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1. Introduction

Many approaches to simulate fracture mechanics problems show an acceptable level of maturity in the scientific com-
munity. Current methodologies could be grouped in two families:

(i) The cohesive surface approach to fracture, where the fracture process zone (FPZ) is condensed into a cohesive interface
with displacement jumps across it. A “discrete-type” constitutive law is prescribed to characterize the evolution of the
cohesive traction with respect to the displacement jump on the crack faces, see Needleman (2013), Zhang and Paulino
(2005) and the references cited therein.

(ii) The continuum approach to fracture, where regularized “continuum-type” stress-strain theories are used to characterize
the response of the solid including the FPZ, which is idealized as narrow bands with intense strain-localization and
material softening (Pijaudier-Cabot and Bazant, 1987; Aifantis, 1984; Mroginski et al., 2011).

Some attempts to link both methodologies have been proposed in the literature, see for example Oliver et al. (1999, 2002),
Oliver (2000), Huespe et al. (2011).

These two families of models can be grouped into a more comprehensive category, named the phenomenological approach
to failure mechanics. In this context, the “discrete” as well as the “continuum-type” constitutive relations consider one single
length scale of analysis (mono-scale analysis). Thus, degradation micro-mechanical effects can only be regarded partially,
either by introducing internal variables (see Horstemeyer and Bammann, 2010 and references cited therein) or additional
kinematical descriptors (Duda et al., 2015; Mariano, 2002). In spite of its computational appeal, this class of methodologies
has serious limitations. For arbitrary loading histories, it is not a trivial task to determine the format or structure of
macroscopic laws with the ability to capture complex failure phenomena taking place at smaller length scales. Major chal-
lenges in the development of phenomenological models for material failure are: (i) the characterization of material pa-
rameters and internal variable evolution laws, via well-defined experimental tests, and (ii) the rigorous formulation of the
mechanical model, within a thermodynamically consistent framework.

With the aim of circumventing the drawbacks of phenomenological approaches to material modeling in general, and
fracture mechanics modeling in particular, an alternative paradigm can be employed: the so-called multiscale approach
(Nemat-Nasser and Hori, 1999; McDowell, 2010). This paradigm incorporates the heterogeneous micro-structure in the
formulation of the macroscopic constitutive model through the homogenization concept. The idea is intuitive and comes from
the early days of material modeling science (Hill, 1963, 1965a, 1965b, 1972; Hashin and Shtrikman, 1963; Budiansky, 1965).
The crucial assumption is to remove the constitutive definition at the macroscopic level and defining it at a smaller length
scale, where the behavior of each of the material micro-constituents and their interactions are characterized. Then, by using
averaging techniques, an overall constitutive response is transferred to the larger scale. Following this concept, effective
material behaviors can be retrieved from the intricate interactions between geometry and constitutive behavior of all micro-
structural constituents occurring at the smaller scale.

Among the many different multiscale strategies available at present (see for example Hill, 1965a; Hashin and Shtrikman,
1963; Eshelby, 1957; Mori and Tanaka, 1973; Christensen and Lou, 1979; Willis, 1981; Sanchez-Palencia, 1980; Fish et al., 1999),
two-scale semi-concurrent models based on the concept of Representative Volume Element (RVE) have reached an
acceptable degree of generality (de Souza Neto and Feijoo, 2008; Peri¢ et al., 2011; de Souza Neto et al.,, 2011; Temizer and
Wriggers, 2012; Fritzena et al., 2012; Li and Steimann, 2006; Miehe and Koch, 2002; Kouznetsova et al., 2002; Feyel and
Chaboche, 2000). Such models link the macro-scale with a smaller length scale, the micro-scale, where heterogeneities
and their corresponding interaction laws are identifiable. The present contribution follows this particular class of multiscale
(two-scale, RVE-based) formulation.

Material failure is a phenomenon strongly dependent on the underlying material heterogeneity, since the evolution of
degradation mechanisms is influenced by micro-structural details, as for example the presence of voids, inclusions, fibers,
interfaces between aggregates, etc. Thus, the RVE-based multiscale paradigm adapts very well to this kind of problem (Holl
etal,, 2013; Lloberas-Valls et al., 2012). However, material failure phenomenology introduces serious theoretical issues in the
development of RVE-based techniques, demanding a careful study. In fact, material degradation observed at macro-scale is a
consequence of strain localization processes along with loading/unloading mechanisms taking place at different regions of
the micro-scale. Classical multi-scale procedures, such as those cited in the previous paragraph, postulate uniform distri-
bution of macro-scale strains into the micro-scale domain as well as standard homogenization rules for stresses, i.e. volu-
metric average extended over the entire RVE. However, during the failure regime, these asumptions have a very debatable
physical meaning. New definitions and novel homogenization techniques need to be introduced when strain localization
phenomena are present.

One additional key issue that must be clarified is the lack of objectivity of the homogenized response, with respect to the
RVE-size, when classical homogenization procedures are employed (Sdanchez et al., 2013; Gitman et al., 2007; Nguyen et al.,
2010a). This is due to the well-known size-effect phenomenon, inherent to structural failure mechanics (Bazant, 2005). Some
recent contributions have addressed this important theoretical limitation of the classical multiscale models, invoking un-
conventional homogenization rules, see for example Sanchez et al. (2013), Blanco et al. (2014), Song and Belytschko (2009),
Belytschko et al. (2008), Nguyen et al. (2010b), Bosco et al. (2014).
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Due to all difficulties exposed above, the use of RVE-based techniques to simulate material failure is relatively new (Bosco
et al., 2014; Matous et al., 2008; Coenen et al., 2011; Verhoosel et al., 2010; Geers et al., 2010; Oskay and Fish, 2007; Oliver
et al,, 2015).

1.1. Main features of the present multiscale model for fracture problems

The main goal of this article is to introduce a new two-scale semi-concurrent RVE-based constitutive model accounting for
the nucleation and propagation of cohesive cracks at the micro-scale which may induce crack nucleation and propagation at
the macro-scale level, from an initially continuum (unfractured) medium. Following conventional RVE-based approaches, the
constitutive modelling at the macro-scale is not characterized through explicit functions. Instead, they are determined as a
result of well-defined homogenization procedures gathering information from the smaller length scale. These homogeni-
zation procedures, or scale-transition equations, evaluate the macro-scale stress and traction by means of stresses and
tractions observed at the micro-scale. Then, the methodology only requires the explicit definitions of specific (phenome-
nological) constitutive relations for every constituent identified at the micro-scale.

The discussion focuses around the theoretical foundations of the multiscale methodology, and scale-transition equations,
emphasizing the mechanism for transferring kinematical information between the macro and micro-scales when material
failure is involved. Kinematics is the cornerstone of the present approach. The minimum number of hypotheses, needed to
develop the entire multiscale theory, are stated and justified. In this sense, two postulates define the multiscale formulation:

- (H1) The definition of the kinematics at the macro and micro-scales, along with the so-called Kinematical Admissibility
requirement (Blanco et al., 2014) that both kinematics have to meet.

- (H2) A Principle of Multiscale Virtual Power (Blanco et al., 2014). It is an adapted (variational) version of the Hill-Mandel
principle of macro-homogeneity (Hill, 1972; Mandel, 1971), which includes the internal virtual power contribution from
cohesive cracks at both scales.!

Then, by enforcing the variational statement given by hypothesis (H2), the following consequences arise naturally:

- (C1) The stress homogenization formula, for macro-scale points in the bulk (unfractured) material.
- (C2) The cohesive traction homogenization formula, for points on the macro-scale crack surface.
- (C3) The equilibrium problem at the micro-scale for both macro-mechanical regimes: fractured and unfractured.

This work generalizes the Failure-Oriented Multiscale Formulation (FOMF) proposed by the authors in Sdnchez et al. (2013,
2011), Toro et al. (2014). The FOMF was originally developed to obtain macro-scale cohesive constitutive laws from micro-
structures with straight strain-localization softening-bands of finite thickness, regularized through the smeared crack
approach. Novel ideas of the present contribution are:

- The FOMF is extended to the analysis of materials in which micro-scale failure mechanisms are modeled by the nucleation
and propagation of “cohesive micro-cracks”.> Since the kinematics at the micro-scale differs from that reported in Sanchez
et al. (2013, 2011), Toro et al. (2014), the specific assumptions adopted in H1 and H2 must be consistently reformulated.
The issue of introducing multiple kinematical discontinuities at the micro-scale domain is analyzed in detail. We show that
the present model can be regarded as the limit case of strain-localization bands at the RVE when the thickness of the
strain-localization sub-domains approaches to zero. Another important point is that cohesive constitutive laws, charac-
terized at the RVE level, could be viewed as the effective response of a FPZ existing in a yet smaller length scale. In this way,
the present model can be considered as an intermediate step towards a multiscale approach with more than two scales of
analysis to material failure.

- The second contribution aims to capture more general crack patterns and complex failure geometries at the RVE. From a
physical point of view, cracks at the micro-scale can display zig-zag-like trajectories. They propagate towards weaker
defects and tend to divert from rigid material inclusions. Thus, in real applications, the crack path can be tortuous. The
level of tortuosity at the micro-scale has a direct impact at the macroscopic response (Issa et al., 2003). As the crack path
tortuosity increases, the effective dissipated energy tends to increase (examples are presented in Section 5). The micro-
crack tortuosity is introduced in the present model during the insertion of macro-scale kinematics into the RVE-
domain. Furthermore, since the kinematical insertion operation plays an important role in the characterization of the
homogenized mechanical response (see Sanchez et al., 2013; Toro et al., 2014; Blanco et al., 2014; Sanchez et al., 2011), the
tortuosity effect is automatically incorporated in the generalized stresses at the macro-scale level.

1 It is worth noting that statement H2 depends on H1, in the sense that H1 defines the kinematically admissible fields which play a role in the variational
problem established through H2, see Section 3.3 for more details.

2 Both, cohesive cracks and finite thickness softening bands could be modeled in the RVE domain. However, in this paper, we focus on modeling cohesive
surfaces.
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In summary, the remarkable advantage of using RVE-based multiscale model to simulate material failure is that simple
interactions and failure mechanisms developed at the micro-scale level can be taken into account for capturing complex
overall constitutive relations at the macro-scale during the material failure regime. These complex macro-scale models are
not affordable with phenomenological mono-scale material failure models. On the other hand, a disadvantage of RVE-
based multiscale model in contrast to mono-scale material models is that the computational cost is highly demanding.
Then, the development of reduced order models to make the computation affordable may be compulsory (Oskay and Fish,
2007).

The remainder of this paper is organized as follows. Section 2 describes the macro-scale governing equations for
problems involving cohesive cracks. In Section 3, a variationally consistent procedure to develop the scale bridging
technique, from macro-to-micro scales, is discussed in detail. Such methodology is consistent with the mechanical process
of loading-unloading branches taking place at the macro-scale once a cohesive crack is nucleated. Section 3 presents the
key theoretical aspects of the paper. Numerical implementation issues are briefly discussed in Section 4. The discrete
model is assessed and validated through numerical simulations in Section 5. Rigorous comparisons between the proposed
multiscale model and Direct Numerical Simulations (DNS) are presented. Conclusions are presented in Section 6. Two
appendices are also included, which show specific details of the proposed multiscale model and some auxiliary
calculations.

2. Macro-scale model

The solid at the macro-scale is idealized as a continuum with an heterogeneous micro or meso-structure, where macro-
scale displacements, macro-scale strains and macro-scale stresses (u,¢,6, respectively) characterize the mechanical state of
the body. A cohesive macro-crack is nucleated once a critical material state is reached. Thus, new independent variables are
required to properly describe the mechanical behavior of the medium: (i) an additional kinematical descriptor, 3, accounting
for the displacement jump acting across the crack faces and (ii) a cohesive traction, T, the dual power-conjugate quantity to
the displacement jump.

In this section, the macro-scale governing equations for the cohesive crack model are introduced, covering kinematics,
equilibrium and the need for two constitutive relations (for the stresses and cohesive tractions). In particular, whenever the
constitutive responses are required, a transition procedure towards a smaller length scale is proposed instead of using
conventional phenomenological approaches based on macroscopic laws. The transition scale mechanism is developed in
Section 3.

With this idea in mind, it is assumed that every point in the macro-scale domain is associated with a Representative
Volume Element (RVE).

