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Abstract

®

CrossMark

This paper investigates the application of highly nonlinear solitary waves as a nondestructive
evaluation method to detect localized corrosion in metallic structures. An experiment was
conducted by using chains of monoperiodic particles in contact with a steel plate subjected to
localized accelerated corrosion. A few damage-sensitive features were extracted from the time
waveforms and fed into a multivariate statistical analysis to enhance the sensitivity of the
proposed non-invasive monitoring approach. The experiment was complemented by a finite
element model to quantify the effects of localized corrosion on certain features of the solitary
waves propagating along the chain. Both the numerical and the experimental results show that
the solitary waves reflected at the chain-plate interface are affected by the presence and
progression of corrosion. Furthermore, the multivariate statistical analysis improved the
sensitivity of the proposed approach. In the future, the proposed method may be implemented in
those applications in which high temperature or radioactive environments are detrimental for the

use of piezoelectric based ultrasonic testing.

Keywords: nondestructive evaluation, highly nonlinear solitary waves, outlier analysis, localized

corrosion, finite element methods

(Some figures may appear in colour only in the online journal)

1. Introduction

Corrosion affects many engineering structures worldwide. For
example, pipelines subjected to high temperatures in power
plants and petrochemical industries are vulnerable to wall thin-
ning corrosion and erosion-corrosion, which may lead to leak-
age and explosion. According to the U.S. PHMSA, in the last
20 years, nearly 6 000 incidents in pipelines have been repor-
ted in the U.S., causing more than 290 deaths and about $10
billion in damage. Nearly 30% of these incidents were caused
by corrosion [1]. Corrosion was also a significant contributing
factor in about 20% of accidents in refineries in Europe [2].
Therefore, regular inspection and maintenance of pipelines are
crucial to ensure safety and prevent adverse consequences for
the economy and the environment.

Several nondestructive evaluation (NDE) methods exist for
corrosion detection in pipes. The most important ones are
ultrasonic testing [3—9], infrared thermography [10-12], and
pulsed eddy current [13—17]. Although these methods have

1361-665X/20/085051+15$33.00

been proved effective in detecting corrosion and wall thin-
ning. They may be limited by the operating temperature of the
pipelines, which force scheduled temporary shutdowns. For
example, ultrasonic testing is not applicable at high temper-
atures because piezoelectric transducers, used to generate and
detect the ultrasounds, are depolarized at temperatures higher
than the Curie temperature (about 250 °C). Besides, the dif-
ference of the coefficient of thermal expansion at the inter-
face between the transducer and the structure being inspected
may cause noise or false positives. Therefore, there has been an
increased interest in developing ultrasonic transducers that can
be operated at high temperatures. These transducers use piezo
materials like bismuth titanate and lithium niobite, which can
operate up to 550 °C and 1 000 °C [18-22], respectively. How-
ever, the sensitivity of these piezo materials decreases over
time [23]. Some researchers have proposed non-contact sys-
tems such as EMATSs [24] and lasers [25, 26]. These solu-
tions may have lower efficiency than conventional piezoelec-
tric transducers or are too expensive to warrant widespread

© 2020 IOP Publishing Ltd  Printed in the UK
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usage. A recent development was proposed by Cegla et al
[23], who introduced a system in which thin waveguides sep-
arate the vulnerable piezo from the high-temperature area to
be inspected [8, 23].

In the study presented in this paper, we propose an alternat-
ive NDE approach that can also be used for the 24/7 monitor-
ing (structural health monitoring approach) of pipes and metal-
lic structures, in general. The method relies on the propagation
of highly nonlinear solitary waves (HNSWs) generated and
propagating in an array of closely packed particles interacting
via nonlinear contact forces under zero or weak precompres-
sion [27-37]. The overall principle of the proposed approach
is schematized in figure 1. One end of an array of identical
spheres is in dry contact with the structure to be inspected. An
incident solitary wave (ISW) is generated at the opposite end
of the chain and propagates along the array toward the sur-
face of the structure. At the interface between the chain and
the structure to be monitored, most of the acoustic energy car-
ried by the ISW is reflected back, giving rise to one or two
reflected solitary waves, typically referred to as the primary
and the secondary reflected solitary waves (PSW and SSW).
The main research hypothesis investigated in this study is that
the characteristics of the reflected waves, and in particular of
the PSW, are significantly affected by the amount of corrosion
in the metallic structure being monitored.

Many researches showed that the amplitude and the arrival
time of the reflected solitary waves depend on the mechan-
ical and geometric properties of the adjacent structure/material
[29, 37-48]. For example, Yang et al studied numerically, ana-
Iytically, and experimentally the reflection of HSNWs at the
interface between a chain of particles and a large thin plate, and
found that the amplitude and the arrival time of the reflected
waves are affected by the plate thickness, the particles size, and
the boundary conditions at a critical distance from the plate
boundaries [49]. Kim et al proved experimentally and numer-
ically that solitary waves are effective at detecting delamina-
tion in a carbon fiber reinforced polymer composite plate [41].
A numerical study on the interaction of HNSWs with compos-
ite beams showed that solitary waves can be used to evaluate
the directional elastic parameters of composites [S0]. Others
reported that the method is effective in detecting subsurface
voids [48], and assessing the quality of adhesive joints [39, 40],
composites [41, 44, 50, 51], orthopedic and dental implants
[42, 52]. Other applications include but are not limited to the
measurement of internal pressure in tennis balls [S3-55] and
the measurement of axial stress [56, 57].

