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AN EULERIAN FORMULATION FOR LARGE DEFORMATIONS OF
ELASTICALLY ISOTROPIC ELASTIC-VISCOPLASTIC MEMBRANES

M. B. RUBIN AND BEN NADLER

Typical models of membrane-like structures use a Lagrangian formulation of a hyperelastic membrane
with a specified reference configuration. Here, an Eulerian formulation is proposed for modeling elasti-
cally isotropic, elastic-viscoplastic membranes. The membrane is modeled as a composite of an elastic
and an inelastic component with evolution equations for elastic deformation tensors for each component.
The model includes hyperelastic response as a special case and has a smooth elastic-inelastic transition
capable of modeling both rate-independent and rate-dependent inelastic response. Strongly objective
numerical algorithms are developed for integrating the proposed evolution equations. Also, an example
of an initially flat circular membrane loaded by a follower pressure is considered to examine: rate-
independent elastic and elastic-plastic responses, as well as rate-dependent inelastic relaxation effects.

1. Introduction

The Cosserat surface model of an elastic membrane can be developed as a restricted theory of a shell
with no bending stiffness [Naghdi 1972, Section 14]. In this formulation the membrane is modeled
as a deformable two-dimensional surface in three-dimensional space that can change area and distort.
More specifically, the membrane is modeled as a hyperelastic solid using a Lagrangian formulation with
director vectors that depend on convected coordinates related to a reference configuration.

Standard formulations of plasticity theory [Hill 1950; Green and Naghdi 1965; Cristescu 1967; Lee
1969; Lubliner 1990; Bertram 2005] are Lagrangian, with constitutive equations that depend on: a total
deformation measure from a reference configuration, an inelastic deformation measure from the reference
configuration and an elastic deformation measure from an intermediate configuration. In particular, for fi-
nite deformations it is common to use a multiplicative form relating total, elastic and plastic deformations
[Bilby 1960; Kroner 1960; Lee 1969]. Moreover, overstress models of viscoplasticity for rate-dependent
plasticity were introduced by Malvern [1951] and Perzyna [1963].

Eckart [1948] seems to be the first to emphasize that the stress tensor is determined by a constitutive
equation that depends on an elastic deformation tensor which is determined by integrating an evolution
equation. This evolution equation for elastic deformation is Eulerian in nature since it depends only
on quantities that characterize the present state of the material, which can be measured in principle.
More specifically, this evolution equation does not depend on tensor quantities, like total and plastic
deformation, that depend on arbitrariness of reference and intermediate configurations. Eckart’s for-
mulation [1948] is limited to elastically isotropic material response and is essentially the same as the
one proposed later by Leonov [1976] for polymeric media. Rubin [1994] generalized this approach
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for elastically anisotropy materials. An important feature of this formulation [Rubin 1994] is that it
removes unphysical arbitrariness of the specification of a reference configuration and an intermediate
configuration from which elastic deformation is measured [Rubin 2012].

The main objective of this paper is to present a new formulation of an isotropic elastic-viscoplastic
membrane for large deformations based on recent developments in viscoplasticity modeling of three-
dimensional continua. One novel feature of this new formulation is that it is Eulerian and does not
depend on convected Lagrangian coordinates from a fixed reference configuration for both elastic and
inelastic responses.

The membrane is modeled as a composite of an elastic component and an elastic-inelastic dissipative
component. Specifically, the elastic response of each component is taken to be isotropic. Evolution
equations are proposed for elastic deformations of both the elastic and dissipative components. In par-
ticular, the relaxation effect of inelasticity in the evolution equation for the elastic deformation of the
dissipative component is introduced through a rate of relaxation term. Using the recent developments
in [Hollenstein et al. 2013] the rate of relaxation term exhibits a smooth elastic-inelastic transition and
models both rate-independent and rate-dependent inelasticity. Simple functional forms are proposed for
this inelastic model with only five material constants. Two constants control rate-independent inelastic
response, two constants control rate-dependent inelastic response and an additional constant controls
the yield strain. Moreover, these simple functional forms yield robust, strongly objective [Papes 2012;
Rubin and Papes 2011] closed form (i.e., noniterative) numerical integration algorithms for the evolution
equations. Also, an evolution equation for an isotropic hardening variable could be proposed which
includes both hardening and softening without difficulty [Hollenstein et al. 2013], but is not included
here.

One challenge in developing an Eulerian formulation of deformation of a membrane is the removal of
dependence on a reference configuration in the formulation of the balance laws and constitutive equations
for the membrane. Membrane theory is typically formulated using the same convected (i.e., Lagrangian)
coordinates 0% (o = 1, 2) for all time. This means that the director vectors a,, determined by differenti-
ating the position vector x of material points on the surface of the membrane with respect to 6%, identify
the same material line elements for all time. In order to develop the Eulerian formulation presented here,
use is made of the fact that the convected coordinates are arbitrary and thus can be changed with time.
In this formulation, at each instant of time, the director vectors can be chosen to be any two linearly
independent vectors in the tangent plane of the membrane’s surface. These director vectors characterize
different material line elements at each instant of time and can be used to define coordinates that are
instantaneously convected.

The example of an initially flat circular membrane subjected to a follower pressure normal on its
surface is considered to examine: rate-independent elastic and elastic-plastic responses, as well as rate-
dependent inelastic relaxation effects. This problem has important applications to the bursting disks
of safety valves and the “bulge test” used to obtain the mechanical properties of thin films and ductile
materials. The response to small deformations was analyzed in [Hill and Storakers 1980]. Large defor-
mations of a thin shell with explicit modeling of changes in thickness of the shell have been considered
in [Stordkers 1966; Chater and Neale 1983a; 1983b; Ilahi and Paul 1985]. Cristescu [1967] discusses
wave propagation problems for thin elastic-plastic plates that are deformed by dynamic loads.
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More recently, Atai and Steigmann [2014] have developed a model for finite deformations of an
elastic-viscoplastic thin sheet directly from the three-dimensional theory. This model uses a Lagrangian
formulation with multiplicative relations between total, elastic and plastic tensorial deformation mea-
sures connecting the reference, intermediate and present configurations. Also, the model characterizes
a generalized membrane since it introduces a director vector through the thickness of the sheet that is
determined by conditions based on the assumption of generalized plane stress in the sheet. In contrast,
here the membrane is modeled as a two-dimensional surface with no thickness and the formulation is
Eulerian. The deformation tensor of the membrane’s surface has only two invariants: one characterizing
area change and the other characterizing surface distortion. Although the thickness of the membrane is
not modeled explicitly, the constitutive equations are appropriate for generalized plane-stress response
in the surface of the membrane.

An outline of the paper is as follows. Section 2 discusses mathematical aspects of a two-dimensional
surface embedded in three-dimensional space with associated tensor analysis. The balance laws of a mem-
brane are presented in Section 3, and Section 4 develops constitutive equations for an elastic-viscoplastic
membrane. Invariance under superposed rigid body motions (SRBM) is discussed in Section 5 and nu-
merical integration algorithms are detailed in Section 6. Section 7 discusses an example of axisymmetric
deformation and conclusions are presented in Section 8. Also, details of invariance under SRBM are
presented in the Appendix.

2. Tensor preliminaries

This paper is concerned with a membrane that is a surface % with a closed boundary 0%, which at
time ¢ is embedded in three-dimensional Euclidean space. The usual summation convention is used
for repeated indices with Greek letters having the range (« = 1, 2) and Latin indices having the range
(i =1, 2, 3). Moreover, use is made of a triad a; of linearly independent vectors, with a, being tangent
to the membrane’s surface and a3 being a unit vector normal to %, such that

a; xXaj
l/2=alxaz-a3>0, a;=——— 2-1)

a - £
la; x as|

where it is noted that a3 is determined by the tangent vectors a,. The associated reciprocal vectors a'

are defined by

al =a_1/2a2 X as, a’ =a_1/2a3 Xdaj, a’ =as;. (2-2)

Let a ® b denote the tensor product between two vectors {a, b} and A - B = tr(ABT) denote the inner
product between two second order tensors {A, B}. The second order three-dimensional unit tensor I'*
has the properties that for an arbitrary vector ¢

cI'=I‘c=c¢, I*-I"=3. (2-3)
The second order tensor A is denoted as a surface tensor if it has the properties
azA = Aaz =0. (2-4)
Then, the associated second order surface unit tensor I is defined by

I=a,0a"=a"Ra,=1I"—a3Qasj, (2-5)
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and has the properties
cIl=Ic=(c-ay)a*=(c-a%ay,, a3l=Ia;=0, I-I=2. (2-6)

In this paper, tensors will be considered to be three-dimensional unless specifically stated otherwise.
The surface deviatoric operator generates the deviatoric part dev(A) of a second order surface tensor
A and is defined by
dev(A) = A — %(A -DI, dev(A)-I=0. 2-7)

Also, the surface determinant det(A) of the surface tensor A is defined by

Aa| X Aay - aj

det(A) = (2-8)

ap Xap-as
If the surface determinant of the surface tensor A is nonzero, then A has a surface inverse inv(A) defined
by
Ainv(A) =inv(A)A=1, A-inv(A)=2. (2-9)

In addition, the three-dimensional determinant of a general three-dimensional second order tensor B is

defined by

. Ba x Bb- Bc
det (B) = W foraxb-c ;é 0, (2-10)

where {a, b, ¢} are arbitrary linearly independent vectors.

3. Basic equations

Let x locate an arbitrary material point on the surface % of a membrane. Also, let 8% be arbitrary
convected coordinates at time ¢ that map 6% to the material point x on the surface %

x =x(0%71). 3-1)
The velocity v of this material point is given by
vV=1x, (3-2)

where ( -) denotes material time differentiation following the material point, which corresponds to partial
differentiation of x in (3-1) with respect to time holding 8% fixed. The director vectors a,, which are
tangent to the surface P, are defined by

Ay =X o, (3'3)

where a comma denotes partial differentiation with respect to 6%. Then, the director a3, which is the unit
normal to the surface %, and the reciprocal vectors a' are defined by (2-1) and (2-2), respectively.
Next, the rate tensor L, its symmetric part D and its skew-symmetric part W are defined by

L=v,®a*=D+W, D=3L+L"), W=LL-L". (3-4)

It follows that the material derivative of an arbitrary material line element dx in the membrane’s surface
% can be determined by the expression
dx=Ldx. (3-5)
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The formulation is Lagrangian when the tensors are expressed in terms of the same convected coor-
dinates for all time. For an Eulerian formulation it is necessary to be able to change the choice of the
convected coordinates with time. In particular, let bg be two linearly independent vectors defined in the
surface % satisfying the conditions

b/g-a3=0, b] sz-a3 > 0. (3—6)
Then, another set of convected coordinate y* can be defined so that

0 =0"(yP), Y =yP(%), x=x0%1)=30" 1), v=v0"1)=v0" 1),

ox (3-7)
= o B _
35 = (06%/9yP)a, = by.

Next, taking the material derivative of this expression yields

bg = 887'; = (30°/3yP)v o = Lbg. (3-8)
Thus, bg can be identified with material line elements in % at each instant of time. In this sense, y# can
be thought of as coordinates that are instantaneously convected.

For later reference, it is noted that the current element of area do of the surface P, the current element
of arc length ds of the boundary 0% and the unit outward normal vector n to 9% tangent to the surface
% are defined by

do =a'?d0'de*, nds=a,d0* xa3, n-n=1, (3-9)

so that a'/? is the element of area per unit 40'd6?.
From [Rubin 2000], the conservation of mass for the membrane can be expressed in the form

m=pa'?, m=0, (3-10)
where p is the mass per unit present element of area do. Using the fact that a3 is a unit vector, the
director velocity w3 satisfies the conditions

wy3=a;z, w3-a3=0 w3=—(wy,- -a3)a®= —LTa3 = —ajL. (3-11)

Then, taking the material derivative of the expression (2-1) for all? yields
d
— @’ =a"?D -1, (3-12)
dt

which allows the conservation of mass equation (3-10) to be rewritten in the form

p+pD-I=0. (3-13)

To develop constitutive equations for the response to area changes it is convenient to define the area
dilatation J by
pJ = po, (3-14)

where py is the constant density of the membrane in its zero stress state (J = 1). Then, using (3-13), J
satisfies the evolution equation
J=JD-I. (3-15)
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Next, using the work in [Rubin 2000], the balance of linear momentum for a membrane can be ex-
pressed in the form
pv = pb+div(T), (3-16)

where b is the external assigned force per unit mass due to body force and surface tractions on the
membrane’s surface % and T is a second order tensor, which has the units of force per unit current
length in 2, to be determined by constitutive equations. Moreover, the surface divergence div(T') of the
T can be defined by [Rubin 2000, Section 4.4]

a?div(T) =1t%, t*=a"?Ta", T=a"*t"®a,, (3-17)
so that (3-16) can be multiplied by a'/? to obtain the alternative form
mi = mb + %, (3-18)

Also, the force ¢ and rate of work W'y done on the membrane, per unit current arc length ds, applied to
the boundary 9% can be expressed in the forms

t=Tn, Wy=t-v ond?P. (3-19)
In addition, the balance of angular momentum requires the second order tensor 7' to be symmetric
T=T1". (3-20)
Then, the rate of material dissipation % is given by
a'?B=a'?T-D—-m% >0, (3-21)

where X is the strain energy function per unit mass.

4. Constitutive equations

Consider a membrane which is a composite of an elastic component and a dissipative component. Specif-
ically, the elastic component resists both total area changes and total distortional deformations. The total
area changes are characterized by the area dilatation J, which satisfies the evolution equation (3-15).
Motivated by the work of Flory [1961], the total distortional deformations of % are characterized by the
symmetric, unimodular, positive definite surface tensor B’. This tensor satisfies the restrictions

asB'=B'a3=0, B -I>0, det(B)=1, (4-1)
where B’ and its invariant B, satisfy the equations
B =LB +BL"—(D-)B', B=B'-1, p=2dev(B)-D. (4-2)

In addition, the elastic area changes and the elastic distortional deformations of % of the dissipative
component are characterized by the elastic area dilatation J; and the symmetric, unimodular, positive
definite surface tensor Bt’i, which satisfies the restrictions

a;B)=Bja; =0, B)-I>0, det(B)) =1, (4-3)
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where J;, B) and its invariant « satisfy the evolution equations

Ji=JslD-I1-T4In(J))], B)=LB,+B,L" —(D-1)B,—~TA,,

, 2
=) -

a=B,-1I, ¢=2dev(B))-D—TAy-I.

In these equations, I'y determines the magnitude of the rate of inelastic area changes and A, determines
the direction and I determines the magnitude of the rate of inelastic distortional deformations. When 'y
vanishes, the evolution equation (4-4) for J; reduces to the same form as (3-15) for the total area dilation
J. Also, when I' vanishes, the evolution equation (4-4) for B/, reduces to the same form as (4-2) for
B’. Thus, when {I'y, '} both vanish, the instantaneous response of the dissipative component becomes
elastic with zero rate of dissipation. Moreover, the scalars {I"4, I'} need to be specified by constitutive
equations which will be discussed later in this section. In addition, the term In(J;) used for the inelastic
area change in (4-4) is similar to the term used in [Rubin 2015] for the inelastic contribution of the active
stretch in cardiac muscle and is introduced for simplification of the numerical integration algorithm
discussed in Section 6. The inelastic response due to area dilatation can be used to model inelastic
distortional deformations due to area and thickness changes of a thin three-dimensional structure within
the context of a pure two-dimensional membrane model.

To analyze the rate of material dissipation of the dissipative component use is made of (3-11), (4-2)
and (4-4) to deduce the results

d d d d
—(B'a3) =0, —(a3B’)=0, —(Bja3)=0, —(a3B))=0, 4-5
dt( as) T (a3B’) dt( 103) 7 (a3By) (4-5)
which show that the evolution equations (4-2) and (4-4) are consistent with {B’, B‘/I} remaining surface
tensors that satisfy (4-1) and (4-3). These evolution equations for {B’, B} also satisfy the conditions
B'-inv(B)=0, B} -inv(B))=0, (4-6)

which ensure that {B’, B} remain unimodular {det(B’) = det(B}) = 1}. In deriving the evolution equa-
tions for {8, @} use has been made of (2-5), (3-11), the restrictions (4-1), (4-3) and the results that

I=—(ws®a3+a;®@ws), B -1=0, B, -I1=0. (4-7)

For the class of membranes under consideration here, the strain energy X is additively separated into
an elastic part X, and a dissipative part X;, with

Y =%.(J, )+ Xa(Ja, ). (4-8)

This considers the membrane to be modeled like an elastic component in parallel with a dissipative
component that is composed of an elastic element in series with a dissipative element (see Figure 1).
Here, the dissipative component is introduced to model dissipation, which includes rate-independent or
rate-dependent hysteresis in cyclic loadings. Also, the kinetic quantity T separates additively into its
elastic part T, and its dissipative part T

T=T,+T,. (4-9)
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elastic component
— NN

- >

lider
NN

1 viscous damper
elastic-viscoplastic component

Figure 1. Sketch of an elastic-viscoplastic model with an elastic component and an
elastic-viscoplastic dissipative component in parallel.

Now, taking the constitutive equations for {7, T} in the forms

0%, 1 0% ,
T,=TI+dev(T,), T.= IOOW, dev(T,) =2J :OOW dev(B’),
(4-10)
Ja 0%y 04 ,
T;=TyI +dev(Ty), Ty=|— |po——, dev(Ty)=2J" pp— deV(Bd),
J 8Jd Jo
and using (3-15), (4-2) and (4-4), it can be shown that the rate of material dissipation (3-21) requires
J 0ox ox
=Ty ) po—=Ln(Jy) +TJ ' po—LA,-I>0. (4-11)
J dJy o
Furthermore, with the help of (2-6) and (4-4) it follows that
Ag-1=B,-1 4 (4-12)
4'5 =" inv(B) - 1’

However, by expressing B in its spectral form and using (4-3), the fact that B}, is a positive definite,
symmetric, unimodular surface tensor with eigenvalues {A2, 1/A?} it follows that

1
B&-I:inv(B[Q)-I=)»2+ﬁ, (4-13)

which can be used to deduce the result
Ay 1 >0. (4-14)

Then, using (3-14) and the expression for T in (4-10), it is assumed that the strain energy of the dissi-
pative component satisfies the restrictions
02y Xy

X, 9
— =0for J; =1, — In(J, 0 for J, 1, — > 0. 4-15
a7, or Jy pOaJd n(Jy) > 0 for J; # e (4-15)

It then follows that sufficient, but not necessary, conditions for inelasticity to be dissipative and the
restriction (4-11) to be satisfied are
>0, I'>0. (4-16)

Moreover, in the absence of deformation rate L, the evolution equations (4-4) cause J; to relax towards
1 and B", to relax towards I, which cause T, to relax towards zero.
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For the examples considered later in the text, the strain energy functions are specified by

P0Ze(J, B) = LK [J* —1=2In())]+ S e (B — 2),

| 5 . 4-17)
poXa(a) = 3KalJy —1=21In(J)] + s pa(a = 2),

where the constants {K,, 1.} are the zero stress bulk and shear moduli of the elastic component and
the constants {K, (g4} are the zero stress bulk and shear moduli of the dissipative component. These
constants {K,, te, K4, tqg} have the units of force per unit length [N/m]. Then, with the help of (4-10)
the kinetic quantities are given by

T,=T,I+dev(T,), T,=

Ke(J — %) dev(T,) = J 'y, dev(B'),

(4-18)
T, =TI +dev(Ty), T;= Kd(%) (Jd - Jid) dev(Ty) = J~ 11q dev(B)).
These constitutive equations are similar to those of a compressible neo-Hookean material except that
{T., T;} are surface tensors instead of three-dimensional tensors. Also, the constants {K,, ., K4, tta}
are taken to be nonnegative so the restrictions (4-15) are satisfied.

Moreover, following [Hollenstein et al. 2013], the constitutive equation for the function I" in (4-4),
which controls the rate of inelastic response, is proposed in the form

F=Tog+T{g), T'i=a +bié(@(@=0,1), g=1—£, a; >0, b; >0, (4-19)
Yd

where {a;, b;} are nonnegative material constants, g is the yield function with « being a constant yield
strain and the equivalent elastic strain y; of the dissipative component being defined by

Va=+/284 84 8a=1dev(B)). (4-20)

Also, the equivalent rate € of total distortional strain is defined by

&= /2 dev(D) - dev(D), 4-21)
and the Macaulay brackets (g) are defined by
(g) =max(g, 0). (4-22)

This constitutive equation produces a smooth elastic-inelastic transition, which is rate-independent when
a; vanish. The constants a; control relaxation effects for vanishing é and the constants b; control the
magnitude of overstrain when € is nonzero and g is positive. In particular, large values of b; cause g to
be limited by a small positive value since the relaxation effects of inelasticity tend to cause g to decrease.
Similar constitutive equations for I'; and a yield function g, for inelasticity of the elastic area dilatation
J4 could be proposed, but are not considered here since the example problems considered in Section 7
do not depend on J,;.

For the analysis of plasticity it is common to analyze a measure of accumulated plastic strain. Since
the rate of inelastic area dilatation and the rate of inelastic distortional deformation in the evolution
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equations (4-4) model different physical mechanisms it is natural to introduce two measures of accumu-
lated plastic strain. The formulation of inelastic response in this paper is based on a rate of inelastic
deformation and not on an inelastic deformation tensor. In this regard, it is noted from (4-4) and (4-20)
that for small elastic strains

Ag~2g,. (4-23)

Therefore, the accumulated distortional plastic strain €, defined in [Rubin and Attia 1996], is determined

by integrating the evolution equation
¢p=T\384 84=3Tva, (4-24)

subject to the initial condition that €, vanishes. Since €, is nonnegative, a positive value of €, de-
notes regions which have experienced some inelastic deformations even though they may be responding
elastically in the present state. An additional measure of inelastic area dilatation €; can be defined by
integrating the evolution equation

€1 =Tg4|In(Jy)|. (4-25)

It can be seen from (4-4) that this corresponds to a logarithmic rate of inelastic area dilatation.

5. Superposed rigid body motions (SRBM)

Under SRBM the position vector x, time ¢ and the directors a;, transform to their superposed values
[x*,tT, a;r}, such that

xT=ct)+Qt)x, tT=t+c, a = Qa, (5-1)

where c(¢) is an arbitrary translation vector, c is an arbitrary constant time shift and Q(¢) is an arbitrary
proper orthogonal tensor

Q0T =1, det"(Q)=+1, =00"=-9T, (5-2)

with @ being a skew symmetric tensor. It can be shown that the velocity v, the reciprocal vectors a* and
the director velocities w, transform under SRBM to {v*, a**, w}, such that

v =¢+ Qv+ R(xT—¢), a*t=Qa"%, w]=Q0w,+a}. (5-3)

Here, and throughout the text, a superposed () is added to a symbol to denote the value of a quantity
in the superposed configuration. Moreover, in the Appendix it is shown that

L™=0LQ"+90I1Q", D =0DQ" +1i(@QI1Q0" - QIQ"Q). (5-4)
Additional transformations under SRBM are given by
al/?t =412, pt=p, Jt=J, Bt= QB/QT’ J;r = Jy. B;r = 0B, QT’
bt=v"+Qb—v), T =Q0TQ", nt=Qn, t" =0t (5-5)

+ +
Iy =Ty, rt=r, e;f:ep, €, =€4.
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Then, using these expressions and other results recorded in the Appendix, it can be shown that the entire
theory discussed in the previous sections is properly invariant under SRBM.

6. Robust, strongly objective numerical integration algorithms

The objective of this section is to develop robust, strongly objective numerical algorithms for integrating
the evolution equations (3-15) for J, (4-2) for B” and (4-4) for J; and B, over a time step which begins
att =t1, ends at t = tp, with time increment At = t, — t;. Specifically, given the values

{J (1), B'(t1), Ja(t1), B(11)} (6-1)
at the beginning of the time step, the numerical algorithm predicts the values
{J (1), B'(12), Ja(t2), By(12)} (6-2)

at the end of the time step.

Motivated by the work in [Simo 1992; Simo and Hughes 1998, p. 315; Rubin and Papes 2011; Papes
2012; Hollenstein et al. 2013], robust, strongly object numerical algorithms are based on the relative
deformation gradient F,, which satisfies the evolution equation and initial conditions

F.=LF,, F.(n)=I. (6-3)
In particular, the solution of this equation can be expressed in the form
F, (1) = aqo(t) ®a® (1), (6-4)
and the relative dilatation J, satisfies the equations
J(t) =det(F,), J.=J.D-1, J.(t)=1, (6-5)
Moreover, the unimodular part F. of F, satisfies the equations
F.=J '?F., F/=[L-YD-DIF, F.t)=1I. (6-6)

Using (6-5) and (6-6), the exact solutions of (3-15) and (4-2), which satisfy the initial conditions (6-1),
are given by

I(tr) = T (1) I (11),  B'(1z) = F/(t2) B' (1) F}" (12). (6-7)
Also, the elastic trial values J;f of J; and B/ (t) of B}, defined by

Ji@) = J,(0)Jar), By (1) = F](t)By(t) F/" (1), (6-8)
satisfy the evolution equations and initial conditions

Ji=J;D-1), Ti(n) = Ju(n), 69

B =LB,"+B,’L" —(D-I)B,",  B)"(1) = B)(11),

where B)" in these equations is a surface tensor. Next, it is convenient to use an implicit backward Euler
approximation of the evolution equation (4-4) for J; of the form

In{Ja(t2)} = In{J7 (12)} — AtT4(12) In[J4(12)], (6-10)
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where I';(#;) denotes the value of I'; at the end of the time step. Then, the value J;(#,) at the end of the
time step is given by
Ja(tz) = [ (1)) /I + AT, (6-11)

This value of J;(#;) represents the exact solution of (4-4) when I'; vanishes and it represents an approx-
imate solution of (4-4) if the rate of inelastic area dilatation is nonzero. A discussion similar to the one
below for determining I'y(#,) could be presented but is not pursued further here since the constitutive
response for the example considered in the Section 7 does not depend on J.

Similarly, it is convenient to use an implicit backward Euler approximation of the evolution equa-
tion (4-4) for B), by introducing the auxiliary tensor Ec/z defined by

B)(12) = B (1) — AT (12) [Eg(m - ( (6-12)

inv[B)(12)] - 1) I]’
where I'(#;) denotes the value of I" at the end of the time step. The tensor E[’l () represents the exact
solution of (4-4) if I" vanishes and it represents an approximate solution of (4-4) if the rate of inelastic
distortional deformation is nonzero. Moreover, E{’l () is introduced as an auxiliary tensor since it is
not necessarily unimodular and therefore is only an approximation of B} (;). Now, using the surface
deviatoric operator (2-7), the deviatoric part of B[’, () 1s set equal to the deviatoric part of Ea’l (1) to
obtain

dev{B) (1)} = dev{Ed’l(tz)} = deV{Bd’,*(tg)} — At (tp) dev{B(12)}. (6-13)

This equation can be solved to obtain

dev{B/*(t2)} (1) = vi (t2)
1+ AT () Y T AT ()

va (1) = \/%227@2}, g =3 dev{B;" (1)}, (6-14)

va(t) = /384 84 g4 = 3 dev{B)(1)},

where use has been made of (4-20). Once the value I'(;) is known, the value B)(,) can be determined
using dev{ B[i(tz)} and the expression

dev{B(12)} =

B) (1) = 2a(t)I + dev{B) (1)}, (6-15)

together with the condition that B (#,) is unimodular, which requires

altr) = 2\/ 1 — det[dev{ B} (1)}]. (6-16)

where it is noted that det[dev{B](,)}] is nonpositive so that «(1,) is real and positive.
More specifically, introducing the relative total distortional deformation measures {C’., B’}

C. =F"F, B =FF"

rfr »

(6-17)
and using (2-7), (3-4) and (6-6) it can be shown that
C, =2F/ dev(D)F/, dev(D)=1F "C.F" (6-18)
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Then, the value of dev(D) can be approximated by
_ 1 1
dev(D) ~dev(D) = —[F T (t){C'.(tr) — I F ' (t)] = —[I — B ' ()], 6-19
ev(D) ~ dev(D) 2At[’ (t{C. () — I} F ()] ZAt[ ()] (6-19)

so the equivalent rate € in (4-21) can be approximated by

é(h) ~ €= \/ 2dev(D)-dev(D), A& = Ate. (6-20)

Also, with the help of (4-19) and (6-14), the value of the yield function g at the end of the time step is
given by
k[14 At ()]

gh)=1- W. (6-21)

Moreover, using (4-19) and (6-20), the value of I" at the end of the time step is given by
Atl'() = ATg+ AT'1{g(r)), ALy = Ata; +b;Ae i=0,1). (6-22)

In order to solve these equations for A¢I'(z,) it is convenient to introduce the auxiliary variable g defined
by

14+ AT
g=1-<0t200) (6-23)
v, (22)
to obtain (@) AT (3)
_ 8 — 18 -
g(th) = KA’ AtT () = AT+ l KATT (6-24)
Ya (2) Ya (2)
Furthermore, the evolution equations (4-24) and (4-25) are integrated by taking
ep(2) = €,(11) + SAIT () ya(12),  €a(tr) = €q(tr) + ATy (12)| In(Jy (1)), (6-25)

with (%) given by (6-14) and A¢I'(z;) given by (6-22). Next, introducing the relative director displace-
ments 8, and the relative displacement gradient H, by the expressions

aa(ZZ) :aa([l)+6av Hr :6(1 ®aa(tl), (6‘26)
it follows that the relative deformation gradient at the end of the time step is given by
F.(n)=1+H,. (6-27)

Thus, within the context of standard finite element procedures, the value of F, (#;) can be expressed in
terms of nodal displacements which are determined at each iteration step.

In summary, given the displacements J,: the relative deformation gradient F, during the time step is
determined by (6-26) and (6-27); the exact values {J (t;), B'(t;)} are determined by (6-7); the elastic trial
values {J(r2), B(;*(IZ)’ yé*(tz)} are determined by (6-8) and (6-14); the final value J;(#,) is determined
by (6-11); {Al';, AtI'(#>)} are determined by (6-20)—(6-24); and the final value BE’, (1) is determined
by (6-14)—(6-16). Finally, using these values, the kinetic quantities are determined by the constitutive
equations (4-18), which are then used to check that the balance laws are satisfied to the desired accuracy
and to update the estimates of the displacements if additional corrections are needed.
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The expressions in this section are strongly objective with the numerical estimates of tensor quantities
having the same invariance properties under SRBM as the exact values of the tensors (see [Rubin and
Papes 2011]).

