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A B S T R A C T

Over the last decade, a novel nondestructive evaluation (NDE) method based on the application of highly nonlin-
ear solitary waves has emerged. The method is based on the actuation and detection of solitary waves propagat-
ing along a medium made of uniform spherical particles, the last of which is in contact with the material to be as-
sessed noninvasively. The hypothesis is that the dynamic interaction between the wave and the material/struc-
ture to be inspected is dependent upon the condition of the material/structure. The study presented in this paper
aims at designing and developing the NDE framework for the detection of localized corrosion in metals. In partic-
ular, this paper presents a numerical investigation of the interaction of highly nonlinear solitary waves with
plates in pristine and corroded conditions. A coupled discrete/finite element model is used to predict the time of
flight and the relative amplitudes of the reflected solitary waves as localized corrosion progresses in the plate.
The sensitivity of the method is quantified in terms of different parameters such as plate thickness, chain length,
and particles' mechanical and geometric properties. It is found that the sensitivity, i.e. the ability to detect corro-
sion at earlier stages, of this novel NDE technique is inversely proportional to the plate thickness and is propor-
tional to the diameter and the stiffness of the particles. In the future, the findings of this study can be used to opti-
mize the design of solitary wave transducers, which are devices that can be used to trigger, sustain, and detect
the propagation of the solitary waves and their interaction with the structure of interest.

1. Introduction

Over the last decade, a novel nondestructive evaluation (NDE) and
structural health monitoring (SHM) method based on highly nonlinear
solitary waves has emerged as a low-cost, fast, and simple technique for
the local inspection/monitoring of different materials and structures.
Highly nonlinear solitary waves (HNSWs) are compact waves that have
found many applications in physics and engineering including shock
absorption, acoustic lensing, and energy harvesting [1-15], just to men-
tion a few. In NDE and SHM applications, a short granular chain made
of spherical particles is in point-contact with the structure to be in-
spected or monitored. A solitary wave, hereinafter referred to as the in-
cident solitary wave (ISW), is induced at one end, propagates along the
chain, and reaches the structure. Here, owing to principles discussed in
this paper, the ISW reflects back giving rise to one or two solitary
waves, the primary and the secondary reflected waves (PSW and SSW).
Many studies have found that the amplitude and time of flight (ToF) of

these reflected pulses are dependent on the mechanical and geometric
characteristics of the structure [16-36].

The propagation of HNSWs in granular chains was first studied by
Nesterenko [37,38], who showed numerically, analytically, and experi-
mentally that uncompressed or lightly compressed 1D granular chains
made of identical spherical particles support the generation and propa-
gation of these waves. HNSWs present unique properties compared to
linear waves propagating in continuous materials. For example, they
support a high level of acoustic energy within a finite wavelength of
five-particle diameters [39,40]. Moreover, their speed vm can be tuned
by changing the system's parameters like material properties [41-43],
particles’ shape and dimension [41-48], particles’ configuration and
arrangement [42,43,49], and initial static compression [40,50]. One of
the distinctive features of HNSWs with respect to conventional acoustic
waves is that their amplitude, characterized by the dynamic force Fm, is
proportional to the wave speed, i.e. [17,40].

Many groups have proven the feasibility of HNSWs in the field of
NDE and SHM. Yang et al. [17] conducted a numerical, analytical, and
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experimental study to demonstrate that the amplitude and the delay of
the reflected HSNWs at the interface of a large thin plate depend on the
particles size, the plate thickness, and the distance of the interaction
point from the plate boundaries. Cai et al. studied the interaction of HN-
SWs with a slender beam and reported that the reflected solitary waves
features depend on the geometry and the mechanical properties of the
beam and the thermal stress applied to the beam [18]. Kim et al.
showed numerically and experimentally that the reflected solitary
waves at the interface of a composite plate are sensitive to delamination
in the composite plates [19]. Furthermore, numerical investigation of
the interaction of HNSWs with composite beams showed that HNSWs
are effective to evaluate the directional elastic properties of composite
materials [20]. Other researchers demonstrated that the HNSW-based
NDE method can be used for detecting subsurface voids [21], monitor-
ing concrete hydration [22], assessing the quality of adhesive joints
[23,24], examining the elastic properties and detecting delamination in
composites [19,20,25-27,51], assessing the quality of orthopedic and
dental implants [28,30,52], measuring the internal pressure of tennis
balls [32,53,54], and quantifying axial stress [35,55]. Most of the above
experimental studies are based on the use of “HNSW-transducers”. The
term is used here to indicate a mechanical device able to trigger, sus-
tain, and sense solitary waves. The device consists of a 1-D chain of
spherical particles; a frame holding the particles, an actuation system
able to trigger single solitary pulses, and a sensor embedded in the
chain to measure the waves.

Recently, the authors applied the HNSW-based NDE method to de-
tect the onset of localized corrosion in a steel plate [36]. It was shown
experimentally that the amplitude and the time of flight of the waves
reflected at the interface between the chain and the plate are dependent
on the presence of corrosion. The study was followed by the develop-
ment of a wireless HNSW transducer that one day may enable the re-
mote continuous implementation of the methodology [56].