As a term of comparison between the proposed method
and conventional ultrasonic testing through-thickness meas-
urements, the chain of particles represents the ‘pulse-echo’
transducer that acts as a transmitter of solitary waves and
as a sensor for the same waves. If the particles are made of
thermally insulating material, they act as a buffer between the
structure and the sensing system embedded in the array. As
such, a solitary wave-based NDE offers several advantages
over classical NDE methods, including simplicity, low cost,
and portability.

In order to establish the proposed HNSW-based method
for detecting localized corrosion in metallic structures, it is

essential to understand how these waves interact with pristine
and corroded plates. Although there is a limited number of
studies about the interaction of HNSWs with pristine plates,
the interaction of HNSWs with damaged plates has not been
investigated before. This paper aims to fill this gap of know-
ledge by presenting a numerical and an experimental study
on a thin plate subjected to localized corrosion. The numer-
ical analysis consisted of a coupled discrete/finite element
model. The finite element model relied on the classical plate
theory while the dynamic interaction between the granular
chain and the plate was analyzed using the Hertz model. The
experimental study consisted of monitoring localized corro-
sion in a steel plate with HNSW transducers. Ultrasonic test-
ing was added to the experiment to compare corrosion mon-
itoring results obtained from the HNSW-based method and
conventional bulk ultrasonic testing. Both the numerical and
experimental results demonstrate that HNSWs are affected by
the propagation of localized corrosion in the plate. The results
are discussed with respect to previous studies on the impact
of spheres on plates [58—63]. To enhance the sensitivity of
the method an outlier analysis (OA) was applied to the sol-
itary wave data. OA is a novelty detection method that estab-
lishes whether a new configuration of the system being mon-
itored is discordant or inconsistent from the baseline config-
uration, which consists of an existing set of data (or patterns)
that describe the normal operative conditions. OA was applied
in SHM for detecting structural damages in vibration analysis
[64—68], ultrasonic guided waves [69-73], and HNSWs-based
NDE [74].

This paper is organized as follows: section 2 describes the
experimental setup. Section 3 presents the numerical model
implemented here to study the application of HNSWs to detect
localized corrosion in steel plates. The results obtained from
the experimental and numerical studies are presented and dis-
cussed in section 4. Finally, section 5 ends the paper with some
concluding remarks.

2. Experimental setup

The overall experimental setup is shown in figure 2. A
609.6 mm x 609.6 mm x 6.35 mm steel plate was half
immersed in a 3.5% NaCl solution to induce accelerated cor-
rosion through a conventional electrochemical corrosion pro-
cess [3, 23, 75]. A copper sheet (electrode) was immersed in
the solution and 10 V were applied between the steel and the
copper plates using a DC power supply. The test specimen and
the electrode were connected to the positive and the negative
pole of the power supply, respectively. An oxygen diffuser was
placed in the solution to increase the corrosion rate.

To induce localized corrosion, the wet face of the plate was
covered in advance with corrosion resistant tape, and three
square-shaped tape cores were removed with a cutter to expose
the metal to the NaCl solution. The locations of these areas are
labeled as A, B, and C in figure 2(b). One pulse-echo ultrasonic
transducer (model Olympus DHC713) and two solitary wave
transducers were placed on the dry side of the test specimen
right above the areas A, B, and C, respectively, as summarized
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Figure 1. Scheme of the proposed NDE/SHM system. A chain of spheres is located above the metallic structure to be inspected. A solitary
pulse (the incident solitary wave: ISW) is induced in the chain by the mechanical impact of the striker with the chain. The ISW reaches the
surface of the metallic structure and is partially reflected back as the primary reflected solitary wave (PSW) to the chain. The research
hypothesis investigated in this paper is that the shape, amplitude and time of flight of the PSW are monotonically dependent on the thickness

of the metal.

Table 1. Monitoring positions, methods, and the size of localized
corrosion area under each transducer.

Monitoring Position =~ Monitoring Method Corrsion Size (mm)

A Ultrasonic transducer 25.4 x 25.4
B HNSW transducer 254 x 254
C HNSW transducer 50.8 x 50.8
D HNSW transducer Pristine

in table 1. A third HNSW transducer was positioned on a part
of the plate, protected by the tape. The position of this control
HNSW transducer is labeled with the letter D in figure 2(b),
and listed in table 1.

