when a petrol load is applied on the upper surface of

the tank floor (b)
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Fig. 2.4.5. B-scan image of the waves propagating along the floor of the AST (a), Upp
amplitude change of the S, wave mode when a water load is applied on the upper surface and
the moist sand load is applied on the bottom surface of the tank floor (b)
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In order to assess the attenuation caused by material damping and wave energy
leakage into surrounding environment, the compensation of the S, wave mode
amplitude due to wave interaction with shell-to-bottom and lap joint connections, in
the ranges of X, X,, X; of the storage tank floor was performed by using optimization
of several variables:

Ae™™, xeXy;
Upp(% APy, g, ) = | AAGE™, X Xy
AA AL, xe X

X, =[80:315], X, =[395:645], X, =[725:960];

(2.4.4)

Up_p(x.ALAé,Aé,aé)=arg{Al,rgilga [Zﬂuﬁ_p(x,Al,AZ,Asyae)—up_p,ex(x)l)}- (2.45)
2% xe[ X1, X5, X5

where x is the distance the wave has travelled from the initial location, Az, A2, Az are
the unattenuated amplitudes of the propagating wave at some location, « is the
attenuation coefficient of wave traveling in the x direction.

The compensated decay of the amplitude of the symmetric S, UGW mode on
the different loading conditions and the overall attenuation are presented in Fig. 2.4.6.
The results reveal that the attenuation caused upon damping in the stainless steel is
as =3.6 dB/m. Meanwhile, the additional decay of the S, wave mode is caused by
wave energy leakage into the surrounding environment. The numerical modelling
shows that the approximate wave leakage losses in water are «,; =2.2 dB/m, in

petrol — ap,=19 dB/m, and in moist sand and water load — ¢, =12.3 dB/m.
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Fig. 2.4.6. Amplitude change of the S, wave mode for the different loading cases (a); the
dependence of overall attenuation into the environment on the distance in the cases when:
1 —no load applied, 2 — water load, 3 — petrol load, 4 — water and moist sand loads (b)

The expected transmission losses ag,(f) of the symmetric S, UGW mode for
different tank loading cases after shell-to-bottom and lap joint connections were
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estimated by selecting sets of nodes at discrete positions on the storage tank. The set
of nodes for gathering the propagating symmetric S, wave mode were selected at
Rcl — 240 mm, Rc2 — 570 mm, Rc3 — 895 mm away from the excitation zone and
corresponding to the positions before, after the first and the second lap joint
connections, respectively. In addition, the sets of nodes on the wall of the 2D storage
tank model at position Rc4 and Rc5 were selected at 70 mm height in order to assess
the expected transmission losses of the S, wave mode as it passes the entire tank floor
and is induced into its shell (wall). The mean value of the longitudinal particle velocity
of the symmetric S, wave mode over the thickness at the selected positions and its
transmission losses were calculated by using equations 2.1.8 and 2.1.11. The spectra
and transmission losses ag, (f ) of the analysed symmetric S, wave mode for different
load cases were calculated from the spectra ratio of the So mode signals and are
presented in Fig.2.4.7 and Fig. 2.4.8, respectively. Furthermore, the obtained
transmission losses ag,(f) of the propagating S, wave mode as it passes through
multiple connections and in different load conditions at the central frequency of the
excitation signal are presented in Table 2.4.2.
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Fig. 2.4.7. The spectra of the S, UGW mode in the case of no load (a), a water load (b), a
petrol load (c), water and moist sand loads (d) applied at Ref — excitation zone, 1 — before
lap joint, 2 — after the 1 lap joint, 3 — after the 2" lap joint, 4 — on the 1%t vertical wall,
5 — on the 2" vertical wall
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Fig. 2.4.8. Transmission losses as,(f ) of the S, UGW mode across a section of the scaled-

down AST in the case of no load (a), a water load (b), a petrol load (c) and water and moist
sand loads (d) applied at 1 — before lap joint, 2 — after the 1% lap joint, 3 — after the 2™ lap
joint, 4 —on the 1%t wall, 5 — on the 2" wall

Table 2.4.2 Transmission losses aq, () of the symmetric S, UGW mode for different
load conditions

Virtual receiver No Ic_Jad Water load  Petrol load Water and moist
position applied sand loads
Before lap joint 3.1dB 3.7dB 3.6 dB 6.3dB
After the 1% lap joint 11.4dB 12.8dB 14.4 dB 18.4dB
After the 2" lap joint 20.1dB 22.2dB 22.2dB 30.8 dB
1%t vertical wall 16.2 dB 15.8 dB 15.9dB 15.4dB
2" vertical wall 34.1dB 36.7dB 36.5dB 46.3dB

The result of this research show that the overall transmission losses ag,(f) of

the analysed symmetric S, guided wave mode increase due to liquid boundary
interaction between the storage tank and the surrounding medium. As Table 2.4.2
demonstrates, the loadings of water and petrol have shown a similar effect on UGW
transmission losses and further propagation of S, wave mode in the presented storage

tank model. However, the oil products may be more viscous than water which would
result in an increase of attenuation for this wave mode. Furthermore, the overall
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increase of attenuation of UGW would be affected by the sludge on the tank floor
which was not considered in the modelling. Meanwhile, the highest overall
transmission losses ag,(f) of the symmetric S, guided wave mode were obtained in

the case of water and moist sand loads. The obtained transmission losses are mainly
caused by the leakage of wave energy into the moist sand environment.

2.5 3D modelling of ultrasonic guided wave propagation in a storage tank

The plane strain assumption inherently used for the 2D modelling of elastic
wave propagation implies that UGW are not geometrically attenuated and dissipated
as they propagate. However, the propagation of UGW in the scaled-down AST and
its floor is much more complicated than it was presented and analysed in the 2D
modelling approach because of the shell-to-bottom junction, multiple lap joint
connections, occurring mode conversion, wave scattering, energy dissipation and
multiple reflections in the structure. The main advantage of 3D models is that they
can capture almost all aspects of wave propagation behaviour, such as the waveform,
reflections of boundaries or damage, or any other wave interactions. However, they
require more time and computational resources and can lead to a large amount of data.

The main purpose of 3D modelling is to predict the complexity of UGW
propagation in the scaled-down storage tank (Fig.2.5.1) and to investigate the
possibilities to perform measurements on the tank wall (shell) for gathering the
required projection information needed for tomographic reconstruction of the storage
tank floor. In order to achieve the aim, the following tasks should be investigated:

e s it possible to observe signals transmitted through the tank floor on the
opposite side of the storage tank;

e how do the transmission losses of the UGW depend on the angle of wave
propagation;

e at what angle the projections could be measured and are the UGW coming in
the shorter way.

Fig. 2.5.1. A 3D model of the scaled-down storage tank (a), view of lap joint connection
between plates used in the model (b)
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For the simulation of the UGW propagation in a scaled-down 3D storage tank
model, an explicit dynamic analysis using Abaqus/Explicit finite element package was
performed. In order to reduce the size of the model and the computational time needed
for the modelling of elastic wave propagation in a scaled-down 3D storage tank, the
size of the finite element |, was set to 0.5 mm. This satisfies the aforementioned
equation 2.1.6 for good spatial resolution requirement in FE modelling only for the
symmetric S, wave mode propagation, since the number of elements per wavelength
for S, wave mode is N, = 25, while for asymmetric A, wave mode — Na, = 8. For the

3D modelling of the storage tank floor consisting of multiple plates joined together
by lap joint connections, a C3D8R standard Abaqus linear brick elements with
reduced integration and hourglass control were used. For the modelling of the
cylindrical part, C4R general purpose linear 4-sided shell elements were used, which
correspond to the shell (wall) of the tank. The total number of elements in the
presented model — 15,965,683 (C3D8R — 7,843,057, C4R — 8122,626).

Separate plates in the scaled-down storage tank floor model were connected to
each other only at the weld seam positions by using surface-to-surface tie constraint
assumption which generally avoids stress noise at tied interfaces. Typically, a tie
constraint is defined at the interface at two zones to stitch the two meshes together.
The excitation of the UGW into the presented 3D storage tank model was performed
by adding a concentrated and uniformly distributed excitation force of 5 periods of
400 kHz sine-burst with a Gaussian envelope signal to the wall of the tank, 10 mm
above its floor (in respect of the central plate of tank floor). The area of excitation
zone is 9x9 mm. The discretization step in the time domain is dt = 12.5 ns. The time
interval used for the modelling of wave propagation was set to be At = 250 ps.

Three cases of UGW propagation at different transmitter positions for the
excitation of the arc of the storage tank wall were investigated. The transmitter
position on the storage tank wall was defined according to the following expressions:

Xtrn = RT COS((/)Tr,n _7[/2)1

25.1)
YTrn = Rr Sm(w‘rr,n _”/2)1

where X, ., Y1, are the coordinates of the transmitters, n = 1 + N, where N, is the
number of transmitters, Ry is the radius of the tank shell, ¢+, , is the transmitter angle.
The modelling of wave propagation in the scaled-down 3D storage tank model was
performed when the transmitters were located at ¢, =270°, @1, =228.75° and
o3 = 187.5°. A graphical representation of the transmitters arrangement on the tank
wall is presented in Fig. 2.5.2.
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Transmitter
positions

Fig. 2.5.2. The analysed cases of UGW propagation in a 3D storage tank model for different
transmitter positions

The results of UGW propagation in the scaled-down 3D storage tank model for
different transmitter positions and at different time instances are presented in
Fig. 2.5.3-Fig. 2.5.5, respectively.

t,=62.5 ps t,=125 ps t,=187.5 us t,=250 ps
e) f) a9 h)

Fig. 2.5.3. A visualisation of UGW propagation in the scaled-down 3D storage tank model at
different time instances when the transmitter is located at ¢+, ; = 270°
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Fig. 2.5.4. A visualisation of UGW propagation in the scaled-down 3D storage tank model at
different time instances when the transmitter is located at ¢+, , = 228.75°
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t,=62.5 us t,=125 ps t,=187.5 ps t,=250 ps
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Fig. 2.5.5. A visualisation of UGW propagation in the scaled-down 3D storage tank model at
different time instances when the transmitter is located at ¢, 3 = 187.5°
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The amplitude modulus of the particle velocity distribution for different
transmitter positions on the storage tank wall and at different time instances in x0z
plane are presented in Fig. 2.5.3 (a, b, ¢, d), Fig. 2.5.4 (a, b, ¢, d) and Fig. 2.5.5 (a, b,
c, d), respectively. The particle velocity distribution in the investigated storage tank
model in xyz coordinate system at different time instances are presented in
Fig. 2.5.3 (e, f, g, h), Fig. 2.5.4 (e, f, g, h) and Fig. 2.5.5 (e, f, g, h), respectively. By
analysing the figures, the complexity of propagating UGW in the scaled-down storage
tank can be observed. In general, it can be observed that the generated UGW in the
presented structure spread in the radial direction in the wall, as well as into the floor
of the storage tank. This is due to the fact that the size of the selected excitation zone
with applied concentrated force is much smaller compared to the dimensions of a
storage tank, and it becomes comparable to the point source having a wide directivity
pattern. In contrast to transducers usually used in NDT, where a very narrow beam is
essential for good lateral resolution, in ultrasonic tomography it is necessary that an
as large as possible region is insonified with one transducer so that any objects in the
cross-section of the beam are “illuminated” and their reflections are received by any
of the other surrounding sensors. As it is indicated by the wave propagation
visualisation in x0z plane which shows UGW propagation in the floor of the scaled-
down storage tank, the change of the amplitude of the signal caused mainly by the
geometrical complexity of the structure can be observed. As a result, a high level of
scattering, leading to the complicated transmission, reflection, diffraction and mode
conversion phenomena takes place, thus causing newly-converted modes and energy
dissipation resulting in complicated transmission of the symmetric S, UGW mode
over the storage tank floor constructed of multiple plates joined together by lap joint
welds. It could also be stated that the signals of the symmetric S, wave mode with the
highest amplitude transmitted through the storage tank floor could be observed only
at the wave propagation path with a lesser number of welds.

