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ABSTRACT

On the basis of modified Hooke's law for multiaxial stress in viscoelastic solids, three-
dimensional constitutive equations for strains have been derived. It is shown that after
application or removal of triaxial static load, normal and shear strain components vary in
course of time proportionally to each other and that in-phase stress components produce
in-phase strain components. Harmonic out-of-phase stress as well as multiaxial periodic
and stationary random stresses are also considered. The matrix of dyvnamical flexibility of
viscoelastic materials is determined which depends on three material constants (Young
modulus, Poisson'’s ratio and coefficient of viscous damping of normal strain) and load
circular frequency.
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INTRODUCTION

Deformation of solids is accompanied by internal friction
[1]. Consequently, even in the region below the proportionality
limit metals are not perfectly elastic [2]. If tensile strain has
occurred in an anelastic rod, the complete removal of the load
will be followed by a gradual decrease in length. When the
length does decrease with time after unloading, the shortening
is called “creep recovery”. The anelastic strain, which occurs
during long-time creep, is basically the same as that which
occurs during vibratory load, and in both cases the anelastic
behaviour can be expressed in the same terms [2].

There are various models of anelastic materials and
damping mechanisms in use [1-3]. When the Kelvin-Voigt’s
model (spring and dashpot in parallel) of viscoelastic material is
applied to the rod, its behaviour is easy to deduce. In particular,
it is obvious that:

X creep recovery ata given time, following partial or complete
unloading from a given prior load of a given duration, is
proportional to the stress decrement

X after creep recovery, deformation should cease and the
dimensions should remain constant.

The governing differential equation that relates stress ¢ and
strain € , the creep compliance I(t) and the relaxation modulus
G(t) read [3]:

C=(,e+q,€ (1)
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G(t) =+ qlﬁ(t) &)
where:
q, q, — aterial constants in the Kelvin-Voigt’s model
I(t) — esponse of strain due to a unit step input of stress
G(t) — response of stress due to a unit step input of strain

d(t)  — Kronecker delta.

As the relaxation modulus is known, the stress response
can be determined under any strain loading condition through
a convolution integral. These equations are:

o(t) = £(0)G(t) + j:G(t . T)dZ—EC) o @

or
t

o(t) = £(0)G(0) + je(r)@m s
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with a similar equation for the strain response due to arbitrary
stress input:

e(t)=o(0)1(t) + j:I(t - r)dod—gr)dr (©)

or
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The one-dimensional constitutive equations can be extended
to three-dimensional constitutive equations. A general and most
common form of these are [3]:
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Gij(t)=GiJk1 8k1 —dt 9

The stress o.. and the strain ¢, are second-order tensor
ij kl
quantities, and Gijkl are the four-order relaxation modulus. A set
of similar constitutive equations for strains, when the stress
history is known, can be obtained.

The aim of the present paper is to derive three-dimensional
constitutive equations for strains by means of the modified
Hooke’s law for multiaxial stress in viscoelastic solids [4]
because its simplicity in the case of homogeneous isotropic

materials may be advantageous.

STRAIN RESPONSE OF VISCOELASTIC
SOLIDS TO REMOVAL AND APPLICATION
OF MULTIAXIAL STATIC LOAD

After a long period of static load resulting in normal and
shear components oy andt, (=X, z k= XY, yz, zx), the
normal and shear stram components £ andy,  ina viscoelastic
material can be calculated as those in elastlc materials [3,5]:

1
8){0 = E[Gxo B U(G}'O + GZO)]
1
€yo = _[G}'O - U(Gxo +0, )]
1 (10)
[G \O + G} 0
1
Yo = % Tko
G
where E is the Young modulus, v is the Poisson’s ratio and
E
G=—— a1
2(1+v)

is the shear modulus. If at t = 0 the load is removed, in
accordance with the modified Hooke’s law [4], the following
equations can be applied:

Ee,+ng; =0 W)
Gy, +47, =0
and solved with the initial conditions:
g(0)=¢e, . 7.(0)=v, (13)

In Eqgs (12), n is the coefficient of viscous damping of
normal strain and [4]:

g a9
is the coefficient of viscous damping of shear strain.
The solutions of Eqgs (12) have the form:
a-(t) =Ae" , 7, (t)=B,e " (15)
where A B, , r and s are constants. Substitution of Egs (15)

into Eqgs (12) ylelds

E-m=0 , G-sA=0 (16)
so that:
r E S G_E r
=, === 17)
n Ao
From Eqgs (13) and (15) one obtains:
Ai=g,, Bi=vy (18)
Hence:
_E(
SJ(t) =g e
(19)

_E,
Yk (t) =Ywe "

It is also easy to prove that sudden application of
a multiaxial static load producing stress components o, and
1, to viscoelastic solids evokes their dimensional changes and
distortions described by equations:
E

Bj(’[)=8j0 l—e"

) (20)

—t

Yk(t)=YkO lI-e "

It is noteworthy that in conformity with Eqs (19) and (20),
after removal or application of multiaxial static loads, the
strain components in viscoelastic solids vary in course of time
proportionally to each other.

