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Abstract

Mechanical behavior of materials with granular microstructures is confounded by unique features
of their grain-scale mechano-morphology, such as the tension-compression asymmetry of grain
interactions and irregular grain structure. Continuum models, necessary for the macro-scale de-
scription of these materials, must link to the grain-scale behavior to describe the consequences of
this mechano-morphology. Here, we consider the damage behavior of these materials based upon
purely mechanical concepts utilizing energy and variational approach. Granular micromechanics
is accounted through Piola’s ansatz and objective kinematic descriptors obtained for grain-pair
relative displacement in granular materials undergoing finite deformations. Karush-Kuhn-Tucker
(KKT) type conditions that provide the evolution equations for grain-pair damage and Euler-
Lagrange equations for evolution of grain-pair relative displacement are derived based upon a
non-standard (hemivariational) variational approach. The model applicability is illustrated for
particular form of grain-pair elastic energy and dissipation functionals through numerical exam-
ples. Results show interesting damage-induced anisotropy evolution including the emergence of a
type of chiral behavior and formation of finite localization zones.

Keywords: damage mechanics, granular microstructures, variational procedure, Karush-Kuhn-
Tucker conditions, strain gradient, anisotropy evolution, 2D continua

1 Introduction

Material damage is a complex phenomenon that occurs over a range of spatial scales spanning molecular
or crystal structures, grain boundaries and inter-granular layers, granular structures, etc. [40, 42, 71].
For example, damage can take the form of dislocation formation at atomic scales, grain boundary
sliding or rupture of inter-granular layers and, at larger scales, it could consists in a coalition of com-
plex cooperative and competing mechanisms involving a large number of microstructural units. Such
mechanisms might lead to strain localization bands consisting in numerous interacting micro-fractures
[6, 9, 14, 19, 26, 27, 34, 33, 36, 35, 37, 39, 49]. Clearly, the detailed description of these phenomena
for a complex material system is fraught with challenges. Consequently, continuum damage models
[1, 5] have been vigorously pursued (see for example the continuum-damage and phase field models
[6, 10, 11, 62, 37, 36]). In recent times, many multi-scale approaches have also been proposed [15, 32].
Nevertheless, for materials as in granular solids that are suffused with varying compositions, interfaces,
grain sizes and shapes, all features collectively termed as micro-mechano-morphology, continuum mod-
els informed by micromechanical considerations remain the most attractive description [41, 40, 42, 71].



In this paper, we consider the deformation behavior of solids with granular microstructures un-
dergoing damage. In such materials, the deformation of an interacting grain-pair can be effectively
described in terms of the relative movements of the grain centroids/barycenters regardless of the loca-
tion of the actual deformation within the grains. The deformation energy can, therefore, be formulated
in terms of this relative movement and the dissipation due to damage can be similarly considered for
a grain-pair regardless of the actual sub-granular damage mechanism. The macro-scale deformation
energy density of a volume of such material can then be described as an aggregation of grain-pair
deformation energy and mathematically as the sum of the deformation energy of all (i.e. infinite) the
grain pairs parameterized by the corresponding orientation. Such a view has shown to be a promising
approach for the description of granular system whether from a discrete or continuum viewpoint (see
for example a brief review in [2, 4, 18, 38, 43, 66, 68, 69]). With this view as a point of departure,
we utilize a variational approach for modeling behavior of granular solids undergoing damage under
finite deformations based upon grain-pair interactions. Consequently, as a first step we develop an
objective kinematic descriptor for grain-pair relative displacement in the framework of strain-gradient
theory linked to the placement function in deformed configuration. We adopt the usual practice in
granular micromechanics (see for example [56, 40]) to decompose the objective grain-pair relative dis-
placement into a component along the vector joining the grain centroids of a grain-pair, termed as
normal component, and a component in the orthogonal direction, termed as tangent component. The
strain energy and damage dissipation for a grain-pair is then defined in terms of these components of
grain-pair relative displacement [59, 58] (reversible kinematical descriptors of the grain-pair interac-
tion) and of damage variables (irreversible kinematical descriptors of the grain-pair interaction), i.e.
normal and tangent damage variables. The elastic behavior of damaged material is derived from the
formulated strain energy of the granular aggregate in terms of the grain-pair strain energy. As a result,
relationships are obtained for standard first gradient (4th order stiffness tensor), second gradient (6th
order stiffness tensor) and first-second-gradient interaction (5th order stiffness tensor) elastic moduli
and their evolution with damage kinematical descriptors. Most importantly, a non-standard (hemi-
)variational approach [13, 50, 53, 51, 54, 55, 52] is utilized to derive the Karush-Kuhn-Tucker (KKT)
type conditions that provide the evolution equations for grain-pair damage kinematical descriptors,
as well as supplementary conditions for evolution of grain-pair relative displacement in the form of
Euler-Lagrange equations. The advantage of using a variational approach is that the KKT conditions
and damage evolution equations are derived from first principles in a systematic manner and, there-
fore, yield robust criterion for loading-unloading-reloading conditions based upon purely mechanical
considerations without invoking thermodynamic principles such as its 2nd law and Clausius-Duhem
inequality.

We further note that for a typical granular system, the grain-pairs are oriented in various direc-
tions, which under a given macroscopic loading-sequence will experience different loading histories,
and therefore, different damage evolution. Moreover, the damage evolves differently for the normal
and tangent components of every grain-pair interaction. This, accompanied by the nonlinear nature
of damage evolution adopted from the work on cementitious materials reported in , and the possibility
of loading-unloading-reloading switch, results in strong path dependent macroscopic response of the
material.

The resultant damage of a continuum material point is, therefore, not necessarily a linear function
of the normal to loading surface. At any point during the loading process, the state depends upon its
loading history. The rules of normality and associativity that are used in continuum damage theories,
therefore, do not hold. At any point during the loading process, the state depends upon its loading
history.

In the subsequent discussion, we first describe the Piola’s ansatz for continuum description of gran-
ular systems and introduce objective measure of grain-pair relative displacement in a finite deformation
second-gradient framework. We then introduce the grain-pair elastic energy function, and for illus-
tration of the developed approach, give a simple expression with the caveat of tension-compression
asymmetry for grain-pair. Similarly, the dissipation potential is defined with the view of asymmetric
dissipation in grain-pair extension versus compression. The hemivariational approach is then described
to obtain the KKT conditions and the supplementary conditions. The model applicability is illustrated
through example simulations of a square plate under homogeneous (i.e., a flawless square plate) and
non-homogeneous (i.e., a square plate with a flaw) deformation.
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Figure 1: Piola’s Ansatz. On the left-hand side a scheme with the kinematical descriptors of the
discrete model. On the right-hand side a scheme with the kinematical descriptor of the continuum
model.

2 Discrete and continuous models for granular materials

2.1 Identification via Piola’s ansatz

In the discrete model the reference configuration of the considered set of n grains is given by
{X17X23 s 7Xn} € (Ez)n )

where E? is the Euclidean two dimensional space. They displace, respectively, with the following
displacement functions

U1 (Xl) = X1 (Xl) — Xl,UQ (XQ) = X2 (Xg) — XQ, ey Up (Xn) = Xn (Xn) — X’ru

where x; (X;) is the placement of the i-th grain eventually depending on time ¢.

In the continuum model we have a continuous body 8 which, in the reference configuration, is
constituted by infinite particles having position X, i.e. X € B. Each particle has displacement
u(X) = x (X) — X, where x (X) is the placement function of the continuous body 5.