The tomographic reconstruction algorithms in the first step require obtaining
projections which in transmission tomography is done by using the amplitude of
signals transmitted through the tank for the estimation of attenuation. The transmitted
signals at each transmitter position shown in Fig. 2.5.2 were acquired by using 45
receiver positions equally spaced along the tank wall and approximately
corresponding to the opposite 180° sector on the storage tank. The receiver positions
on the tank wall were defined according to the below presented expression:

XRek = RT COs(goTr,n + 7Rc,k)’

(25.2)
YRek = RT Sm(wTr,n + 7Rc,k)'

where Xgex, Yrex are the coordinates of the receivers, k = 1 + Ngre, Nrc is the number of
receivers, Ry is the radius of the tank shell, ¢, , is the angle of transmitter positioning,
n=1-+ N, Nrr is the number of transmitters, yr., is the angle of receiver

positioning, yg. €[~7/2 7z/2]. The angle between neighbouring receiver positions

was 4°.
The signals acquired in the form of a B-scan image for the current transmitter
position ¢, are presented in Fig. 2.5.6. The “fan-shaped” coverage area of the storage
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tank floor corresponding to the 180° sector for current transmitter position is shown
by the grey area. It can be stated that only the front part of the acquired waveforms
corresponds to the propagating and symmetric S, guided wave mode transmitted
through the tank floor because it has a higher propagation velocity and should pass
the tank floor first; this part of the signal should be used for the calculation of
tomographic projections. Thus, to select the signal corresponding to the propagating
symmetric S, UGW mode, the time variable window was used. The time window
boundaries necessary to select the symmetric S, UGW mode in the time domain can
be expressed with equations 2.5.3 and 2.5.4:

twl,k = é\/(XRc,k - XTr,n )2 + (yRc,k - yTr,n)2 ' (2.5.3)

tuok = tark +Aly (2.5.4)

where Xgews Yrek XTrne Yrrn are the coordinates of the receiver and transmitter,
respectively, cg, is the velocity of the symmetric S, wave mode in stainless steel,
k = 1+Ngc, Ng. is the number of receiver positions, N = 1+Nx,, Ny, is the number of
transmitter positions, At, is the width of the time window. The calculated time
variable window boundaries are shown in Fig. 2.5.6 by black dots.
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Fig. 2.5.6. The B-scan image of the particle velocity modulus measured on the opposite side
of a storage tank wall when the transmitter is located at: g1, ; = 270° (a), @112 = 228.75° (b)

and g7,3 = 187.5° (¢)
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The maximum amplitude of the analysed symmetric S, UGW mode particle
velocity vy, v, and v, components transmitted through the storage tank floor in the

ranges of the time window were obtained, according to the expression presented
below:

U i = max(uy (t)], (255)

where te[twlk, th,kJ, n=1+Ny, Np is the number of transmitter positions,

k=1 Nge, Ng is the number of receiver positions. The results of particle velocity
Vyx, Vi, V. components amplitude change along the arc of the storage tank wall for three
different transmitter positions ¢, are presented in Fig. 2.5.7.
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Fig. 2.5.7. The amplitude distribution of the symmetric S, UGW mode particle velocity v,
component (a), v, component (b) and v, component (c) along the arc of the storage tank wall
in the case of 1 — ¢r,; = 270° 2 — g1, = 228.75°and 3 — g3 = 187.5°

The results suggest that the amplitude of the symmetric S, UGW mode
transmitted through the scaled-down storage tank floor is strongly dependent on the
structure of the tank floor. Thus, the signals with the highest amplitude for the
presented excitation cases are obtained when the transmitter is located at ¢ ; = 270°,
and when there are only two shell-to-bottom and lap joint connections in the direct
wave propagation path. The decrease of the amplitude of the symmetric S, UGW
mode in the model is mainly caused by structure complexity and the fact that due the
increase of connections in the direct wave propagation path, the overall transmission
losses ag,(f) of the analysed symmetric S, UGW mode transmitted over the storage

tank floor and induced in the tank wall increases. Meanwhile, an increase in the
relative signal amplitude at the marginal positions of the acquired projections is
mainly caused by trailing waves, conditioned by occurring multiple reflections and
mode conversion, as well as by waves traveling along the tank shell.

Based on the scaled-down storage tank 3D modelling results, it can be stated
that the signals of propagating UGW could be measured on the tank wall with
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transducers situated on the opposite side of the tank shell. However, the overall
amplitude of the analysed symmetric S, wave mode is strongly depended on the
number of joints in the wave propagation path and on the increase of transmission
losses ag,(f) conditioned by multiple connections. The modelling results also show
that by using measurement configuration with transducers situated on the shell of the
tank and corresponding to the 180° sector of a storage tank floor, the UGW
propagating directly over the tank shell could be observed by receivers at the marginal
positions.

2.6
1)

2)

3)

4)

Conclusions of the Chapter 2

The analysis of propagation of symmetric S, UGW mode has shown that the
transmission losses o, (f) through the shell-to-bottom weld are up to 14 dB

higher in the case of excitation on the wall comparing to the excitation on the
edge of the storage tank floor. It has also been shown that these losses are
linearly depended on the frequency.

The finite element modelling has demonstrated that the transmission losses
as () of the symmetric S, wave mode on lap joint welded plates vary in the

ranges from 1 dB up to 8 dB per weld depending on the ratio between lap
joint width Al and wavelength A. In addition, the modelling has demonstrated
that additional bonding in lap joint caused by corrosion can essentially reduce
the transmission losses.

The analysis of UGW propagation in the case of different loading conditions
demonstrated that the leakage losses of the symmetric S, wave mode are
dependent on the materials stored in the tank and can vary in the range of
2+ 10 dB/m. The most significant losses were observed in the case of tank
floor loading by moist sand and water loads. The results of modelling suggest
that moist sand on the bottom of the tank can lead to additional losses
approximately equal to 10 dB/m.

The investigation using a 3D model of the scaled-down storage tank has
demonstrated that there is no essential increase of losses in UGW propagating
at some angle with respect to the weld. However, the angle on the opposite
side of the storage tank at which the guided waves can be received is limited
approximately to 180° due to the arrival of stronger waves directly through
the tank wall.
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3. EXPERIMENTAL INVESTIGATION OF ULTRASONIC GUIDED
WAVES PROPAGATION THROUGH WELDED LAP JOINTS

The numerical investigation revealed that the most significant transmission
losses of UGW transmitted through a storage tank floor are conditioned by lap joint
welds used to join separate plates in the construction of the tank floor. By considering
that there can be tens of welds across the storage tank floor, those losses may exceed
100 dB and may be the main factor limiting the achievable propagation distance.
Therefore, the goal of the research in this chapter is the experimental evaluation of
UGW transmission losses transmitted through the welded lap joints and its
comparison with the results obtained by numerical investigation.

3.1  An analysis of ultrasonic guided waves transmission through the lap joint
of different width

The objective of this research is the experimental verification of the modelling
results, obtained by FE model presented in Section 2.2. For this purpose, a special test
sample was manufactured by welding together two 1 mm thick stainless steel plates.
The plates were welded using a lap weld with different width of the overlap zone Al,
which linearly changes from 2 mm to 15 mm (Fig. 3.1.1). The width of the weld seam
was 3mm. The experimental investigation of the symmetric S, UGW mode
propagation through the lap weld was performed using the experimental set-up
presented in Fig. 3.1.1.

Ultrasonic Computer for data Mechanical
measurement <:> acquisition and ﬁpositioningdevica

system “Ultralab” processing (scanner)
Preamplifier .
| | 10kHz — 7MHz Receiver [ 18 mm Stainless steel
9.8dB /1 MQ / 3mm plate
> |
) 4
....... al b ] 2
Transmitter = /" & ..o5000 N f S, >
Va
N/ N
5 5
Transmitter and receiver <
moving direction ./, 650 mm

....................

1mm

A | 150mm ol

341 mm

Fig. 3.1.1. The experimental set-up for the investigation of the symmetric S, UGW mode
propagation through the welded lap joint of different overlap zone width Al
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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 a control instrument for measurements. For the
generation and reception of the UGW in the presented test sample having different
widths of the overlap zone Al lap joint connection, the broadband ultrasonic
transducers operating in thickness mode were used [162-164]. The excitation was
performed by using 3 periods of rectangular pulse with the frequency of 400 kHz and
amplitude of 300 V. The reception of the propagating UGW was performed by using
a low-frequency ultrasonic transducer with a special wear-proof convex form
replaceable protector made from glass fibre with the width of contact area of 1 mm.
The frequency responses of the ultrasonic transducers used as transmitter and receiver
are shown in Fig. 3.1.2. The receiver was connected to a 9.8 dB preamplifier and after
it the signals were amplified with the main amplifier. The total gain of the
measurement system changed in the ranges of 36.8 dB—44.8 dB. The frequency range
of the amplifier filter was 0.02—2 MHz. The signals were digitised with a sampling
frequency of 100 MHz.
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Fig. 3.1.2. The frequency responses of the transmitter without a replaceable protector (a) and
a receiver with a convex protector (equivalent diameter of the contact area is 1 mm) (b)

During the experimental research, the transmitter was attached at the first
position to the edge of the plate (in order to create longitudinal force) using a specially
developed spring-type adjuster and the receiver was scanned across the weld in the x
direction (Fig. 3.1.1.). Scanning of the test sample for the B-scan type data collection
of the propagating UGW was performed by using the one-axis scanner with the
scanning step of 0.1 mm and the total scanned distance was x = 270 mm. Qil was used
as the coupling material between transducers and the test sample. At each position,
the signals were recorded to form a B-scan image of the UGW propagating in the lap
welded stainless steel plates. In order to improve the signal-to-noise ratio, the 8 signals
were averaged at each measurement position. The initial distance between the
transducers was set to be Ax =40 mm. It was selected so that asymmetric A, and
symmetric S, guided wave modes would separate in the time domain at the initial
measurement position. Then, the transmitter was attached to the second position along
the edge and the scanning was repeated. The distance between each next position
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along the plate edge was 50 mm. The measurements were performed in the part of the
edge with the length of 450 mm. It enabled to investigate the test sample in the area
where the width of the lap joint overlap zone Al gradually changes from 4 mm to
13 mm with the step of 1 mm.

As an example, the measured signals in the form of a B-scan image (4 mm
overlap) is presented in Fig. 3.1.3a. The dashed lines denote the positions of the lap
welds. In the B-scan image, the pattern of the propagating symmetric S, and
asymmetric A, UGW modes could be clearly observed, as well as the occurring
reflection and mode conversion on the weld. For a more advanced analysis of the
measured multimodal UGW signals, the 2D Fourier transform (2D FT) was used to
decompose the signals into both spatial and temporal domains. The advantage of a 2D
FT is that the UGW modes with the same frequency but different wavenumbers can
be differentiated, whereas Fourier analysis in the frequency domain alone cannot
achieve this. According to the 2D FT method, the waves propagating along the object
can be converted from the space-time domain into the wavenumber—frequency
domain by a general expression [165-170]:

Uk, f):TO T u(x,t)e e taxat | (3.1.1)

—00 —00

where x is the spatial coordinate, t is time, e is the angular frequency, k is the
wavenumber. By considering the wavenumber k and phase velocity c, relation, the
waves propagating in the object could be expressed as a function of phase velocity c,,
and frequency. The reconstructed patterns of the dispersion curves of the UGW modes
propagating in the lap welded plate are presented in Fig. 3.1.3b.
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Fig. 3.1.3. An experimentally obtained B-scan image of the UGW propagating through the
lap joint welded plates in the case of the 4 mm overlap zone width (a), reconstructed UGW
dispersion curve pattern by using 2D FT (b)

The results presented in Fig. 3.1.3 reveal that the most dominant and strongest
propagating UGW mode in the investigated test sample is the asymmetric A, wave
mode. It could be explained by the fact that the thickness mode ultrasonic transducer
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was used for the reception. Such transducer has an essentially higher sensitivity to the
out-of-plane uy displacement component which is dominant for the asymmetric A,
wave mode motion. The propagating symmetric S, wave mode which has a lower
amplitude, can be clearly observed also. It can be noticed that the asymmetric A,
guided wave mode in the investigated test sample was generated at the 40-450 kHz
frequency range. Meanwhile, the symmetric S, wave mode was generated at the
frequency range of 320-450 kHz.

In order to separate the signals of the symmetric S, wave mode propagating in
a forward direction from the reflected waves and from other UGW modes, the 2D
filtering in wavenumber—frequency domain was used. The filtering process can be
mathematically expressed as a product of the wavenumber—frequency spectrum
U (k, f) and filter function W (k, ) [167-169]:

Uw (k, f)=U(k, f)-W(k, f), (3.1.2)

where, W(k, f) is the 2D bandpass filter in the wavenumber — frequency domain and
Uw (k, f) is the filtered 2D spectrum. The filtered spectrum Uy (k, f) is then
transformed back into the space—time domain using the inverse 2D FT in order to

obtain a filtered wave field uy, (x,t) [167-169]:

uy (t)=F T35 Uy (k, £)]. (3.13)
The filtered 2D U,y (k, f) spectrum converted into phase velocity-frequency domain
Uy (cph, f) and reconstructed afterwards B-scan uy, (x,t) images are presented in
Fig. 3.1.4.
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Fig. 3.1.4. Filtered B-scan image of the UGW propagating through the lap joint welded
plates in the case of the 4 mm overlap zone width (a), reconstructed UGW dispersion curve
pattern by using 2D FT from filtered data (b)

As the B-scan image shows, the other guided wave modes and reflected waves
are completely filtered. Two signals were selected for the assessment of transmission
losses aso(f) on the weld — one before the weld, another one — after. The first one,
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used as a reference signal was measured at the distance of 90 mm (x + Ax) from the
transmitter or the edge of the plate. The other was measured at 265 mm away from
the transmitter. The obtained waveforms of the UGW signals measured before lap
joint connection and transmitted through lap joint connections of different widths Al
are presented in Fig. 3.1.5 and Fig. 3.1.6, respectively. The Hanning time window was
used to select the segment of the signal corresponding to the propagating symmetric
S, wave mode. The transmission losses ag, () on the lap weld of the symmetric S,

UGW mode in the case of different width Al lap joint connections were estimated
according to the equation 2.1.11 considering only the value corresponding to the
frequency of f =400 kHz. The dependency of transmission losses, by taking into
account the fall-off of the signal due to the distance, are presented in Fig. 3.1.7. For
comparison, the dependency obtained by FE modelling is also presented.