The study presented in this paper expands the work in [36] by ex-
amining the effects of parameters such as size, number, and material of
the particles on the sensitivity of the proposed method at detecting the
onset and growth of localized corrosion. The scope of the study is to
identify the optimal parameters of the HNSW transducer to maximize
the sensitivity of the NDE method. The long-term objective of the study
is to design HNSW transducers that are applicable at high temperature
or radioactive environments where piezoelectric based ultrasonic test-
ing cannot be implemented. This is especially important for petrochem-
ical industries and power plants, where localized corrosion in pipelines
is reported to be a significant contributing factor in accidents like leak-
age and explosion, and conventional NDE techniques like ultrasonic
testing are limited by temperatures.

As described in [57], the most used corrosion monitoring techniques
include linear polarization resistance (LPR) measurements, weight
measurements and tactile metrological examinations. These techniques
are, however, quite challenging as they require physical contact with
either the electrolytes or the components of interest. Also, the conver-
sion of LPR and weight measurements to wall losses depends on a num-
ber of assumptions. The use of ultrasonic testing is the best truly non-
invasive method to measure thicknesses directly. The principle of ultra-
sonic testing is rather simple. High-frequency (typically 5 MHz or
higher) bulk waves are sent into the wall and the thickness is estimated
by extracting the temporal separation of the ultrasonic wave-packets
that bounce up and down in the material whose thickness is being mea-
sured. Usually, a simple algorithm such as the timing between consecu-
tive peaks is used to evaluate the travel time and hence the wall thick-
ness [58]. A recent development [59] makes use of a waveguide-buffer
that separates the high-temperature measurement area from the ultra-
sonic transducer and processing electronics. The system, commercial-
ized by Permasense, uses two thin and long rectangular cross-section
waveguides to isolate the vulnerable transducer and piezoelectric ele-
ments from the high-temperature measurement zone. The waveguides

allow large temperature gradients to be sustained over short distances
without the need for additional cooling equipment. When monitoring
pipelines and plates, the use of guided ultrasonic waves (GUWs) that
propagate along the pipes instead through the thickness is quite popu-
lar and effective because GUWs have many advantages with respect to
the use of bulk through-thickness waves owing to the ability to inspect/
monitor large areas from a single or a few positions, and therefore they
do not provide local information of the pipe of interest [60-64]. How-
ever, GUW may not be suitable for pipes operating at high temperature
owing to the Curie temperature affecting the piezoelectric elements.

This paper is organized as follows: Section 2 presents the numerical
and the analytical methods implemented to study the interaction of HN-
SWs with plates in the pristine and corroded conditions. Section 3 pre-
sents the numerical and analytical predictions on the effect of different
parameters like initial plate thickness, particle size, particle material
properties, and chain length on the reflected solitary wave features. Fi-
nally, the paper concludes with a summary of the main conclusions
drawn from the presented work in section 4.

2. Modeling

2.1. Coupled discrete / finite element modeling

The interaction of HNSWs with pristine and corroded plates was in-
vestigated using a discrete element (DE) model combined with a finite
element (FE) analysis according to the scheme in Fig. 1. The DE model
simulated the propagation of the solitary waves along the chain of par-
ticles whereas the FE model simulated the dynamic interaction between
the particle in contact with the plate and the plate itself. The chain con-
sisted of nine particles in order to be able to compare (see a later section
of the paper) the results of this study with the results of some experi-
ments conducted previously and published by the authors in [36]. The
first eight particles, m1-m8, of the chain were modeled as a series of
point masses connected with nonlinear axial springs and linear dampers
(Fig. 1b). The nonlinear springs identify the Hertzian contact law (Fig.
1c):

(1)

governing the mechanical interaction between adjacent particles. Ac-
cording to Eq. (1), the contact force F between two adjacent particles is
nonlinearly proportional to the deformation δ of the diameter connect-
ing the centers of the interacting particles. The subscript + denotes the
operator max (δ, 0), which implies that there is no tensile force between
the particles as they are separated from each other. For a chain com-
posed of identical spherical particles, the contact stiffness coefficient A
in Eq. (1) is equal to [65]:

(2)

where R, E, and ν are particles’ radius, Young's modulus, and Poisson’
ratio, respectively. Energy dissipation in the chain was simulated using
linear dampers. The linear damping coefficient was equal to 4.5 N.s.m−1

as proposed by previous studies [16].
Both the last particle and the plate were modeled as deformable

solids made of linear elastic material with no material damping. The
plate was assumed simply supported along the edges. Owing to the
symmetry in the geometry and loadings of the setup, a symmetric be-
havior was assumed in the setup. In fact, the system is symmetric
around the xz and yz planes passing through the interaction point be-
tween the chain and the plate. Therefore, only a one-quarter of the
geometry was simulated, and symmetry boundary conditions were ap-
plied to the planes of symmetry. Concentrated loads equal to one-
quarter of the weight of the particles were applied on the mass points,
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Fig. 1. Scheme of the analytical and numerical model. (a). The coupled discrete element (DE) and finite element (FE) model used in this study. One-quarter of the
model is stimulated due to symmetry. (b) The DE model simulating the chain of particles as a spring-mass system, in which the point masses are connected by the non-
linear springs (defined based on the Hertzian contact law) and dashpots. (c) Graphical representation of the Hertzian contact law. The contact force between adjacent
particles F is nonlinearly proportional to the deformation δ of the diameter connecting the centers of the interacting particles. (d) and (e) Zoom-in views of the FE
model at the interface between the last particle and the plate in (d) pristine and (e) corroded conditions. Corrosion was simulated as a local thickness reduction in the
plate, below the interaction point.

resulting in an initial static compression in the chain. Moreover, body
forces were applied to model the effect of gravity.