The RVE concept also applies for points located on a cohesive macro-crack, see Fig. 1. For these points, the problem
formulation involves a constitutive link between a surface domain at the macro-scale (the macro-crack) and a volume domain
at the micro-scale (the RVE). Therefore, a consistent scale transition technique dealing with such dimensional heterogeneity
between scales has to be developed.

Macro-scale Micro-scale

RVE for a Macro-Continuum Point
(Heterogeneous medium)

Q,

> e Ol lrve <1

{E.cr} I'n

RVE for a Macro-Cohesive Crack
Heterogeneous medium)

Q,, Q Q‘.¢

Q
o

up Failure )
mechanism

s Cohesive crack S
=2

lrvE <1

Fig. 1. Transition-scale idealization for points with different mechanical conditions at the macro-scale: pre-critical (continuum) and post-critical (cracked)
regime.



S. Toro et al. / International Journal of Plasticity 76 (2016) 75—110 79

The so-called scale separation requirement is assumed, in the sense that the RVE-characteristic length, here denoted as
QrvE, is much smaller than the characteristic length at the macro-scale ¢ (2zyg<®), see Fig. 1. Moreover, the RVE-size must be
large enough to ensure a statistically representative distribution of heterogeneities.

2.1. General definitions and nomenclature

Let be given a solid identified, at the macro-scale, with an open/bounded domain Q in the Euclidean space R", nd is the
spatial dimension of the problem. The boundary of Q is T", with outward normal unit vector ». Prescribed displacements, up,
are applied on I'pc T, whereas predefined external tractions, t¢, are imposed on I'yc ' (I'pul’y = I" and I'pnl'y = @), see Fig. 1.

Points at the macro-scale are labeled by their coordinates, denoted “x”. A monotonically increasing pseudo-time variable
t € [0,7] is used to account for the evolution of the nonlinear material response, where 7 represents the final stage of analysis.

2.2. Kinematical description

Initially, the body is unfractured and the kinematics in Q is continuous. However, during the loading history, a macro-scale
cohesive crack, denoted S, is nucleated at a specific time ty € [0,7].> A point belonging to S is denoted x5, whereas a point
belonging to the continuous part of the solid (2 \ S) is denoted &g, see Fig. 1. Subscript (- )z means that the kinematics at X is
“regular”.

A proper criterion to determine the macro-crack nucleation time ty € [0,7], at each point xg in the macro-scale, is required.
For example, as suggested in Sdnchez et al. (2013, 2011), Toro et al. (2014), the classical discontinuous bifurcation analysis
applied to the homogenized localization tensor, denoted by Q, can be used. The second orden tensor Q is defined as:

Q = [Cle(t)nin (1)

where n is the unit vector normal to S and C(e(t)) is the homogenized constitutive tangent tensor. A macro-crack is nucleated
at a point kg when the condition:

det(Q) =0 (2)

is verified for the first time, ty, in the loading history. The solution to this problem furnishes the triad {ty,n,v}, where 7 is the
initial velocity jump direction (see Sanchez et al., 2013 for additional details). Once a cohesive crack has been nucleated, the
point labeled xp is re-labeled xs and the corresponding normal vector n remains fixed in time.

For a solid exhibiting displacement jumps (strong discontinuities) across S, the total displacement vector, u, can be
described as follows (Simo et al., 1994):

Continuous  Discontinuous

~~ ~
u= u + M8 , VXEQ, (3)

in terms of a continuous field, u, and a discontinuous contribution, .#8. In (3), 8 is a smooth vector field in Q, which is
associated with the displacement discontinuity between the crack faces, while .« is the unit jump function. Both, 8 and .« are
related to 8. The function .« is defined as:

M= A~ @, (4)
2= 0 VapeQ [0 VaxeQ \Q? (5)
Tl VageQy’ Tl Vae \Qf’

where o is the Heaviside step function shifted to S (see (5)-left) and ¢ is a sufficiently smooth and arbitrary function
satisfying the two requirements shown in Eq. (5)-right. In (5), as well as in following expressions, some geometrical defi-
nitions are required: (i) S divides Q into two sub-domains Q, and Q_ according to the n-direction (n points towards Q. ), see
Fig. 2(a), (ii) Q? is an arbitrary small sub-domain of Q including &, with piecewise smooth boundary I'%, see Fig. 2(b), (iii) S
divides Q? into two sub-domains Q¢ and Q? (n points towards Q7). From Egs. (4) and (5) it is noted that.# and 8 have
compact support, where their support is Q.

The strain in xg is:

eg = VU = ViU +.4V;8 — B®°Vxp, V XREQN\S, (6)

3 Actually, multiple cohesive cracks can be nucleated at the macro-scale. In order to simplify the forthcoming equations, we assume the existence of a
single cohesive macro-crack.
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(a) (b)

Fig. 2. Macro-mechanical problem exhibiting a strong discontinuity through the cohesive crack S. Basic nomenclature to describe the kinematics.
where V() denotes the macro-scale gradient operator and the superscript (-)° identifies the symmetric component of a
tensor. Note that expression (6) contains only regular (bounded) terms and can be re-written as the sum of two contributions:

eR = €5 + £, (7)

associated, respectively, with the continuous displacement field, u, and the jump discontinuity, §:
Sﬁ = V;ﬁ (8)

£g = MVYB — BR°Vxo. (9)

For points xs (at S), we introduce the notion of generalized strain es characterized by the triad {eg,3,n} and composed by
two independent entities:

€s = (8R73®Sn)7 (10)
where (8®°n) is related to a strong discontinuity at S whose normal vector is n and the crack opening is 3.

Next, we introduce the concept of kinematically admissible fields at the macro-scale. The total displacement u, charac-
terized by the pair (i, 3) (see Eq. (3)), is a kinematically admissible field if ui/, where the set ¢/ is defined as:

U= {(EB);EEH] (Q),8€H" (@) and 1|, = uD}. (11)

From (11), virtual displacement actions, u, are kinematically admissible if 2 €V, with V the vector space defined as:

V= {(ﬁ 3>;ﬁeH1 (@), B€H'(@?) and i, = 0}, (12)

where the superimposed hat, (-), is used to denote kinematically admissible virtual actions.

All expressions presented in this section are valid for any time t  [0,7]. In particular, for t < ty we have 8 =0 (and also 3=0)
recovering a classical continuum kinematics.
2.3. Variational equilibrium problem

The macro-scale mechanical equilibrium problem can be stated in a variational form as follows:

For any time t € [0,7] and given prescribed values of external tractions t¢ on I'y, find the kinematically admissible
displacement fields (u, 8) €U, such that the stress state ¢ and the cohesive traction T satisfy the variational sentence:

/a'~§RdQ+ /T-EdS— /tevﬁdrzo, v (@.8)ev. (13)
) s Iy

Eq. (13) is the Principle of Virtual Power (PVP) for solids exhibiting cohesive cracks. The product T- 8 represents the in-
ternal virtual power contribution (per unit area) introduced by cohesive surfaces. For t < ty no cohesive tractions are included
in the formulation.
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Q4 Q <
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" Opening
S _KC-_Q' = cracks
Q| O Closing
i Q‘ Poy \Q/ cracks
Q=0 U Su-qriogrluas
[ TR "w— R T n—
(b) ()

Fig. 3. RVE with cohesive micro-cracks: (a) Internal crack and crack intersecting the RVE-boundary, (b) Nomenclature to describe strong discontinuities at the
RVE, (c) Set of opening and closing micro-scale cohesive cracks at the nucleation time ty.

2.4. Material response

In order to solve the variational problem (13), the macroscopic stress tensor &, as well as the cohesive traction T, must be
defined. For generic non-linear materials the corresponding constitutive functionals related to {e,T} can be symbolically
expressed as follows:

o="F(ek), VXRREQ\SVte[0,7], (14)

T=J(ek,B"), VXs€S,Vte(ty,7], (15)

where (-)' denotes the history of the variable up to time t.

If the material and deformation processes under consideration are such that the complex interactions within the micro-
structure cannot be easily captured by phenomenological laws, the characterization of {F (), J(:)} is usually an open
problem. In this context, a multiscale formulation can be used as a general methodology to obtain the material behavior at the
macro-scale, via homogenization of a micro-mechanical problem where all the inhomogeneities and their interactions are
modeled by means of more fundamental mechanical laws. In the next section, a scale transition technique devised to provide
the implicit form of {F(-), J(-)} is proposed which completes the mechanical description of problem (13).

3. Multiscale formulation

The model considers two coupled scales of analysis. In what follows, a variational framework is taken, similar to that
presented in Blanco et al. (2014), de Souza Neto and Feijéo (2008), de Souza Neto et al. (2011), Sanchez et al. (2011), de Souza
Neto and Feijoo (2006), de Souza Neto et al. (2015), which considers the mechanical interaction between macro and micro-
scales for problems involving cohesive cracks at both levels of analysis.

This section describes the theoretical basis of this contribution. Special attention is focused on two topics: (I) to establish
the minimum hypotheses required for defining the entire multiscale theory and (II) to derive the variational consequences of
the model.

3.1. Preliminaries

Points at the micro-scale are denoted y. The domain @, cR™, identifies the heterogeneous RVE. The piecewise smooth
boundary of Q, is denoted I';,, while v, is the (outward) unit vector normal to I, see Fig. 3(a). Subscript (- ), refers to any
entity of the micro-scale domain.

Here we assume that multiple cohesive micro-cracks can be nucleated in the RVE for modeling strain localization phe-
nomena and material degradation. Each crack is referred to as Si, with i = 1,...,n,, “n.” being the total number of cohesive
surfaces at the micro-scale. Micro-cracks can be either internal to the RVE-domain or intersect the RVE-boundary, see
Fig. 3(a). A criterion to nucleate a micro-crack needs to be specified. For example, we propose the detection of local material
instabilities at each point y, due to the singularity of the micro-scale localization tensor* Q, (Rudnicki and Rice, 1975; Rice and
Koiter, 1976; Runesson et al., 1991). Following this criterion, a micro-crack is nucleated at a point y when the condition:

4 Here we are assuming that the underlying continuum constitutive relation that governs the bulk constitutive response before the micro-crack
nucleation is based on softening-based evolution laws, so that local material instabilities can be induced (see Section 3.7.1).
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det(Q,) =0, with Q, = [Cu(e,)m,]n,, (16)

is satisfied for the first time in the loading history, £, being the strain tensor at the micro-scale. The solution to this problem
provides the triad {t’ n,, yu} where tN €10, 7] is the crack nucleation time, n’ is the unit normal vector and 7M represents
the initial jump rate; all related to the spec1ﬁc cohesive micro-crack S'

Remark 3.1. The model can also deal with pre-existing traction-free or adhesive interfaces, see for example Matous et al.
(2008), Verhoosel et al. (2010), Kulkarni et al. (2009). In the present framework, adhesive interfaces are a particular class
of cohesive cracks, equipped with a specific constitutive law being nucleated from the beginning of the analysis (t,"\,ﬂ =0).

3.2. Kinematical assumptions in the scale transition (H1)

In this section we introduce the first hypothesis H1 of the proposed formulation. It is convenient to write the kinematics in
incremental form. Thus, the operator d(-) is used to denote incremental quantities.

3.2.1. Micro-scale kinematics

Following the ideas developed in Sanchez et al. (2013), Toro et al. (2014), Blanco et al. (2014), Sanchez et al. (2011), the
increment of the strain field at the micro-scale, de,, can be defined in terms of: (i) the insertion of the relevant macro-scale
kinematics {dey, deg, d@} into the micro-scale, by means of a specific Insertion Operator Z (), and (ii) a fluctuation component:

de, = I (dey, deg,dB) +de,, VyeQ,. (17)
Terms Z(-) and de, in Eq. (17), are discussed in detail in the following. The notation (N) will be used to refer to any
fluctuation field at the micro-scale.

3.2.1.1. Fluctuation fields.
Displacement discontinuities in the micro-scale domain are treated in an analogous way to that introduced in Section 2.2.
Hence, the (incremental) micro-scale displacement fluctuation, du,, can be defined as:

X Discontinuous
Continuous  ——A—
~= LS
. 35 i
du, = du, + E AL AR, Y YEQ, (18)

i=1

with duM the (incremental) regular part of the displacement ﬂuctuatlon /l/é' the unit jump function and dﬁ' the (incremental)
fluctuation of the opening crack displacement. Both, 44; and dﬂu are deﬁned for each m1cro -scale coheswe crack labeled “i”
In view of (18), we consider that the set of independent kinematical descriptors (duﬂ dﬂ ) characterizes the micro- scale
displacement fluctuation field di,. The mathematical expression for .« /s is identical to that discussed for the macro-scale
kinematics, in terms of the functions Jf' and (pu

M, = A — gl (19)
i i ol

e {0 VyeQ;k’ o {0 Vyegfh\Q;iiﬁ 20)
1 vyeq,. 1 Vyeq, N\Q.

where the geometrical interpretations for the domains Qi QL o Qi Q‘P’ Q"’L and Q‘/” are depicted in Fig. 3(b). Note that Jl’
has the compact support Q.