7. An example of axisymmetric deformation

As an example, the finite deformation of an initially flat circular membrane subjected to pressure normal
to its surface, which was analyzed in [Chater and Neale 1983a; 1983b], is used here to illustrate the
inelastic response of the proposed model. Figure 2 shows a sketch of a deformed membrane which in its
initial unstressed reference configuration at r = 0 is a flat circular disk of radius B. Its edges are simply
supported by a rigid ring of radius B. The position vector x for this axisymmetric problem is expressed
in terms of the cylindrical polar base vectors {e,(8), eg(0), e3} in the form

B
x=r(R,t)e, +2(R,t)e3, 0<R<——  b=00l, (7-1)

where R is the convected (i.e., Lagrangian) radial coordinate, 6 is the circumferential angle, r (R, t) is
the current radial position and z(R, ¢) is the current axial position. In order to avoid numerical problems
associated with zero stiffness to normal displacements of a flat membrane, the membrane is slightly
stretched in the radial direction in its initial configuration at t = 0 with

r(R,0)=(1+D)R, 2z(R,0)=0. (7-2)

A uniform follower force pressure p is applied normal to the surface of the membrane which inflates
it to its deformed configuration. For this example, the external assigned force is given by

pb = pas. (7-3)

Also, the constitutive equations are specified by (4-17)—(4-19) with K set equal to zero.

A
p hy

\

D w A w -
hW

\ -

- e
2B !

Figure 2. Sketch of inflation of an initially flat circular membrane of radius B which
is loaded by an internal pressure p. The maximum width is denoted by 2w, the height
of this maximum width is denoted by #,, and the height of the top of the membrane is
denoted by &, + A;.
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In order to emphasize the influence of inelasticity, the elastic component is taken to have no resistance
to distortional deformations and the rate of inelasticity is simplified by taking

Me = 0, bo = 0, a) = 0. (7-4)
The remaining constants are specified by
pa = 100K,, by =00r10° & =0.001. (7-5)

Also, the positive value of B is used to normalize the length measures {r, z}. A positive value of agy
causes rate-dependent inelasticity which tends to cause the stress T; in the dissipative component to
relax towards zero. When ag vanishes and b is positive, then the dissipative component has a finite
elastic range and rate-independent plasticity only occurs when the yield function g becomes positive.
Moreover, when b attains the large value in (7-5) it causes the yield function g in (4-19) to remain very
close to zero during inelastic loading. Also, the applied pressure p is increased to the maximum value

Pmax given by
K.
Pmax = 100?7 (7'6)

and then is held constant. Here, the rate of loading need not be specified since attention is limited
to elastic response and elastic-plastic response, which are both rate-independent, and to fully relaxed
viscoplastic response with zero elastic distortional deformation.

The equations of equilibrium [(3-18) with ¥ = 0] were formulated in terms of {R, 7} and were solved
numerically using finite differences for the spatial dependence at each time. The equilibrium equations for
the axisymmetric problem considered here simplify into a system of two second order nonlinear ordinary
differential equations in the spatial domain, which can be expressed as a system of four nonlinear first
order ordinary differential equations. The system of nonlinear first order ordinary differential equations
can be efficiently solved numerically using the shooting method for the spatial dependence at each time.
The solution procedure is iterative with the elastic distortional deformation (6-12) of the dissipative
component being based on the same initial value B[’l (t1) in (6-8) until an equilibrium configuration has
been obtained and the next time step is analyzed.

7.1. Elastic response (E). When, b; vanishes and the loading is rapid (i.e., € > ag), the influence of
viscoplasticity is negligible and the solution is purely elastic. This solution is denoted by (E).

7.2. Rate-independent elastic-plastic response (P). When, b, is positive and the loading is rapid (i.e.,
b1€ > ay), the influence of viscoplasticity is negligible and the solution exhibits rate-independent elastic-
plastic response. This solution is denoted by (P).

7.3. Rate-dependent viscoplastic relaxation (R). When the pressure is held constant, the viscoplastic
response, controlled by ag, causes the elastic distortional deformation y; to asymptotically approach
zero with time. This causes Ty to vanish so the final state is controlled only by the elastic area changes
associated with 7, in (4-18). This asymptotic relaxed solution is denoted by (R). Since only the fully
relaxed asymptotic solution for viscoplasticity is presented, it is sufficient to solve the elastic problem
with vanishing ug.
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Figure 3. Deformed shapes of the membrane loaded by the constant uniform internal
pressure p = 10K,/ B for the elastic solution (E), the plastic solution (P) and the fully
relaxed viscoplastic solution (R).

Figure 3 plots the shapes of the membrane normalized by the radius B of the ring for the elastic
solution (E), the plastic solution (P) and the viscoplastic relaxed solution (R) with p = pp.,x. From
this figure it can be seen that the deformations of the solution (E) are smaller than those of (P) and (R)
because the resistance to distortional deformations in the solution (P) is reduced relative to that in the
solution (E) due to plasticity. Also, the solution (R) is fully relaxed with zero resistance to distortional
deformations. Figure 4 plots the geometric parameters {h;/w, h,,/w} (see Figure 2) as functions of the
pressure for the three solutions (E, P, R). From Figure 4 (left) it can be seen that the normalized heights
h;/w of each of the solutions (E, P) are very close to each other and the top part of the fully relaxed
membrane attains a near circular shape (i.e., h; /w = 1). Figure 4 (right) shows that the ring controls the
maximum width w of the membrane until the pressure attains a critical value when the normalized height
hy, /w becomes nonzero. This figure also shows that the effect of distortional strength of the membrane
near the constraining ring significantly changes the shape of the lower part of the membrane, with only
the solution (R) approaching that of a spherical membrane (i.e., /,,/w = 1).
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Figure 4. Geometric properties of the membrane as functions of the internal pressure
p for the elastic solution (E), the plastic solution (P) and the fully relaxed viscoplastic
solution (R).
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8. Conclusions

The balance laws and constitutive equations for large deformations of an elastically isotropic elastic-
viscoplastic membrane have been developed based on an Eulerian formulation. Specifically, the mem-
brane is considered to be a composite of an elastic component and a dissipative elastic-viscoplastic
component. The constitutive equations (4-10) are hyperelastic in the sense that the kinetic quantities
{T,, T,} are determined by derivatives of the strain energy functions {X., X}, respectively. The response
of the elastic component depends on the area dilatation J and on the total elastic distortional deformation
B/, which are determined by the evolution equations (3-15) and (4-2). In addition, the response of the
dissipative component depends on the elastic area dilatation J; and the elastic distortional deformation
B} of the dissipative component, which are determined by the evolution equations (4-4).

The rate of inelastic deformation in (4-4) is based on the work in [Hollenstein et al. 2013] which models
a smooth elastic-inelastic transition, with rate-independent plasticity and rate-dependent viscoplasticity
included as special cases. Specifically, this rate of inelasticity depends on five material constants: two
{ap, a1} which control rate-dependent response; two {bg, b1} which control rate-independent response;
and one {«} which controls the yield strain.

Numerical algorithms have been developed which are robust and strongly objective. Also, these
algorithms produce exact solutions for purely elastic response. Finally, the example of large axisymmetric
deformations of an initially flat circular membrane subjected to a follower pressure normal to its surface
is considered to examine: the elastic and elastic-plastic responses and the fully relaxed viscoplastic
response of the membrane.

This model can be implemented into a general purpose computer program. Then, the influence of dissi-
pation and hysteresis during cyclic loading due to the dissipative component can be examined. Moreover,
since the model uses an Eulerian formulation, it would be interesting to use it to model some features of
lipid membranes with dissipation to the distortional motion of lipid reorganization in the surface of the
membrane.

Appendix: Details of invariance properties under SRBM

With the help of (2-5), (5-1) and (5-3) it follows that
I"=a®a" " =a""®a} = QIQ". (A1)
Then, from (3-4) and (5-3) it can be shown that
LT =v,®a"t = (Qu, +Qa))®a*" = QLQ" + QI Q". (A.2)
Also, using (5-2) it follows that
(QQIQ" - 010" = (010" - 010" ®) (A3)

which verifies (5-4).
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Next, using (5-4) and (A.1) it can be shown that
DY IT=[QDQ" +5QQIQ" - QIQ"R)]- QIQ",
DT I"=D-1+;92-QIQ"(QIQ") —;-(QIQ") QIQ", (A4)
DT I"=D- 1+ Q-2 QI10"=D-1I

It then follows that the invariance properties (5-5) for {p, J} are consistent with proper invariance under
SRBM of the evolution equation (3-15) and the conservation of mass equation (3-16). Moreover, using
(5-1) and (5-5) it can be shown that

inv(B,") = Qinv(B)) Q7

(A.5)
inv(B,Y)- It = Qinv(B)) Q" - (QIQ") =inv(B)) - I,
so with the help of (4-4) it follows that
2
AT=B'"—| ————|I"=04,0". A6
a7 [inv(Bj)-ﬁ] 0440 (A.6)
Next, use is made of (5-4) and (5-5) to deduce that
L*B*+B* LT — (D" - I")B* = Q[LB'+B'L" —(D-1)B'10" + @B — B, N
(A7)
L*B/*+B,"L™ — (D" -1")B," = QILB,+ B,L" —(D-1)B,1Q" + @B," — B, Q.
Then, with the help of (5-2) and (5-5) it can be shown that
d . d .
— (BN =0B'Q"+e@B"-B"Q, —(B")=0B,0"+9B -B/'®, (A.8)

dt dt

which can be used together with (A.4) to deduce that the evolution equations (4-2) for B” and (4-5) for
B} are properly invariant under SRBM.

The invariance properties (5-5) for T follow directly from the constitutive equations (4-10). Next,
using (3-17), (5-3) and (5-5) it follows that

divt(r") =a"'?@"*T*a*") , = Q div(T), (A.9)

which with the help of (5-5) can be used to show that the balance of linear momentum (3-16) is properly
invariant under SRBM.
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PHYSICAL MEANING OF ELASTIC CONSTANTS IN COSSERAT, VOID, AND
MICROSTRETCH ELASTICITY

RODERIC S. LAKES

The physical meaning of Cosserat, void, and microstretch elastic constants is analyzed and interpreted.
Various torsion experiment designs provide a clear path to extract Cosserat elastic constants indepen-
dently of any dilatation gradient sensitivity the material may have. For void elasticity (with sensitivity to
dilatation gradients) there is no known quasistatic modality to demonstrate phenomena or extract elastic
constants independently of any sensitivity to rotation gradients. Wave methods may be appropriate if
there is minimal viscoelastic dispersion. Microstretch elasticity, which includes sensitivity to gradients
of rotation and of dilatation could account for bending effects larger than those of Cosserat elasticity.

1. Introduction

The amount of freedom embodied in a theory of elasticity is not imposed by the requirement of mathe-
matical consistency. For example, the early uniconstant elasticity theory of Navier [Timoshenko 1983]
has only one elastic constant and Poisson’s ratio must be }L for all materials. This theory is based upon
the assumption that forces act along the lines joining pairs of atoms and are proportional to changes in
distance between them. This theory was abandoned based on experiment that showed materials exhibit
various values of Poisson’s ratio. Classical elasticity has two independent elastic constants for isotropic
materials; the Poisson’s ratio can have values between —1 and 0.5. Cosserat elasticity [Cosserat and
Cosserat 1909; Mindlin 1965] (micropolar [Eringen 1968] if one incorporates an inertia term) has more
freedom than classical: points can rotate as well as translate; an isotropic material has six elastic constants.
The microstructure elasticity theory of Mindlin [1964], also called micromorphic elasticity, has even
more freedom; it allows points in the continuum to translate, rotate, and deform. This adds considerable
complexity; for an isotropic micromorphic solid, there are 18 elastic constants. One can also incorporate
a local dilatation variable [Cowin and Nunziato 1983] as done in void elasticity (five elastic constants)
or combine a dilatation variable with Cosserat elasticity as in microstretch elasticity [Eringen 1990]
(nine elastic constants). In nonlocal elasticity, stress at a point depends explicitly on strain in a region
around that point [Kroner 1967]. Nonlocal integrals have been approximated as a differential form
[Eringen 1983] that entails a simple sensitivity to strain gradients; such gradient approximations have
been used and called nonlocal.

The rationale for using a generalized continuum theory with complexity greater than that in classical
elasticity is to enable one to interpret phenomena associated with nonzero size of material microstructure
and to correctly make predictions of stress and strain fields when gradients of stress or strain are present.
There is no length scale in classical elasticity. Length scales do occur in the definition of fracture
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Keywords: Cosserat, microstretch, void theory, generalized continuum.
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toughness. Also, toughness of foams is related to the size scale of the cells in the foam [Gibson and
Ashby 1997]. Stress concentrations such as holes and cracks entail large gradients of strain. Generalized
continuum theories predict stress concentration factors that differ from those of classical elasticity. Under-
standing the robustness of heterogeneous materials can benefit from a generalized continuum approach.
In composite materials and in biological materials, structural length scales may be nonnegligible in
comparison with length scales associated with heterogeneity of stress around stress concentrations or in
experiments in torsion or bending or indentation. In any material at the nanoscale, length scales in the
material’s fine structure are likely to be nonnegligible in comparison with specimen size. In such cases,
classical elasticity is unlikely to suffice for adequate predictions.

In a review of experimental methods for Cosserat solids [Lakes 1995a]; Cosserat elasticity was com-
pared with other generalized continuum theories, especially nonlocal elasticity; microstretch elasticity
was not considered. More recently, microstretch elasticity has become a topic of interest. Also, our
laboratory has recently observed evidence of strong Cosserat effects in reticulated foam [Rueger and
Lakes 2016a] and in negative Poisson’s ratio foam [Rueger and Lakes 2016b]. In this article, elastic
constants in several generalized continuum theories are analyzed and elucidated. First the theories are
presented, compared and discussed. Predictions of behavior are presented with interpretation of elastic
constants. Prior experiments are reviewed and guide for future experiments is provided.

2. Cosserat elasticity

Of the generalized continuum theories, Cosserat elasticity has been the most thoroughly studied. The
Cosserat theory of elasticity [Cosserat and Cosserat 1909; Mindlin 1965] incorporates a local rotation
of points as well as the translation of points in classical elasticity. In addition to the stress (force per
unit area) in classical elasticity, Cosserat elasticity incorporates a couple stress (a torque per unit area).
Eringen [1968] added a local inertia term called microinertia and renamed Cosserat elasticity micropolar
elasticity. At frequencies low enough that local resonances are not approached, Cosserat and micropolar
are used interchangeably.

The physical origin of the Cosserat couple stress is the summation of bending and twisting moments
transmitted by structural elements in materials. The local rotation corresponds to the rotation of structural
elements.

The Cosserat theory of elasticity is a continuum theory that entails a type of nonlocal interaction.
The stress o;; (force per unit area) can be asymmetric. The distributed moment from this asymmetry is
balanced by a couple stress m;; (a torque per unit area). Cosserat elasticity incorporates a microrotation
vector ¢; that is kinematically distinct from the macrorotation vector r; = (e;jxuk, j)/2. ¢; refers to the
rotation of points, while r; refers to the rotation associated with translation motion of nearby points; e;
is the permutation symbol; €;; = (u; j +u;;)/2 is the small strain tensor. The antisymmetric part of the
stress is related to rotations. crf}mlsym = K¢;jm(rm — ¢m) in which « is an elastic constant. The constitutive
equations [Eringen 1968] for linear isotropic Cosserat elasticity are

0ij =2Geij + hewdij + reiji(rk — @), (1)
mij = a¢y rdij + BPij +vPjis )

where A and G are classical elastic moduli. The physical meaning of G is clear; it is the shear modulus
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used in engineering and represents a material stiffness for shear deformation. The physical meaning of
A is A = Cy3, the elastic modulus component [Sokolnikoff 1983] which couples strain in one direction
with stress in an orthogonal direction, with all other strains held constant. Further, A = B — %G, with B
as the bulk modulus. The remaining four of the six isotropic Cosserat elastic constants are «, 8, ¥ which
provide sensitivity to rotation gradient; « is a modulus that quantifies the degree of coupling between
macro and micro rotation fields. The following technical elastic constants [Gauthier and Jahsman 1975]
facilitate physical interpretation:

GBA+2G
Young’s modulus E= (—+), 3)
r+G
Shear modulus G, 4)
A
Poisson’s ratio = , &)
20+ G)
Characteristic length, torsion b = '32%, (6)
Characteristic length, bending £y = %, (7
Coupli b N=|-—~% ®)
oupling number = )
ping 2G +«
Polar ratio = ﬂi )
a+B+y

The Young’s modulus, shear modulus, and Poisson’s ratio are the values observable in experiments
that impose uniform stress without any gradient [Gauthier and Jahsman 1975]. The characteristic lengths
appear in analyses of torsion and bending [loc.cit.]; structural rigidity increases as the thickness of a rod
or plate assume a sufficiently small multiple of the characteristic length. The coupling number N is a
dimensionless measure of the degree of coupling between the rotation and displacement fields. The limit
N =1 corresponds to “couple stress elasticity”. The dimensionless polar ratio (of rotation sensitivity
moduli) is analogous to Poisson’s ratio in classical elasticity. We remark that a parameter 6 = N /{; was
used in an analysis of bending of a circular cylinder [Krishna Reddy and Venkatasubramanian 1978] of
a Cosserat solid. Further, Eringen [1968] used u + k /2 to represent the shear modulus G observed in
the absence of gradients. Because that causes p to differ from the observed shear modulus contrary to
the usual interpretation, we do not use that notation.

Limits on elastic constants imposed by energy considerations [Gauthier and Jahsman 1975] are G > 0,
B>0,0,>0,¢>0,0<N<1,0<¥<3/2, —1<8/y<l.

3. Microstretch elasticity

The microstructure elasticity theory of Mindlin [1964] allows points to deform as well as to translate as
in classical elasticity and to rotate as in Cosserat elasticity. The theory allows a continuum interpretation
of wave dispersion observed in crystal lattices. The points in the continuum may be envisaged as local
unit cells of the physical microstructure. A relative deformation, the difference between gradient of
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macroscopic displacement and microdeformation is defined. Strain energy arguments couple relative
deformation to relative stress. The gradient of microdeformation is coupled to double stress which is
a ratio of pairs of forces per area. Double stress includes the Cosserat couple stress. Microstructure
elasticity requires 18 elastic constants for an isotropic material. The complexity of this theory presents
challenges for interpretation.

Microstretch elasticity [Eringen 1990] is a subset of Mindlin microstructure [1964] / micromorphic
elasticity. Microstretch elasticity is a generalized continuum representation that includes the rotation
sensitivity of Cosserat elasticity and the sensitivity to dilatation gradient associated with void theory
(Section 4). Microstretch elasticity was stated to be simpler than microstructure elasticity; indeed, it
entails nine static isotropic elastic constants rather than 18. The constitutive equations for isotropic
material at constant temperature are

0ij =2Ge€;j + Ay +ro®)dij + keiji(ri — ¢i), (10)
mij = ad ibij + Boi i +vPji, (11)
35 = Ao + Aok, (12)
Ak =ao@ k. (13)

Here A is called an internal traction that causes local dilatation [Eringen 1990]; it is also called an
equilibrated stress vector [Cowin and Nunziato 1983]; X is the dilatational component of double stress
[Mindlin 1964] which Eringen calls first stress moments. Double stress refers to pairs of force per unit
area; if the pair of forces generates a moment, then it is a couple stress. Variable s is the difference
between the trace of a local stress and the trace of the true stress; it is also called intrinsic equilibrated
body force [Cowin and Nunziato 1983]; u is displacement and ¢ represents a local dilatation variable, a
change in volume fraction [Cowin and Nunziato 1983]. Observe that ¢ as a scalar has no relation to the
local rotation vector ¢ in Cosserat elasticity.

Nonclassical contributions to the stress o;; include (i) an asymmetric contribution due to Cosserat
rotation difference coupled via Cosserat ¥ and (ii) a hydrostatic contribution due to local dilatation ¢
coupled via the microstretch constant Ag.

As for elastic constants, A and G are classical elastic moduli, «, 8, y are Cosserat elastic constants that
provide sensitivity to rotation gradient, and « is a Cosserat elastic constant that quantifies the coupling
between macro and micro rotation fields. New microstretch elastic constants include ag, Ao, and A;.
Constant ag provides sensitivity to gradient of local dilatation, A¢ is a microstretch modulus that couples
dilatation variable change to stress and dilatation to equilibrated body force s, and A is a modulus that
couples local dilatation variable ¢ to s.

As with Cosserat elasticity, characteristic lengths may be defined for microstretch elasticity. The most
natural definition is in terms of a ratio of a nonclassical elastic constant to a classical one. So, we define
a characteristic length in terms of the ratio of the gradient sensitivity constant to a classical modulus;
C1111 1is the constrained modulus tensor element.

3
T (14)
Ciin
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In some analyses, more complex length parameters arise. For example in a study of bending [Iesan
and Nappa 1995] a variable ¢ was defined with dimensions of inverse length.

L P A 15)
¢= 300\ 326G ) (

But A +2G = Cyj11, the constrained modulus. So by analogy to Cosserat elasticity we define a
coupling coefficient in terms of a ratio of generalized continuum moduli to a classical modulus.

)\’2
A — — 2
m — —_— 2 .
Cun Cinn Ciyy

So ¢ = Ny /En. So size effects in bending are influenced by the coupling parameter; this is analo-
gous to a parameter § = N /£, that was used in an analysis of bending of a circular Cosserat cylinder
[Krishna Reddy and Venkatasubramanian 1978]. In contrast to Cosserat elasticity, the observed value
of Ci111 even under uniform strain will be influenced by the dilatational degrees of freedom [Iesan and
Nappa 1995; Cowin and Nunziato 1983].

It is also expedient for simplification of bending size effect analysis to define

Y

N = —2, (17)
Ciint
A

Nyt = —L1 (18)
Cin

S0 Ny = v/ N1 — N2,

Energy based limits on the elastic constants [Eringen 1990; Iesan and Nappa 1995] include those for
classical and Cosserat elasticity as well as ag > 0, A; > 0, and

2

Ao
3A+2G_3k_>0 (19)
1
Equation (19) may be rewritten as
2
1 14+v _ Nao 1-v
31y Nt or Ny >3 =y No-

For Poisson’s ratio 0.3, the energy based limit implies N,,;; > 1.62an10. Because A = B — %G, (19) may
also be written in terms of the bulk modulus B:

)\,2
B—-9-0.
A

4. Void elasticity

Cosserat elasticity incorporates sensitivity to gradients of rotation by virtue of the coupling between
rotations and stresses. It is also possible to supplement classical elasticity with sensitivity to gradients
of dilatation alone via a generalized continuum theory containing a local dilatation variable suggested
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Parameter [Eringen 1990] [Cowin and Nunziato 1983] [lesan and Nappa 1995]
Dilatation gradient sensitivity aop oy /3 o
Microstretch modulus Ao By n
Internal modulus A & b
Microinertia j %k -

Table 1. Symbols used by various authors.

to be associated with void volume change [Cowin and Nunziato 1983]. In contrast to Cosserat and
microstretch elasticity there is no local rotation variable and no sensitivity to rotation gradient. This
theory incorporates three elastic constants in addition to the usual two of classical isotropic elasticity.
There is also a rate parameter that is omitted here because viscoelastic behavior can be incorporated in
any generalized elasticity theory using the elastic viscoelastic correspondence principle which allows
solutions to viscoelasticity problems to be obtained from known solutions of elasticity problems via
Laplace or Fourier transforms [Alfrey 1944; Read 1950]. The constitutive equations for an isotropic
material at constant temperature are

0ij = 2G¢€;j + (Aexk + BuP)dijs (20)
hi = oy, 2D
g=—6¢ — Bu€rk- (22)

Cowin and Nunziato [1983] use « as a void elastic constant but that symbol is already used as a
Cosserat constant (Equation (2)), so here it is called «,. Similarly g, is used for void theory to distinguish
it from the Cosserat constant 8. Comparing (20) and (10), via uy = €k, the classical constant A is seen
in both; also, Ao = B,. Cosserat type constants are present in microstretch elasticity and absent in
void elasticity. Comparing (22) and (12), there is a factor -3 difference on the left side. We already
have Ay = B, so the factor -3 cannot be in A;; it must be in g. One may presume that microstretch
internal traction Ay is the same as void equilibrated stress vector /;; similarly it appears that microstretch
equilibrated body force s in (12) corresponds to void intrinsic equilibrated body force g in (22). If that
were the case, factors of 3 would appear in Ay and A; compared with 8, and &. That would contradict
the correspondence for the elastic constants from (20) and (10). So to avoid contradictions in elastic

constants, we make the correspondences 3s = —g and o, = 3ay.
An alternate coupling coefficient [Puri and Cowin 1985] which may be expressed
& Ciin
obeys 0 < N, < 1; it may also be written
N, = N”21°.
le

Aside from the difference in symbols (Table 1), the void theory is equivalent to microstretch elasticity
with the Cosserat type constants «, B, v, k set to zero. A comparison of symbols for Cosserat elasticity
was given in [Cowin 1970].
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5. Predictions and experiments

5.1. Cosserat elasticity. The Cosserat theory has been explored the most extensively. For example, a
size effect is predicted in the torsion [Gauthier and Jahsman 1975] and bending [Krishna Reddy and
Venkatasubramanian 1978] of circular cylinders of Cosserat elastic solids. Thin cylinders are more
structurally rigid than expected classically. A stiffening-type size effect is also predicted in the bending of
plates [Gauthier and Jahsman 1975]. No size effect is predicted in tension. By contrast, in classical elastic
solids, there is no size effect in torsion or bending; structural rigidity is proportional to the fourth power
of the radius. Detailed plots of size effects are available [Gauthier and Jahsman 1975; Krishna Reddy
and Venkatasubramanian 1978] so they are omitted here. Size effects of large magnitude are possible in
torsion if N — 1 or if W is well below its upper limit of 1.5.

The stress concentration factor for a circular hole in a thin Cosserat plate is smaller than the classical
value, and small holes exhibit less stress concentration than larger ones [Mindlin 1963]. By contrast,
the classical stress concentration around a hole is independent of hole size. Strain is redistributed in
other situations as well. For example, warp in torsion of a bar of rectangular cross section is less in a
Cosserat elastic solid than in a classical elastic solid [Park and Lakes 1987]. The deformation in bending
is also altered in Cosserat solids: sigmoid curvature of the lateral surfaces of square cross section bars
of Cosserat solids is predicted [Lakes and Drugan 2015]. As for plane waves in a Cosserat solid, shear
waves travel faster at higher frequency; longitudinal waves propagate without frequency dependence.
There is no prediction of a cut-off frequency for any waves in Cosserat elasticity.

5.2. Void and microstretch elasticity. We consider these theories together because microstretch elastic-
ity is a superposition of void elasticity and Cosserat elasticity. Some predictions are available for void
and microstretch theories.

As for tension/compression, analysis of a uniform stress field reveals that the effective constrained
modulus is reduced by the presence of the void degree of freedom [Cowin and Nunziato 1983]; specifi-

cally,
. A2 N?
£f 0 0
Cflffnvezcl“l_(_M) =C1111( ——Nzl)- (23)

The modulus that would be observed in an experiment is C ‘f{fffdve. It is claimed [Cowin and Nunziato
1983] that one can measure some of the additional elastic constants if the experimenter has an independent
method to measure the volume change associated with voids. The difficulty with such an approach is
that one cannot necessarily assume that the void / local dilatation degree of freedom in the continuum
theory corresponds directly to the concentration of physical voids in a laboratory specimen. Indeed,
these generalized continuum degrees of freedom were explored in a homogenization analysis [Eringen
1990; 1998] of a mass-spring system in the study of waves; there are no voids in a mass-spring system.
Tension was also studied analytically in microstretch elasticity [Ilesan and Nappa 1995]. As is the case
with Cosserat elasticity, size effects are predicted not to occur in tension. The predicted effective Young’s
modulus in tension is reduced by the microstretch variables [loc. cit.] so the classical moduli no longer
have the same meaning as in classical or Cosserat elasticity. Similarly the Poisson’s ratio is changed by
the microstretch variables [Iesan and Nappa 1995]. This situation is analogous to the use [Eringen 1968]
in Cosserat elasticity of u + «/2 to represent the shear modulus G observed in the absence of gradients.
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The difficulty with such notation is that p is used in elasticity theory to represent the observed shear
modulus and it no longer represents the shear modulus when used as above. We avoid the potential for
confusion by using G to represent the shear modulus in Cosserat elasticity.

Size effects arise due to sensitivity to dilatation gradient [Cowin and Nunziato 1983]. Size effects are
predicted in bending but not in torsion. This bending analysis [loc. cit.] allowed surface tractions on the
lateral surfaces, so it does not represent an exact solution for bending. It is not obvious whether the size
effect represents stiffening or softening. Stress concentration around a small hole is predicted to be larger
than for a large hole [Cowin 1984] and the stress concentration factor is larger than the value predicted
by classical elasticity. This is the opposite effect of Cosserat elasticity. Too, the velocity of longitudinal
waves increases with frequency but shear waves are not affected. The generalized continuum theory of
voids is in contrast to the classic Biot theory [Biot 1941] which analyzes the stress-induced pressure and
flow of fluids between communicating pores in the solid. Void theory does not contain such physics, but
it does allow sensitivity to gradients.

Void theory predicts bending size effects [Cowin and Nunziato 1983] for a bar of width /; the result
of the approximate analysis is here considerably simplified in terms of a dimensionless ratio J. A length
parameter £g = £,,,/ N, with Ny, = +/ Ny — N;%,o as above was used in the analysis [loc. cit.].

N2, 1—2v G\ ([ h h
=) )0 G) (G e(@) e
le — Nm() 1+v h E() 50

The rigidity ratio €2 is the ratio of bend rigidity in void elasticity to bend rigidity in classical elasticity.

1-J
Q= —7——. (25)
Stiffening size effects in bending are possible as shown in Figure 1. Curves are for v = 0.3, N,,,0 = 1;
Ny =1.65,2,3.
Size effects are not of large magnitude in this series, even for elastic constants approaching the stability
limit of (19). This is in contrast with Cosserat elasticity in which large size effects are possible and are
observed.

1 3
2
1.65
~
1
0

Figure 1. Bending size effect for void theory; normalized rigidity €2 versus normalized
specimen thickness 4 /¢, for v =0.3, N,,0 = 1; N,y = 1.65, 2, 3.
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Figure 2. Bending size effect for void theory; normalized rigidity €2 vs. normalized
specimen thickness /¢, for v = 0.3, N,,0 = 10; N,,; = 165, 200, 300.

If larger N values are assumed, N0 = 10; N,,; = 165, 200, 300, corresponding to Ag larger than
Ci111, size effects are shown in Figure 2. Again, size effects are not of large magnitude, in contrast with
Cosserat elasticity. All size effects explored within this solution entail increasing apparent modulus as
thickness is reduced.

The lowest of the size effect curves corresponds to ratios of elastic constants approaching the stability
limit, (19), but the stiffness does not tend to zero anywhere. The limit from the denominator in (24) to
be positive and nonzero is Ny; > N nzqo- This is less stringent than the energy limit (19) for Poisson’s
ratio 0.3; for Poisson’s ratio 0.5 they are equivalent.

The nature of the instability mode must be found elsewhere. The void theory stability limit of Cowin
and Nunziato [1983] 3A +2G — 12;35 /& > 0 differs from that of [Eringen 1990], (19), by a factor of four
in the last term. The origin of the disparity is unknown.