The contact between the last particle and the plate was modeled us-
ing the hard contact interaction with frictionless tangential behavior.
The mesh consisted of 3D 8-node linear isoparametric elements (C3D8
in Abaqus). The mesh size decreased gradually near the interface of the
particle and the plate to improve the accuracy of deformations and
stresses calculated at the interface (Fig. 1d and e).The mesh size was 0.4
mm in areas close the chain-plate interaction, and a preliminary mesh
sensitivity analysis showed that further mesh refinement (e.g. using an
element size of 0.2 mm close to the interaction area) does not change
the properties of the solitary waves and the plate deformations signifi-
cantly. The DE model was coupled to the FE model by connecting the
nonlinear axial connector to the topmost node of the particle in the FE
analysis.

The generation of the waves was simulated by applying an initial ve-
locity of 0.31 m/s to the first particle (m1) in the chain. This initial ve-
locity is equivalent to the falling of the striker from a height of 5 mm in
the previous experimental studies by the authors [36]. Localized corro-
sion was simulated as a local thickness reduction (mass loss) in a finite
area (Fig. 1e). This modeling approach is based on the previous experi-
mental observations by the authors [36] and other research studies in
which localized corrosion was simulated by machining holes of differ-
ent sizes and depths in plates and pipes [66-68]. The localized corrosion
defects were 25.4 mm × 25.4 mm, positioned below the chain-plate in-
teraction point, and the defect depth varied from 0 to 80 percent of the
initial plate thickness. The interaction of HNSWs with the plate in pris-
tine (Fig. 1d) and corroded (Fig. 1e) conditions was solved using
Abaqus\Standard based on an implicit numerical algorithm. In each
case, the time history of the displacement of the mass points and differ-
ent nodes in the FE parts were extracted and analyzed for the effect of
localized corrosion on the interaction between HNSWs and plates.

2.2. Analytical modeling

The time of flight and the normalized amplitude of the reflected soli-
tary waves at the chain-plate interface of a thin plate were also pre-
dicted analytically by using the Zener model, which describes the nor-
mal impact of a single spherical particle on a large thin plate [69]. In
this model it is assumed that the impact is over before the flexural
waves are reflected from the boundaries. In fact, the model assumes

that the duration of the impact between the plate and the interacting
particle is so short that the reflected flexural waves from the plate
boundaries may be neglected. It should be noted that this analytical
model is more reliable in thick plates where the local contact stresses in
the plate are not disturbed by the plate boundaries. The Zener model
combines the equations of motion of the plate and the particle, yielding
to the following nonlinear differential equation:

(3)

where τ is the dimensionless time, σ represents the dimensionless ap-
proach, and λ is a dimensionless inelasticity parameter that accounts for
the energy dissipation during the impact, and defined as:

(4)

In Eq. (4) h is the plate thickness, ρ is the density, and the subscripts b
and p denote the bead and the plate, respectively.

In the analysis of the impact of a ball on a plate, the coefficient of
restitution e identifies the ratio of the reflected to the impact velocity.
This coefficient can be obtained as a function of λ by solving Eq. (3).
Boettcher et al. proposed the following analytical approximation equa-
tion for the coefficient of restitution [70]:

(5)

When the plate thickness is much larger than the particle diameter
(h>>2R) or the plate is considerably stiffer than the bead (Ep>>Eb),
the inelasticity parameter is nearly zero (λ ≈ 0) and the restitution fac-
tor approaches one (e ≈ 1). This implies that the particle does not lose
kinematic energy during the impact due to the propagation of stress
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waves in the plate, i.e. the plate behaves like a rigid body. During an in-
elastic impact (λ>0), part of the kinematic energy of the particle is
transferred to the plate (e<1), causing flexural elastic waves propagat-
ing radially in the plate.

Owing to the relationship between amplitude and speed of the HN-
SWs , the coefficient of restitution e can be associated with
the normalized amplitude (AR) of the solitary waves, defined as ratio of
the amplitude of PSW to the amplitude of the ISW, as follows:

(6)

In addition, the time of flight ToF of the PSW, defined as the time differ-
ence between the arrival of the ISW and the PSW at a given particle lo-
cation, hereinafter indicated as the sensor particle, can be expressed as
[17]:

(7)

Here, Tti represents the traveling time of the ISW between the sensor
particle and the plate interface, Tc represents the contact time between
the last particle in the chain and the plate, and Ttr is the traveling time
of the PSW from the plate interface to the sensor particle.

The traveling times of the ISW and the PSW (Tti and Ttr respectively)
can be calculated based on the distance between the sensor particle and
the plate and their propagation speed. If there are N particles of diame-
ter D between the sensor and the plate, the traveling times of the ISW
and PSW is expressed as:

(8)
(9)

where Vi and Vr denote the speed of the propagation of the ISW and
PSW, respectively. The speed of HNSWs propagation (Vs) in an uncom-
pressed granular chain is given by [40]:

(10)

According to Eq. (10), HNSWs speed (Vs) depends on the diameter (D)
and the mass (m) of the particles, the stiffness coefficient of the contact
between the particles (A), and the maximum particle velocity (vm).
Chatterjee [71] showed numerically that the maximum particle veloc-
ity (vm) under the propagation of HNSWs is related to the striker veloc-
ity (vimp) as: vm ≈ 0.682vimp. Therefore, the traveling times of the ISW
and the PSW can be estimated as:

(11)

(12)

Additionally, the solution of Eq. (3) provides the dimensionless contact
time as a function of the inelasticity parameter, λ [72]:

(13)

And the interaction time (Tc) is given by:

(14)

where Ap represents the Hertzian stiffness constant at the particle-plate
interface [65]:

(15)

The above analytical model only accounts for energy dissipation at the
impact by the generation of flexural wave which propagate radially in
the plate from the interaction point. However, the model neglects shear
deformations in the plate, and energy loss during the impact caused by
friction, plastic deformations, and viscous damping at the contact area.
Moreover, the analytical model predicts the traveling times of the ISW
and the PSW neglecting the initial compression in the chain caused by
the weight of the particles in the chain.

