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Existence and stability for a visco-plastic
material with
a fractional constitutive equation

M. Fabrizio®, B. Lazzari, R. Nibbi

The well posedness of the evolutive problem for visco-plastic materials represented by two different fractional constitutive
equations is proved. We show that, for these materials, we can observe permanent deformations. So that, as it is usual
in plasticity, when the stress goes to zero, then the strain assumes a constant non zero behavior. Moreover, we prove the
compatibility of our models with the classical laws of thermodynamics. For the second model, described through a fractional
derivative with an exponential kernel, we obtain the exponential decay of the solutions by means of the semigroup theory.
Copyright (© 2009 John Wiley & Sons, Ltd.
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1. Introduction

In this paper, we study the existence, uniqueness and asymptotic behavior of a visco-plastic material described by a constitutive
equation with memory, which makes use of the fractional Caputo derivative $ D2 [1, 2]. In this framework, the material is
described by the constitutive equation

t 8
o(x, t) = A(x) SD%e(x, t) = F(?(f)a)/ (ZT:—(X}Q dr, (1.1)

where o denotes the stress, € = % [Vu + (Vu)T] = sym{Vu} the infinitesimal strain tensor, while I is the gamma function, A
a suitable symmetric and positive definite tensor and a < 0. Finally, o is a scalar parameter, which defines the degree of the
Caputo fractional derivative.

The results presented in this paper hold for a € (0, 1); however, we observe that the constitutive equation (1.1) describes
plastic solid materials if a € (0, %) The plastic behavior of this model is evident when we work with strain processes defined by

e(x,t) =¢eo(x) #0, t>t>0.

Indeed, for these processes, from (1.1), we have

- AR Rl
tllan;oa(x't)_tllan;ol—(l—a) ., (t—T1)= =0,

describing a visco-plastic behavior of the material, because the stress goes to zero, even if the deformation remains constant
and different from zero.

This analysis suggests that the study of an equation with memory of the type (1.1) needs a certainly different approach from
that followed for viscoelastic materials with fading memory [13, 14], as fatigue phenomena [3, 11].

So that, it is suitable to observe that, for visco-plastic solid materials with a constitutive equation (1.1), with 0 < a << %
the natural unknown is not the displacement u, but its fractional derivative, because the permanent deformations, due to the
visco-plastic nature of the material, involve different asymptotic behaviors for u towards the zero solution.
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This new position requires a different formulation of the initial value problem as presented in Section 2.

In the second part of the work, we propose a different constitutive equation which makes use of a new definition of fractional
derivative presenting an exponential memory kernel (see [5]). In this model the plastic effects are faster to stabilize, compared
with constitutive equation (1.1), because the memory effects are less evident.

Finally, for this model, following [9], we prove the exponential decay of the solutions.

2. Free energy and Dissipation Law

In this paper, we prefer to use a different formulation of the Caputo fractional derivative.
Let f be a function belonging to a suitable subset of the bounded continuous functions on (a, co) with f(a) = 0 and consider
its Caputo fractional derivative:

f(T
C () _
o) = s [ Bk g (21)
If f is Holder continuous with exponent B > a, an integra‘uon by parts of (2.1) leads to
1 f(t) f(t) —f(1)
C () _
JDVf(t) = 1 —a) [ / (t T)ia dr| . t>a. (2.2)

By observing that
1 _ /a a dr
(t—a) o (t—T7)+

af('r):{ f(r)y, 7>a

0, —co<T<a'

and extending the function f to R as follows

the operator (2.1) can be rewritten in the following way

CD@F(t) = a)/ FO) =af(1) 150, (2.3)

t*T 1+a

In the sequel, we restrict € to a set of sufficiently smooth functions and consider the following formulation for the constitutive
equation (1.1)

aA(x) b og(x, t) — &(x,T)
Gl B e
_aA(x) [T e(x t) —a€(x,5)
T r(1-a) slta

o(x, t) =
" (2.4)

ds, t>0.

