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Abstract: The analysis of propagating an initially harmonic acoustic pulse in a semi-infinite hyper-
elastic rod obeying the Yeoh strain energy potential reveals attenuation with distance of the wave
amplitudes caused by the elastic energy dissipation due to forming and propagation of the shock
wave fronts and heat production. The observed attenuation of harmonic waves results in a broadband
cloaking of fairly remote regions. The analysis is based on solving a nonlinear equation of motion by
an explicit Lax-Wendroff time-difference scheme combined with the finite element discretization in
the spatial domain. The revealing phenomena are applicable to studies of acoustic wave propagation
in various elastomeric rubberlike materials modeled by the Yeoh hyperelastic potentials.
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1. Introduction
1.1. An Ouverview

(A) Shock waves in fluid and gaseous media. The first works on the formation of
acoustic shock wave fronts in gaseous media descend to Rankine [1] and Vieille [2]. It was
found that at a moving surface of a weak discontinuity, known also as the weak shock
wave front, the thermodynamic equations should be taken into consideration to account for
the heat production. Later, a complete theory for the formation and propagation of shock
wave fronts in gaseous and liquid media was developed [3-16].

Several numerical methods for analyzing the propagation of shock wave fronts were
developed: (i) the shock-fitting method [17], and (ii) the non-linearization techniques [18,19].
Both methods, along with (iii) the finite difference methods [20-23], (iv) the finite element
methods [24-26], and (v) various types of the discrete element approaches [27-29], are
widely used in the study of acceleration waves. Note also that according to [30], the
shock waves in gaseous and liquid media propagate with faster velocities than the local
sound velocity.

(B) Shock waves in solids. The first theoretical works on the formation and propagation
of shock waves in elastic—plastic solids are mainly due to von Karman, who gave an explicit
representation for the displacement of the initial part of the propagating pulse in a semi-
infinite rod [31]:

”(x/ t) = C0<t + x/cshock) (1a)

where cgpock is the unknown shock wave velocity; ¢ is the time; and x is the distance from
the rod edge.

u(x,t)],—o = cot (1b)

The last equation defines cj as the velocity of the impact applied at the rod edge. It
was found that (i) the cghock Velocity depends upon cy; (ii) it depends upon actual strain;
and (iii) the shock wave velocity in an elastic—plastic target slab may be larger than the
impact velocity [32,33]:

(1c)

It should be mentioned that in physical experiments [32,33], inequality Equation (1c)
was obtained by indirect measurement of the particle velocities at the rear face of the

Cshock >
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slab. In this respect, see previous studies [34—40]. Most of these works are concerned with
elastic—plastic solids of the Prandtl-Reuss type. However, despite a significant achievement
in finding the shock wave velocity, the problem of mechanical energy dissipation and heat
production remained unresolved; meanwhile, physical experiments revealed a substantial
temperature rise [33].

Hill [41] proposed, for the first time, a comprehensive theory of shock waves in
hypoelastic solids satisfying the following equation of state:

t=Cle)- £ (1d)

where T is the Kirchhoff stress rate; C is the fourth-order elasticity tensor, assumed to be
positive definite; and ¢ is the infinitesimal strain rate. For such a hypoelastic material, the
shock wave front velocity could be explicitly constructed [34,35,42].

Cshock = [ [v] A (le)

g]--n®n
where [v] is a jump in the velocity field; and [¢] is a jump in the corresponding strain field.
Note that for shock waves in a 1D rod, Equation (1e) reduces to:

Cshock = [7)]/[5] (1f)

According to Equation (le), the shock wave velocity depends upon the jump in
velocity and strain and the inclination of the jump with respect to the unit normal, ensuring
Cshock € (0; o0) [43].

