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A comparison of micromorphic gradient-extensions for
anisotropic damage
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section. High agreement is observed between the full and the reduced regular-

study of the evolution of the reduced micromorphic field variables.

1 | INTRODUCTION

The localization of failure zones is a well-known problem in damage mechanics simulations [1, 2]. For the regularization
of isotropic damage, numerous models have been developed that incorporate a nonlocal behavior by a regularization
of the scalar damage variable. For the regularization of anisotropic damage, an efficient and yet accurate regularization
of the damage tensor is the subject of current research. In ref. [3], we recently investigated the influence of different
micromorphic gradient-extensions, which were applied to the same local anisotropic damage model, and we observed
a high level of agreement between a strict and a reduced volumetric-deviatoric regularization (six versus two nonlocal
degrees of freedom). In this contribution, we compare both regularizations for anisotropic damage on a new structural
example with an a priori perforated failure zone to increase the complexity of the failure pattern.

Also for other inelastic phenomena, the regularization of tensor-valued internal variables is striven for with a minimum
number of nonlocal variables, see for example, refs. [4, 5] for nonlocal plasticity. An efficient regularization of the inelastic
phenomena is essential for their subsequent incorporation into multiphysics simulations, for example, refs. [6, 7], where
additional fields are considered and the number of global variables is further increased.

2 | CONSTITUTIVE MODELING AND GRADIENT-EXTENSION

The anisotropic damage model utilized in this work corresponds to the brittle version of ref. [8], which is equipped with
different gradient-extensions in ref. [3]. Here, we focus on the comparison of the strict regularization of the damage tensor
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with six nonlocal degrees of freedom to a reduced regularization of the damage tensor with two nonlocal degrees and
retain the nomenclature of ref. [3], where model A denotes the strict regularization and model C the reduced volumetric-
deviatoric regularization. Models A and C differ by the choice of the micromorphic tuple and the number of nonlocal
degrees of freedom, but are based on the same local formulation, which is briefly summarized in the following:

* Helmbholtz free energy
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Here, 7 denotes a logarithmic strain measure with # = In(C)/2, D a second order damage tensor, &, the accumulated
damage, d the local micromorphic tuple and d its nonlocal counterpart, Y the damage driving force, and R; the damage
hardening driving force. For further details, the reader is kindly referred to refs. [3, 8].

3 | NUMERICAL EXAMPLE

Inspired by ref. [9], we investigate the following asymmetrically notched specimen with a perforated shear band sec-
tion (Figure 1). The dimensions read ¢ = 110 [mm], # = 30 [mm], w = 10 [mm], r = 3.5355[mm] and the thickness is
1 [mm]. Further, we employ plane strain conditions with Q1 elements, while the application of structural elements, for
example, refs. [10-12], is aspired in future works. The material and numerical parameters read A = 25000 [MPa], u =
55000 [MPa], Y, = 2.5[MPa], 8 = 1[-], ry = 5[MPa], s, = 100[—], H; = 1[MPa], ¢; = 1 [-], K, = 0.1 [MPa],
n, = 2[-1, ay = 0.999999 -], n, = 1[MPas], Hl.A’C = 10* [MPa]. The gradient parameters of model A are chosen
A? = 300 [MPamm?*] and of model C as AiC = 1030 [MPa mm?] to obtain the same load bearing capacity, that is, the
same maximum structural force response.

In Figure 2, the force-displacement curves of models A and C are presented for a mesh convergence study with different
discretizations of 1235, 3122, 7571, and 10 143 elements. Both models yield a converged solution for the refined mesh with
3122 elements. Moreover, the structural responses of models A and C agree qualitatively and quantitatively well.
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FIGURE 1

FIGURE 2

In Figures 3 and 4, the evolution of the normal and shear components of the second order damage tensor for model A

Geometry and boundary value problem of the asymmetrically notched specimen with perforated shear band section.
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Mesh convergence study for the simulations of the asymmetrically notched specimen with perforated shear band section for
model A and model C. The forces are normalized with respect to the maximum force of the finest mesh of model A (10 143 elements) with
Fpax = 5.0403 x 10* N.

and model C is presented. The damage contour plots show an equal behavior for the normal components, Dy, and D,
for both models. Damage initiates in an inclined band between the left and right half notch along the perforated section,
where the most pronounced evolution occurs between the outer half notches and the outermost full notches. Finally, the

crack, that is, the completely damaged area of the specimen, forms between the notches with a diffuse damage zone below

and above the notches.
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(A) u = 0.9960 [mm] (B) u = 1.0140 [mm] (C) u = 1.0144 [mm] (D) u = 2.2000 [mm]

FIGURE 4 Evolution of the normal components D, and D,, (top and middle row) and the shear component D,, (bottom row) of the
damage tensor D for model C.

95UD17 SUOLUWOD 9A 81D 3l |dde ay) Ag pousenob afe ssjoiLe VO ‘8sN J0 3N Joj Aelg 1 8UlIUO 8|1 UO (SUONIPUOI-pUe-SWB)W0d A3 | Aleld /U1 |UO//:SA1IY) SUORIPUOD PUe SWe | 84} 89S *[202/60/0E] Uo Akiqiauliuo A3|1M ‘90000202 Wiked/Z00T 0T/10p/wod’ AS | im Aleid Ul |uoy//sdiy Wody pspeo(umod ‘0 ‘T90LLTIT



6 of 7

(A) u = 0.9960 [mm)] (B) v = 1.0140 [mm] (C) u = 1.0144 [mm] (D) v = 2.2000 [mm]

FIGURE 5 Evolution of the micromorphic nonlocal field variables d; and d, for model C.

The evolution of the shear components, D,,, also shows a qualitatively similar damage pattern for model A (Figure 3)
and model C (Figure 4). However, the maximum absolute value differs with |D,’3,| = 0.081 and |D§y| = 0.114 between
both models around the notches.

Additionally, the evolution of the nonlocal micromorphic micromorphic degrees of freedom of model C is shown in
Figure 5. A fully damaged state of the material corresponds to the identity, that is, D = I, and, hence, the maximum value
of the first component of the micromorphic tuple,d; = tr(D)/3,yieldsforD = Iavalueofd, = 1in thearea of the crack.

The second component of the micromorphic tuple, d, = tr(dev(D)Z), initially grows and yields non-zero values in the
entire shear band section, but finally for D = I, a value of d, = 0 in the area of the crack is obtained.

4 | CONCLUSION

In this work, we applied an anisotropic damage model with two different gradient-extensions for the simulation of an
asymmetrically notched specimen with a perforated shear band section. The gradient-extensions differ in their number of
nonlocal degrees of freedom, six versus two, thereby, describing a full and a reduced regularization. The efficient reduced
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volumetric-deviatoric regularization yields results in close agreement with the full regularization and confirms the results
of previous studies in ref. [3] on a new structural example. Furthermore, additional studies with respect to the evolution
of the micromorphic variables are presented.

Currently, the model describes damage as induced anisotropy. In future works, we aim for the extension towards initial
anisotropy analogously for example, refs. [13, 14]. Furthermore, the reduced model may be applied to the anisotropic
damage modeling of paperboard [15, 16] and failure model identification with iCANNSs [17].
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