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In this paper, the quasi-P wave propagation in epoxy/lead composites is studied by the differential method with polarization stress
and polarization momentum. The corresponding differential equations are numerically solved by the fourth-order Runge-Kutta
method, and the dynamic effective modulus and density are obtained. Correctness of the results obtained by the differential
method is verified by comparing with the results obtained by the self-consistent method as well as experiments. Results show that
the dynamic effective modulus L, 35 and L5355 increase with the increase of aspect ratio §, whereas L;;,; and L,,,, decrease with the
increase of 6. The phase velocity ratio of the quasi-P wave propagation in the composites tends to 1 when the dimensionless wave
number is large, and the dynamic effective density and modulus obtained are not isotropic when & # 1. It is believed that the

differential method can be a choice for solving dynamic effective properties of heterogeneous composites.

1. Introduction

In daily life, epoxy/lead composites have attracted more and
more attention and been applied in many fields [1-3] since
epoxy resins have the advantages of being green and de-
gradable. The actual working environment of these com-
posites is complex and changeable, especially in the case of
nondestructive testing carried out on the composites with
wave propagation. When damage degree of the composites is
appraised during this working process, we need to know the
dynamic effective properties of the composites.

The study of dynamic effective properties of composites
mainly includes two parts: experiments and theoretical
solutions. In the experimental aspect, Tauchert and Guzelsu
tested the propagation of P-wave and shear wave in spherical
particle-reinforced boron-epoxy composite [4]. Kinra tested
the propagation of P-wave in the spherical and randomly
distributed glass spheres/epoxy, lead spheres/epoxy, and
steel spheres/PMMA composites, respectively [5]. Wang and
Yuan tested the propagation of higher-order Lamb waves in
composite plates [6].

In terms of theory, the dynamic constitutive relationship
is constructed by ensemble average analysis with periodicity
assumption by considering periodic composites and Bloch
wave. Willis used Fourier series expansion and ensemble
average to derive Green’s function and the analytical dy-
namic effective modulus and density for one-dimensional
periodic elastic composite [7]. Nemat-Nasser used the dy-
namic equivalent inclusion method to construct the dy-
namic effective constitutive relation in the case of periodic
layered elastic composite by introducing eigenstress and
eigenvelocity [8]. Srivastava and Nemat-Nasser derived the
dynamic constitutive relation for the case of cuboid inclu-
sion embedded in the cube matrix of pure elastic unit cell by
introducing the eigenstrain and eigenmomentum with the
dynamic equivalent inclusion method [9]. Sigalas and
Soukoulis analyzed and studied the propagation of elastic
waves in periodic layered composite by the transfer matrix
method [10]. Hou et al. analyzed and studied the trans-
mission spectra of elastic wave propagation in two-di-
mensional lead-epoxy composite [11, 12]. Sigalas and
Economou used the wave function expansion method to


mailto:wanyp@tongji.edu.cn
https://orcid.org/0000-0003-1778-7826
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/3807351

analyze and calculate the bandgap characteristics of elastic
waves propagating in periodic phononic crystals [13]. Yan
and Wang calculated the band gap structure and fluid-solid
coupling system of one-dimensional periodic gold-epoxy
composites by wavelet analysis [14]. Garcia-Pablos et al.
firstly analyzed and studied the frequency band structure of
elastic wave propagation in composites by the using finite-
difference time-domain method, and verified the calculated
results by comparing with experimental results [15]. Kafe-
saki and Economou used the multiple scattering method to
analyze and calculate the frequency band of elastic wave
propagation in three-dimensional periodic composites [16].
Kohn et al. used the variational method to analyze and study
the dispersion relations of harmonic wave propagation in
layered periodic elastic composites [17]. Hussein analyzed
the calculation of phononic crystal, photonic crystal, and
electronic band structure, respectively, by means of the
reduced Bloch mode expansion [18].