As for microstretch elasticity, a complicated exact solution for tension and for bending of a circular
cylinder was presented [Ilesan and Nappa 1995]; this is much more complicated than the corresponding
exact solution [Krishna Reddy and Venkatasubramanian 1978] for bending in Cosserat elasticity. It is
not obvious whether this microstretch size effect represents stiffening or softening.

5.3. Determination of Cosserat elastic constants by experiment. Measurements of torsional size effects
is sufficient to demonstrate the presence of Cosserat effects because there is no dilatation or dilatation
gradient; void elasticity predicts no size effects in torsion. If the material is a Cosserat solid or a mi-
crostretch solid, torsional size effect measurements, if done over a sufficient range in specimen diameter,
allow extraction of four of the elastic constants, specifically the shear modulus G, characteristic length
in torsion £,, coupling number N and polar ratio W. One obtains G via a pure shear test without gradient
or a torsion test on a sufficiently large specimen or from an asymptote at large diameter in torsion size
effect curve. The characteristic length ¢, is obtained via size effects in torsion of rods of different radius
r for relatively large specimens via the approximate solution for the rigidity ratio

Q~146(L,/r)>. (26)

The full Bessel function solution [Gauthier and Jahsman 1975] is required to obtain N from size effects
on smaller specimens and also W from yet smaller specimens. Such inference is valid for a Cosserat solid
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or a microstretch solid; there is no dilatation in torsion, hence no effect of dilatation gradients. If the
material is a Cosserat solid, Young’s modulus E can be obtained from simple tension or compression
experiments or from or from an asymptote at large size in a bending size effect curve. Bending of a plate
to a cylindrical shape via controlled moments on all edges reveals ¢, independently of other constants
provided one bends plates of various thickness [loc. cit.]. Bending of the same circular rod used for
torsion can also be used to obtain ¢, with confirmation of N via a somewhat more complex procedure
using a solution [Krishna Reddy and Venkatasubramanian 1978] containing Bessel functions. So, for
Cosserat solids, measurement of size effects in both bending and torsion suffice to determine all six
elastic constants. If the material is a microstretch solid, then bending size effects will contain a Cosserat
(rotation gradient) and a dilatation gradient contribution; there are then too many elastic constants to
extract them from a single curve.

Cosserat elastic effects have been observed experimentally. Torsion and bending studies on closed cell
foams [Lakes 1986; Anderson and Lakes 1994] and of compact bone [Lakes 1995b] reveal size effects
consistent with Cosserat elasticity. The apparent modulus increases substantially as the specimen diam-
eter becomes smaller. This is in contrast to the predictions of classical elasticity. For dense (340 kg/m?)
closed cell polyurethane foam [Lakes 1986], £ = 300 MPa, G = 104 MPa, v = 0.4, ¢, = 0.62 mm,
£, =0.33mm, N2 =0.04, ¥ = 1.5. The cell size is from 0.05 mm to 0.15 mm. For dense (380 kg/m3)
polymethacrylamide closed cell foam (Rohacell WF300) [Anderson and Lakes 1994], E = 637 MPa,
G =285MPa, £, = 0.8 mm, £, = 0.77 mm, N2 ~ 0.04, ¥ = 1.5. The cell size is about 0.65 mm. The
Cosserat characteristic length was also determined in a (two dimensional) polymer honeycomb [Mora
and Waas 2000].

Full field measurements of deformation of square section bars in torsion have been conducted to
ascertain the predictive ability of Cosserat elasticity. Warp of a bar of rectangular cross section in torsion
is predicted to be reduced in a Cosserat elastic solid [Park and Lakes 1987]. The corresponding strain
field was observed in compact bone [Park and Lakes 1986]; the nonclassical effects observed were in
agreement with predictions based on Cosserat constants obtained from size effects observed in separate
experiments on circular cylinders. Deformation spills over into the corner of the square section where it
would be zero in classical elasticity [Lakes et al. 1985] as revealed by holography. Such strain redistribu-
tion ameliorates concentration of strain. Strain at the corner of the section entails asymmetry of the stress
as is predicted by Cosserat elasticity. The corresponding reduction of warp deformation of square section
bars of dense foam has been observed via holography [Anderson et al. 1995]. The strain field in bending
is also altered in Cosserat solids. Sigmoid curvature of the lateral surfaces of bent square cross section
bars of open cell foam was observed experimentally and predicted theoretically via Cosserat elasticity
[Lakes and Drugan 2015].

Wave methods could be used for Cosserat solids provided the material has minimal viscoelastic damp-
ing. In viscoelastic materials, the dispersion (frequency dependence of velocity) increases with damping.
Cosserat elasticity predicts increase of shear wave velocity with frequency [Eringen 1968]; dispersion
due to viscoelasticity would be a confounding variable.

5.4. Determination of microstretch elastic constants by experiment. No known experimental results
are available for void or microstretch elasticity. However homogenization analysis of a one dimen-
sional mass-spring system was used to calculate the dilatation elastic constants [Eringen 1998] and
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homogenization analyses of lattices of ribs are available for Cosserat elasticity. In this section the
prospects for such experiments are explored. Void elasticity predicts size effects in bending but not
in torsion. At first sight such an observation would appear as a clear signature of a void elastic solid, i.e.,
a microstretch solid with dilatational degrees of freedom but not rotational degrees of freedom. However
such an effect could also occur in a Cosserat solid (Equation (2)) if 8/y = -1, the lower limit allowed
by energy considerations. If there is reason to infer a larger B8/y, either from the shape of the bending
size effect curves or from comparison with other experiments or from homogenization analysis, then a
microstretch dilatation gradient contribution is to be suspected. Such size effects do not suffice for the
calculation of all the elastic constants of a microstretch solid; there are too many constants to extract
from one curve.

Configurations sensitive only to dilatation gradient, not to rotation gradient, are available. For example
static pressurization of a hollow cylinder or sphere will generate a gradient in strain without the rotations
that would drive Cosserat effects. Solutions are available for the cylindrical and spherical thick wall
pressure vessel problems for a material obeying void elasticity [Cowin 1983]. The stress field is not
affected by the void degrees of freedom but the displacements are altered giving rise to a larger structural
compliance. Curiously the gradient sensitivity parameter ¢, hence the characteristic length, does not
enter the final solution for the displacements. So the reduction in structural rigidity is similar to that
predicted (Equation (23)) for uniform compression, in that there is a change in effective stiffness but
no gradient sensitivity parameter «,. The classical displacement field for the hollow sphere contains r
and 1/r? terms with the latter coupled via the shear modulus. The void contribution to displacement
contains only an r term; similarly the dilatation variable ¢ is independent of r. This is not promising for
experiments based on size effects. In any case, experiments of this or related type are likely to be more
difficult than bending or torsion, particularly if the specimen is porous and permeable as with open cell
foams.

The presence of dilatation sensitive elastic effects may be studied with waves. As with void theory,
microstretch elasticity admits two kinds of longitudinal waves [Eringen 1998]. A cut off frequency
phenomenon is predicted: at sufficiently high frequency, the wave speed drops to zero. Viscoelasticity
cannot account for such an effect; the effect of viscoelasticity is an increase of wave speed with frequency.
Beyond the cut off frequency, no waves propagate. The cut-off angular frequency is

20
pJj

Wer =

’

with j as microinertia and p as density [Eringen 1998]. While it is suggested that measurement of this
frequency enables extraction of the elastic constant A, the microinertia is not known a priori. It has
dimensions of length squared. The constant Ag is also needed to interpret size effect studies; the wave
cut off frequency has A; but does not reveal Ay or ag which provides sensitivity to gradient of local
dilatation. Experimental results are available for dispersion and cut off frequencies in open cell foam
[Chen and Lakes 1989]. These experiments were interpreted in the context of structural vibration of
cell ribs and also via [Mindlin 1964] microstructure elasticity. Cut off frequencies were not sufficient to
determine generalized continuum elastic constants. The shape of the longitudinal speed vs. frequency
curve might be studied as a way to obtain several constants; the curve depends on four constants, the three
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dilatational elastic constants and the microinertia. Mindlin [1964] and Puri and Cowin [1985] present
further detail regarding waves. There are two kinds of longitudinal waves corresponding to acoustic and
optical branches observed in crystals. If it is possible to observe both waves, then it might be possible
to extract elastic constants. Biot theory [Biot 1941] also allows two kinds of longitudinal waves. Biot
type slow waves have been observed in synthetic [Plona 1980] and in natural [Lakes et al. 1983] liquid
filled permeable materials. Biot slow waves depend on fluid-solid interactions in permeable materials.
Waves predicted in void elasticity, by contrast, will occur in a solid material with no fluid in any pores.
By removing any fluid from the pores, one may distinguish the origin of the waves. Even so, thus far
no experiments with a microstretch interpretation to determine elastic constants are known on physical
materials.

6. Conclusions

Cosserat elasticity may be demonstrated and four of the six elastic constants extracted via torsion modali-
ties independently of any dilatation gradient sensitivity the material may have. No comparable quasistatic
modality for void elasticity has emerged. In Cosserat solids, methods are known and have been applied
to obtain all six elastic constants via quasistatic experiments. Wave methods may be appropriate for both
Cosserat and microstretch solids provided viscoelastic dispersion is not too large. Microstretch elasticity,
which includes sensitivity to gradients of rotation and of dilatation could account for bending effects
larger than those of Cosserat elasticity.
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ON LOW-FREQUENCY VIBRATIONS OF A COMPOSITE STRING WITH
CONTRAST PROPERTIES FOR ENERGY SCAVENGING FABRIC DEVICES

ASKAR KUDAIBERGENOV, ANDREA NOBILI AND LUDMILLA PRIKAZCHIKOVA

Free vibrations of a two-component string with high-contrast material parameters are considered at dif-
ferent boundary conditions to illustrate the very low-frequency energy harvesting capability of fabric
devices. It is revealed that, only for the case of mixed boundary conditions, low-frequency (locally)
almost rigid-body vibrations are admissible, provided that material parameter ratios lie in some well
defined interval. A low-frequency perturbation procedure is carried out to determine the eigenfrequen-
cies as well as the eigenforms. The analysis is extended to a piecewise inhomogeneous string and to a
string supported on an elastic foundation. It is shown that both situations may still admit low-frequency
vibrations, under certain restrictions on the material properties. This is particularly remarkable given
that the situation of elastic support normally possesses two nonzero cutoff frequencies. The results
may be especially relevant for energy scavenging fabric devices, where very low-frequency (< 10 Hz)
mechanical vibrations of textile fibers are harvested through friction.

1. Introduction

Low-frequency mechanical vibrations of composite structures have been the object of extensive studies;
see the classic textbooks [Graff 1975; Le 1999] and, for a modern account, [Wang and Wang 2013]. In
recent years, a revival of interest in the subject has been taking place owing to the appearance of new
applications connected to the development of multiphase or multilayered structures with high contrast
in the geometrical and mechanical properties. Alongside multilayered composite structures with high-
contrast material parameters, which are currently widely used in various fields of civil and mechanical en-
gineering [Horgan and Chan 1999; Elishakoff 2005], another promising application area is related to the
rapidly developing field of metamaterials. Metamaterials are engineered materials endowed with unique
properties, often stemming from the interplay of periodically arranged phases exhibiting extremely high
contrast [Martin et al. 2012]. The same principle of phase periodicity is adopted to design and construct
waveguides with tailored filtering properties [Gei et al. 2009; Piccolroaz and Movchan 2014; Kaplunov
and Nobili 2016].

Mechanical vibrations arise naturally in a variety of environments and they can be harvested to power
self-sustaining micro- and especially nanodevices. Despite high-frequency vibrations being very attrac-
tive in light of their high energy content, much greater interest lies in the exploitation of low-frequency
vibrations for their ubiquitous character (body movements such as footsteps or heartbeat, wind or thermal
generated vibrations, air flow and noise) [Song et al. 2006].

Nobili acknowledges financial support from the National Group of Mathematical Physics (GNFM-INdAM) through the

“Progetto Giovani Ricercatori 2015 scheme, grant U2015/000125.
Keywords: low-frequency vibration, energy scavenging, contrast properties, strings.
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Figure 1. Schematics of a textile energy harvester; compare [Qin et al. 2008, Figure 2a].
A microwire is wound around the vibrating string and frictional energy is harvested
through pulling or vibrating. Note that friction causes (mechanical) tension to vary
along the string.

Recently, textile fabric devices have been proposed as a mean of scavenging very low-frequency
(< 10 Hz) mechanical energy through the coupling of a vibrating string wound around by electrically
coupled microwires [Qin et al. 2008; Nobili and Lanzoni 2010]. A device schematics is given in Figure 1,
although other arrangements are equally possible. In this paper, we focus attention on low-frequency
vibrations of a two-component piecewise-constant finite string, in an attempt to better elucidate the energy
harvesting capability of the passive element in an energy scavenging device. For the best performance,
the string is endowed with high contrast in the material and/or in the geometrical properties. Continuity
conditions are assumed between the components.

The analysis is carried out for three types of boundary conditions, namely free-free, fixed-fixed and
fixed-free (mixed) end conditions. It is shown that the low-frequency behavior is possible only for the
case of mixed boundary conditions, which appears especially attractive for energy harvesting purposes.

A low-frequency perturbation approach is adopted to obtain the lowest eigenfrequency and the corre-
sponding eigenform, whose character appears almost rigid-body like.

The analysis of the case of variable material parameters confirms that the low-frequency regime is
accessible only in a fixed-free setup, although the almost rigid-body behavior is now restricted to the
strong component. Finally, vibrations of a high-contrast two-component piecewise homogeneous string
supported on a Winkler elastic foundation are considered [Nobili 2012]. In this case, the asymptotic
approximation is carried out for frequencies standing in the vicinity of the cut-off frequency of the
stronger component, which still can be made very small under some conditions on the ratios of the
geometrical and mechanical properties.

It is worth mentioning that the eigenfrequencies of a composite string correspond to the lowest cutoff
frequencies for a plate (or a shell) from the standpoint of 3D elasticity [Kaplunov 1995]. The same
analogy can be extended to incorporate the effects of prestress [Kaplunov et al. 2002] and anisotropy
[Kaplunov et al. 2000].

The paper is organized as follows. In Section 2, three types of boundary conditions for the ends of
the string are considered and it is revealed that the low-frequency regime is possible only in the case
of free-fixed boundary conditions. A restriction on the material parameters entailing such behavior is
also obtained. In Section 3, a perturbative approach is first conducted on piecewise homogeneous string
and then extended to the case of variable material properties. It is shown that, although the almost
rigid-body eigenbehavior retrieved in the former case is lost in the latter, low-frequency vibrations are
still admissible under suitable conditions. The effect of an elastic support is considered in Section 4
and it brings a cutoff frequency which may be greatly decreased. Finally, conclusions are drawn in
Section 5.
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2. Frequency equation for a two-component string

Let us consider a finite linear string made of two-components, named 1 and 2, with high material and

geometric contrast parameters. The length of the components is /; and /4;. Let the x axis be taken to lie

along the string with the origin coinciding with the interface between the two components (see Figure 2).
The governing equation of the string in harmonic motion is

d®u;  @?

W—FC—ZMI':O, i=1,2, (2-1)
l

where u; is the transverse displacement in the relevant component of the string, 7; and ¢; = /7;/p; the
corresponding string tension and wave speed, p; the linear mass density and @ > 0 the vibration frequency
[Wang and Wang 2013, Chapter 2]. The conditions enforcing displacement and traction continuity at the
interface between the components are given by

du; duy
u1(0) =u2(0), Tld_(o) =T1—(0). (2-2)
X dx

Let introduce the following notation for the ratios of the material parameters in the two components of
the string:

T h
T=2L p=0 ,=P 24 (2-3)
I, hy P2 €2
together with the nondimensional frequency parameters
w
rAi=—h; >0, i=1,2. (2-4)

Ci

It is observed that the parameters A and A, are related through the connection

1T
A= — =Xl (2-5)
h\ p

The general solution of the constant coefficient linear ODEs (2-1) is given by

ul(x)=Acos(k1hi>+Bsin(A1hi), 0<x<h,
1 1 (2-6)

ur(x) = C cos kzi + D sin Azi , —hy<x<0,
hy ho
where A, B, C, D are arbitrary constants.

T — Tz<-
T2 X
= 2 %—%—»
—h2 0 hl
Figure 2. A two-component fixed-free string. The tension jump 7| — T, approximate
the effect of friction with the microwire (see Figure 1); a more refined model considering
continuous variation of the tension is discussed in Section 3B.




234 ASKAR KUDAIBERGENOV, ANDREA NOBILI AND LUDMILLA PRIKAZCHIKOVA
For a one-parameter asymptotic analysis, the small positive quantity ¢ is introduced as follows:

T
&= % < 1. (2-7)

T
n:;:ﬁ, (2'8)

Besides, let

whence (2-5) gives the connection

e
A= —Aj. (2-9)
n
We shall consider three types of end conditions for the string and, in each case, investigate the possibility
for low-frequency vibrations.

2A. Traction free end conditions. The boundary conditions for a string with traction free ends can be
written in the form
du; duy

E(}”) =0 and E(_h” =0. (2-10)
Substituting the general solution (2-6) into the boundary conditions (2-10) and into the continuity rela-
tions (2-2) we arrive at a homogeneous system of algebraic equations which is linear in the integration
constants. As well known, such system possesses nontrivial solution provided that the determinant of
the associated coefficient matrix is equal to zero, namely

—sinAy cosA; O 0
0 0 sinAy cosip

) 0 _1 0 =0. (2-11)
0 n 0 —1
Such requirement leads to the frequency equation
ntanA; +tani, =0, (2-12)

which, clearly, cannot sustain low-frequency vibrations (i.e., vibrations at A, A, < 1) unless materials
with exotic properties, like negative density, are considered (see, for example, [Martin et al. 2012] and
references therein).

2B. Fixed end conditions. The situation of a string with fixed ends is now considered. In this case, the
boundary conditions (2-10) are replaced by

ul(hl) =0 and uz(—hz) =0. (2-13)
Following the usual procedure, we arrive at the frequency equation
tanA; +ntan iy =0, (2-14)

which closely resembles (2-12). Hence, low-frequency vibrations in a string with fixed ends cannot be
achieved. However, an interesting remark appears in [Wang and Wang 2013], where it is observed that,
in the case of a fixed-fixed two-segment string, the eigenfrequency is a decreasing function of the density
ratio p.
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2C. Fixed-free ends. Let us consider yet another type of boundary conditions, namely the fixed-free
end conditions, wherein

d
ui(h) =0 and —2(—hy) =0. (2-15)
dx
The frequency equation may be written as
tan Ay tan Ay = 1.

In the low-frequency regime, characterized by A1 < 1 and A, < 1, the frequency equation is approximated
by
AMAy =1,

or, employing the connection (2-9), by the following condition on A;:
a
Je

do=+e L 1. (2-17)
According to the definitions (2-7) and (2-8), the (order) inequalities (2-16) and (2-17) amount to

A=< (2-16)

Clearly, (2-9) demands

T
ph <1 and o <1, (2-18)
respectively. In particular, the first inequality may be rewritten in term of masses as
my = p1hy K p2hy =mo;

that is, the mass of one string component must be much smaller than the other’s (note that 1 and 2 are
interchangeable). Together, the inequalities (2-18) require

N’ <e<kl,

which, by the definitions (2-7) and (2-8), gives a single condition on the geometric/mechanical parameters
allowing for low-frequency vibrations, namely

1
T<Kh<« s (2-19)

Low-frequency vibrations may arise, for example, in a string with soft and light part 1, while part 2 is
stiff and heavy, i.e., 71 < T» and p; < p». Besides, the corresponding string component lengths, /#; and
h;, need be chosen of the same order of magnitude, i.e., h1/hy ~ 1.

3. Asymptotic analysis of low-frequency vibrations in a composite string with free-fixed ends

The study of the frequency equation carried out in Section 2 leads to the conclusion that low-frequency
vibrations are only possible for a string with free-fixed end conditions, provided some restriction on the
material parameter ratios is met. For a more refined analysis, a low-frequency asymptotic approximation
is now employed. A constant coefficient boundary-value problem is considered first and then results are
generalized to the variable coefficients situation.
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3A. Piecewise homogeneous string. For a two-component string with homogeneous material parame-
ters, the equations of motion (2-1) hold together with the boundary conditions (2-10) and the continuity
relations (2-2) at the interface. We restrict our attention to low-frequency vibrations at n ~ ¢, whence
A1~ Ay ~ J/e. To this aim, let

n=ae, wherea = O0(1). (3-1)

Hence, the connection (2-9) between A and A, now reads
)\.2=O{_1)\.1. (3'2)
Let us introduce nondimensional spatial variables in each component of the string

X X
& =-—¢€[0,1] and & =-—€[-1,0]

h 1 h2
Then, our boundary-value problem may be rewritten in terms of the dimensionless variables
d?u’*
dg; +A%ur =0, i=1,2, (3-3)
i

together with the fixed-free end conditions
du’
(1) =0, 2(-1)=0
ui(1) & (=D

and the continuity conditions

93 0y = 42 )
dé&; - dg

at the interface & = & = 0. Here, it is let u](§;) = u;(x/h;),i = 1,2. Assuming for u] a regular
asymptotic expansion in the small parameter €, we write

ui(0) =u3(0), ¢

ur = uﬁo) +8u§1) —I—szul@ +0(@EY, i=1,2, (3-4)
while, in the low-frequency regime, it is
M =e(Ao+eA;+&> A+ O()). (3-5)
Clearly, A, follows from the connection (3-2).
3A.1. Leading order problem. At the leading order, the equations of motion (3-3) give
uﬁo) = Aoé1 + Bo,
uy” = Co&r + Dy,

where Ag, By, Cp and Dy are integration constants. Using the boundary and continuity conditions, we
arrive at

u” = Do(1 - &), (3-6a)
u$’ = Dy, (3-6b)



LOW-FREQUENCY VIBRATIONS FOR ENERGY SCAVENGING DEVICES 237

which shows a local rigid-body behavior (rotation for 1 and translation for 2). Given that frequency
cannot be derived at this stage, we need proceed to the next order.

3A.2. First-order problem. At the first order, compatibility gives the leading-order frequency term

A() =,
whereupon
M=d’c(1+0(@), AM=e(l+0(@).

a

Expressions for first-order correction to displacements, u; ) and u(zl), take up the form:

ul = La?Do(1 —£)(2—&)& + Di(1 — &),
u) = — Dot (52 +1) + Dy,

where D is yet another integration constant.
3A.3. Second order. At the second order, compatibility yields the first-order correction to the frequency

A =_a2(1;—a2)’

and we arrive at the expansion

1 2
)\% =sa2(1 — —;oz e+ 0(82)>.

3B. Piecewise inhomogeneous string. It is now assumed that the material properties of each component
of the string are no longer constant along the length, namely 7; = T;(x) > 0, p; = p;(x) >0, i =1, 2.
The equation for harmonic transverse vibrations [Wang and Wang 2013] are

d dui 2 .

—N LX) — )+ pix)ou; =0, i=1,2, (3-7)

dx dx

while the fixed-free boundary conditions (2-15), together with the continuity relations (2-2), hold. It is
expedient to introduce the nondimensional quantities

Ti(x) pi (x)

Tr (&) = o (&) = , i=12, (3-8)
T;(0)’ pi (0)
as well as the ratios 7.0) 0
-2 = (3-9)
T>(0) 02(0)
In terms of the dimensionless coordinates &;, (3-7) becomes
d( (&) *)Hz FEur =0 (3-10)
i i u[ =Y, -
dg; dg;
where .
h: i (0
@hipi @) G-11)

I O
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(solid), A =1 (dashed) and A = 10 (dot-dashed).

(=0, ()=
uy(1) =0, déz(_)_

and the connection (3-2) still holds. The boundary conditions give
sk
0,

10y = %m),

Whlle Continuity at the interface reads
x 0 - . 0 5 &

where the small parameter ¢ is introduced as at (2-7). Solution of this boundary value problem is taken
(3-12a)

in the form of the asymptotic expansions (3-4) and (3-5) for u} and A, respectively.

O =po1- 250,
(3-12b)

At the leading order we obtain

ul (&) = Dy,
(3-13)

where Dy is an integration constant and we have let
b= [ s =12
(&) = —, =12

i\Si TL*(I)

In order to better illustrate the leading-order expressions for the first eigenform (3-12), a string with

THE)=1+A%] and T)(&)=1.

quadratic and constant behavior for the dimensionless tensions 7} and T, is considered, i.e.,
and  $2(52) = &2.

Then, it is
1
$1(61) = 1Al arctan(|A|&1)
In Figure 3, the leading-order expressions for the first eigenform, given by Equations (3-12), are plotted

at three values of the parameter A. As expected, the locally rigid-body behavior is retrieved for small
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Figure 4. A two-component free-fixed string supported by a Winkler elastic foundation.
The foundation is introduced to account for an embedding elastic matrix

values of A. However, it is perhaps less obvious that large values of A lead to a step function. Besides,
we further observe that the transformation u; (§;) = U;*(z;), with the mapping

_#iE)
di ((=DiF1)’
can be used to turn the variable coefficient problem (3-10) into Lioville’s normal form [Horgan and Chan

1999; Wang and Wang 2013].
Bringing the analysis one step further, we obtain the displacement first-order correction

§i>zilzi(6) =

L[5 ptong(on) do
60 = Dot 5 [ Tron - e ) + A 660 + B

1
ul (&) = ~Dolo—3 P2(2) + cVgy(&)+ DLV,

being

& (02 Hx d
<I>,-(€)=/ U R p’*(ol) Moy, i=1.2.
0 T (02)

Here, compatibility gives the leading-order term in the frequency expansion

(){2

= o1 ()m3

having set the dimensionless mass of the 2-component

Ao

0
ms = [ pitondon.
1

Clearly, the expression for A, may be readily obtained from (3-2).

4. Piecewise homogeneous string on a Winkler foundation

In this section, near-zero frequency vibrations of a two-component piecewise homogeneous string on a
Winkler foundation are considered (Figure 4).
The equations of motion for a string on a Winkler foundation [Graft 1975] are

Cui | (@2« 0, i=1,2 (4-1)
- & — = Jui =Y, 1=1, 2, B
dx? 2 T

1

where « is the Winkler foundation modulus (whose physical dimensions are force over length squared).
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These equations clearly show that local cutoff frequencies exist [Kaplunov and Nobili 2015], namely

2 K
Weutoff; = —»
i

such that harmonic vibrations are possible only whenever w > max(wcutoff, @eutoff2). Equations (4-1)
are most conveniently put in dimensionless form

dzu,- 2 .
Fizﬂ/,. u;=0, i=1,2, (4-2)
where it is let
h?
yi=Arl—pB and B} = T i=1,2. (4-3)
i

It is remarked that the A; are defined according to (2-4) and therefore the connection (2-9) still holds. Ob-
viously, we demand A; > B; for global vibrations to take place, which shows that 8; are the dimensionless
local cutoff frequencies. Furthermore, the connection

€
B =Bl (4-4)
stands between S and B,. The general solution of the ODEs (4-2) is given by

ur(§1) = Acos(y11) + Bsin(y1§1),  0<é& =<1, (4-5a)
uz(§2) = Ccos(y2862) + Dsin(y282), —1=<8& <0, (4-5b)
where A, B, C, D are arbitrary constants. As in the case of a string with homogeneous parameters,

we shall consider three types of boundary conditions, namely free-free, fixed-fixed and fixed-free end
conditions. The frequency equation for harmonic vibrations of a string is, for the case of fixed ends,

sﬂ tan y; +tan y, = 0,
V2

while, for the case of free ends, it is

sﬂ tan y» +tan y; = 0.
V2

Clearly, both equations do not allow for low-frequency vibrations. Conversely, the frequency equation
for the fixed-free case reads

8ﬂ =tan y; tan y», (4-6)
V2

which may admit low-frequency vibrations. Indeed, assuming y; and y, small — which amounts to
considering near-cutoff vibrations (see also [Craster et al. 2010]) — we get

yi=e+0(),
whence the condition for y» to be small is given by

e=T/h <K 1. (4-7)
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The (squared) scaled frequency A% is readily obtained from (4-3) through shifting by the local cutoff
frequency ,8%, ie.,
M =B3+e+0(),

which, in light of (4-4), is enough for low-frequency vibrations of the 2-component (assuming that S,
is of order unity or smaller and 4 of order unity or larger). In order to achieve global low-frequency
vibrations, we demand A; to be small as well and, using the connections (2-9), this requires

n* (B}
M= ?(714-14-0(82)) <1, (4-8)
which amounts to the condition
(/312 +h)p <1, (4-9)

Similarly to what was chosen in Section 3, this condition may be fulfilled taking, for instance,
1N = NoéE. (4-10)

It remains to be seen whether y; is also small as it was initially assumed. To this aim, using the definition
(4-3), we further demand that

0<Bi(p—D+ph<1. (4-11)
Together, Equations (4-9) and (4-11) imply
Bt < (BT +hp <1,
whereupon S needs also be a small quantity. For instance, we could set
B1 = €Po. (4-12)

Leading order asymptotic expansions for the displacement may be equally well derived. To this end,
we first write the eigenforms u; and u, through introducing the general solution (4-5) into the fixed-free
boundary conditions (2-15) and into the continuity relations (2-2)

u1(§1) = D(sin(y1&1) — tan(yy) cos(y1&1)),
U (E;) = D(s% sin(y,8,) — tan(y1) cos(yzsz>),

where it is understood that y; and y» are related through the frequency Equation (4-6). Then, we introduce
the smallness assumptions (4-10) and (4-12) together with the expansion (4-8) for A; and proceed to
expand in the small parameter €. Thus, the asymptotic expansion for the eigenform is obtained:

uy=D(—=§)+O0(),
u; =D+ O(e).
It is perhaps surprising to observe that, under the smallness assumptions, the presence of the Winkler

foundation does not alter the leading-order shape of the eigenforms (see Equations (3-6)), and a local
rigid body-motion is again retrieved.
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5. Conclusions

Very low-frequency vibrations in a two-component high-contrast string have been investigated for the
case of fixed-fixed, free-free and free-fixed boundary conditions, in an attempt to enhance the energy
scavenging capability of the soft element in a fabric device. It is shown that low-frequency vibrations
are achievable only for the case of fixed-free end conditions, which seems especially apt at harvesting
low-power energy sources. Besides, conditions on the material and geometrical property ratios were
given in order to sustain near-zero frequency vibrations. Piecewise constant as well as variable material
parameters are considered. In the former case, the exact solution is obtainable and an almost rigid-body
motion is found. The almost rigid-body behavior is especially welcome as it warrants little wear in
the system. Conversely, the latter situation can only be addressed in an approximate way, through a
two-scale approach, and it is shown that, although the almost rigid body behavior is generally lost, low-
frequency vibrations can still be sustained, provided that suitable conditions on the material parameters
hold. The question whether low-frequency vibrations may be still admitted in a soft element supported
by a Winkler foundation was then addressed, because energy harvesters may be embedded in an elastic
matrix. In this case, the soft string is assumed piecewise constant and an exact solution is obtained. As
expected, two cutoff frequencies appear which, however, may be brought close to zero under suitable
smallness assumptions on the material parameter ratios. A somewhat surprising result is obtained, for
the local rigid-body character of the leading-order expressions for the eigenforms, already met in the
unsupported case, is again retrieved. It is finally observed that our results apply equally well to the
analysis of low-frequency vibrations in composite plates and shells treated within the framework of 3D
elasticity. For example, in case of a two-layered elastic plate, the eigenfrequencies Aj, A, would be
associated with the lowest cutoff frequencies; see, for instance, [Kaplunov et al. 1998; Le 1999].
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WAVE PROPAGATION IN LAYERED PIEZOELECTRIC RINGS
WITH RECTANGULAR CROSS SECTIONS

JIANGONG YU, XIAODONG YANG AND JEAN-ETIENNE LEFEBVRE

Wave propagation in multilayered piezoelectric structures has received much attention in past forty years.
But the research objects of previous research works are almost only for semi-infinite structures and one-
dimensional structures, i.e., structures with a finite dimension in only one direction, such as horizontally
infinite flat plates and axially infinite hollow cylinders. This paper proposes a double orthogonal poly-
nomial series approach to solve the wave propagation in a two-dimensional (2-D) layered piezoelectric
structure, namely, a multilayered piezoelectric ring with a rectangular cross-section. Through numerical
comparison with the available reference results for a purely elastic multilayered rectangular straight bar,
the validity of the double polynomial series approach is illustrated. The dispersion curves and electric
potential distributions of various layered piezoelectric rectangular rings with different material stacking
directions, different polarization directions, different radius to thickness ratios, and different width to
thickness ratios are calculated to reveal their wave propagation characteristics.