In the continuum-discrete models identification, the following Piola’s Ansatz will be assumed

U(Xl) = U1 (Xl), U(Xg) = Uy (Xg), geeey ’U,(Xn) = Up (Xn),

that means that the displacements of the n grains correspond to the displacement u (X) of the contin-
uous body B evaluated at the points X; with ¢ = 1,...,n where the grains are located in the reference
configuration.

2.2 Relative inter-granular displacement and related continuum deforma-
tion measures

Let us assume that the distance between the particles at X,, and X, is L and the unit vector 7 is
defined as follows,

X, — X, = aL. (1)



In the reference configuration, therefore, the vector attached to the position X,, and pointing the
position X, is 7L and given in (1).

In the actual configuration the positions of the two particles at X,, and X, are, respectively, x (Xy,)
and x (X,). The vector in (1) in the present configuration yields

X (Xn) - X (XP) : (2)

The difference between the vectors in (1) and (2) is called the relative displacement §"P of the two
grains n and p,
5" =X (Xn) = x (Xp) = (Xn = Xp) = un (Xn) — up (X))

It is a fundamental quantity in granular mechanics. However, it is not a measure for the deformation
of the granular assembly (it is, e.g., not objective!). Indeed, a rigid body rotation centered at X,
produces, at the same time, a non zero relative displacement 6™ but also a zero elastic strain energy.
In order to define an objective relative displacement (i.e. a relative displacement that is really a
measure of the contribution of the n — p pair to the deformation of the granular assembly), we proceed
as follows. First we define the deformation gradient F' = Vx as the gradient of the placement function.
Thus, we define an objective relative displacement as

u" = F" (x (Xn) —x (Xp)) —(Xn — Xp) . (3)

The objectivity of u™P is proved by considering the facts that the matrix representation of the defor-
mation gradient F' and the column representations of the vectors x (X,) — x (X,) and X,, — X,, are,
in a certain frame of reference, respectively, Fi, k1 and v;. If we change the frame of reference, it is
well-known that we have another matrix and other column representations, i.e. Fy = QF}, ko = QK1
and vo = vy, respectively, where @ is the orthogonal matrix that makes such a change of the frame of
reference. Thus, the objectivity of u™? is proved because in the first frame of reference its column rep-
resentations is u]¥ = F{ k; —v; and, in the second frame of reference, the new column representation
is
uy? = F kg — vy = FTQTQry —v1 = Fl kg — vy = u}?,

that is therefore independent of the frame of reference. As a matter of facts, the definition (3) of
the objective relative displacement is not unique and has to be considered an assumption within the
framework presented in this work. Different choices could be done, e.g. by using in (3), instead of F,
its orthogonal part in a standard polar decomposition. Let us now assume that the two grains n and
p are neighboring grains. Let us restrict the present model to the case that these neighboring grains
also place similarly in the present configuration, and therefore the following Taylor’s series expansion
is possible and yields

X (Xa) = x (%) + (V) x, (K= Xp) 4 3 [(V0), (Ka = )] - (K= X,). (4)

It is worth to be noted that this simplification may loose its applicability for materials that possess
strong variations and discontinuities of stiffnesses or have highly disordered micro-geometries, which
could be deliberately designed as in pantographic metamaterials [1, 7, 17, 16, 24, 23, 21, 22, 20, 25,
28, 29, 60, 63, 64, 67] or in granular (meta)materials [44]. In these cases, Taylor’s series expansion is
not, representative and additional kinematic descriptors may be introduced to accurately describe the
response as in Cosserat or micromorphic media [30, 47].

The Green-Saint-Venant tensor G, as well as its gradient

G= %(FTF I), VG=F"VF, (5)

are defined in terms of the deformation gradient F'. The last three equations in (4) and (5) involve
third order tensors and it is more convenient to show them in index notation

XP =X+ Fli L+ F]hnjnhL Gl =3 L(FRET - 5), G, = FLEY (6)

ai” aj ai” aj,h’

where apexes n or p denote the relation, respectively, to the points X, or X,. Thus, the objective
relative displacement in (3) is, in index notation,

=Fl(xn —xb) — (X = XP),



that, from (1) and (6); yields

1
ul'? = F? (FfjﬁjL + 2Ffj’hﬁjﬁhL2> —n;L,

that, rearranging the terms, is

ai” aj as

ul? = FE.FP i, L — 5,0, L + %F”.Fg’j,hﬁjﬁhﬂ“,
where §;; is the Kronecker symbol and, with the use of (6)2 3, the previous equation yields
u? = 2GY L+ %ijﬁhﬁjﬁhﬁ (7)
The projection of the objective relative displacement on the unit vector #, defined in (1), is the so
called normal displacement u,, that is defined,
uy =u"? - n. (8)
Insertion of (7) into (8) is
uy = 2LGY i + %L2ij,hﬁiﬁjﬁh. (9)

Its square is

1 1
ul = (zLafjﬁmj + 2L2ij’hﬁiﬁjﬁh> (2LG§bﬁam + 2L2G§b’cﬁaﬁbﬁc>

or

1
2 _ 4725 5.5 o P P 35 5 & o & D AP Lrds aoa o s o D
u, = 4L nznjnaanijGab + 2L nlnjnanbncGijGab,ch 4L nznjnhnanbncGij,h

Goy o (10)

The objective relative displacement vector u™? projected orthogonally to 7, i.e. the unit vector
defined in (1), is the so called tangential displacement u,, that is a vector and therefore defined,

ur =u"? — (WP - A)n. (11)

The tangential displacement w. is a vector. The only objective quantity derived from u, and 7 is the
square of u., i.e.

ul = (W™ — (" -a)n) - (WP — W -a)n) =u" - u"? — (WP - ﬁ)2 (12)

or, in index notation,

im,n 7’

1 1
u? = <2ijﬁjL + Qij’hﬁjﬁhLQ) <2GfkmL + §G3’ ﬁmﬁnLQ) —u? (13)
that means

1
2 2 _ 2 74 P s 3 ¥4 14 PN ~ - 4 ~p 74 PPN ~
ur +u;, = AL°Gy Gy ngiy + 207G Gy g i, + 4L G n Gl Ten o iy

or, taking (10) into account,
u2 = AL2GE,GP, (Siaftyiy — giijivatiy) + 2LPGL,GY (Siafijigite — Rifjfaiiiie)

ab,c

1
+ZL4ijth§m7n (SiatjRonfm iy, — Ryl R fpie) . (14)

2.3 Damage and stiffnesses

The damaged normal stiffness is driven by the sign of the objective normal displacement. In tension
(i.e. for positive normal displacement) it is
t
k,r]7D
In compression (i.e. for negative normal displacement) it is higher for cementitious granular materials

ki p >k p



In order to give a synthetic expression for the damaged normal stiffness k, p we use the Heaviside
function H,
kn,p = k1t7,DH (un) + Ky pH (—uy) (15)

The damaged tangent stiffness k; p
krD. (16)

is, on the other hand, the same for both directions.
Damage is modeled with two variables, i.e. the normal damage

D, (17)
and the tangent damage
D,. (18)

In the earlier model presented by Misra and coworkers [40, 39, 41, 42], such quantities take the role,
respectively, of D"® and D*®. The damage variables in (17) and (18) have the role to reduce
(respectively), the normal (15) and the tangent (16) stiffnesses as follows

ki p =k (1—Dy), ki p=ki(1—Dy), Jkrp =k, (1-D;,) (19)

that means both that the damaged tangent stiffness k, p is defined by the non-damaged tangent
stiffness k. and that the damaged normal stiffness &, p is defined by the non-damaged normal stiffness
k

5

kyp = ky (1— D).