Another theoretical method is based on the represen-
tative volume element (RVE) with the homogenization
method, where the inclusion is randomly distributed in the
composites. Tsinopoulos et al. solved the longitudinal wave
and shear wave propagation in the random particle-rein-
forced composite with the iterative effective medium ap-
proximation method [19]. Verbis et al. used this method to
analyze and solve the P wave, SH wave, and SV wave
propagation in two-dimensional composite [20]. Kanaun
and Levin used effective medium method to analyze and
solve the case of axial shear wave propagation in infinite
cylinder fiber composite [21]. Kim et al. studied the dynamic
effective properties of longitudinal and shear wave propa-
gation in spherical particle-reinforced two-phased com-
posites with asymptotic expansion of the potential function
and the self-consistent method [22]. Sabina et al. generalized
the static self-consistent method to the dynamic situation by
introducing polarization stress and polarization momentum
and analyzed the dynamic effective properties of spherical
particle-reinforced two-phased composites with P wave and
S wave propagated in the composites [23] and quasi-lon-
gitudinal wave and transverse wave in spherical particle-
reinforced composites and hole problems [24, 25]. Bussink
et al. analyzed and studied the dynamic effective properties
of longitudinal wave and shear wave propagation in two-
dimensional lead-reinforced epoxy [26].

On the other hand, the differential method is usually
used to solve the static problems. Studies have proved the
efficiency of the differential method [27-29]. In this paper,
we study the possibility of analyzing the dynamic effective
properties of two-phase particulate reinforced composites
using the differential method. The quasi-P wave propagation
in epoxy/lead composites is considered. By introducing the
polarization stress and polarization momentum proposed by
Willis [30], the differential method is generalized to analyze
and solve the dynamic effective properties. The composite is
assumed to be uniform macroscopically, while on the mi-
croscopic level, the inhomogeneities, with the same shape,
size, and orientation as well as material properties, can be
translationally but not rotationally scattered in the epoxy.
The work of this paper is as follows. In Section 2, the
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materials and basic equations are introduced. Then, by in-
troducing the scattering problem of approximate solution,
the differential method is generalized to dynamic situation
and differential equations are given, where the specific forms
of differential equations are shown in appendix B. In Section
3, by the use of the fourth-order Runge-Kutta method, the
differential equations are numerically solved for different
aspect ratios. Phase velocity ratios obtained by the differ-
ential method are compared to the self-consistent method
and experimental results for verification. Also, dynamic
effective modulus and density obtained by the differential
method are compared to the results obtained by the self-
consistent method. In Section 4, conclusions of this paper
are given.

2. Materials and Methods

For the sake of simplicity, quasi-P wave propagating in a
two-phased linear elastic composite material is considered.
The wave propagates along the negative direction parallel to
the axis x5, and the material’s principal axes of properties are
fixed and only translational. The composite structure is
shown in Figure 1, where the spheroid is inclusion and
outside the spheroid is matrix.
Spheroidal inclusions satisfy the following equation:

2
be
Q:{X: x§+xg+_g<a2}, 1)
)
where § is the aspect ratio and a is the radius.

2.1. Basic Equations. Generally, the motion equation of the
linear elastic material is

dive = p. (2)

The constitutive equation is

o = Le,
(3)
P =pV,

where o denotes stress, L denotes modulus, e denotes strain,
p denotes momentum, p denotes density, v denotes velocity,
and the dot above the momentum p denotes derivative with
respect to time.

The relation between velocity v and displacement u is

1
€j=5 (s + 1450):

(4)

i = U

Due to the linearity of equations (2) and (3), considering
the ensemble average of equation (2), we have

div{e) ={p). (5)

where {-) represents ensemble average. Considering the
two-phased composite material, where the modulus of the
matrix is L,, density is p,, strain is e,, volume fraction of
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Figure 1: Illustration of inclusions.

matrix is f,, the modulus of inclusion is L,, density is p,,
strain is e;, and volume fraction of inclusion is f,, we have

(e) = f1<e>1 + f2<e>2’ (6)
vy = f1<V>1 + f2<V>2> (7)
(0) = f1{0), + f,{0), (8)

= f1Li<e); + frL <€),
p> = f1<p>1 + 24P 9)

= f1P1 <1+ f2p2{V)
fi+f,=1 (10)

By eliminating <e), and (v}, through (6) and (7), (8)
and (9) can be rewritten as

(o) =L,(e) + f (L, —L,)<e>y, (11)
P> =PV + f1(p1 = p2) V1 (12)
with
@, 00 =01 | @) ex)a
r X, - |Qr| U, X, ,X X, (13)

where U, represents the region {x": x—x' € Q,}, |Q,| rep-
resents the volume of Q,, r represents the r-th phase ma-
terial, x is the spatial coordinate, ¢ is time, and x’ is the center
of the inclusion.