The (incremental) micro-scale strain fluctuation term, de,, can be evaluated by applying the generalized symmetric
gradient operator to du,, yielding:

ne L . .
de, = dé,g + Z(dﬁL@snL)éL, Vyeq,, (21)
i=1
with dg, g being the incremental regular (bounded) micro-scale strain fluctuation field defined as:

~ nt . -1 -1 . c .
e, = Vidin, + > [ 41958, — dBl@*Vy0l]. vy, <£‘1 s;), (22)
i=1 .

where Vy(-) represents the micro-scale gradient operator and 61 (with unit of [length]~!) is the Dirac distribution shifted to
8‘ Note the similar structure shared by de,g and its macro- scale counterpart eg, presented in (6).
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For convenience, we shall explore the fact that the kinematical description of each micro-crack is equivalent to the ki-
nematics of a strain localization band whose thickness, 2,, tends to zero. Thus, the length parameter 2., associated with each
micro-crack “i”, is included in the expressions that follow. This is not a strictly required assumption, but a convenient way to
deal with micro-cracks.” Accordingly, expression (21) can be re-written as the limit case of strain localization bands in sub-
domains Qg (Q s includes S! ) of thickness i when Q’ — 0 (see Appendix I-(a) for additional details on the limiting process
from a contmuous strain locallzatlon based l<memat1cs to a discontinuous kinematics):

Singular terms

Regular term

—~ = ®S i
dé, = dég +Z llm ¢ ﬁ “, Vyeq,, (23)
: 1 VyeQu
i s, 24
Pu= {O otherw1se 24)

with qb’ a collocation function related to the sub-domain Q st CQ"” defined for each S’ Roughly speaking, Qg identifies each
sub- domam where strain localization happens, by the elements {S o L.}, where S' 1s the mean surface of ds, and Q' is the
thickness of the localization band (see Fig. 22(a) in Appendix I-(a)).

The set of Egs. (18)—(24) completely defines the micro-scale kinematics related to fluctuation fields.

3.2.1.2. Insertion procedure, Z(-)

By “insertion procedure” we mean the form in which macro-scale kinematical information is transferred into the micro-
scale domain. In the present context, it establishes how the incremental point-valued quantities {deg, deg,dg}, at X, are
inserted into the RVE domain. We denote the (linear) insertion operator as Z (deg, deg, d3). The main degree of arbitrariness in
postulating multiscale models of the present type lies in the definition of the insertion mechanism.

Before defining the Z (-)-operator, some important mechanical aspects need to be considered:

(a) At the macro-scale crack nucleation time (t = ty), two sets of micro-cracks are distinguished in the RVE-domain:
“opening” (loading) and “closing” (unloading) micro-cracks (see Fig. 3(c)).
The opening micro-crack set determines the evolving RVE failure mechanism at t = ty, which governs (in an average
sense) the evolution of the macro-scale cohesive crack. It is denoted SL and defined as SL = U""" S"J U=1...ngp)
where “ngp” is the total number of opening micro-cracks, at t = ty. Thus, we are assuming that SL isa p0551ble tortuous
connected/disconnected piecewise poly-interface composed of several interfaces, each representmg an opening micro-
crack Sﬁf . A criterion to determine S,LL at t = ty is explained in Appendix I-(b).
Alternatively, closing micro-cracks in the RVE are cohesive interfaces that have been nucleated during the stable period
of the material at the macro-scale, i.e. during the interval t  [0,ty]. However, due to the loading-unloading effect
triggered by the strain localization process at the RVE-domain, they close onward. This concept will be further clarified
when the methodology to determine Sﬁ is discussed in Appendix I-(b).
From now on, superscript “L” is added to all entities related to the domain SL Superscript “j” is used to denote objects
associated to a particular opening micro-crack SLJ CSL while the superscrlpt “i” is used to identify any micro-crack in
the RVE (opening or closing).

(b) Expressions (9) and (10) for the macro-scale kinematical descriptors {eg,es}, to be inserted into the RVE, have a
mechanical meaning within a single-scale setting. They are built on the basis that the unit-jump function, ., is
univocally determined once the unit vector n is given at point xs=S (see Egs. (3) and (4)). Considering the RVE
connected to the point xs, the failure crack path is intricate and composed of several, not necessary aligned, micro-
cracks. Thus, expressions (9) and (10) are no longer entirely consistent with the kinematics of the RVE. It is ex-
pected that the macro-scale normal vector n is related to some averaged quantity of the spatially variable unit normal
vector field at the micro-scale n ,J = 1,...,ngp (the set of vectors being normal to the opening micro-scale cohesive
cracks at t = ty). However the averaging of unit vectors nf{ , with arbitrary orientations, does not result in a unit vector.
This fact suggests that a proper scaling factor must be taken into account to make the macro-scale terms containing the
jump B (i.e. eg and es) compatible with the micro-scale kinematical description showing a zig-zag crack path. A
postulate in the present formulation is that this scaling factor, called tortuosity index and denoted 6, is incorporated in
the definition of the Z(-)-operator, specifically in the Z (0, deg, dg)-counterpart of the insertion operator.

5 For example, by considering cracks as strain localization bands of finite thickness, we can deal with finite localization bands as well as cohesive cracks in
the micro-scale domain, simultaneously, in an unified kinematical framework. The locally variable parameter QL (v) defines the kinematical character of
each point in the failure zone of the RVE: ¢, (y) —0 means a crack, ¢, (y) 0 means a localization band. There are additional benefits in adopting this type of
kinematical representation for micro-cracks, which will be highlighted later.
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RVE I[g((]&'ﬁ, (]Eﬁ = O)
'Q O-c} (Uniform insertion)
%Y
> L
IR
Q Pa = Opening micro-cracks: 5/,‘

Compact — Closing micro-cracks

RVE <\ support of 3
Q o Is . RVE 17 Z(dey,deg,0)
by _Q < (Uniform insertion)
“ R m
I[{(diﬁ.dslj %0) O ©
; )R Ts(deq,deg, d
o Q (Uniform msertlof\_/ s(dea, deg, dB) O Z(0,0,d8)

(Localized insertion)

Macro-scale

Fig. 4. Insertion procedure for points xg and Xs.

Taking into account items (a) and (b) above, we are in a position to postulate the insertion procedure, according to
expression (17). The insertion operator, Z (deg, deg, dg), is defined through the following rules:

e The increment of regular macro-scale strain, deg = deg + deg, given by Eqs. (7), (9) and (10), is uniformly inserted
throughout the micro-scale domain Q. This insertion mechanism is symbolically expressed as Z (deg, deg, 0).

e The increment of the macro-scale displacement jump df is only inserted where the generalized fluctuation strain field
(de,) localizes in the RVE-domain. In this case, throughout the domain S,ﬁ of all opening micro-cracks.® This insertion
mechanism is symbolically expressed as Z (0,0, dg).

Accordingly (see Fig. 4), Z(-) can be defined as:

I (deg,des,0

(deg.des.0)

Tr(dey, deg) == I(dey,0,0) + I (0,deg,0) = deg + 0deg , Vyeq,, forag, (25)
—_——

Uniform insertion of deg

7(0,0,d8)
T (deg,deg,0
m Nop 0dB®Snk
I s(deg, deg, dB) = deg + 0deg +Z Q}Jim()(j)ij” , Vyeq,, forxs, (26)
v j=1L%" 1

Uniform insertion of deg

Localized insertion of dg

recalling that all objects of the type (-)f{ are associated with the opening micro-crack labeled Lj. In (25) and (26), the notations
Zgr(-) and Zs(-) have been introduced to identify the insertion operators defined for points xz and x5, respectively. From (25)
and (26), it is clear that the localized insertion of d@ into the RVE (given by Z (0, 0, d8)), makes sense only for points xs located
on the cohesive macro-crack.

Remark 3.2. All the Z(-)-terms, i.e. Z(deg,0,0), Z(0,deg,0) and Z(0,0,dg), are linear operators.

Recall that the f-factor, considered in the insertion of deg and d (see expressions (25) and (26)), takes into account the
possibly tortuous path of St, in a homogenized sense. The tortuosity parameter § is defined as follows:

L 0]
N B @
Y | nids,

Lj
S

6 Recall that Sﬁ is idealized as a sub-domain containing all strain localization bands Qg whose thicknesses approach zero, at the macro-scale nucleation
time ty. "
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and represents an average weighing factor due to possibly misaligned normal unit vectors n along the path of opening
cohesive cracks at the micro-scale. This tortuosity parameter (which is the inverse of the scalar index introduced by the
authors in Blanco et al. (2014) is related to the nucleation of the macro-scale kinematical descriptor dg. Thus, it has to be
computed at the macro-scale nucleation time t = ty, looking for the failure zone in the corresponding RVE. Appendix I-(c)
justifies the tortuosity factor definition through a purely kinematical condition fulfilled by the insertion operator Z(-).
Observe that in the particular case of uniformly oriented opening micro-cracks (i.e. all the normal vectors nf{ are co-linear),
the tortuosity index results 6 = 1. As the failure path in the RVE becomes more tortuous, the §-index increases, so we have
0 € [1,0).

Collecting the expressions (25)—(26) and (23), the (incremental) micro-scale strain fluctuation field de, (see (17)) yields:

dé,
,—IﬁL ne | d[ii ®5n!
de, = deg + Odeg + dé, g + ; n!:To qu# . Vy, forag, (28)
and
Ts()
de, = deg + 0deg + % llm “M +dé g + Z 11m b, M , Vy, forxs. (29)
o — — -0 H
dé,

In view of Eq. (29), the (incremental) micro-scale displacement jump, dﬂ/ﬁj, of each opening micro-crack S’;j is given by:

gy = 6dg +dB, j=1,....np. (30)

The kinematical description at the RVE is fully defined by expressions (17)—(29).

3.2.2. Kinematical admissibility requirement in the RVE

Additional “Kinematical Admissibility” requirements must be introduced in order to fully connect the kinematics at macro
and micro-scales. This is a key issue in multiscale modeling in general and constitutes, together with the insertion operator
definition, the main ingredients of the first hypothesis (H1).

Here we postulate that the increment of micro-scale strains de,, in the RVE related to X, is a kinematically admissible field
with respect to the macro-scale quantities dey and deg, if it satisfies the following constraint:

/ Ty (deg. deg)de, / de, 42, (31)

Further, we postulate that the incremental micro-scale strain de,, in the RVE related to Xs, is a kinematically admissible
field with respect to the macro-scale quantities deg, deg and dg, if it satisfies both (31) and the following additional constraint:

/ Ts(deg, deg, dB)d2, = / de,do,. (32)

where QL = uj""P Q s is the total strain localization domain in the RVE.
Expressmns (31)=(32) imply that the micro-scale strain fluctuation field, de,, satisfies:

- zero integral value over the domain Q, for an RVE linked to a regular point X, and
- zero integral value over the domains Q, and Q,ﬁ for an RVE linked to a singular point xs.

Thus, the constraints (31)—(32) ensure that the fluctuation field, de,, does not contribute to the macro-scale kinematics,
given by the descriptors {dey, deg, d3} valued at x.