3. Results and discussion

3.1. Interaction of HSNWs with pristine and corroded plates

This section presents a comparison of the numerical results relative
to a pristine and a corroded steel plate. The plate was 609.6
mm × 609.6 mm × 6.35 mm while the metamaterial supporting the
propagation of the wave was composed of nine stainless steel spheres.
The plate and the chain particles were made of stainless steel, with the
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elastic modulus and the Poisson's ratio were E = 200 GPa and ν = 0.3,
respectively. Corrosion was simulated by removing a 25.4 mm × 25.4
mm × 5.08 mm coupon below the point of contact between the plate
and the chain. Each particle was 19.05 mm in diameter and 28.2 g in
mass.

The results are presented in Fig. 2. The left and the right columns re-
fer to the pristine and the corroded plate, respectively. The time history
of the displacement of the mass points m1 to m8 is shown in Fig. 2a and
b. The incident solitary wave was triggered in the chain by applying an
initial downward velocity of 0.31 m/s (corresponding to a falling
height of 5 mm) to the first particle in the chain (m1). Consequently, the
particles m1 to m8 move downward (negative displacement) sequen-
tially as the incident solitary wave propagates through the chain toward
the plate interface. Once the wave is reflected back from the chain-plate
interface, each particle bounces back to its original rest position. Note
that at time equal to 0 μs, each particle exhibits a negative displacement
due to the static deformation induced by the weight of the chain. In the

corroded plate, this initial deformation and the maximum displacement
of the particles m7 and m8 are larger than in the pristine plate. More-
over, the time interval between the downward and upward movement
of all particles is longer in the corroded plate, i.e., longer impact time
and larger time of flight. These differences are caused by the lower con-
tact stiffness at the particle-plate interaction point in the corroded
plate.

Fig. 2c and d present the dynamic force at each mass point as the
solitary wave propagates through the chain. The force at each particle
was calculated by averaging the interaction forces between the parti-
cle and the upper and lower adjacent particles, and the contact forces
were determined based on the Hertzian contact law and the displace-
ments of the particles, presented in Fig. 2a and b. The averaged inter-
action forces presented in Fig. 2c and d would be identical to the
forces measured by a sensor particle (with embedded PZT) in experi-
ments. The first pulse at each particle represents the ISW and the sub-
sequent pulses represent the PSW and a SSW traveling upward from

Fig. 2. Numerical results on the interaction of HNSWs with a steel plate in the pristine (left column) and corroded (right column) conditions. (a) andb)]</number>
The time history of the displacement of the mass points and (c) and (d) force at the mass points as a solitary wave propagates through the granular chain and interacts
with the plate. (e and (f) The time history of the displacement of points A, B, and C, corresponding to the center of the last particle, the contact point in the plate, and
the lowest point in the plate below the interaction point. (g and (h)]</number> The time history of the contact indentation at the chain-plate interface.
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the chain-plate interface. It should be noted that the crossing of the
ISW and PSW at each particle is simultaneous with the movement of
the particle downward and upward, respectively. The wave reflected
from the corroded plate (Fig. 2d) is weaker and delayed with respect
to the wave associated with the pristine plate. This effect can be ex-
plained by the lower contact stiffness at the chain-plate interface and
larger deflections in the corroded plate (shown in Fig. 2a). The re-
flected solitary wave is weaker in the corroded plate since more en-
ergy is transferred to the plate during the interaction between the last
particle and the plate due to the larger deflections in the plate. Fur-
thermore, the corrosion delays the solitary wave because it takes
longer for each particle to bounces back to its original position in the
corroded plate due to the larger deflections.

The displacements predicted with the FE analysis, including the cen-
ter of the last particle, the contact point in the plate, and the lowest
point (points A, B, and C) in the plate below the interaction point are
shown in Fig. 2e and f. The magnitude of the maximum displacements
in the last particle and the contact area in the plate are considerably
larger in the corroded plate compared to the pristine plate since the
contact stiffness decreases significantly in the corroded plate. Accord-
ing to Fig. 2f, as the last particle and the interaction area in the plate
reach their maximum displacement (Time ≈ 430 μs in the corroded
plate), the plate begins to rebound elastically, and the contacting parti-
cle is pushed back towards the rest of the chain until it collides with
particle m8 (Time ≈ 600 μs in the corroded plate). Consequently, the
PSW is induced in the granular chain. Meanwhile, the collision between
the contacting particle and m8 causes the contacting particle and the
contact area in the plate to move downward again. Then, the second re-
bound occurs in the plate (Time ≈ 680 μs in the corroded plates) caus-
ing the formation of the SSW in the granular chain. Fig. 2e and f con-
firm that the lower contact stiffness and the larger deformations in the
corroded plate lead to longer delays between the ISW and the PSW.