In this model, the state in a point x of the body at the time t is given by
as'(x, ) = e(x, 1) — a€'(x, "),

where ,e'(-,s) = ,e(+, t — 5) is the extended history of the strain tensor.
Since it is well known the strict connection between the thermodynamic restrictions and stability conditions for the evolutive
problem, in this section we study the expression of the free energy and the related Dissipation Law.

Dissipation Law There exists a state function 4, called free energy, such that

0 o}
po(x) 5% (s5°(x.)) < o(x, 1) 5oe(x, ). (2.5)
for any mechanical process.

Taking into account the stress constitutive equation (2.4), (2.5) becomes

po(x) o (o5 (x, ) < r‘("l“f;) wagsﬁij)ds.%qx, 5 (26)

and, as proved in [8], we can define the following free energy functional

A(x)as"(x,s) - as"(x, 5)

ol (5" ) = 5t | & ds (27)

Copyright (© 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009, 00 1-8
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which leads to the dissipation
Ca(l+a) [P AX).s(x, ) a5 (x,5)
Tor(l-a) s2+a

D(x,t) ds>0. (2.8)
In fact, we can prove that

a(l+o) [*A(x)as'(x,s) - as"(x, 5)
2Nl —a) Jo s2ta ds

PO(X)%dJ (as(x,7)) = aA(x) [ as'(x,s)

0
T M(l-a) ), site ds- EE(X' f-

(2.9)

and we get (2.6) thanks to (2.8).
Finally, from the symmetry of the tensor A(x), the free energy assumes the new form

ds.

a /°° A(x) [Vu(x, t) — Vau'(x,s)] - [Vu(x, t) = Vau'(x, s)]

P00 (s5'(x.)) = 57 oy

slta

3. Differential problem via Caputo fractional model

Let © be a bounded domain in R® with a smooth boundary. We consider the classical momentum balance differential equation

82

55 u(x,t) =V-o(x, t)+ po(x)b(x, t) (3.1)

po(x)

where po denotes the density, u the displacement vector and b the external supply.
Now, we connect equation (3.1) with the constitutive equation (2.4), the homogeneous boundary condition

u(x,t)lea =0 (3.2)

and the initial conditions

u(x,0) = up(x) (x,0) = vo(x) , Vu'=%(x,s) = Vuo(x,5),a<s <0, (3.3)

2,
"ot
where Vut=C denotes the past history of Vu in t = 0.

Without loss in generality, we can limit ourselves to study a problem with homogeneous initial conditions and initially null
external sources. To this aim let us introduce an auxiliary smooth function z with the following properties:

Zoa(x 1) =0, 2(x,0) = uo(x), mr2(x.0) = vo().

8 a % A(x)Vug(x, s)
ﬁZ(X,O)—b(X,O)“FpO(X)r(l_a)V/a S(1+OL) dS,
z(x,t)=0 fort>ty.
The function U = u — z it is solution of the problem
o - .« = A(X)V [u(x, t) —o u'(x,s)]
o) 50, 0) = eV ds + po()f(x, 1)

ﬁ(X,O)ZO, %G(X,O):O, G(X, t)on =0.

where
0
(I, 1) =B, ) + g V- [ A e as
52 a AV [z(x, t) — 2(x,T)]
_ po(x)@z(x, t)mv . /O (t— 1) dt
and f(x,0) =0.

Moreover, thanks to the properties of z, u(x, t) = u(x, t) for t > to. Therefore, in what follows, we restrict our attention to
problem (3.4).

As observed in the Introduction, for this problem permanent deformations are evident. Indeed, in presence of a source f with
lim:—oo f(x, t) = 0 it is possible to find a function u, solution of problem (3.4) such that

sym{Vus(x)} = tango sym{Vu(x, t)} = rILnQo sym{Vu(x, t)} = sym{Vus(x)} #0.

