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To date, the phenomenon of zero group velocity (ZGV) Lamb wave in a stress-free elastic
plate has been well studied and used in non-destructive material characterization, elec-
troacoustic devices and some other applications. This phenomenon is associated with the
backward mode appearing in the range limited by the ZGV and cutoff frequencies. The
modal frequency response of the structure, primarily the spectrum of the corresponding
guided wave (GW) excited in the plate by a force source, is featured by a sharp peak at
the ZGV frequency, allowing its experimental detection. Other peaks appearing at the cut-
off frequencies indicate thickness resonances. In a layered half-space of infinite thickness,
the backward-mode bend of the dispersion curve turns into a double bend that gives rise
to three GWs associated with the same branch (one backward and two forward modes).
Moreover, several adjacent branches with double bends, and, thus, several peaks, can ap-
pear in a narrow range as the number of layers increases, indicating multiple ZGV reso-
nances. Such dispersion curves with double ZGV points were also found in waveguides of
finite thickness with anisotropic or contrast material properties; however, their resonance
manifestation is poorly studied. In this article, we consider and discuss several kinds of
multi-peak ZGV responses using examples of layered samples of various materials. Along
with the expected increase in the number of peaks in multilayer structures with contrast
layers, it was noted that some ZGV points may or may not appear in peaks, depending on
the type of load.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The backward waves are guided waves (GWs) with opposite phase and group velocities, in which the phase moves to the
wave source. The history of their study has more than a hundred years, starting with the pioneering work of Lamb in 1904
[1]. The existence of backward Lamb waves in elastic plates has been shown by Tolstoy and Uzdin [2] and experimentally

confirmed by Burliy and Kucherov [3].

Backward-wave mode is indicated by a typical bend of the dispersion curve with a negative slope resulting in the neg-
ative group velocity of the corresponding guided wave. At the minimum frequency of the backward-wave range, the group
velocity becomes zero while the wavenumber remains nonzero; the corresponding wave is referred to as a zero group ve-
locity (ZGV) mode. Besides the opposite phase movement, which detection is a rather challenging task, the backward wave
manifests itself by a surface displacement resonance at the ZGV frequency. The maximum backward-wave frequency is the
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cutoff frequency, at which the real dispersion curve starts. The wavenumber nullifies here together with the group velocity,
yielding oscillations independent of spatial coordinates, referred to as a thickness resonance.

Along with stress-free plates, the backward-wave bends of dispersion curves were also found in rigidly supported
(bottom-clamped) elastic layers [4]. But for a long time, there were no more examples of isotropic elastic layered waveg-
uides supporting backward modes. In particular, it was believed that backward waves and, thus, ZGV resonances could not
occur in a layered half-space of theoretically infinite thickness due to a downward energy outflow into the underlying half-
space. Nevertheless, the appearance of backward waves in layered half-spaces has been shown by a gradual softening of the
rigid foundation in the bottom-clamped model, i.e., by its gradual transition to a bi-layer half-space [5]. Along the way, it
was found that the curve bend, engendering the backward mode, transformed in a double turn that gives rise to three GWs
associated with the same branch (one backward and two forward modes; e.g., Fig. 6(b) in Section 4). The negative slope
occurs here not from the beginning of the branch, and the backward mode range is limited by two ZGV frequencies instead
of the cutoff point as the maximum frequency inherent for a homogeneous guide of finite thickness. Consequently, a double
(twin-peak) ZGV resonance should emerge here instead of one conventional ZGV resonance at the minimum frequency and
a thickness resonance at the maximum frequency of the range.

In addition to two-layer half-spaces, paper [5] gave examples of double-ZGV dispersion curves in a three-layer half-space
with a soft interlayer. And two pairs of ZGV points of adjacent branches turned out to be in a relatively narrow band, which
should have led to a multi-peak resonance response on an external load. However, we did not study the frequency response
at that time; the paper was focused on the wave energy transfer from the source (surface load) into the structure and its
distribution among the excited GW modes and body waves. The energy flow was visualized by energy streamlines. It was
shown that in the vicinity of backward-mode and ZGV frequencies, such unusual phenomena as the emergence of energy
vortices and backward fluxes occurred. In these processes, ZGV resonances manifested themselves in a sharp redistribution
of the source power.

