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Abstract. The behavior of quasi-brittle materials, such as concrete, is closely tied to their heterogeneous structure,
leading to complex responses to applied loads, including the formation of localized zones of damage. Tradi-
tional continuum mechanics models fail to adequately consider the influence of microstructure. To address this
limitation, generalized continuum theories have emerged, such as the micromorphic theory, which incorporates
additional degrees of freedom to capture the material’s microstructure. Additionally, these theories can effectively
handle localization issues in quasi-brittle materials represented as elastic-degrading media due to their nonlocal
nature. In this study, we investigate the influence of heterogeneity on determining constitutive relations for micro-
morphic media using a homogenization approach, with a particular focus on quasi-brittle materials. By employing
a homogenization technique, the effective constitutive relations for the micromorphic continuum are obtained con-
sidering the heterogeneity in a finer-scale. This miscrostructure formed by aggregates and matrix considered in
the finer-scale is generated by the take-and-place algorithm and its behavior is described by a classical continuum.
Furthermore, an important challenge when modeling with the micromorphic theory is the determination of the 18
elastic parameters required for an elastic isotropic medium. To overcome this obstacle, through this homogeniza-
tion framework, only classical parameters for the microstructure components are required for the analysis. An
analysis is here conducted in order to understand the effect of different characteristics of the finer-scale, as mesh,
microcontinuum size, and heterogeneity distribution, on the resulting macroscopic micromorphic constitutive rela-
tions. This work could lead to models that are able to capture the microstructure influence, often disregarded when
modeling quasi-brittle media, associated to a generalized continuum theory.

Keywords: Micromorphic media, heterogeneity, constitutive relations, homogenization, quasi-brittle materials

1 Introduction

Considering the classical continuum theory, a material is kinematic and statically described based on average
macroscopic characteristics. These characteristics are defined adopting the concept of a material particle [1] as-
sociated to a representative volume element (RVE) [2H4]]. The RVE for a material point of a continuum mass is a
material volume that is statistically representative of the infinitesimal material neighborhood of that material point
[SH71.

Considering the modeling of damage and fracture for heterogeneous materials (e.g., composite solids, mix-
tures and multicomponent fluids, soils, and rocks), their internal structure directly influences the structural be-
havior. This leads to a complex degradation process, which is strongly correlated to the inhomogeneities at the
microscales and to defects that may exist at such scales. Therefore, the existence of a representative volume that
includes a considerable number of microheterogenities, allowing the representation of local properties by mean
values and continuous variables [7], is greatly attractive specially when associated to the idea of Continuum Dam-
age Models. In CDM the medium is modeled as a continuum body macroscopically and the collective effect of
damage is described by field variables denominated damage variables []].

Continuum damage models, however, have a major drawback, as finite element computations based on these
models may suffer from a number of issues, being one of the most studied problems in the literature their strong
mesh dependency. These issues emerge from the softening behavior of such models characterized by a reduction
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in the load-carrying capacity of the material when a certain deformation threshold is reached. This leads to the
concentration of the degrading phenomena in a certain part of the body, process called numerical strain localization.

One approach described in the relevant literature able to deal with the above shortcoming, is the adoption of
generalized continuum theories. Generalized continuum theories are based on the generalization of standard con-
tinuum mechanics of Cauchy through the expansion of its basic working hypotheses. These generalizations, first
introduced by Voigt [9] and the brothers Cosserat [[10], involve additional degrees of freedom (higher order con-
tinua) or/and higher order gradients of the displacement fields (higher grade continua) [[11H14]. The micromorphic
continuum theory [[15H17]], included in the former category, introduces an internal length in its formulation, which
is related to an additional field that enriches the continuum kinematics with effects connected to the microstruc-
ture of the material. Hence, this generalized theory is well suited to model heterogeneous materials wherein the
RVE concept associated to a classical continuum does not represent satisfactorily all the phenomena related to the
influence of the substructure or the structural dimensions are small comparatively to the microstructure.

An important obstacle in adopting the micromorphic theory, despite its advantages, is the need to determine
the elastic constitutive parameters required for such theory. In the asymmetric theory more than 1000 constitutive
coefficients are involved in the general anisotropic case. Even for isotropic materials, the constitutive equations
contain 18 material constants. A homogenization strategy is here used to address this problem [18]] and also
extended to the case of a heterogeneous material. This work presents a study of this technique applied to hetero-
geneous quasi-brittle materials, more specifically concrete, building the foundation for subsequent modeling of
heterogeneous micromorphic media associated to elastic-degrading models [19]].