Math. Meth. Appl. Sci. 2009, 00 1-8 Copyright © 2009 John Wiley & Sons, Ltd.
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Incidentally, we observe that sym{Vu} coincides with sym{Vu} of the original problem (3.1)—(3.2) and denotes the visco-
plastic deformation depending on the initial conditions and the supply process b.

For this reason, it appears reasonable for materials described by equation (1.1), to state the problem using as unknown the
function

WO = g /Ow o= t)s_liaﬁt(x' %) ds = 5 (x, ).

So, by observing that the null initial conditions assure that

0 - _
—a=wl",

ot

system (3.4) can be rewritten as follows

po(x) o W (. 1)] = ¥ [AGITw(x, )] + po(f (. 1)

w(x,00=0, w'¥(x,0)=0
W(X, l’)|aQ =0

(3.5)

From now on, for simplicity, we suppose po(x) = 1 and denote with H$(R™) the space

HE(RY) = {f € L3(R"); SD;F € L2(RT), £(0) = 0}.

Definition 3.1 A function w € Ht™*(R™; L2(Q)) N L2(RT; H3(R2)) is a weak solution to problem (3.5) if it satisfies the integral
equality

/Oo/ [w“—“)(x,t)-ﬁfp(x, t)) — A(x)Vw(x, t) - V(x, t)| dx dt
o Jo ot

- (3.6)
_ 7/ / f(x, t) - d(x, t)dx dt
o Ja
for all ¢ € HF(R™; L2(Q)) N L2(RT; H3(Q)).
Let us consider the causal Fourier transform of equation (3.5). For w > 0, we obtain
(iw)* W (x, w) = V - [AG) Vi(x, w)] + F(x, w) (3.7)

W(X, w)‘aQ =0

We multiply both sides of (3.7) by [(/'w)l""vAv(x,w)r, where the symbol * denotes the complex conjugate, and integrate over
the domain Q.
Since

[(iw)"*]" = (cos % — isin @)wlf‘1 ,

after using the boundary condition, we get

/w/Q ’(iw)(l—a)‘f\,(x,w))2 dx —&—/Q {cos 1 720()7( _isin (1 fza)ﬂ} wl—aA(X)vw(X’ W) - VW (x, w)dx

(3.8)
:/ [(iw)" ] f(x, w) - W (x, w)dx .
Q
The real and imaginary components of (3.8) provide
w'™* cos wﬂv“v(w)ﬂi =R [/ [(iw)l_a]* f(x, w) - W' (x, w)dx} (3.9)
Q
w||(iw) W (w)|)? — sin @wm W(w)a=S U [(iw)*] f(x,w) - w*(x,w)dx] , (3.10)
Q
where
[W(w)||Z = / AVW(x, w) - V" (x, w)dx
Q
is equivalent to the usual norm in Ha ().
Copyright (© 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009, 00 1-8
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Then, from (3.9) we have

cos E 2T w5 < | [ [fx )| 8 (x.w)l

and the Poincaré inequality leads to

(1—oa)r

o8 f”\ﬁl(w)HA < G|f(w) (1-o)r

| cos ST (W) < Colfw)l (3.11)

with C; and C, positive constants depending on the domain Q.
By using the Plancherel theorem we can reach the following result:

Theorem 3.2 /ff € Hy *(R™; L?(Q)) then problem (3.5) admits one and only one weak solution.
Proof. If f € H™*(R*; L2(Q)) then ||[f(w)]| and ||w™ ¥f(w)|| belong to L2(R). Since cos % # 0, inequalities (3.11) assure

that |[W(w)||a € L2(RT) and ||w® P (w)| € L2RY).
From the Plancherel theorem it follows that w € H3~*(R™; L2(Q)) N L2(RT; H§()). ]