The excitability of ZGV resonances was also out of focus because these phenomena were mostly considered in the context
of geophysics, seismic prospecting, civil engineering, and similar applications, assuming vibration of massive objects on an
elastic foundation or dynamic contact impact on the surface. A strict solution to the dynamic contact problems reduced to
boundary integral equations has shown that the dynamic contact stiffness of the elastic substrate tends to zero at ZGV and
cutoff frequencies (e.g., [6,7]). Since the dynamic stiffness enters the formulas for a forced displacement of a massive con-
tacting object together with the inertia terms, its nullification does not affect the amplitude of oscillation. Simultaneously,
its resonance increase can occur at completely different frequencies, where these terms cancel each other [6].

Therefore, it was also difficult to excite and detect ZGV resonances by means of ultrasonic transducers in contact with the
surface. But with the advent of non-contact laser measurement technology, ZGV resonance became detectable [8-10] that
paved the way for the development of laser-based technologies for express evaluating the thickness and material constants
of isotropic plates [11,12]. Currently, these technologies are developed for homogeneous plates without the use of multi-peak
ZGV resonances.

The promising potential of ZGV resonance methods has revived interest in backward modes, stimulated studies for elas-
tic waveguides of more complex structures, and caused a significant increase in publications in recent years. Most of the
research is focused on the analysis of dispersion curves for various waveguides without touching the issues of ZGV res-
onance excitability. In this way, double-ZGV points (doubly-turned curves) inherent in layered half-spaces [5] were also
revealed for elastic waveguides of finite thickness [13-17]; and the occurrence of backward waves in a layered half-space
was confirmed [18,19]. The appearance of double-ZGV curves in these guides was due to contrast layering [13,15,16,18] and
anisotropy [14,17].

It should also be noted the investigations of the influence of layering [13,20,21] and anisotropy [22,23] on the backward
mode and related ZGV effects. A remarkable result of work [22] is a closed-form expression for the Lamb-wave branches at
their onset derived for an arbitrary anisotropic plate. It reveals the existence of backward Lamb modes without calculating
the dispersion curves in the classical case of single-ZGV bends. Unfortunately, this method cannot indicate a double-ZGV
curve that starts as a usual branch.

As for the excitability of ZGV resonances, their study cannot rely only on the analysis of dispersion curves. It requires the
use of so-called forced solutions that account for the wave source, allowing estimation of the structural frequency response.
Therefore, the number of works in this area is much more modest [15,16,24]. Closest to our work is paper [24], in which the
modal excitability in homogeneous and layered elastic and viscoelastic waveguides is investigated using the semi-analytical
finite element method (SAFE). It gives an example of a ZGV resonance response of a homogeneous steel plate in the classical
S1 - S, single-ZGV point case.

The studies of Ref. [16] are led by the idea to exploit ZGV features to design electroacoustic resonators consisting of
a thin piezoelectric AIN film on a silicon substrate. The curves of phase and group velocities calculated for this structure
exhibit both single-ZGV and double-ZGV bends (the latter only for the higher tenth mode). And the admittance with the
resonance peaks at ZGV frequencies is nothing but the structural response providing a quantitative estimate of the modal
excitability.

The object of investigation in Ref. [15] (fluid-filled pipes) differs from the plane-parallel layered structures with contrast
lamina considered in the present paper. Nevertheless, it possesses very similar ZGV features. The dispersion curves of guided
(tube) waves generated by a monopole source can also have one or two ZGV points, and the displacement amplitude exhibits
peak modal responses at ZGV frequencies.
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Fig. 1. M-layered half-space HS (a); free-free layer FL (b); and free-clamped layer CL (c).

The authors of paper [15] also note that the results obtained implies that the ZGV technique has the potential to be
applied for in-service inspection of pipelines which are carrying liquid. Similarly, multi-peak ZGV response can be used to
detect and estimate a fouling deposition in pipelines [25], including wax deposition in gas and oil pipelines [26]. Since
the number and position of resonance peaks in the frequency response are sensitive to changes in elastic properties and
thicknesses, another potential application is the ultrasonometeric diagnosis of bone osteoporosis [27,28]. Along with the
above-mentioned material characterization and electroacoustics, this is a motivation for further ZGV investigation not only of
the GW dispersion properties but also their manifestation in multi-peak frequency responses for various layered structures.