2.2. Single Inclusion Scattering Problem. The propagation of
plane harmonic wave in composite materials is considered
and has the form [24]:

u, (x,t) = mexp i(kn - x — wt), (14)
where u,, denotes physical quantities such as stress g, strain

e, density p, and velocity v, m is the amplitude of these
physical quantities, i = V-1, k is the wave number, n is the

unit directional vector of wave propagation, and w is the
circular frequency.

At the same time, polarization stress T and polarization
momentum 7 are introduced with the form [30]:

t=(L, -Lye (15)

m=(p, — Po)V (16)

where r refers to r-th phase material, » = 1 represents in-
clusion, r = 2 represents matrix, L, represents modulus of
reference medium, and p, represents density of the reference
medium. For the convenience of analysis, let the modulus
and density of the reference medium be the same as the
matrix material. Then, it can be known from (15) and (16)
that the polarization stress and polarization momentum only
exist in the inclusion but not in the matrix.

Then, stress 0 and momentum p can be obtained from
(15) and (16) with the following form:

o=Le+rT, (17)

P=pv+m (18)

Substituting (17) and (18) into (2) and taking (divt — )
as the body force term, we have

u=uy+Gx* (divt—7) =uy, —-S*1-M=m, (19)

where G is the elastodynamic Green’s function, S and M are
the quantities related to Green’s function, and * represents
convolution operation. Specific expression of elastodynamic
Green’s function can be seen from equation (A.1) in Ap-
pendix A.

According to the study in [24] and in combination with
(15) and (16), we have

(L —Lo) ' t+S T+ M 1= e, (20)

(P, _P0)71n+st*T+Mt*n:V07 (21)

where S, M,, S, and M, are the quantities related to Green’s
function [24]. It can be verified that M, =0 and S, = 0
because the inclusion has a center of symmetry, where the
bar above M, and S, represents the volume average over the
inclusion.

From (20) and (21), we have

t=[(L -L) " +5,] e (22)

m= [(Pl - po)_1 + Mt]ilvm (23)

where the specific expressions of S, and M, can be seen from
equations (A.6) and (A.7) in Appendix A, respectively.
In combination with (15), (16), (22), and (23), we have

e=[1+5,(L, - L,)| & (24)

v=[1+M,(p; - Po)]_lvo- (25)



Assuming that the center of the inclusion is at x' and
€, = ¢, (x')h(kn), we obtain
-11

(e)y (x) = h(km)[1+8, (L, - Ly)] al

J e (x)dx,  (26)
Q

11

W10 = bk [T+, (p, = po)] 57 [ vo(x)ax

(27)

= h(kn) [T +5, (L, - LO)]_lﬁ

= h(kn)[1+5,(L, - L,)]"

1
12
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with

h (kn) = ﬁ erXp (ikn - x)dx. (28)

Due to e, (x')exp[ikn - x] = e, (x)exp[ikn - x'], e, (x') =
e, (x)exp[—ikn - (x —x')] is obtained, then,

Lleo (x")dx’'

{eo (x)exp[—ikn - (x - x')]}dx’

“ (29)
Jﬂ{eo (x)exp[ikn - (x' - x)]}d(x' - x)

= h(kn)h (kn) [T+ 5, (L, ~ Ly)] ey (x).

Also, similarly,
vy, (x) = h(km)h (kn) [T+ M, (p, - po)] ' vo(x).  (30)
Substituting (29) and (30) into (11) and (12), we have

(o) =Ly{e) + f; (L; —L,)<e),

_ o (31)
=L,{e) + f1 (L, - Ly)h(km)h (kn) [1+ S (L, - L,)| e,

P> =P + f1(p1 = P2)<V
= po<v) + f1(p1 = p2)h (kn)h (kn) [T+ M, (p, — Po)]il"o-
(32)

Let L and p represent the overall effective modulus and
the overall effective density of the material, respectively.
From equations (31) and (32), we have

(o) =L(e)

2.3. Differential Method. For the two-phased heterogeneous
composite material, it is assumed that the volume fraction of
inclusion is f; at some time. When the infinitesimal element
of volume dV is removed and the same volume of inclusion
is added, the volume fraction of inclusion is f, + df;. Then,
the volume of inclusion in the new composite is

fiV+dV - f1dV = (f, +df,)V. (35)

