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Abstract

This paper discuss the possibility of structural failure prediction using a theory of continuum
media with microstructure. The proposed theory allows an adequate description of the strain-
softening and localization behaviors due to the material degradation. This theory is similar to
some other continuum damage theories for elastic materials that introduce higher order
gradients of the damage variable in the constitutive model in order to avoid the ill-posedness
in the post-localization range. The possibility and main features of such kind of approach are
discussed through examples concerning elastic-plastic and brittle-elastic behaviors.
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1- INTRODUCTION

Continuum Damage Mechanics uses a phenomenologica approach to model the effect of
microscopic geometric discontinuities induced by the deformation process (micro-cracks,
micro-voids, so on) on the macroscopic behaviors of a structure. In continuum damage
theories an internal variable related to the growth and coalescence of micro-defects before the
macroscopic crack initiation (whose definition and physical interpretation may vary form one
model to the other. Therefore, the problem becomes to establish the constitutive relations for
the damage variable as a function of the other state variables.

Many different continuum damage theories have been proposed to describe the
degradation process in elastic brittle materials. The local damage theories, Kachanov (1986)
and Lemaitre et al (1990), often lead to a physically unredlistic description of strain
localization phenomena. In general, due to the loss of elipticity of the governing equations in
the post-localization range, the resulting mathematical problems may present an infinite
number of solutions with discontinuous fields of displacement gradients what leads to
numerical difficulties of mesh-dependence, Knowles et al. (1978), Bazant et al. (1988) and
Vree et al (1995). In order to avoid the loss of well-posedness in the post-localization range,
some alternative non-local approaches were proposed, Costa-Mattos et al (1992) and (1995),
Frémond et al (1996) and Domingues (1996), for example. Some of these alternative theories



introduce higher order gradients of the damage variable in the constitutive model.
Although such theory allow a mathematically correct modeling of the strain localization
phenomena, they are usually considered very complex to handle from the numerical point of
view.

The present paper deals with an aternative gradient enhanced theory in which the
continuum is supposed to possess a microstructure. In the resulting nonlinear mathematical
problems the coupling between damage and strain is circumvented by means of a splitting
technique which allows to solve the nonlinear problem through a sequence of simpler linear
problems, Domingues (1996). To demonstrate the capability of the proposed model some
examples involving elastic and elastic-plastic problems are exploited.

2- MODELING - BASIC BALANCE EQUATIONS

A body is defined as a set of material points B which occupies a region Q of the
Euclidean space at the reference configuration. In this theory, besides the classical variables
that characterize the kinematics of a continuum medium (displacements and velocities of
material points), an additional scalar variable 3 J[0,]], is introduced. This variable is related

with the links between material points and can be interpreted as a measure of the loca
cohesion state of the material. If 3 =1, all the links are preserved and the initial material

properties are preserved. If 3 =0 aloca rupture is considered since al the links between
material points have been broken. The variable g is associated to the damage variable D by
the following relation: 3 =1- D. Since the degradation is an irreversible phenomena, the rate

B must be negative or equal to zero.

In this section are presented a summary of the basic balance equations of the modeling.
Here, the appropriate conservation laws that governing the evolution of a continuous
damageable body are postulated. To simplify the presentation, non mechanical external
actions that may affect the cohesion of the material points are neglected. A more detailed
discussion about the basic principles can be found in Costa-Mattos et al (1995).

The main difference from other damage theories are some additional terms in the balance
of energy equations and a additional conservation law for the microscopic forces associated to
B must be postulated. Thus, besides the classical balance relations for linear momentum and

angular momentum, the evolution is supposed to be governed by the following local balance
relations:

divH - F=0 (1)
pe=o.0u+H.OB+FB—divz +pr (2)

where p is the density, @ is the stress tensor, e is the specific interna energy, u is the
displacement, z is the heat flux vector, H is the microscopic internal force related to [0, Fis
the microscopic internal force related to 3 and r is a heat source per mass and time. The
equation (1) is the balance of microscopic forces and the equation (2) is the balance of energy.

3- CONSTITUTIVE EQUATIONS

The balance equation and the second law restriction are valid for any kind of process. A
complete modeling requires additional information in order to characterize the behavior of



each kind of material. In this section it is presented a general constitutive theory for
damageable materials.

State variables: Under the hypothesis of small deformations and isothermal process, the local
state of a damageable material is supposed to be a function of the total strain
:%[Du+(Du )TJ, of the cohesion variable 3 and its gradient [O3. To complete the

presentation of the constitutive theory of a hypothetical material, initially only a scalar internal
variable ¢ related with other dissipative mechanismsis considered.