To make the presentation more understandable, we tried to give all the necessary theoretical information in the mathe-
matical framework (Section 2) and discuss the characteristic features of ZGV manifestation, first, in a classical homogeneous
elastic layer (Section 3). In this section, an example of experimental verification of the mathematical model is also given.
The consideration of multilayered structures begins with examples showing the existence of backward modes in a two-layer
half-space and differences in ZGV effects compared with the previous case of a free-free or free-clamped layer (Section 4).
In Section 5, multiple ZGV resonances in various two- and three-layer structures are considered and discussed with the
concluding remarks in Section 6. The frequency response is considered for two kinds of loads: tangential and normal, and it
is noted that not all ZGV points may manifest itself in resonance peaks with different loadings.

2. Mathematical framework

Consider time-harmonic oscillation u(x, w)e=®t of an elastic laminate structure; w = 2x f, f is frequency. In Carte-
sian coordinates X = (x,y, z) = (X1, X2, X3), the complex displacement amplitude u = (u, v, w) = (uq, Uy, u3). The structure
occupies the domain D: |x| < oo, |y| < 0o, —H <z <0, which consists of M sublayers Dy;: || < o0, |y| < 00, Zmy1 <2z < zm,
m=1,2,....M, z1 =0, zy,;=-H, D= U%’:]Dm (Fig. 1(a)). The thicknesses of the sublayers are hy = zm — 241, and the

M
total thickness of the structure is H= ) hp. It can be either a finite laminate plate (H < co) or an infinite multilayered
m=1
half-space (H = oo0).
In the case of anisotropic elastic properties, the components of the complex displacement amplitude u(x, ) obey the
elastodynamic equations

Gty jx + p@*u; =0, i=1,2,3, v

where stiffness tensor G and the density p are piecewise constant functions of the transverse coordinate z, which keeps
constant values within each sublayer Dp,. In the particular case of isotropic sublayers, Eq. (1) is reduced to the Navier-Lamé
equation

(A +p)Vdiva + pAu+ pw*u=0 (2)

with two independent elastic moduli (Lamé constants) A and . From now on, the time-harmonic factor e~i¢! is conven-
tionally omitted.

The sublayers are perfectly bonded with each other, i.e., the displacement vector u and the stress vector T = (Txz, Tyz, 07)
are continuous functions of z. The upper surface z = 0 is stress-free except in a limited area 2 with a given surface load q
simulating a wave source:

Tl.o=q (q(x.y) =0 for (x,y) ¢ ). 3)
In the case of elastic plate (H < co), the bottom side z = —H can be either free (7|,_y = 0) or clamped (u|,__y = 0). These

two cases are referred to below as the free layer (FL) and the clamped layer (CL) (Fig. 1(b,c)). At infinity (r = \/x2 + y2 — oo
and z — —o0), the radiation conditions resulting from the principle of limiting absorption hold [29].



E.V. Glushkov and N.V. Glushkova Journal of Sound and Vibration 500 (2021) 116023

a)
I

Im o

Fig. 2. Semi-infinite contour I'; and centrally-spread contour I' = I'_ U T, in the regular case (a) and with a backward-mode pole (b).

The guided waves (GWs) under study are eigensolutions u, of Eqgs. (1) or (2) that satisfy the homogeneous boundary

conditions at the plane-parallel surfaces and interfaces z=2zy, m=1,2,..., M + 1. Plane GWs propagating along the x-axis
can be written in the form
u,(X) =b,(2)eé*, n=1,2,3,... (4)

where the wavenumbers ¢, are spectral points of the boundary value problem (BVP) under consideration, and the amplitude
factors by, are the corresponding transverse eigenforms. Being the roots of the characteristic (dispersion) equation

A(g. @) =0, (3)

they continuously depend on the angular frequency w specifying dispersion curves { = {p(w) in the plane (w, ¢). With real
Zn, GWs (4) propagate with the phase velocities ¢, = w/¢,, slownesses s, = {n/w, and group velocities v, = dw/d¢n.

To the present, there have been developed a variety of methods for calculating GW characteristics, including in the
case of generally anisotropic laminates (e.g., [30-33]). These methods are sufficient for tracing and analyzing dispersion
curves while, with a conventional modal analysis technique, the amplitude eigenvectors b, can only be obtained up to
constant factors. However, it is not sufficient for the study of resonance effects, which requires working with unambiguous
amplitude-frequency characteristics of source-generated traveling waves. Therefore, for a semi-analytical analysis of forced
wave propagation in laminate structures, we traditionally use the Green’s matrix based approach [5,34,35] in the form and
notations laid down by Vorovich and Babeshko [4].