The contact indentation at the chain-plate interface is also presented
in Fig. 2g and h. The contact indentation was obtained by subtracting
displacements of point B from the displacement of point A (shown in
Fig. 2e and f). In other words, the contact indentation is defined as the
difference of the displacements of the contact point in the plate and the
center of the interacting particle. According to Fig. 2g, in the pristine
plate, the initial elastic indentation caused by the weight of the chain is
0.48 μm. After 220 μs, the incident solitary wave arrives at the interact-
ing particle and presses the particle down toward the plate (refer to Fig.
2e and g). Consequently, the contact indentation increases to a maxi-
mum of 0.88 μm at time equal to 325 μs (Fig. 2g). Then, the particle and
the plate are bounced back to the original position and the contact in-
dentation decreases to its initial level.

The contact indentation at the interaction of the corroded plate and
the particle is shown in Fig. 2h. In this case, the initial elastic indenta-
tion due to the chain weight is 0.53 μm. The initial indentation is higher
in the the corroded plate than the pristine plate since the contact stiff-

ness between the plate and the interacting particle is lower in the cor-
roded condition. It is shown in Fig. 2f and h that the incident solitary
wave arrives at the interacting particle after 220 μs. As the interacting
particle is pressed down toward the plate, the contact indentation in-
creases to 0.92 μm at time equal to 310 μs. Then, the particle and the
particle's motion slow down as the impact energy is transferred to the
plate. As a result, the contact indentation decreases to 0.48 μm at time
equal to 370 μs. At time equal to 430 μs, the plate and the interacting
particle start to rebound (Fig. 2f), which causes the second phase of
contact indentation increasing. The second peak in the contact indenta-
tion represent the origin of the PSW created the the chain-plate inter-
face.

In brief, the displacements of the interacting particle and the impact
area in the plate are small in the pristine condition (Fig. 2e). Therefore,
the chain-plate interaction is fast, and the plate and the particles re-
bound in a short time (Fig. 2a and g). In contrast, the lower contact stiff-
ness at the chain-plate interface in the corroded condition causes larger
displacements in the interacting particle and the impact area in the
plate (Fig. 2f). Consequently, the interaction between the chain and
plate lasts longer, i.e., the plate and the particles rebound later in the
corroded plate. In this case, the extended chain-plate interaction causes
two distinct peaks in the contact indentation associated with the ISW
and the PSW, respectively.

To quantify the variation of certain solitary wave features, let as-
sume that the sensor particle is in the middle of the chain, i.e., particle
#5 in a chain composed of 9 particles, and mass m5 in the scheme
shown in Fig. 1. In this case, the time of flight measured at the sensor
particle increases from 328 μs to 378 μs when the 25.4 mm × 25.4
mm × 5.08 mm corrosion exists. In addition, the normalized amplitude
of the reflected wave, i.e., the ratio of the PSW amplitude to the ISW
amplitude, decreased from 0.74 to 0.57 because of the corrosion.

Fig. 3 compares the numerical results with the results of an experi-
mental study previously conducted by the authors [36]. The numerical
results present the time of flight and the normalized amplitude of the
reflected solitary wave in a plate containing a localized defect. In this
case, the time of flight and the amplitude ratio are plotted as a func-
tion of the normalized corrosion depth, defined as the depth of the cor-
rosion defect divided by the initial plate thickness. The normalized
corrosion depth varies from 0 to 0.8, i.e., the defect depth varies from
0% to 80% of the initial plate thickness. The experimental results show
the same features of the reflected solitary waves in HNSW transducers
used to monitor localized corrosion in a plate with similar properties.
The data series Experimental 1 and Experimental 2 represent the data
recorded in monitoring 50.8 mm × 50.8 mm and 25.4 mm × 25.4
mm corrosion areas, respectively. According to [36], the monitoring
process was continued until through-thickness holes were detected in
the monitored areas. In Fig. 3, the experimental time of flight and am-
plitude ratio are plotted as a function of the normalized time, which is
calculated as the ratio of the time spent from the start of the corrosion

Fig. 3. Comparison of the numerical results and the experimental results reported in [36] on the effect of localized corrosion on (a) time of flight and (b) ampli-
tude ratio. The numerical results present the feature of the reflected solitary waves in contact with a plate containing a localized defect, where the defect depth
varies from 0 to 80 percent of the initial plate thickness. The experimental results show the same features of the reflected solitary waves in HNSW transducers
monitoring localized corrosions in a plate with similar properties. The dashed line presents the 2nd order regression model fitted to the experimental data.
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experiment to the related recording time to the final corrosion time
when through-thickness holes were detected. Moreover, the dashed
lines present a 2nd order regression model fitted to the experimental
data. According to Fig. 3a, the numerical results show a 328 μs time of
flight in the pristine condition, i.e., corrosion depth equal to zero. Also,
the 2nd order regression model fitted to the experimental data predicts
a 320 μs time of flight at the beginning of the test. The experimental
observations (scattered data points) show about ± 20 μs error in time
of flight around the fitted model due to occasional tilting/vibrations of
the sensor disk and stochastic nature of the striker collision [36,73].
However, both the numerical and experimental results show 10-15%
increase of time of flight as a localized corrosion progresses in the
plate. According to Fig. 3b, the numerical results overestimate the ex-
perimental normalized amplitude but both numerical prediction and
experimental results estimate about 25% amplitude reduction as corro-
sion progresses. The overestimation of the numerical amplitude is
likely due to an underestimation of energy dissipation in the chain in
the numerical model.

