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In this paper, we investigate the behavior of the strain gradient elasticity solutions around the sharp edges of
the body loaded by the concentrated loads. We consider the general Mindlin-Toupin strain gradient elasticity
(SGET) and several simplified models, including the dilatation gradient elasticity theory (DGET) and the couple
stress theory (CST). In the framework of a plane strain problem for an elastic wedge with prescribed tip
displacement we obtain analytical assessments for the displacement field and the stress state around the wedge
apex. Involving the Papkovich-Neuber solution we show that the nonsingular solutions for this problem can be
obtained within the general SGET and within simplified gradient models that provide the regularization of the
dilatational and the rotational parts of the displacement field both. In the incomplete theories such as DGET
or CST the singularity in the displacements and stresses at the wedge apex cannot be avoided. This result is
validated also based on the full-field numerical solutions for the wedge-type domains. It is shown that the
stress field around the wedge apex is bounded in the complete gradient theories, while the mesh dependent
solutions are realized in DGET and CST. Generally, obtained results means that the boundary value problems
with the edge-type loading should be abandoned within the incomplete gradient theories like DGET and CST
or it can be considered only under some additional assumptions (similarly to classical elasticity).

1. Introduction investigated within the semi-inverse plane strain solutions for the rect-

angular domains under tension and bending (Charalambopoulos and

Possibility for the explicit definition of the edge-type loading is one
of the specific feature of the Mindlin-Toupin strain gradient elasticity
theory (SGET) (Toupin, 1964; Mindlin, 1964), besides such famous phe-
nomena like the description of size effects (Cordero et al., 2016; Lurie
et al., 2006; Yang et al., 2020) and regularization of classical singular
solutions (Gourgiotis and Georgiadis, 2009; Lazar, 2013; Sciarra and
Vidoli, 2013; Lazar, 2021). However, up to date there exist not many
works, in which the edge type loading is directly considered within
the boundary value problems in SGET. Analysis of stress equilibrium
accounting for the edge forces within SGET have been performed
in application to the problems with sharp corners (Gourgiotis and
Georgiadis, 2011; Gourgiotis et al., 2010) and cracks (Gourgiotis and
Georgiadis, 2009; Sciarra and Vidoli, 2012). The presence of edge
forces was shown to be necessary for the establishment of equilib-
rium in a circular sector around the tip of crack and a semi-circular
sector around a concentrated force applied on a half-plane (Gourgi-
otis et al., 2010, 2018). Edge type boundary conditions have been

Polyzos, 2015; Charalambopoulos et al., 2020; Placidi and El Dhaba,
2017; Solyaev and Lurie, 2021) and in three-dimensional solutions,
e.g. in Giorgio et al. (2018a). Numerical simulations for the three-
dimensional bodies loaded by the edge forces have been presented
within SGET in Andreaus et al. (2016) and Reiher et al. (2017). Flamant
and Cerutti problem for the concentrated forces acted on the half-plane
have been solved within different gradient theories in Georgiadis and
Anagnostou (2008), Gourgiotis et al. (2018), Anagnostou et al. (2015),
Lazar and Maugin (2006) and Vasiliev et al. (2021a). Classical solutions
of these problems can be found, e.g. in Lurie (2005).

In the present paper we provide an assessments for the displacement
field and the stress and strain state around the sharp edge loaded by
the prescribed tip displacement or concentrated force. In analytical
assessments we provide an asymptotic analysis within the generalized
Flamant problem, i.e. within the plain strain problem for a tip of an
elastic wedge. In classical elasticity these problem for the infinite wedge
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can be easily solved based on the Airy stress function approach (Barber,
2002) or by using the Mellin transform for the displacement field (Ufly-
and, 1965). In SGET such approaches cannot be applied since the Airy
stress function is not available, while the application of the Mellin
transform to SGET equilibrium equations leads to some delay differen-
tial equations, which solution is much more complicated than the initial
one. Thus, in the present work we use the Papkovich-Neuber solution
for the displacements, which was initially proposed in SGET by Mindlin
(1964) and used, e.g. in Charalambopoulos and Polyzos (2015) and
Eshel and Rosenfeld (1970). Later a simplified form of this solution
was proposed and used in Lurie et al. (2011) and Solyaev et al. (2019).
Based on this solution we explicitly show that the regular displacement
field for the considered wedge problem can be obtained only within the
general Mindlin-Toupin SGET and within simplified gradient theories
that allow the regularization of the dilatation and the rotation fields
both. Classical logarithmic singularity in the displacement field do not
arise in such theories. Full-field solutions for the bounded wedge-type
domain are also found numerically. Convergence of the mixed FEM
method implemented in Comsol is shown for the considered problem
within simplified SGET model with dilatation and rotation gradient
effects both.