120

Fig. 3.1.5. The waveforms of the filtered UGW signals measured before lap joint connection
in the different widths of the overlap zone Al

Fig. 3.1.6. The waveforms of the filtered UGW signals transmitted through the lap joint
welded plates in the case of different widths of the overlap zone Al
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Fig. 3.1.7. The transmission losses ag(f) of the S, wave mode obtained by 1 — using the
finite element (FE) method of numerical simulation, 2 — measured experimentally

It was observed that the experimentally measured transmission losses g (f)

of the symmetric S, UGW mode possess a variation similar to those obtained by FE
modelling. It was estimated that the highest transmission losses are obtained in the
9mm overlap zone width and are approximately 7.6 dB. This maximum of
transmission losses occurs due to the interference of waves directly propagated
through the lap joint weld and the waves reflected by the free edge of the lap joint.
Meanwhile, the observed difference from the numerical results are mainly conditioned
by mounting of the transmitting transducer to the edge of the plate, i.e. parallelism of
fixing which directly affects the acoustical contact and are particularly important in
amplitude measurements.

3.2 An analysis of the guided waves propagation through the lap joint

The purpose of the experimental investigation is to determine the transmission
losses ag,y(f) of the symmetric S, UGW mode as it passes through the multiple lap

joint connections of welded stainless steel plates and to compare the experimentally
measured results with those obtained by using the FE analysis method. To achieve
this purpose, an experimental investigation on the UGW propagation through multiple
lap joint connections of the welded stainless steel plates was carried out by using the
experimental set-up presented in Fig. 3.2.1.

The measurements of UGW propagation through multiple lap joint welded
stainless steel plates was performed by using a low-frequency ultrasonic measurement
system “Ultralab”, produced and manufactured at Prof. K. BarSauskas’ Ultrasound
Research Institute of Kaunas University of Technology. For the excitation of the
UGW Pz29 piezoceramic sample (12x7x5 mm), with natural vibrations mode
frequencies of around 400 kHz mounted directly to the surface of the lap joint welded
plates sample via epoxy was used. The excitation was performed by using 3 periods
of rectangular pulse with the frequency of 400 kHz. The reception of the propagating
UGW in the investigated object was performed by using a low-frequency ultrasonic
transducer operating in thickness mode and having a special wear-proof convex form
replaceable protector made out of glass fibre with a contact area of 1 mm [162-164].
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The thickness of the welded stainless steel sheets was 1 mm. The width of the lap joint
overlap zone and the width of the weld seam were 9 mm and 3 mm, respectively.
Scanning of the test sample for the B-scan type data collection was performed by
using the one-axis scanner with the scanning step of 0.25 mm. The total scanned
distance was x = 450 mm. To ensure good acoustical contact between the receiver and
the test sample, oil was used as coupling material. The initial distance between
transducers was set to be AXx =60 mm. The receiver was connected to a 13.4 dB
preamplifier and after it the signals were amplified by the main amplifier. The total
gain of the measurement system was 45.4 dB. The frequency range of the amplifier
filters was 0.02-2 MHz. In order to improve the signal-to-noise ratio averaging of 8
signals at each measurement position was performed. The signals were digitised with
a sampling frequency of 100 MHz. The experimentally obtained B-scan image of the
propagating UGW and dispersion curves pattern reconstructed by using the 2D FT
method are presented in Fig. 3.2.2.
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Fig. 3.2.1. The experimental set-up used for the investigation of UGW propagation through
multiple lap joint welded plates

Y

450 7000

400 6000

350 O R L P O O SR LG B 1 T T (e o T A

300 S, wave A, wave 5000
c Lap joint mode mode ; " S, wave
£ 250 positions ‘ E 4000 mode
> 200 X $3000 A, Wave

150 mode

2000 T
100 -
50 1000
0 0 100 200 300 400 500 600 700
f, kHz
b)

Fig. 3.2.2. The experimental B-scan image of UGW propagating in the lap joint welded
plates (a), UGW dispersion curve pattern reconstructed by using 2D FT (b)
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The results presented in Fig. 3.2.2a allow the observation that by using the
presented excitation scheme both asymmetric A, and symmetric S, wave modes are
generated in the investigated object. Amplitude reduction and mode conversion
leading to newly generated modes and energy dissipation at the lap joint connection
positions could be observed as well. The reconstructed symmetric S, guided wave
mode dispersion curve pattern presented Fig. 3.2.2b indicates that the symmetric wave
mode in the investigated structure was generated in the 300-450 kHz frequency
bandwidth. In order to separate the signals of the symmetric S, UGW mode
propagating in a forward direction from the reflected waves and from other guided
waves modes, the 2D filtering in wavenumber—frequency domain was performed by
using the technigque presented in Section 3.1. The filtered B-scan image of the
propagating UGW in the welded stainless steel plates and dispersion curves pattern of
the symmetric S, mode reconstructed with 2D FT are presented in Fig. 3.2.3.
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Fig. 3.2.3. The filtered B-scan image of the UGW propagating in the lap joint welded plates
(@), reconstructed UGW dispersion curve pattern by using 2D FT from filtered data (b)

To estimate the transmission losses ag,(f) of the propagating symmetric S,

UGWe mode as it passes through the lap joint connection, the signals at different
positions were distinguished. They were obtained at Rc1 — 160 mm, Rc2 — 330 mm
and Rc3 —510 mm away from the transmitter, which corresponds to the position
before lap joint, after the first and the second lap joint connections, respectively. The
analysed symmetric S, guided wave mode was picked by using a Hanning window
and the spectra ratio of this mode was calculated by using equation 2.1.11. The
obtained waveforms of the propagating ultrasonic guided waves signals, spectra of
the windowed symmetric S, guided wave mode and its transmission losses c (f) as

it passes through the lap joint connection of welded stainless steel plates are presented
in Fig. 3.2.3-Fig. 3.2.5, respectively.
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Fig. 3.2.5. The spectra of the S, UGW mode propagating in lap joint welded plates:
1 — before the lap joint, 2 — after the 1t lap joint and 3 — after the 2" lap joint connection (a),
transmission losses aso(f) of the S, UGW mode after 1 — the 1% lap joint, 2 — the 2" lap

joint (b)

The experimental investigation has revealed that due to the lap joint connection
between the welded stainless steel plates, the amplitude of the symmetric S, guided
wave mode transmitted through the lap joint decreases by 7.2 dB as it passes through
the first lap joint connection. Meanwhile, the total transmission losses of this wave
mode transmitted through multiple — first and second lap joint connections were
estimated to be 16.8 dB at the frequency of 400 kHz. It is possible to claim that the
average transmission losses aq, (f) of the investigated symmetric S, wave mode are
approximately 8.4 + 1.7 dB/weld. In addition, the experimentally obtained results
demonstrated good agreement with the results predicted by FE analysis method in the
case of symmetric So UGW mode propagation through the lap joint connection when
plates are connected with each other only by a weld seam.
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3.3

1)

2)

Conclusions of the Chapter 3

The experimental investigation of GW losses on lap welds in general has
proven the regularities obtained by modelling by demonstrating the variation
of transmission losses ag,(f) of the symmetric S, wave mode in the ranges

of 1-8 dB per weld that are related to the ratio of the overlap zone width and
wavelength of propagating waves.

To better demonstrate the dependency of transmission losses on the width of
the overlap zone and wavelength, additional experimental investigation was
carried out. It has shown that in the case of the 9 mm overlap zone width, the
average transmission losses of the S, wave mode are 8.4 + 1.7 dB per weld,
by taking results corresponding to the central frequency of the excitation
signal.
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4. AN EVALUATION OF THE OPTIMAL ULTRASONIC TOMOGRAPHY
PARAMETERS BY USING THE PROPOSED MODEL

Tomography is a technique mainly known as x-ray or computed tomography.
The key feature of tomography is that it enables relatively accurate imaging of the
internal structure of an object. In the case of x-ray tomography, the features of
reconstructed image are related to the density variation of the object under
investigation. In this regard, ultrasonic tomography is more complicated due to the
presence of several factors affecting the amplitude of propagating ultrasonic waves.
Such factors are wave diffraction, refraction, scattering, attenuation, dispersion, etc.
Additionally, the storage tank floor inherently has sources of attenuation, such as wave
energy leakage losses into the surrounding environment and the transmission losses
on the weld. In most works related to ultrasonic transmission tomography, mainly the
spatial distribution of attenuation is presented and the results of reconstruction do not
relate them to the absolute value of the losses. However, in NDT this absolute value
of attenuation is the key parameter as it can be related to the level of corrosion, or in
most cases, to the level of thickness reduction which enables to reconstruct the true
values of attenuation at the same time reconstructing the spatial distribution.

4.1 The tomographic reconstruction algorithm

The tomographic reconstruction technique, in general, is defined as the method
which enables to reconstruct the spatial distribution of some physical property in the
cross-section of an object using the so-called projections. The basic principle of
ultrasonic tomography and tomographic reconstruction methods were defined in more
detail in Section 1.3 and Section 1.4. In our case, for a storage tank floor inspection,
the physical parameter that needs to be reconstructed is the attenuation distribution of
the symmetric S, UGW mode.

The storage tank floor is a relatively good object for tomographic reconstruction
as it possesses a circular shape. The tomographic technique consists of two main
stages — data acquisition and image reconstruction. The acquisition of data for one
projection is performed by exciting one transducer (transmitter) and receiving the
signals with transducers allocated on the opposite circumferential edge of the storage
tank floor, as it is presented in Fig. 4.1.1. Afterwards, the same procedure is repeated
for other transmitter positions, thus acquiring signals for the definition of projections.
The attenuation of the UGW is expected by the amplitude of the signal segment
corresponding to the arrival instance of symmetric S, wave mode. As the symmetric
S, wave mode is the fastest, it appears in the front part of the received guided waves
trails.
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Fig. 4.1.1. A distribution of transmitters and receivers on the edge of the tank floor in two
positions of transmitters using a fan-type configuration

The projection is defined as the variation of the amplitude A(n,m) of the
symmetric S, wave mode along the opposite to transmitter circumferential edge on
the storage tank floor, where n=1+N, m=1-+M; N is the total number of the
receiver positions for each transmitter position; M is the total number of the
transmitter positions. In the simplest case, if there are no welds in the storage tank
floor (Fig. 4.1.2a), the projection for a single transmitter position could be observed
(Fig. 4.1.2b). The circular areas in the storage tank floor model were used to introduce
zones with an increase in attenuation of the UGW as the primary effect of corrosion.
Before reconstruction, each of the projections is filtered according to the requirement
of tomographic reconstruction by using a filter. Typically, filtering of the projection
data is performed by using a ramp filter, which is a high-pass filter that does not permit
low frequencies that cause blurring to appear in the reconstructed image. The typical
tomographic ramp filter is defined as:

fe [fe] < f
Ho(f.)=d x 1'x Xmex 1
() {O, otherwise (4-1.1)

where fy is the spatial frequency, f, n.x = 1/2d, is the maximum spatial frequency (the
upper analysed frequency range); dx is the step between receivers (sampling of the
projection in space domain). An example of a typical tomographic filter is presented
in Fig. 4.1.3a. The filtering was performed in the frequency domain by using the
expression presented below:

Ac(n,m)= Re{FT‘l[FnT[A(n, m)]- HT(fX)}} : (4.12)

where FT is the inverse Fourier transform and Fr:I'[A(n,m)] denote a direct Fourier

transform of the projections. An example of a filtered projection for a single
transmitter position is presented in Fig. 4.1.3b.
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Fig. 4.1.2. The distribution of the transmitter and receivers on the edge of a storage tank
floor without welds (a) and an example of one projection as a variation of amplitude at one
position of the transmitter (b)
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Fig. 4.1.3. The frequency response of the ramp filter (a) and an example of a filtered
projection at one position of the transmitter (b)

However, such a filter with the characteristic linearly increasing with spatial
frequency leads to relatively strong reverberations (high-frequency noise) in the
filtered projection which is caused by the amplification of statistical noise in the
measurement results (Fig. 4.1.3b) even in the case of a smooth projection
(Fig. 4.1.2b). In order to reduce the effect of amplification of high frequencies, the
ramp filter was combined with a low-pass filter. The common method to reduce
statistical noise is the application of the smoothing filter, which is a low-pass filter
and allows the low frequencies to be retained unaltered and block the high-
frequencies. The smoothing filter used in this research is defined as:

(4.1.3)

Hsf(fx): {e_an( ) SfO_Afo ! |f><| < fst _Afsf

1, otherwise
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AfE
Af is the bandwidth of the smoothing filter. The tomographic filter was corrected by
multiplying the ramp filter H(f,) and smoothing filters H (f,):

HTc(fx):HT(fx)'Hsf(fx)' (4.1.4)

The frequency responses of the filters are presented in Fig. 4.1.4a. The final version
of projection filtering is performed according to:

where fsro is the cut-off frequency of the smoothing filter at 6 dB level; agy =—

Aci(n,m)= Re{FTl[FnT[A(n, m)]- Hr (£, )} . (4.15)

An example of a filtered projection when the corrected filter H.(f,) is used is

presented in the Fig.4.1.4b. As the figure shows, the high-frequency noise, or
reverberations, are essentially reduced.