Each HNSW transducer (figure 2(c)) consisted of an array
of eight 19.05 mm 28.2 gr spheres. All the particles except the
top one (striker) were made of non-ferromagnetic stainless-
steel (type 440 C, elastic modulus £ = 200 GPa and Pois-
son’s ratio v = 0.28). Solitary waves were generated by lift-
ing and releasing the ferromagnetic striker from a height of
5 mm. For this purpose, commercial electromagnets (Uxcell
12 V DC) were connected to and controlled by a National
Instruments PXI running in LabVIEW. The repetition rate
was set to 0.25 Hz, meaning that solitary pulses were gen-
erated every 4 s. The solitary wave force profiles were
recorded by a sensor disk positioned in the middle of the
chain between the fourth and the fifth particles. The sensor
disk was made of a lead zirconate titanate (PZT) wafer,
embedded between two 19.05 mm diameter, 6.05 mm thick
disks. The PZT was insulated from the metal using Kapton
tape.

The overall experimental setup is shown in figure 3. The
specimen was monitored for about 350 h, and the areas
subjected to localized corrosion were inspected on average

every hour. The monitoring intervals were shorter (30 min)
during the initial portion of the experiment to provide a large
baseline dataset for the statistical analysis. Each set of meas-
urements included one ultrasonic signal recorded with the
ultrasonic transducer and ten solitary wave signals taken with
each HNSW transducer. The HNSW waveforms were sampled
at 10 MHz while the ultrasonic signals were sampled at
100 MHz.

Around 270 h from the start, a through-thickness hole was
detected at B, i.e. at the center of the plate (figure 4(a)). A
close-up view of such defect is shown in figure 4(b). To prevent
the free fall of the particles, the monitoring of this defect was
terminated, but the experiment continued until a new through-
thickness hole appeared close to location C (figure 4(c)). At
the end of the experiment, the plate was removed from the tank
and the protection tape was removed. Figure 4(d) presents the
immersed face of the specimen: the presence of three pits is
evident. For convenience, a close-up view of area C is shown
in figure 4(e).

3. Numerical modeling

In the study presented in this paper, the dynamic interaction of
HNSWs with a thin plate was numerically investigated using
a discrete element (DE) model combined with a finite ele-
ment (FE) analysis, all implemented in MATLAB®. The DE
model simulates the propagation of HNSWs along the granular
array, while the FE model describes the wave propagation in
the plate. The two models were integrated at the contact point
between the last particle of the array and the plate, as shown
in figure 5(a).
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and D are monitored with highly nonlinear solitary wave transducers. (c) Scheme of the HNSW transducer.
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Figure 3. Photo of the overall experimental setup.

The DE model simulates the chain of particles as a series
of point masses connected by nonlinear springs and dashpots
(figure 5(b)). The interaction between two adjacent particles
is modeled based on the Hertzian contact law as: F = Aéi/ 2,
Here, the contact force F is proportional to the deformation ¢§
of the diameter connecting the centers of the interacting beads
through the stiffness coefficient A. The subscript 4+ denotes
the operator max (J, 0) to indicate the absence of interac-
tion force between two particles when they are separated from
each other. For a chain of N identical spheres, the equation of
motion of each particle is as follows:

mil; = A;_1 i [ui—1 — Mi]3+/2 —Aigr,i[ui — Mi+1]i/2
i [l — ] [y — ] | — i [ — ]

i — uip1], +mg )]

where m is the mass of the particle, g is the gravitational accel-
eration, and u; and i; represent the displacement and the velo-
city of the i particle, respectively. As shown in figure 5(b),
uny1 represents the displacement of the plate at the contact
point. The coefficient A; ;1 is the contact stiffness between

the i and the i 4 Ith particles:

R i=1:N—1,
Aiit1 = 4k [(1-2) | (1-%?) . ()
3 | T B L, i=N.

According to equation (2), the stiffness constant is a func-
tion particles radius R, the Poisson’s ratio v, and the
elastic modulus E of the particles and the plate. The sub-
script b indicates the properties associated with the beads,
whereas the subscript p indicates the plate. Dissipation
was introduced with the coefficient v;;+; (i = 1:N-1)
and set equal to 4.5 N.s.m™! in agreement with previous
studies [38, 76]. The energy dissipation coefficient at the
chain-plate interface (v;;+ ;) was set to 34.05 N.s.m~!
as reported in [38]. The FE and DE models were linked
at the interaction point by sharing the relative nodal
displacements.

The plate was meshed into 9216 elements (96 elements
along each edge). As shown in figure 5(a), a finer mesh
(0.1 mm x 0.1 mm) was used near the interaction area between
the plate and the granular chain to enhance the accuracy of
the numerical results, whereas the element size along the
edges increased with the distance from the plate-array inter-
face in order to save computational time. The mesh refine-
ment was determined based on a preliminary convergence test
that showed that a further increase of the mesh density did not
change significantly the properties of the solitary waves and
the plate deformations. It is noted here that a similar refine-
ment pattern was used in a numerical study on the detec-
tion of delamination in composite beams using HNSWs [41].
Figure 5(c) shows a 20 mm x 20 mm element, located at the
middle of the plate around the interface of the plate and the
chain. The FE analysis was based on the Reissner-Mindlin
plate theory in which the plate can be represented by its mid
surface (figure 5(d)). Each element of the mesh (figure 5(e))
consisted of four nodes, and each node had three degrees of
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Figure 4. Localized corrosion defects in the steel plate. (a) Top surface of the steel plate with a through-thickness hole detected in the
corrosion area B. (b) A zoom in of the corrosion defect in the corrosion area B. (¢) Through-thickness holes detected in the corrosion area C.
(d) The corroded surface of the steel plate after removing the corrosion protection tapes. (e) A zoom-in view of the corrosion area C on the

corroded surface of the steel plate.

freedom: transverse deflection w, rotation about the x-axis 0,
and rotation about the y-axis 6.