Remark 3.3. The kinematical admissibility requirements, (31) and (32), have been written using the same format as in
previous contributions by the authors (see Sanchez et al., 2013; Toro et al., 2014). This is a direct consequence of the adopted
kinematical representation for cracks at the micro-scale, considered as the limit case of strain localization bands. Note that the
singular terms related to displacement discontinuities in the RVE are included in the definition of de, (see (28)—(29)).
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From the definitions (25) and (28), Eq. (31) yields:

d Snl
/dé,LR+Z[hm¢ 6®"]dg#_o (33)
Q,

¢ —0

which, after mathematical manipulations (see details in Appendix II-(b)), reduces to:

/ V3 i, do, = / dii, ®v,dr’, = 0. (34)

Q T

u "

Observe that the first admissibility requirement, given by expression (31) or (34), results in the standard minimal kine-
matical constraint imposed on the (increment of) regular micro-scale displacement fluctuations at the RVE-boundary I, see
Sanchez et al. (2013), Blanco et al. (2014), de Souza Neto et al. (2011), Sanchez et al. (2011), de Souza Neto and Feijéo (2006) for
more details on this standard issue. Thus, the term Standard Boundary Condition (SBC) is used to denote it. Also note, in (34),
that no constraints appear on the micro-scale displacement fluctuation jump dﬁ

In turn, from (26) and (29), expression (32) can be re-written as:

nop MNop BT .
/ pdg@nids, = / (b?dﬁ n dﬂf{) ®°nids,, (35)
= ‘S"’ j=1 sy
which simplifies to:
.- 2l o sl
S / dg esnlids, = 0. (36)
j=1 sl

Eq. (36) is an additional constraint on the (increment of) micro-scale displacement fluctuation jump across St, for an RVE
linked to xs. The term Non-Standard Boundary Condition (NSBC) refers to the kinematical constraint given in (36). It does not
involve the regular counterpart of the (incremental) displacement fluctuation du,,. Thus, (34) and (36) are uncoupled linear
constraints.

In view of (34) and (36), we say that du, is kinematically admissible if du, eljlﬁ for an RVE linked to a point &g, or di1, ei{f
for an RVE linked to a point xs, where:

U, — (dﬁu,dﬁl,...,dﬁZ‘);dﬁ#eH](Qﬂ),dﬁiem(s}fj"), i=1,....nc, such that / i, ®5p,dT, =0 ), (37)

Ty

and

U — (dﬁ#,d,é:”...,dBZf>;dﬁueH1(QM),dBLEW (2¢), i=1,....,nc, such that /dﬁmsy,‘dr#:o
Ty
(38)

Nop ) '
and > /d[i‘ff@snffzo

= T
S#

At points Xg, virtual actions of micro-scale displacement fluctuations, i, are kmematlcally admissible if uueVR—Ll
Alternatively, at points Xs, virtual actions are kinematically admissible if 1, ev _u

Remark 3.4. Considering problems involving cohesive cracks at both scales of analysis, the vector spaces ilR (= vR) and ils
(_v5 ), defined by (37) and (38) respectively, characterize the so-called multiscale model with mlmmum kmematlcal con-
straints. More kinematically constrained multiscale sub-models can be derived by taking sub-spaces of u oru In Section 5,
some examples of different multiscale sub-models are presented.
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3.3. Principle of Multiscale Virtual Power (H2)

So far, only kinematical constraints have been considered in the macro-to-micro information transfer. Physical consistency
of the multiscale model is achieved by balancing, in addition, the internal virtual power at both scales. For this purpose, an
adapted version of the Hill-Mandel principle (Hill, 1972; Mandel, 1971) is introduced, which accounts for cohesive cracks at
the macro and micro-scales (the second fundamental hypothesis of our approach (H2)). To achieve this objective, the notion
of virtual kinematically admissible macro-scale generalized strain actions to be considered in the macro-to-micro scale transfer
(eg and B), must be specified. These definitions depend on the mechanical regime at the macro-scale. In this sense, we
postulate that kinematically admissible macro-scale virtual strains actions are:

B=0 and &z =#; with &5 arbitrary; V xg (39)
Earbitrary and €z=0; V Xs (40)
Remark 3.5. In the following scale bridging variational equations, the macro-scale virtual strain actions, ¢ and B, are

arbitrary point-valued quantities at x, i.e. gg€RA" and g r"™ respectively (RI4<" is the vector space of symmetric
second-order tensors).

3.3.1. Continuum material regime at macro-scale
From (28) and definition (39), the virtual kinematically admissible micro-scale strain field, €, for an RVE linked to a point
X is expressed as:

VyeQ,. (41)

i )
i Bu ®n!
e#—equeuRJrZ 11m0¢ 7” ,

i=1 #

Then, for any point &g, the Principle of Multiscale Virtual Power (Blanco et al., 2014), accounting for possible nucleation of
cohesive cracks only at the micro-scale, reads:

oEy = ﬁ / 08,00y, YV ezeRMM v g, kinematically admissible, (42)
n

where o, represents the micro-scale stress state, for which a constitutive law is required.
Considering (41) and (77) from Appendix I-(a), Eq. (42) can be re-written as:

—~ 1 % R L3 o « ~ 1 ~1e
= /a#~(8ﬁ+euR)dQ#+Z /TLﬂLdSu V ggeridnd v (uu,ﬂu,...,ﬁfL)evﬁ, (43)
ul | i-1

s
with TL denoting the cohesive traction acting on the micro-crack SL, for which a constitutive law is required.
3.3.2. Cohesive material regime at macro-scale

In this case, from (29) and taking definition (40) into consideration, the virtual kinematically admissible micro-scale strain
field, &,, for an RVE linked to a point x5 is expressed as:

o 08 ®°n B @'n

~ . L B, @°m,

8#—Z;|:Q!J1TO¢JQ +€“R+Z llil’lo¢ ., VyeQ,. (44)
j=1 L% i "

Then, for any point xs, the Principle of Multiscale Virtual Power (Blanco et al., 2014), accounting for cohesive cracks at both
scales, reads:

T-8=—: / 0, €,dQ,; Y BeRr™ Vg, kinematically admissible. (45)

Considering (44) and (77) from Appendix I-(a), Eq. (45) can be re-written as:
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~ 1 Top . R ne o R - 1 .
T~ﬁ=@ 65 /Tﬁf-ﬁdsu+/au~e#Rdgu+z /TL-ﬁLdS,L vBerm v (i, 8.8 ) Vs, (46)
wl | =1 g o, =1

with Tf{ (analogously to TL) denoting the cohesive tractions acting on the opening micro-cracks Sf[ . Traction vectors T/Lj are
obtained from a pre-defined constitutive law.

Remark 3.6. No more hypotheses are introduced to complete the scale-transition model. The variational statements (43) and
(46) contain all the required information to derive the remaining equations of the theory, that is, the homogenization rules for
the macro-scale generalized stresses (the stress tensor and the cohesive traction) and the equilibrium problem at the RVE.

3.4. Stress homogenization for the continuum response (C1)

From (43), taking ﬁuzo, Euzo and arbitrary g = &5 eRg‘%”d, the homogenization formula for the macro-scale stress

tensor, at Xg, is obtained (consequence C1 of the formulation):

o= L / 7,dQ,. (47)
ol

n

Remark 3.7. For points located in the compact support of 8 (g € Q?), the homogenization formula (47) depends on the
tortuosity index 6, see Fig. 4. Let us recall that 6 is one of the variables defining the insertion operator (25), used to build the
strain field e, at the micro-scale (refer to equation (28)). Thus, the micro-scale stress field o, of an RVE linked to xz € Q,
depends on the §-factor through ¢,. The dependence of  on o is transferred to the homogenized stress, ¢, when expression
(47) is applied.

3.5. Traction homogenization on the cohesive interface (C2)

From (46), taking ﬁ#zo, Buzo and arbitrary 8 <R, the cohesive traction homogenization formula, for xs, is derived
(consequence C2 of the formulation):

0 ngp .l nap

_ Lj _ Lj

o] > /Tudsu -1y /Tﬂdsﬂ . (48)
wl| | =1 Sl = sl

From the definition of # given by (27), the average factor o = ‘82‘0*1, present on the rightmost part of (48) yields:

‘Sﬁ’ S 1j
ez |5 /n;dsﬂ, (49)
j=1

Lj
Su

which can be geometrically interpreted as sketched in Fig. 5.

Remark 3.8. The homogenized traction T depends explicitly on the tortuosity index § through the leading term in (48) and
implicitly through each micro-scale cohesive traction, T/Lj, since the insertion operator Zs in Eq. (26) depends on 6. The
implicit dependence can be explained following a similar constitutive-type argument as in Remark 3.7.

Remark 3.9. Although the tortuosity parameter has been introduced as a kinematical concept, through the definition of Z(-), it
has a fundamental effect on the homogenized responses for both macro-scale quantities ¢ and T. The form in which the f-factor
influences the homogenization formulae (47)—(48) is not an a priori postulate of the model, but a natural consequence of the
variational statement of the problem. Throughout the numerical simulations of Section 5, we show the importance of taking into
account the tortuosity index properly, in order to obtain the correct mechanical response in the post-critical regime.

3.6. RVE equilibrium problem (C3)

First consider an RVE linked to a continuum point Xz at the macro-scale. Taking g = €3=0 in Eq. (43), the equilibrium
problem in the micro-scale domain involving possible nucleation of cohesive micro-cracks is derived (consequence C3 of the
formulation). In a variational format it is stated as follows:
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; Q Fictitious domain
n nki

i/ related with the measure o = |S)| 6~
O Real failure domain
O related with the measure |S%

O a ¥

Fig. 5. Geometrical interpretation for the parameter « = ‘S‘L‘|0’], used as the averaging factor in the cohesive traction homogenization Formula (48).

For any fixed time t and given the history of the regular macro-scale strains %, find (dﬁﬂ, d[ifu dBZ”) el}lﬁ such that:

n, .
~ < i > = Al e
/aﬂ‘s#RdQM—‘rZ /TL-ﬁLdSu:O, V (U080 By ) VR (50)
i=1
Sl

Q
" "

Consider now an RVE related to a point xs located at the cohesive macro-crack. Taking =0 in expression (46), the micro-
scale equilibrium problem in the presence of macro and micro-scale cohesive cracks is derived (consequence C3 of the
formulation). In variational form it is stated as:

For any fixed time ¢ € [ty,7] and given the history of the regular macro-scale strains ¢, and the history of the macro-scale
displacement discontinuity g, find (du,, dB;, d[i’Z‘) eilf such that:

n, .
~ < i > = Al e
/aﬂ‘e#RdQM—&-Z /TL-ﬁLdSu:O, V (U8 By ) EVE. (51)
i=1
81

Q
" "

3.7. Micro-scale constitutive model

In order to solve the variational problems (50) and (51), constitutive relations at the micro-scale must be prescribed for o,
and TL (i =1,...,n¢), as functions of the histories of micro-scale regular strain and crack opening displacement. Symbolically,
these response functionals (either phenomenological or obtained from an additional transition scale technique) can be
expressed as follow:

ne :
o, :‘7:/1<€LRH6,Z>7 V}’EQ;L\<,,51 SL), (52)
T, =T (e;mﬁ;), vyes, i=1,..n. (53)

Typically, the stress tensor g, is characterized by means of a conventional constitutive model which include, for example,
regularized softening-based evolution laws with damage, plasticity or any other dissipative mechanism.

On the other hand, the general setting adopted in the present paper to deal with strong discontinuity kinematics in the
micro-scale (idealized as a limit case of strain localization bands), provides flexibility for choosing the family of constitutive
models which characterize the cohesive traction evolution. This is an advantage of the proposed approach, in the sense that
we can select one of the two well-known procedures, namely:

- The traditional cohesive model paradigm (Needleman, 2013; Zhang and Paulino, 2005), where the traction is univocally
defined in terms of the (history of the) displacement jump on the crack faces.

- The Continuum Strong Discontinuity Approach to fracture (Oliver et al., 1999, 2002; Oliver, 2000; Huespe et al., 2011),
where the cohesive response in the interface discontinuity (i.e. the traction-separation law) is consistently derived from a
regularized continuum stress-strain relation, valid on a strain localization band, whenever the thickness of such band
approaches zero. This procedure allows to incorporate additional dependencies in the characterization of cohesive trac-
tions in the RVE, as for example the triaxiality effect, a phenomenon recognized as fundamental in ductile failure analysis
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Box 1
Regularized tensile damage model at the micro-scale.

Elastic stress-strain relation

Oy

—decee, — [1-du(1,)]C
”u—a e = [1—du(ry)] Crey

1) =1 - 241

Damage criterion
— ./t e —
Gley, 1) = \/ O € —Tu <0

3
7: = Z(Eﬂ,-)e,» ®e;
i=1

Internal variable evolution laws with softening
Ouu

Tu=7 Tulg=Tw= VEx

G =Hu(r)fw 6u>0, dul_o=0du0=Tu0

= Qurzo { Quluo
H,(r,) = —2exp| — %2 (r, — rp0
#(#) Gfu Gfu (# #)

Loading/Unloading complementary conditions

vy>0, G<0, vG=0

Tangent constitutive tensor

if y=0, C=(1-4d,)C;

SR—
p 3 u®a,

ify>0, C% = (1-d,)C [q“”“r“
m

Material parameters that characterize the model

oy: Ultimate tensile stress
E,: Young's modulus

v,: Poisson ratio

Gpy: Fracture energy

Nomenclature definitions

r,: strain—like internal variable

qy: stress—like internal variable

dy: scalar damage variable

CZ: isotropic elastic constitutive tensor

o,: effective stress

@, . positive counterpart of effective stress

7, effective principal stress “i”

e;: eingenvector related to 7,;

(+): Macaulay brackets

v: damage consistency parameter

¢,: regularization parameter (thickness of strain localization band)
H,: intrinsic softening modulus (exponential degradation)

(56)

(57)
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(Tvergaard and Hutchinson, 1992). Obviously, this refined modeling capability is transferred to the homogenized traction
constitutive law, at the macro-scale.