1. Introduction

Because of the applications in ultrasonic nondestructive evaluation and transducer design and optimiza-
tion, wave propagation in multilayered piezoelectric structures has received considerable attention from
engineering and scientific communities. Many solution methods have been used to investigate the wave
propagation phenomena in multilayered piezoelectric structures. The mostly used method is the transfer
matrix method (TMM) [Nayfeh 1995; Adler 2000; Cai et al. 2001] and the finite element method (FEM)
[Ballandras et al. 2004]. Because the TMM and FEM suffer from numerical instability in some particular
cases, some improvements have been developed, such as the recursive asymptotic stiffness matrix method
[Wang and Rokhlin 2002; 2004], the surface impedance matrix method [Collet 2004; Zhang et al. 2001],
the scattering-matrix method [Pastureaud et al. 2002] and the reverberation-ray matrix method [Guo et al.
2009].

The series expansion technique has been used for the problem of vibrations and waves. As early as
1960, Mindlin and McNiven [1960] used the Jacobi polynomial series to investigate the axially symmetric
waves in elastic rods. Wu et al. [2014] also used the Jacobi polynomial series for the axially symmetric
waves in piezoelectric ceramic rods. Dékmeci [1974] developed a double power series method to in-
vestigate the high frequency vibrations of piezoelectric crystal bars. Chou et al. [1991] used the double
power series method for the dynamic analysis of a vibratory piezoelectric beam gyroscope. In 1972,
an orthogonal polynomial approach has been developed to analyze linear acoustic waves in homoge-
neous semi-infinite wedges [Maradudin et al. 1972]. This approach has a special feature: it incorporates

Keywords: wave propagation, rectangular ring, piezoelectric materials, multilayered structures, double orthogonal
polynomials.
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the boundary conditions into the equations of motion. So the boundary conditions are automatically
accounted for by assuming position-dependent material parameters. The equations of motion are then
converted into a matrix eigenvalue problem through the expansion of the independent mechanical vari-
ables into appropriate series of orthonormal functions which makes the semivariational determination of
the frequencies and the 8 associated modes possible. After that, this approach has been used to solve
various wave propagation and vibration problems, including surface acoustic waves in layered semi-
infinite piezoelectric structures [Datta and Hunsinger 1978; Kim and Hunt 1990], Lamb-like waves in
multilayered piezoelectric plates [Lefebvre et al. 1999] and multilayered piezoelectric curved structures
[Yu et al. 2013; 2012].

So far, investigations on wave propagation in multilayered piezoelectric structures are almost only
for semi-infinite structures and one-dimensional structures, i.e., structures having a finite dimension in
only one direction, such as horizontally infinite flat plates and axially infinite hollow cylinders. But
in practical applications, many piezoelectric elements have finite dimensions in two directions, such as
rings with rectangular cross sections. One-dimensional models are thus not suitable for these structures.
This paper proposes a double orthogonal polynomial series approach to solve wave propagation in a 2-D
piezoelectric structure, namely, a multilayered piezoelectric ring with rectangular cross-section. To the
authors’ knowledge, few references concerned on guided waves in multilayered piezoelectric rings. Two
material stacking directions (radial direction and axial direction) and two polarization directions (also
radial direction and axial direction) are respectively considered. The dispersion curves and the electric
potential profiles of various layered piezoelectric rectangular rings are presented and discussed. In this
paper, traction-free and open-circuit boundary conditions are assumed.

2. Problem formulation and solution method

We consider a multilayered piezoelectric ring with rectangular cross-section. In the cylindrical coordinate
system (0, z, r), a, b are the inner and outer radii. Figure 1 shows the schematic diagram of a multilayered
ring with its stacking direction being in the axial direction. Its width is d, and the total height is h = hy.
The radius to thickness ratio is defined as n = b/(b — a).

For the wave propagation problem considered in this paper, the body forces and electric charges are
assumed to be zero. The dynamic wave equations are

0T,y 10T 3T | T = Too 9%u,

or " r 90 ' oz P ys)
0T,o  10Tyg 0Ty, 2Ty 0%uy
or +r 26 + 0z + ro U a2

(1)
aT,Z+1aT91 oT.. T, 0%u,

T,
or r 90 0z r =r ar?
9D, 18D, 9D. D,
Z L
or +r 20 + 0z + r

where T;;, u;, and D; are the stress, elastic displacement, and electric displacement components, respec-
tively, and p is the density of the material.
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Ny

Figure 1. Schematic diagram of a z-direction multilayered rectangular ring.

The relationships between the generalized strain and generalized displacement components can be

expressed as

ou, 10ug u, au,
Err=a_ra 699=;¥ 7, Gzz=a—z,

1 /0ug Oug 1 /0u, OJu; 1/10u, Ouyg ug
EGFE(E*@)’ 6”25(32*3)’ 6"’25(?39+¥_7) @)
Er:_%7 9:_1%’ EZ:_%’

or r a0 0z

where €;;, E;, and ¢ are the strain components, electric field, and electric potential, respectively.

In this paper, we consider two kinds of layered piezoelectric rings, namely the material stacking
direction being respectively in the radial direction and in the axial direction. For a ring with a material
stacking direction being in the axial direction, we denote it as a-directional layered ring. Its elastic

parameters are expressed as

N
Cl] = Z Cl{ljnhnflvhn (Z)’

n=1
N
GU = Z e?jnhnfl»hn (Z)’
n=1
where
1,
Ty, 1,k (2) = {0’

n

N is the number of the layers and C l.”j, €

the n-th layer.

N
eij = Zef’jm,n,l,hn (2),
n=1

N 3
p=_p"Th, .1,

n=1

hl’l*l S Z E hn7

elsewhere;

e;‘j are the elastic, piezoelectric and dielectric constants of
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For a layered ring with a stacking direction being in the radial direction, we denote it as r-directional
layered ring. Its material constants are expressed as

N N
Cij = Z Ciima, .a,(r), eij= Ze?jﬂdn,l,d,,(r),

n=1 n=1
4)
N N
€ij =) € 4, () p=) 0" T4 4, (1)
n=1 n=1
where
( ) 19 dn—l S r S dn»
Td,_y,d, \Z) =
: 0, elsewhere.

Simultaneously, two different polarization directions, i.e., radially polarized direction and axially po-
larized direction, will be considered. We use “Pr”” and “Pa” to represent the two different polarization
directions.

We introduce the function I (r, z)

1, a<r<band0<z<h,
I(r,z) =m(r)m(z) = )
0, elsewhere,
where 7 (r) and 7 (z) are rectangular window functions (the subtraction of two Heaviside function)
1, a<r<b,

0, elsewhere,

1, 0<z<h,
0, elsewhere.

w(r)= { and 7m(z) = {

The derivatives along r and z of I (r, z) are

alér’ Y 5¢—a)—s(r—b) and LTI
p

By introducing the function I (r, z), the traction-free and open-circuit boundary conditions — that is,
T, =T9=T,,=Ty, =T,, = D, = D, =0 at the four boundaries — are automatically incorporated in
the constitutive relations of the ring [Ludwig and Lengeler 1964]:

=68(2) =8z —h).

T [C1) C1y C13 Ciy Cis Cig | [ ool (r,2) [e11 exr e3 |
T, Cxn Cy3 Coy Crs Cop €.1(r, 2) e exn e3xn
Egl(r,z2)
T | _ C33 Caa C35 Csg € 1(r, 2) e13 €3 €33
= - E. I(r, z) (6a)
T, Caq Cy5 Cyp | | 26,1 (r, 2) eis e e | | o (. 2)
T, symmetry Css Csg | | 2€r01 (7, 2) ers exs e3s T
Tp, i Cos | |2€0:1(r.2) | | e16 €26 €36 |
€ool (1, 2)
_ €. 1(r,2)
Dy el e ez €4 es el ézzl(r 2) € €2 €| |Eol(r,2)
D, t = |ex exn ey ey exs exp 26” I(r’ 2) + €n €3 | EAM2) . (6b)
D res A t E. 1
r Lest ex2 e33 e 35 es6 ] |5 p ) symmetry €33 P1(r, 2)
2€p.1(r, 2)
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For a time-harmonic wave propagating in the circumferential direction of a ring, we assume the dis-
placement components to be of the form

u,(r,0,z,t) =exp(ikbd —iwt)U(r,z), ug(r,0,z,t)=exp(ikbb —iwt)V(r, z),
u,(r,0,z,t) =exp(ikbt —iwt)W(r,z), ¥(r0,z,t)=exp(ikbd —iwt)X(r, z),

(7)

where U(r, z), V(r, z), and W(r, z) represent the amplitude of vibration in the r, 9, z directions, respec-
tively, and X(r, z) represents the amplitude of electric potential. Also, k is the magnitude of the wave
vector in the propagation direction, and w is the angular frequency.

Substituting (2), (6), and (7) into (1), the governing differential equations in terms of the displacement
and the electric potential components can be obtained. In the case of Pr r-directional layered orthotropic
ring, they are given by

N
> {ICHGP U +7U) = (C}y + (kb)Y CE)U + Cliyr?U o + ikb(Cly + CE)r V.,
T ikB(C)y + CIOV A (Clhy 4 CL)PP W 4 (Cly — CI)r W 4 €2 X 7 X, + €872 X .
— (kb)*€\'sX — €5, X 174, .4, (r) - 7(2) + [Clyr® U + W) + €3, X 1, ., (r) - 70(2)

+[CHr2U, + Clyr(ikbV + U) + Coyr* W, + €r? X g, 1 a, () -7 (2) }

N
==Y p"74a,(NP’U-7(2),  (8a)
n=1
N
> {ICK G2V +7V.0) = (Cls + (kb)*CT)V + ikb(Cly + Ci)r U, +ikb(CYy + Cae)U
n=1
+ Cg6r2 V. +ikb(Cly, + Co)r W, + (€5, +els)r X  + 2e{s X1ma, ,.a,(r) -7(2)
+ CR(r*V 4+ ikbr W)mg, | a,(r) - 7(2) .
+[CL(r?V,, +rV+ikbrU) + esr X1ma, ,.a,(r), - 7(2)}
N
==Y P 1.4, T(@r7WV,  (8b)
n=1
N

D ACLEP W +r W) = (kb)* CheW + Cyr? Wz + (Coy + Cir? Uz + (Cly + CiprU
A RB(CTy + GV (€ + )X e+ Byr X, a, () - ()
+[Clor (kbV + U)CH3r2 U + Coyr* W + 51 X 1, 4, (r) - 7(2)
+ [C24r2(VV,r + U’Z) + 634]"2X’Z]7'[dn_1’dn (r),r . T[(Z)}
N
- Z P’ Vg, 4,(r) - 7(2), (8c)

n=1
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N
Z{[e§3(r2Urr +rU,) +e5rU, — (kb)zerllsU“‘egzt’"zU,zz — sV + (&5 +ejs)rV, +eprW,
n=1 + (€5 + )W, + (kb)? €M X — €% (PP X, +1X ) — €857 X Imta, .0, (7) - 7 (2)

+[€53r2U , + e rU+es rV 4 ebr? W, — €53r? X g,y a,(r). -7 (2)
+ [6341’2U,z + 6341'21)[{, — 652”2X,z]77d,1_1,d,, (r)- ﬂ(z),z}

=0. (8d)

where a subscript comma indicates partial derivative.
To solve the coupled wave equation, U(r, z), V(r, z), W(r, z), and X(r, z) are expanded into products
of two Legendre orthogonal polynomial series as

Ur,)= Y pp,On(Q;@), V) =Y priOn(Q;),
m, j=0 m, j=0

o o )
W)=Y ppO0n()Q;(), X(r,2)= Y ppOn(Q;(@),

m, j=0 m, j=0

where pfn’ j (i=1,2,3,4) are the expansion coefficients and

_ 2m+1 2r—b—a o |2+ (2z2—h
On(r)= b—a Pm( bh—a )s QJ(Z)_ h PJ( h ) (10)

with P, and P; being the m-th and the j-th Legendre polynomial. Theoretically, m and j run from 0
to co. However, in practice the summation over the polynomials in (9) can be truncated at some finite
values m = M and j = J, when the effects of higher order terms become negligible.

Equations (8) are multiplied by Q,(r) with n running from 0 to M, and by Q(z) with p from O to J,
respectively. Then integrating over z from O to & and over r from a to b gives the following system of
linear algebraic equations:

lA?ip’m’jprln,j‘FlAanJZ +1Anpm1pij+lAnpm1p:lnj —w? anm;l’m], (11a)
G D A AR AR D = =0 Moy (1)
A" oy A AR A = =0 M (10
lAZip,mjl lA"pme,%” lAnpm]p?nj lAnpm]p;;,lJ_O’ (lld)

where ‘Al "I (a, B=1,2,3,4) and ‘M, , . ; are the elements of the nonsymmetric matrices A and M,
which can be obtained by using (8).
Equation (11d) can be written as

P = = (A )T AL A AR ). (12)
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Substituting (12) into (11a)—(11c) gives

[lAn,p,m,j lAn \psm, J(lAn ,p.m, ]) 'lAZip,m,J]p’; ;
Ipn.p.m,j lnpmjlnpmj [An,pm, 7.2
[A A (A ) : A42 ]pm,]
npm] lnpm] npmj [An,pm,jT..3 21 a1
+['A] Al (‘A ) HA" o = =0 My P (13a)
lnpmJ lnpm/lnpmj Lan,psm,j7 1
[ A ( ) A41 ]pm,]
lnpmj npm]lnpmj [An,pm, 7.2
[ ( ) A42 ]pm,}
lnpmj lnpmjlnpmj lpan.psm,j1.3 21 2
+['4; AL (AL ) AL pd = = My DR (13b)
lan] npmj(lnpmj) lA"Pm]] 1
[ P, j
lpn.p.m,j lnpmjlnpmj Lan.pm,j7. 2
[A A3 ( ) Ap ]Pm,j
[ A0, psm,j lnpmj npmj ynpom,j1.3 0 21 3
+['A%y A (‘A ) HA" o = =0 My P - (13¢)
Then, (11) can be rewritten as
[An,p,m,j [xn,pm,j [xn,p,m,j 1 1
AT AT AT przn,j " 100 przn,j
IAn.p.m,] [xn,pm,] [An,pm,] — .
Ay AT AT pg@j =—0" My pm;|010 Pgw' . (14)
AN, p.m,] [xn,p,m,] [xn,p,m,] .
Az A3 A3 P, j 00 1] (P,

So, (14) forms the eigenvalue problem to be solved. The eigenvalues w? give the angular frequency
of the guided wave modes, and the eigenvectors pfnJ (i =1,2,3) allow the mechanical displacement
components to be calculated, and an, j which can be obtained from (12), determines the electric potential
distribution. By using the relation Vph = w/k, the phase wave velocity Vph can be obtained. In the
computing progress, the obtained eigenvalues are complex, but their imaginary parts are all very small
compared to their corresponding real parts. For one eigenvalue, its imaginary part is less than one
millionth of its real part. So, we just think the real parts are solutions of the system.

3. Numerical results and discussions

Based on the solution procedure as described in Section 2, a computer program in terms of the extended
polynomial approach has been written using Mathematica to calculate the wave dispersion curves, the
displacement and the electric potential distributions for the layered piezoelectric rectangular rings.

3.1. Comparison with the available solution from the transfer matrix method. Since no reference re-
sults for the wave dispersion curves in layered piezoelectric rectangular rings can be found in literature,
we consider an a-direction layered purely elastic rectangular ring with a very large radius to thickness
ratio (n = 1000) to make a comparison with known results of a straightly layered bar from the semi-
analytical finite element method [Taweel et al. 2000]. It is a three layer +30°/ —30°/ 4 30° (with respect
to the f-axis) fiber composite rectangular ring with equal layer-thickness. The bar’s width-to-height ratio
is d/h = 2 and the material properties are given by (15) [loc. cit.]. Figure 2 shows the corresponding
dispersion curves, in which the solid lines are from [loc. cit.], and the dotted lines are obtained from the
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Figure 2. Dispersion curves for the three-layer [+30°/ — 30°/ 4 30°], equal thickness
fiber composite rectangular structures. Solid lines: the results from the semi-analytical
FEM [Taweel et al. 2000] for the straightly layered bar; dotted lines: the results of the
presented method for the layered ring with a very large radius to thickness ratio (n = 1000).

proposed polynomial approach. The normalized frequency is defined by w/ \/ 15.167 GPa/ph?2, and the
dimensionless wave number k# is introduced. In [Taweel et al. 2000], all wave modes are assorted into
two classes and shown in two separate figures. But the proposed method in this paper can only calculate
all wave modes together. So, we put the dispersion curves of all wave modes in each figure to make the
comparison. As can be seen, the results from the proposed polynomial approach agree very well with
the available reference data.

[86.231 27.5875 3.9233 0 0  F40.6352
2373 3.6078 0 0  F13.4923
1598 0 0 +0.2732
[Clizoe = 6.1663 0 0 GPa. (15)
symmetry 5.9628 0
29.3675

3.2. Dispersion curves in multilayered piezoelectric rectangular rings. In this section, layered piezo-
electric rectangular rings composed of BSN (B) and PZT-4 (P) are studied. The corresponding ma-
terial parameters can be seen in [Guo et al. 2009]. Here, the elastic constants of r-polarization and
a-polarization are taken as the same in order to make appropriate comparisons.

Firstly, four square rings with n = 10 are considered. Their stacking sequences, thickness ratio are
the same, P/B/P-1/1/1. Their stacking directions and polarization directions are different: (a) is a Pr
r-directional layered ring; (b) is a Pr a-directional layered ring; (c) is a Pa r-directional layered ring;
(d) is a Pa a-directional layered ring. Their phase velocity dispersion curves are shown in Figure 3. It can
be seen that both the stacking direction and the polarization direction have influences on the dispersion
curves.
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Figure 3. Phase velocity dispersion curves for the P/B/P-1/1/1 square rings with n = 10.
Layered rings: Pa a-directional (red), Pa r-directional (green), Pr a-directional (black),
and Pr r-directional (blue).
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Figure 4. Phase velocity dispersion curves for r-polarized and a-directional P/B/P-1/1/1
square rings: n =2 (blue), n =3 (green), n =5 (red), and n = 10 (black).

Then, Figure 4 shows the dispersion curves for r-polarized and a-directional P/B/P-1/1/1 square rings
with different radius to thickness ratios, n = 2, 3,5, and 10, respectively. Obviously, the radius to
thickness ratio has significant influences on the dispersion curves.

Next, the different stacking sequences are discussed. Phase velocity dispersion curves for three
r-polarized and r-directional thickness-equal rectangular rings with = 2 and d/h = 0.5 are shown
in Figure 5. Their stacking sequences are B/P/P, P/B/P, and P/P/B. On the whole, the phase velocity
of B/P/P ring is the lowest and that of P/P/B ring is the highest. In fact, the wave velocity of BSN is
higher than that of PZT-4. Moreover, the volume fraction of BSN in B/P/P ring is the lowest in the three
r-directional layered rings because of its BSN being located at the innermost layer. When the radius
to thickness ratio becomes smaller, the difference among the volume factions of the three r-directional
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Figure 5. Phase velocity dispersion curves for r-polarized and r-directional thickness
equal rectangular rings with n =2 and d/h = 0.5: B/P/P (black), P/B/P (green), and
P/P/B (blue).
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Figure 6. Phase velocity dispersion curves for r-polarized and a-directional thickness
equal rectangular rings with n =2 and d/h =2: P/B/P (red) and P/P/B (black).

layered rings becomes larger. For a-directional layered rings, the volume fractions of P/B/P-1/1/1 and
P/P/B-1/1/1 rings are the same, but different stacking sequence still results in different dispersion curves,
as shown in Figure 6.

3.3. Displacement and electric potential shapes. This section discusses the wave characteristics of lay-
ered square rings through the displacement and the electric potential shapes. The displacement in wave
propagating direction and the electric potential shapes at kd = 30.3 of the fourth and seventh modes for
Pr a-directional layered square ring are illustrated in Figure 7. It can be seen that the displacement and
the electric potential are always concentrated near the four boundaries. Furthermore, they are mostly
localized in the layers of PZT-4, which has a lower wave speed than BSN. In order to confirm this
phenomenon, the top of Figure 8 shows the seventh mode of the Pr a-directional B/P/B-1/1/1 square
ring with n = 10 at kd = 30.3. The displacement and the electric potential are mostly localized in the
middle layer, the layer of PZT-4. Finally, the bottom of Figure 8 shows, for the case of small radius
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kd = 30.3.
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Figure 8. Displacement and electric potential profiles of the seventh mode for the Pr
a-directional B/P/B-1/1/1 square ring at kd = 30.3. with n = 10 (top) and n = 2 (bottom).
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to thickness ratio, the displacement and the electric potential of the Pr a-directional P/B/P-1/1/1 square
ring with n = 2. The displacement and the electric potential are still mostly localized in the layers of
PZT-4, but they become closer to the outer surface. In order to save space, above figures only show the
displacement profile in the x direction. The displacement profiles in the other two directions show the
same phenomena as the x direction displacement.

4. Conclusions

This paper proposed a double orthogonal polynomial series approach to solve wave propagation problems
in 2-D multilayered piezoelectric rectangular rings. The dispersion curves, the displacement, and the
electric potential shapes of various layered rectangular rings are obtained. According to the present
numerical results, we can draw the following conclusions:

(a) Numerical comparison of the wave dispersion curves show that the double orthogonal polynomial
method can accurately and efficiently solve the guided wave propagation problems in multilayered rect-
angular ring.

(b) The polarization direction and stacking sequence have weak influences on the dispersion curves,
but radius to thickness ratio, volume fraction, and width to height ratio have significant influences on
the dispersion curves. So, we can change the wave speed of the piezoelectric ring transducer through
adjusting its thickness ratio, volume fraction and width to height ratio.

(b) The high frequency wave displacements and electric potential are mainly concentrated in the layer
with a lower wave speed and they approach the outer surface of the ring with a little radius to thickness.
Through changing the stacking sequence of the layered piezoelectric ring transducer, we can position the
maximum displacement and electric potential where we want.

Acknowledgments

This work was supported by the National Natural Science Foundation of China (No. 11272115) and the
Outstanding Youth Science Foundation of Henan Polytechnic University (No. J2013-08) and Science
and Technology Agency of Henan Province (No. 144100510016), China.

References

[Adler 2000] E. L. Adler, “Bulk and surface acoustic waves in anisotropic solids”, Int. J. High Speed Electron. Syst. 10:03
(2000), 653-684.

[Ballandras et al. 2004] S. Ballandras, A. Reinhardt, V. Laude, A. Soufyane, S. Camou, W. Daniau, T. Pastureaud, W. Steichen,
R. Lardat, M. Solal, and P. Ventura, “Simulations of surface acoustic wave devices built on stratified media using a mixed
finite element/boundary integral formulation”, J. Appl. Phys. 96:12 (2004), 7731-7741.

[Cai et al. 2001] C. Cai, G. R. Liu, and K. Y. Lam, “A technique for modelling multiple piezoelectric layers”, Smart Mater.
Struct. 10:4 (2001), 689-694.

[Chou et al. 1991] C. S. Chou, J. W. Yang, Y. C. Hwang, and H. J. Yang, “Analysis on vibrating piezoelectric beam gyroscope”,
Int. J. Appl. Electrom. Mater. 2:3 (1991), 227-241.

[Collet 2004] B. Collet, “Recursive surface impedance matrix methods for ultrasonic wave propagation in piezoelectric multi-
layers”, Ultrasonics 42:1-9 (2004), 189-197.

[Datta and Hunsinger 1978] S. Datta and B. J. Hunsinger, “Analysis of surface waves using orthogonal functions”, J. Appl.
Phys. 49:2 (1978), 475-479.


http://dx.doi.org/10.1142/S0129156400000611
http://dx.doi.org/10.1063/1.1758317
http://dx.doi.org/10.1063/1.1758317
http://dx.doi.org/10.1088/0964-1726/10/4/312
http://dx.doi.org/10.1016/j.ultras.2004.01.008
http://dx.doi.org/10.1016/j.ultras.2004.01.008
http://dx.doi.org/10.1063/1.324670

258 JIANGONG YU, XIAODONG YANG AND JEAN-ETIENNE LEFEBVRE

[Dokmeci 1974] M. C. Dokmeci, “A theory of high frequency vibrations of piezoelectric cyrstal bars”, Int. J. Solids Struct.
10:4 (1974), 401-409.

[Guo et al. 2009] Y. Q. Guo, W. Q. Chen, and Y. L. Zhang, “Guided wave propagation in multilayered piezoelectric structures”,
Sci. China G Phys. Mech. Astronom. 52:7 (2009), 1094-1104.

[Kim and Hunt 1990] Y. Kim and W. D. Hunt, “Acoustic fields and velocities for surface-acoustic-wave propagation in multi-
layered structures: An extension of the Laguerre polynomial approach”, J. Appl. Phys. 68:10 (1990), 4993-4997.

[Lefebvre et al. 1999] J.-E. Lefebvre, V. Zhang, J. Gazalet, and T. Gryba, “Legendre polynomial approach for modeling free-
ultrasonic waves in multilayered plates”, J. Appl. Phys. 85:7 (1999), 3419-3427.

[Ludwig and Lengeler 1964] W. Ludwig and B. Lengeler, “Surface waves and rotational invariance in lattice theory”, Solid
State Comm. 2:3 (1964), 83-86.

[Maradudin et al. 1972] A. A. Maradudin, R. F. Wallis, D. L. Mills, and R. L. Ballard, “Vibrational edge modes in finite
crystals”, Phys. Rev. B 6:4 (1972), 1106-1111.

[Mindlin and McNiven 1960] R. D. Mindlin and H. D. McNiven, “Axially symmetric waves in elastic rods”, J. Appl. Mech.
(ASME) 27:1 (1960), 145-151.

[Nayfeh 1995] A. H. Nayfeh, Wave propagation in layered anisotropic media: With applications to composites, North-Holland
Ser. Appl. Math. Mech. 39, North-Holland, Amsterdam, 1995.

[Pastureaud et al. 2002] T. Pastureaud, V. Laude, and S. Ballandras, “Stable scattering-matrix method for surface acoustic
waves in piezoelectric multilayers”, Appl. Phys. Lett. 80:14 (2002), 2544-2546.

[Taweel et al. 2000] H. Taweel, S. B. Dong, and M. Kazic, “Wave reflection from the free end of a cylinder with an arbitrary
cross-section”, Int. J. Solids Struct. 37:12 (2000), 1701-1726.

[Wang and Rokhlin 2002] L. Wang and S. I. Rokhlin, “Recursive asymptotic stiffness matrix method for analysis of surface
acoustic wave devices on layered piezoelectric media”, Appl. Phys. Lett. 81:21 (2002), 4049—4051.

[Wang and Rokhlin 2004] L. Wang and S. I. Rokhlin, “Modeling of wave propagation in layered piezoelectric media by a
recursive asymptotic method”, IEEE Trans. Ultrason. Ferroelectr. Freq. Control 51:9 (2004), 1060-1071.

[Wu et al. 2014] B. Wu, W. Q. Chen, and J. Yang, “One-dimensional equations for coupled extensional, radial, and axial-shear
motions of circular piezoelectric ceramic rods with axial poling”, Arch. Appl. Mech. 84:9-11 (2014), 1677-1689.

[Yuetal 2012] J. G. Yu, J.-E. Lefebvre, Y. G. Guo, and L. Elmaimouni, ‘“Wave propagation in the circumferential direction of

general multilayered piezoelectric cylindrical plates”, IEEE Trans. Ultrason. Ferroelectr. Freq. Control 5§9:11 (2012), 2498—
2508.

[Yu et al. 2013] J. G. Yu, J.-E. Lefebvre, and Y. Q. Guo, “Wave propagation in multilayered piezoelectric spherical plates”,
Acta Mech. 224:7 (2013), 1335-1349.

[Zhang et al. 2001] V. Y. Zhang, J.-E. Lefebvre, C. Bruneel, and T. Gryba, “A unified formalism using effective surface
permittivity to study acoustic waves in various anisotropic and piezoelectric multilayers”, IEEE Trans. Ultrason. Ferroelectr.
Freq. Control 48:5 (2001), 1449-1461.

Received 11 Mar 2014. Revised 31 Jul 2015. Accepted 29 Nov 2015.