2 Micromorphic media

In the micromorphic theory, every material point within the macrocontinuum is considered as a continuum of
small extent, forming a deformable particle. In a linear approximation, the following strain tensors can be defined
(16} 171

€kl = ULk — Pk, 2er = O + i, Vilm = Pki,m (D

in which ey, e, and vi;,, are the linear strain tensors; u; is the displacement vector related to the particle centroid;
dr1 = Xkl — O 1s the microdisplacement tensor.
For an isotropic linear elastic micromorphic solid, the following constitutive equations can be obtained [20]:

th = Aklmnemn + Ek:lmnemna Skl = Emnk:lemn + Bklmnemny and Mgim = Clmk:npq’anq (Za,b,c)

where tj; is the non-symmetric Cauchy stress tensor; si; is a symmetric stress tensor named micro-stress average
[16]; Mg, is the stress moments tensor; and Agipmn, Biimn, Crkimnpq: Ekimn are the constitutive moduli.

3 Homogenization of a classical heterogeneous medium towards a micromorphic contin-
uum

In the relevant literature, well-established analytical and discrete formulation of the micromorphic theory can
be found. Nevertheless, the identification of the corresponding constitutive laws and the determination of the high
number of constitutive parameters limit its practical application. To overcome these obstacles, a homogenization
strategy, proposed by da Silva et al. [18] and based on the principles presented by Hiitter [21], is employed here.
This method involves a multiscale formulation for the construction of macroscopic micromorphic constitutive
relations using homogenized microscopic quantities obtained from the solution of boundary value problems at
the microscale according to the classical continuum theory. This strategy begins with models of the classical
continuum on the microscale, without making any constitutive assumptions on the macroscale. As a result, the
required material parameters are those found in the classical theory.

For this formulation, the domain V is conceived as divided into into small finite volumes AV (X)), here called
microcontinuum. For the construction of the constitutive moduli, the material particles are subjected to Cauchy
stress states resulting from elementary states of strain. The Cauchy stress states o;; at the microscale are obtained
adopting an analytical formulation presented in da Silva et al. [18]]. This method approximates the microscale
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(microcontinuum scale) stress based on a micromorphic stress state at the macroscale (structural scale). Based on
this approximation, the micromorphic stress tensors at the macroscale are then obtained by homogenization. This
homogenization strategy can be applied to obtain the initial elastic tensor for the first step of the first iteration of
a non-linear analysis. In subsequent works, the authors intend to apply this technique associated with the scalar-
isotropic damage models proposed by Reges et al. [19]] to model heterogeneous materials.

In order to incorporate the particle heterogeneity, each microcontinuum AV (X)) is then considered as hetero-
geneous with a microscale model generated by the take-and-place algorithm. The take-and-place method, based on
Bazant et al. [22], Schlangen and van Mier [23]], and Wittmann et al. [24], simulates size and spatial distributions
of aggregate particles by the random sampling principle of Monte Carlo. In this method, samples of particles are
taken from a source that follows a given grading curve and placed one by one into the analysis domain with no
overlapping with particles already placed. One commonly used continuous grading curve is given by Fuller (see
Wriggers and Moftah [25] for more details).

In order to guarantee that all aggregate particles are coated with a minimum thickness of mortar film, a
distribution factor (DF) is defined, where an offset on the radius of the particle is set, enlarging the aggregate size
prior to checking the existence of overlapping.

Another aspect of the microstructure generator is the definition of the shape of the particles, which is closely
related to the aggregate type [26]. For simulating both round and angular shapes, the aggregates can be modeled
as circular or polygonal/irregular particles.

After the microstructure is generated, a finite elements mesh is associated to it, wherein triangular and quadri-
lateral element can be used. The material properties for the aggregates are then set to each element whose position
coincides with a particle and the remained elements are set as having mortar matrix properties. The material
properties at the microscale are defined as for a linear-elastic classical medium.

