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ABSTRACT

Introduction of infinitely many solid phases in continuum micromechanical representations of
hierarchical porous media, in combination with rigorous consideration of free strains and stresses
(which arise in the material microstructures as plastic or viscous strains, or as pore pressures)
turned out as the major key to providing reliable (“nano-micro-macroscopic” or “micro-meso-
macroscopic”) structure-mechanical property predictions of complex material systems such as
concrete, wood, bone, porous ceramics, or paper.

HIERARCHICAL MICROMECHANICS BASED ON “CLASSICAL”
HOMOGENIZATION SCHEMES WITH A FINITE NUMBER OF MATERIAL PHASES

Since the early 2000’s, continuum micromechanics models based on Eshelby’s or Laws’ elastic
matrix-inclusion problems (Eshelby 1975, Laws 1977), such as the classical Mori-Tanaka or
self-consistent schemes (Hill 1965a, Mori and Tanaka 1973, Zaoui 2002), have successfully
entered the fields of bio and geoengineering; revealing important structure - property relations in
materials systems such as concrete (Bernard et al. 2003, Constantinides and Ulm 2004, Hellmich
and Mang 2005); bone (Hellmich and Ulm 2002, Hellmich et al. 2004a, Hellmich et al. 2004b,
Fritsch and Hellmich 2007, Hamed et al. 2010); and wood (Hofstetter et al. 2005); at length
scales ranging from tens of nanometers to a few centimeters. Key to these contributions were
hierarchical schemes of representative volume elements (RVEs) consisting of a finite number of
ellipsoidally shaped phases. In these schemes, the homogenized elastic properties related to a
lower-scale RVE serve as phase properties of a higher-scale RVE; and the smallest appropriate
RVE hosts phases with the “universal”, i.e. invariant, properties of the material’s elementary
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components (in concrete: clinker, water, hydrates, aggregates; in bone: collagen, hydroxyapatite,
water with non-collageneous organics; in wood: cellulose, hemicellulose, lignin). However,
these “classical” schemes also show considerable limitations; particularly so when it comes to
predicting the elastic properties of highly porous systems (as encountered in early-age concrete),
to the upscaling of quasi-brittle or ductile strength, or to the representation of one or several
pressurized pore phases in interaction with several other phases — where compatibility and
equilibrium conditions, in contrast to the two-phase situation (Dormieux et al. 2002), do not
allow any more for the derivation of homogenized poromechanical properties.

EXTENDED HOMOGENIZATION SCHEMES FOR INFINITELY MANY,
EIGENSTRESSED PHASES

A standard strategy for tackling the aforementioned challenges lies in resorting to
computationally heavy approaches, such as computational homogenization based on the Finite
Element method (Kouznetsova et al. 2004), or more recently, statistical physics methods for
upscaling from the sub-nanoscale (Pellenq et al. 2009), well up into the so-called mesoscale of
coarsed grain approaches of computational chemistry (Ioannidou et al. 2016); i.e. that of several
hundreds of micrometers. Quite distinctively, we have, over the last decade, followed an
alternative approach characterized by an amazing computational efficiency — and in this way, we
have largely extended the number and the scale of inelastic computations which could possibly
ever be performed on complex hierarchical material systems. This alternative approach relies on
extensions of the “classical” homogenization schemes to more complex microstructures, namely
those found in hierarchically organized materials such as concrete, bone, wood, or wood-
products such as paper. What all these extensions have in common, is the introduction of
infinitely many, mutually interacting, non-spherical solid phases within one RVE, together with
one pore phase reflecting the symmetry of the solid phases’ arrangement, e.g. one spherical pore
phase with solid phases being oriented uniformly in all space directions. The latter arrangement
when realized in a self-consistent setting (Fritsch et al. 2006), has been shown to be highly
relevant for the prediction of the porosity — poroelasticity and porosity — strength relations of the
extrafibrillar space in bone (Fritsch et al. 2009a), of cement paste (Pichler and Hellmich 2011,
Picher et al. 2009, 2013), and of a large collection of various porous polycrystalline ceramics
(Fritsch et al. 2009b, 2010, 2013); across the entire range of porosities including very large ones,
where the classical, spherical solid phase-based schemes would predict far too high “percolation
thresholds”. Thereby, homogenization over multi-phase poro-elastic media or over elasto-plastic
media requires the extension of the classical concentration problem (the boundary value problem
with homogeneous stress or strain boundary conditions prescribed at the boundary of the RVE)
towards the consideration of eigenstrains or eigenstresses, plastic strains being a particular
choice of the former quantities, and pore pressures of the latter. Therefore, we have generalized
Dvorak’s transformation field analysis (Dvorak 1992) for the case of arbitrarily shaped
eigenstressed phases (Pichler and Hellmich 2010); in this context, the microstrains in each and
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every phase are related to the macroscopic strains imposed on the boundary of the RVE (by
means of concentration tensors) and to the free strains occurring in all the other material phases
(by means of so-called influence tensors). Introduction of eigenstresses also paves the way to an
elegant procedure to upscale viscoelastic properties, as an alternative to the standardly used
Laplace-Carson transforms (Laws and McLaughlin 1978, Scheiner and Hellmich 2009). This
Carson transform-free procedure was particularly useful for upscaling the viscous behavior of 2D
interfaces within an RVE, to overall viscoelastic bulk properties (Shahidi et al. 2014, 2016, Qu et
al. 2015). The latter studies have also helped in providing physical interpretations of classical
viscoelastic chain model formulations, revealing the springs and dashpots of Kelvin-Voigt chains
as being simple functions of matrix elasticity and interface density on the one hand, and of
interface size, density, and viscosity on the other (Shahidi et al. 2015a, 2015b).