JIANGONG YU: yu@emails.bjut.edu.cn
School of Mechanical and Power Engineering, Henan Polytechnic University, Jaiozuo, 454003, China

XIAODONG YANG: 806607231@qq.com
School of Mechanical and Power Engineering, Henan Polytechnic University, Jiaozuo, 454003, China

JEAN-ETIENNE LEFEBVRE: jean-etienne.lefebvreQuniv-valenciennes.fr
University of Lille Nord de France, F-59000 Lille, France, and, UVHC, IEMN-DOAE, F-59313 Valenciennes Cedex 9, France,
and, CNRS, UMR 8520, F-59650 Villeneuve d’Ascq, France

mathematical sciences publishers :'msp


http://dx.doi.org/10.1016/0020-7683(74)90109-7
http://dx.doi.org/10.1007/s11433-009-0130-1
http://dx.doi.org/10.1063/1.347086
http://dx.doi.org/10.1063/1.347086
http://dx.doi.org/10.1063/1.369699
http://dx.doi.org/10.1063/1.369699
http://dx.doi.org/10.1016/0038-1098(64)90045-6
http://dx.doi.org/10.1103/PhysRevB.6.1106
http://dx.doi.org/10.1103/PhysRevB.6.1106
http://dx.doi.org/10.1115/1.3643889
http://www.sciencedirect.com/science/bookseries/01675931/39
http://dx.doi.org/10.1063/1.1467620
http://dx.doi.org/10.1063/1.1467620
http://dx.doi.org/10.1016/S0020-7683(98)00301-1
http://dx.doi.org/10.1016/S0020-7683(98)00301-1
http://dx.doi.org/10.1063/1.1522831
http://dx.doi.org/10.1063/1.1522831
http://dx.doi.org/10.1109/TUFFC.2004.1334839
http://dx.doi.org/10.1109/TUFFC.2004.1334839
http://dx.doi.org/10.1007/s00419-014-0855-9
http://dx.doi.org/10.1007/s00419-014-0855-9
http://dx.doi.org/10.1109/TUFFC.2012.2482
http://dx.doi.org/10.1109/TUFFC.2012.2482
http://dx.doi.org/10.1007/s00707-013-0811-8
http://dx.doi.org/10.1109/58.949756
http://dx.doi.org/10.1109/58.949756
mailto:yu@emails.bjut.edu.cn
mailto:806607231@qq.com
mailto:jean-etienne.lefebvre@univ-valenciennes.fr
http://msp.org

JOURNAL OF MECHANICS OF MATERIALS AND STRUCTURES
Vol. 11, No. 3, 2016

dx.doi.org/10.2140/jomms.2016.11.259

EFFECTIVE BOUNDARY CONDITION METHOD AND APPROXIMATE
SECULAR EQUATIONS OF RAYLEIGH WAVES IN ORTHOTROPIC
HALF-SPACES COATED BY A THIN LAYER

PHAM CHI VINH AND VU THI NGOC ANH

In this paper, the effective boundary condition method for deriving approximate secular equations of
Rayleigh waves propagating in elastic half-spaces coated by a thin layer is introduced. Then, the method
is used to obtain approximate secular equations of Rayleigh waves in compressible (incompressible)
orthotropic half-spaces covered by a thin incompressible (compressible) orthotropic layer. Approximate
secular equations of third order have been derived and it is shown that they have high accuracies. Some
numerical examples are carried out to evaluate the effect of incompressibility on the Rayleigh wave
propagation. It is shown that the incompressibility affects considerably on the Rayleigh wave velocity.

1. Introduction

The structures of a thin film attached to solids, modeled as half-spaces coated by a thin layer, are widely
applied in modern technology. The measurement of mechanical properties of thin films deposited on
half-spaces before and during loading is therefore very significant; for examples, see [Makarov et al.
1995; Every 2002] and references therein. Among various measurement methods, the surface/guided
wave method is most widely used [Every 2002], because it is non-destructive and it is connected with
reduced cost, less inspection time, and greater coverage [Hess et al. 2013], and for which the guided
Rayleigh wave is a versatile and convenient tool [Kiichler and Richter 1998; Hess et al. 2013].

For the Rayleigh-wave approach, the explicit dispersion relations of Rayleigh waves supported by thin-
film/substrate interactions are employed as theoretical bases for extracting the mechanical properties of
the thin films from experimental data. They are therefore the main purpose of any investigation of
Rayleigh waves propagating in half-spaces covered by a thin layer.

Since the layer is assumed to be thin, i. e. its dimensionless thickness ¢ = k. & (& is the thickness of
the layer, k is the wave number) satisfies 0 < ¢ < 1, it is reasonable that all researchers want to find
approximate secular equations of Rayleigh waves that take the form F = 0, where F is a polynomial
of n-order (n > 1) in terms of ¢ and the coefficients of the polynomial are functions of the material
parameters and the Rayleigh wave velocity. Tiersten [1969] and Bovik [1996] assumed that the layer
and the half-space are both isotropic and the authors derived approximate secular equations of second
order. For this case, Vinh and Anh [2014a] obtained a fourth-order approximate secular equation with
very high accuracy. Steigmann and Ogden [2007] considered a transversely isotropic layer with residual
stress overlying an isotropic half-space and the authors obtained a second-order approximate dispersion
relation. In [Vinh and Linh 2012; Vinh et al. 2014b] the layer and the half-space are both assumed to
be orthotropic and approximate secular equations of third-order were obtained. In [Vinh and Linh 2013]

Keywords: Rayleigh waves, thin layer, effective boundary condition method, approximate secular equation.
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the layer and the half-space are both subjected to homogeneous prestrains and an approximate secular
equation of third-order was established which is valid for any prestrain and for a general strain energy
function.

In the mentioned above investigations, the contact between the layer and the half-space is assumed
to be perfectly bonded. For the case of sliding contact, Achenbach and Keshava [1967] derived an
approximate secular equation of third-order. However, this approximate secular equation includes the
shear coefficient, originating from Mindlin’s plate theory [1951], whose usage should be avoided as noted
by Touratier [1991], Muller and Touratier [1995] and Stephen [1997]. Recently, Vinh, Anh and Thanh
[Vinh et al. 2014a] derived a fourth-order approximate secular equation with very high accuracy for the
isotropic case. For the orthotropic case, an approximate secular equation of third order was established
recently by Vinh and Anh [2014b].

To derive approximate secular equations, all researchers replace approximately the effect of the thin
layer on the half-space by the so-called effective boundary conditions on the interface and the Rayleigh
wave is then considered as a surface wave propagating in the half-space (without the coating layer) that is
subjected to the effective boundary conditions. We call this approach “the effective boundary condition
method”.

For obtaining the effective boundary conditions, Achenbach and Keshava [1967] and Tiersten [1969]
replaced the thin layer by a plate, while Bovik [1996] expanded the stresses at the top surface of the layer
into Taylor series of its thickness up to the first-order, and expressed the first-order normal derivative in
terms of the tangential and time derivatives by using the basic equations in component form. With this
technique Bovik [1996] derived the first-order effective boundary conditions. It should be noted that this
first-order effective boundary conditions contain some second-order terms as indicated in Remark 2. In
order to obtain higher-order effective boundary conditions we need to get expressions of higher-order
normal derivative in terms of the tangential and time derivatives. However, it is not easy to have them
if we start from the basic equations in component form. Recently, starting from the basic equations in
matrix form, Vinh and Linh [2012; 2013], Vinh and Anh [2014a; 2014b], and Vinh et al. [2014a; 2014b]
obtained the effective boundary conditions of third and fourth orders. Nevertheless, in these papers the
effective boundary condition method based on the Taylor expansion technique and the basic equations
in matrix form has not been presented in detail. Furthermore, in these works (and in all other previous
papers) both the layer and the half-space were assumed to be either compressible or incompressible. The
case when the half-space is compressible (incompressible) and the layer incompressible (compressible)
has never been under investigation.

The main aim of this paper is first to present in detail “the effective boundary condition method” that
is based on the Taylor expansion technique and the basic equations in matrix form. Then, the method is
employed to derive approximate secular equations of:

(i) Rayleigh waves propagating in a compressible orthotropic half-space covered by a thin incompress-
ible orthotropic layer.

(i) Rayleigh waves propagating in an incompressible half-space covered by a thin compressible layer.

Approximate secular equations of third order have been derived and it is shown that they have high
accuracies. Some numerical examples are carried out to investigate the effect of incompressibility on the
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Rayleigh wave propagation. It is shown that the incompressibility affects considerably on the Rayleigh
wave velocity.

Note that, for Rayleigh waves propagating in compressible (incompressible) orthotropic half-spaces
coated by a thin compressible (incompressible) orthotropic layer, the third-order approximate secular
equations have been derived in [Vinh and Linh 2012; Vinh et al. 2014b].

It should be noted that there has been recently progress in studying not only a free surface wave and
its speed, but also the case of loading, e.g., in application to moving loads; see, e.g., [Erbag et al. 2014].

The paper is organized as follows. In Section 2, the effective boundary condition method is presented
in detail. In Sections 3 and 4, the propagation of Rayleigh waves in an incompressible (compressible)
orthotropic elastic half-space coated by a thin compressible (incompressible) orthotropic elastic layer
is considered. The third-order approximate secular equations have been derived using the effective
boundary condition method. In Section 5, as an application of the obtained results, the effect of the
incompressibility of half-spaces and layers on the Rayleigh wave velocity is evaluated numerically using
the obtained approximate secular equations.

2. The effective boundary condition method

Consider an orthotropic elastic homogeneous half-space x, > 0 coated by a thin orthotropic elastic
homogeneous layer —/ < x; < 0. Note that same quantities related to the half-space and the layer have
the same symbol but are systematically distinguished by a bar if pertaining to the layer. We are interested
in the plane strain so that:

”_tVI:”_lVl(xl’xZ’t)v un=un(xl’x2’l)a n=1’2a 123507 M}EO, (1)

where 1, and u, are the displacement components, ¢ is the time. The effective boundary condition
method based on the Taylor expansion technique and the basic equations in matrix form is carried out
as follows.

Step 1. From the basic equations in component form governing the plane motions (1) of the layer in-
cluding the equations of motions (without body forces):
G111+ G122 =pil1, G121 + 0202 = pila (2)

(a comma indicates differentiation with respect to xi, a dot signifies differentiation with respect to ¢), and
the strain-stress relations (Equation (55) with bars for compressible materials, Equation (23) with bars
for incompressible ones) we establish a matrix equation that is of the form

_, )
[‘_‘,]:M[‘_‘] Ch<x <0, 3)
; {
where
_ I/_tl - 5‘12 Ml M2 T
a=|"' i=|2"2] M= , M,=MT, 4
[”2} [022] [Ma MJ ! ®

where 0,,,, are the components of the stress tensor, p is the mass density of the layer, the prime signifies
differentiation with respect to x,, M} are 2 x 2-matrices whose entries are expressed in terms of the
material parameters of the layer, the derivatives with respect to x; and ¢ (they do not depend on the
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derivatives with respect to x,), the symbol 7 indicates the transpose of a matrix. For the compressible
elastic materials, the matrix Equation (3) is derived by using Equations (1), (2) and (55). For the incom-
pressible elastic materials, in addition to Equations (1), (2) and (23), the incompressibility condition is
taken into account, and to obtain the matrix Equation (3) we have to eliminate from the basic equations
the Lagrange multiplier p (also called the hydrostatic pressure) associated with the incompressibility
constraint.

Remark 1. (i) Equation (3) expresses the normal derivative d/dx; in terms of the tangential derivative
0/0dx; and the time-derivative d/0r.

(i) From the matrix (3) we arrive immediately at the Stroh formalism [1962].
From (3) we have:

AL - () g -
u u M M u

oy |=M = L || s RS xe<0 5
C R IR ] N
where ™ and 7™ are the derivative of n-order with respect to x, of # and £. Taking x, = 0 in (5)
provides

Here #(0) and #(0) are the value of & and ¢ at the bottom plane x, = 0 of the layer. From (6) it follows
that

i0)=MPa0)+MPi0), k=1,2,.... (7

Step 2. To expand the traction vector at the top surface of the layer into Taylor series of its thickness up
to n-order:

t(—h)=t0)+t (())u +1 (0)( ) +. +t(n)(()) h)" ®

Suppose that the top surface of the layer is free from traction, i.e., #(—h) = 0.

Step 3. To derive the so-called pre-effective boundary condition of n-order in matrix form by substituting
the expressions (7) into (8). It is of the form:

k
t(O)+Z M(k)u(O)+M(k)t(0)]( M o, ©)

k=1

Step 4. To obtain the effective boundary condition by using the pre-effective boundary condition (9) and
the contact conditions between the layer and the half-space.

If the layer and the half-space are in welded contact with each other, then the displacement vector and
the traction vector are continuous through the plane x, =0, i. e.,

#(0) =u(0), 1(0)=1¢(0). (10)
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From (10) one can see that the derivative of any order of the displacement and traction vectors with
respect to x; and ¢ are also continuous through the plane x, = 0. From these facts it implies:

MPa©) =MPu©), MPI0)=MPro), k=12, ... (11)
From (9)—(11) we have

(—n)

t0)+ Y [MPu©) +MPt(0)] -

k=1

0. (12)

This is the effective boundary condition of n-order in matrix form for the case of welded contact. Note
that this effective boundary condition can be used not only for the plane wave problems but also for any
dynamic problem.

For the case of sliding contact, where the normal displacement and stress components are continuous
through the plane x, = 0, the horizontal displacement component is discontinuous through this plane, the
tangential stresses vanish at it [Vinh and Anh 2014b; Vinh et al. 2014a], the situation is rather different.
The effective boundary condition (in matrix form) can not be obtained directly from the pre-effective
boundary condition (9) due to the discontinuity of the horizontal displacement component. In order to
derive the effective boundary condition for this case we restrict ourselves to the plane wave motions
[Vinh and Anh 2014b; Vinh et al. 2014a] and eliminate the horizontal displacement component from the
pre-effective boundary condition (9).

Step 5. To derive the approximate secular equation (of n-order) by considering the Rayleigh wave as
a surface wave propagating in the half-space (with wave number k and velocity c), without the coating
layer, that is subjected the effective boundary condition. It is of the form

g2

Do(x) + Di(x)e + Do) oy + -+ + D,,(x)% +O0@E"y =0, (13)

where x is the dimensionless squared velocity of Rayleigh waves, ¢ = k. h (the dimensionless thickness
of the layer) is assumed to be much smaller than the unit, D, (x) are explicit functions of x and the
dimensionless material parameters of the layer and the half-space. The error of the approximate secular
equation (13) in comparison with the exact secular equation is O (e"th).

In the next two sections, we apply the effective boundary condition method to two cases:

(i) An incompressible elastic half-space covered by a thin compressible elastic layer.

(i) A compressible elastic half-space covered by a thin incompressible elastic layer.

The layer and the half-space are assumed to be in welded contact with each other.

3. Rayleigh waves in incompressible half-spaces coated by a thin compressible layer

3.1. Effective boundary conditions. Consider an incompressible orthotropic homogeneous half-space
X2 > 0 coated by a thin compressible orthotropic homogeneous layer —/# < x < 0. The layer is assumed
to be perfectly bonded to the half-space. The matrix equation for the layer is of the form (3) in which
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matrices My are given by [Vinh and Linh 2012]
- 1

0 —0 — 0
Mi=| co, o | My=| €6 |,
—— 01
L (22 0 —
2 (14)
-
Clp —Cl1C2 9 | —2
——— 0 a7 0
M; = oy TP . My=M".
i 0 pd?

Here we use the notations d; = d/9dxy, 812 =92/ Bxlz, 8,2 = 32/912. The pre-effective boundary condition
of n-order in matrix form is (9). Since the layer and the half-space are in welded contact with each other,
the effective boundary condition of n-order in matrix form is therefore (12). For n = 3, in component
form, (12) is written as [Vinh and Linh 2012]

_ 2 P -
o12 +h(rio22,1 —r3u11 — pii1) + 5 |:72012,11 + E—(Jﬁ&lz —r3uz 111 — p(1+ r1)i4'2,1]

3 =2
- . o7\ _ _
+€ r4022,111 + Pr5022,1 — U1, 1111 — Pr7l1 11 — o e )= 0, atx;=0, (15)
66
and
2 5
022 +h(o12,1 — pii) + 7|:1’1022,11 + Z 0TI T p(l +r1)u1,1]
22
3 ,52
+g|:72012,111 + prscia, — rauz i — p(1+2r)iiz 11 — E—Mz,n] =0, atx,=0, (16)
22
where
- _2 - -
C12 r3 Clp — €112 r3
ry=_—_, rp=r+_—, rR=————— mhn=rnn+_—,
C22 C66 C22 C22 ( 1 7)
1+n ri 5 147 1
rs = — +—. re=1+r)r, ri=ri+2r, rg = — + —
22 C66 Co6 22

Remark 2. (i) From the traction-free boundary condition #(—h) = 0, by expanding #(0) into Taylor
series at x = —h one can see that £(0) = O (h), consequently #(0) = O (h) due to the continuity of
stresses at the interface.

(i1) From Equations (15), (16) and the fact: hrio, = o (h?), hopg = O (h?) that is implied from (i),
the first-order approximate effective boundary conditions are

o12 —h(rsuy 11+ pii;) =0, 02— hpiia =0, at x, =0. (18)

These first-order approximate effective boundary conditions recover the ones for the isotropic case
obtained by Tiersten [1969] and Dai, Kaplunov and Prikazchikov [Dai et al. 2010].

(iii) Also from the fact: hriozn1 = 0 (h?), hoiy1 = O (h?) one can see that the first-order approximate
effective boundary conditions derived by Bovik [1996] include some O (h?) terms.
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(iv) Again from the statement (i) it follows
3 W B 4
g(r4022,111 + prs622,1) = O(h"), 3(72012,111 + prgo2,1) = O(h). (19)

These terms therefore can be excluded from the third-order conditions (15) and (16).
Now we consider a Rayleigh wave with velocity ¢ (> 0) and the wave number k (> 0) traveling with
the x-direction and decaying in the x;-direction. Then its displacements and the stresses are sought in
the form

uy = Uy (p)e* D uy = iUy (y)elF 1=
o= —kZi(Me D op = ikZy (e TN,y =kx (20)
Introducing (20) into (15) and (16) and taking into account (19) yield
21(0) + elr1 22(0) — (3 + pc*) U1 (0)]

e 5c2(1 0 Vs 0

+5 [r3 + pc”(1 +r1)]U2(0) — r2+5—66 1(0) 1)
83 ,52(34

+—(r6+r7/362+—_ >U1(0)=0,
6 C66

and
25(0) + e[pc* U2 (0) — £1(0)]

e 5c2(1 0 "\ 5000

+?{[r3+pc A +r)]U( )—(F1+E—22)22( )} 22)

83 _, ,62C4
— —|r3+pc (1+2r)+——|U2(0) =0.
6 2

Since 0 < ¢ < 1, the relations (21) and (22) are the third-order approximate effective boundary conditions
whose error is O (g%).

3.2. Approximate secular equation of third-order. Now we can ignore the layer and consider the prop-
agation of Rayleigh waves in the half-space, without the coating layer, that is subjected to the effective
boundary conditions (21) and (22).

Since the half-space is made of incompressible orthotropic materials, the strain-stress relations are
(see [Ogden and Vinh 2004])

o1 =—p+cnurtcenury, oxn=-—p+cpurtcenura, o1 =ces(Ur2+u), (23)

where o;; and p are respectively the stress, the hydrostatic pressure associated with the incompressibility
constraint. The material constants ¢y, ¢22, c12, Cg6 satisfy the inequalities [Ogden and Vinh 2004]

k>0 (k=1,2,6), ci1+c22—2c12 > 0. (24)
In the absent of body forces, the equations of motion are

o111+ 0122 = pii1, 0121+ 022 = piis. (25)
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For an incompressibility material, we have
uy 1 +uxr=0. (26)

In addition to Equations (23), (25) and (26) are required the effective boundary conditions (15) and (16)
at xo = 0 and the decay condition at x, = +00, namely

u,=0, n=1,2, at xp = +00. 27

Since the Rayleigh wave propagates in the x;-direction with velocity ¢, wave number k and decays in
the x,-direction, according to [Ogden and Vinh 2004], its displacement components satisfying the decay
condition (27) are given by (20); in which

Ui(y) = bi1Bie ™ 4+ byBye™,  Us(y) = Bie™®Y + Bye ™, (28)
where By and B, are constants to be determined and b and b, are the roots of the equation
yb* — (2B — X)b* + (y — X) =0, (29)
with positive real parts (for ensuring the decay conditions), X = pc?, and
Yy =ce6, B=(—2y)/2, S=cii+cn—2cn. (30)
From (29) it follows

26-X -
b%+b§=T:= S, bfb%:T:: P. (31)

It is not difficult to verify that if the Rayleigh wave exists (this implies that the real parts of by, b> must

be positive), then

0< X< C66, (32)

biby=+P, bi+by=+/S+2VP. (33)

Substituting (20);, (28) into (23) and using (25) lead to that the stresses are given by (20), in which

and

Ti(y) = B1Bre " 4+ BaBre ™™, Ty(y) = y1Bie " + yyBae Y, (34)
where

Bu=ces(bp+ 1), yn=(X—8+B)bn, n=1,2. (35)

Introducing Equations (28) and (34) into Equations (21) and (22) provides a homogeneous system linear
equations for By, B, namely,

{f(b1)31 + f(b2)B, =0, (36)

F(b1)Bi + F(b2)B, =0,
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in which

) —
f(bl’l) =ﬂn+8[r1)/n —(r3+)_()bn]+%|:r3+)_((1+rl)_ (VZ‘*’%)ﬂn]

_ €6 37)
— g2 — X
F(by) =Vn +8(X_,3n)+3 [+ XA 4+r)lb,— 11 +£ Vn
ST X2 o,
—— |+ XA+2r)+—1|, n=1,2,X=pc".
6 €2
For a nontrivial solution, the determinant of the matrix of the system (36) must vanish, i.e,
S F(b2) — f(b2)F(by) =0. (33)

Using (37) into (38), after algebraically lengthy but straightforward calculations, we arrive at the approx-
imate secular equation of third order of Rayleigh waves, namely
&2 &’
A0+A18+A23+A3g+0(84)=0, (39)

where

Ao = cesl(X — )V P + X1,
Al = ce[ X + (3 + X)VPIW S +2VP,
A= —(r—3+_§+_ﬁ)Ao+c66[r3+Y(1 — )11 = P)

Ce6 €22 Ce6 - B 3
3+ X —rDIX — 8+ ces(S + VP + D] —2X(r3 + X),

- 3] o X | 3X
Az =cey2r3 — X|2n—D+— |- X[ —+—

Ce6 Ccn  Cep
_ 3 _(3X X
re—X(32 =2 )+ X( 22+ 2 ) VP LS +2vP. (40)
C2 C»n  Ce6

Equation (39) in which A, given by (40) is the desired approximate secular of third order and it is fully
explicit. It is useful to convert the secular equations (39) into a dimensionless equation. For this end we
use the following dimensionless parameters

X _ ¢ _ G _ _C12

x:_v el - > 62__7 63_—_’

Ce6 C66 2

2 Cé6

) - Ce6 ) c66 6

es=—, eq=é —&e5, ry=-—, r=—, = |—, &= : (41)
C66 C66 (&) 1Y

T:'||c\I



268 PHAM CHI VINH AND VU THI NGOC ANH

0.8

0.6

0.4r

0.2r

0 1 1
0 0.5 1, 15

Figure 1. Dimensionless Rayleigh wave velocity x(¢) in the interval [0 1.5], calculated
by the exact secular equation (solid line) and by the approximate secular equation (42)
(dashed line). Here we take e; =2.6, 1 =2, e =1, e3=0.6, r, =2.8, r,, =0.6.

By dividing two sides of (39) by (ces)? we have
g2 & 4
D0+D18+D2?+D3€+0(8 ) =0, 42)

where

Do = (x —es)V'P +x,
D, = ru[rfx + (rfx — Ed)ﬁ]\/ S+2VP,
Dy = (&g —r’x(14&)1Do+2r, (64 — r2x(1 — 2283) W P — 2r[eq — r2x (1 — 383 + ryéq) + rurix?],

D3 = —r, {284+ rix(26:63 — 2 — 38,) + rux*(e> +3)
+[ea(eq —28:83) — r2x (28383 — 28283 + 284 + 38284) +rix*(1+38) |V P}y S +2VP,
S=es—2—x,P=1—x. (43)

It is clear from (42) and (43) that the squared dimensionless Rayleigh wave velocity x = ¢?/ c% depends
on 7 dimensionless parameters es, €1, €z, €3, ry, , and €. Note that es > 0, e; > 0, e > 0 and
el — ézég > 0, according to the inequalities (24) and (56).

When ¢ = 0, from (42) and the first of (43) it implies

(x —es)vV1—x+x=0. (44)

That is the secular equation of Rayleigh waves in an incompressible orthotropic elastic half-space [Ogden
and Vinh 2004].

Figure 1 presents the dependence on ¢ = k.h € [0 1.5] of the dimensionless Rayleigh wave velocity
x=c?/ c% that is calculated by the exact secular equation (solid line) and by the approximate secular (42)
(dashed line). The dimensionless parameters are taken as es = 2.6, 1 =2, e =1, e3=0.6, r, = 2.8,
r, = 0.6. Note that the exact secular equation is of the form of a 6 x 6 determinant that is established
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from the traction-free conditions at the layer surface and the continuity conditions of displacements and
stresses at the interface between the layer and the half-space. It is similar to Equation (19) in [Farnell and
Adler 1972, p. 48]. As it is rather cumbersome it need not be written down. It is shown from Figure 1
that the exact and approximate curves of Rayleigh wave velocity almost totally coincide with each other
for the values of ¢ € [01.5]. The maximum absolute error in the interval [0 1.5] is 0.0141 at ¢ = 0.7.
This says that the approximate secular (42) has high accuracy.

3.3. Isotropic case. When the layer is isotropic and the half-space is transversely isotropic (with the
plane of isotropy being the (x;x,)-plane), we have

Cli=C¢n=A+21, Cn=hr, Ce6=il, C11=Cn, C11—C2=2C, (45)

consequently
e1=1/g, ex=g, es=1/g—2, e;=4(1—-g), es=4, S=2—x, (46)
where g = it/ (A +2). Taking into account (46), the expressions (43) of Dy are simplified to

Do=(x —4)v/1—x+x,
D, = ru[rfx + (rfx —44+49)V1 —x](1++1—x),
Dy =[4(1—8) — (1 +@)rix]Do+4r,[2(1 — ) — grix]v/1—x
—2r, [4(1 — ) —2Q2ry — 2r, 8 + @)rix +rurix?],
D3y =—r,{8(1— ) +4(2§ —3)rjx + 3+ @)ryx’
+[8(1 = &) +4(&* —2rZx + A +3rix? VP 1+ VT —x). (47)

When the layer and the half-space are both isotropic, the expressions (47) are unchanged, but in which:
x = pc?/u, ry =/, and p are the shear moduli.

4. Rayleigh waves in compressible half-spaces coated by a thin incompressible layer

4.1. Effective boundary conditions. Consider a compressible orthotropic homogeneous half-space x, >0
coated by a thin incompressible orthotropic homogeneous layer —2 < x, < 0. The layer and the half-
space are assumed to be in perfectly bonded contact to each other. For this case, the matrix equation for
the layer is (3) in which matrices M} are given by [Vinh et al. 2014b]

1 _
0 -9 -0 —80%2 450> 0
M1=[ 1], M) = Ces , M3=[ TP _2i|, My=M;, (48

where 8 = ¢1; — 2¢12 + ¢2. The pre-effective boundary condition of n-order in matrix form is (9). Since
the layer is perfectly bonded to the half-space, the effective boundary condition of n-order in matrix form
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is (12). For n = 3, (12) is written in component form as (see [Vinh et al. 2014b])

- .. h? o .. - ..
o12+ h(oxn,1 +8ui 11 — piiy) + 7(@712,11 + Fes 612+ dun 111 — 2,0M2,1>

03 b N
+—\ r9022,111 + = 022,1 —riou1,1111 — Priviinn — —— U1 ) =0, atxo =0, (49)
6 Cé6 66
h? <
02+ h(o12.1 —ﬁiiz)—F?(Uzz,n +0uy 111 — 2pii1,1)
h 2p .. <
+—| roo12,111 + =—0G12,1 +8us 1111 — 3piiz 11 | =0, atxo =0, (50)
6 C66
where _ -
5 v
Ce6 C66

Suppose that the Rayleigh wave travels along surface x, = 0 with velocity ¢ (> 0) and wave number
k (> 0) in the x;-direction and decays in the x,-direction. Then, the displacements and stresses are
sought in the form

up = Ur(n)e M7 uy = iUy(y)e 1=

. , . ‘ (52)
o1 =kTi(e* TN oy = ikTa(y)e NN,y =kx
Introducing (52) into (49) and (50) and taking into account Remark 2(i) yield
-2 = 82 = -2 p_Cz
21(0) +el(pc” =8 U1 (0) — Z2(0)] + > (6 —=2pc)U2(0) — { ro + Ze 21(0)
83 _ 5 ,62C4
—— |\ rio+riupc +——|U;(0) =0, (53)
6 Ce6
_ e 5 - e
25(0) + e(5c*U>(0) + 21 (0)) + 3[(2;062 = 38U (0) — X201 + g(c? —3pcH)Ux(0) = 0. (54)

Since 0 < ¢ « 1, the relations (53) and (54) are the third-order approximate effective boundary conditions
with the error being O0(e").

4.2. Approximate secular equation of third-order. Now we can consider the propagation of Rayleigh
waves in the uncoated half-space x, > 0 whose surface is subjected to the effective boundary conditions
(53) and (54).