Besides, the non-damaged normal stiffness &, is defined in terms of the non-damaged tension normal
stiffness kg and the non-damaged compression normal stiffness k;,

ky, = kzZH (un) + kyH (—uy), (20)
that finally yields,

kn.p = ky (1- Dn) = kvt7 (1- Dn) H (un) + k; (1- Dn) H (_“n) . (21)

3 Elastic energy function

The elastic energy function for a given couple of grains, say the couple n — p considered in Subsection
2.2, is assumed to be, in the discrete and (because of the Piola’s Ansatz) in the continuum models, a
quadratic form of normal and tangent parts components of the objective relative displacement,

1 1
U= 3k (1—Dn)u,27+§kf (1— D;)u?, (22)
where u% is the square of the scalar u,, and u? is the squared module of the vector u,. In this simple

form of the elastic energy function, the coupling term between u, and u. is ignored, as also the
linear terms with respect to u, and u, and finally the dependency of the energy upon gradients of the
objective relative displacement components. The reason for the first omission is that u, is a vector and
the only objective quantity that we can build to generate from it an elastic strain energy contribution
is given by its square u2. Besides, a linear term with respect to the scalar u,, is also neglected. The
reason is that it is possibile to prove that it changes the stress-free reference configuration. Thus,
we will consider it in the future in order to take plasticity into account. Finally, for materials with
complex microstructures, the Piola’s Ansatz could be constructed by considering in a different way
the critical representative grains. In these cases, the grain-pair deformation energy function in (22)
may not only depend upon the objective relative displacement, but also on its gradients or additional
kinematic parameters (or descriptors). Indeed, this is clear if the critical grain-pair interactions were
those akin to a pantograph, e.g. analyzed in [3, 61], or when many complex mechanisms result in the
need to introduce additional kinematical descriptors to capture the deformation energy of grain-pair
[31, 47, 57]. In these cases, the boundary layers and localization thicknesses that emerge during non-
homogeneous deformation are effected by the energy stored and dissipated in the gradient terms, and
typically, result in layers of thicknesses that are multiples of grain-sizes (we intend to illustrate these
points in forthcoming publications) or of the inter-granular distance L.



The total energy U'" for a given particle at X, is the sum of the energy in (22) over all the N
possible interactions, i.e. between the grain p and all the N neighboring grains n,

N
Ut = Z [;kn;i (1- Dn;i) u%;i + %kf;i (1- DT;i) u72';i ) (23)
i=1
where the subscript i refers to a single couple of grains of the type n—p. In (23) it is therefore intended
that k,;; is the non-damaged normal stiffness for the i-th couple of grains, k., is the non-damaged
tangent stiffness for the i-th couple of grains, D,.; is the normal damage for the i-th couple of grains,
D-; is the tangent damage for the i-th couple of grains, u,,; is the scalar normal relative displacement
for the i-th couple of grains and uz;m- is the squared tangent displacement for the i-th couple of grains.
Continuization of Eq. (23) is done by the use of the following homogenization rule explicited for a
general quantity a, represented with a; for the i-th couple of grains of the type n — p in the discrete
model and with a (8) for the orientation 6 (corresponding to the unit vector from the particle p to the
particle n in the discrete model) in the continuum model,

N

> lail — /S La(0). (24)

=1

where S! = [0,27] is the unit circle, domain of the function a (), i.e. the set of all the orientations.
The use of the homogenization rule in (24) for total energy U in (23) yields

1 1
U= / §k77 (1_D77)u3]+§k7 (I—DT)UE, (25)
s1

where k, = %n ), kr = kr (6), D, = 577 () and D, = D, () substitute, respectively, kyi kri Dy
and D, ;, and are all functions of that orientation 6 € [0, 27] connected with the orientation 7 of the
i-th couple of grains, that yields the following identification rules,

ki = by (0), kri— ke (0), Dy;— D,(0), D.;— D,(6).

From (10) and (14), the elastic strain energy of the granular aggregate (25) is

1 1
+ /8 Sk (1= Dy) <4L%mjﬁhﬁaﬁbﬁcGij,hGab,c>

2
1
+ / §kT (1= D;) (AL*G4jGap (Siafrjiu, — Nifijigiy) + 2LPGyj Gapc (Siafjinghic — Rftjhainic))
Sl
1 1 4 NP A
+ §k7 (1-D,;) ZL GijnGab,c (0iajNipNpite — R AR T Te) | - (26)
Sl
or, in a compact form is
1 1
U= §(CijabGijGab + MijabcGijGab,e + iDijhachij,hGab,m (27)

where the apexes p have all been omitted and the elastic stiffnesses C, M and D are identified in (27)
as follows, with the symmetrization induced by the symmetry of the strain tensor G,

Cijap = 4L - Jin (1= Do) ity (28)
1 o A A A A
+412 /31 k- (1—D;) (4 (0iaTjiy + SipTjTg + 050y + 8jpMiTe) — nmjnanb>

Mjape = LP ky (1 — Dy) Aifijfig iy (29)

1
Dijhabe = ZL4 /51 ky (1 — Dy) 2iijivp g e (30)

1 1 o A A N A
+ZL4 k- (1—D;) (4 (BiaTjTip + GipTijTig + 00Ty + OpMiTle) TpTle — n,»njn;manbnc>
Sl



Assuming small displacement (and small displacement gradient) approximation means quadratic ap-
proximation of the strain energy with respect to the displacement gradient H and to its symmetric
part E defined as follows,

1
H= E==-(H+H"
Vu, 5 ( + ),
that yields

1 1
U= i(cijabEianb + MijaveEij Eap,c + iDijhabcEij,hEab,ca (31)

The elastic stiffnesses in Egs. (28), (29) and (30), indicate that the regularization length-scale in this
model is of the order of the inter-granular distance L, which is a consequence of the assumed grain-pair
energy (see Eq. (22) and the discussion thereafter), an assumption often made in discrete-continuum
identifications (see for example [12, 65]). As suggested in our above discussion, enriched grain-pair
energy that includes effect of gradients are needed such that the regularization lengths can properly
represent all the grain-scale (micro-scale) deformation mechanisms. We finally remark that the strain
gradient approximation induced by the Taylor’s series expansion in (4) and the presence of damage,
induce a chiral effect on the granular assembly deduced by the non trivial form in (29) of the stiffness
M. The reason is that, in the integral in (29), the unit vector 7 appears an odd number of times and
the domain is even. Thus, on the one hand and for damage-free materials where non-damaged stiffness
k, and k; are independent on the versus of the unit vector 7, we have Ml = 0. On the other hand, an
evolution of damage variables D, and D, that is non-symmetric with respect to the sign of n induces
a chiral effect evidenced by the condition M # 0.