With h representing plate thickness and p,, representing the
density of the steel plate, the stiffness matrix k, of each ele-
ment is given as [77]:

3
ke= [ B cB'aA + [rn[B?) eBOIA.  (3)
Al2 A

The first and second terms in equation (3) represent the
bending and shear stiffness, respectively. The strain matrices
B! and B depends on the element shape functions and their
derivatives [77]. The parameter x represents the shear cor-
rection factor for rectangular cross-sections equal to 5/6. The

material matrix c is given by:

1 w 0
E P
L0 0 (1-vy)/2
Also, the material matrix ¢ is defined as:
E, 1 0
°‘Y‘1+Up[0 1} ®

In this study, the plate element stiffness matrix, k., was cal-
culated by integrating equation (3) numerically using 5 x 5
Gauss points of integrations. Similarly, the element mass mat-
rix, m, was calculated by numerical integration:

m, = [NTINd4, (6)
A

where N represents the shape function matrix as presented in
[77], and I is given by:

ph 0 0
I=| 0 ph3/12 0 . )
0 0 poh’/12

In the numerical simulation, the plate was simply suppor-
ted along the four edges, and the elastic properties of the
steel plate and the steel particles were as E = 200 GPa,
v = 0.3, and p = 7 800 kg.m~3. The localized corrosion

defect was modeled at the midpoint of the plate by redu-
cing the thickness % of the plate elements from the baseline
value of 6.35 mm. The dynamic response of the system was
calculated by solving the nonlinear equations of motion in
MATLAB using the solver ode45. The solitary wave profile
at the sensor particle was obtained by averaging the inter-
action forces between the sensor particle and its adjacent
particles [32, 50].

To validate the accuracy of the aforementioned model,
a second modeling approach was implemented. A coupled
DE/FE was modeled in ABAQUS/Standard as discussed in
[50]. Figure 6(a) presents the scheme of the model. Due to the
two symmetry planes in the problem, only one quarter of the
geometry was modeled. The propagation of the solitary waves
in the chain was simulated using a DE model. The chain of
particles was modeled as eight mass points of mass m/4, inter-
acting with nonlinear axial connectors. The nonlinear connect-
ors were defined such to resemble the Hertzian contact law
and the damping in the chain as depicted in figure 5(b). The
nonlinear stiffness of the connectors was equal to A;; +;/4 for
i = I:N-1 in equation (1) since only one quarter of the geo-
metry was modeled.

The last particle in the chain and the plate were modeled
as deformable solid parts, and their geometric and mechanical
properties were identical to those used in the previous model.
The plate was simply supported along two edges, and the sym-
metry boundary conditions were applied on all the nodes on
the two planes of symmetry. Moreover, boundary conditions
were imposed on the point masses (ml to m8) so that they
could move only along the chain axis. The contact between the
last particle and the plate was modeled using the hard contact
interaction with frictionless tangential behavior. Both the plate
and the particles were meshed using 3D 8-node linear isopara-
metric elements (C3D8 in ABAQUS). As shown in figure 6(b),
the mesh size gradually decreases to 0.5 mm near the interface
of the particle and the plate to improve the accuracy of deform-
ations and stresses calculated at the interface.

The DE and the FE models were coupled by connecting
the last point mass in the DE model (m8) to the upper-
most node of the 3D particle using the nonlinear connectors
described earlier. To generate solitary waves in the model,
an impact velocity of Vj,, = 0.31 m.s™!' was applied to the
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Figure 5. Numerical model of the interaction between the granular chain and the plate. (a) The coupled discrete element (DE) and finite
element (FE) models integrated at the contact point between the array of particles and the plate. (b) Schematic of the DE model. (c) A
zoom-in of the mesh refinement pattern in a square of 20 mm x 20 mm in the middle of the plate. (d) The mid surface representing the plate
in the FE model and (e) the nodes and the degrees of freedom of each plate element.