3.7.1. Specific constitutive model adopted at the micro-scale
Egs. (52) and (53) represent general expressions to model the material behavior at the micro-scale. In the present work,

degradation and failure mechanisms in the RVE-domain are accounted for by considering a regularized elastic-damage
model, which is defined through the equations given in Box 1. Damage is allowed only under tensile stress states, a typical
situation in quasi-brittle fracture problems. The continuum damage model is regularized by introducing a characteristic
length, £, in the definition of stress-like internal variable evolution law. Observe that this regularization parameter (2,) is the
same used to construct the macro-to-micro kinematical insertion operator Zs(-), see Eq. (26).

~ Cohesive tractions at the micro-scale, TL, are described by projecting the same continuum damage model onto the interface
8, In our formulation, this is achieved just by considering 2, — 0, in the set of equations given in Box 1. More details about the
formal derivation of cohesive models from regularized stress-strain continuum models can be found in Huespe et al. (2006).

4. Computational implementation

The numerical implementation of the multiscale model at both scales of analysis is based on the finite element method.
Although the model assumes the existence of strong discontinuities at macro and micro-scales, and therefore the modeling of
interfaces is required, different techniques are used in each case.

The macro-scale model uses a finite element technology with embedded strong discontinuities and automatic detection of
the crack path. In Section 4.1, we present a brief summary of this approach.

An alternative methodology based on standard solid finite elements with high aspect ratios, mimicking micro-scale
cohesive interfaces is briefly summarized in Section 4.2. A discussion about the adequate choice of the RVE boundary con-
ditions and the numerical implementation is also addressed in that section.

The macro-scale numerical approach is able to handle strong discontinuities intersecting the mesh in arbitrary directions.
However, considering that it requires significant computational efforts, we prefer a less demanding approach at the micro-
scale, at the expense of giving up the ability to capture micro-cracks intersecting the finite element mesh in arbitrary directions.

4.1. Finite element technique at the macro-scale

A finite element with embedded strong discontinuities which has been conceived for the automatic identification of the
geometrical positioning of the crack path, through a technique called “crack path field”, is adopted to model the macro-scale.
The numerical implementation of this method has been detailed elsewhere (Oliver et al., 2014). Hence, only the main issues
related to this type of element are addressed here.

First, the concept of crack path field is briefly described, which is useful to detect the geometrical position of the
discontinuity surface. Then, a finite element technique with embedded strong discontinuity, capable of modeling evolving
cracks, is briefly summarized. Additional details of the complete procedure can be seen in the referenced work.

4.1.1. Crack path field technique
This procedure consists in evaluating the crack path-field «(x) and its zero level set IT:

IT = {x|x(x) = 0} (64)

Then, the set IT identifies the path of any evolving crack, see Fig. 6, in the sense that:

ScIl (65)

The crack path field «(x) is the directional derivative (along a vector orthogonal to the crack path), of an internal variable, y,
projected onto a sufficiently smooth functional space. This variable y must be subjected to a localization effect such that it
should display an unbounded growth in S, while remaining bounded and small in the regular part of the body. Typically, x
could be the equivalent strain in damage models.

The correct detection of II is a key issue to embed a cohesive interface S satisfactorily into the finite element.

The generalization of the crack path field technique to the present multiscale modeling context demands an adequate
definition of the field y. It is defined by gathering information from the micro-scale, as follows:

1 Ne s
o =
Sy

where 1y, is the strain-like internal variable of the damage model describing the constitutive relation at the micro-scale level.
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4.1.2. Finite element with embedded strong discontinuity

A mixed bilinear quadrilateral finite element technology with embedded strong discontinuities reported in Oliver et al.
(2014) is implemented. This method has been used for single-scale failure analysis. Its generalization to the multiscale
analysis is almost direct.

During the loading process, each quadrilateral finite element can switch between three different formulations, or states,
denoted 0, 1 and 2, in accordance with the following criterion:

(i) Initially, elements in state O are modeled as standard quadrilaterals with bi-linear regular displacements.

(ii) Once the bifurcation condition is detected (t = ty) in the central point of the element, it switches from state O to state 1.
Elements in state 1 are also quadrilaterals with mixed interpolation: bi-linear interpolation for the incremental regular
displacements and constant interpolation for the incremental regular strains. So, a quadrature rule with only one
integration point is enough to evaluate consistently the integrals arising in the mixed formulation.

(iii) After a small loading increment, at the pseudo-time tsp (with tsp > ty), elements in state 1 switch to state 2 and a strong
discontinuity mode is embedded into the mixed quadrilateral finite element.

Fig. 6 provides additional details about the integration rule used in different states of the finite element during the loading
process.

Before switching from states 1 to 2, the position of the interface S(x) must be determined according to the procedure given
in Section 4.1.1. Placing the discontinuity surface S in the correct position avoids stress locking in elements where strain
localization is taking place.

The finite element formulations for states 0 and 1 have been implemented following very standard procedures. The
numerical implementation of finite elements in state 2, with embedded strong discontinuities and in the context of the
present multiscale model, is briefly discussed here. More details on implementation will be addressed in a forthcoming
contribution (Toro et al., submitted for publication).

Note that only elements in state 2 are intersected by cracks. In this case, by construction, the support of £g, see Eq. (9),is the
element domain Q°. It means that elements having states 0 or 1 are outside the influence zone of any crack and the term deﬁ in
Eq.(25)is deﬁ = 0. Therefore, the insertion operator Zy(dez, 0), in elements with states 0 or 1, distributes uniformly the macro-
scale strain deg into the RVE. So, the multiscale model results identical to the conventional homogenization technique re-
ported in the literature (see for example Miehe and Koch, 2002), in the sense that the increment of macro-scale strain deg is
uniformly distributed in the RVE and the overall stress results in the standard volumetric average of the micro-scale stress
field.

4.2. Micro-scale finite element model

The mechanical modeling of the RVE, considering micro-scale cohesive surfaces, is implemented with degenerate two-
dimensional solid finite elements displaying very high aspect ratios. A similar technique has been reported in Manzoli
et al. (2012), where it has been shown that elements with increasing aspect ratios tend to capture a strong discontinuity
kinematics (Oliver and Huespe, 2004). Thus, this technique can be seen as an alternative procedure for modeling strong
discontinuities arising across cohesive surfaces.

Zero level set: I1
(crack-path-field)

EFEM
(Finite element with embedded
strong discontinuity)

State 2

| Finite elements in state 0
Finite elements in state 1
I Finite elements in state 2

State 1

Fig. 6. Finite element technique at the macro-scale. Quadrature points according to the element state: (i) elements in state O use the standard integration rule
based on four Gauss points, (i) elements in state 1 use only one quadrature point (x}) at the element center, (iii) elements with embedded strong discontinuities
use two quadrature points (¥; and x%), both at the element center.
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Degenerate Constant Strain Triangles (CST) are inserted between all the element edges of a predefined finite element
mesh, as shown in Fig. 7. The geometrical distribution of degenerate CST elements is shown in gray, and their aspect ratio
increases with ¢/, —0.

These degenerate elements are endowed with a continuum damage, or plastic-like, constitutive relation with strain
softening (in the present contribution, the model presented in Box 1 has been adopted). The remaining finite elements could
be endowed with an elastic or inelastic constitutive relation with hardening (in the present contribution, an isotropic elastic
model has been adopted). Thus, evolving strain localization zones are restricted to domains determined by the degenerate
elements with pre-defined thickness of size QL—>O.

In Fig. 8, we sketch the insertion of kinematical information from macro-to-micro scales. Note that according with the
insertion operator Z s(deg, deg, dB), see Eq. (26), the inserted macro-scale strain:

0dB @ nt
o

deg + Odeg + (67)

is distributed in all the j-th degenerate elements which belong to Qﬁ (zone showed in dark gray in Fig. 8). The inserted macro-
scale strain

deﬁ + ﬁdeﬂ (68)

is distributed in the remaining finite elements of the RVE, including the closing micro-cracks represented by the degenerated
CST elements displayed in light gray in Fig. 8.

5. Numerical assessment of the multiscale model
5.1. Sensitivity analysis of the effective fracture energy with the tortuosity index

We assess the multiscale model for capturing the homogenized post-critical response. Specially, we evaluate the sensi-
tivity of the effective fracture energy (Gy) and the total dissipated energy (D) at the macro-scale, in terms of the crack path
tortuosity at the RVE. This particular feature of the formulation is remarkably important to understand the role played by the
material micro-structure in failure problems. The numerical tests presented in this section, although simple, have been
conceived to demonstrate this.

5.1.1. Problem description

A homogeneous strip is considered as the macro-scale domain, see Fig. 9. The strip is subjected to a monotonically
increasing vertical macro-scale displacement ¢ on the top edge, until the complete structural degradation is reached. The
problem is analyzed assuming plane strain conditions.

Four periodic micro-structures of simple geometries are used as RVEs, see Fig. 9. At the micro-structures, pre-defined
domains where cohesive cracks can be nucleated, are embedded into an elastic material matrix. Once the micro-scale
cohesive cracks are nucleated, they are governed by a cohesive relation which is induced by a regularized continuum sca-
lar damage model acting on a band of thickness £, approaching 0 (see Section 3.7.1). The damage model degrades expo-
nentially only under tensile states, therefore this behavior is inherited by the discrete-type cohesive law. The properties for

L
Q;

4 Zoom
N S
L
1 | Standard
finite elements
Q/l,
. Interface
RVE v (degenerate) elements

Fig. 7. RVE finite element model with degenerate elements at all edges of standard finite elements. The thickness of the degenerate elements, £, tends to zero.
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Macro-scale finite element Meso-scale finite element mesh
(state 2) (solids and interface elements)

Fig. 8. Insertion procedure of the kinematics related to a macro-scale integration point, x%, into the RVE modeled with degenerate finite elements between
interfaces.

the elastic matrix are: E, = 3.0e4 [MPa] (Young modulus) and v, = 0.18 (Poisson's ratio). The damage model properties are:
ouu = 2.6 [MPa] (ultimate tensile stress), Gy, = 2.0e2 [N/m] (fracture energy), E, = 1.5e4 [MPa] and v, = 0.18. The material
characterization is identical in the four RVEs considered.

The macro-scale homogenized responses are evaluated and compared according with two categories of micro-structures:

Case (a): embodies two micro-structures. One with a horizontal straight cohesive crack and the other with slanted
cohesive cracks at +45° (see Fig. 9-(left)). The length of the slanted crack path is 41% longer than the length of the hor-
izontal crack. Thus, the corresponding tortuosity indices are § = 1 and 6 = 1.41, respectively.

Case (b): similar to the previous case, two micro-structures are compared (see Fig. 9-(right)). One with two horizontal
cohesive cracks (solid lines) intersecting a horizontal traction-free crack (dotted line). The other with two slanted cohesive
cracks at +45° (solid lines) intersecting a horizontal traction-free crack (dotted line). The total length of the slanted crack
path is 27% longer than the length of the horizontal cracks. The corresponding tortuosity indices are § = 1 and 6 = 1.27,
respectively.

After detecting bifurcation at macro-scale (t = ty), the multiscale model considers that the overall fracture energy, in all
cases, is represented by the nucleation of a unique and geometrically identical macro-crack, being orthogonal to the principal
stretch direction (see Fig. 9-(center)). However, as we show next, stable material dissipation can take place at the macro-scale
before the nucleation of the macro-crack, for t < ty.

5.1.2. Multiscale model vs. Direct Numerical Simulation

The total expended external energy, required to exhaust the structural load carrying capacity, is studied using the pro-
posed multiscale (MS) model. Results are compared with DNS (Direct Numerical Simulation) solutions that are assumed as
the reference accurate responses.