After the microstructure generation and the mesh definition, a heterogeneous microcontinuum or RVE is
associated to each integration point of the model under analysis. Then, the homogenization technique described in
da Silva et al. [18] is processed for each element that composes the RVE. The homogenized stresses are obtained
as an average carried over the number of elements n per microcontinuum:

_ 1 i /
Iy = —— Epoan’ ids’ (x) 3)
MTAV(X) zl: DAV (X) v
1 - /
MEim = 7 ov Er0’31Emn’ids’ (X) “4)
AV (X) 21: DAV (X)
1 n /
S5k = o 0 dv’(X7) )
AV (X) Zl: AV (X)

where OAV’, AV’ and o’;; represents the contour, the volume and the Cauchy stress for each element in the
microcontinuum respectively; n’; is the normal to OAV’; = is a position vector; x;, Mim, and 5y, are the
micromorphic stresses obtained by homogenization. The constitutive equations are then defined

tkl = Aklmngmn + Eklmn¢mna Skl = Emnklgmn + Bklmn¢mn7 and Miim = Clmknpq’?npq (6a,b,c)

and the components of macroscopic micromorphic stress are determined, which, as a result of elementary states of
strain, consist of the terms of macroscopic micromorphic constitutive relations.

4 Study of the homogenization technique

In order to model non-linear problems with the micromorphic theory associated to a heterogenous microcon-
tinuum, an initial study of the proposed homogenization strategy is here presented aiming to evaluate the influence
on the constitutive relations of the type and size of the elements that compose the mesh for the microcontinuum as
well as the impact of the microcontinuum size. The results are presented in the following sections.
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4.1 Mesh study

To evaluate the impact on the homogenized constitutive operator of the type and size of the element that
composes the microcontinuum discretization, the meshes illustrated in Fig. [I] for quadrilateral elements and in
Fig. |2| for triangular elements were studied. A square heterogeneous microcontinuum of size 50 mm was consid-
ered for all the meshes and, for the microstructure, the following parameters: maximum sieve size d,q, = 19
mm; minimum sieve size d,,;, = 9.5 mm; continuous particle distribution; spherical particles; particle fraction
PF = 30%; distribution factor DF = 0.2; n. = 0.5 for the Fuller’s distribution [23]; Young’s modulus for the ag-
gregates Fpqriicie = 300 GPa; Poisson’s ratio for the aggregates vpq,ticie = 0.2; Young’s modulus for the matrix
Eatriz = 30 GPa; Poisson’s ratio for the matrix v,,4¢ri2 = 0.2.

(a) Mesh 1: (b) Mesh 2: (c) Mesh 3:
25 mm X 25 mm 10 mm X 10 mm 5 mm X 5 mm
(d) Mesh 4: (e) Mesh 5: (f) Mesh 6:
2.5 mm X 2.5 mm 1 mm X 1 mm 0.5 mm X 0.5 mm

Figure 1. Mesh study: quadrilateral microcontinuum meshes

(a) Mesh 1: average size  (b) Mesh 2: average size (c) Mesh 3: average size 5 (d) Mesh 4: average size (e) Mesh 5: average size 1
25 mm 10 mm mm 2.5 mm mm

Figure 2. Mesh study: triangular microcontinuum meshes

To each discretization, the same heterogeneous microstructure was associated, obtaining a heterogeneous
microcontinuum. Subsequently, the homogenization process was carried out and the elastic constitutive operator
for the micromorphic continuum obtained containing Agimns Eximns Emnkis Brimns and Cimknpg (Eq. EI) Some
values obtained for the components of the constitutive tensors versus the element size are presented in Fig. [3]

Observing all the results obtained for each constitutive tensor, its is possible to identify a convergence in the
values for element sizes smaller than 5 mm for quadrilateral and triangular elements. For more refined meshes the
quadrilateral element presented a lower time for obtaining the constitutive tensor by the homogenization technique
due to the presence of fewer elements in the mesh.

It is important to note that the results for this study apply for a heterogeneous microstructure with the pa-
rameters previously specified for particle fraction, distribution factor, and sieve sizes. For other distributions,
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another study should be conducted to determine the element type and size that yield better results with the lowest

processing time.
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Figure 3. Mesh study: samples of components of the constitutive operators A;;xi, Eijii, Bijki, and Cijgimn

4.2 Microcontinuum size and distribution study

After the definition of the appropriate size and type of the element for the microstructure discretization, a
study of the microcontinuum size associated with an analysis of the influence on the constitutive operator of the
distribution randomness was conducted.