Equation (35) can be simplified as [31]
v _ df,
Vo o1-f/

(36)

When the volume fraction of inclusion is f, in com-
posite materials at some time, let the modulus and density of
the composite be L( f,) and p( f,), respectively. Then, let the
composite at this time be as matrix, namely, L, = L(f,) and
p, = p(f,). After adding the volume dV of inclusion, let the

= Ly(e) + £, (Ly — Ly)h (kn)h (km) [1+ S, (L, _Lo)]_leo) (33) overall effective modulus be L(f, +df,) and density be
p(f, +df,). By replacing L,, p,, L, and p in equations (33)
NN and (34) by T(f)), p(F), L(f, +4f,). and p(f, +df)
respectively, equations (33) and (34) can be rewritten as
= PV + f1(py = po)h(kn)h(kn) [T+ M, (p, — Po)]71V0~
(34)
[L(f, +df) - L0210 = 5 (L ~T(F )tk [+ 8, (£) (L ~L(/)] ey (37)

[p(fi+df1)-pP(f)IKW = dvvh(k“)h(kn)(m P+, () (P P (F1)] Vo (38)
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When dV — 0[32-34], we have

(e) = eo[l + O<d7V>] (39)
(v) = VO[I + O(d‘y>] (40)

In combination with (36), (39), and (40), equations (37)
and (38) can be rearranged as

)bt (L, - L)) 148, () (0 T (a1
dfi(ffl TR k) (py =P (1) 1+ 3, (1) (o1 = ()] (42)

The initial conditions of the corresponding expressions
of (37) and (38) are, respectively,

I(J(1)|f1:o =L, (43)

P(f)le—0 = P2 (44)

3. Results and Discussion

For the convenience of obtaining numerical results for
quantitative analysis, equations (41)~(44) are numerically
solved by the fourth-order Runge-Kutta method [35].
Specific formations of equations (41)~(44) can be seen from
equations (B.24) to (B.25) in Appendix B. The iteration step
length h is 0.001, and the calculation formula of phase ve-
locity can be seen from equation (B.13). Material properties
are same with the matrix when calculating the phase velocity
of the matrix material, and material properties are taken as
dynamic effective properties when calculating phase velocity
of the composite. The matrix is epoxy, and inclusion is lead.
Material’s properties are shown in Table 1 [5]:

3.1. Verification of the Differential Method. For § = 1, quasi-
P wave propagation is calculated by the differential method
and self-consistent method for inclusion volume fractions of
5.4% and 15.9%, respectively. The ratio of the phase velocity
in the composite and matrix is compared with the experi-
mental results and shown in Figures 2 and 3 below. For
& = 0.2, quasi-P wave propagation is obtained by the dif-
ferential method and self-consistent method, respectively,
for inclusion volume fraction of 1%. The ratio of the phase
velocity in the composite and matrix is shown in Figure 4.

As can be seen from Figure 2, when the inclusion volume
fraction is 5.4%, the ratio of the phase velocity calculated by
the differential method is in good agreement with the results
obtained by experiments as well as the self-consistent
method. Figure 3 shows that when the inclusion volume
fraction is 15.9% and the dimensionless wave number wa/c,
is at 0.3-0.5, the ratio of the phase velocity obtained by the
differential method is larger than the results obtained by the

self-consistent method. This is mainly due to the influence of
resonance area included in the range of 0.3-0.5, and in other
areas, the results obtained by the differential method are in
good agreement with the self-consistent method and ex-
periments. As can be seen from Figure 4, when § = 0.2 and
the inclusion volume fraction is 1%, the results obtained by
the differential method are in good agreement with the self-
consistent method. Figures 2-4 also verify the correctness of
results obtained by the differential method.

3.2. Comparisons of Different Forms of Inclusion with the
Differential Method and Self-Consistent Method. When
6 = 0.5 and § = 5, the differential method and self-consistent
method are used to calculate the phase velocity ratio of
quasi-P wave propagation in the composite material for
inclusion volume fraction of 5.4% and 15.9%, respectively,
and the comparisons of the phase velocity ratio are shown in
Figures 5 and 6.