Based on the analysis of the Papkovich-Neuber solution we also
show that the famous couple stress theory (CST) (Mindlin and Tiersten,
1962) and the recently proposed dilatation gradient elasticity theory
(DGET) (Eremeyev et al., 2020; Lurie et al., 2021) do not allow the
regular solutions around the wedge apex within the generalized Fla-
mant problem. These theories do not provide a regular solutions for
the dilatation (CST) or rotation (DGET) parts of the displacement field
and corresponding classical singularities remain unavoidable in these
theories. This analytical result is validated based on the numerical
analysis, in which we observe the mesh dependent behavior of FE
solutions obtained within CST and DGET for the bounded-domain
problems. Thus, it is shown that the edge type loading cannot be
prescribed explicitly within DGET and CST, since these models cannot
sustain the concentrated edge forces. Corresponding discussion on the
correct variational formulation of these theories can be found in Lurie
et al. (2021), Madeo et al. (2016) and Park and Gao (2008).

2. Strain gradient elasticity theory
2.1. Boundary value problem

Consider an isotropic linear elastic body occupying a region
with a boundary 02 and with edges 0d2. The strain energy density
of isotropic second gradient material within Mindlin Form II is given
by Mindlin (1964):

W(E,Ve):%e:C:£+%V£§AEVe 1)
where C and A are the fourth- and sixth-order tensors of the elastic
moduli; € = %(Vu + (Vu)!) is an infinitesimal strain tensor, Ve is the
strain gradient tensor, u(x) is the displacements vector at a point x; V is
nabla operator; and standard definitions for the scalar products : and
: are assumed accounting for the symmetries of tensors C and A (see
Section 2.2).

Constitutive equations for the Cauchy stress tensor = and for the
double stress tensor u (Mindlin, 1964) are given by:

ow ow
=== L E, ==c- = : 2
T e C:e " Ve A : Ve (2)
Based on the given form of the strain energy density (1) and using
the variational approach the following statement of the boundary value

problem of SGET can be obtained (Mindlin, 1964):

V.o+b=0, X E Q
t=1f, or u=u,, X €0Q
_ v 3)
m=m or Jdu=g, X€EoiL
§=§ or u=u,, X € 00182
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where b is the volume force; 7, m are the external traction and double
traction applied at the body surface 0€; 5 is the edge traction applied
at the sharp edges 00€2; u,, u, define the displacements that can be
prescribed at the body surface and edges, respectively; g is the vector
of normal gradients of displacements d,u that can be prescribed on the
body surface; and the definitions for the total stress tensor o, surface
traction ¢, surface double traction m and the edge traction s are the
following:

c=1t-V-u,
t=n-6c-Vg-m-py)—Hnn : pu,
4
m=nn: pu,
s=[nv:
where Vg = V —ng, is the surface gradient operator; H = —Vg - n is

twice the mean curvature of d2; n is the unit outward normal vector
on the boundary d€2; v = nxv is the co-normal vector, which is tangent
to the surface 022 and normal to the edge 00£2; v is the tangent vector
to edge 00Q2; and square brackets [...] denote the difference between
enclosed values evaluated from the both sides of given edge.

Conditions for the edge tractions and displacements that explicitly
persist in the SGET boundary value problem is the subject of the present
research. In general formulation of SGET these conditions follow from
the variational approach (dell’Isola et al., 2017).

2.2. Constitutive equations

Components of the constitutive tensors C and A within Mindlin
Form II can be defined as follows (dell’Isola et al., 2009; Lazar et al.,
2021):

Cijkl = Cjik[ = Cij/k = Ck/ij = /‘l‘sijﬁkl + ”(6ik5jl + 5i15jk) (5)

A = Ajiklmn = Aijkmln = Almnijk

= a1(8;;0k10mn + 6in0;iOpm + 6;kmOin + 6i10nS1m)

ijklmn

+ @3 66 61m ©
+ a3(6i0;10pn + 00k Spy + 0ik SOy + 6110k Spp)

+ 40516} 0kn + 661 O)

+ a5(6;6,6pm + 0in0;u0k + 6,6

im®jn jlﬁkm+5i s ak/)

njm
where 4, u are the classical Lame constants and a; (i=1...5) are the
additional material constants of gradient theory, that can be found,
e.g. based on the interatomic potentials or via ab initio calculations
(Lazar et al., 2021); §;; is the Kronecker delta.

