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ABSTRACT

Two exact solutions of the plane strain problem of the harmonic oscillations of a viscoelastic rod, the cross-
section of which is a right triangle, are proposed. Either the normal displacement and the shear stress
or the shear displacement and the normal stress of the side surface of the rod are given. Six dimension-
less parameters which affect the dynamic deformation process are derived. Two parameters characterize
the contribution of the viscous properties with respect to the elastic properties, two others define the
logarithmic decrement of the longitudinal and shear harmonic waves, and two other parameters affect
the wavelength of the corresponding wave and the velocity of motion of the wave front of these waves.
The velocities of both types of waves and their wavelengths turn out to be greater than the velocities and
wavelengths of the corresponding elastic waves. It is shown that, for certain values of the viscosity and
the oscillation frequency, pseudo-resonance frequencies are possible which are higher than the resonance

frequencies for an elastic medium.

© 2008 Elsevier Ltd. All rights reserved.

Several exact solutions of one-dimensional classical problems
of the theory of viscoelasticity are known!=3 in a dynamic formu-
lation. Exact solutions of two-dimensional dynamic problems are
proposed below using special variables, which were used for the
first time in Ref. 4 to solve the Stefan phase-transition problem. The
possibility of using this approach for elastic materials was pointed
out previously (see Ref. 5 etc.).

1. Formulation of the problem

For a viscoelastic body, we will use the Kelvin rheological
model, 6 for which the components of the stress tensor gjj are
expressed in terms of the components of the strain tensor d; and
the strain rate tensor g; as follows:

O = Aeyd;; +2Ue; + Lgyd,; + 2ngy; (1)
From the equations of motion of a continuous medium in Cartesian

coordinates (x,y), we obtain the following two differential equa-
tions in the displacements u and v for plane deformation

Aoty + (A + )V, + Pty + oy + (E+ M)V, + Nutyy,
=pu, (VoY)

Mo =A+2p, G =C+2n

(1.2)
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Here and henceforth notation of the form (u <> v, x <> y) denotes
that one further similar unwritten relation can be obtained by
simultaneous inversion of the quantities in parenthesis.

We will consider the problem without initial conditions on the
harmonic oscillations of a viscoelatic rod, the cross-section of which
€2 is a right triangle of height 2h, which occurs as a result of peri-
odic actions on its side boundary I'. Two versions of the boundary
conditions are specified.

Version 1. On the rod surface I' the normal displacement u, and
the shear stress T, are given:

Up|p = UgCOSMI + Uy SINWE,  T,| = TyoCOSWI + TyySiNO!

(1.3)

Version 2. The tangential displacement u, and the normal stress o,
are specifiedon I':

Oyl = G1COSOI + O sin ! (14)
Here ujo, Tjo, Vjo and ajg (j=1,2) are given constants.
We will seek a solution of the problem in the form

u = Uy(x, y)cosot + U,(x, y)sinwt,
Vi(x, y)cosot + V,(x, y)sinwt (1.5)
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We then have the following system of four equations from the two
equations (1.2)

AUjux+ A+ WV oy + WUy + 08U s+ @G +MVa_jyy +
+an(3—j)yy+pw2Uj =0 (UeV,xeoy), j=12

(1.6)

2. The solution for a plane viscoelastric strip

To solve the problem of the oscillations of a rod of triangular
cross-section it is first necessary to consider the simpler similar
problem for a plane viscoelastic strip. We will assume that U; and
V; (i=1, 2) depend only on one coordinate x, and we will therefore
introduce the following notation

Uj=Pi(x), V;=0Q;x), j=12 (21)

After substituting expressions (2.1) into (1.6) we arrive at a system
of ordinary differential equations

AoP| + 0l Py + po°P, = 0, AyPy— P} +pa’P, = 0

(2.2)

LO! + N0} +p0’Q, = 0, HQy—oNQ) +pw’Q, = 0
(2.3)

From the characteristic equation of this system we can obtain all
eight roots o, and 3 (k=1, ..., 4) in explicit form

oy , = *(mgy—ing),
2A," 28"
Ay = Ao+ @C)

03 4 = t(my+ing)

(2.4)
Bi.o = 2(po—iqp)s B34 = H(po+iq)
= B2 /G,- - [pQ
Po = '\/;GO GO u, 9o ZGO G0+u,
Gy = M1’ + o'y’ (2.5)