Figures 5 and 6 show that when the inclusion volume
fraction is 5.4%, results obtained by the differential method
are in good agreement with the self-consistent method.
Phase velocity ratio near the resonance zone obtained by the
differential method is larger than the self-consistent method
when & = 0.5, and phase velocity ratio near the resonance
zone obtained by the self-consistent method is larger than
the differential method when & = 5.

When § = 0.5, 1, and 5, the differential method is used to
calculate the phase velocity ratio of quasi-P wave propa-
gation in the composite material with inclusion volume
fraction of 5.4% and 15.9%, respectively. Results are shown
in Figures 7 and 8.

It can be seen from Figure 8 that when the inclusion
volume fraction is 15.9%, the peak value of the phase velocity
ratio becomes small as the value of § increases.

Figures 2-8 show that when the dimensionless wave
number wa/c; is large, the value of the ratio of the phase
velocity in the composite and matrix tends to 1. This is
because when wa/c, takes a larger value, according to
equation (A.14) in Appendix A, we have h(kn)h (kn) — 0,
and this leads to the right side of equations (41) and (42)
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TasLe 1: Elastic modulus and density of the matrix and inclusion. The units of modulus and density are GPa and 10°Kg/m?, respectively.
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FiGgure 2: Comparison of ratios of the phase velocity in the composite material and matrix obtained by the differential method (DM) and
self-consistent method (SCM), and experimental results (ER) in the case of quasi-P wave propagates in the composite material for inclusion

volume fraction of 5.4% and 6 = 1.
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1.5
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FiGgure 3: Comparison of ratios of the phase velocity in the composite material and matrix obtained by the differential method (DM) and
self-consistent method (SCM), and experimental results (ER) in the case of quasi-P wave propagates in the composite material for inclusion

volume fraction of 15.9% and & = 1.

tends to zero, namely, the dynamic effective properties of the
composite tend to be same as matrix.

3.3. Dynamic Effective Properties of the Composites with the
Differential Method and Self-Consistent Method. The dif-
ferential method and self-consistent method are used to
calculate the dynamic effective modulus and density of
quasi-P wave propagation in the composite material for

inclusion volume fractions of 5.4% and 15.9% when 6 = 0.5,
1, and 5, respectively. The dynamic effective density p,, and
p3; and modulus L;;;;, L;;5,, Lj;33, and L;s;5; are shown in
Figures 9 and 10. For the convenience of analysis and
discussion, the real part of the obtained results is taken as the
dynamic effective density and modulus.

According to Figures 9 and 10, the dynamic effective
densities obtained by the differential method are larger than
those obtained by the self-consistent method near the
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FiGUure 4: Comparison of ratios of the phase velocity in the composite material and matrix obtained by the differential method (DM) and
self-consistent method (SCM) when quasi-P wave propagates in the composite material for inclusion volume fraction of 1% and & = 0.2.
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FiGgure 5: Comparison of ratios of the phase velocity in the composite material and matrix obtained by the differential method (DM) and
self-consistent method (SCM) when quasi-P wave propagates in the composite material for inclusion volume fraction of 5.4% and 15.9% and

§=0.5.

resonance zone when § = 0.5 and 1, and this means the
results obtained by the differential method are more
accurate.

According to Figures 9 and 10, the dynamic effective
modulus L,;,; and L,,,, decreases with the increase of é.
From Figures 9 and 10, the dynamic effective modulus
L, 33 and L;s;3; increases with § increases when wa/c; is
small. This is because the cross-section geometry of in-
clusion increases as § increases in parallel to the direction

of x;. Also, when wa/c; is small, especially when
wa/c; — 0, which can be thought as quasi-static con-
dition, the results are in line with the actual case at this
time.

As can be seen from Figures 9 and 10, when ¢ = 1, the
matrix and inclusion are isotropic materials, and the dy-
namic effective density and modulus are also isotropic.
When § # 1, although the matrix and inclusion are isotropic,
the dynamic effective density and modulus are not isotropic.
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FiGure 6: Comparison of ratios of the phase velocity in the composite material and matrix obtained by the differential method (DM) and
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FiGgure 7: Comparison of ratios of the phase velocity in the composite material and matrix obtained by the differential method when quasi-P
wave propagates in the composite material for inclusion volume fraction of 5.4% and § = 0.5, 1, and 5, respectively.