Components of the Cauchy stresses ¢ and the double stresses u (2)
become:

T;; = Tj; = A€y + 2uE;; )

Hijk = Hjik = a1(20;;€1y; + Oi€y1 j + 0jk€11) + a26;5€) )
+ 2a3(5jke,~,,, + 5,-/(6”’/) + 2a4£,~j,k + 2a5(£jk’,~ + €k )

where ¢;; = ¢;; are the components of infinitesimal strain tensor, &;; ;

are the components of the strain gradient tensor; and repeated indexes

imply summation.

2.3. Solution for equilibrium equations

Substituting constitutive Eqgs. (7), (8) into (3); one can obtain the
form of the equilibrium equations in terms of displacements. In absence
of body forces (that is of interest for the following analysis) we obtain
(Mindlin (1964)):

A+2w)(1 = BYHVV u— p(1 - BVHV XV Xu =0 9
where
12_4a1+a2+4a3+2a4+4a5 12_a3+a4+a5

5

1 A+2u 2- u



Y. Solyaev et al.

are the length scale parameters of isotropic elastic material, which
arise in the equilibrium equations of Mindlin-Toupin strain gradient
elasticity.

Papkovich-Neuber solution for the equilibrium Egs. (9) can be
presented in the following form (Lurie et al.,, 2011; Solyaev et al.,
2019):

u=u® + u(g),
u® = — kV(x - D), (10)
u® = 2Vy +¥ - 2VV -

where u© is the classical part of the solution, which is defined through
the classical Papkovich-Neuber harmonic vector potential @ and clas-

sical parameter x = > (j:gl); classical scalar potential is omitted here
assuming that the material Poisson’s ratio does not equal to 0.25 (Lurie,

2005); u'® is the gradient part of the solution that is defined through
the scalar potential y and vector potential ¥.

Classical vector potential should satisfy the Laplace equation (like
in classical elasticity (Lurie, 2005)):

Vi =0 11

while the gradient potentials should obey the Helmholtz equations of
the following form:

Y- 2V =0, w =BV =0 (12)

Validity of the presented form of general solution (10)-(12) can be
checked by its direct substitution into governing Egs. (9). This form
of general solution can be also obtained from those one developed
by Mindlin (1964). Note, that in the Mindlin’s solution he used the
vector and the scalar potentials that satisfies the fourth-order equations
with differential operator (I — [V?)V2. Taking into account that the
general solution for such equations can be presented as the sum of
general solutions for the equation with the Laplace operator V2 and for
the equation with the Helmholtz operator (1 — 11.2 V2) one will come to
the form of the solution given by (10)-(12). For example, the vector
potential ¥ used in the present formulation will coincides with the
Mindlin’s auxiliary vector potential B”.

Solution form (10)-(12) was proposed in Lurie et al. (2011) and
used, e.g. in the micromechanics problems in Solyaev et al. (2019).
Based on this representation, the numerical Trefftz method for SGET
problems was developed in Lurie et al. (2006) and Solyaev and Lurie
(2021).

As it is seen from (10)-(12), the gradient potentials y and ¥
define the irrotational (longitudinal) and the rotational (transverse)
parts of gradient displacements u(®, respectively. Indeed, evaluating
the divergence and the curl of u® we find

Vou® = 2v2y,

13)
Vxu® =vx¥

Therefore, the gradient part of dilatation ©, = V - u® and the
. . 1 . .
gradient part of rotation w, = >V x u'® are given by:

0, =y,
1 14
wg = EV XW,

where we take into account that the scalar potential y obeys the
Helmholtz equation.

From this result it follows at first, that the scalar potential y has
an explicit physical meaning because it defines the gradient part of the
material dilatation ©,, while ¥ is the vector potential for the rotational
part of gradient displacements w, (moreover, it can be shown that
¥ =202V xw,).

Secondly, from (14) it follows that we can use the divergence-
free vector potential ¥ to define the general solution for gradient
displacements u(®. This proposition can be additionally justified by
the following reasoning. It is known that the general solution for the
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vector Helmholtz equation can be decomposed into the sum of the
longitudinal (potential) part ¥; and the transverse (solenoidal) part
¥ as follows (Morse and Feshbach, 1953)

Y=y, +¥,
¥, =Vf, f-DBVf=0, V-¥; =0
where f is some scalar function that obeys the scalar Helmholtz equa-
tion and the structure of transverse part ¥, will be discussed below for
the particular case of polar cylindrical coordinates.