4 Identification of the damage-free isotropic case

4.1 Macroscopic stiffnesses matrices

Isotropic standard representation of the 4th order stiffness tensor for both 2D and 3D cases is

Cijab = 16iabjp + pdindjq + Adijdap (32)
Ci111 = A +2p (33)
Ci192 = A (34)

Thus, an identification of 2D or 3D Lamé coefficients in terms of the stiffness matrix components is as

follows
1

A= Cy122, p=3 (Ci111 — Cii22) . (35)

Besides, the 4 independent strain gradient isotropic elastic coefficients in the 2D case are here reported
in the nomenclature of [8], i.e.,

a1 = Di11111, @22 = Dagi201, @12 = Di11221, ao3 = \/§D221122- (36)

4.2 Microscopic stiffnesses matrices

In the 2D case, a standard representation of the unit vector is

ny = cosf, ny =siné, (37)

where 6 is the anti-clockwise angle from the first unit vector é; of the frame of reference to n. Besides,
trivial analytical results are as follows

27 27
/ sin? 0df = / cos? 0do = r,
0 0
27 1
/ sin®fcosdf = 7
0 4
27 27 3
/ sin® 6dh = / cos* 0dh = .
0 0 4

27 27 5
/ sin® 0do = / cos® 0dh = =
0 0 8



The components Ci111 and Cy192 are, from (28) and (37), and no damage condition D, = D, =0,

27 - -
Ci111 = 4L2 /o [k,, (0) cos™ 0 + k (0) (cos® 6 — cos® 9)} = (38)
4L 3 - 2, -
=5 {(k —k) 7r+k.r7r]:2(3kn+k7).
27 - -
Ci10 = 4L2 / {kn (0) sin® 6 cos® 0 + k (6) (—sin® 6 cos® 9)} = (39)
0
412 | ,- -1 L? - -
= ? |:(kn — kT) 47T:| = 7 (kr,] — kT) 5
2 - .
Dy11111 = iL‘l / [k:n (0) cos® 0 + k (0) (cos* 6 — cos® 9)] (40)
0
LYl -5 -3 Lt -
27 - -
Dogi991 = iL‘l / [kn 9) sin 0 cos® 0 + k. (9) (Sin2 6 cos® 6 — sin* 6 cos? 9)} (41)
0
e T -1 L*
=5 {(kn—kT)8+kT4w} o (ky + k-]
2 .
Di11291 = iLZl / k., (0) sin? 0 cos* 0 + k. (0) (— sin? 6 cos* 9)} (42)
o L
1 4T T L* - -
L4 (b — k) 5] = 55 [on = Fr]
27 M .
Dasi192 = i 4 / k., (0) sin* @ cos® 0 + k., (0) (; sin? 0 cos? 6 — sin 0 cos® 0)] (43)
o L
I Ly
= L [(ky = k) 5 +Erg| = Tk

where the isotropic condition has been imposed by assuming (i) no dependence of k, and k, with

respect to 7 (or 6), (ii) B B
~ k, ~ kr

kn (9)_57 kT (9)_%’

where l_f,, and k, are the integrated stiffness over the set of possible orientations, that are defined in
the general anisotropic case as follows,

27 27
oy = /0 R (0)d8, k= /0 F. (0) do.

4.3 Isotropic micro-macro Identification

By comparing (35), (38) and (39), we obtain the following identification of the 2D Lamé coeflicients
in terms of normal and tangent stiffness

L? - L?

MZ?(’%‘”“T)? )‘:7(%77_7“7)'
In the 2D model, Young module Y and Poisson module v are
A A
Y=aplitE

i VT 20

Thus an identification of Young and Poisson modules are as follows,
o+ oy — s

2 1 YT T %
3ky + k- 4k,

By comparing (36), (40), (41), (42) and (43), we obtain the following identification of the 4 2D strain
gradient coefficients in terms of normal and tangent stiffness,

4 B 4 B 4 _ LA _
o Bn+ k] am = [kt k] arn = [k — k] ass = o V2h

ailr =



5 Evolution of damage

5.1 Definition of the fundamental kinematical quantities

We evaluate the evolution of damage variables via an hemi-variational derivation of the grain interac-
tion, that is considered for a given orientation. To do this, we start by the definition of the following
4 (3 scalar and one vector) fundamental kinematical quantities

u’r]7uT7D7]7DT) (44)

where u,, u,, D, and D, have been already defined in (8), (11), (17) and (18).

5.2 Definition of the dissipation, external and total energy functionals

The damage dissipation energy functional W is assumed to be additively decomposed into normal, i.e.
W and tangent, i.e. W7, coupled parts,

W=W7+W". (45)

The assumption of the normal contribution W7 is as follows

W = %k; (Bg)2 H (—uy) [—Dn + %tan (;TD,,)] + (46)
%k;; (B H (u,) [2 + (D, —1) (2 — 2log (1 — D,) + (log (1 — Dn))Z)} ,

where B) and BZ are the characteristic lengths for the normal damage dissipation, respectively, in
compression and in tension. Besides, the assumption of the tangent contribution W7 is

W= ke [B (u)] [2+4 (D, 1) (22108 (1~ D) + (log (1 - D))*)] (47)

where B, = ET (uy) is the characteristic length for the tangent damage dissipation. According to
[40, 42], B; is assumed to depend on the normal displacement u,, and, for the sake of simplicity, the
effect of the mean stress has been neglected and this functional dependence has been made explicit as
follows,

BT07 Up Z 07
B; = B, (un) =4 By — A2Unp, 1;(;1 B < Uy < 0, (48)
OélBro, Un < 370%7

where B (Byo in [40, 42]), ;1 and a9 are further constitutive parameters that complete the functional
dependence B, (uy). The forms of the dissipation energies in (46) and in (47) have been assumed in
order to be coherent with the assumptions in [40, 42], and are considered to be reasonable for concrete.

The external world can exert forces expending power both on the scalar normal and on the vector
tangent objective relative displacements, so that the external energy functional is

Uet = Fetu, + FE oy, (49)

where F,f‘” and F*! are, respectively, the external scalar normal and vector tangent external forces.
The action functional £ is

Tn
5=/U+W—Um (50)
To

is a functional of the fundamental kinematical quantities (44)
g:g(un,unDnaDT) (51)

and the initial Ty and final T instants of time will be defined in the next subsection.

10



5.3 The formulation of the variational inequality principle

Let

T € {Tt}tzo,..,N
with

T: € R, N eN
and

{13}

be a monotonously increasing sequence. An initial datum on the fundamental kinematical quantities
must be assumed at t = 0 for time Tp.
A motion is defined as a family of displacements

¢= (unaur) (52)

for times

t=1 N.

The set AM; is that of kinematically admissible displacements (52) and the set AV} is that of their
admissible variations,

geeey

v = (0uy,0u,) € AV;.
The admissible variation of the irreversible kinematical quantities
(Dy, D-)
are all the positive real numbers. Thus,
B = (6D,,dD,) € R™2.
The variation 6€
08 = & (uy + Suy, uy + duy, Dy + 86D,), Dy + 6D,) — & (uy, ur, Dy, D)

of the energy functional (51) evaluated at the fundamental kinematical quantities (44) along the

direction
(0un, dur,0D,,0D;)

is denoted by
68 = (€ (g, tr, Dy, Dy) , (8t 6, 6Dy, D) )

The increment
(Auy, Aurs,AD,, AD;)

at Ty is given by the fundamental kinematical quantities (44) at T; minus the same quantities (44) at
Tt—la i.e.,

(Auy, Aur,AD,, AD;), = (uy, ur, Dy, D7), — (U, ur, Dy, D7), .

The hemivariational principle is formulated as follows. The following variational inequality holds
(€ (g, tr, Dy, Dy) , (Atty, Az, ADy, AD,) ) <
< <5~' (s wr, Dy, D7), (Oyy, 6ur, 8D,y 5DT)>

= (& (uyur, Dy, D)., (v, 8) ) (53)

Yo = (0uy, du,) € AV, VB = (6D,,dD,) € R*?,

where the prefix “hemi” means half and recall the fact that we are using an inequality.

11



5.4 Derivation of the Euler-Lagrange equations

Insertion of (22), (49) into (50) yields

S(UW,UT,D D,) =

/k u—|— k( — D;)u?