Free energy - state laws. Following the classical assumption of the Thermodynamic of
Irreversible Processes, the free energy W is supposed to be a function of the state variables
with the following form:

W(e, B.0B.6,2) = W(e, B,0B,0) + %kDB.DB 3)

A

where W is a differentiable function such that %—: >0 and k is a positive function of the

absolute temperature 6. The term (%)]B.DB is so considered to give B adiffusive behavior,

thus smoothing the field 3 on Q.

The here called thermodynamic forces (o, B®,H, s,B%) related to the state variables
(¢, B,0B, ) are defined from the free energy by the state laws:

5= @
H:5%§5:kmg (5)
8 =75 ©®)
B = ‘Z—? @

It can be observed that the state variables are taken as independent parameters in
equations (4) - (7). To complete the constitutive equations additional information about the
dissipative behavior must be obtained from the Fourier law and evolution laws for fand ( .

Evolution laws
The evolution laws are obtained from a potential ®(B?,B®; €, B,0):

L U B Y
o wa b -2 ®

where ¢, is a positive materia constant, <a> =max{0,a} . An alternative set of constitutive
equationsis given by:



Zz—)\ai and B=- ai—iF,)\zo;qnso;m:o (9)
oB° B* c,

In Chimisso (1994) and Costa-Mattos et al (1995) is shown that the state laws, equations
(4) - (7), and the evolution laws, equations (8) or (9), form a complete set of constitutive
equations that always verify the second law restriction, regardless the geometry of the body,
the external actions, the initial and boundary conditions, provided @ isaconvex and positive

function of (B®,BP) such that:
®(BP=0,B°=0;,¢B,0)=0 O (B0 (10)
3.1- Brittle-elastic constitutive model

The congtitutive equations for brittle-elastic material are presented after some specific
assumptions about the state variables and the state laws.

State variables. Thelocal state of a brittle-elastic materia is supposed to be a function of the
total strain €, of the cohesion variable 3 and of itsgradient [Jf3.

Free energy — state laws. In linear elasticity, it can be supposed that the free energy of the
elastic material is composed by a mechanical term qJe (€) . Thus, the proposed free energy W
can be represented by the following expression:

Y=p Y () + % kOR.OB (11)
P (€)= pneg + %7\ (tre)? (12)

where p and A are Lamé's constants. The here called thermodynamic forces (o, B?,H, )
related to the state variables (g, 3,JB) are defined from the free energy by the state laws.
These equations have the same form presented in the equations (4) to (7).

Evolution laws: The evolution law for cohesion variable 3 can be derived from the
evolution law adopted in the local damage theory:

Bz—%<(BB—W)—F>, if B>0 and B=0, if p=0 (13)

where C and w are positive constants of the material, respectively, a coefficient related to the
viscosity and the elastic strain energy (the area below the linear part of the curve stress versus
strain). The constant C is associated to constant c, of (8).

After some consideration, Costa-Mattos et al (1995) and Domingues (1996), the final
relations are the following:
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o= (m)[l—Zv tr( e)l +€] (14)
_ E \% 2 _ :
F_(2(1+V))[(1—2\)) (tr(€))” +e€] —w+A, +C[3+)\[-3 (15)
H=k(OB) (16)

where E is the Young modulus, v is the Poisson’s ratio, C is a coefficient related to the
viscosity and k is a diffusive constant. The terms A, and )‘B are Lagrange multipliers

associated, respectively, to the constraints =0 and <0, they are such that: A =0,
BA; =0 and A, <0, A, =0.

3.2- Elastic-plastic constitutive model

State Variables : Under the hypothesis of small deformations, the local state of a elastic-
plastic material is supposed to be a function of the total strain €, of the plastic strain €”, of
the cohesion variable 3, of its gradient [3, and also of a scalar variable p associated with the
isotropic hardening, and of a second order tensor variable ¢ associated with the kinematic
hardening .