0.03
.
ool 0.02
0.8] 0.01
0.7} -
i %
0.6 5
Sl 3 K-
o5 S 001
0l . | [
0.3[ e
0.2 -0.03
0.1f
0 004 60 30 0 30 60 90
~ fx y,o
a) b)

Fig. 4.1.4. The frequency responses of the tomographic filters: 1 — ramp filter H(f, ),
2 — smoothing (low-pass) filter H(f, ), 3 — corrected tomographic filter H(f, ) (), the
filtered projection when the corrected tomographic filter is used (b)

The back-projection is performed by creating an array of the storage tank floor
which is defined by the set:

{th (nwny) Yir (nx’ny) Qs (nx’ny)}l (4.1.6)

where n,, n, are the number of points along x and y-axis; Xy, Yy are the spatial
coordinates of these points and «y is the reconstructed attenuation coefficient in
dB/m at the positions of virtual points. At the beginning ¢« =0 for all points. In the

following stage, each of the filtered projections is back-projected on this virtual image.
The back-projection is performed in the following steps:
1. Each of the paths between the transmitter and the receiver is expressed in the
form of a linear equation:

Agp(n, m)- x+Bgp(n,m)- y + Cgp(n,m)=0, (4.1.7)
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where  Ago(n,m)= ygy(n.m)-yr.(n.m);  Bgp(n,m)=—{xgy(n,m)—xy (n, m)};
Cep(n,m) = Agp(n,m)- xr (n, )~ Bgp(n,m)- y, (n, m).

2. The distances between each of the points and in the virtual image and back-
projection lines are estimated:

DBp(n,m,ﬂx,ﬂy)Z |ABP(nvm)‘th (nx’ny)_ Bep(n,m)- Vi (nx’ny)+CBP(nvm1 . @18)

VAg(n,m)~Bo(n,m)

3. The index of the closest path in each of the projections is estimated for each
virtual point:

Kmin (m,nxny)=arg mnin[DBP(n,m,nX,ny)J. (4.1.9)

4. The image is obtained by integrating the closest part for each virtual point:
M
atf(nx,ny): ZA(Kmm(m,nx,ny).m). (4.1.10)
m=1

To investigate the performance of the tomographic reconstruction algorithm for
the reconstruction of attenuation distribution in the storage tank floor, the numerical
model was created and is presented in the next section.

4.2 Tank floor model for the verification of tomographic reconstruction
algorithm

The objective of the modelling is to determine the possibilities of tomographic
reconstruction in the case of different values of attenuation in the plate, corroded areas
and in welds. And at the same time, to determine expected sources of uncertainties for
the reconstruction of the spatial attenuation distribution in the storage tank floor. To
achieve it, a model of the storage tank floor, allowing to define the possible losses in
welds and in the arbitrary form defects, has been built and is presented in this section.
The model of the storage tank floor is represented as a circular or disk-shaped structure
in Fig. 4.2.1.

0.5

04 5dB/m

02/ @02m
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Fig. 4.2.1. The example of a storage tank floor model with denoted welds (blue line) and
corroded areas with higher attenuation (red areas)
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are:

The parameters defining the structure and geometry of the storage tank floor

Diameter Dy of the tank floor;

Positions of the welds, defined as segments of the line with the start and end
coordinates defined as the set Sy X (Nw )i Xow (Nw )i Yow (Nw )i Yaw (N )}
where X;y, Yaw are weld start coordinates; X,y, Yo are weld end coordinates;
n, =1+ N,, N, is the total number of welds in the tank floor;

A virtual image of the tank floor representing the distribution of the
attenuation in the tank floor. For that purpose, the area of the tank floor is
sampled in spatial step dyy, and the array of the virtual image is created as a
matrix ar(ny,my), where ng =my =1+ Ny, Ny = Dr/dyy, +1. Each point of
this matrix defines attenuation per meter of the symmetric S, mode of UGW
in the plate at that point. The coordinates of the points are defined by
PT(nT’mT)i XTz(nT _1)'dxy_DT/2’ yTZ(mT _1)'dxy_DT/2- In
principle, the model enables to set any arbitrary distribution of attenuation on
the tank floor. Additionally, some temporal matrix K (ny,my) is created the
purpose of which is explained below.

The next group of parameters defines the possible losses of UGW in the storage

tank floor. In general, this is reference information which needs to be reconstructed
by the tomographic algorithm. It includes the following values:

Attenuation per meter ag, of the symmetric S, wave mode in the tank floor

plate, which defines the average attenuation in the plate.
Attenuation in corroded areas. Two possible shapes of corroded areas were
introduced in the tank floor model — circular and rectangular. The circular
areas of higher attenuation were introduced by the following parameters:
1. Attenuation agg(Neg), Neg = 1 + Ngg, Neg is the total number of circular
defects;
2. Position of the centre {X.4(Neg ) Yea(Neq )} ;
3. Diameter d.4(n.g) of the circular defect.
The rectangular corroded areas with higher attenuation were introduced by
the following parameters:
1. Attenuation 4q(Nyg), Ng=1+Nyg Ng is the total number of
rectangular defects;
2. Positions of the left upper and right lower corners of the rectangular
area Srd {Xlrd(nrd); ylrd(nrd); X2rd(nrd); y2rd(nrd)};
Losses in the weld «,, . Usually, the losses in the weld are defined as
attenuation per weld. However, in our case, the reconstruction parameter is
attenuation per meter. In order to meet this requirement, the losses in the weld
are also defined as attenuation per meter with an introduced width of the weld.
It is necessary to take into account that the width of the weld is relatively
small compared with the dimensions of the tank floor or even steel plates
sheets which compose the storage tank floor. Thus, if to calculate the losses
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per weld into the attenuation per meter with a real width of the weld, an

extremely high attenuation value will be obtained. So, in the models, a virtual

value of the weld width d,, was used which can be bigger than the real one.

In such approach, the attenuation in the weld is introduced as a rectangular

area {Sy,dy | with a corresponding attenuation coefficient a, . In the

present model, it is also assumed that the attenuation in the welds does not

depend on the wave incident angle and is the same and uniform for all welds.

The virtual attenuation map created by comparison of each point of attenuation

map or(ny,my) with attenuation zones and corresponding attenuation value is
assigned. It means:

aw, Pr e {Sw. dw};
ar(np,mr)=14ac Pr € e (eq ) Yea (Nea ) dea (Neg ) (4.21)
Qg s PT € Srd'

If the point belongs to several zones, only the attenuation of the first zone
according to priority is assigned. In order to implement this approach, the temporal
array Ky (nr,my) is used. The described attenuation zones are analysed according to

the priority order. When the first attenuation zone where the point under analysis is
situated is found, the corresponding element of the temporal array is set to one
K+ (ny,my)=1. In other zones, the element of the temporal array is already equal to

1 and the modification of the attenuation map a+(n,my) is not performed. Such an

algorithm enables to control the calculation of the attenuation map when the point
PT(nT, mT) belongs to several attenuation zones; for example, to the weld and circular

area. In this case, only the first assignment is performed.

Another condition is related to the fact that the attenuation map covers a
rectangular area as the storage tank floor is circular object. Therefore, all points of the
attenuation map outside the tank floor are set to zero:

[(2 2
ar(ng,my )= {O’ X +¥7 > Dr/2, (42.2)

ar(ng,my), otherwise

Several specific cases of attenuation distribution in the storage tank floor using
the model developed have been created and are presented in Fig. 4.2.2. The cases are:
1. there is some value of ambient attenuation (0.5 dB/m) in non-corroded plate
areas and no attenuation in welds (Fig. 4.2.2a);
2. there is some value of ambient attenuation (0.5 dB/m) in non-corroded plate
areas and the attenuation in welds is 2 dB/weld (Fig. 4.2.2b).
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Fig. 4.2.2. The distribution of attenuation in the model of the storage tank floor when: the
ambient attenuation in the non-corroded areas is 0.5 dB/m and there is no attenuation in
welds (a), the ambient attenuation in the non-corroded areas is 0.5 dB/m and the attenuation
in the welds is 2 dB/weld (b)

The value of projections is calculated separately for each path between the
transmitter {xr,(m), yr.(m)} and the receiver {xz,(n,m), yg,(n,m)}. The procedure is:
1. The distance between the transmitter and the receiver is estimated:

e (0, m) = (e (1)~ Xy (1 )P + (e )y ()P (423)
2. The angle of the path in the coordinate system is calculated:
_ Y7 (M)~ Yey(n, m)
s (n, m)—arctan{ o () v | (4.2.4)

3. The path between the transmitter and the receiver is sampled:

Xrg (n,m, k)= (k —1)- Axrg - c05(frg (1, M)+ X (m),
yrr (n,m k)= (k ~1)- Axg -sin(6rg (n,m))+ y, (m)

where Axg is the linear path sampling step; k = 1 + Ny, Npg, = w +1

4. The values of attenuation a,,(n,m,k) at points {x, (n,m,k); y, (n,m,k)} are

obtained from the attenuation map o (ny,my) using two-dimensional linear
interpolation.

5. The projections as the total losses along the path from the modelled
attenuation map are obtained by integrating all interpolated attenuation values
along the a,,y,(n,m, k) path:

Npt

A (n,m)=Axg - > oy (n, m k). (4.2.6)

k=1
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In order to investigate how accurate is the reconstruction of attenuation
distribution and the parameters it depends on, the modelling using the developed tank
floor model has been carried out and is presented in the next section.

4.3  Aninvestigation of the performance of a reconstruction algorithm

In order to investigate the possibilities of the developed reconstruction
algorithm, investigations were carried out using the developed storage tank floor
model. The investigation was carried out for two specific cases of a storage tank floor
— by assuming that there is no attenuation in the weld, andwhen attenuation in the
weld is present concurrently introducing 3 circular zones with high attenuation values
to represent an increase in attenuation of UGW as the primary effect of corrosion in
the proposed model. The distribution of these zones in the storage tank floor model
for both analysed cases are presented in Fig. 4.3.1.
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Fig. 4.3.1. The storage tank floor model with corroded areas with higher attenuation values
when there is no attenuation in weld (a) and when there is attenuation in weld (b)

Firstly, the reconstruction of attenuation distribution in the storage tank floor
was carried out by assuming that the attenuation in the plate is very low (0.05 dB/m)
in non-corroded zones and there is no attenuation in the welds (Fig. 4.3.1a). Using the
presented model, 360 projections have been calculated by positioning the transducer
at positions around the storage tank floor model with the step of 1°. The projections
were calculated by assessing the attenuation at 180 virtual receiver positions, situated
along the circumferential edge of the tank floor, for each position of the transmitter.
The projections were calculated according to the description presented in section 4.1.
The projections were then filtered according to the description presented earlier. The
reconstructed images of spatial attenuation distribution in the form of a 3D image and
a C-scan image are presented in Fig. 4.3.2.

94



» o5

-0. 5'_0 5
a) b)

Fig. 4.3.2. The reconstructed distribution of the attenuation in the storage tank floor when
there is no attenuation in the weld in the form of a) a 3D image (a) and b) a C-scan image (b)

It can be observed that the spatial distribution of the defects fits very well with

the original positions in the model. However, the reconstructed absolute amplitudes
possess some arbitrary values not related to the attenuation determined in the model.
In order to overcome this problem, an additional step in the reconstruction algorithm
was proposed. It is based on the hypothesis that the original projection should coincide
with the projections from the reconstructed attenuation field. It means that a correction
scheme should exist, which would enable to modify the reconstructed attenuation field
in a such way that the projection obtained from the reconstructed image fit with each
other. The original projection A, (n,m) and projection from the reconstructed image

Aw.rec(n,m) were fitted following these steps:
1. Linear correction was assumed. It means that coefficients k; and k, exist for

each projection:
Au(n,m)= AM,Rec(n’m)' k+L(n,my )k, , (4.3.1)

where L(n,m,) is the path between the transmitter and the receiver, m, is the
projection selected for optimisation.