%k; (B)® H (—u ){ D, +2tan(gDn)]

1 2 2
kG (BL)” H (uy) [2 +(Dy 1) (2 —2log (1 - D,) + (log (1 — D)) )}
1 9 2
+5 ke B [2 + (D, —1) (2 —2log (1= D,) + (log (1 — D,)) )}
_F;wtun _ Ffa:tuT
so that the two members in the inequality principle (53) are

<8’(un,uT,D .D,), (Aun,AuT,AD AD,)) =

/{k: n) Un + k- By 0 / [Log (1 — z)]? dx — Fy™'} Au,

+{k7 (1—D;)u, — F&} - Au,
1
—§knu%ADn

1 .
e

2 dtan (3Dy)

= AD
T oD,

n

Jr%k?ty (BZ)2H (un) ('98D77 [(Dn —1) (2 —2log (1 — D,) + (log (1 — Dn))z)} AD,

lkruzADT
0
2 — _ . 2
*3 k BTaD {(D 1) (2 2log (1 — D;) + (log (1 — D,)) )} AD,
and
(& (umunD D,), (buy, 6ur,6D,),6D,)) =
0B, '
/{k n) ty + k- Br u /[LOQ (1 *x)]Q dfo,j””}éun
U

+{k7( _DT) T—fot}-éuT
—%knu%JDn

1 2 2 Otan (EDU)
+=k¢(BS)" H (~uy) | -1+ =—=2""16D,

2 ’7( n) Ul [ p oD, .

1 2 8
1k7u25DT

0
2 — _ _ 2
k BTaD [(D )(2 2log (1 — D,) + (log (1 — D,)) )} 5D,
where

[Log (1 — ) dx = 2+ (D, — 1) (2 —2log (1 — D,) + (log (1 — DT))Q) :

O\P

12



By assuming
(0uy, 0ur,0D,,0D,) = (Au, +u, Au,, AD,, AD,)

and then
(0uy, dur,0D,,0D;) = (Au, — u, Au,,AD,, AD,)

for arbitrary scalar u, we obtain two inequalities, that imply the following Euler-Lagrange equation
for the normal displacement,

~ D;
B,
—ky (1 = Dyy) uy — kTBTZ— / llog (1 — )]* dz + F£™* § 6u,, = 0.
U
0

By assuming
(0, 6ur,0D,,0D;) = (Auy, Au; +w,AD,, AD;)

and then
(0ty, 0tr, 0Dy, 0D;) = (Auy, Aur —w, AD,, AD;)

for arbitrary vector w, we obtain another set of two vector inequalities (two for each component), that
imply another Euler-Lagrange equation for the tangential displacement,

{~k: (1= D) uy + FEY - Su, = 0.

Besides, the variation of the irreversible kinematical quantities are not arbitrary but only positive.
Thus, by assuming
(0, 0ur,0D,,0D,) = (Auy, Au,,2AD,, AD;)

and then
(0, 6ur,0D,,0D;) = (Auy, Au,,0,AD;)

we obtain another set of two inequalities, that imply another Euler-Lagrange equation for the normal
damage in the form of the following KKT condition,

[u2 — (BL)* H (uy) (log (1 — D))* — (BS)® H (—uy) [tan (gDn)r]Aa7 ~0. (54)

It is worth to be noted that, in the loading conditions (i.e. when AD, > 0), the previous KKT
condition is, in tension (u, > 0),

U
uy, =—Bllog(1-D,) = D,=1-exp <Bj> : (55)
n

and, in compression (u, < 0),

u, = —By {tan (gDn)} = D,= %arctan (g%) . (56)

By assuming
(0w, 0ur, 0Dy, 0D,) = (Auy,, Aur, AD,,2AD;)

and then
(0uy, 6ur,0D,,0D;) = (Au,, Au;,AD,,0)

we obtain another set of two inequalities, that imply another Euler-Lagrange equation for the tangential
damage in the form of the following KKT condition,

w2 — B2 (log (1 — DT))Z] AD, =0. (57)

It is worth to be noted that, in the loading conditions (i.e. when AD, > 0), the previous KKT
condition is,

|u‘r| = _B‘r IOg (1 - DT) = D‘r =1- €xp <_|ZT|> ) (58)
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6 Results

We elucidate the properties of the model through analytical and numerical results presented for selected
test cases. Two square specimens in 2D, with side S = 10 [cm] (Fig. 2), are subjected to extension,
compression and shearing tests, as sketched in Fig. 3, the quantity w in Fig. 3 increasing from 0 to
Umaz- Lhe first specimen, without flaw, is designed to illustrate the model performance in the case of
homogeneous deformation while the second, with a circular flaw (hole), for the case of inhomogeneous
deformation under the same set. of kinematic boundarv conditions.

S=10cm S
s R,=0.12-S
}’n—i
S K I -
i s
7

Figure 2: Schematics of analyzed domains, without (left-hand side) and with (right-hand side) the
hole.

Figure 3: Schematics of considered boundary conditions. Extension (i.e., @ < 0)/compression (i.e.,
@ > 0) test (left) and shearing test (right).

6.1 Homogeneous deformations

It can be easily seen that, when a flawless (i.e. no hole) specimen is considered, then boundary
conditions in Fig. 3 imply homogeneous deformations. Thus, strain gradient terms in the deformation
energy are not activated, i.e. VG = 0. For such boundary conditions, closed form solutions are available
and will be analyzed in what follows. At first, let us define the displacement function u(X) = x(X)—X.
Component-wise, in the unit orthonormal basis (é;,é,) in Fig. 3, we have u(X) = (u1(X), u2(X)),
where X = (X1, X»). In such a component-form, boundary conditions in Fig. 3 can be written as

e extension/compression test

uy (0, X5) = 0 VX5 € [0, 5] (59)
us(X1,5) =0 VX, €0, ] (60)
us(X1,0) =0 VX, € [0, 5] (61)
w1 (S, X3) = 1 VX, € [0, 5] (62)
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e shearing test

ul(O,X2> =0VXs5 € [O, S} (63)
UQ(O, XQ) =0VXs5 € [07 S} (64)
Ul(Xl,S):OVXl S [O,S} (65)
U1(X1,S) =0VX, € [O,S} (66)
u1(X1,0) =0VX, € [075} (67)
ul(S, XQ) =0VXs5 € [0, S] (68)
(X1, ) = % X, VX1 €0, 5] (69)
UQ(Xl,O)—%'Xl VXl S [075} (70)
ua(S, Xz) = ¢+ X1 VX2 € [0,5] (71)

leading to the following solutions

e Extension/compression test. The displacement field is analytically given by the following expres-
sions for its components,

’U,l(Xl,Xg) = —%Xl, ’U,Q(Xl,Xg) = 07 VX1 € [O,S] VXQ (S [O,S],

and, from (5), the Green-Saint-Venant tensor is found in terms of its matrix representation with
respect to the given frame of reference,

o ( (—10+ 35) 8 ) (72)

(15

as well as the normal and the squared tangent displacement (10) and (14),

uy = 20L (14 %) cos(8), (73)
u? = [ZEL (—1 + %) cos(0) sin(6) ; . (74)
e Shearing test. The displacement field is analytically given by the following expressions for its
components,
(X1, Xs) =0,  w(X1,Xo) = %X, VX €[0,5] VX, €l0,S5]

S

and, from (5), the Green-Saint-Venant tensor is found in terms of its matrix representation with
respect to the given frame of reference,

0o X

G- ( 0% ) , (73)
5¢ 0

as well as the normal and squared tangent displacement (10) and (14),

Uy = 2t cos(f) sin(6), (76)
uZ = a? (1 — 4cos®(9)sin®(9)) . (77)

It is worthwhile to remark that, as the resulting deformations are homogeneous, the relative displace-
ments u, and u, do not depend on the position X but depend only on the angle . Applying the KKT
conditions in Egs. (55, 56, 58), observing that each grain-pair of the micro-scale system is monoton-
ically loaded (i.e. AD,(6), AD,(f) are strictly greater than zero for each u), we obtain an analytic
expression of the damage variables

1 —exp (7%@) . uy(@) >0
)

D,(0) =
77( ) %arctan (—

(78)
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and

(79)

D,(8) = 1 — exp <|“(9)|>

B,

which are plotted in Fig. 4 for the three boundary conditions. For the case of shear, certain grain-pair
directions experience tensile loading (those in the interval § € (0,7/2) U (7, 37/2)) while those in the
interval 0 € (n/2,7) U (37/2, 27) experience compression. Therefore, the petals of the flower-like plots
for normal damage evolve differently, with those for tensile directions tending towards the direction 1
earlier than for compressive directions (for which the threshold for damage is higher).