Since the half-space is made of compressible orthotropic materials, the strain-stress relations are (see
[Vinh and Ogden 2004])

o1 =ciuy, +cpuz2, 02 =cCppll + U2, 012 = Cee(U1,2 + U 1), (55)
where the material constants c11, ¢22, €12, cgs Satisfy the inequalities [Vinh and Ogden 2004]
Ckk > 0, k= 1, 2, 6, C11C22 — C%Z > 0. (56)

In the absence of body forces, the equations of motion is (25). In addition to Equations (55) and (25),
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we require the effective boundary conditions (49) and (50) at x, = 0 and the decay condition
u, =0, n=1,2, at x; = +o0. 57

Suppose that the Rayleigh wave travels along surface x, = 0 with velocity ¢ and wave number k in the
x1-direction and decays in the x;-direction. According to [Vinh and Ogden 2004], the Rayleigh wave
displacement components satisfying the decay condition (57) are given by (52); in which

Ui(y) = Bie ™" + Bye ™™, Us(y) = BiBie™ " + prBae ™", (58)
where By and B, are constant to be determined and by, b, are roots of the equation
c2ce6b” + (€12 + c66) + c22(X — c11) + ce6(X — ce6)1b* + (c11 — X) (co6 — X) =0, (59)

whose real parts are positive to ensure to the decay condition, X = pc?, and

b (c12 + ce6) 11 — pc* — cesby
b} — co6 + pc (c12 + ce6) b
From (59) we have
B2 = — (c12 +¢66)* + (X — c11) + co6(X — co6) —s.
C22C66 (61)
(c11 — X)(ces — X)
bib3 = = P.
€22C66

It is not difficult to verify that if the Rayleigh wave exists (this follows that the real parts of by, b, must
be positive), then
0 < X < min{cy1, co6}, (62)

and b by, by + by are given by (33). Introducing (52); and (58) into (55) yields that the stresses are given
by (52); in which

T1(y) = —ces[ (b1 + B1)Bie ™ + (by + B2) Bre "],

by by (63)
Z(y) = (c12 — cab1 1) Bie 7" + (c12 — c22ba o) Bre 7.
Using (58), (63) into the effective boundary conditions (53) and (54) leads to the system (36) with
f(bn) = —co6(bn + Bn) +e[(X — 8) — (c12 — c22bnBn)]
&2 X - &3 - X?
+—lceo\rot+— )On+B)+ @ =2X)Bn | ——|ro+rmX+—,
2 Ce66 6 C66 64)

F (bn) = c12 = c22bn P + €[ X By — co6(bn + Bu)]
2 _ 3 _ — —
+ %[(ZX —98) — (c12 — c2bnBu) 1+ %(5 —3X)By. n=12,X=pc"
Setting to zero the determinant of the coefficients of the system (36)—(64) yields the equation

Ao+ Are+ 3Are” + tAze” + 0(eh) =0, (65)
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where

Ao = cesl(cy — cr1c2 + c22X)b1by + (c11 — X) X1,

Ay = ces[ X (c11 — X) + c22(X — 8)b1b21(b1 + by),
50X o o

Ay = <E_ — E_>AO +2[ce68 + X (X — HI(X —c11) + 2ce6lc126 — X (X — 8)] b1ba,
66 66

B X - (X 2
Az =ce6q|3X[——=—) =28 |(ci = X) —cn|rn+X|—— =) |b1b2} (b1 + Do),
Cc66  Co6 C66  Co6

in which b b, and b; + b, are given by (33) and (61). Equation (65) is the desired third-order approximate
secular equations and it is fully explicit. In dimensionless form (65) takes the form

(66)

82 83
D0+D18+D2?+D3€+0(84)=0, (67)

where

Do = (exx —eq)b1bs + (e1 — x)x,
Dy =rulrix(e; — x) + ex(ryx — &) bibl(by + by),
D, = —(rgx —es) Do+ 2r [es + rurgx(rgx —es)l(x —ey) +2r,[ezes — rurgx(rgx —es5)] b1bs,

D3 =r, {[3rix(es — rix) — 2esl(er — x) — ex[8s(8s — 2) + rox(rox — 285)1biba } (b1 + bo),

1— _
biby=vP, bitby=ys+2vp, p="""9

€2
S ex(ep—x)+1—x—(1+e3)?

e '

(68)
Here we use the following dimensionless parameters
X cil €2 12
X=—, €e1=— e=—), 33:—, ed23132—€3,

€66 €66 €66

(69)

_ ) C66 C66 C66
ey = —, ruz_a rv:__’ ) = = -
C66 C66

It is clear from (67) and (68) that the squared dimensionless Rayleigh wave velocity x = ¢?/ C% depends
on 7 dimensionless parameters e;, e, e3, es, 1y, Iy and €. Note that e; > 0, e; >0, ejep — e% >0,
es > 0 according to the inequalities (24) and (56).

If ¢ =0, from (67) and the first of (68) it follows

(eax —eg)V P + (e] — x)x =0. (70)

Equation (70) is the secular equation of Rayleigh waves propagating in an orthotropic elastic half-space
[Chadwick 1976; Vinh and Ogden 2004].
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Figure 2. The Rayleigh wave velocity curves drawn by solving the exact dispersion
(solid line) and by the approximate secular equation (67) (dashed line) with r,, = 1.2,
ry=138, e, =25, e=2.8, e3=1.3, es =3.2.

Figure 2 presents the dependence on ¢ = k.h € [0 1.5] of the dimensionless Rayleigh wave velocity
x=c?/ c% that is calculated by the exact secular equation (of the form of a 6 x 6 determinant as noted
above, solid line) and by the approximate secular (67) (dashed line) with r, = 1.2, r, = 1.8, e; =2.5,
ey =2.8, e3 =1.3, e; =3.2. It is shown from Figure 2 that the exact velocity curve and the third-order
approximate velocity curve are very close to each other for the values of ¢ € [01.5]. The maximum
absolute error in the interval [01.5] is 0.0062 at ¢ = 1.5. This means that the approximate secular
equation (67) have very high accuracy.

4.3. Isotropic case. When the layer is transversely isotropic (with the plane of isotropy being the (xjx;)-
plane) and the half-space is isotropic, i.e: ¢y =cpp =A+2u, c12 =X, ce6 =M1, C11 =C22, C11 —C12 = 2Ce6,
from (60), (61) and (69), it is easy to verify that

es=4, bi=y1—gx, by=+1—x, B =by, ,32=biz, (71)
where g = /(A +2u). With the help of (71), the secular equation (67) is simplified to
Do+ Dye+ $Dye* + tD3e” =0, (72)
in which
Do = (x —2)* —4/1—x/1—gx,
D, = rux[(rfx — 4)m+ rfxﬁ], (73)

Dy = —(r2x —4) Do — 2r, [4(Q2 — x +2b1by) +rurix(rix —4)(1 — biby)],
D3 = rux{b1[3r5x(4 — rfx) — 8] — b [8+ rfx(rgx — 8)]}.

Here r,, = ce6/1t. When the layer and the half-space are both isotropic, Dy, (k=0,1,2,3) are also
calculated by (73), but in which x = pc?/u, ry =/, £ and p are the shear moduli.
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5. Numerical examples

In this section, as an example of application of the obtained approximate secular equations, we consider
numerically the effect of the incompressibility on the Rayleigh wave velocity. For this aim we consider
four examples. In the first example, a compressible half-space is coated either by a compressible layer or
by an incompressible layer. Two these layers have the same elastic constants. In the second example, the
compressible half-space is replaced by an incompressible. In the third (fourth) example, two different
(compressible and incompressible) half-spaces with the same elastic constants are covered with the same
compressible (incompressible) layer.

In particular, in the first example, we take e; = 2.8, ep = 2.6, e3 = 1.2 for the half-space and e; =4.5,
e» =1, ez =1 for the layers and r, = 0.5, r, =2.8.

In the second example, we choose e; = 3.5, e; = 1.5, e3 = 1 for the layers and es = 3.5 for the
half-space and r, =1, r, = 1.6.

In the third example, the dimensionless parameters are taken as e; = 2.2, e =1, e3 = 0.5 for the
layer and ey = 2.5, e; =2.8, e3 =1 for the half-spaces and r, =0.5, r, =2.8.

In the last one, they are e; = 3 for the layer and e; = 2.8, e; =3, e3 = 1.5 for the half-spaces and
rp=1,r,=15.

The numerical results of the first, second, third and fourth examples are presented in Figures 3, 4, 5
and 6, respectively. To establish the wave velocity curves, the approximate secular equations (42), (67)
and Equation (29) in [Vinh and Linh 2012], Equation (3.14) in [Vinh et al. 2014b] are employed.

Figures 3—6 show:

(i) The incompressibility affects strongly the Rayleigh wave velocity.

(i1) The effect of incompressible coating layers is considerably stronger than the one of incompressible
half-spaces.

(iii)) The incompressibility makes the Rayleigh wave velocity increasing.

0.8
x
0.7¢
0.61
0.5¢
0.4r
0.3

0.2r

0.1

0 0.5 1 1.5

Figure 3. A compressible half-space coated by an incompressible layer (solid line drawn
by solving (67)), by an compressible layer (dashed line drawn by solving Eq. (29) in
[Vinh and Linh 2012]). Here we take e; = 2.8, ey = 2.6, e3 = 1.2 for the half-space
and e; =4.5, e, =1, ez =1 for the layers and r, = 0.5, r, =2.8.
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Figure 4. An incompressible half-space coated by an incompressible layer (solid line
drawn by solving Equation (3.14) in [Vinh et al. 2014b], by a compressible layer (dashed
line drawn by solving (42)). Here we take e; = 3.5, e, = 1.5, e3 = 1 for the layers and
es = 3.5 for the half-space and r, =1, r, = 1.6.
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Figure 5. A compressible layer coats a compressible half-space (solid line drawn by
solving Equation (29) in [Vinh and Linh 2012], an incompressible half-space (dashed
line drawn by solving (42)). Here we take e; = 2.2, e, = 1, e3 = 0.5 for the layer and
e1 =2.5,ex =2.8, e3 =1 for the half-spaces and r, = 0.5, r, =2.8.

6. Conclusions

In this paper, the effective boundary condition method is presented in detail. This method is then em-
ployed to derive the third-order approximate explicit secular equations of Rayleigh waves propagating
in compressible (incompressible) half-space covered by a thin incompressible (compressible) layer. It
is shown that they have high accuracies. Numerical examples show that the incompressibility affects
considerably on the Rayleigh wave velocity. Since the obtained approximate secular equations and for-
mulas for the Rayleigh wave velocity are totally explicit and have high accuracy, they will be significant
in practical applications.
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Figure 6. An incompressible layer coats an incompressible half-space (solid line drawn
by solving Equation (3.14) in [Vinh et al. 2014b], a compressible half-space (dashed line
drawn by solving (67)). Here we take e; = 3 for the layer and e = 2.8, ¢y =3,e3=1.5
for the half-spaces and r, =1, r, = 1.5.
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NONLOCAL FORCED VIBRATION OF A
DOUBLE SINGLE-WALLED CARBON NANOTUBE SYSTEM
UNDER THE INFLUENCE OF AN AXTAL MAGNETIC FIELD

MARDJA B. STAMENKOVIC, DANILO KARLICIC, GORAN JANEVSKI AND PREDRAG K0zZIC

The influence of various physical phenomena on the dynamic behavior of nanostructures has been attract-
ing more and more attention of the scientific community. This paper discusses the effects of the axial
magnetic field on the externally excited double single-walled carbon nanotube (DSWCNT) coupled by a
Winkler elastic medium. It is assumed that both carbon nanotubes are identical and under the influence
of compressive axial load with simply supported ends. Based on the Eringen nonlocal elasticity and
Euler—-Bernoulli beam theory, the system of two coupled nonhomogeneous partial differential equations
of motion is derived, where the effects of the Lorentz magnetic force are obtained via a Maxwell relation.
The dynamic responses of the DSWCNT system for four different cases of external transversal load are
considered. The closed form solutions for the transversal displacements are obtained by applying the
Bernoulli—Fourier method of particular integrals on the system of nonhomogeneous partial differential
equations of motion. Also, analytical expressions of the amplitude ratio for forced vibration are derived
and then validated with existing results. Moreover, the obtained analytical results for fundamental nat-
ural frequency are validated with results obtained by molecular dynamics (MD) simulation and show
fine agreements. The effects of compressive axial load, nonlocal parameter, axial magnetic field and
stiffness coefficient of the elastic medium on the forced dynamic behavior of DSWCNT are considered
through numerical examples. From numerical results we can conclude that the dynamical behavior of
DSWCNT is greatly influenced by the magnetic field and nonlocal parameter. Furthermore, by selecting
the intensity of the axial magnetic field in a certain range, it is possible to adjust the stiffness of the
system without changing the material and geometric parameters. This effect implies a change in the
natural frequencies of the system.

1. Introduction

In the last few decades, carbon nanotubes (CNTs) [lijima 1991; Hata et al. 2004; lijima et al. 1996]
have drawn considerable attention from scientists and engineers in the field of nanotechnology due to
their extraordinary physical [Reich et al. 2008], chemical [Hu et al. 1999], and mechanical properties
[Lu 1997]. Salvetat et al. [1999] explain the properties of nanotubes in the wider context of materi-
als science, where experimental results confirm the theoretical predictions that carbon nanotubes have
high strength, extraordinary flexibility and resilience. Moreover, these superior characteristics provide
them with a wide range of applications in nanoscale devices, such as biosensors [Murmu and Adhikari
2012; Adhikari and Chowdhury 2010], mass sensors [Murmu and Adhikari 2011; Li and Chou 2004],
nanoactuators [Li et al. 2008; Roth and Baughman 2002], field emitters [Saito 2003], nanoelectronic

Keywords: forced vibration, nonlocal elasticity, axial magnetic field, analytical solution, carbon nanotubes.
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devices [Avouris et al. 2007], and fillers for nanocomposite structures [Moniruzzaman and Winey 2006;
Ajayan et al. 2006]. Single-walled carbon nanotubes (SWCNT) are cylindrical macromolecules obtained
in specific technological processes by rolling the two-dimensional structures such as graphene sheets into
a tube. Based on the experimental analyses [Ruoff et al. 2003; Dresselhaus et al. 2005] and atomistic
theories [Dubay and Kresse 2003; Liu et al. 2003], it has been shown that the “size-effect” plays an
important role in describing the physical and mechanical properties of materials on the nanoscale level
of CNTs. However, conducting experiments on the nano level is a very complex and expensive task due
to difficulties in the control of all system parameters.

Furthermore, an atomistic theory such as molecular dynamic (MD) simulation [Duan et al. 2007]
is suitable only for systems with a small number of particles; such theories can be expensive in view
of time or computational resources for larger systems. Due to the disadvantages of these two methods,
researchers are increasingly turning to models obtained through continuum mechanics. However, because
of the existence of small-scale effects, the classical continuum theories need to be reformulated to take
these effects into account.

This can be done by introducing nonlocality in the space domain, modifying the corresponding consti-
tutive equation and introducing the material parameter, which takes into account the effects of length scale
and influence of the interatomic forces. One of the first scale-dependent continuum theories proposed by
Eringen and coworkers [Eringen 1972; 1983; Eringen and Edelen 1972], which takes nonlocal effects
into account is known as the nonlocal elasticity theory. According to Eringen [2002], the nonlocal
theory gives great approximation for a large class of problems in nanosystems where the influence of
length-scales is very pronounced. Yang et al. [2010] investigated nonlinear free vibration of single-
walled carbon nanotubes (SWCNTs), while Ke et al. [2009] investigated nonlinear free vibration of
embedded double-walled carbon nanotubes (DWNTs), based on Eringen’s nonlocal elasticity theory and
von Karman geometric nonlinearity.

Consideration of magnetic field effects is important to complete the knowledge of the mechanical
behavior of nanomaterials such as CNTs [Bellucci et al. 2007; Correa-Duarte et al. 2005] and graphene
sheets [Goerbig et al. 2006; Ghorbanpour Arani and Shokravi 2014]. Arani et al. [2013] studied ther-
mononlocal vibration of a double bounded graphene sheet under the influence of two-dimensional mag-
netic field with biaxial in-plane load. They obtained a numerical solution of the coupled partial dif-
ferential equation by the differential quadrature method for simply supported boundary conditions and
analyzed the influences of the magnetic field on the frequency ratio. Based on the nonlocal elasticity the-
ory, Kiani [2012] reformulated Rayleigh, Timoshenko and higher-order beam theories for modeling wave
propagation in embedded SWCNT under the influence of an axial magnetic field. The authors derived
phase and group velocity and investigated the influence of small-scale parameters, longitudinal magnetic
field stiffness coefficients of the surrounding medium on the flexural and shear waves. Narendar et al.
[2012] analyzed the effects of a longitudinal magnetic field on wave dispersion characteristics of SWCNT
embedded in a Pasternak elastic medium in the framework of nonlocal elasticity. They found that the
nonlocality reduces the wave velocity in the presence of a magnetic field, but without the influence on the
higher frequency region. In the paper proposed by Murmu et al. [2012b], authors considered transversal
vibration of magnetic influenced double walled carbon nanotubes (DWCNT) according to the Eringen
nonlocal continuum theory. Analytical solutions of natural frequency and transversal displacements of
DWCNT were obtained for simply supported boundary conditions. Also, the effects of different materials
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parameters on the vibration behavior were analyzed and discussed in detail. Consideration of the effects
of an axial magnetic field on the dynamical behavior of double single-walled carbon nanotubes using
the nonlocal Euler—Bernoulli beam theory is shown in the work of Murmu et al. [2012a]. Applying a
method of separation of variables, they solved the system of two coupled partial differential equations and
obtained a closed form solution for natural frequency. The effects of a nonlocal parameter and intensity
of longitudinal magnetic field on the synchronous and asynchronous vibration phases of a double single
walled carbon system were also investigated. Karlici¢ et al. [2014c] investigated the influence of damping
and axial magnetic field effects on the vibration behavior of a viscoelasticity system of m coupled carbon
nanotubes based on the nonlocal viscoelasticity theory. They obtained an analytical solution for damping
natural frequency, damping ratio and their critical values in the case when the mode and number of
nanotubes tend to infinity.

The modeling of forced vibration states in nanosystems becomes a more and more important part
in the design of MEMS and NEMS devices [Kacem et al. 2011; Lazarus et al. 2012]. Based on the
Kirchhoff plate theory and Eringen constitutive relation, governing equations of motion are derived and
then solved by using the Galerkin procedures for vibration frequencies and forced response. Aksencer
and Aydogdu [2012] investigated forced vibration of nanoplates by using the nonlocal elasticity and
Kirchhoff plate theory. The Navier-type solution method was used for simply supported nanoplates
where forced vibration response was obtained in the analytical form. Claeyssen et al. [2013] explored
the forced response of a single carbon nanotube modeled via the nonlocal Euler—-Bernoulli beam theory.
Forced responses were determined for different external loads and boundary conditions using the Galerkin
method. Recently, researchers have focused their investigations on the particular problem of forced
vibration such as the influence of moving nanoparticles on nanostructural elements such as nanotubes
and nanoplates [Kiani and Mehri 2010; Simgsek 2010a]. Simgek [2011] presented an analytical method
for the forced vibration of an elastically connected double-carbon nanotube system carrying a moving
nanoparticle based on the nonlocal elasticity and Euler—Bernoulli beam theory. The closed-form solutions
for the dynamic deflections of the two nanobeams were derived for two sets of critical velocity, and
then effects of the nonlocal parameter, aspect ratio, velocity of the moving nanoparticle and the elastic
layer between the nanotubes on the dynamic responses were discussed. Zhang et al. [2008] introduced
compressive axial load on the external excited double beam system. They obtained analytical solutions
of forced vibration responses for two cases of particular excitation loadings. Oniszczuk [2003] analyzed
undamped forced transverse vibrations of an elastically connected complex double-beam system, based
on the Euler—Bernoulli beam and classical elasticity theory. Several cases of particularly interesting
excitation loadings such as of stationary harmonic loads and moving forces were investigated.

In this paper, using the Euler—Bernoulli beam theory we analyze the effects of axial compressive
load and magnetic field on the forced transversal vibration of a magnetically sensitive double SWCNT
system. The Eringen nonlocal continuum theory is used to introduce small-scale effects via a material
parameter. It is assumed that the double coupled SWCNT system is modeled as a system of two slender
parallel nanobeams elastically connected by a Winkler elastic medium. The system of two coupled
partial differential equations of motion is derived by considering the nonlocal Euler—Bernoulli beam
theory and classical Maxwell relation. Analytical solutions for natural frequencies, amplitude ratio and
forced response in four cases of external excitation load are determined by applying the Bernoulli-Fourier
methods. Numerical simulations show that the nonlocal parameter and intensity of axial magnetic fields
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have a significant influence on the natural frequencies and dynamical response of the DSWCNT system.
It should be noted that this study is limited only to the armchair SWCNT system, where the influence
of rotation of magnetically influenced nanotubes is neglected [Popov et al. 2014; Krsti¢ et al. 2004;
Slavcheva and Roussignol 2011]. Then molecular dynamics (MD) simulation is implemented to obtain
fundamental frequencies of nanotubes for armchair SWCNT and values of aspect ratio to compare them
with the results obtained by the nonlocal beam models, presented by Ansari and Sahmani [2012] and
Ansari et al. [2012]. The results presented here are validated with the results found in the literature.

2. Problem formulation

2.1. Nonlocal elastic constitutive relation. The fundamental equations of the nonlocal elasticity theory
are considered in this section. The basic assumption in this continuum theory is that the stress at a
point is a function of the strains at all points of the whole body. The constitutive elastic relation for a
three-dimensional homogeneous isotropic body in the integral form is given by Eringen and coworkers
[Eringen 1972; Eringen and Edelen 1972] as

0ij(x) = / a(lx = x'|, T)Cijuen(x)dV(x") forall x €V, (1a)
0ij,j =0, (1b)
€ij = %(ui,j +uji), (1c)

where Cjji; is the elastic modulus tensor for classical isotropic elasticity; o;; and €;; are the stress and the
strain tensors, respectively, and u; is the displacement vector. By «(|x — x’|, 7) we denote the nonlocal
modulus or attenuation function, which incorporates nonlocal effects into the constitutive equation at a
reference point x produced by the local strain at a source x’. The above absolute value of the difference
|x — x’| denotes the Euclidean metric, and 7 is the parameter T = (ega)/l, where [ is the external
characteristic length (crack length, wave length), a describes the internal characteristic length (lattice
parameter, granular size and distance between C-C bounds) and ep is a constant appropriate to each
material that can be identified from atomistic simulations or by using the dispersive curve of the Born—
Karman model of lattice dynamics.

As Equation (1) is difficult to use in practical examples, simplified constitutive relations in the differ-
ential form are developed. According to Eringen [1983], constitutive relations in differential form are
given as

d*o .,

Oxx — M dx2 = E¢yy, ()
d*c

o= 1" = G, 3)

where E and G are the elastic modulus and the shear modulus of the beam, respectively, u = (eoa)2
is the nonlocal parameter, oy, 0., are the normal and the shear nonlocal stresses, respectively, and
€xy = Ju/0x is the axial deformation. The internal characteristic lengths (epa) are often assumed to be
in the range 0-2 [nm] for nanomaterials such as carbon nanotubes, zinc oxide, etc. When ega = 0, the
nonlocal constitutive relation is reduced to the classical constitutive relation of the elastic body.
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2.2. Maxwell’s relation. According to Murmu et al. [2012b; 2012a], the equation which connects the
current density J, distributing vector of magnetic field k, strength vector of the electric fields e, and
magnetic field permeability 7, is represented by Maxwell’s expressions [Kraus 1984] as

oh

J=Vxh, Vxe:—ng, V-h=0, @)

where the vectors of distributing magnetic field & and the electric field e are defined as

U
h=V x U x H), e=—n<ExH), (5)

in which V = (9/0x)i 4+ (3/3dy)j + (9/9z)k is the Hamilton operator, U = (x, y, z) is the displacement
vector and H = (H,, 0, 0) is the vector of the axial magnetic field. In the present study, we assume that
the axial magnetic field acts on the double SWCNT in the x-direction of the system. Now, we can write
the vector of the distributing magnetic field [Murmu et al. 2012b; 2012a] in the form

v Jw). ov ow
h=-H|\—+— )i+ H.—j+H.—k. (6)
dy 0z 0x 0x

Then we introduce (6) into the first expression of (4):

J—Vxh—H 9%v 4 92w\ . H 9%v . 92w n 92w L H 9% 4 9%v . 92w k. (7)
= X = — 1 — _— [ _ .
"\ oxdz  dxdy “\oydz  9x2 972 R T dy?  9zdy

Introducing (7) into the expressions for the Lorentz force induced by the axial magnetic field yields

f:fxi+fyj+fzk:77(JXH), (8)

where fy, fy and f; express the Lorentz force along the x, y and z directions, as follows:

fr=0, (9a)
9%v  3%v 9w
=—pH | — 4+ —+—), 9b
Jy = nH; (8x2 + ay? + Bzay) ©b)
9w 0w 9%v
=nH? ) 9
fZ 77 X ( ax2 + ayz + 8Z8y> ( C)

We assume that the transversal displacements of the first and second SWCNT in the system are denoted
as wi(x, t) and wy(x, 1), respectively, and the Lorentz force acts only in the z direction, which can be
written as

02w, .
fei = nHEW’, i=1,2. (10)

Finally, it is possible to obtain force per unit length of both SWCNTSs in the system as

~ zazwi .
gi(x,t)= f.idA=nAH i=1,2. (1D
A

*ax2’
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Figure 1. The system of double SWCNT affected by an axial magnetic field. Left: the
physical model of external excited DSWCNTS with fixed single layer of carbon atoms
[Ansari and Sahmani 2012] coupled by an elastic medium and influenced by an axial
magnetic field. Right: the equivalent mechanical model.

2.3. Mathematical model. Consider a compressive nonlocal double SWCNT system which is under the
influence of an axial magnetic field as shown in Figure 1, left. The nonlocal double SWCNT system is
assumed to be modeled as a system composed of two parallel nanobeams, which have the same length and
are continuously joined by a Winkler elastic layer. It should be noted that the fixed atomic layers on the
sides of the carbon nanotubes represent, from the mechanical point of view, simply supported boundary
conditions, as shown in [Ansari and Sahmani 2012]. The stiffness modulus of the Winkler elastic layer
is denoted with k. The transversal displacement over the two nanobeams is denoted by w;(x, t) and
wa(x, t), respectively; see Figure 1, right. For the sake of simplicity, we will consider only the case
of identical nanobeams, where geometric and physical properties are the same for both nanobeams and
defined as follows: A is the cross-sectional area, E is the Young’s modulus, p is the mass density, / is
the moment of inertia and L is the length of the nanobeam. Also, we assume that nanobeams 1 and 2
are subjected to positive axial compressions F| and F; and arbitrarily distributed transverse continuous
loads fi(x,t) and f>(x, t), respectively, that are positive when they act downward. The influence of the
Lorentz magnetic force on the double nanobeam system is caused by the axial magnetic field which acts
in the x direction, as shown in Figure 1.

Using the Euler—Bernoulli beam theory and Eringen nonlocal elasticity following the methodology
presented in the work of Kozi¢ et al. [2014], the governing equations of motion of the nonlocal double
nanobeam system (NDNBS) can be given as

ATk R agp g 2
e — A T R s P o
92 32w 82w 3%w;
— | pA—L — f +k(w; — F —nAH2Z 1| 12
Maxz[/} o2 fitk(wi —wp) + 1oz TAH: 8x2:| (12)
92w, 02w, 282w2 9%w,
— f—k(w; — F —nAH EI
g 2R mw) F B m AR S TR
92 92w, 92w, 92w,
= u——| pAT2 — ) — k(wy — F —nAH? : 13
Maxz[:o v fo—k(wi —wy) + F> 2 MAH: 8x2i| (13)
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The boundary conditions of the NDNBS are assumed to be simply supported and considered as

w; (0, 1) =w;(L,1) =0, (14)
azwi 82w,~
—F0,1) = L,t)y=0, i=1,2, 15
72 (0.0 =—7(L.0) i (15)

where L is the length of the two nanobeams, and ¢ is the time.
In order to simplify the solving of Equations (12) and (13), we introduce the dimensionless parameters

x A - L
w=12% x=L& L=2>, 2=g1%2 &=P2 F7=""y,
£ El El (6
2. 4 2
_IL’F, kL L ) -
=2 K=""" MP="pAH%, wi=Lw, i=12.
El El El

Introducing dimensionless parameters (16) into Equations (12) and (13), we can write the system of
partial differential equations as

02w K@ — D) + (F MP)a%l N d%w;
w)p—w - — t+
972 b2 ! 9E2 | 9gd
8% [ 82w, _ 82w, - 3211
2 — — 2
—nr— K (0 — Fy—MP =fi— : 17
n 852[ a2 T K@ —w2) +(F )852] fi—n 052 a7
8%w, K@y — ) + (F Mp)azwl N %W
972 = 2 9E2 T gt
82 [ 8w, _ 82w - 321>
2 — 2
—nt— — K@, — Fy —MP =fr— , 18
852[ 572 (W) —w2) + (F2 )852] fa—n TS (18)

where £ is the dimensionless axial coordinate, and t is the dimensionless time. Expressions (17) and
(18) represent dimensionless governing equations of motion of the NDNBS shown in Figure 1, right.

3. Analytical solution of equations

3.1. Free vibrations. The homogeneous governing partial differential equations (17) and (18) of the
NDNBS with boundary conditions (14) and (15) can be solved by the Bernoulli-Fourier method, assum-
ing the solutions in the forms

WiE 1) =) Xn(E)T1a(7), (19)
n=1

W€, 7) =) Xn()Ton(7), (20)
n=1

where T1,,(t) and 75, (t) denote the unknown dimensionless time functions, and X,, (&) is the known
mode shape function for the simply supported single nanobeam, which is defined as

X (§) = sin(k,§), 21
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with

kpo=nmw, n=1,2,3,.... (22)

The substitution of Equations (19) and (20) into Equations (17) and (18), neglecting the external transver-
sal load f; and f», yields

4

. _ k,
Ty + [K — (F1 —MP)k2 + —zkz]Tln KT, =0, (23)

.. — Kt
Ton + [K — (F, —MP)k> + —Zkz] Try — KTy, =0. (24)
We assume the solutions of differential equations (23) and (24) in the forms

Tin = Cne’®%, Ty = Dyel™®, j=4+/—1, (25)

where w, denotes the natural frequency of the double-nanobeam system, and C,, and D,, represent the
amplitude coefficients of the two nanobeams, respectively. Substituting (25) into (23) and (24) yields

4
K — (F| —MP)k2 + 1+gk2—wg —K C, 0
) = . (26)
— @

i
_K K — (F, —MP)k2 + H"zkz 2| Pn) 10

Nontrivial solutions for the constants C,, and D, can be obtained only when the determinant of the
coefficients in equations (26) vanishes. This gives the following frequency equation:

k4
o — o [21{ Flkz—F2k2+2MPk2+2—2k2}
Il 2 k4 - 2 k4 2
K—(F —MP)k24+ —2 _[|K—(F,—MP)k2+—"2 | —K?>=0. (27
+[ (Fi )n+1+772k,%:||: (F2 )n+1+772k%] (27)

From (27) we obtain

[b—Vb*—4c], (28)

= [b+ VD —4c], (29)

where w, is the lower natural frequency of the system, and w,, is the higher natural frequency. In the
relations (28) and (29) the parameters are given as

I\JI'—‘ =

k4
b= [2K F1k? — Fok?> +2M Pk? +2—2k2] (30)

4

_ k _ K
c= [K—(Fl —MP)k§+T;2kzMK—(F2—MP)k,§+T;2H]—KZ. (31)
n n
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For each of the natural frequencies, the associated amplitude ratio of vibration modes of the two nanobeams
is given by

4
D, K — (F] MP)k2 1+n2k2 — a)ﬁi K .
oy, = C = z = — o , i=LIL (32)
By entering a)ﬁI and a);fH from (28) and (29) into (32), respectively, we obtain
24 [ 2
K —(F, — MP)k;, + 1+r12k2 — i K
30ln1 = X = — T 5 s (33)
24 ky 2
K —(F,— MP)k;; + 1+n2k2 — Wiy K
Ol = X = — i 5 . (34)
K—(Fz—MP)k,%—f-W —a)nH

3.2. Forced vibrations. The above analysis showed the solution of the homogeneous system of par-
tial differential equations. In the following analysis we will consider the nonhomogeneous differential
equations (17) and (18) representing forced vibrations of the (SWCNT) system, assuming solutions in
the forms

00 I

WiIE D) =) X&) ) Sui(0), (35)
n=1 i=I

Wa(E, T) = Z X, (£) Zam Sui (T), (36)

i=I

where Sy;(t), i =1, I, denote the unknown dimensionless time functions corresponding to the natural
frequencies wy;, i =1, IL. Introduction (35) and (36) into (17) and (18), we obtain

- < il 2 k4 27,2 7 282f1
anZ[Sm(K—(Fl—MP)k,, e Kam)sm}(lw k) =fi—n . G

i=I

.. _ ke _ = 9% f2
Zx Z[Sni+<K—(F2—MP)k,2,+1+ zkz—Ka l)sni](1+nzkg)am=f2_ 23_52' (38)

i=I

By multiplying relations (37) and (38) by the mode shape function X, (§), then integrating with respect
to & from O to 1 and using the orthogonality condition

1 1 1
fo X (8) X (8) dE = /0 Sin(ma€)sin(nr€) dé = By = fo X,2(6)de = 1, (39)
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where §,,,, is the Kronecker delta function, we have

I . _ ) ki 1 zazfl
;|:Sni+(K—(F1—MP)kn+l_i_nzk%—KOlni)Sni]:2M i <f1_77 7 )Xn(g)dg, (40)

I k4 1 f
> [Sm-+(K—(Fz—MP)k,%+—"2—Kaml)sm}am =2M (fz— 2)X ©)dg, (41)
0

= 14n2%k2 0&2
with
= ! 42
R )
By combining equations (33), (34), (40) and (41) we obtain
i
o 2 _
; (80 + 2 Suil =2M / (fl 7 )X (&) de, 43)
I 1
. ) B _ 37,
3 1800 + F: Sl = 2M / (fz - )X (§) d. (44)
= 0 &2
From equations (43) and (44) we obtain
Spi + @2 Spi = Ryi (), i =L1I, (45)
where
ra 23 fl r 282f2>:|
=2 / [ ( v ) (fz P ) @ e, (46)
52 32 F
S = 0° f2
nH—ZManI_anH/ [ ( agz) <fz Pk )]x (&) ds. )
From the equations (45) we obtain
Spi(t) = L / Ry (s) sin[wy;i(t —s)]ds, i=11L (48)
Wni JO

By combining (35), (36) and (48), the forced vibrations of the (SWCNT) system can be described by

fr Ry (s) sin[w,; (t —s)]ds, (49)
i JO

00 I
Wi (€, 1) = Z sin(nr) Z wl
W€, 7) = Zsm(mré) Z i

i=lay,;

/ ‘ Ry (s) sin[w,; (T — s)] ds. (50)

Wi

Solutions (49) and (50) can be used to find the dynamic responses of this system for an arbitrary
exciting transversal loading in cases with both stationary and moving loads. For the sake of simplicity
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in further consideration, it is assumed that only the first nanobeam is subjected to the exciting load.
Introducing fl (¢§,7) #0 and fg (¢, ) = 0 into (46) and (47), we obtain

1 27

Ru= 2M&/ (]?1 — 7728 le) sin(nm&) dE, (51)
o1t — o1 Jo 0§
1 27

R = 2M —2 / (fl— Za—f;) sin(n§) de. (52)
o1 — At Jo &

In the following, we conduct an analysis of forced vibrations for four cases of exciting loadings:
uniformly distributed harmonic continuous load, concentrated harmonic force, moving constant force F
and moving harmonic force.