Coefficients k; and k, are determined using optimisation. The target function
is:

F(ky.k,)=arg g:ikg{[AM (0,)— Ay, rec(0m)-ky + L(n,m )k B . (43.2)

The optimisation was performed separately for each projection and the mean
value of the correction coefficients were used. The investigation
demonstrated that the fitting can be performed using only several, better
perpendicular projections and the obtained coefficients give sufficiently good
results. Finally, the image after tomographic reconstruction was corrected
according to:

atf,cor(nx*ny):arf (nxvny)' ky+Kj . (4.3.3)
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By using the proposed correction in the tomographic reconstruction algorithm,
the reconstructed attenuation distribution in the storage tank floor model in the form
of 3D and C-scan images are presented in the Fig. 4.3.3.
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a) b)
Fig. 4.3.3. The reconstructed corrected distribution of attenuation in the storage tank floor
when there is no attenuation in weld in the form of a 3D image (a) and a C-scan image (b)

It can be noticed that the positions of all introduced zones are reconstructed
correctly. The shape reconstruction is different. The shape of two zones was
reconstructed well, however the biggest one has some distortions on the side oriented
to the edge of the storage tank floor. It is related to the fact that the middle zones are
covered completely by all projections and beam paths. In contrary, the part of the
biggest (0.4 m diameter) zone is not covered at least by some of the projections. It
is related to the fact that by using fan-beam data acquisition geometry, the best
reconstruction quality is obtained within the sub-volume that is probed by all of the
projections. This sub-volume is probed by the two outermost rays as the fan formed
by single transmitting transducer. In the case of circular storage tank floor, this sub-
volume would lie within a circle that is concentric with the circle of tank floor radius
R but having a reduced radius Rsiné, where @ is the marginal receiver angle with
respect to the central ray [171].

Another question is how accurately the value of attenuation is reconstructed.
The reconstruction accuracy was estimated by calculating these parameters:

1. Mean value of the reconstructed attenuation:

_ 18
Ocd,rec = Ezacd,rec ) (4.3.4)
k=1

where a4 oIS the reconstructed attenuation value of the circular defect;

k =1+ K, Kis the number of points in virtual tank floor enclosed by a defect.
2. Standard deviation of the reconstructed attenuation:

K
ol — ks ee f (4.35)
oy = k=1 ,
cd,rec K _1
where acq is the assigned attenuation value in the corroded area of the storage

tank model.
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3. Mean absolute error of the reconstructed attenuation in the corroded area:

B =2 (k- o)
Aaodm :Ez Xed — %ed rec /- (4.3.6)
k=1
4. Mean relative error of the reconstructed attenuation in the corroded area:
1 K akd —akd
s = D 100%. (43.7)
k=1 Aed rec

The average value of the reconstructed attenuation, standard deviation, mean
absolute and relative error values are presented in Table 4.3.1.

Table 4.3.1. A comparison of defect reconstruction accuracy when there is no
attenuation in weld in a tank floor model

Zone Oeg, dB/IM @y pee » ABIM 0, -, dB/M Z%m,dB/m Oorgree 1 10
1 5.05 4.98 0.264 -0.067 1.35
2 3.05 2.99 0.104 -0.061 2.04
3 1.05 0.96 0.052 -0.094 9.77

The modelling results listed in the Table 4.3.1 show that the overall true value
of attenuation enclosed by circular defects was reconstructed with the relative error of
up to 2%. However, the attenuation distribution for the largest 0.4 m diameter defect
(zone 3) was reconstructed with the relative error of 9.77%, which was conditioned
by the fact that the defect is not covered completely by all projections and beam paths.
Hence, the distribution of the reconstructed attenuation in non-corroded areas of the
storage tank floor and the distribution of absolute error in dB/m in reconstruction of
attenuation distribution are presented in Fig. 4.3.4 and Fig. 4.3.5, respectively. The
figures present that the highest reconstruction errors occur outside the sub-volume of
radius Rsind because of incomplete area coverage of fan-beam data acquisition
geometry. At the same time, the errors in the zones enclosed by circular defects are
conditioned because of the difference between real and reconstructed values in
attenuation profile which mainly is conditioned by the tomographic filter function.

a, dB/m

b)
Fig. 4.3.4. The distribution of reconstructed attenuation in the non-corroded part of the
storage tank floor when there is no attenuation in weld in the form of a 3D image (a) and a
C-scan image (b)
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a, dB/m

Fig. 4.3.5. The distribution of the absolute error in the reconstructed attenuation of the tank
floor when there is no attenuation in weld in the form of a 3D image (a) and a C-scan
image (b)

However, the storage tank floor is a much more complicated object than it was
presented in Fig. 4.3.1a and the overall profile of attenuation distribution would be
distorted by multiple welds in the tank floor. Therefore, in order to test the accuracy
of the proposed tomographic reconstruction algorithm, the modelling of a storage tank
floor with attenuation in welds and in the areas with increased attenuation value was
performed by using the model presented in Fig. 4.3.1b, as well. The images of the
storage tank floor reconstructed by using the proposed tomographic reconstruction
method in the form of 3D and C-scan images are presented in Fig. 4.3.6. Furthermore,
the average value of the reconstructed attenuation, standard deviation, mean absolute
error and mean relative error values in the case of the storage tank floor model with
attenuation in the weld are presented in Table 4.3.2. The distribution of the
reconstructed attenuation in non-corroded areas of the storage tank floor and the
distribution of the absolute error in dB/m of the corroded areas reconstruction are
presented in Fig. 4.3.7 and Fig. 4.3.8, respectively.

2) b)
Fig. 4.3.6. The reconstructed corrected distribution of attenuation in the storage tank floor
when there is attenuation in weld in the form of a 3D image (a) and a C-scan image (b)
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Table 4.3.2. A comparison of defect reconstruction accuracy when there is attenuation
in the weld in a tank floor model

Zone gy, dBIM e, ABIM 0, dB/M A, . dBmM 5, %

acd,r
1 4.62 4.3 0.661 -0.32 7.43
2 2.92 2.73 0.232 -0.192 7.04
3 1.14 1.03 0.212 -0.114 11.05

X, m
b)
Fig. 4.3.7. The distribution of the reconstructed attenuation in the non-corroded part of the
storage tank floor when there is attenuation in the weld in the form of the 3D image (a) and
the C-scan image (b)
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Fig. 4.3.8. The distribution of absolute error in the reconstructed attenuation of the storage
tank floor when there is attenuation in the weld in the form of the 3D image (a) and the C-
scan image (b)

The results indicate that the introduced losses in welds in the storage tank floor
model distort the profile of spatial attenuation distribution in the areas enclosed by
circular defects. At the same time, the modelling demonstrates that the true value of
attenuation in the areas of circular defects were reconstructed with higher relative
error, which for the presented cases varied in ranges of 7%-11%. Such increase in the
reconstruction error for the presented tank floor is mainly conditioned by the sharp
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change of attenuation and error at the reconstructed attenuation profile at the finite
width weld.

An analysis of performance of the proposed tomographic reconstruction
algorithm demonstrated that, in general, the reconstruction of the spatial distribution
of attenuation observing the true values of attenuation can be performed. The
presented models reveal that the spatial attenuation distribution in the storage tank
floor model could be reconstructed with the relative error of 1%—2%. However, if the
defect is located outside of the sub-volume of radius Rsind and there are sharp changes
in the attenuation distribution profile due to introduced welds, the mean relative
reconstruction error might reach 7%-11%.

44 An analysis of the systematic error in attenuation distribution
reconstruction

In general, the accuracy and quality of the ray tracing-based tomographic
reconstruction method is mainly conditioned by the density of the rays passing
through the defect and the function of the used tomographic filter. Therefore, to
compare the measurement results with the theoretical values of attenuation
distribution in the defective zones of the storage tank floor, an analysis was carried
out by using the models presented in Fig. 4.3.1. The density of the rays or angular
sampling of the object in the tomographic reconstruction is mainly caused by the
number of acquired projections and the number of receivers allocated on the opposite
circumferential edge of the storage tank floor for each transmitter position. Therefore,
the investigation of reconstruction accuracy was performed by changing the angular
sampling of the transmitters along all the circumferential edge of the tank floor in a
such way that the angle between separate transmitter positions varies from 1° to 4°,
thus resulting in a number of totally acquired projections. At the same time, the
number of receivers at each transmitter position in the 180° section of the storage tank
floor was changed in a such way that the angle between separate receiver positions
varies from 1° to 2°. Herewith, the accuracy of the tomographic reconstruction of
attenuation distribution is strongly dependent not only on the angular sampling of the
object but also on the corrected tomographic filter Hy(f,) function, which in general

is used to reduce high frequency reverberations (noise) in reconstructed images. In
this case, the investigation was performed by using a corrected tomographic filter
HTC( fX) at different cut-off frequencies fy, of a smoothing (low-pass) filter (equations

4.1.3 and 4.1.4), thus removing all spatial frequency components in the reconstructed
image above a certain value of spatial frequency f,. A graphical representation of

frequency responses of the corrected tomographic filter H.(f) at different cut-off
frequencies f, of a smoothing filter are presented in Fig. 4.4.1.
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The accuracy of attenuation distribution reconstruction in the tank floor zones
with increased attenuation was evaluated by calculating the mean absolute error of the
reconstructed attenuation in corroded areas according to equation 4.3.6. The results of
the mean absolute error distribution in dependence on the angular sampling of tank
floor (number of acquired projections and number of receivers in the receiving subset)
and the bandwidth of the corrected tomographic filter H.(f,), in the case of tank

floor model without attenuation in the welds (Fig. 4.3.1a) and in case of attenuation
in the welds (Fig. 4.3.1b) are presented in Fig. 4.4.2 and Fig. 4.4.3, respectively.
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Fig. 4.4.2. The distribution of absolute error in the tank floor model without attenuation in
the welds in the case of different angular model sampling and different tomographic filter
bandwidth for the: @0.1 m 5 dB/m (a), ¥0.2 m 3 dB/m (b), ©0.4 m 1 dB/m defects (c)
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Fig. 4.4.3. The distribution of absolute error in the tank floor model with introduced
attenuation in the welds in the case of the different angular model sampling and different
tomographic filter bandwidth for the: @0.1 m 5 dB/m (a), ©@0.2 m 3 dB/m (b), ¥0.4 m
1 dB/m defects (c)

Fig. 4.4.2 and Fig. 4.4.3 prove that the function of the tomographic filter used
to filter the acquired projection has the most significant influence on the accuracy of
reconstruction. In this instance, the mean absolute error increases with the limiting of
the bandwidth of the corrected tomographic filter in both presented tank floor cases.
Such dependence of absolute error on the function of the corrected tomographic filter
could be clearly observed in the presented tank floor for the reconstruction of
attenuation distribution for 0.1 m diameter defect which has a sharp attenuation
change profile. In general, the corrected tomographic filter reduces the high frequency
components under a certain value of spatial frequency and causes blurring in the
reconstructed image. In this instance, the limiting of spatial frequency results in an
error in the shape (attenuation profile) reconstruction and causes an increase of
absolute error in attenuation value estimation.

4.5  An analysis of tomographic reconstruction in the model of calibration

The previous sections have demonstrated the applicability of the proposed
ultrasonic tomographic reconstruction method for the true values of attenuation spatial
distribution reconstruction in a storage tank floor. However, the performance of the
proposed method was tested by assuming that there are some large zones (represented
by circular defects) with increased attenuation values in the model which do not match
the real status of a scaled-down storage tank mock-up in the laboratory. In this regard,
it is appropriate to examine the proposed tomographic reconstruction method by using
a model corresponding to the specially developed test sample with artificial defects.
In general, corrosion defects are simulated in two ways. The first one is by creating
large zones with reduced thickness. Such artificial defects simulate the reduction in
wall thickness in the zone affected by corrosion [70-74]. The second way is when a
set of flat bottom holes is created in a certain area to simulate UGW scattering due to
relatively concentrated non-uniform corrosion damage [73, 75, 76]. Based on these
assumptions, the model and test sample with defect distribution presented in Fig. 4.5.1
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was created. In order to imitate different corrosion rates on the sample, the artificial
defects were assumed to have different the depth profiles whose cross-sections are
presented in Fig. 4.5.2.
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Fig. 4.5.1. A schematic layout of defect distribution in the used model
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Fig. 4.5.2. The model used for investigating the performance of UGW tomographic
reconstruction (a) and the cross-section through the centre of the defects to illustrate the
variation of defect depth (b)

Another group of parameters that needs to be assigned (besides geometry and
position of defects) are the possible losses of UGW in the model. In practice, those
losses occur at the interaction of the incident wave with artificial defects. In this
respect, the test sample serves as a waveguide for UGW propagation and reflection
signals are generated mainly due to the mismatch of acoustical impedance at the notch
(defect) of the acoustic waveguide which results in reflection and transmission of the
ultrasonic waves as shown in Fig. 4.5.3 [172, 173].
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Fig. 4.5.3. Reflection (a) and transmission (b) of the wave at waveguide junction

In this regard, acoustic impedance can be calculated as follows [172, 173]:

7= (4.5.1)