Eqs (19) and (20) apply to creep recovery following a long
period at constant stress, or to creep at a particular stress level
following a long period of zero stress. These, of course, are
very special cases, but with the modified Hooke’s law we are
able to handle effectively also other load patterns. Some of
them are considered below.

THE CASE OF HARMONIC
IN-PHASE STRESS

The relations between stress and strain in viscoelastic
materials subjected below the yield point to time-dependent
loads are governed by the modified Hooke’s law [4]:

Ee +ne, =0, —u(cy +cz)
Ee +né, =o, —v(o, +0,) on
Ee +né, =0, —u(cx +c},)
Gy, +A7, =7, ; k=xy,yzzx
Under in-phase stress components:
0, =0,s8not; J=X,y,z
. (22)
T, =T, sinot
the strain components take the form:
€ =¢g,sinot+g,cosot
1 1 1 (23)

Vi =Y Sinot+y, cosot
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In Eqs (22), o, and 7, are the amplitudes of stress components
and o is their circular frequency With Eqgs (22) and (23), Eqgs (21) become:

E(SX,sincot+8x3cosa)t)+na)(ax1cosa)t—axzsina)t:[G —U(G +0G, ]sma)t

E(e_‘,, sinot+g,, cos® t)+ nco(e_ﬂ cosot—g,,sino t): [csya -v(o, +0,,) ]smcot 24
E(e, sinot+e,, cosot)+nale, cosot—g ,sinot)= [Gza - U(Gxa +0,, )]sin ot
Gy, sinot+y,,cosot)+roly, cosot—y,,sinot)=1, sinot

Eqs (24) are satisfied if:
Ee , —nee , =0, —u(':sya +cm)
Ee , —noe, =0, — 1)(cs‘\ia + csza)
Ee, —noe,, =6, - U(Gxa +Gya) (25)
nog, +Ee, =0, Gy, —doy, =1, hoy,, +Gy,, =0
Eqgs (23) and (25) lead to the constitutive equations for strains as follows:

xa

VE? +(no)’
o, -vlo, +o,)

_ G. —U(csya +GZ")sin((Dt—C1), a=arctg%

L= —“Zsin(ot-a) (26)
' E’ +(no)
g, = o _U(G +G" )sm(o)t—a)
JE3 +(
and
Tka M)
Ve = ————sin(ot-p), B=arctg— 27)
C V6 () G

Through Eqgs (11) and (14), Eqs (27) become:

2(1+v)t
Yy :@sm(cot a), B=a (28)
E® + (nco)
It means that in-phase stress components produce in homogeneous,
isotropic viscoelastic materials in-phase strain components.
Introducing the strain vector:

€= [exayazy“yyzymr (29)

and the vector of amplitudes of the stress components:

ca=[cxacswcs ToaTonl ]T (30)

za “Xya T Y¥Ea ZXa

Eqgs (26) and (28) can be rewritten in a matrix form:

€ = Ho, sin (ot - o) (31)
where:
1 -v -v 0 0 0 |
-v 1 -v 0 0 0
H =H(o))=—1 v ° 0 ’ 2
E+(noy | 0 0 0 20+v) 0 °
0 0 0 0 20+v) o0
i 0 0 0 2(+v)
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is the matrix of dynamical flexibility of the viscoelastic material
at the load circular frequency .

THE CASE OF HARMONIC
OUT-OF-PHASE STRESS

When the stress components are given by:

c,=0, sin((o t +(pj) &)
1, =1, sin(ot+o,)

where @, and @, are the phase angles, it is convenient to
introduce the complex stress components:

G,=0,e =G ,e 34)
- i{cot+tp } =
T, =T,€© F=1.,.€
Here i is the imaginary unity and
— o 1 — _ iy
Gja _Gjae ' E Tka - Tkne * (35)

are the complex amplitudes of the stress components. Then the
real stress components are represented by the imaginary parts

of the complex stress components:
6, =Ims, , 1 =Imt, (36)

Consequently, in view of Eq. (31) the strain response of the
viscoelastic material to the stress (33) can be calculated as:

e=HIm Eaei{‘“‘“)] (37
where:

T.T,.1T

Za T Xya T yEa ZX'I]

(38)

is the vector of complex amplitudes of the stress components.