Compression Tension
90 90
120 60 120 160
06 08
150 0.4 30 150 0.6 30
0.
0.
D11 180 0 180 @ 0
210 330 210 330
240 300 240 300
270 270
90 90
120 08 60 120 60
0. 0
30 150 30 150 30
D, _
0 180 0 180 @ 0
330 210 330 210 330
240 300 240 300
270 270

Figure 4: Polar plots of the damage variables D,, and D, for different homogeneous test cases and for
increasing @. Black arrows indicate directions of increasing «.

Compression

Figure 5: Polar plots of the damage variable D, for homogeneous compression and shearing tests and
for increasing @ when B, = B,o = const is considered and therefore equation (48) is not taken into
account. Black arrows indicate directions of increasing 4.

Further, the flower-like shape of tangential damage plots in Fig. 4 are distorted due to the non-smooth
evolution of B, according to Eq. (48) for grain-pair directions experiencing compressive actions or
tensile versus compressive actions. To better elucidate this fact, Fig. 5 shows the tangential damage for
compression and shearing test considering a constant dependence, i.e. B, = B, for the characteristic
length of the tangent damage dissipation.
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The directional variation in the evolution of damage variables has two critical consequences that
are of significance for correctly describing the behavior of materials that display tension-compression
asymmetry and evolving anisotropy at the macro-scale. Firstly, the model is able to predict a stiffer
and stronger behavior under compression as opposed to that under extension, that is coherent with
observation relevant to a number of previously mentioned materials. Secondly, the model predicts an
evolution of anisotropy as the material undergoes damage in preferred direction when a specimen in
subjected to a specific boundary conditions. Examples of such materials abound in the literature.
Here we mention a few material cases to underline the significance of the taken approach, for example
soft biological tissue [45]; woods [48]; metals [46]; besides the widely known behavior of ceramics,
geomaterials, and cementitious materials such as concrete.

With the aim to provide further insight into the meaning of the various parameters used within
the modeling, a sensitivity analysis is presented for the simple homogeneous cases considered in this
subsection. Particularly, we investigate how damage parameters affect the elastic response. In the case
of homogeneous compression, the normal displacement u,, is always negative. It is for this reason that
only the influence of 4 damage parameters out of 5 is to be investigated. Indeed, the characteristic
length of tension dissipation Bf] in Eq. (78) does not play any role in such a situation. For the
homogeneous extension test we have something analogous: since u,, is always positive, the parameters
By, a1, ag do not have any effect on the results. While, for the shearing test, every parameter is relevant.
In Figs. 6-8, force-displacement diagrams are reported for compression, extension and shearing tests,
each of them considering a single varying material parameter. It is observed that the specimen’s
softening in homogeneous compression decreases by augmenting the parameters By (Fig. 6(top-left)),
B,y (Fig. 6(top-right)), a1 (Fig. 6(bottom-left)), and ay (Fig. 6(bottom-right)). Analogously, for the
homogeneous extension test, specimen’s softening decreases by augmenting the parameters B% (Fig.
7(left)) and B, (Fig. 7(right)). Also for the shearing test it is observed that specimen’s softening
decreases by augmenting the parameters By (Fig. 8(top-left)), B} (Fig. 8(top-right)), By (Fig.
8(center)), ay (Fig. 8(bottom-left)), and ay (Fig. 8(bottom-right)).

«10% x10°

Reaction Force
Reaction Force
)

-3 r _Bﬂ) =1le—09
---B,y = b5e — 08
4 w s ‘
-25 -2 -1.5 -1
Imposed displacement @ %1078
0% 10°
L o
e 5]
g 5
B =
g =
2 2
b3 P}
Q Q
B &
Q 3
~ ~
-1.5 -1 . 1.5 -1
Imposed displacement @ %1076 Imposed displacement « «106

Figure 6: Sensitivity analysis. Force vs displacement diagrams for homogeneous compression test
obtained by varying different model parameters, i.e. B; (top-left), B-o (top-right), a; (bottom-left),
and ay (bottom-right).
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Figure 7: Sensitivity analysis. Force vs displacement diagrams for homogeneous extension test obtained
by varying different model parameters, i.e. Bf] and B,g (right).
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Figure 8: Sensitivity analysis. Force vs displacement diagrams for homogeneous shearing test obtained
by varying different model parameters, i.e. By, (top-left), B} (top-right), B¢ (center), a; (bottom-left),

and ay (bottom-right).
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6.2 Implementation of the numerical algorithm

For the solution of problems that include non-homogeneous deformations, numerical effort is needed.
To this end, an algorithm was developed for the numerical implementation of the model. To illustrate
the model applicability, the algorithm was used to compute results for three exemplary cases, i.e. non-
homogeneous extension/compression and shearing tests. The continuum model is solved by means of
the commercial software Matlab and COMSOL Multiphysics. An iterative procedure is implemented
in a staggered fashion in Matlab as described in the flowchart in Fig. 9, making use of COMSOL
Multiphysics as a subroutine solving the elastic equilibrium problem.

INITIAL CONDITIONS
INITIAL ELASTICITY TENSORS L« / - DISPLACEMENT FIELD FOR EACH X € B
/ ) / - DAMAGE FIELDS FOR EACH X € B, 71 € S

MATERIALS
y PARAMETERS
REDUCE A
INCREMENT OF @ [ o _coﬁo S YES
> EA;JEESTZRDSUD:)T,\: ﬁN < CONTINUE? >« ELASTICITY TENSORS
[ / INCREASE @

\ 4 v
SOLVE by the FINITE No DAMAGE FIELDS SOLVE KKT CONDITIONS
F

ELEMENT METHOD OREACHn € s* FOREACHX€B,fi€s!

DISPLACEMENT FIELD

H

a

END STORE

DAMAGE FIELDS
FOREACHn € 5!
(PREVIOUS STEP)

STRAIN FIELD

Figure 9: Flowchart of the numerical iterative procedure used to solve the mathematical formulation.