A
where p is the material density, c is the velocity in material, A is the cross-section area
of the acoustic waveguide. Based on ultrasonic impedance equation, the wave
transmission coefficients T, and T, at waveguide junction (Fig.4.5.3) can be
expressed as follows:

T (4.52)
C. [l
Zi+Zy;  TyppC+ pCy
27 2
To=otl -7 (4.5.3)

Zy+Zy o+ pey /Ty

where Z, is the impedance of the cross-section area A;, Z, is the impedance of the
cross-section area A,, p is the material density, rw is the thickness ratio in cross-section
of the waveguide, ¢, and ¢, are UGW velocity in the cross-section areas A; and A,
under constant frequency value, respectively. It assumed that the losses on the defect
depend on the overall product of T¢;-T,:

a=-201g(T, - T,,). (4.5.4)

However, such assumption in the model would postulate that different diameter
but equally deep defects would be assigned with the same attenuation value for small
and large diameter defects which is not completely true, as the low frequency waves
are diffracted around the obstacle. To overcome it, the value of attenuation for the
presented circular defects was assumed to be dependent on the diameter of defect:

Oy =gy, (4.5.5)

where d is the diameter of the artificial defect. In the case of the pit cluster-type
defect, the values of attenuation were acquired by multiplying the assigned attenuation
value for the current depth pit by the equivalent diameter defect enclosed by pits at
specific depth:

O :a'(dcd +dcd,p)’ (4.5.6)

where dg, is the equivalent circular defect diameter enclosed by pits at particular
depth. In this instance, the observed attenuation value on the defect would be mainly
conditioned by the velocity of the symmetric S, UGW mode propagating through
cross-sections A; and A,. Therefore, the possible losses were examined at different
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frequency points of the UGW. The analysis was performed by using the attenuation
map predicted at frequencies f, = 110 kHz, f, = 200 kHz, f; = 240 kHz. The dispersion
curves of the UGW in a 6 mm thick stainless steel plate and frequencies at which
possible losses due to the reduction of thickness were predicted are presented in

Fig. 4.5.4.
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Fig. 4.5.4. The UGW phase (blue) and group (red) velocities dispersion curves for the 6 mm
thick stainless steel plate

Based on the previous assumptions, the possible UGW losses on the defects
were calculated to create the attenuation map and the final reconstructed images of
attenuation distribution in the proposed model were calculated. As an example, the
assumed attenuation distribution map in the proposed sample at 110 kHz frequency is
presented in Fig. 4.5.5. The assigned attenuation values in the model at frequencies
f, =110 kHz, f,=200kHz, f;=240kHz are presented in Table4.5.1. The
reconstructed spatial distribution of attenuation in the model are presented in
Fig. 4.5.6-Fig. 4.5.8, respectively.

Table 4.5.1. Attenuation on defects at different frequency points of the UGW

Defect diameter ~ Defect depth Assigned attenuation value acq, dB/m
ded, MM hed, MM at 110 kHz at 200 kHz at 240 kHz

10 3 1.1 1.2 14

15 3 1.6 1.8 2.1

20 3 2.1 2.4 2.8

25 3 2.7 3.1 35

30 3 3.2 3.7 4.2

35 3 3.7 4.3 4.9

100 5 63.1 67 70.9

200 3 21.3 24.4 28
2 22.8 27.5 333
2.5 33.9 39.8 46.8
3 45.7 52.5 60.1
200 (pit cluster) 3.5 56.7 63.7 71.4
4 64.3 70.7 77.6
4.5 55.5 60 64.6
5 44.2 46.9 49.6
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Fig. 4.5.6. The reconstructed distribution of attenuation in the proposed model when
f, = 110 kHz in the form of a 3D image (a) and a C-scan image (b)
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Fig. 4.5.7. The reconstructed distribution of attenuation in the proposed model when
f, = 200 kHz in the form of a 3D image (a) and a C-scan image (b)
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Fig. 4.5.8. The reconstructed distribution of attenuation in the proposed model when
f; = 240 kHz in the form of a 3D image (a) and a C-scan image (b)

In general, the results presented in Fig. 4.5.6-Fig. 4.5.8 demonstrate that the
overall value of attenuation caused by defects varies due to the change of acoustic
impedance at the defective region with the frequency of UGW. The simulation by
using the developed model of calibration imply that only large areas of defects could
be reconstructed with a high spatial resolution. Meanwhile, only some weak
indications of small diameter defects could be observed in the reconstructed
attenuation map. In this instance, the modelling demonstrated that attenuation in larger
(2100 mm, @200 mm and @200 mm pit cluster) defective areas increases with the
frequency of the UGW. It was observed that the mean value of attenuation in the
region enclosed by @100 mm defect is 32.3 dB/m, by @200 mm defect — 13.6 dB/m,
by @200 mm pit cluster defect — 15.5 dB/m at 110 kHz frequency. Meanwhile, at
200 kHz frequency those values were: by @100 mm defect — 36.2 dB/m, by @200 mm
defect — 15.5 dB/m, by ©200 mm pit cluster defect — 17.4 dB/m. And at 240 kHz
frequency: by @100 mm defect — 35 dB/m, by 200 mm defect — 16.1 dB/m, by
0200 mm pit cluster defect — 19.4 dB/m.

4.6  Conclusions of the Chapter 4

1) A modified UGW transmission tomography algorithm was developed
enabling to reconstruct the true values of attenuation and their spatial
distribution in a storage tank floor. The reconstruction of true values of
attenuation was achieved by introducing an additional stage into the algorithm
based on optimization.

2) The proposed ultrasonic transmission tomography algorithm was verified
using the developed tank floor model which enables to consider the average
attenuation in plate, attenuation in the corroded zones and losses on the weld.
The results demonstrate that using the tank floor model developed with no
losses in the welds, a 2% relative error of true value of attenuation spatial
distribution reconstruction is achievable. Meanwhile, the results of the
reconstruction of spatial attenuation distribution in the tank floor model with
welds demonstrated an increase of relative error to 7% in the reconstruction
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of true values. Such increase in relative reconstruction error could be
explained by the sharp attenuation profile change at the intersection of
corroded areas and welds.

3) The test on the developed model of the calibration sample demonstrated that
defects larger than the wavelength are detected and indicated.
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5. EXPERIMENTAL INVESTIGATION OF TOMOGRAPHIC
RECONSTRUCTION OF ULTRASONIC GUIDED WAVES

The objective of this chapter is the experimental verification of the proposed
ultrasonic tomographic reconstruction method for the reconstruction of true values of
attenuation spatial distribution. To achieve this, the experimental investigation of the
UGW propagation was carried out by using a specially developed circular test sample
with artificial defects of known parameters to represent the reduction of object
thickness as the primary effect of corrosion. Additionally, the experimental research
on UGW propagation in the specially developed scaled-down storage tank mock-up,
corresponding to the 3D model presented in Section 2.5, was carried out and the
measurement results are presented.

5.1 An investigation of the developed tomographic reconstruction algorithm
on a calibrated sample

The purpose of the research is the experimental investigation and verification of
the proposed UGW tomographic reconstruction method for detecting defects and
reconstructing the spatial attenuation distribution. As it was mentioned in Section 1.1,
in most cases the applicability of the UGW testing techniques is verified on the
samples with known defect parameters. From this point, the discontinuities in the test
objects for UGW inspection are represented by simple-shaped defects, which are
assumed to have generic application for the propagation of guided waves and the
representation of defects, such as corrosion. For this purpose, the special @1 m test
sample, corresponding to the model presented in Section 4.5, made from 6 mm thick
stainless steel alloy with a set of artificial defects was manufactured. The geometry of
the developed and investigated sample is presented in Fig. 5.1.1a. Based on the
schematic layout presented in Fig. 4.5.1, the artificial defects were made by milling
circular flat-bottomed part-thickness holes: @100 mm and 83% thickness reduction,
200 mm and 50% thickness reduction, and @10 mm, @15 mm, @20 mm, @25 mm,
030 mm, O35 mm with 50% thickness reduction, respectively. However, realistic
corrosion can be far more complex and irregular in both the shape and depth profile.
In this study, a non-uniform @200 mm diameter defective area with artificial thickness
reduction varying from 17% to 83% to represent a closer match to the shape of
corrosion and add considerable complexity to UGW propagation was made. The
presented pit cluster consists of multiple part-thickness flat-bottomed @10 mm holes
whose depth gradually increases (from 2 mm to 5 mm) approaching the centre of the
defective area. The cross-section of the area with varying-depth pit cluster is presented
in Fig. 5.1.1b.
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Fig. 5.1.1. Circular @1 m and 6 mm thick stainless steel sample used for the experimental
investigation of UGW tomography (a) and the cross-section of the varying depth defects

representing the pit cluster (b)

The experimental investigation on UGW propagation and its interaction with
artificial defects in the presented circular stainless steel sample was performed using
the experimental set-up presented in Fig. 5.1.2. The TecScan Systems Inc. TCIS-3000
11-axis large industrial scanner was used as a control instrument for measurements.
The investigated stainless steel sample with artificial defects and the measurement
instrumentation are presented in Fig. 5.1.3.

TCIS-3000 11-axis large
industrial scanner

Rotation
direction

Stainless steel circular
plate

Receiver

System workstation

UTPR-CC-50

Transmitter mounted to the
edge of the test sample

pulser/receiver

U

Computer for data
acquisition and
processing

Fig. 5.1.2. The experimental set-up used for the investigation of the proposed tomographic
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Fig. 5.1.3. The investigated 6 mm thick stainless steel sample with artificial defects (a),
TCIS-3000 11-axis large industrial scanner (b), the experimental stand (c)

During the experimental measurements, the investigated stainless steel sample
was placed into the immersion tank filled with water and fixed on the turn table. The
sample was fixed via @5 mm through-thickness hole to the mounting base of
@115 mm. Thus, it can be assumed that an additional defect is situated at the centre
of the sample. The measurements through water minimise the acoustical contact
variation which is essential in the amplitude measurements. At the same time, water
acoustical coupling of the object ensures that practically only symmetric S, UGW
mode is excited in the presented stainless steel sample. Meanwhile, asymmetric A,
wave mode possess essentially higher leakage losses into the surrounding
environment and is suppressed. The excitation and reception of the UGW was
performed using the Panametrics-NDT ultrasonic immersion-type V318-SU
transducers with the central frequency of 450 kHz. The excitation of the transmitter
was performed by 400 V negative spike pulse and the gain of the receiving amplifier
was 65 dB. In order to acquire signals for tomographic projections, the transmitter
was manually attached to the edge of the sample using a specially developed holder.
The acquisition of UGW signals was performed by a receiver placed 70 mm away
from the investigated stainless steel sample at a fixed position. The measurement of
UGW propagation was performed by rotating a stainless steel sample around the z-
axis by 1° thus imitating receiver movement along the arc of the stainless steel sample.
181 signals were recorded at each transmitter position corresponding to the opposite
180° section of the investigated sample. Afterwards, the position of the transmitter
was changed by 5° and the scanning of the opposite 180° section of the investigated
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test sample was repeated. This procedure was repeated until all circumferential of the
test sample was covered by the position of transmitter. This way, the signals for 73
projections needed for tomographic reconstruction were acquired.

As an example of the signals acquired for one projection, the B-scan image is
presented in Fig. 5.1.4a. The signals were recorded at transmitter position of 0°. An
example of waveforms of the acquired UGW signals for different receiver positions
are presented in Fig. 5.1.4b. In order to determine the bandwidth in which UGW were
excited, the frequency spectra for acquired projection was calculated (Fig.5.1.5a). It
was estimated that UGW in the presented stainless steel sample were excited in the
frequency bandwidths of 90-300 kHz and 520-720 kHz. Additionally, the gap in the
presented frequency spectra at the 300-520 kHz bandwidth is observed, which
corresponds to the strong dispersion zone of the symmetric S, UGW mode

(Fig. 5.1.5b).
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Fig. 5.1.4. The B-scan image of UGW signals measured on the opposite side of the test
sample when the transmitter is located at ¢, ; = 0° (a) and the waveforms of the acquired
signals for the different receiver positions y (b)
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Fig. 5.1.5. Frequency spectra of the acquired signals (a) and the UGW phase (blue) and
group (red) velocity dispersion curves for a 6 mm thick stainless steel plate (b)
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Based on the previous analysis of literature and the experimental study, it can
be stated that only the front part of the acquired waveforms corresponds to the
propagating and the symmetric So UGW mode transmitted through the stainless steel
sample with artificial defects, because it possesses a higher propagation velocity and
should pass the test sample first; this part of the signal should be used for the
calculation of tomographic projections. Since the measurements were carried out
along the circumferential 180° section of the sample, the signal arrival time changes
with respect to the position of the receiver because of different paths of wave
propagation. Moreover, additional signal arrival time variation is conditioned by the
thickness reduction at the positions of defects, since the velocity of UGW is dependent
on the overall frequency-thickness product f-d. Therefore, to correctly select the signal
corresponding to the propagating symmetric So UGW mode, time variable window
was used. In order to set the boundaries of the time variable window, the signal arrival
time was extracted from the time series to set the starting position of the time window
boundaries. The algorithm proposed for time window calculation can be described as
follows:

1. Frequency spectra of the acquired measurement signal is calculated by using
the Fourier transform for each receiver position:

u2(f)=FTu ), (5.1.1)

where n=1-+ Ny, Ny —is the total number of transmitter positions;
k =1 +Ng., Ngc — is the total number of the receiver positions at which signals
were recorded.