A large number of works [44-51] are concerned with the analyses of the formation and
propagation of shock waves in bi-modular elastic materials with the following dependence
of the elastic modulus on infinitesimal strain:

E(e) = Eo(1 - ae) (1g)

where Ej is the median modulus; and 0 < « < 1 is a dimensionless parameter specifying
the jump in E at transition from negative to positive strain. Harmonic excitation applied
to the left end of a semi-infinite rod revealed a substantial decrease in wave amplitudes
with distance from the edge due to the formation of multiple shock wave fronts, and
hence the loss of mechanical energy, which ensures cloaking of objects that are sufficiently
distant from the applied excitation load [51]. Another remark concerns the possible for-
mulation of cloaking effects for nonlinear waves in viscoelastic media in terms of fraction
derivatives [52,53].

1.2. Problem Statement

The current research is concerned with studying the propagation of an initially har-
monic wave in a semi-infinite hyperelastic rod with a continuous dependence of elastic
properties on strain, defined by the Yeoh potential; see Figure 1. The Yeoh potential is
known for its almost perfect fit of experimental stress—strain data for a large number of
elastomers [54]. It is widely used for modeling the stress—strain behavior of various cross-
linked polymers, especially those used in vibration absorbers [55,56], seismic isolation
devices [57], and biological tissues [58].
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Figure 1. (a) Semi-infinite rod. (b) Harmonic load, applied at the left end.
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In the course of the analytical and numerical studies, it was observed, apparently
for the first time, that (i) multiple shock wave fronts are formed and propagate; (ii) wave
amplitudes decrease with distance from the edge of the rod; (iii) the specific strain energy
decreases with distance with a simultaneous increase in thermal energy; (iv) the speed
of propagating shock wave pulses satisfies Equation (1f); and (v) attenuation and, hence,
heat generation is heavily dependent on the time—frequency and amplitude of the loading.
The observed phenomena may result in a better understanding of the acoustic wave
attenuation in various polymer materials, which is caused by the formation and propagation
of shock wave fronts. In summary, the observed attenuation of harmonic waves results in a
broadband cloaking of fairly remote regions.

The performed analysis is based on a combination of Cauchy formalism for construct-
ing a secular equation for travelling waves [59-62] and the Lax-Wendroff explicit numerical
scheme for numerical solution of the secular equation [63,64].

2. Yeoh Equation of State
2.1. Basic Relations

Considering the left Cauchy—Green deformation tensor:
B=F-F (2a)
where F is the strain gradient. The three principal invariants of tensor B are as follows:
I — tr(B); IIg — %(tr(B)z ~ tx(B?)); Il = det(B) (2b)
Denoting principal stretches of the strain gradient, F, as A, k = 1,2,3, gives:
Ip = A + A3+ A3 IIg = M3+ MA3 + AAg; 11T = MAg)s (2¢)

In the considered case of uniaxial extension and incompressibility, the principal
stretches become:
M=AA=A=A12 (2d)

Finally, combining Equations (2c) and (2d) yields:

A +2 2% +1

Ip = 1Tl =1 (2e)

The left Cauchy—Green deformation tensor admits the following representation in
terms of its principal stretches and eigenvectors ey, k = 1,2, 3:

1
B:?\2e1®e1+x(e2®e2+e3®ea) (2f)

2.2. Hyperelastic Potential
The Yeoh hyperelastic potential has the following form [65]:

W =Y Alg —3)F (2g)
k=1

where 7 is the order with respect to Ig; and Ag, k = 1,2,...,n are unknown coefficients
obtained by fitting the experimental data. Note that the original Yeoh [54] work suggested
using the third-order polynomials with respect to Ig. At n = 1, the Yeoh potential turns
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c(e) =4/p1E(e) = J

into the neo-Hookean potential [66]. Substituting Equation (2e) into potential Equation (2g)
gives for the uniaxial extension a polynomial form with respect to A for the Yeoh potential:

A —3A+2 ¢
(2h)

WAZnAi
™ z( :

The last expression shows that W(A) is a polynomial of order 3n.
Let € be principal strain along the e;-direction, thus ¢ = A — 1. In terms of ¢, the Yeoh
potential becomes:

L +3\* .
W(e) :;<_Z1Ak(£2§+1> (2i)

The last two expressions for W will be used in the subsequent analysis.