The steps of the iterative procedure can be resumed as follows:

1. null initial conditions on the displacement field v and damage fields D,, and D, are given together
with the material parameters L,kg,kz,k By, Bt , Bro, according to Tab. 1. The stiffnesses
ks kn’ k; given as input material parameters may be initially isotropic, i.e. they do not need to
depend on the orientation angle 6. It is worth to mention that the effective (i.e. damaged-) stiff-
nesses k; p, kn p» k-,p may change during the evolution of the system due to the damage induced
by the state of deformation, thus leading to non-isotropically distributed effective (damaged-)
stiffnesses. Indeed, owing to Eq. (19), this is the reason why — for a given basis — the compo-
nents of the elasticity tensors may change during the evolution of the system, possibly implying

anisotropy shifts;

2. the fourth-rank (C;jqp), the fifth-rank (M;;qp.) and the sixth-rank (ID;;nqc) elasticity tensors are
computed according to Egs. (28, 29 and 30). Such elastic tensors, as well as boundary conditions,
are given as input to a finite element subroutine based on COMSOL Multiphysics. Particularly,
the weak form of the equilibrium problem in Eq. (53) is solved by means of the weak form
package. Quintic Argyris polynomials are used as shape functions ensuring C? continuity across
elements along the normal to element boundaries. A Delaunay-tessellated triangular mesh was
employed. Different mesh sizes were considered to investigate mesh independence. The output
of this subroutine is the displacement field;

3. the increment of the displacement field with respect to the previous step is node-wise compared
with a tolerance. When such a tolerance is not respected, then the displacement parameter « is
reduced to re-initialize the finite element subroutine;

4. when the increment of the displacement field with respect to the previous step compares positively
with the above-mentioned chosen tolerance, then the strain field G is computed making use of
the displacement field. The strain field is then used by means of Eqgs. (7-12) to compute the
relative displacements u,, 4., which depend on the space coordinates and on the angle . Such
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displacements are then given as input to the KKT conditions in Egs. (55, 56, 58). The damage
fields D,, and D, are recovered as an output of KKT conditions. In formulas, we have
D} =max {D,,D,"'}, D.=max{D, D"}, (80)

where ¢ is an index used to label the loading steps. Please remark that, according to Egs. (55,
56 and 58) damage fields cannot reach the unit value;

5. the load parameter @ is increased.

The instructions above (from point 2) are repeated until a termination criterion is not verified. As
mentioned at the beginning of the section, the termination criterion is given by u reaching a maximum
desired value t,q,. In order to smooth the constitutive assumption in Eq. (20), the Heaviside function
H () is replaced by the following smooth function [70]

% + %arctan (g) (81)
so that the non-damaged normal stiffness is defined as a smooth function of the normal relative
displacement,

ky = % (ky +kp) + % (ky, — ky) arctan (%) , (82)
that in turns gives the damaged normal stiffness as a smooth function of the normal relative displace-
ment

1 . 1 c u
knp =3 (ky, +k5) (1= Dy) + - (K}, — ki) arctan (f) (1-D,). (83)

The quantity « can be tuned to modulate the regularization. Large values of o enhance the convergence
of the algorithm. A value for « is considered, see Tab. 1, as to give a sufficiently smooth and non-stiff
problem while not being detrimental to the congruence of Eqgs. (20, 82) and Eqgs. (21, 83), so that the
physical meaning of o can be overlooked.

| Llm] | kglT/m?] [ ky[7/m?] | k-[J/m] | Bilm] [ Bjm] [ Brfm] [aufI] [aol] | ofi] |
[ 001 [35-10" [35-10® | 3-10"® [3-1077[7-10°%[5-10°] 10 [ 7 [5-107%]

Table 1: Values of parameters used in numerical tests. Different parameters are used in the sequel for
sensitivity analyses. Their values are reported in the corresponding plots.

6.3 Non-homogeneous deformations

We further discuss the results for non-homogeneous extension, compression and shearing tests of a
square domain with circular hole exemplified in Fig. 2(right). Since the solutions to the related elastic
problem are not available in closed form, and observing that not all grain-pair (springs of the micro-scale
system) might be monotonically loaded (i.e. AD, (6) and AD, () are not necessarely strictly greater
than zero for each @), the iterative numerical solution strategy described in the previous subsection has
been employed. Numerical values for the number of nodes Ny used to discretize the integration interval
[0,27] in Eq. (24), for the interval [Gmin, Umas] and for the number of converged load steps Nje, are
provided in Table 2 for the three non-homogeneous tests. Fig. 10 presents a convergence analysis with
respect to the maximum mesh element size in the case of the non-homogeneous extension test. It is
observed that for the initial linear and softening phases all meshes give almost overlapping results in
terms of global elastic response, i.e. total reaction force vs prescribed displacement. Progressively, for
increasing prescribed displacement, an increasingly relevant mesh dependency is observed, most likely
due to propagation of errors and to the increasing non-linearity and ill-posedness (damage is increasing
thus leading to some vanishing first gradient, mixed first-second gradient, and second gradient elastic
coefficients) of the elastic problem. Notwithstanding these phenomena, according to Fig. 10, super-
linear convergence with respect to the mesh size in terms of global elastic response holds.
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Figure 10: Mesh-convergence analysis. Global elastic response, i.e. total reaction force vs prescribed
displacement, for different maximum mesh element sizes in the case of the non-homogeneous extension
test. Element sizes in the legend are expressed in meters.

compression /shear tension
Niter ‘ Aa[m] ‘ anmw[m Niter ‘ Aﬂ[m] ‘ anmw[m]
[120[ 50 [5-10%[25-100"[ 16 [25-1005] 4-107" |

Ny

Table 2: Numerical values used in numerical simulations for non-homogeneous tests.
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Figure 11: Legend of points referred to in subsequent damage polar plots.. Nomenclature of the points
is as follows. The first letter refers to internal (i) or external (e) points. Second and eventual third
letter refer to geographic directions, i.e. N is for north, NE is for north-east, E is for east, SE is for
South-east, S is for south, SW is for south-west, W is for west and NW is for north-west.

For all the subsequent simulations, the finest mesh was chosen. Needless to say, the presence of circular
hole leads to a non-homogeneous deformation that localizes resulting in eventual failure of the specimen
that can be perceived as zones in which damage parameters tend to unity. What is most significant
about the current model is that the non-homogeneous deformation has implication at the underlying
micro- or the grain-scale behavior of the continua. The consequence is that every point in the continuum
body is not only in a different state from the viewpoint of continuum variables but also at a different
state at the micro-scale. Thus at every point of the continuum body, different phenomena emerge and
evolve as the loading progresses. For example, at certain locations in the body, an erstwhile isotropic
and non-chiral material transforms into anisotropic material with chirality. These emergent behavior
is best illustrated by following the evolution of damage parameters at the micro-scale by considering
its direction distribution at selected points in the body as well as the evolution of its maximum value in
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the body. Figs. 12, 16, and 20 show the evolution of D, () at different points of the specimen (see the
legend in Fig. 11) for the non-homogeneous compression, shearing, and extension tests, respectively.
Figs. 14, 18, and 22 show the evolution of D, () at different points of the specimen (see the legend
in Fig. 11) for the non-homogeneous compression, shearing, and extension tests, respectively. Figs.
13, 17, and 21 show the contour plot of the maximum D, (8) over 6 € [0, 2] for increasing loading
steps. Finally, Figs. 15, 19, and 23 show the contour plot of the maximum D.(6) over 6 € [0, 27] for
increasing loading steps.

We remark that, owing to boundary conditions and domain symmetries, many connections can be
traced among polar plots of the same damage variable at different domain points and within a single
polar plot. For instance, the polar plots of D, () at points “iS”, “INE” and “ISW” are obtained by
reflecting with respect to the line § = 0° the polar plots of D, (6) at points “iN”, “iSE” and “INW”,
respectively. The polar plots of D, (#) at points “iE”, “INE”, and “iSE” are obtained by reflecting with
respect to the line § = 90° the polar plots of D, (#) at points ‘iW”, “iNW?”, and “iSW”, respectively. The
polar plots of D,,(6) at points “eS”, “eSW”, “eW”, and “eNE” are the same of those at points “eN”, “eNW?”,
“eE”, and “eSE”, respectively. Analogous symmetries can be observed for the subsequent damage polar
plots. We further note that, if G;; = 0, then, according to Eqgs. (9, 14), u, () = u,(6 + 180°) and
ur(0) = u,(0 4+ 180°), the same symmetry thus holding for the damage variables. Clearly, this is
verified for the homogeneous tests. For the non-homogeneous tests, the deviation from this symmetry
condition is as much more evident as the strain gradient is relevant in magnitude (see the points “iS”,
“GSWZ4W” NWZ N “INE”, “9E”; and “ISE”, i.e. in the internal hole boundary). As we will better
comment in the following, this leads to an induced non-centro-symmetric (i.e., chiral) behavior of the
macroscopic agglomerate.