2. The frequency spectrum is filtered with a special Gaussian filter with
predefined parameters:

URe(f)=UR(f)-H(f - f,), (5.12)
where H(f)=eX(=%f K:‘”A”f%f’, Af is the bandwidth of the filter

(Af =100 kHz), fy is the centre frequency of the filter (f, = 120 kHz). Filtering
was used to eliminate the component of high frequency signal from the time
series occurring before the component of lower frequency signal at some
positions of transmitter and receiver, which could result in incorrect setting
of front boundary of the time variable window.

3. The filtered signals were reconstructed using the inverse Fourier transform:

uf elt)=FT L1 (5.13)

4. The front boundary of the time variable window was determined by
measuring time-of-flight using the zero-crossing technique [174, 175] of the

filtered ultrasonic signals uQiF(t). According to this method, the first point is

detected where the received signal ul’(‘,F(t) exceeds the threshold level U, :

t :min{arg[uQ,F(t)>ULJ}, (5.1.4)
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ths = maxrglufe(t) = 0], th i <t (5.15)
where t[', is the time instance at which signal ug ¢(t) exceeds the threshold

level U, tl"ka is the estimated zero-crossing time moment of the signal

uge(t).
5. The second boundary of the variable time window was set by adding a fixed
value At,, of the window width to the t,,;

th,k :tFW,k +Atw . (516)

During the analysis of the experimentally measured signals, the width of the
time window Aty was set to 55 ps, which corresponds to the time interval it takes for
the symmetric S, UGW mode to pass twice the distance in water between the receiver
and the stainless steel plate. Such width of the time window was set in order to
eliminate the occurring multiple reflections in the gap between the test sample and the
receiver. The example of the experimentally acquired B-scan image with denoted time
variable window boundaries is presented in Fig. 5.1.6a and the frequency spectra of
the acquired UGW signals within the boundaries of time variable window are
presented in Fig. 5.1.6b. The frequency spectra show that during the experimental
research, the UGW in the investigated 6 mm thick stainless steel sample were
basically generated at two frequency ranges — 100-275 kHz and 550-750 kHz. A
generic characteristic of the frequency spectra was similar to all measured projections.
The figure indicates that the higher frequency signal components were acquired at the
narrower 100-120° opposite section of the sample. It follows that by performing
tomographic reconstruction at higher frequencies, reliable reconstruction results are
only possible at the reduced size sub-volume limited by two outermost rays as the fan
formed by single transmitting transducer. On the basis of the results, it was decided
to perform tomographic reconstruction in the frequency range of 100-275 kHz.
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Fig. 5.1.6. The B-scan image of the experimentally acquired UGW signals with denoted

boundaries of time variable window (a) and the frequency spectra of the acquired signals
within the boundaries of time variable window (b)
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Since the spatial resolution and sensitivity of the ultrasonic measurements
depend on the wavelength of incident wave frequency, a filtering method was applied
to the experimental data taken within the boundaries of time variable window to
distinguish the signal components with the highest amplitude. The filtering was
performed according to the equations 5.1.1-5.1.3. The centre frequency f,, of the
applied Gaussian filter was set to 110 kHz, 200 kHz and 240 kHz, respectively. The
bandwidth Af of the filter was 50 kHz in all cases. The example of the calculated
projections at different centre frequency of Gaussian filter f, and different transmitter
positions are presented in Fig. 5.1.7.
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Fig. 5.1.7. The distribution of the transmitters and receivers when the transmitter is located
at grr1 — 0°, @2 — 45°, o153 — 90° (a), the variation of the measured projections when the
centre frequency of the applied Gaussian filter is 110 kHz (b), 200 kHz (c), 240 kHz (d) and
the transmitter is located at 1 — 0°, 2 — 45°, 3 — 90°

The reconstruction of the special distribution of UGW attenuation in the
investigated stainless steel sample with artificial part-thickness depth defects was
carried out by applying the tomographic reconstruction method presented in the
previous chapter. To reduce the high frequency noise in the filtered projection which
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directly influences the quality of the reconstructed image, the projections were filtered
using a corrected tomographic filter Hy.. During the processing of experimental data,
the cut-off frequency of the smoothing (low-pass) filter f, was set to 1/15f, ... The
frequency response of such corrected tomographic filter can be found in Fig. 4.4.1
(corresponds to the function defined as Hy). The reconstructed distribution of the
symmetric S, UGW mode attenuation at different (110 kHz, 200 kHz and 240 kHz)
central frequency of the applied Gaussian filter are presented in Fig. 5.1.8—-Fig. 5.1.10,

respectively.
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Fig. 5.1.8. The reconstructed distribution of the S, UGW mode attenuation in the
investigated stainless steel sample with artificial defects when f, = 110 kHz in the form of a
3D image (a) and a C-scan image (b)
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Fig. 5.1.9. The reconstructed distribution of the S, UGW mode attenuation in the
investigated stainless steel sample with artificial defects when f, = 200 kHz in the form of a
3D image (a) and a C-scan image (b)
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Fig. 5.1.10. The reconstructed distribution of the S, UGW mode attenuation in the
investigated stainless steel sample with artificial defects when f, = 240 kHz in the form of a
3D image (a) and a C-scan image (b)

In general, the experimental investigation demonstrates that different UGW
frequencies show different sensitivity to the artificially made defects because of the
dependency of direct spatial resolution on the wavelength. Furthermore, Fig. 5.1.8—
Fig. 5.1.10 present the increase of the attenuation in the middle of the stainless steel
sample. This increase is conditioned by the mounting base of @115 mm diameter on
which the sample is placed. The presented images imply that only weak traces of
diffracted waves around the small-diameter (@10 +~ @35 mm diameter) single circular
defects could be observed in the reconstructed S, UGW mode attenuation map.
Meanwhile, the reconstructed attenuation distribution of the larger ©100 mm,
©»200 mm and overall @200 mm diameter pit cluster defects possess the overall
attenuation character close to those presented in Fig. 4.5.6-Fig. 4.5.8. In this instance,
the mean value of attenuation enclosed by @100 mm defect is 42.7 dB/m, by
200 mm defect — 9.2 dB/m, by @200 mm pit cluster defect — 18.4 dB/m at 110 kHz
frequency. Meanwhile, at 200 kHz frequency, the mean attenuation values were: by
0100 mm defect — 41.7 dB/m, by @200 mm defect — 9.2 dB/m, by @200 mm pit
cluster defect — 29.9 dB/m. And at 240 kHz frequency the values were: by ¥100 mm
defect — 47.8 dB/m, by @200 mm defect — 9.2 dB/m, by @200 mm pit cluster defect
— 23.2.dB/m. The dB drop method was applied in order to perform 2D sizing of the
?»100 mm, ¥200 mm and overall @200 mm diameter pit cluster defects. The defects
were sized at -3 dB and -6 dB drop levels from the maximum indication value of
attenuation from the defect. A graphical representation of the estimated defect sizes
at different dB drop levels are presented in Fig. 5.1.11. The results of defect sizing at
-3 dB and -6 dB attenuation drop levels are presented in Table 5.1.1 and Table 5.1.2,
respectively.
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Fig. 5.1.9. Sizing of defects by dB drop method when the centre frequency of the applied
Gaussian filter: f, = 110 kHz (a), f, = 200 kHz (b), f, = 240 kHz (c)

Table 5.1.1. Defect sizing at -3 dB attenuation drop level

Defect diameter  Defect area A, Reconstructed defect area A, cm?
g, MM cm? at 110 kHz at 200 kHz at 240 kHz
200 314.16 61.78 193.12 132.05
100 78.54 38.26 32.08 25.25
200 (pit cluster) 314.16 53.87 39.53 132.23

Table 5.1.2. Defect sizing at -6 dB attenuation drop level

Defect diameter Defect area A, Reconstructed defect area A, cm?
degs MM cm? at 110 kHz at 200 kHz at 240 kHz
200 314.16 180.15 292.12 269.91
100 78.54 131.62 64.86 53.65
200 (pit cluster) 314.16 131.83 84.2 214.97

In this instance, the 2D sizing of defects shows that the overall sizing of the
defects is conditioned by the wavelength of the UGW. Despite the fact that low
frequency UGW can propagate longer distances in the investigated object, the use of
the higher frequency UGW allows more accurate sizing of the defect. Additionally,
the use of higher frequency allows to perform a reconstruction with higher spatial
resolution.

5.2  An experimental investigation of the scaled-down storage tank mock-up
using a limited number of projections

The purpose of this research is the experimental investigation of the symmetric
Sy UGW mode propagation in the 1:8 scaled-down storage tank mock-up and the
reconstruction of the spatial view of tank floor by applying the proposed tomographic
reconstruction algorithm. The experimental set-up scheme used for the investigation
of UGW propagation and the view of the scaled-down storage tank mock-up are
presented in Fig. 5.2.1 and Fig. 5.2.2, respectively.
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Fig. 5.2.1. The experimental set-up scheme for the investigation of UGW propagation in a
scaled-down storage tank mock-up

a) | b)
Fig. 5.2.2. The mock-up of the scaled-down storage tank (a) and the construction of the
storage tank floor (b)

The experimental investigation of the symmetric S, UGW mode propagation in
a scaled-down storage tank mock-up was performed by using a low-frequency
ultrasonic measurement system “Ultralab”, produced and manufactured in
Prof. K. BarSauskas’ Ultrasound Research Institute of Kaunas University of
Technology. The excitation of UGW in the presented scaled-down storage tank was
performed by using a low-frequency ultrasonic transducer operating in the thickness
mode and attached directly to the edge of tank floor by using a spring-type adjuster.
Glycerol was used as coupling material for better acoustical contact between the
transducers and the scaled-down tank. In order to have a smoother surface, the edge
of tank floor was prepared in advance by grinding. The excitation of UGW in the

119



presented scaled-down tank mock-up was performed by using 400 kHz frequency 3
periods rectangular pulse with the amplitude of 500 V. 158 receiver positions were
used at each transmitter position, corresponding approximately to the opposite 180°
sector of the storage tank floor. During the experimental measurements, 11 signals
were recorded at each receiver position in order to increase the reliability of the
measurements because the transducer used for the reception of UGW was manually
pressed to the edge of the storage tank floor and it was complicated to continuously
have a good and stable acoustical contact. The signals were digitised with a sampling
frequency of 100 MHz. The frequency range of the amplifier filter was 0.02—-2 MHz.
The positions of the transmitters during the experimental measurements along the
circumferential edge of the tank floor and the coverage of the scaled-down tank floor
are shown in Fig.5.2.3. During the experimental investigation, a total of 7
tomographic projections were acquired.

S X, m
a) b)
Fig. 5.2.3. The floor of the scaled-down storage tank with denoted positions (blue dots) of
the transmitters (a), all measurement directions and coverage of the tank floor (b)

The projection in the UGW transmission tomography is assumed to be the
distribution of attenuation versus the transmission direction or angle for one
transmitter position. At each position, the relative attenuation was measured from the
acquired signals. The other projections were acquired in a similar way, only the
transmitter was attached to the edge of the storage tank floor at different positions
with a step from the previous one and the measurements on the opposite side of the
tank in a corresponding 180° sector of the storage tank floor are performed. In general,
the tomographic reconstruction requires as many different projections as possible,
because the accuracy and resolution of the reconstructed images depend on the
number of observed projections and rays per projection. On the other hand, the
accuracy depends on the wavelength of the propagating symmetric S, wave mode and
the optimal number of projections should be determined for each case.

In our research, it was stated that only the front part of the acquired waveforms
corresponds to the propagating and transmitted through the storage tank floor
symmetric S, UGW mode, because it has a higher propagation velocity and should
pass the tank floor first, and this part of the signal should be used for the calculation
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of tomographic projections. To distinguish the signal part corresponding to the
propagating symmetric S, wave mode a time variable window, which was presented
in section 2.5 and defined with equations 2.5.3 and 2.5.4 was used. The maximum
amplitude of the symmetric S, UGW mode signal within the ranges of the time
window was calculated according to equation 2.5.5, as well. An example of the
experimentally obtained B-scan image with denoted time window boundaries tw: and
twz2 Necessary to select the symmetric S, UGW mode and the amplitude distribution of
the S, wave mode within the boundaries of time variable window for a single
experimentally obtained projection are presented in Fig.5.2.4 and Fig. 5.2.5,
respectively. By comparing the experimental results with the 3D modelling (presented
in Section 2.5) of UGW propagation in the scaled-down storage tank, it could be seen
that the S, UGW mode transmitted through the scaled-down storage tank floor shows
a similar manner of amplitude distribution along the circumferential edge of the tank.
At the same time, it proves that the amplitude of the waves transmitted through the
storage tank floor are strongly dependent on the number of welds, and the strongest
signals are expected at the positions with fewer weld seams in direct wave propagation
path.