Adopting quadrilateral elements with dimension 5 mm, square RVE’s with sizes varying from 20 mm up to
120 mm were studied. For each microcontinuum size, 200 particle distributions were generated to evaluate the
variation of the components of the constitutive operator due to the randomness of the take-and-place algorithm.
Figure [ shows some examples for the microstructure generated for the same input parameters considering a mi-
crocontinuum of size 100 mm. Figure[5]illustrates the values for some components obtained for a microcontinuum
of size 100 mm for the 200 distributions generated.

o o Op O o_ O
27069 | |0 60 0% ©@©° 0
OOOOOO 0000 0 OOOO ©)

@) %0-Qe| |00 Y Oq
cod % 0 o 0
o 00 Oo| | © 000

Figure 4. Distribution study: random generation of particles with same input parameters for microcontinuum of
size 100 mm

The observed behavior for the tensors A;jxi, Eijri, Eriij, and By is similar, where components with in-
dexes 1111, 1122,2211, 2222, 1212, 1221, 2112, and 2121 tend to an average value and the remaining components
oscillate around zero. This corresponds to the expected behavior of these tensors for a plane analysis due to the
uncoupling of the corresponding stress-strain measures. The components of the tensor C’ jxim» present a tendency
to fluctuate around a average value, what also fits with the anticipated behavior for this type of analysis.

Considering all the microcontinuum sizes analyzed, the average value for each component for each RVE size
was calculated. The results are presented in Fig. [f]for the average values obtained versus the microcontinuum size.
The results for the tensors A;j;, Eijki, Eriij, and Byji; are similar, where non-zero components tend to a certain
value with the increase in the microcontinuum size, probably due to the better representation of the microstructure
and its particles. For tensors A;;; and E;;; components that were expected as null presented a negligible fluctu-
ation around zero values. The average values obtained for the tensor C';;.im» present an exponential growth as the
microcontinuum increases, with no convergence to a value. These results may be correlated to the formulation of
the micromorphic theory where the tensor C;ximy is more significant with the increase of the size of the material
particle, but further studies are necessary to attest this hypotheses.
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Figure 5. Distribution study: components of the constitutive operator A;;x, Eijki, Bijki, and Csjimy (microcon-
tinuum 100 mm)
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Figure 6. Distribution study: average of the components of the constitutive operator A;jx, Eijki, Bijri, and
C'ijkimn Versus microcontinuum size

5 Conclusions

Considering the great potential of the micromorphic theory for properly representing materials with hetero-
geneous microstructure, this work presents an initial study of the adoption of a homogenization technique over a
concrete RVE described by classical continuum mechanics. The microstructure is generated through the take-and-
place algorithm in which, for the aggregate size distribution, a Fuller curve was used associated to the sieve sizes
specified by ABNT NBR 7211 (25.0 mm to 4.75 mm). The behavior observed in the micromorphic consti-
tutive operators when considering heterogeneity agrees with the expected results, verifying the proper functioning
of the technique.

This work presents multiple possibilities for the study of the influence of the heterogeneous microstructure in
the structural behavior with the use of the micromorphic theory. The inclusion of voids in the microstructure and
the adoption of this strategy to model non-linear problems associated to the elastic degradation models proposed
by Reges et al. are topics to be further explored by the authors.

Acknowledgements. The authors gratefully acknowledge the important support of the Brazilian agencies FAPEMIG
(in Portuguese “Fundagdo de Amparo a Pesquisa de Minas Gerais” - Grant PPM-00747-18), CNPq (in Portuguese
“Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico, Brazil” - Grant 316240/2021-4) and CAPES
(in Portuguese “Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior”)

Authorship statement. The authors hereby confirm that they are the sole liable persons responsible for the au-
thorship of this work, and that all material that has been herein included as part of the present paper is either the
property (and authorship) of the authors, or has the permission of the owners to be included here.

CILAMCE-2023
Proceedings of the XLIV Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Porto, Portugal, November 13-16, 2023



P. D. N. Reges, R. L. S. Pitangueira, L. L. Silva

References

[1] A. K. Mal and S. J. Singh. Deformation of elastic solids. Prentice Hall, Inc., Englewood Cliffs, NJ, USA,
1991.

[2] E. Kroner. Bounds for effective elastic moduli of disordered materials. J. Mech. Phys. Solids, vol. 25, n. 2, pp.
137-155, 1977.

[3] J. R. Willis. Variational and related methods for the overall properties of composites. Adv. Appl. Mech., vol.
21, pp. 1-78, 1981.

[4] Z. Hashin. Analysis of composite materials - a survey. J. of Appl. Mech., vol. 50, n. 3, pp. 481-505, 1983.

[5] R. Hill. Elastics properties of reinforced solids: Some theoretical principles. J. Mech. Phys. Solids, vol. 11, n.
5, pp- 357-372, 1963.

[6] R. Hill. The essential structure of constitutive laws for metal composites and polycrystals. J. Mech. Phys.
Solids, vol. 15, n. 2, pp. 79-95, 1967.