Bearing boundary conditions (1.3) and (1.4) in mind, the general
solution of Eqs (2.2), (2.3) can be represented by the expressions

Pi(x) = [Cjcosno(x—h)—(—l)jC3_jsinn0(x—h)]
explmo(x —h)] +
+[Cs_ jsinng(x—h) - (=1)'C; , ycosn(x — h)]
exp[my(h - x)]
(Pi(x) & Qj(x),C; > Dj,my<> py, ng¢>4qq), j = 1,2
(2.6)

The constants Cy, ..., C4 and Dy, ..., D4 can be obtained from the
conditions on the strip boundaries, which leads to the solution of a
closed system of inhomogeneous algebraic equations and presents
no difficulties.

3. The solution for a viscoelastic rod of triangular
cross-section for the first version of the boundary
conditions

We will introduce the new geometric variable £ and three fur-
ther variables &, by the formulae
E=(r-rgn, & = (r-ryn,, k=123 (3.1)
where n=(cos6, sinf) is a certain unit vector, at an angle 0 to the x
axis, where 0 is independent of the x and y coordinates and the time
t, n; are the inward unit normals to the sides of the triangle €2, rg is
the radius vector of some pole, ry is the radius vector of the vertex
of the triangle, and r is the radius vector of an arbitrary point of
the region 2. With this definition of the variables &, the equations
of the sides of the rectangle will be given by the equalities &; =0,
&, =0, & =0. For the points (x, y) € 2 we have the strict inequalities
£€1>0,&,>0, & > 0. The variables & and &, and the normals ny, in the
(x,y) plane possess the following properties, which we will need to
use later:

n;+m,+n; =0, nn, = nn; = Ny = —1/2 (32)
0 Xm| = mXng, = n;XxXn| = 312,
§1+8&+& = 2h (3.3)

F.=F@&n, F,=F@En, F,, =FEn
F,, = F'(&)nn,, F, = F'(E)n, when F = F(§)e C(Q)
(3.4)

Here n; x ny, is the unique non-zero projection of the vector prod-
uct onto the z axis.

Using the functions P;(§) and Q;(£), obtained from formulae (2.6),
we can construct the following particular solution of system (1.6)

Uj(xv y) = P,‘(&)”x"Qj(E.,)"y,

Vi(x,y) = PiE)n,+Q;E)n, j = 1,2 3.5)
Using properties (3.2)-(3.4) it can be proved that U; and V; satisfy
system (1.6), since P;(§) and Q;(§) satisfy Egs. (2.2) and (2.3). If we
now replace the variable £ on the right-hand sides of expressions
(3.5) by any of the variables &, defined by the last equalities of (3.1),
the expressions for U; and V; then obtained will also satisfy system
(1.6). Using this property, the solution of problem (1.2), (1.3) can be
represented by the following sums

3

Uj(x, y) = 2 [Pj(ék)nkx_Qj(ék)nky]a

k=1

3
Vix,y) = 2 [P(Eng, + Q;(Eny,];

k=1

j=12 (3.6)
We will assume that when each §; is substituted instead of x,
the constants C; and D; in expressions (2.6) for P;(§) and Q;(§)
will remain unchanged, and hence the functions in Eq. (3.6) con-
tain 8 arbitrary constants in all, which must be obtained from the
boundary conditions. To do this it is necessary to convert bound-
ary conditions (1.3). We will write the normal component of the
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displacements on the sides of the triangle in the form

unlr = (unx+1)ny)|1. o (Ujn,+ Vi"y)lr =uj, j=12

(3.7)

In these problems we will assume that all the analytical relations
with respect to the sides of the right triangle are equally justified,
and hence all the boundary conditions are sufficiently satisfied on
any one side, for example, on the side &3 =0. Then, the boundary
conditions will be automatically satisfied on the other two sides
of the triangle when &; =0 or &, =0. For points (x,y) on the side of
the triangle &3 =0 we will have the following relation between the
variables &; and &,

& +& =2h when &; = 0 (3.8)

After substituting expressions (3.6) into (3.7) we obtain the follow-
ing two equations