Figure 6. ABAQUS model of the interaction between the granular chain and the plate. (a) The coupled coupled discrete element (DE) and
finite element (FE) models. One quarter of the model is stimulated due to symmetry. (b) Zoom-in view of the FE model meshing at the

interface between the chain and the plate.

first mass point in the chain (m1). The effect of gravity was
also considered by applying proper body forces to the plate
and the 3D particle. Also, concentrated forces of w = mg/4
were applied on each point mass in the chain. The nonlin-
ear equations of equilibrium were solved in ABAQUS/CAE,

and the particles displacement were extracted from the
numerical results. The solitary wave profiles at the sensor
particle were then calculated by averaging the interaction
force between this particle and its upper and lower adjacent
particles.
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4. Results and discussion

Figure 7 displays the experimental solitary waves recorded by
the HNSW transducers positioned above the areas B, C, and D.
Each waveform is the average of the ten measurements taken
at a given instant. The first pulse around 150 pus is the ISW
traveling towards the chain-plate interface. The amplitude of
this pulse is expected to remain constant regardless of the con-
ditions of the plate. The subsequent pulses represent the PSW
and SSW, respectively. For clarity, the arrival of the SSWs is
boxed in red rectangles. Figures 7(a) and (b) are relative to the
corroded areas B and C, respectively. They show a shift in the
time of arrival and a decrease in amplitude of the PSW after
measurement 150, i.e. about 75 h within the experiment. For
convenience, these sets are emphasized with the red circles.

The time of flight (ToF) of the PSW was calculated as the
difference between the ISW and the PSW peaks. The results
are presented in figure 8. The graphs relative to the corroded
area (figures 8(a) and (b)) show a moderate increase of the
feature with the progression of corrosion. On the other hand,
figure 8(c) shows that the ToF measured above the pristine
area D remains relatively constant throughout the experiment.
While the ToF associated with the pristine area was about
325 ps, the same feature measured under extensive corrosion
increased by about 10% (figures 8(a) and (b)).

To quantify a trend between ToF and the time, a 2nd order
polynomial regression was fitted to the experimental data
(dashed lines in figure 8). The 2nd order was used since the
numerical results (discussed later in the paper) show a non-
linear trend of the ToF with respect to the progression of
the corrosion. The coefficients of the regressions are similar
for the two transducers placed above the corroding areas
(figures 8(a) and (b)). Moreover, all regressions display that
ToF at the beginning of the experiment (7ime = 0 hr.) was
about 325 ps. This indicates little if no variation in the fabric-
ation and assembly of the solitary wave transducers.

Leveraging upon previous studies from the authors’ group,
the normalized amplitude of the PSW with respect to the
amplitude of the ISW (also referred to as amplitude ratio)
was computed, and the results are presented in figure 9. The
graphs show a 30% decrease of this solitary wave feature as
localized corrosion propagates in areas B and C. As the nor-
malized amplitude relative to area D remained mostly con-
stant (figure 9(c)), it can be concluded that this feature is
significantly affected by the presence of localized corrosion.
By looking at the coefficient of the 2nd order polynomial,
it can be said that under pristine conditions at 7ime = 0 hr,
about half of the incident acoustic energy is reflected back
as a PSW and this is consistent for all three transducers.
Also, the regression coefficients are nearly the same for the
two transducers above the corroding areas. The difference
in the x> coefficient is because corrosion propagated faster
at area B, resulting in a through-thickness hole in the plate
after 270 h.

To interpret the experimental findings, the effects of loc-
alized corrosion on the solitary wave features are approxim-
ated with the analytical Zener model [58], which describes the
impact of one sphere on a large thin uniform plate. This model

assumes that the impact is not perfectly elastic and part of the
kinetic energy of the impact is dispersed by the propagation
of flexural elastic waves in the plate [49, 58—60]. A coefficient
of restitution e, comprised between 0 and 1, is introduced and
defined as the ratio of the reflected to the incident velocity.
Zener [58] described the impact by coupling the equations of
motion of the plate and the sphere, leading to the following
nonlinear equation in term of the dimensionless time (7) and
dimensionless approach (o) [49, 58-60]:

d’c d\
i1+ =)oi=0
dr? + ( + dT) o ’

c=0
do/dr = 1 } at 7 =0, )

where the inelasticity parameter, ), is defined as:

1/10
() (2) el
43\ h Pp E,

—2/5
E, (1 - Vl%)
I+ Epy (1 —ug) ©)

Here, v;, denotes the incident velocity of the sphere while the
other parameters were introduced in section 3. The coefficient
of restitution e can be calculated by solving equation (8) for a
given \. Figure 10(a) presents the coefficient e as a function
of A calculated numerically by Zener [58] and more recently
by analytical approximations [60]. The solid line shows the
numerical solution, and the dashed line presents an analytical
approximation equation proposed for A < 1 [60]:

e~ exp(—1.6605)). (10)

Based on equation (9), as the plate thickness & decreases, the
parameter \ increases. Furthermore, figure 10(a) shows that
the coefficient of restitution decreases as the inelasticity para-
meter increases. Therefore, thickness reduction results in a
lower coefficient of restitution because more energy is dissip-
ated during the impact.

A unique characteristic of HNSWs is that their velo-
city V is proportional to Fy,"®, where F, is the max-
imum dynamic force between particles [27, 78]. It implies
that stronger pulses propagate faster. In addition, the velo-
city V is proportional to v,”°, where v, is the max-
imum particle velocity. Therefore, the normalized amplitude
of the PSW (AR) discussed in figure 9 can be expressed
in terms of the coefficient of restitution [49, 74] as:

6 6/5
Fi V m
AR — PSW _( PSW) _ (V ,Psw) :e6/5. (11)

Fmsw Visw Vm, ISW

Based on the discussion in the previous paragraph and
equation (11), it can be concluded that the normalized amp-
litude is expected to decrease as the thickness of the plate
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Figure 7. Solitary wave profiles recorded by solitary wave transducers positioned on the areas (a) B, (b) C, and (c) D.

decreases, as confirmed experimentally and numerically else-
where [49, 62, 63].