RECENT RESULTS FOR CONCRETE, BONE, AND PAPER

As arule, successful quasi-brittle strength upscaling depends on identification of the appropriate
microstress state triggering failure in the weakest phase of the material system. In porous
ceramic systems, including the extrafibrillar space of bone, it is already the average stress state in
one of the aforementioned, infinitely many phases oriented in all space directions, which
appropriately approximates the critical stress state inducing local failure (Fritsch et al. 2009a,
2009b, 2010, 2013). This is due to the pseudo-homogeneous stress states prevailing in needle- or
disc-shaped solid material components, which are predominantly loaded axially and/or in shear
(but which do not undergo any remarkable bending deformation). The situation changes with
material components exhibiting a more complicated nanostructure themselves, such as hydrate
gel in cement paste (Pichler and Hellmich 2011, Picher et al. 2009, 2013), or lignin in wood
(Bader et al. 2010). In the latter case, the microstresses are not homogeneously distributed across
the weakest material phase, and the second-order moments of deviatoric stresses turn out as
“effective” microstresses which are actually relevant for irreversible sliding or cracking of the
critically loaded material phase. These higher-order microstresses are typically estimated from
the homogenized elastic stiffness, through differentiation with respect to the weakest phase
stiffness, a concept introduced to poro-micromechanics by (Dormieux et al. 2002).

The situation becomes even more complex in the case of concrete, where the relevant stress
peaks in the cement paste matrix occur right at the immediate vicinity of the aggregates, i.e. in
the so-called interfacial transition zone (ITZ). While this situation has motivated extensive
activity in the field of classical computational mechanics, e.g. based on Rigid Body Spring
Networks (Asahina et al. 2011), we have recently derived a fully analytical form of the stress
fields throughout the ITZs, by combining the known (homogeneous) stress state inside the
aggregates with traction and displacement continuity conditions for the aggregate-to-paste
interface, and with the elastic law characterizing the ITZ material itself (Konigsberger et al.
2014a, 2014b). These fields, in combination with higher-order downscaling to the hydrate gel
level, recently allowed us to successfully upscale one single, “universal” data pair of cohesion
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and internal friction values determined from nanoindentation of hydrates (Sarris and
Constantinides 2013), up to the strength evolutions of various cement pastes and mortars at
different hydration degrees.

The debate on how to extend elastic to elastoplastic homogenization schemes, has kept the
scientific community busy ever since the 1960s. In this context, the most popular ad hoc
approach, Hill’s incremental method (Hill 1965b), simply replaces the elastic stiffness tensors
appearing in the elastic concentration problem alluded to further above, by incremental
elastoplastic tangent stiffness tensors. However, it can be readily shown that this approach
deviates from the kinematic situation arising with free (and hence, plastic) strains. Consequently,
respective homogenized material behaviors turn out as too stiff. Remedy has recently been found
(Morin et al. 2017), by extending the aforementioned concentration-influence relations for
infinitely many, now elastoplastic solid phases, towards the evolution equations of non-
associated Mohr-Coulomb plasticity, by discretizing the resulting governing equations in time
and space, and by solving the latter by means of a new variant of the return mapping algorithm
(Clausen et al. 2007). The corresponding homogenized material law was shown to satisfactorily
represent the behavior of the porous hydroxyapatite polycrystals making up the so-called cement
lines in osteonal bone. This was experimentally validated through strength and ultrasonic tests on
hydroxyapatite (Katz and Ukraincik 1971, Akao et al. 1981, Shareef et al. 1993), as well as
through mass density, light microscopy, chemical composition, and osteon pushout tests on bone
(McCarthy et al. 1990, Bigley et al. 2009, Vuong and Hellmich 2011).

An interesting modification of all the aforementioned developments consists in adapting them for
for 2D networks, i.e. for fibrous phases all lying in a single plane, being in interaction with a
spheroidal pore phase with a vanishing thickness-to-diameter ratio. The latter limit case turns out
as the main challenge in solving the respective averaging problem based on known analytical
solutions for Eshelby-type matrix-inclusion problems. The corresponding remedy appears in the
particularly simple form of Hill’s morphology tensor for an oblate spheroid of non-zero stiffness,
as given by (Sevostianov et al. 2005). This simple mathematical form indeed allows for
analytical homogenization over the 2D network; for different non-zero values for the “pore
stiffness”. Letting the latter go, numerically, towards zero provides the desired result for a
homogenized 2D network; which has already undergone a preliminary experimental validation in
the case of paper (Godinho et al. 2016): cellulose fiber elasticity (Duncker and Nordman 1965,
Page et al. 1977, Ehrnrooth and Kolseth 1984, Adusumalli et al. 2010), was successfully
upscaled to the paper sheet level (Alexander and Marton 1968).
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