This is because when & =1, the inclusions are spherical  isotropic, the dynamic effective density and modulus ob-
particles with highly symmetric of geometry, but when § #1,  tained are not isotropic when § # 1. Furthermore, the dy-
the shape of the inclusion is rotating ellipsoid (§ > 1) and flat ~ namic effective density and modulus tend to be same for
(6 < 1), respectively, and the geometry of the inclusionsisnot ~ different § when the dimensionless wave number wa/c; is
symmetrical. Therefore, even if the matrix and inclusion are ~ large enough.
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effective density p;, and p;; and dynamic effective modulus L,,;;, L;122> L;133> and Ls;35 are obtained by the differential method (DM) and
self-consistent method (SCM), respectively.
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Figure 10: Continued.
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FIGURE 10: When quasi-P wave propagates in the composite material for inclusion volume fraction of 15.9% and & = 0.5, 1, and 5, the
dynamic effective density p;; and p;; and dynamic effective modulus L,;;;, L;;2,, L;;33, and L3535 are obtained by the differential method

(DM) and self-consistent method (SCM), respectively.

4. Conclusions

In this paper, the dynamic effective properties of a two-
phased composite with quasi-P wave propagation are solved
by the differential method, and the results are compared with
the experimental and theoretical results. From the results, we
have as follows.

(1) The results obtained by the differential method are
compared with the self-consistent method and ex-
perimental results, and the correctness of the results
obtained by the differential method is verified.

(2) When § = 0.5 and § = 1, the peak value of the phase
velocity obtained by the differential method is
slightly higher than the value obtained by the self-
consistent method near the resonance region, which
is more accurate.

(3) When the dimensionless wave number wa/c, is large,
the phase velocity ratio of the quasi-P wave propa-
gation in the composites tends to 1.

(4) When 6 #1, even if the inclusion material and the
matrix material are isotropic, the dynamic effective
density and modulus obtained are not isotropic,
which is mainly due to the geometric shape of the
inclusion.

(5) The dynamic effective modulus L,;;; and L,,,, de-
creases with the increase of §, and L,;5; and Lysq5
increases with the increase of 4.

Appendix
A

The time-reduced elastodynamic Green’s function of the
reference medium is [24]

1 Ul ®UY (%)
(X)) = — s+ "
Gy () 8’ I\,Z_“IJ g1 s

(A1)

reoaen(57)}

where UY and cy are the polarization and wave speed of a
plane wave propagation in the direction of the unit vector &,
with §; = (sin 6 cos ¢, sin 0 sin ¢, cos ) and &; = cos 6
=u, and §(§ - x) is the three-dimensional delta-function.
The functions S, and M, are related to equation (A.1) as

(Sx)ijkl = _Gik,ljl(ij),(kl)a (A.2)
(M,);; = _szij' (A.3)
Then, S, and M, are defined by
— 1
5= 5 )] scx-yaxay, (A4)
Q) oxa
o
M, =— JJ G (x — y)dxdy. (A.5)
Q Joxa
Specific formations of S, and M, are
_ 13
(S = 1 szl jmzlds{sjufv O ©&}apaHy C©),  (A6)
T 1 < N N
(M), =1 Y [ asU¥@UY @FyC®),  (47)
am = Jig=

where
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Fy(0)=68-[1-e(kyal)]- 3, (A.8) when z — 00, according to L’ Hopital’s rule, we have
i z()_ i 3(cos z—cos z + z sin z)
Hy () = 8- ¢e(kyal)ey - (2, (A.9) —_, e = A 37
[e2 | 2 | 252 .. sinz (A.14)
{(E) = E] + Ez +0 £3$ (A~10) = le_I)l’loo 2
with —0
3(1-iz) ;
e(z) = ( 3 lz)e’z (sin z — z cos z). (A.11)
z
. . B
The function k(kn) is
~ According to literature [24] and o =Le, let
h(kn) = h(k , (A.12)
(kn) (ka{ (n3)) k=L +L15/2, I'=Lyy33 q =L, n = Ly,
where m =L, +L15,/2, p =Ly, and the inclusion modulus
_ tensor and dynamic effective modulus were denoted as L,
h(z) = 3(sin z — z cos 2) (A.13) and L, respectively, so that [36]
= - , .
z