-4
4><10

100 150 200 250 % 60 30 o 3 60 90
t, us

a) b)
Fig. 5.2.4. The experimental B-scan image of UGW signals measured at one position of the
transmitter and receivers for a single projection (a), amplitude change of the symmetric S,

UGW mode within the boundaries of time variable window (b)

y, m 05 -05

Fig. 5.2.5. The amplitude distribution of the symmetric S, UGW mode along the
circumferential edge of the tank floor for a single projection
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Before reconstruction, each of the experimentally measured projections were
filtered according to the requirement of tomographic reconstruction. At the last step,
back-projection of each projection was performed in the virtual storage tank floor
plane and the back-projections obtained from the data acquired at different transmitter
positions were integrated. As it was described in the previous section, the data
acquisition was performed along the circumferential edge of the tank floor by using
158 receiver positions and a total of 7 tomographic projections were acquired. From
this point, the measurement data do not create a very fine net of storage tank floor
coverage. To compensate for this shortcoming and to simplify the implementation of
the back-projection procedure, a parameter called virtual beam width dpean Was
introduced. The introduced beam width in the back-projection means that the back-
projection was performed not only along the line between the transmitter and receiver,
but in the area limited by lines parallel to the line transmitter/receiver and situated by
+dneam/2 from it. A graphical interpretation of the virtual beam width is presented in
Fig. 5.2.6.

05 R Ray path |
0.4 1 0.04 ‘

0.3 T oot

B N, N
3 N\l

Tank floor i

0.1 o0 -0.04F
' edge
0.2
-0.06F Tank shell
0.3
Weld seam
04 | -0.08
051, L 0.4 0.45 05 0.55
0.5 0 0.5 ; X, m !
D 2

Fig. 5.2.6. A graphical interpretation of the virtual beam width doeam

The weighting coefficient K, depending on the distance from this line was
introduced also. This coefficient can be expressed as:

dbeam _dP if dbeam > dP
Kg=1 2 2 , (5.2.1)
0 otherwise

where d; is the distance between a point on the virtual reconstruction plane and the
line transmitter/receiver under analysis. The image obtained with a relatively wide
beam is presented in Fig. 5.2.7a. The large areas of higher attenuation can be observed
in the reconstructed image (Fig. 5.2.7a). However, in this image overly complicated
to find a relation between increase of attenuation with the weld position. The
reconstructed images of the storage tank floor presented in Fig. 5.2.7b—Fig. 5.2.7d
with a narrow beam width show that separate measurement lines could be seen, but
analysis is very complicated. However, some correlation with the welds in the storage
tank floor could be observed. The mismatch in the position can be explained by the
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errors in the measurement of the transducer positions around the circumferential edge
of tank floor.

AR

0.5

0.5

d)

Fig. 5.1.7. The reconstructed relative distribution of the attenuation of the S, UGW mode
propagating in the tank floor from the experimental data when: dpeam1 = 0.075 m (a),
Obeam.2 = 0.05 m (b), dpeam3 = 0.025 m (), dbeam,4 = 0.0125 m (d). The red areas correspond to
the areas with an essentially higher attenuation. The blue lines represent the positions of
welds.

The experimental investigation of UGW propagation through a scaled-down
storage tank mock-up demonstrates that the proposed tomographic reconstruction
technique enables to reconstruct the spatial distribution of the attenuation of
symmetric S, guided wave mode. However, the relatively small number of
experimentally acquired projections needed for tomographic reconstruction and a
relatively big step between the adjacent receiver positions lead to insufficient
resolution and inaccuracy to recognize the exact positions of all welds and enable to
reconstruct only large areas with higher attenuation. Nevertheless, the correlation of
higher attenuation areas with the expected positions of welds can be observed.
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5.3 Metrological evaluation of the measurement method

In general, the measurement uncertainty is determined in accordance with the
selected measurement process model. The measurement results of defects and their
parameters, such as attenuation, measurement in the storage tanks are influenced by
various sources of uncertainties where most of the following arise from [176, 177]:

e an incomplete definition of the measurand; the instability of the measured
parameter in changing environmental conditions during the measuring
process;

e inadequate knowledge of the effects of errors in the environmental conditions
on the measurement process;

e approximations and assumptions incorporated in the measurement method
and procedure;

e operator’s influence due a lack of knowledge, preparation and inadequate
selection of measurement conditions, etc.

In general, the mathematical model for uncertainty estimation is a function of
several input quantities showing how the measurement result is obtained from the
input quantities. If the input quantities are designated as X;, X,, ..., X, then the
functional relationship between the measurement result y and the input quantities x;
(i =1+ n) could be defined according to equation 5.3.1:

y= (X, X000 Xy ). (5.3.1)

The function f determines the measurement procedure and refers how the output
values y are obtained from the complex of input values x;, X,, ..., X,. Depending on
the method used to estimate the numerical values of uncertainties, the input values of
the uncertainty are grouped into two categories — type A and type B. A type A
uncertainty is an estimate derived from statistical analysis of the experimental data,
whose values are obtained after repeated measurements. A type B uncertainty estimate
is an estimate obtained from external sources that are known or determined on the
basis of long-term experimental experience, taken from a handbook, extracted from a
calibration report, etc.

For this instance, the experimental investigation of attenuation distribution
reconstruction in the specially developed stainless steel sample with artificial defects
and in the scaled-down storage tank mock-up refers to the A type uncertainty source,
for which statistical analysis is performed. Typically, in tomographic reconstruction
such analysis is based on calibrated work-pieces by a series of repetitive
measurements under the same or similar conditions. However, in practice, such
procedure is time-consuming, since the presented experimental acquisition of
projections needed for tomographic reconstruction was performed manually changing
the position of the transmitter. For this instance, the numerical modelling results on
the tomographic reconstruction based on the tank floor model developed in the case
of different angular object sampling (the number of receiver and transmitter positions)
and used filter function were presented in Section 4.4.

In measurement systems based on the use of UGW, the main type B standard
uncertainty sources which have an impact on the measurement results are:
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variations of alignment between transducers and the plate (acoustical contact
variation);

amplitude variation due to transducer directivity;

spatial variations of acoustical properties of the object (longitudinal velocity
c., shear velocity cg, density p);

the UGW frequency variations resulted from wave dispersive properties;
object thickness dz changes, which directly influence the dispersive properties
of ultrasonic waves;

diffraction, reverberation and attenuation of UGW;

influence of the conditions in the surrounding air: temperature T, humidity H
and pressure P;

object temperature T influence;

signal quantification Q and discretisation steps AT;

electrical noises N, influenced by the amplification cascades and lead
connections.

The next assumption for the estimation of measurement uncertainty was that

there are no correlations between different uncertainty sources and the sensitivity
coefficient W, = 1 is valid for all cases. The sensitivity coefficient W; shows what
influence each uncertainty source has on a standard combined uncertainty and the
assumption W; = 1 gives the worst case of uncertainty. In this regard, the estimated
uncertainty is the largest.

Since UGW are propagating long distances in a noisy environment, some of the

uncertainty sources in the measurements could be neglected because they have a
negligible effect on the measurement results. Those components are:

Quantification step Q, in the case of 10-bit ADC converter and 1 V reference
voltage is Q = 976 uV, so the quantization error was equal to half of the
quantum (Q/2 = +488 uV). However, if the measurement signal is averaged
(in experiment 8 times), the number of quantum could be obtained by using
equation 5.3.2 [178]:

1

where bapc — ADC converter bit number, by — noise level in bits (1 bit at
least), N — number of the quantization levels. This ensures that in a 10-bit
ADC converter and signal averaging, the number of quantum becomes
equivalent to a 14-bit converter. In this case, the quantization step becomes
Q =61 uV and by considering rectangular distribution law, the lowest error
value is equal to Q/Z\/§, or approximately 17.6 uV. In the case of signal
discretisation, at the sampling frequency of 100 MHz, the discretisation of the
signals is performed in the time periods of 10 ns. By taking into account the
rectangular distribution law, the lowest error value is equal to T/Z\/§, or
approximately 2.9 ns.

125



5.4
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The influence of the electrical noise in the amplifier and the overall circuit N,
is random and, in most cases, can be reduced by averaging the ultrasonic
signals. In our case, the averaging of the 16 signals at each position of the
receiving transducer was used. This reduces random noise roughly by 4 times.
The experimental measurements of UGW propagation were performed at
room temperature (20°C + 2°C). Using the immersion measurement method
at sufficiently short interval of time, the uncertainty of temperature change is
quite small and may be neglected. The influence of humidity and pressure
was not studied, because the experiments were carried out in a controlled
laboratory environment and the influence of those parameters on the
measurement results may be neglected as well.

The mechanical parameters of the plate give the effects on the variations of the
guided waves velocities. Additionally, standard uncertainties caused by the changes
in the object mechanical parameters (such as density, Young modulus, Poisson’s ratio)
can be calculated by making certain assumptions. For this purpose, the S, wave mode
velocity was calculated by changing the particular parameters of the plate.

1)

2)

3)

Conclusions of the Chapter 5

The experimental investigation on the scaled-down storage tank mock-up
demonstrated that the projections estimated from the acquired signals
coincide with the losses presented in the previous section of the work. It was
observed that the overall losses of the signals transmitted through tank floor
are strongly influenced by the number of welds in the wave propagation path,
thus allowing signals with the higher amplitude to be observed in sections
with less number of welds.

The reconstruction of the attenuation distribution in the storage tank mock-up
using the developed method reveal some areas with higher attenuation, even
in the case of limited number of projections, which coincide with the cross-
section of the welds in the tank floor.

It was also shown that in large areas with reduced wall thickness the losses
are mainly caused on the boundaries of the zones and this can be observed in
the reconstructed images and the losses can be estimated from the
reconstructed data.



GENERAL CONCLUSIONS

1.

The analysis of literature has shown that all previous methods for detecting
defects and measuring their parameters inside a storage tank allows to detect
the defects only locally and are time-consuming procedures, since they
require the tank to be emptied and cleaned before inspection could be
performed. The only technique which enables to inspect or at least assess the
corrosion level of a tank is the technique based on the application of UGW
together with ultrasonic transmission tomography. The analysis has shown
that this technique has a potential to obtain the 2D map of general corrosion.
The technique based on UGW transmission tomography was developed,
enabling to measure the attenuation of guided waves in the storage tank floor
and their spatial distribution. The reconstruction of the true values of
attenuation was achieved by introducing an additional stage into the
reconstruction algorithm based on optimization.

The proposed ultrasonic transmission tomography algorithm was verified
using the developed tank floor model, which enables to consider the average
attenuation in plate, attenuation in the corroded areas and losses on the weld.
The results obtained using the developed model demonstrate that the 2%
mean relative error of true value of attenuation spatial distribution
reconstruction is achievable in plates with no weld. Meanwhile, in the tank
floor with welds, the mean relative error increases to 7% in the reconstruction
of true value of attenuation. Such increase of relative reconstruction error
could be explained by the sharp attenuation profile change at the intersection
of corroded areas and welds.

The investigation using a 3D model of the scaled-down storage tank has
demonstrated that there is no essential increase of losses in the case of UGW
propagating under an angle with respect to the weld. However, the angle of
the opposite side of the tank at which the guided waves can be received is
limited approximately to 180° due to the arrival of stronger waves directly
through the tank wall. The simulation results prove that the main propagation
losses occur on the welds of tank floor and because of the wave diffraction.
In this regard, by considering the real size of the storage tank, the probable
propagation distance of UGW is limited to 20-30 m.

The finite elements modelling has demonstrated that the transmission losses
of the symmetric S, wave mode on lap weld vary in the ranges from 1 dB to
8 dB per weld depending on the ratio between the width of the lap joint Al
and wavelength 4. It is very important for practical application that additional
bonding caused by corrosion can essentially reduce transmission losses. This
explains the difference between the assessed attenuation by modelling and
measurements on a real tank carried out during the earlier investigations.
The developed ultrasonic transmission tomography technique for measuring
the attenuation was verified experimentally. Two types of experimental
investigation have been carried out and have shown that:
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2)

b)

the experiments on a specially developed stainless steel circular sample
with different artificial defects have demonstrated that in large areas
with reduced wall thickness the losses mainly are caused on the
boundaries of the zones and this can be observed and estimated in the
reconstructed images. The resolution and sensitivity investigation has
demonstrated that the defects comparable to the wavelength of incident
wave could be observed and their values reconstructed by the proposed
method.

the experiments carried out on the scaled-down storage tank mock-up
floor have proven the modelling results and demonstrated similar
regularities of wave propagation under the angle with respect to the weld
and 180° angular limit for acquisition of tomographic projections.
Herewith, the limited number of acquired projections enabled to
reconstruct only large areas with higher attenuation which coincide with
the cross-section of the welds in the tank floor.
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