STRAIN RESPONSE OF VISCOELASTIC
SOLIDS TO MULTIAXIAL PERIODIC
AND STATIONARY RANDOM LOADS

= [o')m G,,0

The solution (37) can be utilized for determination of
behaviour of viscoelastic materials under multiaxial periodic
loads. The resulting stress components can be expanded in
Fourier series:

G, =G, +2.0, sin(no)t+<pjn)
n

(39)
T, =T + 2. T, sin(no t+o,,)
n
where:
0, T,, — Mean stress components
0>, — amplitude and phase angle of n-th term in Fourier
expansion of j-th stress component
T, > ¢, — amplitude and phase angle of n-th term in Fourier
expansion of k-th stress component
® — fundamental circular frequency.

Since Eqs (21) are linear, the principle of superposition can
be applied. For this purpose we define:
#* the vector of mean stress components:

T
G, = [cxoowozorxyo‘rmtmo] (40)
% the vector of mean strain components:
T
0= [8){08}"0820'}!){}’0’}(}"20'}!2‘(0] (41)

3% the vector of complex amplitudes of n-th terms of the stress
components:

Gn = [GXn ynoznrxynryzntzv;n

al

(42)

with
- 1Pj . 1Py,
G,=0,6 " , T, =T1,€6" (43)

% the matrix of dynamical flexibility of the viscoelastic
material at the load circular frequency n:

H, = H(no) (44)
% the phase angle of n-th terms of the strain components:
nnow
o, = arcth (45)

Under assumption that the material remains viscoelastic, its
strain response to the stress (39) is described by the following
equation:

e=g, +ZHnIm[Ene““‘°"“")] (46)

where the elements of the vector € are given in Eqgs (10).

As the stress is increased above the yield point, the linear
behaviour of viscoelastic material expressed by the modified
Hooke’s law (21) is terminated by the onset of plastic flow.
In the case of uniaxial static tension, the part will yield if the
uniaxial stress equals the yield strength of the material. For
biaxial or triaxial static stress, various theories of failure by
yielding have been developed, for example the distortion-
energy strength theory [3, 5]. This theory is an important one
because it comes closest of all to verifying experimental results
[3]. Therefore in [6] an attempt was made to extend its use also
to the case of multiaxial periodic stress and to model the stress
components (39) by the reduced uniaxial stress:

o (t)=0_, +o_ sino.t (47)

The mean value 6, amplitude Ge and circular frequency ®,

of the reduced stress are determined in [6]. Such an approach
suggests that under multiaxial periodic stress the yield strength
is not exceeded at a given point if the following condition is

met:

Geﬂ + Gea < Re (48)
where R is the tensile yield strength of the material.

Similar condition of avoiding plastic flow in viscoelastic
solids can be postulated in the cases of multiaxial random
loads if a uniaxial reduced random stress [6, 7] is taken under
consideration.

As far as the strain response of viscoelastic solids to random
loads is concerned, we shall confine ourselves to the solution
in frequency domain [8, 9]. When the stress components
represent zero mean stochastic processes that are stationary
and stationary correlated with each other, and when their power
spectral densities are given, the power spectral densities of
the strain components can be calculated from the following
equation:

S, = HS_H (49)

where H is the matrix (32) of dynamical flexibility of the
material, and:

SSHSH Exiy £xig ExVay ExVyz Sax’fr{
S . Sr‘,e‘ Ss}.s‘. Se}.sz Sr\,yx} Sy ¥yz Se}“fzx
| -
TaxBx T By Bz STnTx\u STnTyz Sszth
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T,0, Gy Ty 0,0, Ty Ty Oy Tz Oy T
g = Gy0y Oy 0y Gy0, CyTyy CyTys Gy
o =
chG‘( tZ‘(G)' tZ‘(cZ tZch'}' cht}‘Z chch
(51)
where:
,S ,S_ — power spectral densities of the strain
EXEX eyey YZXyZX
components € , € , ..., Y,
, ,S — Cross power spectral densities of the strain
exey EXEZ YZXyyz
components £ and €, € ande , ..,y
X z zX
andy,
, , — power spectral densities of the stress
OXOX oyoy TZXTZX
components 6, , G, ..., T,
S , S — Cross power spectral densmes of'the stress
OXoy OX0Z TZXTYyZ
components ¢_and o, .0, ando,,.., T,
andr »