L, = (2k;, 11,y 1y, 2my,2p,),

L = (2k,1,q, 7, 2m, 2p),

L, _iz(z(kl _E)’ll _Z)% - gn, —1,2(my —m),2(p, _ﬁ))

gx = (st’ ls’ qs> 1> st, 2ps)'

Let where the specific forms of S, are

2k, = 2%)1 J; du(l - uz)[mel (C(w) + m§H3 (((u))],
Iy =g,
1 1
) 2+/P1P3 Jo dum”mlms [H, ({(w) - H;3 ({(w)],
L o 2
", J duar” [m3H, (§ () + miH; (¢ ).
P3 Jo
1
2m, = J du(1 = ) [m2H, (¢ ) + H, (¢ () + m2H, ()],
P1 Jo
) , , ‘
M A o] - o m1m3]H
[u P1 +< u)p3+ “ U Novs 1 (C(w)
1 (! P2
2pszijod”‘ o Ha (W)
2 2
M5 2N a1 m1m3]H
>+[u P1 { u)Pa ! “ N 3(((1/!))‘

(B.1)
(B.2)
(B.3)

(B.4)

(B.5)

(B.6)

(B.7)

(B.8)

> (B.9)
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m; = \/%[po(l —uz) +n0u2 - p3cf],
ms = — %(% + po)u\1 -u,

Also, the wave speeds are

with
2
D=p, [Po +(ng — Po)’"2 - Pacﬂ +p3(q + Po)z(l - ”2)“2-
(B.12)
k0+mo+&+<P0_ko_mo+”o_Po>u2
P1 P3 P1 P3
i 5 4 12
A2 :l‘ [ko+m0_&_(ko*'mo_PoJr”o_Po)uz]
) PL P P1 P3
+ >
4 (lo + Po) (40 + Po) (1 _ uz)uz
x P1Ps3
) mo(l - uz) + p0u2
¢ = :
P1
Then,

4k, =T )k, +2(q, - @)l 2(1, - Dk, + (n, - AL,
§X (Ll - I) = 2<k1 - E)qs + (ql - Q)ns’ z(ll - i)qs + (nl - ﬁ)ns’

4(1’}’11 - m)Wls’ 4(p1 - ?)ps

13

(B.10)

(B.11)

(B.13)

(B.14)

(B.15)
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At the same time, let Then,
I=(1,0,0,1,1,1). (B.16)

4k, =)k, +2(q, = @)l + 1,21, = D)k, + (n, - 7)l,,
I+ §X (Ll - I) = 2(k1 - E)qs + (ql - q)ns’ 2(11 - I)qs + (nl - ﬁ)ns +1,
4(1’}’11 _m)ms + 1>4(p1 _ﬁ)ps +1

2(11 - f)qs +(n —n)n, +1 2(l1 - f)ks +(n, —n)l;

21 21
[I + §x (Ll — I)]71 = 2(k1 - E)qs + (QI - Q)ns 4(k1 - E)ks + z(ql - q)ls +1 R
21 ’ 21
1 1

4(1’)’11 _m)ms-" 1’4(1)1 _ﬁ)ps"'l

where
A= [2(k1 “R)k,+ (g -+ %] [2(1, = 1)q, + (n, — 7, +1]
- [2(11 - Z)ks + (nl - ﬁ)ls] [z(kl - E)qs + (ql - q)ns]
Then,

(L, -D)[1+5,(@L,-L)]"

(ky = k) [2(1y = 1)g, + (ny = A)n, + 1] = (1, = 1) [2(1, = D)k, + (m, - 7)L,]
T ,

(ki = k) [2(1 D)k + (my =)L) + (1 = 1) [2(ky ~R)k, + (a1 - )L, + (112)]

A

(91 -9) [2(11 _Z)qs +(ny = A)n + 1] - (m _ﬁ)[z(kl _E)qs +(q —q)”s]

21

>

—(9:-9) [2(11 - Z)ks + (1, - ﬁ)Zs] +(ny —7) [2(k1 - E)ks +(q -l + (1/2)]

A

2(m, —m)
4(m; —-m)m,+1

2(p1 - P)
4(P1 _ﬁ)ps"'l

>

(B.17)

(B.18)

(B.19)
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Similarly, for density, let the inclusion density

p; = (p1,p3), the dynamic density p= (p;,p;), and
M, = (M;,M,), then,
—m))’