4. A new fractional model for a visco-plastic material
In this section, we consider a new type of fractional derivative operator proposed in [4]

t
@ppy o L [ R d
D f(t) T o e f(r) dr (4.1)

where a € [—00,0], a € [0, 1], the function f belongs to a subset of C(a, c0) with f(a) = 0.
It is possible to prove that, when oo = 1, this fractional derivative coincides with the classical first derivative, whereas it is the

identity operator if & = 0.
We shall now proceed as in Section 2. Observing that

1 f_a@en)
= e T dT,
l1-«a oo

after an integration by parts the operator (4.1) can be rewritten as follows

DIVF(t) = ﬁ/_t e ST [F(t) — F(T)]dT, t> a. (4.2)

We now consider visco-plastic materials where the stress o is related to this new fractional derivative of the infinitesimal
strain through the constitutive equation

a(t—T) 6
- ——
GTE(X' T)dT

1 t
o(x,t) = ——A(x) e
1-a /*00 (4.3)

= ﬁA(X) /OOC e—a(l%? [e(x,t) — .e(x, t — s)] ds

with A symmetric and positive definite tensor.

Also for this model, the state in a point x of the body at the time t is given by .¢'(x, ) = &(x, t) — .€'(x, -).

To test the compatibility of the constitutive equation (4.3) with the Dissipation Principle, we introduce the functional W,
depending on 55, as follows

POV ) = s [ € T A (00 5) ' (x,5)ds (4.4)

and prove that W is a free energy functional which satisfies the inequality (2.5). Observing that

O tix.s)=2 9
FTEN (x,s) = atE(X' t)+ 557 (x,s),

Math. Meth. Appl. Sci. 2009, 00 1-8 Copyright © 2009 John Wiley & Sons, Ltd.
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the time derivative of (4.4) is

pwogwueu~»:a{%F/meiggmws%xﬂw~§uu¢>

_a(t=T1) a ¢
= A(x)as (X, 5) - =—as (X, 5) ds
1_@ e A s) - s

=o(x,t)- ae(x, t)+ ) / = [A(x)ag (x,s) - a6"(x, 5)] 5
=o(x,t)- %e X, t) — e / -4 A(x)ag (x,5) - a6"(x,s)ds

=0 (x, 1) - o e(x t) — po(X)\U(aC (x.)

so that the dissipation D is given by

D(t) = 725 po()V(es'(x,)).

5. Exponential energy decay

In this section we study the differential problem (3.1)—(3.2), introduced in Section 3, associated with the constitutive equation

(4.3) for o.
According to the approach followed in Section 3, we introduce the unknown, related to the fractional derivative, defined in

(4.1) and consider the function

t a(t—T7)
w(x, t) =ul(x, t) ;== DPu(x, t) = ﬁ/ e 1« —u(x, 7)]dT

Using the same mathematical technique as in Section 3, we can restrict our attention to the following problem with homogeneous
initial conditions

I Wi, )] = V- 1AW, )]+ f(x, 1)
w(x,00=0, wl'(x,0=0

w(x, t)|ea =0

(5.1)

with
f(x.,t)=b(x, t)+V- {ﬁ /0 e T DAV [ux, t) — u(x, T)] dT

and po = 1.
Denoting with H§(R") the space

HE(RY) = {f € L*(R"); oD¥f € L*(R"), £(0) = 0}
we give the following definition

Definition 5.1 A function w € Hy *(R*; L2(Q)) N L2(RT; H§(Q)) is a weak solution to problem (5.1) if it satisfies the integral
equality

/ODC/Q |:W[l—o¢](X, t) - %d)(x, t) — A(x)Vw(x, t) - V(x, t)] dx dt = —/OOO/Qf(X, t) - d(x, t)dx dt (5.2)

for all ¢ € HA(R*; L2(Q)) N LA(RY; HA(Q)).

To obtain the existence and uniqueness result, we proceed as in the previous Section 3 and study the the causal Fourier transform
of system (5.1) for w > 0.
It is easy to prove that the causal Fourier transform of the fractional derivative of a function f € ’H‘g(]R*) is given by

iw - w[(1 —-B)w+iB] »

1T = gy

W) = 5P

flw).