[P;(E)nins + Pi(E)myny + P(&3) + Q;(E)m; X my +
+Qj(§2)n2xn3lz]|§3=0 = uj()» gz = 2h-§1, ] = 1,2

(3.9)

which, using properties (3.2) and (3.3), can be reduced to the form
1

g[Q,-(Zh— &) -0;(EN1- Q[P,-(Zh =& +Pi(E)]

+Pi(0) = uy, j=1,2 (3.10)

The boundary conditions in the form (3.7) must be satisfied for any
values of &; €[0, 2h], which is possible if the expressions in square
brackets are equal to zero:

Pj(2h—§1)+Pj(§1) 0,
Q;(2h-8)-0Q;&) =0, j=12

Hence, using expressions (2.6) for P; and Q;, we obtain the following
relation between the coefficients:

C3 = —Cl’ C4 = C2, D3 = Dl’

(3.11)

D, = -D, (312)

Here, Eq. (3.10) take the form of two linear algebraic equations

Pi(0) = uy, j=12 (313)
Hence, the first boundary condition of (1.3), reduced to the form
(3.7), will be satisfied if the coefficients C; and D; are connected by
relations (3.12) and (3.13).

Boundary condition (1.3) for the shear stress, according to equal-
ity (1.1), can be written as

9V,
Tn|r = 2”Yn’r+2n 3

r (3.14)
where
5 _ (Qu;  du, 5 P _(99u; 9godu,
alr = (E+F) . 'a'tY"r— (iTnT)TW?W)F
(3.15)

If the normal direction on I is defined by the unit vector n=(ny,
ny), the tangential component of the displacement vector on I" can
be represented by the equation

uth. = (uny— vnx)h,

Since, in boundary conditions (1.3) the normal component u, on
I' is specified by a boundary that is constant over the points, the
expressions for the shear vy, and the shear rate dvy,/dt, defined by
formulae (3.15), can be simplified, and boundary condition (1.3) for
T reduces to the form

u(g—Zny—%gnx) ] = T;(COS O + T, Sin Wt

+ 2(3_“,, _B_vn)
oG T e
(3.16)

Using representation (1.5) and introducing the notation

d .
T = 2 (Un,y, -V, , =12
! 3"3( #a=Vitadly -0 J (3.17)

from equality (3.16) in T; we will have the following system of two
equations

T +neT, = Ty, W, -N0T, = Ty (3.18)
from which we obtain
T = BT+ (-1)MOT;5_ )0 i=12
J 2 2 2 ’ ’
Lw+now (3.19)

If we substitute expressions (3.6) for U; and V; into the right-hand
side of the boundary conditions in the form (3.17), these conditions
will take the form

d

a_nS[Pj(él)nl x|, + P;(E)my X my,

- Q;(&)nny - 0,(&)nyn; - Q4(&5)] : =T

=0
j=12

or, after some simplification using the equalities
d 1
a—n“SF(&j) = F(&j)njn?: = _EF({';;),

. d
J = 1,2’ a_n;F(E.::;) = F(E.G)

and properties (3.2) and (3.3)

%P}(&)—P}(zh—él)] - 112D

' ' .
+Qj(2h_§1)]_Qj(O) =T, j= 1,2 (3.20)
The left-hand sides of equalities (3.20) contain the variable &,
whereas the right-hand sides are constant. In order to remove this
obvious contradiction, we must take into account the fact that, after
differentiating Eq. (3.11) with respect to £&; we can conclude that in
Eq. (3.20) the expressions in both square brackets are equal to zero,
i.e. conditions (3.20) do not in fact contain the variable &; and take
the form

1 .
"Qj(o) = Tj, Jj=12 (3.21)
Hence, boundary conditions (1.3) reduce to four equalities - (3.13)
and (3.20). Using relations (2.6) we can write them in the form of
a linear closed algebraic system in Cq, C;, D1 and D,. Solving this
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system we obtain

C.