(B.21)

1
(ps

[T+M,(p, -

p

)]_1 :<1+M1(P1 -p) 1+ M,

where the material parameters of S, and M, are all functions
of inclusion volume fraction with the differential method
which are dynamic effective properties. The specific forms of
the terms in M, are

15
1
M, = [ du[Fy ) + G+ miF @) (B.22)
P Jo
1 1
M; = P JO du[m3F, ({(w) + m{F;({ (w)].
3
(B.23)

Equations (41) and (42) can be rewritten from equations
(B.20) and (B.21) as follows:

[ dk _ 1 h(kn)h(kn)
dfl 2 1- fl
y (ky —k)[2(1, = 1)q, + (n, — 7, + i] (L =1)[2(1, - D)k, + (n, - 7)] ]
~dl_ h(kn)h(kn)
df,  1-f,
§ ~(ky =) [2(1, = D)k, + (n, =)L ] +(1, = 1) [2(k, = K)k, + (g, - )L, + 1/2]

1 ,
dg _ h(kn)h(kn)
df,  1-f,
- q) [2(11 - Z)QS + (1’11 - ﬁ)ns + 1] (1’!1 - 1’1)[ (k - k) ( - Q)ns]
21 ’
| (B.24)
dn_ h(kn)h (kn)
df, 1-f,
-q)[2(, — D)k, + (n, = A)L] + (n, —A)[2(k, - k)k, + (q, - Q)L + 1/2]
1 ,

dm _ h(kn)h(kn)  (m, —m)
df, 1-f, 4(m -mm +1
dp _h(km)h(kn) — (p, - P)
df, 1-f, 4(1’1‘?)1’5"'1’
dp, _h(kn)h(kn) — (p, —p))
df, 1-f, 1+M1(P1—51))
dp; _h(kmh(kn)  (p;—P;)

[ df, 1-f, 1+M;(p;—p3)

The corresponding initial conditions are
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( E(f1)|fl=o =k,
z(fl)|f1=o =1,

q(f1)|f1:0 =4
) A(f1)lf20 =1 (B.25)
m(fl)'flzo =My

5(f1)|f1:0 =P
P1 (f1)|f1:0 = (p1)»
L Ps (f)lf,20 = (P3)2

Equations (B.24) and (B.25) are numerically solved by
the fourth-order Runge-Kutta method, and the iterative
steps are as follows:

h
Vomet = Yt ¢ (Kpa #2Kp +2K,5 +K,y), - (B26)

where y,, is the n-th item of y,, such as y,, is the initial
condition of y, when f, =0, h is the step length, and

_ 1 h(kn)h(kn)
AR

o= y)[2(L = y2)qs + (m = ya)ne +
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Ky =g, ((f1)wy1 22 ¥s)s
h h h h
Ky = gp( (fl)n+5’ Y1 +5K1,1>J’2 +EK2,1>"")’8 +EKS,1>’

: h h h h B.27
Ky = 5}7( (f)n +5) Y1 +EK1,2>J’2 +EK2,2>"")’8 +5Ks,2>» ( )
K= gp((fl)n+ By yy + hKy 3, 9, + BKy 505 yg + hK8,3)’
p=1,238,

1= _E(fl)’
y2=1(f1)
y3=4(f1)
J Y4 = Z(fl)’ (328)
ys =m(fy),
y6=P(f1)
y7=p1(f1)
L ys =P (f1)-

Specific iterations are as follows: when f; = 0, namely
n =0, we have

1 = (= y) [2(L = yo)ke + (ny = ya)l]

h(kn)h (k
L

X_(kl =y [2(L = ya)ks + (1 = ya)Li]

/\' >
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h(kn)h (kn)
1-fi
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K3,1 =

A

1 = (n = ya)[2(ky = y1)q + (91 = y3)n

(B.29)
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where y,(p=1,2,3,...,8) are initial conditions and equal
to y,0(p=123...,8).

According to equation (B.26), we  obtain
Ypa1(p=12,3,...,8), then, let f, = h, f, =2h,..., and by
repeating the steps of equations (B.29)~(B.32), we obtain
Vp2» Vp3» - - if the inclusion volume fraction f, equals to
the value required, then, we obtain the results we need.
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