The unique solution of the BVP considered, i.e., the complex amplitude u of the wave field generated in the structure D
by a surface load q, is represented as a convolution of the Green’s matrix of the structure k(x) with q, or in terms of the
inverse Fourier transform of U= KQ, where K = Fyy[k], Q = Fyy[q], and Fyy is the operator of the Fourier transform with
respect to the horizontal coordinates x and y [34]:

u(x, ) = (k*q)(x) = fk(x—s,y— n.2)q(€. n)dédn =
Q

(6)

2

1 . )

= Fy'lU] = an? //K(Oh Y. 2)Q(a, y)e *xeosyysiny) dy g der.
r, 0

The columns k; of the 3 x 3 Green’s matrix k = (k; 51(25k3) are the displacement vectors corresponding to the point loads 7 =
8(x.y)i; applied to the surface z=0 along the coordinate vectors i;, j=1,2,3; § is Dirac’s delta-function. The integration
path I'; goes in the complex plane o along the real positive semi-axis rounding the real poles of K elements in accordance
with the principle of limiting absorption (Fig. 2). The latter gives a rule for bypassing real positive poles from below almost
always, except in the rare case of a backward mode pole that must be bypassed oppositely [4] (Fig. 2(b)).

Applying the residue technique to the path integral gives the source-generated GWs as residues from the poles of matrix
K elements. The contour I'; is centrally unfolded on the entire axis, and the resulting path I' =T'_ U Ty is closed upward.
A description of this procedure can be found in Ref. [34]. As a rule, in the absence of backward waves, only positive real
poles, which are bypassed from below (Fig. 2(a)), get into the closed contour. They give outgoing GWs with phase and
group velocities directed from the source. In the backward mode case, the corresponding pole lies below the path I'; and,
therefore, outside the closed contour. Thus, it does not contribute to the wavefield representation in terms of GWs. At the
same time, its negative counterpart lies above the contour I" (Fig. 2(b)), getting inside and yielding a backward GW, which
propagates from the source with a positive group velocity (v, > 0) but exhibiting a negative phase motion (c, < 0).

For simplicity and clarity, we restrict ourselves to the case of a horizontal or vertical point source q =d8(x,y)ij, j=1
or 3, and the direction of propagation along the x-axis, which coincides with a principal material axis if the structure is
anisotropic. In such a case,

Nr
U, y.2) = ) bu(2)e/\/eax [T+ 0((ax) D], x — co. (7

n=1

Here N; is the number of positive real poles ¢, of the matrix K elements; j, is an indicator of the backward mode: nearly
always jn, = 1, except in the case of backward GW for which j, = —1, and the negative counterpart —¢, contributes into the

4
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modal expansion (7) instead of ¢,, without changing the number of excited traveling waves N;;

[, .
b, (2) = E]ng'nresK(—a,0,z)|a:jn{nQ; Q=ij;, j=1or3. (8)

The terms of expansion (7) are similar to eigensolutions (4). Moreover, the poles ¢, coincide with the roots of dispersion
equation (5), since its left part A is nothing but a common denominator of matrix K elements; and the functions by (z)
specified in Eq. (8) are of the same shapes as the eigenforms b,(z) in Eq. (4). But unlike the latter, they are uniquely
determined in Eq. (8) via the Fourier symbols of the structure’s Green’s matrix k and the given load q.

With the selected tangential or normal point load q, the amplitude vector b, of each mode coincides, up to the factor

i/27 jn&n, with the first or third column of the residue matrix res K. Therefore, in order to estimate the contribution of
each mode into the structure’s response, it suffices to consider the frequency dependences of its elements: a, ;;(f) = |[resK;;|
at z =0, while the sum of such modal responses estimates the maximum of the total response:

Ny
a;;(f) = Zan,ij(f)~ (9)
n=1

In the discussion below, these functions are referred to as the amplitudes of frequency spectra of the corresponding modal
components, neglecting the insignificant factors ,/i/2m j,{y. The vertical point load simulates a laser beam action on the
surface while the third displacement vector component describes the out-of-plane surface response measured by a laser
Doppler vibrometer. Therefore, the functions a, 33(f) are of prime concern for the surface acoustic wave (SAW) laser gener-
ation and measurement technique. The tangential point load is used in the pin-force models of Lamb wave excitation and
detection by piezoelectric active wafer sensors [36], for which the functions a, 11 (f) are of interest.