[7] S. Nemat-Nasser and M. Hori. Micromechanics: Overall Properties of Heterogeneous Materials. Elsevier
Science Publishers, Amsterdam, The Netherlands, 1993.

[8] L. Kachanov. On the time to rupture under creep conditions. Izvestia Akademii Nauk SSSR, Otdelenie Tekhnich-
eskikh Nauk, vol. 8, pp. 26-31. in russian, 1958.

[9] W. Voigt. Theoretische studien iiber die elasticitdtsverhaltnisse der krystalle. Abhandlungen der Koniglichen
Gesellschaft der Wissenschaften, vol. 34, pp. 3-52, 1887.

[10] E. Cosserat and F. Cosserat. Théorie des corps déformables. Librairie Scientifique A. Hermann et Fils, Paris,
1909.

[11] P. Germain. La méthode des puissances virtuelles en mécanique des millieux continus premiere partie: théorie
du second gradient. J. Méc., vol. 12, n. 2, pp. 235-274, 1973a.

[12] P. Germain. The method of virtual power in continuum mechanics. part 2: Microstructure. J. Appl. Math.,
vol. 25, n. 3, pp. 556-575, 1973b.

[13] S. Forest. Mechanics of generalized continua: construction by homogenization. J. Phys. IV, vol. 8, pp.
Pr4-39, Pr4-48, 1998.

[14] C. B. Hirschberger. A Treatise on Micromorphic Continua. Theory, Homogenization, Computation. PhD
thesis, Technische Universitét Kaiserslautern, Kaiserslautern, Germany, 2008.

[15] R. D. Mindlin. Micro-structure in linear elasticity. Archive for Rational Mechanics and Analysis, vol. 16, pp.
51-78. Communicated by R. A. Toupin, 1964.

[16] A. C. Eringen and E. S. Suhubi. Nonlinear theory of simple micro-elastic solids — I. Int. J. Eng. Sci., vol. 2,
n. 2, pp. 189-203, 1964.

[17] E. S. Suhubi and A. C. Eringen. Nonlinear theory of simple micro-elastic solids — II. Int. J. Eng. Sci., vol. 2,
n. 4, pp. 389-404, 1964.

[18] L. L. da Silva, R. L. da Silva Pitangueira, and S. S. Penna. Multiscale numerical strategy for micromorphic
description of quasi-brittle media from classical elastic damage models at the microscale. Appl. Math. Model.,
2022.

[19] P. D. Reges, R. L. Pitangueira, and L. L. Silva. Elastic degradation models for the micromorphic continuum.
International Journal of Non-Linear Mechanics, vol. 154, pp. 104450, 2023.

[20] A. C. Eringen. Microcontinuum Field Theories: I. Foundations and solids. Springer, New York, 1999.

[21] G. Hiitter. Homogenization of a Cauchy continuum towards a micromorphic continuum. J. Mech. Phys.
Solids, vol. 99, pp. 394408, 2017.

[22] Z. P. Bazant, M. R. Tabbara, M. T. Kazemi, and G. Pijaudier-Cabot. Random particle model for fracture of
aggregate or fiber composites. Journal of Engineering Mechanics, vol. 116, n. 8, pp. 1686—1705, 1990.

[23] E. Schlangen and van J. Mier. Simple lattice model for numerical simulation of fracture of concrete materials
and structures. Materials and Structures, vol. 25, pp. 534-542, 1992.

[24] F. Wittmann, P. Roelfstra, and H. Sadouki. Simulation and analysis of composite structures. Materials
Science and Engineering, vol. 68, n. 2, pp. 239-248, 1985.

[25] P. Wriggers and S. Moftah. Mesoscale models for concrete: Homogenisation and damage behaviour. Fi-
nite Elements in Analysis and Design, vol. 42, n. 7, pp. 623-636. The Seventeenth Annual Robert J. Melosh
Competition, 2006.

[26] Z. Wang, A. Kwan, and H. Chan. Mesoscopic study of concrete i: generation of random aggregate structure
and finite element mesh. Computers & Structures, vol. 70, n. 5, pp. 533-544, 1999.

[27] ABNT NBR 7211. Agregados para concreto - especificacdo. Associagdo Brazileira de Normas Técnicas,
2005.

CILAMCE-2023
Proceedings of the XLIV Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Porto, Portugal, November 13-16, 2023



	Introduction
	Micromorphic media
	Homogenization of a classical heterogeneous medium towards a micromorphic continuum 
	Study of the homogenization technique
	Mesh study
	Microcontinuum size and distribution study

	Conclusions