5 = —Lujocosnghshmoh + (~1)'ug _ jyosinnghchmgh)/A,,

D;

+T(pocosqohshpoh — qosingghchpoh)1/4,,, j = 1,2

[(=1)’T5_ (posingohch poh + gocosgehsh poh) +

Ay, = ch2myh — cos2nyh >0,

Ay, = (po+go)[ch2poh — cos2goh] >0

1]

u
(3.22)

All the expressions of the first exact solution of problem (1.2), (1.3),
obtained for a viscoelastic rod of triangular cross-section in the
first version of the boundary conditions, are extremely lengthy, and
hence we will not give its final form, and will merely indicate the
number in the sequence of working formulae, which enable this
solution to be obtained: the displacements u and v are found from
formulae (1.5), the functions Uy, U, and V7, V5 are found from for-
mulae (3.6), P;, P, and Qq, Q, are found from formulae (2.6), the
coefficients C3, D3 and Cy4, D4 are found from formulae (3.12), and
the coefficients Cy, C;, D1, D and Ay, A are found from formu-
lae (3.22).To obtain this solution numerically, all these actions must
be carried out in the reverse order. The displacements u and v are
expressed in terms of differentiable functions, and hence from the
known formulae one can obtain the strains and strain rates, while
the stresses can be obtained from relation (1.1).

In the exact solution obtained the oscillatory process is deter-
mined by the following six dimensionless parameters

87\. = ((DKCO/)\'())Z’ Su = (‘D;m/l-l)z

0
(O]
Sy = 2poh = G—O'\/zp(GO“H),
(O}
0

The parameters 3, and d,, represent the contribution of the viscous
properties with respect to the contribution of the elastic properties
to the longitudinal and shear harmonic waves, R and S; define the
nature of the attenuation of the longitudinal and shear oscillations,
respectively, while the velocities of motion of the wave fronts vy and
v, and the wavelengths of these waves L) and L, can be calculated
in terms of R, and S;:

th «[2/\0

v = 2@ _ S A+2u
YTOR, T fo(hgtrg) NP

22, 2
YTy o Mo P

(3.23)

v, =9=2w_h=_ﬂ_>ﬁ
g Sy JP(Go+ 1) p’
L =2_7'c=2_1_t >2it ,’_J'

Y opp o P oAp (3.24)

It can be seen that the viscosity leads to an increase in the velocities
of motion of the wave fronts and the wavelength of the longitudinal
and shear harmonic waves compared with their values for an ideal
elastic medium.

We can conclude from expressions (2.6) for the functions P;(x)
and Q;(x) that the parameters Ry =2mgh and S; =2pgh are the decre-
ment components, while R, =2ngh and S, =2qph are the phase
components. In the case of an elastic medium, the resonance fre-
quencies wg) and wg), of the longitudinal and shear waves are found
from the equations Aq) =0 and Ay, =0 when {=n=0. For a vis-
coelastic material these determinants, according to the last two
formulae of (3.22), are strictly positive, and hence we can only speak
of their minimum. The coefficients C;, C; and Dy, D increase as A1y
and Ay, decrease, and consequently, the amplitudes of the har-
monic oscillations also increase, which is observed in experiments.
For a viscoelastic medium, the pseudo-resonance frequencies wy
and w,, define those frequencies for which the determinants A,
and A, take the minimum values in the dependence on the phase
components R, and S,, which corresponds to the conditions

cos2nyh = 1, cos2gph =1

(3.25)

Hence, using the expressions for ng and qg, defined by the fourth
equalities of (2.4) and (2.5), we obtain the following cubic equations
in the squares of the pseudo-resonance frequencies oog and ooﬁ

p’h (Mg + 0rL0)0] = (8T + (BT L) - ph™Ag) )]’
o’ + olndo! = (8207 + (80 - ph’ el
(3.26)

If we take the small dimensionless quantities 8, and 3, for small
coefficients of viscosity, then, using binomial expansions of the

quantities Ag, \/Ao + N\o,Go, \/Go + M, we can obtain estimates
for the pseudo-resonance frequencies

3 58 n A
2 |
o, = mok[l + 'g“’%x—g] >0, = 2k; FO

(3.27)

These estimates show that the viscosity leads to an increase in
the pseudo-resonance frequencies compared with the resonance
frequencies wg), and w,.

4. The solution for a viscoelastic rod of triangular
cross-section for the second version of the boundary
conditions

For boundary conditions (1.4), we will represent the tangential
component of the displacement vector in the form

“r’r = (urx+my)|r = (uny—vnx) or

r,
(Ujny=Vin)|p = Voo J = 1,2 (41)
The further considerations and calculations are largely similar to
those used in Section 3 for the first version of the boundary condi-
tions. Hence, we will only present the main results.