3.2.1. Uniformly distributed harmonic load. The uniformly distributed harmonic load
f1(6. 1) =rsin(Qr) (53)

acts upon the SWCNT system (see Figure 2), where r is the amplitude and €2 is the frequency of the
exciting harmonic load. By substituting Equation (53) into (51) and (52), we obtain

R, =A4Mr— 2 sin(Qs), n=1,3.5,.... (54)
nw Q1 — Onl)
Ry = 4Mr—— sin(Qs), n=1,3,5,.... (55)

nw (Qul — Otu1r)

The introduction of equations (54) and (55) into equations (49) and (50) gives

o] 1I
Wi (. 1) =Y _sin(nw) [A,,I Sin(QT) + > By sin(a)mt):|, (56)
n=1 i=I
o] 1I
wy(§,7) = Z sin(nm§) |:AnII sin(2t) + Z Qi B Sin(wmt)], (57)
n=1 i=I
where
(071 Ul
Ap = )»1|: - } (58)
T len -9 @y -
1 1
Ant = Ao II|: — ], (59)
Tl -2 (e -9
1 1
Byl = = Qe — - ——————, 60
al 120,11 om (@2 — ) (60)
Byt = oy ety — ! 61)
I=ANy— 5>
" Cou (02— Q2
A 4Mr d M ! (62)
e — an = .
" (@ — o) 1+ n%k2

It can be noticed that equations (56) and (57) consist of two parts. The first part, containing the
term sin(27), represents the steady-state forced vibrations of the SWCNT system, while the second part,
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w; [X, t} HX Nanobeam 1

w,(xt)  Hy
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L

Figure 2. The double nanobeam system coupled by the Winkler elastic medium sub-
jected to the uniformly distributed harmonic load.

H., Nanobeam 1
X

Figure 3. The double nanobeam system coupled by the Winkler elastic medium sub-
jected to the concentrated harmonic force.

involving the terms sin(wt), denotes the free vibration of the SWCNT system. Assuming that only the
steady-state response has practical significance, and ignoring the free response, the forced vibrations of

the SWCNT system can be obtained by

w1 (€, T) = sin(Q7) Z Ay sin(nzé),

n=1

Wo (&, T) =sin(QT) Y Aunsin(nré),

n=1

(63)

(64)

where A,; and A,y denote the steady-state vibration amplitudes of the two nanobeams, respectively.

3.2.2. Concentrated harmonic force. The concentrated harmonic force

f1E, ©) =rsin(Qr)8(5 — 1)

(65)

acts at the middle of the SWCNT system (see Figure 3), where r is the amplitude and 2 is the frequency

of the exciting harmonic force and §(§) is the Dirac delta function.
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By substituting (65) into equations (51) and (52), we obtain

Rt =2Mr—_ gin(Lnx) sin(Qo)[1 + 0?21, (66)
Il — Qnl

Ran = 2Mr—" sin(Ln) sin(Qo)[1 + n?k2]. (67)
Ol — Opll

The introduction of (66) and (67) into (49) and (50) gives

00 1T
W€, T) = Z sin(nmé) |:An1 sin(Q7) + Z By sin(a)m-r)}, (68)
n=1 i=I
o] 11
wy(§, 1) = Z sin(nm§) |:AnII sin(Q2t) + Z i B Sin(wnif)], (69)
n=1 i=I
where
Upll Oyl
Ay = )~2|: - ] (70)
’ (@ =) (g — @)
1 1
A = Moo — , 71
all = A2001 nn|:(w51 o (wiu_gz)] (71)
1 1
B1=—Quyy— ————, 72
nl 2Q0,11 o @ =) (72)
Bt = 322ty — ! (73)
= oapy— —,
nll 2 nl Ol (CO%H _ 92)
1 2rM (1 + n?n2n? 2
=——-> and A= rM (4T sin(%nrr) - sin(%nn), (74)
1 +n%k; (Qp11 — anr) (Qp11 — Qp1)

It can be noticed that equations (68) and (69) consist of two parts described in Section 3.2.1. Assuming
that only the steady-state response has practical significance, and ignoring the free response, the forced
vibrations of the SWCNT system can be obtained by relations (63) and (64).

3.2.3. Moving constant force F. The moving loads with constant force F'(r) = F and

f1E, ) = F8(& —v7) (75)

act upon the SWCNT system (see Figure 4), where F is the magnitude of a constant force and 6 (§) is
the Dirac delta function. By substituting (75) into (51) and (52), we obtain

(07
Ry =2MF—"" _sin(nmor)[1+n*2], n=1,3,5,..., (76)
U]l — Oyl

Ryy=2MF—2"

sin(nrvt)[149%k2], n=1,3,5,.... (77)
Upl — Ol
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The introduction of (76) and (77) into (49) and (50) gives

o) II
Wi, 1) =Y _sin(nr§) [A,,I Sin(Q,7) + Y By sin(a)m-‘r):|, (78)
n=1 i=I
00 11
Wy(€, 7) =) sin(nr§) [Ann SIn(QuT) + Y i B Sin(wnif)}, (79)
n=1 i=I
where
Upll Ul
Apr= )»3[ — ] (80)
wil — Q2 win - Q2
A = A [ ! ! } (81)
nll = A30a10 11 - s
! wﬁl - Q; win -
1 1
B, = —Qan— ——m, (82)
nl nnll O (a)il _ Q%)
1 1
Byt = A3 — - —5———, (83)
2FM (1 + n?k? 2F
py = ZPMAFTR) _ , (84)
(otp11 — otp1) (otp11 — otp1)
Q,=nnv=k,v, n=1,3,5.... (85)

It can be noticed that equations (78) and (79) consist of two parts described in Section 3.2.1. Assuming
that only the steady-state response has practical significance, and ignoring the free response, the forced
vibrations of the SWCNT system can be obtained by

Wi(€, T) =sin(Q,7) Y Apsin(nré), (86)
n=1

Wo (€, T) = sin(Q,7) Y A sin(nré), (87)
n=1

where A,; and A,y denote the steady-state vibration amplitudes of the two nanobeams, respectively.

3.2.4. Moving concentrated harmonic force. The moving loads with harmonic concentrated force F(t) =
F sin(Q27) and

f1(§, 1) = Fsin(Qr)8(€ — v1) (88)

acts upon the SWCNT system (see Figure 4), where F is the amplitude and 2 is the frequency of the
harmonic force. By substituting (88) into (51) and (52), we obtain

o
Ry = 2MF—"" sin(Qr) sin(nrvt)[1 + n°k2], (89)
Opll — Oyl

Ry =2MF—2"

sin(Q27) sin(nwvt)[1 + nzk,zz]. (90)
Upl — Opll
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Figure 4. The double nanobeam system coupled by the Winkler elastic medium sub-

M/,[X,t] HX Nanobeam 1

w,(xt)  Hy

Nanobeam 2

L

jected to the moving concentrated force.

The introduction of (89) and (90) into (49) and (50) gives

wi(§, 1) = Z sin(nmwé)

n=1

Wa(§, 1) =) _sin(n)

n=1

where

I
[Anlsin(Qnr)sin(Qr) + B,;1c0s(£2,,7)cos(27) +Z Cricos(wy; ‘L'):| ,
i=I
i
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oD

[Annsin(sznr)sin(ﬂr) ~+ B,11cos(£2,,7)cos(271) —{—Z o Cricos(wy; r)] , (92)

i=I

CplUnl UnIUnIl
Ay = )\4|: - i| ’
nu1Mpg NuIIiMuIn
Uni Unll
A = M%l%n[ - :|
nu1Mpl NpIMp1n
Upl Upll
Bnl=2)»49n9|: = :|,
NpliMpilt  AplMpl
1 1
BnH = 2)\'4911 QanIanH - ’
NulIMnpll U LUT
20482, Qo1
CnI = —’
nu1Mp1
20482, Q00,1
CnH -
NpllMpln
N 2FM(1+n%k?) 2F
4= = :
(an11 — atur) (an1r — o)

Q, =nnwv =k,v,
My = w2 — (2 — Q)2
i = 02 — (2 + Q)%

Upi =2 — Q2 — Q% i=111L

(93)

(94)

95)

(96)

7)

(98)

99)
(100)
(101)
(102)
(103)
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It can be noticed that equations (91) and (92) consist of three parts. Assuming that only the steady-state
response has practical significance, and ignoring the free response, the forced vibrations of the SWCNT
system can be obtained by

wiE, )= Z sin(nw&)[A,rsin(€2,t)sin(¢pt) + Byrcos(£2,t)cos(21)], (104)
n=1

wor (&, 1) = Z sin(nw&)[A,nsin(2,7)sin(¢t) + Bucos(§2,7)cos(R27)], (105)
n=1

where A, and A, and B,1 and B,y denote the steady-state vibration amplitudes of the two nanobeams,
respectively. In this paper we will analyze only A, and A, steady-state vibration amplitudes.

4. Comparative study and numerical results

The presented methodology for the analyzed forced response of the double nanobeam system coupled
by the elastic medium based on the nonlocal elasticity theory can be applied for the forced transversal
vibration analysis of coupled carbon nanotubes, ZnO nanotubes, boron-nitride nanobeams and other
magnetically affected nanomaterials [Barone and Peralta 2008; Kumar and Mohammad 2011]. Also, the
Winkler elastic layer may represent some interatomic forces between two nanotubes, such as van der
Waals interaction [Ru 2001]. We present a comparative study of the analytical results obtained in this
paper and the results found in the literature.

This section is divided into three parts. In the first part, the fundamental frequency of the first
nanobeam is compared with [Simsek 2010b] and implemented via the MD simulation of vibrational
response of the SWCNT according to Ansari and Sahmani [2012] and Ansari et al. [2012]. In the second
part, the obtained numerical results for the ratio of the steady-state vibration amplitude of the double
nanobeam system influenced by the axial magnetic field are compared with the results obtained by the
scale-free structural theory proposed by Zhang et al. [2008], who analyzed the forced response of an
axially compressed double beam system using the classical elasticity theory where the influence of the
magnetic field was neglected. The third part discusses the influence of small scale and the axial magnetic
field on the forced response of the double nanobeam system.

4.1. Fundamental frequency results. In this section, the natural frequency of the first nanobeam is
compared with [Simgek 2010b]. For DSWCNT it is well known that the lowest natural frequency and
buckling load of such a system represents the fundamental frequency and critical buckling load and it is
independent of the influence of the number of nanobeams in the system and chain coupling conditions;
see [Karli¢i¢ et al. 2014b; 2014a]. Fundamental frequency and critical buckling load are equivalent to
the natural frequency and buckling load of a single nanobeam. The following parameters are used in
computing the numerical results: E = 1 TPa, p = 2300kg/m>, d = 1 nm, #, = 0.35 nm [Simsek 2010b].
The length of the nanotube is taken as variable for the various values of the aspect ratio L/d. The
parameter eg was estimated as ey = (m2 —4)1/2 /27 = 0.39 by Eringen [1983]. Therefore, in this study,
the nonlocal parameter u is taken as 0, 1, 2, 3, 4.

Excellent agreement between the present frequencies and those of [Simsek 2010b] can be observed
from Table 1. It is shown that inclusion of the nonlocal parameter u decreases the frequencies of the
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L/d 1 oY
Simgek [2010b] Present study Present study Present study
(MP =0) (MP = 10) (MP =20)
10 0 9.8696 9.8696 11.3501 12.6586
1 9.4158 9.4158 10.9578 12.3081
2 9.0194 9.0194 10.6191 12.0076
3 8.6692 8.6692 10.3233 11.7468
4 8.3569 8.3569 10.0625 11.5182
20 0 9.8696 9.8696 11.3501 12.6586
1 9.7501 9.7501 11.2463 12.5656
2 9.6347 9.6347 11.1464 12.4763
3 9.5234 9.5234 11.0504 12.3906
4 9.4158 9.4158 10.9578 12.3081
50 0 9.8696 9.8696 11.3501 12.6586
1 9.8501 9.8501 11.3332 12.6435
2 9.8308 9.8308 11.3164 12.6285
3 9.8116 9.8116 11.2998 12.6135
4 9.7925 9.7925 11.2832 12.5987

Table 1. Comparison of the nondimensional frequencies from Equation (111) for the
simply supported nanobeam.

nanobeam 1. It is seen that the effect of the magnetic field (MP = 10, 20) is to increase frequencies of
SWCNT. When the value of L/d is increased, the effect of the nonlocal parameter @ on the frequencies
decreases.

Without loss of generality, we assume

Fy=xFi, 0<x<lL (106)

Based on (106), we obtain the same form of natural frequencies for (28) and (29) with different coeffi-
cients by and cy:

oy = s[bFVb:—4c], i=LI1 (107)
where
T 1.2 2 "
— n
r 2 k4 T 2 k4 2
=|K—(F\—MP)k, + —2— || K — (x F1 —MP)k L |-K*. 109
“ [ o )"+1+n2kﬁ}[ (i )"+1+n2kﬁ} (1

By substituting the new expressions (107) for natural frequencies into (33) and (34), we obtain the new
expressions for the amplitude as

4
K — (F1 —MP)k2 + T ”2k2 — @
Tpi = e , i=LIL (110)
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When the axial compression is absent, we obtain

—0 2 ki 2

(a)nl) :W—i_anP’ (111)

—0 2 kn 2

(@) =2K+Tn2k%+anP, (112)
ay=1, a’;=-1. (113)

To determine the effect of the axial compressive load and magnetic field on the steady-state vibration
amplitudes A,; and A, of the system and also for the comparative study, we define the ratio of the
steady-state vibration amplitudes as

Anr Annt

Ay, A (114)
Agl Agll

¥

where Agl and AgH are the steady-state vibration amplitudes of the two beams without axial compression.
We then introduce the ratio of the axial compressive force and critical buckling load as

F (115)
P=—->
Pcr
with
7.[2
Po=—, 116

where P, is the nonlocal critical buckling load, which is the smallest load at which a single nanobeam
ceases to be in stable equilibrium under axial compression. From (27) it follows that

_ k2
F=—"—. 117
1+ n%k? (1)
By substituting the dimensionless F from (16) we can write
1 7?
Pcr:—ananlﬁ. (118)
For n = 0, namely for an ordinary beam,
)
Pcr:Elﬁ, (119)

where P is known as the Euler load, which is the smallest load at which a single beam ceases to be in
stable equilibrium under axial compression [Zhang et al. 2008].

4.1.1. Molecular dynamics simulation results. In order to justify the accuracy of this paper, it is neces-
sary to implement the MD simulation of vibrational response of the SWCNT. Molecular dynamics (MD)
simulation is an atomistic method for analysis of different nanostructures. Through the fast development
of various fields of nanotechnology, MD simulation has been considered as a powerful and accurate
implement to study of systems at nanoscale, according to Ansari et al. [2012]. Without introducing the
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L/d MD simulation  Present study Present study
[Ansari et al. 2012]  (nH? =0) (nH? > 0)
8.3 0.5299 0.5485 0.8284
10.1 0.3618 0.3707 0.6306
13.7 0.1931 0.2016 0.4267
17.3 0.1103 0.1264 0.3236
20.9 0.0724 0.0860 0.2613
24.5 0.0519 0.0630 0.2195
28.1 0.0425 0.0479 0.1895
31.6 0.0358 0.0379 0.1674
353 0.0287 0.0303 0.1491
39.1 0.0259 0.0247 0.1341

Table 2. Fundamental frequencies (THz) for (8, 8) armchair SWCNT obtained from
MD simulations of Euler—Bernoulli beam models, R/l =3, = ul/ 2 H =1- 108 A/m,
n=4m-107".

dimensionless expression (16), the fundamental frequency of the first nanobeam is presented in the form

El(nm/L)*
pA(l + p(nm /L))

Authors have found MD simulation results for vibration and buckling of a single-layer graphene sheet
presented by Ansari and Sahmani [2012] and Ansari et al. [2012]. Thus, our results for the lowest natural
frequency of DSWCNT can be used to validate them with the results obtained for the free vibration of a
SWCNT via molecular dynamics simulation in [Ansari and Sahmani 2012] and [Ansari et al. 2012].

In the current study, the effective thickness of the SWCNTs is assumed to be equal to the spacing of
graphite, 7 = 0.34 nm, radius of the nanotubes is R = d/2, where d is diameter of the SWCNT [Ansari
et al. 2012]. The Poisson’s ratio v = 0.3, Young’s modulus E = 1.1 TPa and mass density p =2300kg/m?>
are considered in the analysis. To validate the present approach, MD simulations are conducted for a
simply supported (8, 8) armchair SWCNT with different aspect ratios ranging from 8.3 to 39.1. Table 2
present the values of fundamental frequency obtained from MD simulations and also the Euler—Bernoulli
beam models based on the nonlocal elastic theory. The results predicted by the present models are found
to be in excellent agreement with the ones obtained from MD simulation, which indicates the capability
of the present approach to accurately predict frequencies of SWCNT. From Table 2, the frequency of
SWCNT is decreasing with increasing length-to-diameter ratio.

It can be noticed that the results obtained by using the Bernoulli-Fourier method, when is n H?2 = 0, are
in agreement with the results presented by Ansari and Sahmani [2012] and Ansari et al. [2012]. Between
these values there is a very little variation because we neglected moment of inertia. Taking into account
the value of magnetic field permeability n and axial magnetic field H, from [Murmu et al. 2012b], as
expected, the values of frequency of SWCNT are greater than the values from [Ansari and Sahmani
2012] and [Ansari et al. 2012].

(120)

H2
on1 =\/"px (nm/L)? +
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4.2. Steady-state amplitudes results of the DSWCNT system. In the second part, to validate the results
obtained for the steady-state vibration amplitude we adopt the values for material characteristics from
[Zhang et al. 2008], where E = 10'° [Pa] is the elastic modulus, = 4 % 10~*[m?*] is the moment of
inertia, L = 10 [m] is the length of beam, and K =2 % 10° [N/m?] is the stiffness coefficient of the elastic
medium. The results obtained by the classical and nonlocal theories are comparable in the case when the
results are given in the dimensionless form. Since the steady-state vibration amplitude is expressed in
dimensionless form here, it is possible to compare these results with the results obtained in [Zhang et al.
2008]. It should be noted that the validation of the obtained results was conducted for cases of uniform
and concentrated harmonic load, and excellent agreement is shown with the results proposed by Zhang
et al. [2008].

In order to compare the obtained results for the ratio of the steady-state amplitudes for the case of the
uniformly distributed harmonic load, we determine the steady-state vibration amplitudes (A, and A1)
and (ASI and ASH) by substituting equations (107)—(110) and (111)—(113) into equations (58) and (59),
respectively. For the vibration mode number n = 3 and the exciting frequency 2 = 0.6w,, the variation
of the steady-state amplitude ratios 1| and ¥, with a change in the axial force ratio for different values
of axial magnetic fields is shown in Figure 5. It can be observed that the steady-state amplitude ratios
Y1 and v, increase with an increase in the axial compressive load, which leads to an increase in the
steady-state amplitudes A,; and A,y of DNBS. Moreover, it can be noticed that the axial compression
ratio x has negligible effects on the first steady-state amplitude ratio 1, but a significant influence on the
second steady-state amplitude ratio ;. Also, decreasing the axial compression ratio x causes an obvious
reduction of the second steady-state amplitude A,y. It is clear from Figure 5 that larger values of the
amplitude of the axial magnetic field lead to a reduction in the ratios v and vr,, which implies that the
amplitudes of the steady-state vibrations A,y and A,y also decrease. However, from the physical point
of view, the axial magnetic field leads to an increase in the overall stiffness and thereby to an increase
in the natural frequencies of the system. This effect allows us the practical application of such a system,
because it is possible to change the natural frequencies w,1 and w,y and the steady-state amplitudes A,
and A,y without changing any other material and geometric parameters of the DNBS. It should be noted
that when the intensity of the axial magnetic field and nonlocal parameter are equal to zero, the nonlocal
double nanobeam system is reduced to the classical double beam system analyzed in [Zhang et al. 2008].
The results for ratios ¥; and v, obtained in the case when MP = 0 and n = 0 are also shown in Figure 5.
The comparative study for the case of the concentrated harmonic force is also carried out in a similar
manner. The analysis of the obtained results for the ratios | and ¥, shows that we get exactly the same
results as in the case of the continuous uniformly distributed load. The results obtained in this study are
in line with the results obtained in [Zhang et al. 2008].

In the following part of the comparative study we provide an analysis of the steady-state amplitude
ratios ¥, and i, for the cases of the uniformly distributed load (Figures 5 and 6), and the moving
concentrated harmonic force (Figures 7 and 8). The dimensionless parameters of the coupled DNBS
which are used in numerical simulations in Figures 6, 7 and 8 are: K =50, x =0.5,§ =0.5,v=0.3
and n = 1. As already mentioned, the results obtained for the steady-state amplitude ratio in the case
of the harmonic concentrated load are identical with the results obtained for the first case of excitation,
while the case of the moving constant force represents only a special case of the moving harmonic
concentrated force.
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Figure 5. The relationship between the dimensionless parameter p = F /P, and (left)
the ratio Y = A1/ ASI and (right) the ratio vy = A,/ ASH, for different axial compres-
sion ratios x and magnetic fields MP in the case of a uniformly distributed load.
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Figure 6. The relationship between the dimensionless parameter p = F /P and (left)
the ratio | = A1/ ASI and (right) the ratio Y, = A1/ ASH for different nonlocal param-
eters 7 in the case of a uniformly distributed load.

Figure 6 shows the relationship between the ratios | and v in the case of the uniformly distributed
load, and the dimensionless parameter p = F /P, in the range 0-1 for different nonlocal parameters 7.
From these figures, the ratios v and ¥, decrease with an increase in the nonlocal parameter 1, which
implies that the magnitudes of the steady-state vibration amplitudes A, and A,y get smaller when the
nonlocal parameter n becomes larger. Also, it is interesting to note that from the physical point of view
the nonlocal parameter has dampening effects on the steady-state vibration amplitudes. In addition, an
increase in the ratio p leads to an increase in both steady-state amplitude ratios | and yr, in a similar
manner. So from the physical point of view, it can be concluded that the overall stiffness of the system
decreases with the increase in the ratio p.

Figures 7 and 8 show the influence of the longitudinal magnetic field MP and the nonlocal parameter n
on the relationship between the ratios v/; and v, and ratio p = F/ P, in the range 0—1 in the case of the
moving harmonic concentrated force, respectively. From these figures we can see that the steady-state
vibration amplitude ratios i; and i, decrease with the increase in the parameter of the magnetic field
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Figure 7. The relationship between the dimensionless parameter p = F /P and (left)
the ratio | = A1/ ASI and (right) the ratio ¥» = A,/ ASH for different axial magnetic
fields MP in the case of a moving concentrated harmonic force.
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Figure 8. The relationship between the dimensionless parameter p = F /P, and (left)
the ratio | = A1/ ASI and (right) the ratio Y, = A/ ASH for different nonlocal param-
eters 7 in the case of a moving concentrated harmonic force.

and nonlocality n. This implies that the magnitudes of the steady-state vibration amplitudes A,1 and A,y
act in a similar manner to the case of the uniform harmonic excitation. It is interesting to note that
values for the steady-state amplitude ratio are higher for the moving harmonic load than for the uniform
harmonic loads. However, from the physical point of view, it can be noted that the speed of the moving
load significantly affects the value of the steady-state vibration amplitudes A,; and A, of the coupled
nanobeams. The present results for the ratio of amplitudes are consistent with the results found in the
literature [Zhang et al. 2008].

In order to compare the results of the presented study with those in the existing study by Zhang et al.
[2008], the values of the steady-state vibration amplitude ratios ¥r; and v for the uniformly distributed
harmonic load and the concentrated harmonic force are represented in Table 3. It is found that the ratios
Y1 and 1 in this case are totally the same. From the presented data we can conclude that the influence
of the longitudinal magnetic field MP and the nonlocal parameter n on the relationship between ratio v
and i causes a decrease in their values, as shown in the above figures.
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[Zhang et al. 2008]
MP n V1= Aa/AY V2= Aai/Ayy,
0 0 1.1965 1.3019
50 0.3 1.1499 1.2277
50 0.5 1.0872 1.1309
100 0.3 1.0779 1.1175
100 0.5 1.0436 1.0658

Table 3. Analytical validation of the steady-state vibration amplitude ratios v; and v,.
Here x =0.5.

4.3. Forced vibration response. In this subsection, forced vibration responses at the nanobeams mid-
points are analyzed for two cases of external excitation under the influence of the longitudinal magnetic
field within the framework of the nonlocal elasticity theory. In the first case we consider that the uniform
harmonic load acts on the first nanobeam in the DNBS (Figure 2) while in the second one we consider
the moving harmonic concentrated force (Figure 4). Also, we assume that both nanobeams in the DNBS
have the same geometric and material characteristics and are subjected to the axial compressive loads F
and F,. By using the analytical solution for transversal displacements obtained for these two particular
cases of external excitation, we plot w; (&€, ) and w; (&, t) as functions of time for different nonlocal
and magnetic field parameters, as shown in Figures 9-12.

To analyze forced vibrations, we use smaller values for the dimensionless stiffness modulus K and
magnetic fields MP, because using larger values leads to obtaining very smaller values for the vibration
amplitude of transversal displacements w(0.5, ) and w,(0.5, 7). The following dimensionless param-
eters of the coupled DNBS are used here in the numerical simulations: K =5, x = 0.5, F, =02,
&€ = 0.5, and n = 1, where the exciting frequency is 2 = 0.6w,1. It can be observed that the axial
magnetic field diminishes the amplitudes of transversal vibration w; (&, t) and w, (&, 7) in both cases
of external excitation. Moreover, this effect allows us to change the stiffness of the carbon nanotubes
and therefore change the overall stiffness of the DNBS. However, changing the stiffness of the system
leads to changes in the natural frequency of the system, so it is possible to avoid the resonance region
for different cases of external excitation [Karlici¢ et al. 2014c]. Furthermore, by carefully selecting the
intensity of the magnetic field we can set the response vibration amplitude in a certain range without
changing any other material and geometric characteristics of the DNBS. This fact has significance in
practical applications for the control of vibration amplitude in the NEMS and nanocomposite structures
based on the CNTs. Also, these figures show how the coupled DNBS responds to changes in the nonlocal
parameter 7 for different cases of external excitation. It can be noticed that the nonlocal parameter has
a dampening effect on both response vibration amplitudes of the DNBS, but in the case of the moving
harmonic concentrated force we observe a larger effect on the vibration amplitude. This means that the
effect of nonlocality causes a larger reduction of the vibration amplitude of transversal displacements
wi(0.5, ) and w, (0.5, t) than in the first case of external excitation.

The presented work shows the possibility to control vibration amplitudes and natural frequencies in a
certain range by changing only the external magnetic field parameter without changing any other physical
parameter of the DNBS. Also, this ability provides us with a great practical application of such systems
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Figure 9. The relationship between forced vibrations w; (0.5, t) (left) and w,(0.5, 7)
(right) and dimensionless time for different nonlocal parameters 1 in the case of the
uniformly distributed harmonic load.
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Figure 10. The relationship between forced vibrations w1 (0.5, 7) (left) and w,(0.5, 7)
(right) and dimensionless time for different axial magnetic fields MP in the case of the
uniformly distributed harmonic load.

in dynamic absorbers, nanoresonators and nanoactuator devices. It should be noted that the longitudinal
magnetic field can be considered analogous to a Pasternak-type foundation, where the Winkler medium
represented by stiffness of the springs and magnetic field parameter represents shear coefficients of the
Pasternak foundation, as shown in reference [Murmu et al. 2012a].

5. Conclusions

On the basis of the Euler—Bernoulli beam theory and Eringen nonlocal elasticity, this paper investigates
a compressive nonlocal double single-walled carbon nanotube (SWCNT) system, under the influence
of an axial magnetic field. The dynamic responses of the DSWCNT system for four different cases
of external transversal load are considered. By using the nonlocal Euler—Bernoulli beam theory and
classical Maxwell relation, the system of two nonhomogeneous partial differential equations of transver-
sal motion is derived for the coupled DNBS. Closed form solutions for natural frequencies, amplitude
ratio and forced vibration response under the influence of the magnetic field and the nonlocal parameter
for four cases of external excitation are obtained by applying the method of separation of variables.
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Figure 11. The relationship between forced vibrations w1 (0.5, t) (left) and w, (0.5, 7)
(right) and dimensionless time for different nonlocal parameters 1 in the case of the
moving concentrated harmonic force.
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Figure 12. The relationship between forced vibrations w1(0.5, t) (left) and w, (0.5, 7)
(right) and dimensionless time for different axial magnetic fields MP in the case of the
moving concentrated harmonic force.