The aforementioned studies delved with plates of uni-
form thickness. However, the concept of inelasticity parameter
can be adopted at large in this study to explain the effect
of localized corrosion on the solitary wave features. Under
such approximation, it can be argued that localized corro-
sion increases the value of A locally with yielding to a local
decrease in the coefficient of restitution and normalized amp-
litude.

Figure 10(b) shows the dimensionless contact time 7. as a
function of A. It is noted here that the numerical solution (he

continuous line in the graph) was obtained by Zener [58] solv-
ing equation (8) and plotted here using data points presented
in [58]. The analytical approximation is instead based on the
equation proposed by Muller et al [63]:

7o = 2.762 4 0.4568exp (1.27)). (12)

In an uncompressed chain of particles, ToF can be approx-
imated as [49]:

imp

13)

TF = [1.18 (1 n e—1/5) NA|ZY5 4 1.087'CA|p_2/5] m?/5y_ /3
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Figure 8. Experimental results. Time of flight, calculated by the
peak to peak method for solitary wave transducers used to monitor
areas (a) B, (b) C, and (c) D of the test object.

where N is the number of particles between the sensor and
the structure being inspected, in the present study the metallic
plate. Here, N is equal to 4. The coefficients A| and A|,, are the
stiffness constants defined in equation (2), corresponding to
cases of i = 1: N-1 and i = N, respectively. Also, the paramet-
ers m and vjn, represent the mass of the spheres and the speed
of the striker at the impact, respectively. According to equa-
tions (12) and (13), as the inelasticity parameter increases, the
dimensionless contact time 7. and the TF increase. Thus, loc-
alized corrosion is expected to increase the ToF, as observed
in figures 8(a) and (b).
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Figure 9. Experimental results. Normalized amplitude of the
primary reflected solitary wave measured from the areas (a) B, (b)
C, and (c¢) D monitored with the HNSW transducer.

To verify that the trends observed in figures 8 and 9 are not
biased by any variation of the amplitude of the ISW, which in
turn it may be affected by the collision of the striker with the
chain, figure 11 is presented. It shows the amplitude of the ISW
as a function of time, for all the three transducers. Each dot
represents the average of the ten measurements. The graphs
show no trend for the three transducers, and the regression sug-
gests that the fabrication and assembly of the transducers were
consistent. The random variability of the ISW amplitude can
be therefore attributed to the inherent stochastic nature of the
striker collision [79] and occasional tilting of the sensor disk.
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Figure 11. Experimental results. Amplitude of the incident solitary
wave.

To investigate further and quantify the effect of the ISW
amplitude on the ToF and normalized amplitude of the PSW,
the analytical Zener model and our numerical model was
applied for two case scenarios in which the amplitude of
the ISW is increased and decreased by 20%. The pristine
plate described in section 3 and shown in figure 5 was con-
sidered. The results are presented in figure 12 and show that
the £ 20% change in the ISW amplitude yields to &+ 2.5% in
ToF and + 1.5% in amplitude ratio. Figure 12 also presents
such effect using the analytical Zener model in dashed lines.
Table 2 summarizes the calculations of ToF and amplitude
ratio AR in the analytical model for cases of different striker
falling heights (hs). The striker velocities (vimp) calculated
as /2ghs is presented in the third column, and the max-
imum velocity of the particles in the chain (v =~ 0.682viyp
[80]) is presented in the fourth column. The normalized ISW
amplitude with respect to case #3 (the case of hy = 5 mm)
was calculated using F;/F; = (Vm,i/vm73)6/5. The equations
used to calculate other parameters are specified on the same
table.

According to figure 12, both the numerical and analytical
results show that the amplitude of the ISW has little effect
on the wave features associated with the primary reflected
wave when compared to the 10% and 30% change observed
empirically in figures 8 and 9. Therefore, figures 12 confirms

that the variations observed in figures 8 and 9 were truly related
to the localized corrosion.

According to figure 12, the ToF predicted with the numer-
ical model is very close to the experimental value, 319 usec vs
325 usec measured for the pristine plate and shown in figure 8.
The large offset with the ToF predicted with the analytical
model (calculated by equation (13)) is likely attributable to
the fact that this model does not consider the precompres-
sion due to gravity and the energy dissipation in the granu-
lar chain. Due to the tunability properties of solitary waves,
adding precompression to the granular chain increases the
solitary wave propagation speed and decreases ToF. In addi-
tion, the analytical model describes the impact of spheres dir-
ectly onto thin plates, while the thin plate assumption may
not hold valid for the 6.35 mm thick plate tested in this
study.