3. Backward modes and ZGV resonance in an elastic layer

To analyze the manifestation of backward modes and ZGV resonance effects, we start with a homogeneous layer. Fig. 3
gives examples of dispersion curves for two kinds of such waveguides: a stress-free layer (FL) and a bottom-clamped layer

a) FL b) oL
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Fig. 3. Dimensionless dispersion curves for a free (FL) (a,c) and clamped (CL) (b,d) layers; top (a,b) for slownesses, bottom (c,d) for group velocities as
functions of frequency. Horizontal dashed lines are for the frequency-independent body wave slownesses (top) or velocities (bottom) marked with ‘p1’ and
‘s1’ for P and S body waves.
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Table 1

Dimensionless parameters of sublayers.
material No Cp Cs P h E v
I 1.87 1. 1. 1. 2.6 0.3
1l 40. 20. 1. 1. 1067. 0.333
il 10. 1. 1. 1. 2990 0.495
v 20. 10. 13 o0 346.7  0.333
\ 5221 2.887 19.254 0.05 4108 0.280
VI 3. 1. 1. 1. 2875 0.438

(CL). It shows the slownesses s, (f) and group velocities v, (f) as functions of dimensionless frequency f. For generality and
comparability, hereinafter (unless otherwise indicated), the numerical results are presented in dimensionless form. As the
base units ly, ¢y, and pg, we chose the thickness h, S-wave velocity cs, and density p of the layer: [y = h, ¢y = ¢s, and pg = p;
the unit of frequency is fy = cg/lp, the unit of elastic moduli is Eq = poc(z). The curves of Fig. 3 are calculated for the input
parameters of material I given in the first line of Table 1. For convenience, along with the four independent parameters
Cp, Cs, p and h, dimensionless Young’'s modulus E and Poisson’s ratio v are also shown in the table.

Depicting dispersion curves in the frequency-slowness plane is more convenient. In contrast with the wavenumber curves
¢n(f) that goes up to infinity or phase velocity curves c,(f) that come down from infinity, the slowness magnitudes vary
in a limited range specified by the frequency-independent bulk-wave and Rayleigh wave slownesses (except the A; mode
curve in a free layer).

Backward traveling waves arise in those frequency ranges where the curves have a specific bend with a negative tangent
slope. For example, in the FL sample (Fig. 3(a)), the backward modes appear in the fourth (S;) branch in the range 0.869 <
f <0.935 and in the sixth (A,) branch in the very narrow band 1.4987 < f < 1.5000. In these ranges, each bend yields
two wavenumbers for the forward and backward guided waves associated with the same nth dispersion curve: ¢; = ws;
and ¢} = ws}. At the left end (the minimum frequency) of the range, these two wavenumbers merge in a double root of
the dispersion equation, and the tangent to the curve at this point (fzgv, ¢nzcv) becomes vertical. Accordingly, the group
velocity v, = dw/d¢, of the associated traveling wave by (z)eiénzov* is equal to zero, and such a normal mode is referred to
as a ZGV mode [8]. The wavenumber of the ZGV mode is nonzero: ¢, zqv # 0, while at the right end of the range ¢, = 0.
Here the range is limited by the cutoff frequency f. (the onset point of the real branch of the dispersion curve), at which
the group velocity vy is also equal to zero. In the range f;qy < f < fc, the group velocity is negative, and its curve exhibits
a typical open half-loop in the low half-plane of the (f, v;) plane (Fig. 3(c,d)).

The double root ¢, zgv is a double pole of K;;, at which the residues resK;; can increase to infinity, manifesting itself in
ZGV resonance peaks in the frequency spectra a;;(f). Expanding the numerator and denominator of the matrix K elements
in a Taylor series in the vicinity of double roots (fzgy.¢zqy) of equation (5), including the cutoff points (fc,0), one can
show that these frequencies are the points of weak (root) singularity of the frequency spectra: a;;(f) ~ O(|f - frev17%3) as
f = fzev, and a;;(f) ~ O(|f — fe|79°) as f — f.. The latter indicates a thickness resonance that occurs when an even (FL) or
odd (CL) number of P or S body quarter waves fits into the layer thickness. The resonance response of the FL and CL plates
is illustrated by the aq; and assz plots of Fig. 4.