For compression test, it is interesting to observe from Figs. 12 and 14 that the presence of circular
hole results in development of tensile damage at the corner points “eSW”, “eNW”, “eNE” and “eSE”, in
addition to the points at the perimeter of the hole. Furthermore, damage evolution remains centro-
symmetric at the corner and outer-edge locations indicating that these points are unaffected by the
strain gradients as in Figs. 12 and 14. On the other hand, at the points on the hole perimeter
significant strain-gradients develop, leading to different grain-pair relative displacements for 8 and 0+7
directions predicted by Eq. (9). As a result, the damage evolution becomes non-centro-symmetric.
The consequence is that the elastic moduli predicted by Eqgs. (28), (29) and (30) becomes not only
anisotropic but also chiral of different degrees. For the shear test, damage evolution remains centro-
symmetric only at the outer-edge locations while the corner points become increasingly non-centro-
symmetric as seen in Figs. 16 and 18. Clearly, the damage evolution is highly complex which is
reflected in the mixed mode by which the micro-scale failure evolves as seen in 17 and 19. Finally for
the case of extension test, the damage evolution shares the spatial similarity to the compression test
for the selected points with the exception that all grain-pair directions experience extension as seen
from Figs. 20 and 22. In this case, micro-separations due to grain-pair extension dominates, and as
expected, the specimen develops a fracture initiating at the hole perimeter and progressing towards the
outer edge perpendicular to the loading direction as seen in Figs. 21 and 23. Finally, we remark that
an interpretation for the damage results of boundary points and for those angles indicating directions
going out of the domain can be done only by taking into account that we are dealing with a continuous
model and grain-pairs at the boundary are intended only close to the boundary.
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Figure 12: Non-homogeneous compression test. Evolution of D, () at different points of the specimen
(see the legend in Fig. 11).

Niter = 10 Niter = 20 Niter = 30 Niter = 40 Niter = 50
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 13: Non-homogeneous compression test. Contour plots of maximum D, (6) over 6 € [0, 27] for
increasing loading steps, showing the micro-scale damage evolution in the body modeled as a continuum
which can be interpreted as micro-separations for grain-pair extension or crushing under grain-pair
compression. Clearly around the hole perimeter, the micro-separations and crushing develops the
loading proceeds.

maximum D,
compression
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Figure 14: Non-homogeneous compression test. Evolution of D, (6) at different points of the specimen
(see the legend in Fig. 11).

Niter = 10 Niter = 20 Niter = 30 Niter = 40 Niter = 50
] x
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 15: Non-homogeneous compression test. Contour plots of maximum D, () over 6 € [0, 2n]
for increasing loading steps, showing the micrg=éeale damage evolution in the body modeled as a
continuum. This damage evolution can be interpt®téd as grain-pair micro-shear. It is clear that under
compression, micro-shear damage dominates leading to a shear localization at failure.
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Figure 16: Non-homogeneous shearing test. Evolution of D, (6) at different points of the specimen
(see the legend in Fig. 11).
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Figure 17: Non-homogeneous shearing test. Contour plots of maximum D,(6) over § € [0,27] for
increasing loading steps. i

) shear
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Figure 18: Non-homogeneous shearing test. Evolution of D, (#) at different points of the specimen
(see the legend in Fig. 11).
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Figure 19: Non-homogeneous shearing test. Contour plots of maximum D, (6) over 6 € [0,2n] for
increasing loading steps. maximun

"
compression
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Figure 20: Non-homogeneous extension test. Evolution of D, () at different points of the specimen

(see the legend in Fig. 11).
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Figure 21: Non-homogeneous extension test. Contour plots of maximum D, (6) over 6 € [0,2n] for

increasing loading steps.
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Figure 22: Non-homogeneous extension test. Evolution of D, () at different points of the specimen
(see the legend in Fig. 11).
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Figure 23: Non-homogeneous extension test. Contour plots of maximum D, (#) over 6 € [0, 27] for
increasing loading steps. maximum

D, tension

To further explicate the damage evolution and failure process, in Figs. 24, 25, and 26 we show the
contour plots of elastic (top) and dissipated (bottom) energy densities for increasing loading steps for
the three loading cases.

For the case of compression, both elastic and dissipated energy concentrates along the hole vertical
diameter as expected classically. However, the dominant mechanism of damage is micro-shear as seen
from contours of damage variables in Figs. 12 through 15, although dissipation in the vicinity of the
hole is a complex combination of micro-crushing, micro-separation, and micro-shear for grain-pairs.
The energy concentration in compression is in contrast to that for extension test (see Fig. 26), which
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proceeds in a similar manner in early part of the loading eventually concentrating into a narrow zone.
Indeed it is worthwhile to remark that a strain localization is occurring in the extension test, leading
to a vertical brittle fracture. Considering that the study of brittle fracture in granular materials to be
beyond the scope of the present paper, further investigations will be devoted in the future to analyze
more thoroughly this fracture propagation.

Niter = 10 Niter = 20 Niter = Nicer = 40 Niter = 50
Niger = 10 Niger = 20 Nier = 30 Niger = 40 Niger = 50

Figure 24: Non-homogeneous compression test. Contour plots of elastic (top) and dissipated (bottom)
energy densities for increasing loading steps. All quantities are expressed in J/m?2.

Niter = Niter = Niter = Niter =

Niter = 10 Niter = 20 Niter = 30 Niter = Niter =

Figure 25: Non-homogeneous shearing test. Contour plots of elastic (top) and dissipated (bottom)
energy densities for increasing loading steps. All quantities are expressed in J/m?.
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Figure 26: Non-homogeneous extension test. Contour plots of elastic (top) and dissipated (bottom)
energy densities for increasing loading steps. All quantities are expressed in J/m?2.

Concluding Remarks

The key contribution of this paper is the development of damage model for material with granular
microstructures based upon purely mechanical concepts utilizing energy and variational approach.
Further, by incorporating a granular micromechanics approach, a procedure is developed for linking
the micro-scale (or grain-pair scale) to the continuum description. The following points highlight the
main developments of the model derived in this work:

e Derivation of objective kinematic descriptors for grain-pair relative displacement in granular
materials undergoing finite deformations.

e Derivation of the Karush-Kuhn-Tucker (KKT) type conditions for the grain-pair damage evo-
lution and the Euler-Lagrange equations for evolution of grain-pair relative displacement as
supplementary conditions based upon a novel non-standard variational principle (termed here as
hemivariational).

e Implementation of grain-pair energy and dissipation functionals that exploit the tension-compression
asymmetry as a unique feature of materials with granular microstructures.

The following points highlight the main findings of the presented work:

e Grain-pairs oriented in different directions experience different loading histories, and therefore,
different damage evolution for the normal and tangent components of every grain-pair interaction
leading to damage-induced anisotropic response of the continua.

e For non-homogeneous deformations, every material point of a continuum evolves in a different
way.

e Due to the tension-compression asymmetric behavior of grain-pair and the influence of strain-
gradients, erstwhile isotropic and non-chiral material transforms into anisotropic material with
chirality.

e Strain gradients in the continuum model not only regularize the (elastic) results, but are necessary
from a physical viewpoint to correctly describe the damage-induced evolution of the characteristic
length scale as well as chirality and better characterization of anisotropy.
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