3.2. Comparing numerical and analytical results in pristine plates

To quantify the effect of different setup parameters on the propaga-
tion of the solitary waves, the numerical and the analytical models de-
scribed in Sections 2.1 and 2.2 were used to predict the time of flight
and the normalized amplitude of the solitary waves as a function of the
plate thickness and particles diameter. Fig. 4 shows the two features rel-
ative to a chain of nine 19 mm stainless steel particles in contact with
plates of different thicknesses. Regardless of the approach, the results
show that the time of flight is inversely proportional to the thickness
whereas the normalized amplitude is proportional to the thickness. This
implies that the dynamic interaction of the last particle in the chain
with thinner plates results in a longer contact time and higher energy
transfer from the particle to the plate because of the lower contact stiff-
ness at particle-plate interface. For thinner plates, there is a significant
difference between the analytical model and the numerical prediction.
This difference is because the analytical model does not consider the ef-

fect of the plate boundaries on the local contact stresses during the
chain-plate interaction. However, the boundary effects on the local
stresses are more significant in thin plates. Therefore, the analytical
model is less accurate in thin plates. In addition, the analytical model
neglects the pre-compression in the chain due to the weight of the parti-
cles.

It can be concluded that the numerical model is more comprehen-
sive because it accounts for the effect of the initial compression due to
the weight of particles and the effect of plate boundaries in the chain-
plate interaction. When compared to the experimental results presented
in Fig. 3, the numerical model is closer to the experimental time of
flight. As discussed in Section 3.1, the numerical model overestimates
amplitude ratio, presumably because the energy dissipation coefficient
in the simulated chain was set lower than the actual value.

The effect of the particles’ diameter on the time of flight and the
normalized amplitude measured at the sensors bead for a 6.35 mm
thick plate is shown in Fig. 5. The use of larger particles increases the
time of flight because of the increase of the distance traveled by the
waves. The normalized amplitude (Fig. 5b) decreases instead with the
increase in diameter because of the dependence of the inelasticity para-
meter on the particles radius. According to Eq. 3, the use of larger parti-
cles increases the inelasticity parameter and energy loss at the chain-
plate interface. It should be noted that based on Eq. (10), the solitary
wave traveling speed increases as the particle size (D) increases, as the
stiffness coefficient of the contact between the particles (A) increases,
and as the particles mass (m) decreases. Based on Eq. (2), the stiffness
coefficient of the contact between the particles (A) is proportional with
D−1/2. Also, the particles mass is proportional to D3. Taking all these pa-
rameters into account, the solitary wave propagation speed does not de-
pend on the particles size. The fact that time of flight increases as the
particle size increases can also be explained based on Eqs. (11) and
(12), which show that the traveling times of the ISW and the PSW are
proportional to A−2/5m2/5 and e−1/5A−2/5m2/5, respectively. It can be
shown that as the particle size (D) increases, the stiffness coefficient of
the contact between the particles (A) increases (Eq. (2)), the particles
mass (m) increase, and the inelasticity parameter (λ) increases (Eq. (4)).

Fig. 4. Numerical and analytical results on the effect of plate thickness on (a) time of flight and (b) amplitude ratio in a HNSW transducer made of 19 mm particles.

Fig. 5. Numerical and analytical results on the effect of plate thickness on (a) time of flight and (b) amplitude ratio in HNSW transducers in contact with a 6.35 mm
thick plate.
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Consequently, the restitution coefficient (e) decreases (Eq. (5)), and
therefore, the traveling times of the ISW and the PSW increases.

As shown in Fig. 5b, the analytical and the numerical models predict
different rates of change in amplitude ratio as the particle diameter
varies, causing the two lines to cross each other in the lower diameter
region. The difference in slope is likely because of the dissimilarities in
modeling the particle-plate interaction in these two methods. As dis-
cussed previously, the analytical model neglects local deformations and
changes in plate thickness during the particle impact on the plate. In
fact, it only takes into account the global bending deformations in the
plate. As the particle diameter increases, the bending deformations in
the plate increase. Thus, the analytical model predicts that energy resti-
tution factor and amplitude ratio decrease as the particle diameter in-
crease. On the other hand, the numerical model accounts for both the
global and local elastic deformation at the chain-plate interface. In
other words, the impact energy is partially converted to the kinetic en-
ergy of flexural waves propagating in the plate and the strain energy
due to local deformations in the plate. As the particle rebounds, the
strain energy is converted back to the kinetic energy of the impacting
particle leading to higher amplitudes of the reflected solitary waves (in
comparison with the analytical model which does not consider the local
deformations).

Fig. 6 presents the time of flight and the normalized amplitude
measured at the sensor bead as a function of the dimensionless diam-
eter to thickness (D/th) ratio. Two cases of constant diameter and
constant thickness were considered. The former includes the results of
a solitary wave transducer made of 19 mm spheres in contact with
9.5 mm, 7.9 mm, 6.35 mm, 4.8 mm, and 3.2 mm thick plates (corre-
sponding to a D/th ratio of 2, 2.4, 3, 4, and 6, respectively), and the
latter includes the results of solitary wave transducers made of
13 mm, 19 mm, and 25 mm particles in contact with a 6.35 mm
thick plate (corresponding to a D/th ratio of 2, 3, and 4, respec-
tively). Fig. 6a shows that the time of flight increases with the in-
crease of D/th. The increase is sharper when the diameter increases
and the thickness is kept constant. This suggests that this wave para-

meter is more influenced by the particles diameter than by the plate
thickness. Moreover, Fig. 6b shows that the normalized amplitude de-
creases with the increase of the dimensionless D/th ratio. In this case,
the decrease rate is almost equally affected by either the thickness or
the diameter, and the analytical results of the two cases of constant
diameter and constant thickness overlap each other perfectly. This is
because the inelasticity parameter is non-linearly proportional to D/
th ratio (Eq. 4), and the normalized amplitude depends only on the
inelasticity parameter (Eqs. 5 and 6).