Within the static, purely mechanical theory of continua there
are two numbers which may be associated with the deformed
state of a structure: its mass and its stored energy [10]. This
association provides the criteria for the comparison of various
designs. Apart from these numbers, in dynamic problems
the load frequency and in fatigue design the stress range and
number of cycles also play an important role. In this context it
is clear that the physical models of structural materials should
incorporate their mass density. As a result of application of the
two-parameter Kelvin-Voigt’s model, the relationships derived
in the foregoing ignore inertia forces which in many cases
may not be negligible in comparison with external loads and
internal forces due to the viscoelastic properties of the material.
However, the problems dealt with in the present paper have
been aimed at gaining additional information on the influence
of dissipative properties on the behaviour of structural materials
and mathematical solutions within the assumed simpler model.
Three-parameter models and more comprehensive stress-strain
relations in viscoelastic materials are discussed, e.g., in [1, 3,
11, 12].

As to the behaviour of engineering details under vibratory
loads with inertia forces taken into account, this problem
has been widely addressed in the literature on vibration of
continuous systems by exact mathematical treatment and
numerical methods (see, e.g., [1, 13-15]) and will not be
considered here.

CONCLUSIONS

O Three-dimensional constitutive equations for strains in
homogeneous, isotropic viscoelastic solids have been
derived by means of the modified Hooke’s law.

O Owing to the fact that for homogeneous, isotropic
viscoelastic materials the ratio of moduli E and G is equal
to the ratio of damping coefficients n and A , after sudden
change of multiaxial static loads the strain components
vary in time proportionally to each other because the time
function of normal and shear creep is the same.

O If the stress components in a homogeneous, isotropic

viscoelastic material are in phase, there are no phase shifts
between the strain components.
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O The matrix of dynamical flexibility of the homogeneous,
isotropic viscoelastic material has been determined which
depends on three material constants (Young modulus,
Poisson’s ratio, coefficient of viscous damping of normal
strain) and load circular frequency.

NOMECLATURE

— oung modulus
— shear modulus, relaxation modulus
matrix of dynamical flexibility of the viscoelastic
material at the load circular frequency ®
— matrix of dynamical flexibility of the viscoelastic
material at the load circular frequency no
— imaginary unity
— creep compliance
Im — imaginary part
n — natural number
q,=E,q,=n - material constants in the Kelvin-Voigt’s model
R

T Taw
[

=

of the viscoelastic material
— tensile yield strength

S, — matrix of power spectral densities of the strain
components

S, — matrix of power spectral densities of the stress
components

t — time

o — phase angle of the strain components

o — phase angle of n-th terms of the strain
components

Y — shear strain

Y. — k-th strain component (k = xy, yz, zx)

Yoo — k-th strain component at the static load, mean

value of k-th strain component

€ — normal strain
€ — vector of the strain components
g, — j-th strain component (j = x, y, z)
g, — j-th strain component at the static load, mean
value of j-th strain component
vector of mean values of the strain components
— coefficient of viscous damping of normal strain
— coefficient of viscous damping of shear strain
— Poisson’s ratio
normal stress
— vector of the amplitudes of stress components
— mean value of the reduced stress
— amplitude of the reduced stress
— j-th stress component
— amplitude of j-th stress component
amphtude of n-th term in Fourier expansion of o,
— j-th stress component at the static load, mean

value of j-th stress component
— vector of complex amplitudes of n-th terms in

Fourier expansions of the stress components
o — vector of mean values of the stress components
T — shear stress
T — k-th stress component
T — amplitude of k-th stress component
T
T

m
5]
|

®

aaaaac >3
(=]
[

°

a

a

a_a
|

_Q

— amplitude of n-th term in Fourier expansion of 7,
— k-th stress component at the static load, mean
value of k-th stress component

0, — phase angle of j-th stress component

P, — phase angle of n-th term in Fourier expansion
of o;

0, — phase angle of k-th stress component

0, — phase angle of n-th term in Fourier expansion
of T,

® — circular frequency, fundamental circular
frequency

o, — circular frequency of the reduced stress

*) — complex quantity
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