As an example of experimental verification of the computer model, we imposed the curves a, 33 for the regular and
backward modes S; and S; (Fig. 5, dashed lines) on the copied from Ref. [23] plot of the laser-generated and optically
measured surface displacement of a free [001]-cut silicon plate (solid line). The figure provides an expanded view of the
S1 ZGV resonance and thickness resonance peaks similar to the resonance peaks at the S; fzqy =0.869 and f. =0.935
in Fig. 4(c). Unlike the FL example, this plate is anisotropic (cubic symmetry) specified by the three independent elastic
constants Cy; = 165.6, Cj; = 63.9 and Cy4 = 79.5 (GPa), density p = 2329 kg/m3, and thickness h = 0.525 mm; the frequency
is in megahertz. Due to anisotropy, the value of f;;, depends on the propagation direction.

It varies from 7.71 MHz for the azimuth angle ¢ =0 to 7.75 MHz for ¢ = /4. At the same time, the cutoff frequency
fc =8.03 MHz is directionally independent. Since most of the source energy is in the GWs propagating along the principal
material axes, and the surface displacement was measured at the same point that the laser beam acted on, both of these
frequencies manifest themselves as ZGV resonance peaks in the experimental curve of Fig. 5 [23]. Accordingly, the superim-
posed curves a, 33 were also calculated for these two propagation directions (color online: red dashed lines for ¢ =0 and
blue ones for ¢ = r/4). One can see a good agreement between the calculated and measured resonance responses.

4. Layered half-space: existence of backward modes and ZGV frequencies

The split of the ZGV mode resonance into two resonance peaks in Fig. 5 is due to the material anisotropy. Each of
the peaks is associated with a single ZGV point on the corresponding dispersion curve. Nevertheless, more than one ZGV
point can also be on the same dispersion curve with a specific double bend. To illustrate this fact, we begin with an example
confirming the possibility of backward waves in a layered half-space. For a long time, it was believed that traveling backward
GWs could not be formed in such structures due to a downward energy outflow into the underlying half-space. On the

6
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Fig. 4. Amplitudes of frequency spectra of the responses a;; and as; of each mode (dashed lines) and their total sum (solid lines) for the FL (left) and CL
(right) plate samples with the GW dispersion properties shown in Fig. 3.
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Fig. 5. Theory-to-experiment comparison: backward mode range frequency spectrum of laser-generated and optically measured surface displacement of a
free silicon plate (solid line, [23]) and the amplitude curves a, 33 for the forward and backward modes S; and S; (dashed lines) calculated for two principal

azimuth directions ¢.

other hand, they exist in a bottom-clamped (CL) layer. And with a gradual transition from a rigid base to a soft base, e.g.,
by increasing the ratio ¢ = ¢, 1/¢, >, the bend of the dispersion curve with a negative tangent should remain in a non-zero
interval 0 < & < &* (cp,m is the P-wave velocity in the mth sublayer, Fig. 1(a)). Inspired by this idea, we calculated examples
of such a gradual transition, confirming the possibility of backward wave propagation in a two-layer half-space [5]. Some
other examples of backward-wave modes arising in more complex multilayered half-spaces were also obtained at that time.
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Fig. 6. Two-layer elastic half-space HS2-III/IV: left, (a,c), slowness and group velocity; right, (b,d), enlarged backward mode parts.

Fig. 6 illustrates a typical backward mode appearance in a two-layer elastic half-space with a softer upper layer. The
dimensionless properties of its upper layer and base are shown in rows IIl and IV of Table 1 (denote this structure as HS2-
[I/IV). Same as in the examples of Ref. [5], this model came from geophysics and vibroseismic prospecting in a marshland.
Its upper layer is featured by a relatively low S-wave velocity: y = ¢;1/cp1 = 0.1, and, consequently, by close to 0.5 Poisson’s
ratio: v; = 0.495, which is typical for liquid-filled soils. The base is a hard ground with v, = 1/3, and the contrast of P-wave
velocities & = ¢, 1/¢p 2 = 1/2. Layered structures with similar non-dimensional properties can also be found in other areas,
for example, plastic and rubber-like coatings or nano-wired polymer composite films [37].

The slowness curves in Fig. 6(a) look similar to those in the CL case (Fig. 3(b)) but, unlike the latter, they do not start
from zero values, but exit from the horizontal line of S-wave slowness in the lower half-space (dashed line ‘s2’ in the case).
Formally, in the CL case, the curves also start from the value of S-wave slowness in the lower rigid substrate, which is
equal to zero, and, therefore, the line ‘s2’ coincides with the frequency axis. Before the onset points, the curves are complex
branches lying either on the physical or on the unphysical Riemann sheet of the complex s-plane (the value ‘s2’ is the
branch point). Another characteristic feature is that after the exit point, the curves go along the line ‘s2’ for a long while
and then sharply turn up near the cut-off frequencies of the corresponding CL guide. Each subsequent GW curve starts close
to such an upward turn of the preceding curve. The initial almost horizontal sections of the dispersion curves give traveling
waves propagating with high phase and group velocities, induced by the high-speed body waves of the lower half-space.
Sharp upward turns indicate a sharp decrease in the GW velocities tending in the limit to the Rayleigh wave velocity, which
is relatively small for the soft material of the upper layer. On the group velocity plot (Fig. 6(c)), it looks like narrow splits
to almost zero (or lower for the backward modes).