The MS finite element models are shown in Fig. 10. At the macro-scale, only one finite element with embedded strong
discontinuity (see Section 4.1.2) is used. Thus, the fracture process of the strip is highly idealized. Even so, we show that MS
formulation provides solutions which compare very well with the refined DNS method. The RVE finite element meshes are
also observed in Fig. 10, for each analyzed case. Periodic boundary conditions are assumed for the external RVE boundary
(SBC): points on the solid lines are paired with points on the dotted lines. The vertex nodes are fixed (zero distlacement
fluctuations). This set of kinematical restrictions is a particular case of the minimally constrained vector space Z:lﬂ (and vﬁ).
Once the macro-crack is nucleated, (incremental) displacement fluctuations at the RVE-domain are fixed to zero, a particular
case of Z:lf (and V3).

The DNS finite element meshes are built by horizontal and vertical repetition of the discrete periodic cells shown in Fig. 11,
where only the tortuous cases are displayed. Identical material properties and distributions as in the RVEs of the multiscale
model are assumed.

Fig. 11-(center) depicts a comparative analysis of the damage levels observed in both, MS and DNS solutions, at the
bifurcation time (t = ty). Even though the DNS solutions show a slight non-uniform damage distribution in bands at different
heights and the MS model is macroscopically homogeneous (prior to bifurcation), the solutions obtained with both models
compare very well in terms of qualitative results. The slight non-uniformity observed in the DNS responses is due to initial
perturbations imposed to trigger the strain localization in the central zone of the strip.

The external total force (P) vs. vertical displacement (9) curves are exhibited in Fig. 12, using both techniques MS and DNS.
Note that MS model provides very accurate results, if compared with the DNS solutions, in terms of initial overall elasticity,
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Fig. 9. Strip subjected to uniaxial loading. Macro-scale mechanical model along with their corresponding micro-structural description.

non-linear stable dissipation, peak load detection and the complete post-critical equilibrium branch. Therefore, the total
dissipated energy, D, predicted by the MS and DNS models (the areas under the P-j curves), are in very close agreement in
both cases (tortuous and straight cracks).

5.1.3. Discussion of results

First, let us focus on Case (a). The crack path tortuosity introduces two noteworthy effects: (i) an increase of the peak load
P,, from about P, = 6.8e4 [N] (for § = 1) to P, = 7.8e4 [N] (for # = 1.41), as seen in Fig. 12(a) and (ii) the existence of a stable
(distributed) energy dissipation regime prior to macro-scale bifurcation (t < ty) in the tortuous case, see the non-linear P-
0 response before reaching the limit load in insert of Fig. 12(a). These results can be explained as follows. Although the
stretching process is uniform at the macro-scale, crack path tortuosity induces a non-uniform stress state at the micro-scale.
Therefore damage evolves describing non-uniform patterns (see Fig. 11). Low values of damage in the RVE are not enough to
induce softening and material bifurcation at the macro-scale. In fact, as shown Fig. 11, levels of damage greater than 0.97 are
required to achieve macro-scale bifurcation and, as a consequence, the nucleation of the macro-crack. The evolution of this
inelastic process at the micro-scale (from the onset of damage to damage near 0.97) is transferred to the macro-scale as an
irreversible mechanism of stable dissipation, which takes place along the whole volume of the strip, increasing the effective
ductility of the material. Observe that one part of what is defined as fracture energy (per unit area) in the RVE, G, charac-
terizing the micro-scale cohesive laws, develops during the (volumetric) stable energy dissipation at the macro-scale. Then, the
micro-scale energy released during the stable dissipation regime at macro-scale level is not available to contribute to the
effective macro-scale fracture energy Gy, i.e. the fracture energy (per unit area) required to degrade the macro-scale cohesive
crack. From the comparison with the reference DNS solution, we conclude that the proposed multiscale model is able to deal
with this complex phenomenology involving non-trivial relationships between energy measures with dissimilar dimen-
sionality. As the stable dissipation process develops in the tortuous Case-(a), the total external load increases until it reaches a
peak, Py, which is greater than the peak load obtained without crack tortuosity.

The overall fracture energy, G, is obtained through integration of the macro-scale traction vs. crack opening response T—4.
Considering Case-(a), we have: Gy=0.20 [N/mm] (for # = 1) and Gg= 0.196 [N/mm] (for § = 1.41), the last value represents the
area below the blue curve Ty, vs gy, in Fig. 13(b). In this example, the effective fracture energy available to exhaust the macro-
scale cohesive crack, linked to a tortuous path in the RVE (§ = 1.41), is smaller than the value corresponding to the macro-
crack related to aligned micro-cracks (# = 1). However, the total expended external work to get complete degradation (D)
for the micro-structure with zig—zag cohesive cracks is 51% larger than that computed with the micro-structure having an
horizontal cohesive crack (see gray zone in Fig. 12(a)). These results confirm that, even simulating horizontal macro-cracks
opening in Mode I, the structural response obtained with the MS model distinguishes between distinct crack path tortuos-
ities at the micro-scale.

Similar conclusions are obtained analyzing the plots in Fig. 12(b) corresponding to Case-(b), where pre-existing traction-
free micro-cracks have been considered. Thus, we can conclude that the tortuosity index 6, included in the MS formulation,
has the correct mechanical effect on the homogenized responses.
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Fig. 10. Strip subjected to uniaxial loading. Discrete models for the MultiScale (MS) formulation: macro-scale model (one finite element) and RVE finite element
models for the four micro-structures (periodic boundary conditions are considered between solids and dotted external boundaries). Units of length in
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Fig. 11. Strip under uniaxial loading. DNS finite elements models for the tortuous path cases. Comparative analysis of the damage solutions given by DNS and MS
models, at the macro-scale bifurcation time (t = ty).

In order to highlight the previous conclusion, additional results are shown in Figs. 13 and 14. We compare the homoge-
nized responses using slight variations of the proposed MS model (denoted MSa and MSg models), applied to Case (a)-
tortuous (f = 1.41):

- The MSa-model solution fully removes the tortuosity parameter by setting § = 1 in all the scale bridging equations.

- The MSg-model solution corresponds to a multiscale methodology where the tortuosity index is only considered in the
definition of the Z g(-)-operator, but it is not accounted for in the regular insertion counterpart Zz(-) (see (26) and (25),
respectively). This method (MSg) neglects the influence of tortuosity factor on the evaluation of the macro-scale stress
tensor in regular points Xg €Q\ S, near the macro-crack.

Let us consider the macro-scale point X where, at time ¢ = ty, a cohesive interface with the normal vectorn = [ny, ny, ] =
[0 1]isintroduced (see Fig. 13). We analyze the continuity of the normal component of the traction vector provided by the
MS model, before and after the interface insertion (ox,x, = o-(n®n) for t < ty and Tx, for t > ty). Fig. 13(a) depicts the ho-
mogenized constitutive response (ox,x, VS. €x,x, ) before detecting macroscopic bifurcation (t < ty) while Fig. 13(b) shows the
homogenized cohesive response (Ty, vs. 8y,) once the macro-crack is nucleated (¢t > ty). Even in this simple numerical
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Fig. 12. Strip under uniaxial loading. P vs. é curves at the macro-scale, obtained using MS and DNS approaches.

experiment, and according to the different scale bridging equations (given by MS, MSa or MSg models), a very sensitive
response with respect to § can be observed. The MSa-model shows a marked discontinuous behavior at ty, i.e. when the peak
load P, is reached (see Fig. 13(b)). Thus, using the MSx technique, the transition from a classical homogenization scheme to a
cohesive homogenization procedure is discontinuous. We argue that the discontinuous response is due to a wrong kine-
matical information transfer, from macro-to-micro scale, which is not properly modeled after the nucleation of the macro-
crack. The macro-scale kinematical descriptor, d@, is not correctly scaled when it is inserted into the RVE-domain. A
similar inconsistent response is also observed in the structural load—displacement P-g curve of Fig. 14. The MSg-model, which
only accounts for a scaling of d@ (through #) during the kinematical transfer related to xs, eliminates the discontinuous
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Fig. 13. Strip under uniaxial loading (Case (a)-tortuous): (a) ox,x, VS. ex,x, homogenized response before detecting macro-scale bifurcation, (b) Ty, vs. 8, ho-
mogenized response after nucleation of macro-scale cohesive crack. Solutions obtained using MS, MS, and MSg approaches.



98 S. Toro et al. / International Journal of Plasticity 76 (2016) 75—110

Total Load P [N] x 10"

0 0.1 0.2 0.3 0.4 0.5 0.6
Vertical displacement ¢ [mm]

Fig. 14. Strip under uniaxial loading (Case (a)-tortuous). P vs. ¢ curves at the macro-scale level. Solutions obtained using MS, MS, and MSg approaches.
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Fig. 15. Concrete meso-scale model (average size of the matrix finite elements: 1.30 [mm]). Detail of the continuum and embedded interface finite elements.

response and furthermore provides identical Ty, — 8x, response as the MS-model (see Fig. 13(b)). However the MSg-solution is
still mechanically inconsistent, since it does not provide the correct post-critical structural behavior (see Fig. 14), showing an
effective energy dissipation which is different from the DNS solutions (here DNS and MS give almost identical responses).
Thus, the importance of considering the tortuosity parameter in the insertion procedure for regular points, located in the
compact support of 8 (xg € Q°), is clear.

5.2. Multiscale analysis of a concrete-like material

5.2.1. Modeling of concrete failure
A concrete-like material is considered by modeling its meso-structure.” Concrete is a typical example of a non-periodic
and quasi-brittle heterogeneous material. At the meso-scale, two main phases can be recognized: the cementitious matrix

7 In the applications involving concrete-like materials, the term meso-structure or meso-scale identifies the smaller length scale of the multi-scale
model. Thus, the prefix “meso” should be considered as a synonym for the prefix “micro”, used in this work.
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Table 1
Material properties for the meso-structure depicted in Fig. 15, taken from Unger and Eckardt (2011).
E, [MPa] vy 0 [MPa] Gy [N/m]
Elastic cementitious matrix 1.85e4 0.18 - -
Elastic aggregate 3.70e4 0.18 — -
Matrix—matrix interface 1.85e4 0.18 2.60 140
Matrix-aggregate interface 1.85e4 0.18 1.30 70

Thickness=100 [mm]
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Fig. 16. Macro-scale strips with concrete-like meso-structure. Configuration of the rotating macro-structure according with the angle 7 (top). Fixed RVE with
their corresponding boundary conditions (middle); short black lines show the degree of freedoms where the minimum kinematical constraints are imposed.
Deformed configuration of the RVE at the nucleation time ty, for each macro-scale stretching orientation (bottom).

and the coarse aggregates. Failure generally initiates at the interface between matrix and aggregates, and cracks propagate
across the matrix. In general, for low-to-moderate strength concretes, trans-aggregate fracture is never observed.® Then, from
the material failure viewpoint, (low-to-moderate strength) concrete can be modeled at meso-scale by incorporating three
phases: (i) the matrix—aggregate interface, which is the weakest phase of the composite, (ii) the cementitious matrix which
also can be subjected to cracking and degradation and (iii) the aggregates which behave elastically with no degradation at all.
Based on these modeling assumptions, we develop a meso-scale model for concrete failure following the approximations
reported in Carol et al. (2001) and Unger and Eckardt (2011).

5.2.1.1. Meso-structure generation

The representation of a plane strain state in concrete, at the meso-scale level, is idealized by selecting different shapes/
sizes of rigid particles, which correspond to a given type of coarse aggregate, and distributing them randomly into the micro-
cell. The particle shapes are randomly selected from a pre-defined set of irregular polygons, typifying granitic-type coarse
aggregate. The coordinates for each particle centroid are selected randomly following a uniform probability distribution; the
orientation angle for each aggregate is also random. A exclusion zone around previously generated particles is considered. The
total number of particles and their sizes (between 3 [mm] and 5 [mm]) are computed such that a pre-assumed coarse
aggregate volume fraction, wags is reached. Following to Unger and Eckardt (2011), we have adopted
wagg = Aggregate volume/Total RVE volume x 100 = 20.7%. The RVE size is 25.0 [mm] x 25.0 [mm], and the average
aggregate size is 3.43 [mm)], see Fig. 15.

According to the finite element technique adopted to simulate the RVE, as explained in Section 4.2, the meso-scale finite
element model is designed as shown in Fig. 15. Interface elements are inserted along the matrix—aggregate interfaces, as well
as along the interfaces of the matrix finite elements.