Analytical expressions for the steady-state vibration amplitudes of the two nanobeams with the influence
of the magnetic field and the nonlocal parameter are obtained, and numerical results based on them are
presented. From the obtained results, we found that the nonlocal parameter and longitudinal magnetic
field have a damping effect on the response vibration amplitude. In order to validate our results we
compared the obtained results for the steady-state amplitude ratios with the results found in the literature
and excellent agreement was achieved. It was found that the natural frequencies and response vibration
amplitude of the system can change by varying the intensity of the axial magnetic field without the
necessity to change any other material and geometric parameter of the DNBS. We analyzed amplitudes
of transversal displacements for four cases of external excitation vibration and numerically presented
the case of the uniformly distributed harmonic load and the case of the moving harmonic concentrated
force with different nonlocal parameters and different axial magnetic fields. The obtained amplitudes
of transversal vibration in both cases of external excitation are reduced due to the influence of the axial
magnetic field. We noted that the effect of the magnetic field allows a change in the stiffness of carbon
nanotubes and therefore a change in the overall stiffness of the DNBS. Changing the stiffness of the
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system causes changes in the natural frequency of the system, thus avoiding the resonance region for
different cases of external excitation. This possibility has great practical importance in the design of
NEMS devices such as nanoactuators, nanoresonators, dynamic absorbers and nanocomposite structures
based on the CNTs. Also, to validate the present analysis, MD simulations were conducted for an
armchair SWCNT with different aspect ratios. The results predicted by the present model are found
to be in agreement with the ones obtained from MD simulation, which indicates the capability of the
present approach in accurately predicting frequencies of SWCNTs.
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A PHASE-FIELD MODEL OF QUASISTATIC AND DYNAMIC
BRITTLE FRACTURE USING A STAGGERED ALGORITHM

HAMDI HENTATI, MARWA DHAHRI AND FAKHREDDINE DAMMAK

Fracture mechanisms in solids are governed by complex fracture phenomena such as crack initiation
and multiple crack branching. Recently, the numerical modeling of dynamic fracture mechanisms has
been based on the introduction of a crack phase field. Following our recent works on phase-field mod-
eling of quasistatic brittle fracture, a numerical method is presented to investigate the dynamic failure
mechanisms in brittle solids using the phase-field model and a staggered algorithm. For that, numerical
experiments of a brittle piece under tensile loading are performed. Based on these numerical results,
the importance of developing a numerical method to optimize the computation time is shown. The
optimized method is presented in a linear (P1) finite elements case in elasticity. We then show the results
of using the optimized method in the case of dynamic fracture mechanics in brittle materials, and we
analyze when the dynamic solution converges to the quasistatic one. We also investigate the influence
of the numerical parameters /& (mesh size) and 5 (regularization parameter) on the evolution of energies,
displacements and crack location. The influence of exerted loading § and transverse wave speed C7 is
also elaborated.

1. Introduction

Numerical and experimental studies of failure mechanisms under mechanical, thermal, quasistatic and
dynamic loads have been investigated in [Kim and Paulino 2004; Bourdin et al. 2008; Jiang et al. 2012].
In these contexts, several phase-field approaches to brittle fracture have been elaborated. The develop-
ments related to the theory of brittle fracture are mainly based on the idea presented by Griffith [1921].
Despite his important contribution to this theory, it has some shortcomings as detailed in [Bourdin 1998;
Francfort and Marigo 2002]. Recently, fracture mechanics have been revised by proposing different
phase-field models for quasistatic brittle fracture cases, taking inspiration from Griffith’s criterion. Sig-
nificant contributions to the phase-field methods were made by Miehe et al. [2010a; 2010b], in the form
of a thermodynamically consistent framework for brittle mode I fractures in the case of viscous material
response. A staggered scheme was employed by Miehe et al. [2010a], in which a local energy history
field was introduced as a state variable to ensure irreversible crack growth. Also, a variational theory
was developed by Francfort and Marigo [1998], and was used to model brittle fracture in [Bourdin et al.
2000; 2008; Oleaga 2004; Amor et al. 2009; Pham and Marigo 2010a; 2010b; Buliga 1998; Hentati
et al. 2015]. They proposed a new formulation for the brittle fracture problem, capable of predicting
the creation of new cracks, their path and their interactions in two and three spacial dimensions. The
functional proposed during the segmentation of images from Ambrosio and Tortorelli [1990; 1992] was

Keywords: brittle fracture, staggered algorithm, phase field.
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adapted to the problem of brittle fracture by Bourdin [2000]. In the same context, a higher order phase-
field model formulation adopting Bourdin’s formalism was recently created by Borden et al. [2014], in
order to gain more regular and faster converging solutions to the variational problem of brittle fracture.

Ambati et al. [2015] analyzed the efficiency of different numerical methods for phase-field modeling
of brittle fracture and presented an overview of the existing quasistatic and dynamic phase-field fracture
formulations.

Otherwise, the study of the fracture problem has been usually made in the quasistatic case [Bourdin
et al. 2008; Amor et al. 2009; Pham and Marigo 2010a; Hentati et al. 2012a; 2012b; Msekh et al.
2015]. However, it was found that this simplification hypothesis is not valid in many cases, as shown in
[Dumouchel et al. 2007; Kalthoff 2000]. There have been several attempts to adapt phase-field models to
dynamic fracture problems [Bourdin et al. 2011; 2012; Hofacker and Miehe 2012; 2013; Hentati 2013;
Schliiter et al. 2014].

Numerical procedures currently used for time integration in the analysis of dynamic problems are the
central difference method, the Newmark [1959] scheme, the Houbolt [1950] method and the Bathe and
Wilson [1972] method. Bert and Stricklin [1988] described and compared several different integration
methods used to analyze dynamic responses for linear and nonlinear systems. They showed that the
error increases as the time step increases in all of the above methods and concluded that the Houbolt and
Bath and Wilson methods are the least efficient, and that the Newmark scheme gives very similar results
compared to theoretical ones.

Due to the nonconvexity of the regularized energy functional, a robust solution scheme based on
(staggered) algorithmic decoupling was used in [Bourdin et al. 2008; Miehe et al. 2010a; Hentati et al.
2012a]. Based on a monolithic scheme used in [Miehe et al. 2010b; Borden et al. 2012; Vignollet et al.
2014], a coupled method was proposed in order to compute the quasistatic fracture phase field. The
robustness of the staggered algorithmic implementation was proven by Ambati et al. [2015].

In order to resolve the dynamic fracture problem, Borden et al. [2012] proposed another method by
introducing an initial strain history field that induces a phase field at the initial crack location. The
numerical solution of the dynamic problem requires spatial and temporal discretization. The spatial
discretization was formulated by the Galerkin method and the monolithic time integration scheme is
based on the generalized-o method introduced by Chung and Hulbert [1993].

Bourdin et al. [2011] also proposed a discrete time model for dynamic fracture. They approached the
elastic dynamic problem by using a finite difference discretization on the partial differential equation.
They deduced that the total energy is not conserved. Hentati et al. [2013] used the Newmark direct
integration method to study the evolution of energies by supposing an elasticity problem. The quanti-
tative agreement between numerical results using the finite element method with the Newmark scheme
and the analytical ones using the characteristic method was shown. Furthermore, the efficiency of the
numerical method using the finite element method with the Newmark scheme for simulating dynamic
crack propagation in brittle materials was shown.

This paper is focused on modeling and computing the dynamic crack propagation using the phase-field
model. This model was developed by Francfort and Marigo [1998] for the quasistatic brittle fracture
problem. The first goal is to propose and test an optimized numerical method in order to simulate
dynamic crack propagation. This finite element assembly code is without loops and also without any
quadrature formula. It is entirely vectorized. This method, which is based on the staggered scheme
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with the optimized algorithm, is validated. Quasistatic tests are elaborated and the numerical results
are compared with the experimentation done in [Ambati et al. 2015] and are also validated with the
numerical results obtained in [Ambati et al. 2015; Msekh et al. 2015]. The second goal is to analyze
the computational results of dynamic crack propagation based on the numerical method detailed by
Hentati et al. [2013]. The influence of numerical parameters (notably the ratio //n) on energies and
displacement evolution and crack location was also developed in this work.

2. Phase-field model of dynamic brittle fracture

A material is assumed to be elastic, isotropic and homogeneous with shear modulus @ and constant mass
density p. The numerical model used for the antiplane case with constant toughness G, is described
below.

2A. Phase-field model. We introduce a discrete time model for dynamic brittle fracture which obeys
the following principles:

« Elastic dynamic: away from the crack, the governing principle is the elastic dynamic equation. So,
the dynamic problem consists in finding the displacement u (xy, x5, t) satisfying

3u %u  u
i (i) | 2-1
oz 1 (8x12 axg) .

» Energy balance: the evolution should satisfy an energy balance formula, similar to that found in the
quasistatic setting, but now including kinetic energy.

o Maximal dissipation: if the crack can propagate while balancing energy, then it should propagate.
Then, o minimizes the regularized energy E (u, ¢), given by

2
E(u,a)= % /((1 —oz)2 +em)Vu-Vudx + G, / (Z— +nVa- Va) dx. (2-2)
n
The time-discrete algorithm for dynamic fracture that was developed can be summarized as follows:

Staggered dynamic fracture algorithm.

e Choose numerical and material parameters.
« Find u using the Newmark direct integration algorithm for linear systems (Figure 1).

» Find « such that the regularized energy E(u, ) given by (2-2) is minimized with respect to the
irreversibility condition «(§) > «(6 — d6).

Here u is the displacement, x(x;, x») is the spatial coordinate, 1 is a regularized numerical parameter,
« is the damage variable and € is a positive infinitesimal whose role is to render coercive the regularized
functional. We choose the parameters 8 = 0.25, which ensures stability, and y = 0.5, which ensures
both stability and accuracy of the Newmark algorithm. Both problems will be computed iteratively by
using the staggered solution scheme.
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Compute ii( by
Miig = F,

Increment of time
Iny1 = At +t,

Y

Calculate i, | by

2
(M + WP AP K ini1 = Frst = 1K (1 + Aty + Z1-(1 =2

A,

Calculate 1,11 and u, | by

’/‘tn+l =1, + At (1 — y)i/in + Atyl:in-ﬁ-l

2
Upt1 = Up + Ati, + ATt(l - 2,3)un + AIZ,BI:{.".H

Figure 1. Direct Newmark integration algorithm for linear systems.

The elastic, surface and kinetic energies are given by

Eous(0 =5 / (@ — 1? + )| Vul? dx dxa, 23)
Q
Esurf(t):Gc/ <_+77|va| >dx1 dxo, 2-4)
a\4n
u(xy, x2. 1)\
Ekine(t)zef (_u(xl =2 )> dxy dx;. (2-5)
2 Ja ot

We carry out some numerical computations in order to determine the evolution of these energies that
depend on the time and the location of cracking.

2B. Problem description. A rectangular structure is considered, as shown in Figure 2, occupying the
studied domain Q ¢ R2, Q = (0, L) x (0, 1), where L and [ are the length and width of our structure.

The structure is fixed at the left edge and submitted to tensile loading at the right edge. A time-
dependent Dirichlet boundary condition §(¢) is applied to the right edge, given by

8(1) = Kt2. (2-6)
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Figure 2. Studied brittle structure with boundary conditions.

The boundary and initial conditions are

u(0,x2,1) =0, u(L, x2, 1) =46(1), (2-7)
0 ,0, 0 L
u(xy,0,1) _ u(xy,l,t) _0, (2-8)
on on
u
u(xy, x,0) =0, E(xl,xz,O)zo, (2-9)
a(xy, xp,0)=0. (2-10)

3. Validation of the optimized staggered algorithm

The regularization parameter 1 should be large enough as compared to the mesh size 4 (n >> h). Moreover,
we know that if the mesh is fine (% is small), the obtained solution using the finite element method will be
accurate compared to the analytic one. Therefore, the choice of / is a compromise between the value of n
and the capacity of the processor used to perform the calculation. However, if this condition is respected,
the repetition of elements inserted in the matrices will be very expensive if the classical method is used.
So, the optimized method will be used to simulate dynamic crack propagation, in order to improve the
cost of the method.

In this section, we validate a new method of assembling matrices that is based on the sparse function.
This method allows us to reduce the computation time and further refine the mesh. We remind the reader
of the classical method. Recall that €2, is the triangular mesh of the studied domain Q C R2. The basis
function ¢; satisfies {¢;(g’)} = &, ;- Due to the support properties of P1 Lagrange basis functions, we
have the classical algorithm. For each element, its element matrix is added to the global matrix. This
operation is illustrated in Figure 3 for the 2D scalar fields case.

This proposed optimized assembling method is a standard one, used to assemble sparse matrices using
triplet lists. The idea is to create three global 2D arrays, I,, J, and K, that allow the storage of the
element matrices as well as the position of their elements in the global matrix. To create these three
arrays, we first define three local arrays obtained from a generic element matrix E (7%):

¢ K} contains the elements of the matrix E(7}) stored columnwise.
e I{ contains the global row indices associated with the elements stored in K.
e J{ contains the global column indices associated with the elements stored in K.

The three local arrays I/, J and K[ are stored in the k-th column of the global arrays I, J, and K,
respectively.
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Figure 3. An element matrix added to the global matrix.

Calls per  Total time of method (sec)
Function name iteration classical ‘ optimized
Mass assembling matrix 4 20 4
Stiffness assembling matrix 12 120 14
Find « that minimizes E (u, «) 1 2 <1
Find u as solution of dynamic equation 1 7 ~1
Principal program (after 120 iterations) 1 18500 2700

Table 1. Computational cost of minimizer problem.

A natural way to build these three arrays consists of using a loop through the triangles T, in which
we insert the local arrays columnwise.

We compared the performance of these two programming techniques (optimized and classical meth-
ods) for assembling finite element matrices in 2D. Some numerical computations were done to investigate
the time difference between the two methods. Table 1 shows the computational cost of the mass and
stiffness matrix assembly. The results show that the optimized method gives better results than the
classical one.

In order to validate this optimized staggered algorithm, numerical tests of some quasistatic fracture
cases were done and the results were compared to experimental and validated numerical tension tests.
These tests were computed using the staggered scheme with the optimized algorithm used for assembling
matrices. A standard linear (P1) Lagrange finite element method was used to discretize the problem
on the displacement field and the damage variable «. The problem consists in finding the displacement
u(xy, xo, t) that satisfies Au =0, using u to find & and using the couple (u, o) to minimize the regularized

energy E(u, o). So, the staggered quasistatic fracture algorithm was developed and can be summarized
as follows:
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Figure 4. Experimental test of a notched plate with hole: (left) geometry and boundary
conditions, (center) experiment result and (right) experimental setup. All units are in
mm.

Staggered quasistatic fracture algorithm.

o Choose numerical and material parameters.
« Find u that minimizes the regularized energy E (u, o), as given by (2-2).

» Find « such that the regularized energy E(u, ) is minimized with respect to the irreversibility
condition «(8) > (8§ — d$).

3A. First test: notched plate with hole. For the first test, a sample consisting of a notched plate with a
hole is presented. Figure 4 illustrates the experimental test of a notched plate with a hole as detailed
by Ambati et al. [2015]. The geometry, boundary conditions and experimental setup are shown in
Figure 4. The specimen is a notched plate with a hole offset from the center. The top pin is submitted to
displacement loading and the lower pin is fixed.

The crack path is illustrated in Figure 5. A curved crack develops from the notch to the large hole.
Later, a secondary straight crack appears from the hole to the sample edge.

3B. Second test: single edge notched. We apply the phase-field model to a square plate containing a
straight horizontal notch located at mid-height on the left edge with a length of 0.5 mm. The geometric
properties and boundary conditions of the specimen are shown in Figure 6. A vertical displacement is
applied to the top edge.

Figure 5. Notched plate with hole: quasistatic crack phase field.
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Figure 6. Geometry and boundary conditions for single edge notched specimen. All
units are in mm.

o
B B

Figure 7. Single edge notched: quasistatic crack phase field.

Figure 7 shows the crack patterns at several stages of loading for the tested model. Here the red and
blue colors indicate the damaged and undamaged material, respectively.

With this setup, the crack propagates towards the middle right edge of the specimen. The phase-field
model using the optimized staggered algorithm yields very similar results, in terms of crack path, to
[Ambati et al. 2015; Msekh et al. 2015].

u

L1 11

Figure 8. Notched rectangular specimen with three openings: geometry, loading and
boundary conditions.
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B

Figure 9. Notched rectangular specimen with three openings: quasistatic crack phase field.

3C. Third test: notched specimen with three openings. We simulate a sample consisting of a notched
rectangular plate with three circular openings, in which the centers are aligned horizontally. The three
circular openings are near the initial notch as shown in Figure 8. The applied loading and boundary
conditions are also shown.

As shown in Figure 9, the presence of the opening nearest to the notch causes a kinking of the crack
path just above it; however, the opening is not near enough to the notch line to arrest crack propagation.
This occurs just above the second opening along with the initiation of a new crack segment, similar to
what was observed in the first test. We compared the numerical result of this study with the numerical
crack pattern from [Msekh et al. 2015], and the comparison shows that the present phase-field model
is able to predict the correct trajectory of a curved crack. Msekh et al. studied the effect of varying
the proximities of openings in altering the propagation of a crack path. They showed that for holes
situated significantly far away from the notch line, crack propagation is virtually unaffected, whereas for
sufficiently close openings the crack path is modified.

The current and preceding tests highlight an important strength of the phase-field method, specifically
that the initiation of a crack does not require the introduction of a notch, and that a crack may initiate
anywhere within the geometry of a given structure. So, we have shown that the phase-field model
using the staggered scheme and the optimized algorithm of assembling matrices is in agreement with
experimental and validated numerical results in terms of crack pattern. This numerical method is used
in the next section for simulating dynamic crack propagation.

4. Numerical experiments of dynamic fracture mechanics

The following settings were chosen for all numerical computations. The material properties are G, = 1,
p =1 and u = 1. The numerical parameter is € = 1073. The dimensions of the structure are L = 2 and
[ = 1. Table 2 shows the values of the selected parameters for the simulations.

A Dirichlet condition was applied on the right and left boundaries in the 1st test:

a(x;1=0,x,t) =a(x; =L, x,t)=0. 4-1)

In this section, the evolution of « and of different energies was studied while varying the exerted load.
Also, the influence of numerical parameters on the critical load-causing fracture (.), the evolution of
energies and the location of crack was analyzed.
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4A. Regularized damage field. Using the parameters from the 1st test, the coordinates of some nodes
are shown in Table 3.

First, we studied the evolution of the damage field at these nodes as a function of time. The applied
load is 8(¢) = t. The evolution of « changing with respect to time is illustrated in Figure 10. The nodes
NO1, NO2, NO3 and NO4 have « greater than 0.7 while o reaches the value 1 in other nodes. Therefore,
the fracture is not brutal because o does not reach the value 1 at the same time for all nodes in the cracked
area.

We then investigated the evolution of the damage field in the cracked zone. The fracture occurs during
the 1950th iteration (¢ = 1.95). During this time, few nodes have a damage value o = 1. Table 4 shows
the evolution of o in nodes NO5 (x1(NO5) = 1.84) and NO6 (x;(NO6) = 1.83). For both nodes, the value
of « is less than 1, but it increases slowly until its value reaches 1 after some iterations. In the same
context, the damage field in quasistatic hypothesis is unregularized in time. It jumps suddenly to the

Test n h Time step dt (sec) Boundary conditions (BC) on «
Ist test 0.02 0.007 0.001 with BC
2nd test 0.02 0.007 0.001 without BC
[Hentati 2013] 0.03 0.01 0.0025 without BC

Table 2. Numerical parameters in different simulation tests.

Nodes NO1 NO2 NO3 NO04 NO5 NO6

x1 coordinate 1.84 1.83 1.7 1.65 184 1.83
x5 coordinate 05 05 05 05 02 07

Table 3. Node coordinates.

0 0.4 0.8 o 12 1.6 2.0 2.4
time (sec)

Figure 10. Evolution of « depending on time.
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Time (sec) o at NO5 o at NO6
1.60 0.69 0.70
1.80 0.80 0.80
1.85 0.84 0.83
1.90 0.85 0.84
1.92 0.85 0.84
1.95 0.86 0.85
1.97 0.86 0.85
1.98 0.87 0.86
2.00 0.88 0.86
2.30 0.97 0.93
2.50 1.00 0.98
2.60 1.00 1.00

Table 4. Evolution of « in different nodes.

value 1 and brutal cracking appears. But, in the dynamic crack propagation case, it is regularized in time
and in space.

Next, the displacement before and after crack initiation in the 1st test case was studied. The displace-
ment evolution at different times and their differences versus x-coordinates are presented in Figures 11,
12 and 13. We show that, after crack initiation at ¢ = 1.95, the displacement is nonzero and is increasing
in time. This is due to the rigidity of the structure. Some nodes have a value of « = 1 and other nodes
in the cracked area have a value of « less than 1. After the crack initiation, the difference between the
displacements become smaller in time. This is due to the increase in the number of nodes in which o = 1.

0.8

0.7

0.6

0.5F

04

U180-U160
03 F

02}

0.1F

0 0.5 1.0 1.5 2.0 "o 0.5 1.0 1.5 2.0

Figure 11. Left: displacement versus x; coordinate at ¢t = 1.60 (U160) and at t = 1.80
(U180). Right: difference between U180 and U160.
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45 . . . 0.45
—— U200
40 | —e— U192 F 0401
3.5F 1 035f
3.0F 1 030f
25+F 1 025t
U200-U192
20 U 1 020f
1.5 0.15
1.0 0.10
0.5 0.05
0 f . . 0 . . .
0 05 10 15 20 0 05 10 15 20

Figure 12. Left: displacement versus x; coordinate at ¢t = 1.92 (U192) and at r = 2.00
(U200). Right: difference between U200 and U192.

4B. Evolution of computed energies. We refer the reader to the results found by Hentati et al. [2013].
Fort =1t.=1.6 (§ =6, = 2.56), the elastic energy E.j,s reaches its maximum value and decreases. The
kinetic energy Ekine reaches its minimum value (d Exine/dt = 0) and then rises (d Exine/dt > 0). At this
time, crack propagation occurs. The surface and total energies become constant if § > 2.56, and the sum
(Eelast + Ekine) is constant. Note that E,s is nonzero before the critical load &, is reached. This is due
to the insufficiently small value of the mesh parameter.

Figures 14 and 15 describe the evolution of computed energies versus time using the applied load
8(t) =12

4.5 T T T 0.12

—— U200
401 | —e— U198

0.10 .
35+ . 1
30t 4 008} 3
25+
0.06 - U200-U198
20t U
15 0.04
1.0f
0.02
0.5
0 ; . . 0 . . .
0 05 10 15 20 0 05 10 15 20

Figure 13. Left: displacement versus x| coordinate at ¢t = 1.98 (U198) and at t = 2.00
(U200). Right: difference between U200 and U198.
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Figure 14. Evolution of computed energies in the 1st test.
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Figure 15. Evolution of computed energies in the 2nd test

In order to study the influence of numerical parameters and boundary conditions essentially on the
energies’ evolution as well as the critical time value, we illustrate in Table 5 the main results.

Using the numerical results obtained by Hentati [2013], the surface energy Eg,+ becomes nonzero at
t =0.62. But, in the 2nd test (Figure 15), the surface energy Eg,+ becomes nonzero at t = 0.65. Then,
if the regularized parameter 7 is small, Eg,+ will remain zero almost all of the time. However, after the

Test n h/n t. Egratt=t,
1st test 0.02 035 1.95 14
2nd test 0.02 035 1.65 0.8
[Hentati 2013] 0.03 033 1.6 0.75

Table 5. Main results in different tests.
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3.0 T T T T
—+— Eelast
—+— Eelast+Esurf
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Esurf
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Figure 16. Influence of the applied load on the evolution of energies (K = 0.01).

initiation of crack (some nodes have a value of o = 1), the value of the surface energy Egyr and the
critical time lead to fracture 7. depending on the ratio & /n.

In fact, as shown in Table 5, the critical time 7. and the surface energy Eg,s decrease when the ratio /1 /n
decreases as revealed by the study of influence of numerical parameters and boundary conditions on the
evolution of energies and the localization of crack. So, in the 1st test, the fracture will be at r =1, = 1.95
(see Figure 14).

Although the ratio #/n = 0.35 is conserved, this critical time value ¢, is not the same in the 2nd test
(see Figure 15). Also, in the 1st test, the elastic energy E,s reaches the maximum value and decreases
before the fracture of structure. The kinetic energy Eyine increases in time (d Exine > 0). At time r = 1.65,

5.0 T T T T T

—+— Eelast
45F | —+— Eelast+Esurf
Esurf
Ekine b

40

35F

30

251

2.0

15¢F

1.0

0.5F

0.2 04 0.6 0.8 1.0
time (sec)

Figure 17. Influence of the applied load on the evolution of energies (K =5).
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Figure 18. Location of cracks in quasistatic and dynamic fracture: (a) quasistatic frac-
ture with Neumann boundary condition on @ and K = 1 [Hentati 2013], (b) quasistatic
fracture with Dirichlet boundary condition on o and K = 1 [Hentati et al. 2012a], (c)
dynamic fracture in the 2nd test, (d) dynamic fracture in the 1Ist test, (¢) dynamic fracture
like the 1st test but with C7 = 10, (f) dynamic fracture like the 1st test but with K =5
and (g) dynamic fracture like the 1st test but with K = 0.01.

Equt = Eclast, the energy Eg, s increases in time and Ej,g decreases and if ¢+ = 1.95 a crack propagation
occurs.

4C. Influence of applied load. In this section, the influence of the acceleration a = 8%8(¢)/dt> on
the evolution of the crack is investigated. So, we impose the Dirichlet boundary condition on damage
variable « on the right and left edges of our structure (1st test). Based on (2-6), the acceleration is a = 2K.
Two coefficients of the applied load were chosen in the following tests: K = 0.01 and K = 5. Figures 16
and 17 represent the evolution of energies as a function of time ¢.

In conclusion, for K « 1, o passes rapidly from the value 0.7 to 1 in a few iterations. Rupture occurs
for loading § = 3.76 (i.e., at t = 19.4). E.j, reaches its maximum and then decreases at the time of
rupture. This energy vanishes after cracking. Eg,r increases until reaching Eej, after the break and is
then set to 1. When the coefficient K is high, the evolution of energies is similar to the case K = 1, but
different than the case of K < 1.

5. Comparison between quasistatic and dynamic fracture

Figure 18 summarizes the location of cracks in quasistatic and dynamic fracture cases and their depen-
dence on the transverse wave speed Cr, the acceleration ¢ = 2K and the boundary condition on «.
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In the quasistatic computations, and as shown in [Hentati et al. 2012a; 2012b], the Dirichlet boundary
condition applied on « does not have a significant influence on the propagation condition of a crack.
However, it does have an influence on the location of a crack. The elastic energy E.jast decreases from its
maximum value and the surface energy of the computed solution is overestimated (Egyf > 1) as compared
to a theoretical value of Efl‘lrf = G I = 1. Figure 18(a)—(b) show the locations of cracks in the quasistatic
case with and without boundary conditions on «, respectively. Also, in quasistatic computations, there
can be an instant decrease in E.jot When « increases (i.e., the crack grows), at which point brutal cracking
appears in the brittle rectangular domain. The critical load is overestimated (8, > 8 = 2) as compared
to the theoretical critical load, given by

2LG
sh= /=€ (5-1)
"

In dynamic crack propagation, we show that after the initiation of a crack during the 1950th iteration
(t = 1.95), the displacement is nonzero and increasing in time. This is due to the rigidity of the structure.
Some nodes have a value of @ = 1 while other nodes in the cracked area have a value of o < 1. After
the initiation of the crack, the differences between the displacements becomes smaller over time. This
is due to the increase in the number of nodes that have a value of « = 1. So, the damage field in the
quasistatic problem is nonregularized in time and space. It jumps suddenly to the value 1 and brutal
cracking appears. But in the dynamic case, the crack propagation is progressive and the phase field is
regularized in time and space. Equally important, the location of crack depends on the value of the
transverse wave speed Cr, given by

cr= |5 (5-2)

0
Also, the coefficient K has an influence on the location and thickness of crack, the evolution of the
damage field and the evolution of energy, but has no effect on the critical load §..

Quasistatic computations were also done in [Hentati 2013]. It was shown that the Dirichlet boundary
condition on « does not have an effect on the evolution of energies, but it does affect the crack location.
Brutal cracking appears in the brittle solid and there can be an instant decrease in the elastic energy
when the crack grows. In the dynamic fracture case, crack growth takes place if d Exjn./dt = 0 instead
of G = G, as in quasistatic fracture case, and the propagation condition of the crack is d Exjpe/dt > 0
instead of G > G, as in the quasistatic fracture case. This condition only occurs if the Dirichlet boundary
conditions on « are not applied to different edges than where the displacement field was applied, whereas
if we apply a Dirichlet condition on the right and left boundaries (e (x; =0, x2, 1) =a(x; =L, x2,1) =0),
the dynamic crack will grow after Egyf > Eepast and d Exine/dt > 0.

We present the main results of this comparative study between quasistatic and dynamic crack propa-
gation in rectangular structures below:

 In dynamic problems, crack location depends on the load coefficient K and the transverse wave
speed Cr. If the term pd%u/dt? is not negligible compared with the term 3%u/dx2, we should
consider the problem to be dynamic and the existence of waves alters the location of crack (see
Figure 18(e)—(f)).
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o If the load coefficient K < 1, the dynamic solution will converge to the quasistatic one (see
Figure 18(g)).

» Crack propagation is progressive in the dynamic fracture case and brutal in the quasistatic one.

6. Conclusion

Phase-field modeling of brittle fracture shows promise as a computational tool for use in fracture prob-
lems that have geometries with complex crack surface topologies. We improved the performance of
quasistatic and dynamic phase-field models of fracture by using staggered implementation schemes.
Using formulations stemming from Griffith’s theory, we focused on the quasistatic model featuring
tension tests in which we use the phase-field model. We found agreement in terms of crack pattern
with experimental and numerical results from literature. We also examined the staggered algorithm’s
implementation on dynamic problems, due to the algorithm’s proven robustness. For that, an optimized
method was proposed in order to simulate dynamic crack propagation in order to reduce the computation
time and refine the mesh. This method consists of assembling matrices based on the sparse function.
Furthermore, dynamic fracture mechanics were studied and the influence of numerical parameters on
evolution of energies and crack location was investigated.
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