An expanded view of the backward mode curve in Fig. 6(b) shows that the bend inherent in the elastic layer (Fig. 3 (a,b))
transforms into a double bend providing two ZGV frequencies: f7gy1 = 0.713 and fzgy» = 0.724. The latter is the right limit
of the backward mode range instead of the cut-off frequency f. in FL and CL samples. Accordingly, the group velocity curve
draws a closed loop (Fig. 6(d)) instead of open half-loops in Fig. 3(c,d). Now three GWs correspond to the same curve in
the range fzqy1 < f < fzqv2: two forward waves and one backward wave. In the enlarged portions shown in Fig. 6(b,d), the
corresponding parts of curve 2 are indicated as 2, 2*, and again 2. As a result, the structure of the resonance peaks also
changes.
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Fig. 7. Modal responses ay; (top) and as3 (bottom) in half-space HS2-III/IV; right subplots provide an enlarged view of ZGV resonance peaks.

5. Multiple ZGV resonances
5.1. Two-layer half-space

The pattern of resonance peaks of the aj; response of the HS2-III/IV half-space (Fig. 7(a)) is similar to that in the CL
case (Fig. 4(b)). The peaks arise at ZGV frequencies and the frequencies of thickness resonance near the upward turns of the
preceding curves. The enlarged part of the backward mode range (Fig. 7(b)) shows two peaks at both ends of the backward
mode range and a thickness mode peak at the next onset frequency to the right of it. As in the case of a homogeneous
layer (e.g., the amplitude of S} mode in Fig. 5), the amplitude of backward mode 2* tends to infinity at both ends of the
range. But unlike it, there are two forward modes 2 with a singularity either at the left ZGV frequency f7cyq or the right
frequency fzqyo. Note that the curve of the total response (solid line) is without a beating as in Fig. 5 because in Eq. (9), it
is introduced not as a sum of complex values but as a sum of their absolute values.

As for the vertical response as3 (Fig. 7(c,d)), the thickness resonances do not appear quite noticeably in this structure,
and the ZGV resonance is not as strong as with a tangential load. The contribution of backward mode 2* and modes 2 to
the total response is much less here than that of regular mode 1.

5.2. Bottom-clamped layer with a hard coating

A dispersion curve with a typical double bend giving a pair of ZGV points can appear not only in a layered half-space but
also in a layered guide of finite thickness. For example, the first curve in Fig. 6(a) from Ref. [13], calculated for in a bottom-
clamped (CL) bi-layer structure (thin tungsten layer on a thick bottom-clamped soft layer), has such a bend. To find out how
the double-ZGV resonance manifests itself in such a structure, in Figs. 8 and 9, we display the dispersion curves and modal
responses in the same format as in the preceding figures. The dimensionless input parameters of this guide are specified
in rows V and VI of Table 1 (denote it as CL2-V/VI). The characteristic feature of GW propagation in this structure is that
ZGV modes occur in the neighbor curves 1 and 2 at neighbor frequencies fzgy1 = 0.300, fzgy2 = 0.335, and fzq/3 = 0.405
(Fig. 8(a,b)); curve 1 has a double bend, and curve 2 has a conventional single bend. Respectively, the group velocity curve
of mode 1 exhibits a full closed loop as in the case HS2-III/IV, while the second curve shows a semi-loop as in the FL or CL

guide (Fig. 8(d)).
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Since the hard coating is relatively thin, the general view of the resonance responses shown in Fig. 9(a,c) is similar to the
pattern obtained in the CL case (Fig. 4(b,d)). However, an enlarged view of the a33 resonance peaks (Fig. 9(d)) shows that
they arise at each ZGV frequency plus a thickness resonance peak at f. = 0.416; a total of four peaks in a narrow frequency
band. This is more than in the previous reference cases, namely, than two peaks in the CL case or three peaks in the case of
two-layer sample HS2-III/IV (Fig. 7(b,d)). Four peaks appear here because the amplitude of each of the backward modes 1*
and 2* infinitely increases at both ends of their ranges. However, this is not a general rule but only a potential possibility
of a resonance response at each ZGV frequency. Thus, in the response aj;, resonant peaks are observed only at two internal
neighboring frequencies: fzq/> and fzqy3 (Fig. 9(b)), while at the leftmost frequency f7qy1. the peak is barely visible, and the
amplitude of mode 2* decreases to zero at the right end of its range. That is, this component exhibits a two-peak resonance
response instead of possible four-peak resonance.