All the interface elements are subjected to material degradation. The constitutive model representing the mechanical
response of both interfaces, matrix—matrix and matrix-aggregate, is the regularized isotropic damage model with

8 Trans-aggregate fracturing can be observed in high strength concretes.
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exponential softening discussed in Section 3.7.1. Since the thickness of interface elements is very small, the continuum
damage model degenerates into a cohesive-type constitutive law which characterizes the mechanical behavior of the cracks
at the micro-scale level. Damage in the cementitious matrix is only allowed through the embedded interface elements.
Material parameters are presented in Table 1.

5.2.2. Strip subjected to uniaxial strains. Analysis of boundary condition effects on the RVE failure mode capturing

A macro-scale strip is subjected to uniaxial stretching in different directions, while the associated micro-cells are attached
to a fixed reference frame {y1,y2} (see Fig. 16). Therefore, the principal macro-scale stress direction for each test displays a
different orientation with respect to the micro-scale fixed reference system. It is expected that the failure path at the micro-
scale level results (in an averaged sense) almost orthogonal to the homogenized tensile stress direction (loading direction).

The dimensions of the macro-structure are 125.0 [mm] x 125.0 [mm] and the thickness is 100 [mm], see Fig. 16. Plane
strain condition is assumed.

The objective of this numerical test is twofold:

- First, we assess the capability of the micro-scale finite element model to capture failure modes at different directions
relative to the RVE axis, depending on the macro-scale stretching orientation. In this context, the selection of appropriate
kinematical constraints, on the RVE boundaries, is a fundamental issue to be considered. Very restrictive kinematical
constraints can inhibit, or delay, the nucleation of micro-cracks near the RVE boundaries, as well as the macro-scale
bifurcation time, giving rise to a spurious effective mechanical response.

- Second, we compare the homogenized load—displacement structural responses under changes in the macro-scale
stretching direction. Thus, we study if the adopted micro-cell design (RVE size, aggregate location/distribution, etc.) re-
trieves an isotropic macro-scale response, during the pre-critical and post-critical regimes, in terms of a uniaxial loading
process.

Summarizing, we assess the ability of the prescribed boundary conditions at the RVE in capturing the expected fracture
pattern, the macroscopic bifurcation time, the homogenized peak load and the post-critical response, according to changes in
the principal direction of the overall stress. The macroscopic responses have to be almost identical and independent of the
stretching direction.

A schematic description of the tests is shown in Fig. 16-(top). The stretch direction forms an angle n with the horizontal
line. For each 7, the same meso-structure is represented by the corresponding RVE, also shown in the same figure. Boundary
conditions on the RVE-boundaries (SBC) consider: (i) zero (incremental) fluctuation displacements for the four corner nodes
of the RVE plus (ii) the minimum kinematical constraint, given by Eq. (34). Therefore, the adopted kinematical space for the
SBC characterizes a multiscale sub-model which is between the minimally constrained and the classical periodic sub-
models. The specification of zero fluctuation in the RVE-corners prevents possible flexible responses and physically un-
expected deformation modes, mainly near the bifurcation point at the macro-scale. Once the macro-scale cohesive crack S
is nucleated, (incremental) displacement fluctuations at the RVE-domain are fixed to zero, which represents a particular
case of the minimally constrained space Z:lu.

[\
1

Total Load P [N] x 10"
n

——
0 0.02 0.04 0.06 0.08 0.1
Vertical displacement § [mm]

Fig. 17. Macro-scale strip with a concrete-like meso-structure. Load vs. displacement curves for different stretching orientations.



S. Toro et al. / International Journal of Plasticity 76 (2016) 75—110 101

At the macro-scale, three quadrilateral finite elements are considered (see Fig. 16-(top)). Only the central macro-scale
element can nucleate a cohesive crack, as explained in Section 4.1.2. The remaining two finite elements behave elastically,
with a constitutive tensor Cy obtained after homogenization of the concrete-like meso-structure during a purely elastic
loading process. The stretching orientations are defined by the angles =0°, 15°, 30°, 45°, 60°, 75° and 90° with the horizontal
axis. The RVE-discrete model can be observed in Fig. 15.

Fig. 16-(bottom) also displays the deformed configurations at t = ty (according to the displacement fluctuation field) and
the fracture patterns of the RVEs, for different cases. Opening cohesive micro-cracks are shown in deep red (those within the
interface domain Sﬁ), while closing micro-scale cohesive cracks are shown in light red. For all cases, the RVE deformed
configurations display a rather clear tendency to nucleate cracks which are orthogonal (in an averaged sense) to the macro-
scale principal stress direction. Thus, we conclude that the obtained meso-scale failure modes are mechanically consistent
with the macro-scale stretching orientation.

Fig. 17(a) compares several curves of macro-structural responses (P vs. ¢), parameterized with the angle 7. We assume that
solutions with 7 = 0° and 1 = 90° correspond to a similar test. Then, variability in the structural results for both cases is
explained by the fact that these cases correspond to two instances of the same material, using different windows to represent
the mesoscopic behavior.

Summarizing, the proposed multiscale model is able to capture complex failure modes at the RVE level (comprising
multiple, tortuous and disconnected micro-cracks) whose homogenized mechanical response is almost insensitive to the
macro-scale stretching direction.

Evaluation of the minimum mesoscopic cell size satisfying the condition to be an RVE, as well as the important question of
the insensitivity of # with finite element mesh size, will be presented elsewhere (Toro et al., submitted for publication).

5.2.3. The L-Panel test

The objective of this test is to assess the ability of the multiscale failure model in simulating a more realistic concrete
fracture process observed in the L-shaped panel of Fig. 18(a). This specimen has been tested and reported in Winkler et al.,
(2001). The test setting and the geometry of the specimen are shown in Fig. 18. The thickness of the L-panel is 100 [mm].
Plane strain state is assumed.

The meso-scale model is identical to that presented in Section 5.2.1. Material parameters and aggregate volume fraction
agree with those reported in Unger and Eckardt (2011).

Four solutions based on MS and DNS simulations have been obtained to compare the specimen fracture response and its
sensitivity to the meso-structure design:

e Two MS simulations with different distribution of aggregates, are considered (see Fig. 18). In order to analyze the
dispersion of results due to the meso-structure design, two micro-cells with random distribution and shape of aggregates
are used in the simulations (Cell 1 and Cell 2). Their finite element models are shown in Fig. 18(c).

Fig. 18(b) displays the micro-cell size and the Standard Boundary Conditions (SBC) that are prescribed for the pre-
bifurcation regime (t < ty). The SBC are minimum kinematical constraints with the four vertices fixed. The short black
lines on the RVE-boundaries show the degree of freedoms where the minimum kinematical constraints are imposed,
(see Toro et al., 2014 for additional details). Once a macro-crack is nucleated at a point xs (t > ty), the RVE related to x5 is
subjected to zero incremental displacement fluctuations (a particular sub-space of ¢3, see (38)).

Only the domain shown in gray in Fig. 18(a), at the macro-scale, is simulated with a MS model. The remaining part of the
specimen is assumed to be linear elastic. In the elastic domain, the elasticity tensor Cy is the overall elastic one obtained by
homogenization of the purely elastic response of the same mesoscopic cells and SBC adopted for the analysis.

e Two DNS simulations are considered, see Fig. 19(a). In these cases, the concrete is modeled with similar details to those
used at the meso-scale. Then, aggregates, matrix and interfaces are introduced in the analysis with identical parameters to
the corresponding MS models.

Two different meso-structure designs are adopted: Meso-structure 1 and Meso-structure 2, as shown in Fig. 19(a). Again,
the DNS analyzes with both meso-structures give information about the dispersion of numerical results obtained by
different distribution of heterogeneities.

Fig. 20(a) plots the structural response in terms of the P vs. § curves. The four numerical solutions show a slow dispersion
and fit very well within the envelope of experimental results. Fig. 20(b) compares the macro-scale crack paths obtained using
the finite element models, DNS and MS simulations, with the experimental failure pattern (gray zone in Fig. 20(b)). The
macro-scale crack path for the DNS method (that related to Meso-structure 1) can be obtained from Fig. 19(b), by post-
processing the predicted localization zone of the vertical displacement field. In the case of MS models (Cell 1), the macro-
scale crack path is a direct result of the formulation.

Fig. 21 displays the results obtained with the MS model and Cell 1. The finite elements at the macro-scale level with
embedded cohesive cracks are colored in deep red. The blue line, intersecting those elements, is the predicted zero level set IT
of the crack path-field technique. The normal vectors to the macro-crack are also depicted. These vectors are the average of
the normal vectors to the opening set of cohesive cracks in the mesoscopic cell. In the same figure, a number of deformed
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Fig. 18. L-Panel test: (a) Setup and geometry of the macro-scale specimen, (b) Size and Standard Boundary Conditions (SBC) prescribed on the mesoscopic cells,
(c) Finite element meshes for Cell 1 and Cell 2 (average size of the matrix finite elements: 2.10 [mm]).

configurations, in terms of the RVE fluctuation displacement field, are shown. They correspond to different points along the
propagating macro-scale cohesive crack, at each nucleation time ty. Note that the failure modes at the meso-scale level are in
good agreement (in an average sense) with the macro-crack orientation.

6. Conclusion

A new multiscale model accounting for the nucleation of cohesive cracks at the micro and macro-scales has been pro-
posed. The method is based on the RVE-concept and follows a kinematical/variational setting. A particular feature is the
axiomatization of the methodology, defining hypotheses and derived consequences of the formulation. Essential modeling
phenomenologies have been incorporated invoking a minimum of additional assumptions. Specifically we refer to the
introduction of the micro-scale crack tortuosity effect, a relevant mechanism to be considered in the context of failure
modeling.

Novel aspects of the present multiscale methodology are:

DNS model DNS vertical displacements

Meso-structure 1
8 N el

Mes’o-structufe 2

Matrix-matrix
interface:
Damage

Matrix:
Elastic

Matrix-aggregate
interface:

Damage Aggregate: Elastic

(@) (b)

Fig. 19. L-Panel test. DNS models: (a) Finite element mesh and details for Meso-structures 1 and 2 (average size of the matrix finite elements: 1.05 [mm]), (b)
Contour fill map of vertical displacements.
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Fig. 20. L-Panel test: (a) Load P vs vertical displacement ¢ curves, for MS, DNS and experiments. (b) Comparative analysis between numerical solutions (MS and
DNS) vs. experimental envelope of the macro-scale crack paths.

- The definition of an insertion operator, Z(-), which is appropriate for the challenging problem in question. This operator
distributes the macro-scale regular kinematics and the macro-scale discontinuous kinematics in distinct ways within the
RVE-domain, according with the phenomenology of localization taking place at the micro-scale. Insertion mechanism can
be arbitrarily postulated under the premise that this procedure is linear and preserves the macro-scale kinematical

Fig. 21. L-Panel test. Macro-scale solution using the multiscale (MS) model and Cell 1 (average size of the macro-scale finite elements in the crack propagation
zone: 6.03 [mm]). Crack path, vector field normal to the cohesive surface and some deformed meso-structures at different points xs along the macroscopic
cohesive crack. At the meso-scale, opening cohesive interfaces are shown in deep red, at t = ty. Interfaces which have been opening during the loading process

but they are closing at ty are shown in light red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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quantity inserted at the micro-scale. In order to satisfy the second condition for Z(-), we incorporate the tortuosity
parameter, 6, in the definition of the insertion procedure. Therefore, in the present framework, the tortuosity-index is
considered as a primary kinematical concept.

- Another ingredient of the model is the so-called kinematically admissibility requirement which imposes proper con-
straints to have full control over the involved fluctuation fields in the RVE. Kinematical admissibility defines the math-
ematical structure (function vector spaces) required to describe the mechanical coupling between both scales of analysis.

- The introduction of a specific variational Principle of Multiscale Virtual Power, an adapted version of the Hill-Mandel
principle, closes the theoretical formulation of the multiscale model. From this principle, the equilibrium problem at
the RVE level, as well as the corresponding homogenization formulae for stresses and cohesive tractions, are obtained by
straightforward variational arguments.

An important result of the present work is the role played by the tortuosity-index. It affects the constitutive response of the
macro-scale cohesive crack as well as the macro-scale stress tensor for points located near the crack. The implicit dependence
(non-linear in general) between the tortuosity parameter and the homogenized mechanical responses is not an a priori
postulate of the formulation, but a natural consequence of the variational setting of the problem, along with the
kinematically-based assumptions.