3.3. Effect of corrosion: a parametric study

To enhance the sensitivity of the proposed NDE method at detecting
corrosion at earlier stages, a parametric study was performed using the
numerical model described in Section 2.1. Several simulations were
performed to quantify how the features of the reflected solitary waves
change because a localized 25.4 mm × 25.4 mm corrosion thins the
plate underneath the chain. The following variables were considered in-
dividually or simultaneously: initial plate thickness, particles diameter,
particles Young's modulus, chain length, and sensor bead location.

First, the sensitivity to localized corrosion for different pristine plate
thicknesses was investigated and the results are presented in Fig. 7 for
five different initial thicknesses, namely 3.2 mm, 4.8 mm, 6.3 mm, 7.9
mm, and 9.5 mm and 20%, 40%, 60% and 80% corrosion depth. Fig. 7
shows that the time of flight increases and the amplitude ratio de-
creases as corrosion progresses. Also, according to Fig. 7a, the thinner
the plate, the higher is the rate of change, i.e. the sensitivity of the pro-
posed NDE method. This effect complies with the analytical model as
the inelasticity parameter is inversely proportional to the square of
plate thickness (Eq. 4), i.e. energy transfer during the impact increases
at a growing rate as the plate thickness decreases. Furthermore, the
contact time increases exponentially as the inelasticity parameter in-
creases (Eq. 13). For the two thinnest plates the trend of the amplitude
ratio is not monotonic whereas it becomes monotonic for plates 6.3 mm
thick or more. For these latter cases, the largest change is observed

Fig. 6. (a) Time of flight and (b) amplitude ratio as a function of the dimensionless ratio of particle diameter over plate thickness, predicted using the numerical and
analytical methods.

Fig. 7. Effect of plate thickness on the sensitivity of the HNSW-based NDE for the detection of localized corrosion. (a) Time of flight and (b) amplitude ratio as a
function of relative corrosion depth in solitary wave transducers in contact with plates with an initial thickness of 3.2 mm, 4.8 mm, 6.3 mm, 7.9 mm, and 9.5 mm.
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when corrosion has thinned the plate by more than 60% of the initial
thickness. Fig. 7b demonstrates that the amplitude ratio increases in the
two thinnest plates as the corrosion relative depth gets higher than 60%
or 30%. These data points are related to the case with a remaining
thickness of less than 1.3 mm at the monitoring location, i.e., a low con-
tact stiffness at the chain-plate interface. Also, Fig. 7a shows that time
of flight increases significantly for these cases, implying a considerably
longer contact time between the last particle and the plate. The longer
contact time results in the simultaneous upward movement of the plate
due to the propagation of flexural waves and the initiation of the re-
flected solitary waves. Consequently, the kinetic energy of the flexural
wave contributes to pushing the last particle back harder and thus caus-
ing stronger reflected solitary waves. In brief, the nonmonotonic trend
of amplitude ratio in thinner plates can be explained by the propagation
of guided waves in the plate.

The effect of the particles diameter on the rate of change of the wave
features as a function of corrosion progression is presented in Fig. 8.
Three cases were considered, namely solitary wave transducers com-
posed of 13 mm, 19 mm, and 25 mm stainless steel particles in contact
with a 6.35 mm thick plate. Monotonic trends were observed for both
features and all three diameters: the time of flight increases and the nor-
malized amplitude ratio decreases as corrosion progresses. The largest
change is observed between 60 and 80 percent of the corrosion depth.
The numerical results show that as a localized corrosion defect pro-
gresses in the plate, time of flight increases from 206 μs to 252 μs, from
328 μs to 378 μs, and from 462 μs to 562 μs in solitary wave transducers
made of 13 mm, 19 mm, and 25 mm diameter particles, respectively.
Therefore, reflected solitary waves are more sensitive to localized cor-
rosion as the particle diameter increases. Besides higher sensitivity, the
use of larger particles is advantageous because it creates a larger buffer
between the sensor bead and the material to be inspected that could be
operating at very high temperature, which would make the use of con-
tact piezoelectric transducers detrimental or impossible.

The sensitivity of the HNSW-based NDE to localized corrosion was
also studied in terms of the Young modulus of the beads. Specifically,
individual 9-particles chains composed of aluminum, titanium, steel,
silicon nitride, and tungsten particles, and in contact with a 609.6
mm × 609.6 mm × 6.35 mm steel plate were considered. Table 1 pre-
sents the density, mechanical properties, and thermal conductivity of
these materials. The results are presented in Fig. 9a and Fig. 9b for the
time of flight and the normalized amplitude, respectively. Fig. 9a shows
that time of flight is inversely proportional to the stiffness of the parti-
cles. This effect can be explained by observing that the stiffness con-
stant A (Eq. 2) is proportional to the Young's modulus. Therefore, Eq.
(10) suggests that the speed of HNSW propagation increases and the
traveling times of the ISW and the PSW decrease. Besides, according to
Eq. (15), as the elastic modulus of the last particle increase, the Hertz-
ian stiffness constant at the particle-plate interface increases, and inter-
action time (Tc) decreases (Eq. 14). Although the density and the Pois-
son ratio of the materials also affect the speed of HNSW propagation