Free Energy - State Laws. Following the classical assumption of the Thermodynamic of
Irreversible Processes, the free energy is supposed to be a function of the state variables. Thus,
the following expression is proposed for the free energy, considering a elastic-plastic
behaviour:

W(ee®, p,cB,0PB) =P W.(e-€")+W (p) + W (c)] + %kDB-DB a7)
Yo = v, E)-'- — PGy (18)
VZ
1
W =3 a(c.c) (19)

where W, (e-¢€P) = LIJe(s), equation (12), vi, v, & 0O, are non negative constants and
(e —€P) =¢° isthe éastic strain tensor. The here caled thermodynamic forces (o, X, y, G,

H), related to the state variables (€°, ¢, p,3,00B) are defined from the free energy by the state
laws:

0¥ _ BE O wv . . O
-
:%_q):[_}(ac) (21)
C
ow

= a_p = B[Vl(l_ e_vzp)+ Gy] (22)



(3:?3_LBP:qJe+L|Jp+L|JC (23)

where o isthe stress tensor and H was presented in last section.
Plastic Potential - Evolution Laws. To complete the constitutive equations additional
information about the dissipative behaviour must be given. This information can be obtained

from a plastic potential F and are called evolution laws. The potentia F is supposed to have
the following form :

x=J(0-X)-y+g(X, G;g¢€",p, c,B) (24)

with J(0 — Xx) being the Von Mises equivalent stress, and

_b _@ Gz_ 1 l:HJe-'-LlJp-'-LIJc
g=—;(-% 2([3(3-C)+280 s 0 B g (25)

Besides the plastic potentia ¥, another potential X(B) =P, is used to take into account the
restriction < 0 . Hence the following evolution laws are postul ated:

g’ = )\a—x =A §[(cr—x )aer 1 IO —X)] (26)
00 2

c=-A %K —gp B (27)
0X a
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where A20, x<0, Ax=0 and A=0, <0, AXx=0. Besides, F is a microscopic internal
force associated with 3, A isthe Lagrange multiplier related with the restriction x <0, and

A isthe Lagrange multiplier related with the restriction X < 0.

It is possible to prove that the state laws (20) - (23) and the evolution laws (26) - (29)
define a complete set of thermodynamically admissible constitutive equations.

Introducing equations (16) and (29) in the equation of the balance of microscopic forces
(Chimisso & Costa Mattos, 1994) and using the change of variables:3 = 1-D, the following
bal ance equation is obtained:

(CAD+A(W, +W, +U,)/S;)=D (30)
4- EXAMPLES

The main goal of thiswork isto show a genera idea of the theory which is presented and
discussed in several papers, for example, Domingues (1996) and Chimisso (1994).



4.1- Brittle-elastic

The double edge cracked plate, which contains crack length a =4 mm, length L = 25 mm
and width W = 10 mm, is loaded with a prescribed displacement u(t) at the both sides, figure
1. The existent symmetry permits to analyze only a quarter of the plate, in that case the upper
right quarter of the plate, figure 1.

K— 2W —

NN
u(t)

Figure 1. The cracked plate

The usua bilinear quadrilateral finite element mesh are used on the discretization of the
problem. In the region where the highest levels of damage are expected the mesh has a great
quantity of elements with small mesh parameter. In this study were considered plates of

concrete and the following values: E=27.0GPa, k= 02MPamm*, C=10x10"°MPas and
w=50 x 10~°MPa, Domingues (1996). The prescribed displacement and the adopted time step
are given respectively by u(L,t) = at, (o = 50x10° mm/s).

Figure 2 shows the damage evolution on the plate. To simulate the damage evolution on
the plate, the damage field (D =1-[) at four different time steps are presented. After the
instant 1.577s, the plate is broken in two parts undergoing arigid body motion.
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Figure 2. Damage levels at the instants t=1.3s, t=1.573s, t=1.575s e t=1.577s.

In order to complete the study a curve of the external force versus the displacement u(t)
are presented in the figure 3. The curve permit to observe the expected softening behavior.
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Figure 3. Force x displacement u(t).
4.2- Elastic-plastic

A near rupture behaviour example

To exemplify the use of the theoretical model, we simulate a monotonic test in an ASTM
6351 aluminium alloy and its behaviour near the final rupture. The test was simulated with
controlled strain amplitude where the displacement initial conditions was u(t = 0, z =L )=0
andu(t=T,Z=L)=0,7L.Itisconsidered lengthL = 1,0,k = 0,01 and Sy = 56,0.
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Figure4. Curveo x AL/L.

Figure 4 shows the axial stress component for different elongations, where dot line is the
experimental data and hairline is the theoretical results. The theoretica results are in
agreement with the experimental data.

5- CONCLUSIONS

The study of different problems demonstrate that the gradient-enhanced damage theories
allows a correct qualitative description of the strain-softening phenomena. Also, the proposed
damage theory can describe the evolution of the damage, the stress and the displacement fields
for structure formed by different materials (concrete, glass and ceramic, metallic aloy, for
instance), Domingues (1996) and Chimisso (1994).
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