Conversely, the amplitude ratio predicted numerically and
shown in figure 12(b) overestimates the experimental values
shown in figure 9, i.e. 0.837 vs 0.500. This difference is likely
attributable to the absence of dissipative effects in the model
and to an underestimation of the dissipation coefficient . To
verify this latter hypothesis, figure 12 shows the two wave fea-
tures relative to a ‘modified numerical model’ in which the dis-
sipation coefficient at the chain-plate interface (yyn41) was
set equal to 1 000 N.s.m~! (refer to equation (1)). The res-
ults show that the coefficient y at the array-structure interface
affects significantly the amplitude ratios whereas it has minor
effects on the ToFs.

To better interpret the experimental data and generalize the
NDE protocol, two finite element models were developed as
discussed in section 3. Figure 13 presents the numerical results
for the interaction of HNSWs with the steel plate considered in
the experiment and containing a corrosion-like defect of size
25.4 mm x 25.4 mm at the plate center. The corrosion depth
varies from O (pristine plate) to 80% of the thickness. Accord-
ing to figure 13(a), the MATLAB model suggests the increase
of TOF from 319 us to 355 us as the corrosion propagates,
which is in excellent agreement with the experimental results
presented in figures 8(a), (b), 15(a) and (b). The ABAQUS
model results also suggest an increase in ToF from 326 us
to 379 us as the corrosion propagates. Both the models show
a nonlinear trend in ToF as a function of corrosion depth.
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Figure 12. The effect of the incident solitary wave amplitude on the solitary wave features: (a) time of flight, and (b) amplitude ratio.
Table 2. Effect of ISW on ToF and amplitude ratio based on the analytical Zener Model.
AR TOF (us)
AR w.r.t. A (equation e (equation  (equation T (equation  (equation
Case # hs (mm) Vimp (M/s) vm (m/s) case 3 9)) (10)) (11)) (12)) (13))
1 2.0 0.20 0.14 0.59 0.237 0.68 0.624 3.38 430
2 35 0.26 0.18 0.81 0.249 0.66 0.609 3.39 409
3 5.0 0.31 0.21 1.00 0.258 0.65 0.598 3.40 395
4 6.5 0.36 0.25 1.20 0.266 0.64 0.589 3.40 384
5 8.0 0.40 0.27 1.36 0.273 0.64 0.585 3.41 377

Legend. h;: striker Falling height; vinp: striker velocity; vm: maximum particle velocity; AR: normalized ISW Amplitude; \: inelasticity parameter; e:
coefficient of restitution; 7.: dimensionless Contact Time; TOF: time of flight.
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Figure 13. Numerical results. (a) Time of flight as a function of relative corrosion depth. (b) Amplitude ratio as a function of relative

corrosion depth.

In fact, the numerical results suggest that the sensitivity of ToF
to localized corrosion increases as the relative depth of local-
ized corrosion is higher than 0.5.

In addition, figure 13(b) shows that the amplitude ratio
decreases from 0.74 to 0.57 (ABAQUS model) and 0.84
to 0.76 (MATLAB model) as the relative corrosion depth
increases. As presented in figures 9(a) and 8(b), the experi-
mental results show an amplitude ratio changing from around
0.49 to around 0.35 as the localized corrosion penetrates in the

plate. As shown in figure 12(b) the amplitude ratio of the MAT-
LAB model can be fitted to the experimental results by modi-
fying the dissipation coefficient. The amplitude ratios obtained
from the ABAQUS model is closer to the experimental data,
since the 3D modeling of the impact between the last particle
and the plate, allows capturing energy dissipation during the
impact. The overestimation of the amplitude ratio in ABAQUS
could show underestimating the energy dissipation in the chain
in the ABAQUS model.
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Figure 14. Multivariate outlier analysis. Mahalanobis distance
calculated based on the five solitary wave features including time of
flights calculated by the peak to peak method and the correlation
method, amplitude ratio, autocorrelation coefficient, and area under
the primary reflected solitary wave in areas (a) B, (b) C, and (c¢) D.
The horizontal lines represent the 99.7% confidence threshold
calculated as 19.7, 17,1, and 14,4, respectively. The green
background presents the baseline data.

To explore additional wave features that may enhance
the sensitivity of the proposed approach, the area under the
PSW and the auto-correlation technique were also considered.
The former quantifies the restituted acoustic energy at the
chain-plate interface while the correlation provides another
mean to calculate the travel time. Although the correlation
method has been widely used to extract ToF in other NDE tech-
niques like ultrasonics [81-83], it has not been reported in the
literature for the analysis of solitary waves. Overall, the trends

of the correlation and the PSW area with respect to the pro-
gression of corrosion were similar to what observed in figures
8 and 9 and are not shown here for the sake of space.