and the inelasticity parameter, their effect is smaller when compared to
the effect of the Young's modulus. Regardless of the material used, the
largest variation of the wave feature is observed after 60% of corrosion.
Interestingly, the analysis of the normalized ratio suggests that the
heaviest particles significantly enhance the proposed NDE method as
both the rate of change is significantly higher than the ones associated
with the other four materials taken into consideration in this study. The
motivation of such response is associated with the relationship between
particles stiffness and inelasticity parameter of the impact, which de-
scribes the energy transfer at the impact. If the proposed NDE method is
to be employed at high-temperature conditions, chains made of parti-
cles with lower thermal conductivity like silicon nitride and titanium
should be preferred, as they constitute a thermal buffer that would pro-
tect the sensor embedded in the chain.

Another parametric study examined the solitary wave propagation
in chains made of 9, 15, and 21 stainless steel 19-mm in diameter parti-
cles with the sensor bead located five particles away from the chain-
plate interface. The thickness of the plate was 6.35 mm. The results of
this analysis are presented in Fig. 10. The numerical data indicate that
the length of the granular chain does not affect the features of the re-
flected solitary wave considerably. Longer chains induce a slightly
shorter time of flight (Fig. 10a). This agrees with the fact that more par-
ticles induce higher static pre-compression in the chain, which in turn
induces higher amplitudes and faster waves. Additionally, according to
Fig. 10b, amplitude ratio is slightly higher in longer solitary wave trans-
ducers. The reason is that the higher initial static compression in longer
chains (due to the particles weight) increases the inelasticity parameter
of the impact (Eq. 10). Therefore, based on Eqs. 5 and 6, the coefficient
of restitution and the amplitude ratio decreases in longer granular
chains. Fig. 10 shows that the effect of the chain length on time of flight
and amplitude ratio is insignificant; however, using longer granular
chains is advantageous in high-temperature environments since they al-
low the isolation of the sensor particle from hot zones.

Finally, Fig. 11 shows time of flight and amplitude ratio as a func-
tion of relative corrosion depth in a solitary wave transducer composed
of 21 particles, where the sensor particle was the 5th, 10th, and 15th par-
ticle from the chain-plate interface. As shown in this figure, time of
flight decreases if the sensor particle is closer to the inspection medium
since the ISW and the PSW travel a shorter distance. On the other hand,
amplitude ratio increases if the sensor particle is closer to the inspection
medium since a shorter traveling distance of the ISW and PSW causes
less energy dissipation of the waves through the chain. Regarding the
sensitivity to localized corrosion, numerical results show that the posi-
tion of the sensor particle does not have a significant effect on the varia-
tion rate of time flight and amplitude ratio with respect to the relative
depth of the localized corrosion. However, placing the sensor particle
further in high-temperature environments is advantageous as it helps to
keep the sensor particle away from high-temperature zones.

Fig. 8. Effect of particle diameter on the sensitivity of the HNSW-based NDE for the detection of localized corrosion. (a) Time of flight and (b) amplitude ratio as a
function of relative corrosion depth in solitary wave transducers composed of 13 mm, 19 mm, and 25 mm particles.
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Table 1
Density, mechanical properties, and thermal conductivity of the materials
considered in this study.

Material Material properties

Density
(kg/m3)

Young modulus
(GPa)

Poisson
ratio

Thermal conductivity
(W/mk)

Aluminum 2700 70 0.33 205
Titanium 4500 120 0.35 17
Steel 7800 200 0.3 45
Silicon

Nitride
3200 280 0.2 10

Tungsten 19600 411 0.27 173

4. Conclusion

In this article, a numerical study about a nondestructive evaluation
method based on the propagation and detection of solitary waves is pre-
sented. In the framework of the study presented here, the method fo-
cuses on the detection of localized corrosion in steel structures.

The numerical results indicate that the HNSW-based NDE method is
more sensitive to localized corrosion in thinner plates. Furthermore, it
was shown that the method sensitivity improves by using larger, heav-
ier, and stiffer particles. It was also found that the granular chain length
and the position of the sensor particle do not affect the properties of the
reflected solitary waves significantly. However, in high-temperature
environments using longer granular chains and keeping the sensor
away from the monitoring object can be beneficial to isolate the vulner-
able PZT wafers from hot zones. In addition, the application of granular
chains made of silicon nitride particles is advantageous in high-
temperature environments since they are relatively stiff and have a
lower thermal conductivity that would protect the sensor embedded in
the chain. Future studies shall validate empirically the optimal design
of the array of periodic particles identified in the study presented in this
article.

Fig. 9. Effect of particle material on the sensitivity of the HNSW-based NDE for the detection of localized corrosion. (a) Time of flight and (b) amplitude ratio as a
function of relative corrosion depth in solitary wave transducers composed of aluminum, titanium, steel, silicon nitride, and tungsten particles.

Fig. 10. Effect of chain length on the sensitivity of the HNSW - based NDE for the detection of localized corrosion. (a) Time of flight and (b) amplitude ratio as a
function of relative corrosion depth in solitary wave transducers composed of 9, 15, and 21 particles.

Fig. 11. Effect of sensor location on the sensitivity of the HNSW-based NDE for the detection of localized corrosion. (a) Time of flight and (b) amplitude ratio as a
function of relative corrosion depth in a solitary wave transducer composed of 21 particles. The solitary wave force profiles were analyzed at particles #5, #10,
and #15.
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