2.3. Stress—Strain Relation

For the considered case, the Cauchy stress component, t11, with the omitted indices is
given by the following expression:

t(A) = A\ W(A) (2))

which in view of Equation (2h), yields:

n 2 3 _ k
T(\) = ZAkzk(?\ +?\—|2—1)(?\ 317(\4-2) (2K)
=1 (A" +A=2)A
or in terms of principal strain:
n 2 k 2k—1
(e) = ZAkzk(a +3£+3)(£+3)k£ @1
k=1 (e+3)(e+1)
Note, that t(¢) is defined up to the applied pressure.
2.4. Tangent Elastic Modulus
The tangent modulus is defined as:
E(e) = 0e(e) (2m)

from where with account of Equation (21), it follows:

e2(e +3) et(e +3)?
(Al +2A; <£+1) + 3A3 (£+1)2 +> (2n)

(e2 +3e +3)(e2 +2e +2)
(e+1)°

E(e) =

2.5. Rod Velocity

It is known that the speed of a pulse propagating in a 1D rod is given by the following
relationship [67-69]:

(2 43¢ +3)(e2+2e+2)
o(e+1)?

(20)

2 4 2
<A1+2A2£(£+3) A£(£+3) +)

(e+1) 3 (e +1)2

Note that the rod velocity coincides with the low-frequency limiting velocity of
Pochhammer—Chree waves propagating in a rod of finite radius [67,68].
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E)%tu(x, f = p*1

3. Secular Equations
3.1. Equation of Motion

The equation of motion for a 1D rod may be written in the form:
o%u(x,t) = p1oyt(e) (3a)

where u(x, t) is the displacement field and p is the material density. The field u(x, t) is
assumed to be of class C! with respect to x and ¢ variables, and having piecewise continuous
second-order derivatives with respect to x and t. In Equation (3a), the displacement field
relates to the principal strain by the Cauchy equation:

e(x, t) = oyu(x, t) (l + ;8xu(x,t)> (3b)
(e243e+3)(e2+2e+2) %
2
ey e2(e+3) e4(e+3)? aiu(x’ L+ du(x b)) 9
<A1 +24; (e+1) +345 (e+1)? + >

3.2. Boundary and Initial Conditions

The harmonic force loading boundary condition applied at the left edge of the rod is
as follows:
(3,0, = poexpliot) (3d)

where p is the force amplitude, and w is circular amplitude. At the right end at x — oo,
the Sommerfeld attenuation condition [69] is imposed:

U(X, )| oo =0, Oxut(x,£)], 0o =0 (3e)
Homogeneous initial conditions are imposed on the rod:
u(x,t),—o =0, oum(x,t)],_o=0 Vx (3f)

3.3. Energy Balance

Equation of state Equation (2i), along with equation of motion Equation (3c) and
boundary and initial conditions Equations (3d)—(3f), should be accomplished by the equa-
tion of energy balance [70-72]:

t oo t
P(t)dt = Ex + Es + Q(x,t)dtdx (3g)
Jrom-ases ]

where P(7) is the power of force loading defined as:
P(t) = p(0)u(0,7) (3h)

Ey and E; are kinetic and strain energies, respectively:

t oo t oo
Be=s [ [olitonPavts E=3 [ [W(e(o0)dxic (3)
00 00

and Q(x, 1) is the specific heat generated at the shock wave propagation. Note that the sign
of Q(x, t) in Equation (3g) differs from that introduced previously [70].
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3.4. FE Formulation

The governing equations are solved by the 1D FE method for spatial discretization
and the FD method in the time-domain coupled with an explicit Lax-Wendroff energy
conservation numerical scheme. To achieve a conditionally stable numerical algorithm, the
Courant-Friedrichs-Lewi condition was imposed on the time increment At:

At< D% (3)
maxc(e)
where Ax is the spatial increment (mesh size); and c(¢) is the rod velocity, defined by
Equation (20). For example, considering a particular case of Yoeh potential that relates
to a Neo-Hookean material at # = 1 in Equation (20), and a fairly large strain interval
—0.5 < £ < 0.5, gives:

maxc(e) & 2.958+/p~ LA, (3k)

At n > 1 expression for maxc(e) will depend upon ratios Ax/A1, k = 1,...,n,
provided A; # 0.