The solitary wave features were clustered to perform an
OA based on the Mahalanobis squared distance (MSD). The
OA is an unsupervised learning algorithm based on novelty
detection. It establishes whether a new configuration of the
system is discordant or inconsistent from the baseline config-
uration which consists of an existing set of data (or patterns)
that describes the normal operative conditions. Ideally, if the
OA is used for detecting damaged states, the baseline should
include normal variations in environmental or operative condi-
tions of the structure (e.g. temperature, humidity, loads). How-
ever, it is generally difficult to account for all of the environ-
mental variables that may affect a damage-sensitive set of fea-
tures. The MSD is a multivariate data analysis in which several
parameters, ideally all sensitive to the presence of damage, are
considered. In this study, five parameters were considered: the
ToF calculated with the peak to peak method and the correla-
tion method, the normalized amplitude of the PSW, the auto-
correlation coefficient, and the area under PSW. The MSD for
each measurement set D was calculated as:

D¢ = (fxc} = (¥1)'1K " (fxc} = {3D), (16)

where {x.} represents the potential outlier vector, {x} is the
mean vector of the baseline, and [K] is the covariance matrix
of the baseline. For each transducer, the baseline consisted of
the measurements taken during the first 24 h of the experiment.
The calculated MSD values are presented in figures 14 and
the baseline data is highlighted in the green background. The
threshold corresponding to the 99.73% confidence interval is
shown by the horizontal dashed lines. The threshold values
were calculated as the upper value of 3¢ of the baseline and is
equal to 21.9, 15.4, and 13.7 in figures 14(a)—(c), respectively.
A value of the distance higher than the threshold represents an
outlier, implying anomalies in the recorded data with respect
to the database.

The effectiveness of the outlier analysis in detecting loc-
alized corrosion is evaluated based on the HNSWs features
recorded after 100 h (highlighted in the red background on fig-
ure 14). According to figures 14(a) and 14b, 80% and 92% of
the points in the red box show outliers in the recorded data of
the corroding areas B and C, respectively. Sensitivity improves
to 100% after 230 h, as the localized corrosion progress in area
C (figure 14(b)). On the other hand, MSD calculated using
the data recorded at the pristine area D (presented in figure
14(c)) shows only 8% outliers after 100 h (false positives). As
shown in figure 14(c), those points are slightly higher than the
threshold line, and they present false positives in the test. It
can be concluded that using the multivariate outlier analysis is
effective in detecting anomalies in the HNSW-based corrosion
detection.

To compare the sensitivity of the proposed method with the
sensitivity of the ultrasonic-based testing, figure 15 shows the
ultrasonic time of flight measured by the pulse-echo transducer
located above the corroded area A. The corresponding plate
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Figure 15. Ultrasonic test results. (a) Ultrasonic travel time in the corrosion area A (on the left axis) and the relative local plate thickness
(on the right axis). (b) Plate thickness Reduction in area A obtained from the ultrasonic test results.

thickness reduction (Arh) and the remaining plate thickness
(th) was estimated as:

To—UT
Ath = Mﬂ’lo,
UTy—D
th = thy — Ath, (17)

where thy denotes the initial plate thickness equal to 6.35 mm,
UT, and UT denote the initial and the current ultrasonic travel
time obtained from the correlation method, and D represents
the dual transducer delay. The estimated values of the remain-
ing plate thickness and the plate thickness reduction in the area
A are shown in figure 15(a) (on the left axis) and figure 15(b),
respectively. The graphs show an overall linear trend of the
corrosion with respect to the time of the experiment. Accord-
ing to the estimate from the ultrasonic transducer, after 300 h
the plate under probe was about 4.2 mm, i.e. about 36% thin-
ner. At the end of the experiments, this area A was cored
to forensically quantify the true thickness. It was found that
the corrosion was not uniform and the real thickness varied
between 2 mm and 5 mm. At the point where the ultrasonic
transducer was located, the measured thickness was 3.8 mm
in good agreement to the UT estimated thickness of 4.2 mm.

5. Conclusions

In the study presented in this paper, a new NDE technique
based on the propagation and detection of solitary waves and
multivariate statistics is proposed to detect localized corrosion
in steel structures. The technique consists of the use of a spe-
cial transducer designed to trigger, sustain, and sense nonlin-
ear solitary waves that interact dynamically with the structure
to be monitored. The recorded waveforms are then processed
with multivariate statistics based on outlier analysis to label
data that diverge significantly from a set of baseline data that
represent the pristine structure.

An experiment was designed to demonstrate the effective-
ness of the technique. In the first experiment, three HNSW
transducers were located above a thick plate subjected to loc-
alized corrosion. One of the transducers was above an area of
the plate protected from the corrosion for control purposes. At
the same time, a small area of the plate was probed with con-
ventional ultrasonic pulse-echo mode testing. The results asso-
ciated with the outlier analysis demonstrated that the HNSWs
were able to detect corrosion as small as 0.75 mm, which in
this experiment represented 12% of the plate thickness. The
study was completed with two finite element models to capture
the general behavior of the dynamic interaction between sol-
itary waves and steel plates. The numerical results are in good
agreement with the experimental findings, and they indicate
that the time of flight and normalized amplitude of the solitary
waves are strongly affected when the localized corrosion depth
is higher than 50% of the plate thickness. Overall, the results
show good accuracy and sensitivity of the HNSWs technique
for detecting localized corrosion.

Future studies should investigate the optimal design of
the array of periodic particles, i.e. material and diameter, to
increase the sensitivity of the technique to the corrosion rate.
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