This result is useful to improve the predictive capabilities in mono-scale modeling of material failure, due to crack
propagation. Thus, in phenomenological models based on the cohesive crack method both constitutive relations, the con-
tinuum stress-strain model and the discrete cohesive law, should be adapted through the incorporation of an estimated
measure of the tortuosity in the smaller length scales. From the ideas discussed here, the form in which such adaptation can
be done is simple and consists of two steps: (i) to modify the kinematical quantities before invoking the phenomenological
constitutive models, as suggested by the insertion mechanism of the present multiscale model (that is the macro-scale
kinematical descriptors deg and d8 must be linearly affected by #-index) and (ii) to affect (linearly) the cohesive traction,
retrieved by the phenomenological traction-separation law, by the tortuosity parameter, as shown in the cohesive traction
homogenization formula of the present multiscale model.

The multiscale modeling strategy has not only theoretical foundation but also it is numerically implemented into a FE?
scheme. The resulting computational homogenization technique performs well when compared with DNS solutions, both
qualitatively and quantitatively. The load—displacement structural curves, obtained with the multiscale technique, show
accurate results in terms of overall initial elasticity, non-linear stable behavior, peak load detection and post-critical dissi-
pation, allowing a good estimation of the effective fracture energy at the macro-scale. The failure modes at micro and macro-
scales levels are fully consistent with the crack path predicted by the DNS approach.

Finally we highlight the theoretical framework for the scale transition technique proposed in Sanchez et al. (2013, 2011),
Toro et al. (2014) and generalized in the present work. This framework provides a methodology for modeling material failure
within a multiscale RVE-based setting, irrespective of the regularized constitutive method used at the micro-scale to manip-
ulate unstable materials featuring smeared cracks, cohesive cracks, etc.
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Appendix 1. Additional issues of the multiscale model

This appendix describes specific aspects of the proposed multiscale formulation, which were not detailed in the main body
of the manuscript.

I-(a) Strong discontinuity kinematics as a limit case of strain localization bands

For simplicity, the following developments assume the existence of a unique cohesive crack at the micro-scale. Thus,
superscript “i” (related to each micro-crack in the RVE) as well as the summation-operator can be removed. It is assumed that
the (fluctuation) displacement discontinuity kinematics in a micro-crack can be viewed as the limit case of a strain locali-
zation band with finite thickness ¢,, when 2, — 0. Accordingly, the (incremental fluctuation) strain field at the micro-scale,
de,, is given by Eq. (23). To see this in detail, we first write a continuous kinematical description with strain localization

bands and then find the limit when the band thickness tends to zero.
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Consider the domain Qs, with mean surface S, and finite thickness ¢, (see Fig. 22(a)). In the same figure, n, is the unit
vector normal to S,.. The displacement fluctuation field, dut,, with a strain localization band across the domain Qgs, can be

expressed as:
(69)

du, = du, +.4,dB,, YyeQ,,
where dﬁu is the regular fluctuation and (Jéfldfi#) is an additional continuous fluctuation displacement mode related with the
strain localization band. The function dﬂ;, introduced in (69), has the following definition:

Moy = Ay — @, (70)
1 Vyeq,,
. n.-(v— . 0 Vyeqo
= Y=Yy yeqq (,,#:{1 N (71)
u yeQM\QH,
0 Vyeq,
* Q*

et 2=

in terms of the ramp-function Jf: (see (71)-left) and a continuous function ¢, which satisfies (71)-right. The sets Q
Qﬁi and Qjﬁi have the geometrical interpretation given in Fig. 22(a), where the (), subscript is related to the n,-orientation.
Point yo, in (71)-left, is an arbitrary point in the intersection Qs,nQ;_. Observe that Q2" (= Q¢ uQ¢" ) is an arbitrary small

domain which includes the strain localization domain Qs, .
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Fig. 22. Basic nomenclature to describe a micro-scale kinematics with a strain localization band.

With the previous definitions, the strain fluctuation de,, kinematically compatible with the field du, given by (69), reads:

~ « ~ ~ % d~ ®n
de, = Vydu, +.4,95dB, — dB, ®°Vyp, + ¢#%, (72)

where the collocation function ¢, is identical to (24), that is:

P = {(1) otherise (73)
By taking the limit ¢, —0 in (72), we obtain:
de, = V;dﬁ# + [Qlui_rpom;’;} v;dg, — dB, ®° Llﬂi_rpo quo:} + Qlﬂiino %dﬁ%isnﬂ_ (74)
Then, considering the definitions (19), (20) and (22), expression (74) can be re-written as:
dg, ®n, dg, ®°n, (75)

dé, = Vydu, +.4,V;dB, — dB, ®°Vyp, + Qliino by o dé g + Qliino ¢”T’

which proves the equivalence between Eqs. (21) and (23), used in the paper, since the Dirac delta function can be viewed as:
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6, = lim £ (76)

From a kinematical point of view, the strain-like term ¢Mdfiu®5n#(Q#)’l, in (75), is compatible with a displacement field
displaying a strong discontinuity kinematics of magnitude dg, across S, (whose normal vector is n,) when ¢,—0, see
Fig. 22(b).

We also stress the following identity:

llm “f(y )dQ, = /f(y (77)

for any smooth function f{y), which has been used throughout the paper.
I-(b) Procedure to determine the set of opening micro-cracks: Sﬁ

A critical point in the proposed multiscale formulation is the correct determination of the set of opening micro-cracks,
here referred to as S’LL. at the macro-scale nucleation time t = ty. Such interface sub-domain, SﬁCQu, must be properly
captured for two main reasons:

(i) For t > ty, the insertion mechanism of the macro-scale jump increment (Z(0,0,dg)) into the micro-scale domain is
restricted, exclusively, to the set SL of opening micro-cracks (see Eq. (26)).

(ii) New constraints must be applied to the micro-scale incremental displacement jump fluctuations dﬁu, related to the set
Sﬁ (see expression (36)).

The procedure to determine Slﬂ is based on a purely kinematical criterion. Let us consider the mechanical state of the RVE,
at the macro-scale nucleation time t = ty. Recall that ty is determined according to the singularity of the acoustic tensor
(Sanchez et al., 2013, 2011; Toro et al., 2014). The solution to this problem gives {ty,n,y}, where n is the unit vector normal to
the macro-scale cohesive crack and ¥ is the initial direction of the macro-scale displacement discontinuity, d@, at ty. Thus, at
ty, the mechanical state of the RVE is compatible with the nucleation of a macro-scale cohesive crack which has the
instantaneous strain-like mode characterized by the tensor structure (y® Sn).

On the other hand, at ty, there are n. micro-scale cohesive interfaces 81 (w1th i=1,...,nc;) which have been nucleated in the
RVE-domain up to time ty. The set of all nucleated micro-cracks is SZ = u SL Then the problem is to find the subset
SL CST composed by all opening micro-cracks in the RVE at ty. We define SL as the subset of micro-cracks that remain open
under the kinematical excitation given by the strain-like term having the structure (y ®*n). Mathematically, this criterion can
be expressed as:

sk = {izjl 8!, such that (dBL@SnL)~(7®Sn)>O, i=1,...n fort= tN}. (78)

\,» whose corresponding d[i}; satisfies the positive-projection rule given in (78), is considered to be an
opening micro-crack SLJ (= 1,...,ngp). The total number of opening micro-cracks is nop. Conversely, micro-cracks S’ with dﬁ
such that do not satlsfy the inequality in (78) form the set of closing cracks (ST \SL)

Each micro-crack St

I-(c) Derivation of the tortuosity factor expression

We derive the expression (27) adopted for the tortuosity factor 6, introduced in the definition of the insertion operator
Z(-) (see Eq. (26)). The following argument is based on a purely kinematical constraint which should be satisfied by the
insertion operator. In this sense, it is postulated:

7(0,0,d8)
g nl
LS im ¢5M do, — dge’n, V dg, (79)
‘Sﬂ A= %
Q‘L

where Q/’; = ul""l Q’;j , is the entire strain localization sub-domain associated to S,Ll. The left hand side of (79) is the mean value
of Z(0,0,dB). The right hand size of (79) represents the macro-scale kinematical descriptor related to d@, which has the
structure given by d@®°n.

Eq. (79) can be further manipulated, leading to:
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- Z / [éﬁﬁdﬁ@snﬁj(y)]d(zﬂ —dgesn, Vdg,

of
— 0dg®°nti(y)|ds, = dg® n, V dg,
Z [ w M

—0dﬁ®sz /nﬁj(y)dsu:dﬂ®5n, v dg,

RS / nli(y)ds, = n. (80)

Since n (the normal vector to the macro-scale cohesive crack) is a unit vector, expression (80) gives the criterion to
compute the tortuosity factor 6, as follows:

i

€1, c0). (81)

s [ s,

Lj
Su

Remark 7.1. Eq. (79) is a kinematical constraint requiring that the insertion operator Z (0,0, dg) preserves the macro-scale
kinematics, i.e. the (B®°n) term in this case. When the insertion operator has a simple definition, as in conventional mul-
tiscale models without discontinuities, this property is trivially satisfied. In more general modeling scenarios special care
must be taken in the specification of Z(-). Also note that the Kinematical Admissibility Concept (see (31)—(33)), does not
necessarily takes into account this issue, since it only controls the RVE fluctuation fields.

Appendix II. Auxiliary computations

This appendix provides the mathematical steps involved in deriving (34) from (33). For clarity, the following description
assume a single micro-scale cohesive crack (superscript “i” and summation-operator are removed from the following
equations). The present discussion distinguishes between the case of an internal crack or a crack reaching the RVE-boundary
(see Fig. 3(a)).
II-(a) Internal micro-crack

From (33) the first admissibility requirement is expressed as:

- |

Qu

dg,®°n,

o da, = / (dé, + 6,dB, ®°1,)d2, (82)
n .

Q

de lim
uR + 0,0 bu

and taking (22) into account, expression (82) is re-written as follows:

déuR
0- / VS di, +.4,V5dB, — dB, ®Vyp, +0.dB,®°n, |do,, (83)
Q N——
" T1 T2 T3

where the terms T1, T2 and T3 can be further manipulated. Considering the nomenclature shown in Fig. 3(b), the term T1 can
be expressed as:
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T1: / M VB, dQ, = / v;dB,do, — / 0, V5dB,dQ,

o o % ) (84)
- / dp, ®°n,. ds, - / dB, ®°n,dsS, - / 0,V5d8,d0,
Syt Sy Qﬂ

where the definition of the micro-scale unit jump function .#, has been considered, together with a standard tensorial
identity and the fact that the crack is internal to the RVE-domain, i.e. dfiﬂm = d[iu = 0 and n,, is the outward unit vector
normal to S, . .

The term T2 is expanded as follows:

| @
T

T2 / dB, ®°Vy,d0, = - / VS (0, dB,.) A + / 0,V3dB,d9,
o Qf Q
__ / dB, ®°n,.dS, + / 0, V5B, A0,

Sur o

(85)

where standard tensor identities have been considered along with the definition of ¢, given by (20)-right, and the internal
crack concept.
The term T3 is evaluated from the property of the Dirac delta function, yielding:

T3 / 5,dB, ®°1,d0, = / dp, ®°n,ds,. (86)
o, s

From (84), (85) and (86), the integral expression (83) reduces to:

0= / V5 du, do,, (87)
o

proving the equivalence between (33) and (34). Note that, although in the micro-scale there are two independent kinematical
descriptors {du,, dg,}, expression (87) (and (34)) imposes kinematical constraints only over the field du,..

II-(b) Micro-crack reaching the RVE-boundary

Let us now consider the situation where a micro-crack intersects the RVE-boundary, as illustrated in Fig. 3(a). In this case,
dB,| #0. Integrals of the type:
wll

/ (dB, ®°n,)dr, (88)

¢
1—‘ull

do not vanish in the above derivations of the terms T1 and T2. In (88), n,, jy is the outward unit vector normal to Ffj”. Then,
equivalence between (83) and (87) is no longer guaranteed. However let us recall that the sub-domain Qf, introduced to
define the kinematical description of strong discontinuities at the micro-scale (see Section 3.2.1), has an arbitrarily small
thickness in the orthogonal direction to the micro-crack S,. Thus the measure of FZ’,, (and also FZ’,) is also arbitrarily small.
Since expression (88) has bounded integrand, this integral can be neglected if compared with integrals on S,. Summarizing,
equivalence between (83) and (87) is established in an approximate sense.
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