For spatial discretization, 2-node linear truss elements with no flexural or torsional stiff-
ness were used. The total number N of elements varied in the range 8K < N < 24.8K. The
mesh convergence analysis revealed almost identical displacement fields for the mesh with
N > 10.2K. Thus, N = 10.2K was adopted for performing computations in the next section.
Another remark regards the use of a median filter to reduce non-physical oscillations:

£ 00 = gy 2o flis) @

Herein, 2m + 1 is the filter order; f is the unfiltered function; f* the filtered function.
In the next section, median filters of orders 7 — 15 are used.

Finally, the adopted physical nonlinearity prevents the use of a non-reflecting bound-
ary condition at the right end of a rod of finite length; Figure 1. Thus, to eliminate waves
reflected from the right end and arriving to a point of observation located at a distance !
from the left end, the rod length L should satisfy the following condition:

) 2L —1
minc(e) — maxc(e)

(3m)

ensuring that the slowest pulse reaches the point of observation without interfering with
the fastest pulse reflected from the right end.

4. Numerical Analyses
4.1. The Model

Following [27,73], consider the Yeoh potential Equation (2g) with n = 3 and the
following coefficients:

Ay = 0.27337; Ay = —0.06226; A3 = 0.01874 (4a)

These values for Ay, k =1,2,3 are given in MPa. The material Equation (4a) is used
for elastomeric bearings [55]. The material density is taken as p = 1520 kg/m?.

With these parameters, the plots for the tangent elastic modulus vs. strain, defined
by Equation (2n), and the rod velocity vs. strain, defined by Equation (20), are shown in
Figure 2.



Appl. Sci. 2023, 13, 4740 7 of 12
1.80 345
1.75 - 34.0 4
@© @
g 1701 E 335
- 2
a ‘C
2 S
T 165 0 330 A
£ o
o §
@ 1.60 o 3254
w ]
1.55 - 320 4
1.50 . . ' : : : : . . 315 . r v . . ' v v -
05 -04 -03 02 -01 00 01 02 03 04 05 05 -04 03 02 01 00 01 02 03 04 05
strain strain
(a) (b)

Figure 2. (a) Tangent elastic modulus variation vs. strain. (b) Rod velocity variation vs. strain.

The plots in Figure 2 show the non-monotonic behavior of both the tangent elastic
modulus and the rod velocity in the studied interval —0.5 < ¢ < 0.5. Even more important
are local maxima at ¢ = 0, which ensure the degradation of wave pulses due to the higher
propagation velocity at smaller |¢|. Another observation of plot in Figure 2b reveals:

minc(e)|,__o5 = 31.5; maxc(e)|,_o5~ 345 (4b)

Herein, a rod of finite length L is analyzed with points of observation marked as
Xo, ..., x3; see Figure 3. The foremost from the left end point x3 is located at a distant /3
satisfying relation Equation (3m), ensuring absence of the interactions with the reflected
waves from the right end.

ly

P(f) xo X X5 X3
L

Figure 3. 1D rod of length L with points of observation marked as x, ... , x3.

LV

4.2. Harmonic Excitations

To achieve harmonic force excitation and large strain in a range of frequencies
10~! < f < 10? Hz and with force loading amplitudes varying in a range 50 < pg < 400 KN.
The typical plots for strain varied with time are shown in Figure 4 for pg = 50 KN.

The analogous plots are shown in Figure 5 for pg = 400 KN; this loading amplitude
produces an oscillating strain with much larger amplitude, see Figure 5a.

The plots for energy variations with time are shown in Figure 6. In these plots, the
corresponding energy values are defined according to Equations (3g) and (3i).