Copyright (© 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009, 00 1-8
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Applying the causal Fourier to equation (5.1)1, we obtain
iw ~
Ww—————w(x,w) =V - [AX)VW(x,w)] + f(x, w
= a) im0 @) =V AV w)] + F(x.w) 53

W(X, w)‘aQ =0

If we multiply both sides of (5.3); by (w[l—o‘]) and integrate on the domain Q, we get

. N iw N 2 iw - o
M”T w(w)|® - WHW(W)HA = —m/nf(wi) W (X, w)dx . (5.4)
The real and imaginary components of (5.4) provide
aw?|w(x, w)|z =R {—w[aw +i(1—a)] / f(x w)- W*(x,w)dx} , (5.5)
W w(x, w)|]? = (1 — a)w||w(x, w5 = [ wlow +i(1 — a)]/f(x w) - W (x, w)dx} ) (5.6)
Then, from (5.5) and (5.6) we have
(el < 2= ) agw)| o
i, ) < 1= O 4w e, )l
Since . .
im lew HiA=a)l o ew il )]
w—0 l-«a w00 ow
by Poincare inequality, we obtain R
[w(w)la < K[f(W)Il.  Vw (5.8)

with K > 0. The inequality (5.8) assures that w € L*(R"; H}(Q)).
If we require f € H3~*(RT; L3(Q)), then w € HJ *(RT; L>(Q2)) or, equivalently, w'~ € [2(RT; L3(Q)).
The previous results can be summarized in the following theorem:

Theorem 5.2 /f f € Hi*(R™; L*(Q)) then problem (5.1) admits one and only one weak solution according to the Definition
5.1.

The result on the exponential decay of the energy is established by using the theory of contraction semigroups in Hilbert
spaces. We only provide a very brief outline, because our problem is a particular case of a more general class of material with
memory studied, for example, in [9].

First we introduce the Hilbert space KC(R™, Q) of the pairs

x(x ) = (w0, ), 06"(x, )

with the inner product

< x1(t), x=(t) >=/W[11 “(x, t)- w[1 *l(x, t)dx
@ (5.9)

@ S ¢ ¢
+ W/Q/O e e A(x)s, (X, 5) - 65,(x, 5)dsdx < o0,
so that the associated norm is the energy norm, i.e.

&) = 5 < X(0x(0) >= 31wE I+ [ W' ).

Then we rewrite problem (3.1)—(3.2), associated to the constitutive equation (4.3) for o, as an abstract Cauchy problem as
follows

0 [1-a] a o as ;
Fri x, t) = mv -A(x) ; &P | —7 o | S (x,s)ds
0 _ 0 5.10
aagt(x, s)=vwl ¥ (x, t) + aagt(x, s) (5.10)
wl = (x, 0) = vo(x), 267%x,5) = .6°(x,5),s >0
Math. Meth. Appl. Sci. 2009, 00 1-8 Copyright © 2009 John Wiley & Sons, Ltd.
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or, in a compact form,

%x(x, t) = A()x(x, t), x(x,0) = x0(x) . (5.11)

The domain of the operator A is the dense subset of K(R", Q) defined as follows
D(A) = {x e KR",Q); Ax € KR, Q)}.

Since

5 < Ax(0).x(6) >= Sre() =~ [ Vs, (512)

t
employing standard techniques, we can affirm that A generates a strongly continuous semigroup of linear contractions S(t)
on K(R™, Q) with respect to the energy norm so that the solution of (5.11) can be written in the form x(t) = S(t)xo and
E(t) = 2 < S(t)x0, S(t)x0 >.

Finally, the equality (5.12) and the previous Theorem 5.2 assure that

/OOCE(t)dt < .

The exponential decay of the energy follows from classical theorems of semigroups theory (see, for example, [12]).
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