The necessary conditions for an exact solution to exist in the
form of a relation between the coefficients G; and D;, similar to
conditions (3.12), will now have the form

Cy,=C, C=-C, Dy=-D, Dy=D, (4.2)



58 A.D. Chernyshov / Journal of Applied Mathematics and Mechanics 72 (2008) 54-58

while from the boundary conditions (1.4), like Eq. (3.13), we obtain
QJ(O) = —Vjo, Jj=12 (43)

Hence, the first boundary condition (1.4), written in the form (4.1),
will be satisfied if the coefficients G and D; are connected by rela-
tions (4.2) and (4.3).

We will convert the second boundary condition of (1.4) for the
normal stress. Taking into account the fact that on I" the compo-
nent ur is assumed to be constant, the normal stress o, can be
represented by the expression

ou
Oulr = 7“08—;

ou .
+ COaia—" = 0,7COSW? + G, Sinr
r n ot |r (4.4)

Using representation (1.5) and introducing the notation

, j=12

0
N, = <2(Uny, +V;ny,)
T g (R (4.5)

we can obtain from Eq.(4.4) a system of two equations for N;, the
solution of which has the form

G+ (1) G003 . L2
= 7 .22 ] =4h
Ay + oo (4.6)

If we substitute expressions (3.6) into the right-hand side of bound-
ary conditions (4.5), then, after some simplification, we will have
the following conditions, similar to conditions (3.21):

Pj(O) =N; Jj= 1,2 (4.7)

J

Hence, boundary conditions (1.4) have been reduced to a system of
four equations - (4.3) and (4.7). After substituting expressions (2.6)
into them we obtain the coefficients G; and D;:

C; = [N;(ngsinnghchmyh — mycosnyhshmgh) —

—(=1) Ny _ j(mgsinnghchmgh + ngcosnghshmgh) 1/Ay,

D; = [vjocosqohshp0h+(—1)JU(3‘j)osinqohchpoh]/Azu;
ji=12

= (mg+ng)[ch2mgh — cos2nyh] >0,

> b
g [l
>
1 1

= ch2pyh —cos2qyh >0

(4.8)

We will indicate the number in the sequence of working formulae
which enable one to obtain a solution of the problem for the second
version of the boundary conditions: the displacements u and v are

found from formulae (1.5), the functions Uy, U, and V7, V, are found
from formulae (3.6), P1, P, and Q1, Q» are found from formulae (2.6),
the coefficients C3, D3 and Cy4, D4 are found from formulae (4.2), and
the coefficients Cy, C3, D1, D, and A,y , Aapy, are found from formulae
(4.8). To obtain the solution numerically, all these actions must be
carried out in the reverse order.

The oscillatory process is defined by the same six dimensionless
parameters (3.23), the pseudo-random frequencies are calculated
from Eq. (3.26), and formulae (3.24) for the velocities v\ and v},
and the wavelengths L, and L, of the longitudinal and shear waves
remain true in this case also.

It follows from formulae (3.24) that the velocities vy and v,
and the wavelengths Ly and L, at high frequencies may consid-
erably exceed the velocities and wavelengths of the corresponding
elastic waves. The longitudinal and shear waves do not influence
one another in the exact solutions obtained, the normal actions on
the boundary I" (u, from conditions (1.3) or o, from conditions
(1.4)) only produce longitudinal waves, while the shear actions on
I' (1, from conditions (1.3) or u; from conditions (1.4)) only pro-
duce shear waves. No wave nodes, i.e. fixed points in the area of
the triangular cross-section of the rod, at which the amplitudes U;
and V; simultaneously vanish, have been found. Using the analyti-
cal formulae for the amplitudes of the displacements (3.6) we can
calculate the various quantitative characteristics of the stress and
strain fields in the triangular section of a viscoelastic rod, including
singular points - its vertices.

The exact solutions obtained may be useful for debugging the
programs of approximate methods for solving multidimensional
dynamic curvilinear boundary-value problems of viscoelasticity.
They can also be used to find the coefficients of viscosity { and r), for
example, by comparing the velocities v\ and v, for the wavelengths
Ly and L, obtained experimentally and calculated from formulae
(3.24). These coefficients are still unknown for many viscoelastic
materials.”
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