Comparing these results reveals the following:

(A) Appearance of the substantial asymmetry in positive and negative strain pulses
at the left end at large po (Figure 5a) and almost symmetric pulses at small pg (Figure 4a);
the explanation follows from the dependence of E on ¢ (Figure 2a) revealing that at small
strain the function E(¢) is almost symmetric, while at large ¢ the corresponding tangent
elastic modulus values become E(—0.5) ~ 1.8 MPa and E(+40.5) ~ 1.51 MPa.
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Figure 4. Nominal strain variation vs. time at points of observation: (a) xp; (b) x1; (c) x; (d) x3; at

po =50KN and f = 1 Hz.
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Figure 6. Energy variation vs. time, frequency f = 1 Hz; (a) py = 50 KN; (b) pp = 400 KN.

(B) When the distance from the left end increases, the strain magnitudes in both cases
begins to decrease with forming shock wave fronts. In Figures 4b—-d and 5b-d, these shock
wave fronts represent straight vertical lines between pulses of opposite signs. Another
observation concerns the existence of multiple shock wave fronts; these fronts actually
fill the whole region from the left end to the farthest point. A detailed analysis of the
appearing shock wave fronts can be traced in Figure 7, where, according to Figure 2b, the
faster moving parts associated with |¢| < 0.1 start to overtake the slower moving parts
related to a large negative —0.2 < ¢ < —0.1.

04 —

— *=0
0.3 4| — 1"=0.024
—— [*=0.048
—o— [*=0.072
—— [*=0.096
0.2 4| —o— I"=0.120

shock wave front
shock wave front

0.1 4

nominal strain

00

-0.2 T T T 0
0.0 02 04 06 08 1.0

time, s

Figure 7. Formation of shock wave fronts at points of observation near the left end of the rod for
po =400 KN and f =1 Hz.

(C) In both cases pg = 50 KN and pg = 400 KN, strain energy starts to decrease in
expense of an increase of thermal energy. At the same time, kinetic energy stabilizes, as plot
6b shows. Finally, the plots in Figure 6b reveal a substantial discrepancy between strain
and kinetic energy, which appears when shock wave fronts begin to propagate and, hence,
thermal energy is generated. Such a discrepancy is also observed at propagation of the
dispersive surface acoustic waves, and acoustic waves in dissipative media.

The dimensionless distance (I*) from the left end of the rod that appeared in Figure 7,
is defined as Ix = [ /L.

5. Concluding Remarks

The current analysis of propagating of the initially harmonic acoustic pulse of different
amplitudes in a semi-infinite hyperelastic rod obeying Yeoh strain energy potential revealed
a number of phenomena that have either not been observed previously, or have been
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attributed to a discontinuity in bi-modular media. The analysis is based on solving a
nonlinear equation of motion by an explicit Lax-Wendroff time-difference scheme combined
with the finite element discretization in the space domain.

The revealing phenomena include: (I) an observation of a decrease in the strain
magnitudes with distance from the left end of the rod; such a decrease occurs for both large
and small force excitation magnitudes, see Figures 4 and 5. The considered phenomenon
is caused by the formation and propagation of shock wave fronts. (II) It was also found
that faster moving wave pulses, when overtaking slower moving pulses, lead to formation
of shock wave fronts, see Figure 7. (III) The decrease in amplitude is associated with a
simultaneous decrease in strain energy, and, as a consequence, an increase in thermal
energy, see Figure 6. (IV) All the observed phenomena also occur at other frequencies in
the studied range 10~! < f < 10? Hz. The energy release at the shock wave formation and
propagation is discussed in [74-77].

The observed results can have different applications, where rubber and other elas-
tomeric rubberlike materials are used for manufacturing various bearing devices, especially
for vibration and seismic protection. The current research discloses the nature of heat
production observable even at small amplitudes of harmonic loads, which is due to the for-
mation and propagation of shock wave fronts. Another application relates to the cloaking
of distant regions from the initially harmonic pulses occurring at a broad frequency range.
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