5.3. Three-layer half-space

The following example is for a three-layer half-space with a soft interlayer (Figs. 10 and 11). Its properties are specified
by rows II, 1II, and IV of Table 1, so we denote it HS3-II/III/IV. A similar structure was also considered in Ref. [5] as a model
of a winter marshland (the top layer is for frozen liquid-saturated soil or ice). It is obtained from the two-layer model HS2-
II/IV by adding a hard coating. This model can also be considered as a transition from the two-layer model CL2-V/VI, in
which the rigid base is slightly softened, and the upper hard coating is made relatively thicker. The bi-layer CL2-V/VI also
has a soft interlayer sandwiched between two hard solids and forms an inner channel. Therefore, the three-layer structure
retains, to some extent, the waveguide properties of both those two-layer waveguides.

At first glance, the dispersion curves in Fig. 10(a) look rather unusual, ending abruptly on the rise. In fact, the curves
continue, but as complex branches of pseudo-GWs (evanescent modes). Physically, the pole’s shift from the real axis to
the complex plane means that the corresponding traveling wave transforms into a leaky guided wave. It propagates in
the top hard layer with energy outflow into the underlying soft interlayer and then into the lower half-space. Such an
effect is inherent in layered half-spaces with hard coatings. We consider only traveling waves associated with real branches;
therefore, we do not plot complex parts of the curves in this figure.

1
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Fig. 11. Modal responses ay; (left) and as; (right) of the three-layer half-space HS3-II/III/IV.

As for the ZGV modes, curves 1 and 2 have two adjacent double bends (Fig. 10(b)), which yield four ZGV frequencies in
a narrow band: fzqg, = 0.9636, 0.9794,0.9798, and 0.9826. In addition, the onset frequency of the third mode, f. = 0.9820,
also lies in this interval 0.9636 < f < 0.9826. Accordingly, the group velocity curves form two closed loops with negative
lower parts; and the minimum of the third curve almost reaches zero (Fig. 10(d)). In the plots of modal responses (Fig. 11),
this range manifests itself as a high-quality resonance mode, the peak of which is much narrower than a strong thickness
resonance peak at f. = 0.454. As it follows from the above, the structure could exhibit a five-peak resonance response in this
range. However, as in some previous cases (e.g., Fig. 9(b)), not all ZGV frequencies give distinguishable resonance peaks. An
enlarged view shows that strong resonances occur only at two adjacent ZGV frequencies: fzq/2 = 0.9794 and f;g/3 = 0.9798,
which differ only in the fours digit, and there is a weaker peak at f. = 0.9820. The two remaining points fzgy1 and fzgy4,
which are the external boundaries of these adjacent backward mode ranges, do not work in this case. That is why the
corresponding resonance bursts in Fig. 11 look so narrow.

6. Concluding remarks

—_

. The frequency response of layered elastic waveguides to a surface point load is studied on the basis of exact integral
representations and explicit guided wave asymptotics with a focus on ZGV resonance manifestation. Starting with ZGV
and thickness resonances in a homogeneous elastic layer, which are already well known and used for material character-
ization, it is shown how the pattern of ZGV resonance peaks changes with the increasing complexity of the waveguide
structure (clamped bottom, soft film, hard coating, layered half-space, soft interlayer).

2. In an elastic half-space of infinite thickness, the backward-mode bend of the dispersion curve turns into a double bend.
As the number of layers increases, several adjacent branches with double ZGV points may appear in a narrow range,
giving rise to a multi-peak resonance response. It is noteworthy that some ZGV points may or may not appear in peaks,
depending on the type of load.

3. In addition to material characterization, multiple ZGV resonance effects have a promising potential for developing mi-

croelectromechanical systems (MEMS) and nano-composites, bone osteoporosis ultrasound diagnostics, and in-service

pipeline inspection, including estimate a fouling deposition.
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