Substituting (15) into the third equation in (10) we can check that

gradient displacements do not depend on the longitudinal part ¥; and
that the term VV - ¥ can be also neglected in this case:

u® = 2Vy + ¥, —2VV W+ W, - BVV ¥,

=BVy + ¥ — BV + V(T=8BYS)

Thus, for the Papkovich-Neuber solution in SGET we can use the
divergence-free vector potential ¥ = ¥, and the representation of u'®
will be reduced to the standard Helmholtz decomposition. This will
significantly simplify the form of the solution because we can use the
limited number of terms in representations of ¥.

Also let as additionally clarify the meaning of the gradient part of
dilatation 6, and the rotation w, and representations (14). Taking the
divergence and the curl of equilibrium Egs. (9) we found that the total
dilatation © = V - u and rotation w = %V X u should obey the following
fourth order equations:

(15)

(16)

(1-P2vHv2e =0 a7

(1-BV)V2w=0 18)

Solution of these equations can be decomposed into the sum of the
solutions for the Laplace and Helmholtz equations as follows:

0=0,+06,, w=w, +w, 19)
v:e,=0, V’w,=0 (20)
(1-63YH0, =0, (1-LVHw, =0 (21)

where gradient fields o, and w, are introduced in (14), while 6, =
V-u® and w, = %V x u® are the classical parts of dilatation and
rotation; and it can be easily checked that relations (20), (21) can be
satisfied identically taking into account (10)—(12), (14).

2.4. Papkovich-Neuber solution in polar cylindrical coordinates

In the following we will consider the plain strain problems in polar
cylindrical coordinates, for which we will use the notations r € [0, o],
0 € [0,2x], and the out-of-plane axis is z € [—o0, c0]. Formulation of
SGET equations for the orthogonal curvilinear coordinates in terms of
covariant derivatives can be found, e.g. in Zhao and Pedroso (2008).
For the plain strain formulation we assume that the third component of
the displacement vector equals to zero u, = 0 and that all field variables
do not depend on the coordinate z. In this case, the formulation of the
model is the same as presented, while only two of three equilibrium
equations are non-trivial, surface boundary conditions will reduce to
lines, and edge boundary conditions will reduce to the corner points of
the body projection on the rf-plane.

Components of the displacement field according to the Papkovich—
Neuber representation (10) in polar coordinates have the following
form (all relations in this paper will be given in terms of physical
components of vectors and tensors):

0P
u® =1 -1, — rk—=

ar
oD
u;c) =d,—« aer
© 2 0W (22)
g
u = Y/r + ll E
2 P}
u(gg) =%, 1
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where we assume that the vector field ¥ = {¥,,%,.0} is solenoidal as
discussed above.

Classical potential @ = {®,,®,,0} should obey the vector Laplace
equation, which solution in polar coordinates can be presented in the
following series form (see, e.g. Quartapelle (2013):

@, =c|gInrsinf + c3q8in 6 + c50 Inrcos 6 + ¢, cos O

(o]
+sin 6 <Z r~"(cy, cos nb + c,, sinnf) + r"(c3, cos nd + ¢y, sin nG))

n=1
5
+cosé z r~"(cs, cos nf + cg,, sinnb) + r"(cy, cos nf + cg,, sin nb)
n=1
@y =cygInrcosd + c33co8 8 — c50Inrsinf — ¢4 sin O

+cos 6 r~"(c1,, cos nO + ¢y, sinnd) + r'(c3, cos nb + ¢4, sin m‘)))

=y

<n=1
o

—sin@ (Z r~"(cs,, cos n + cg, sin nf) + r"(cy, cos nb + cg,, sin n9)>
n=1

(23)

where ¢, (m = 1.8, n = 0..c0) are the unknown constants to be

determined from the boundary conditions of the problem.
Divergence-free solution for the vector Helmholtz equation in polar

coordinates can be defined as follows (Morse and Feshbach, 1953):

2
_hox oy L p%r s
"0z % 2orae

where we neglect the part of the solution that defines the out-of-plain
displacements (this part has the form V x (r y)); r is the position vector

and y is some scalar function that satisfies the Helmholtz equation:

V=¥, =0VxVx(y), ie

)(—l%VZ)(:O (25)

Solutions for the scalar Helmholtz equations is needed then to define
function y that is introduced in the initial form of the Papkovich—
Neuber solution (10) and function y that is used in (24), (25). These
solutions can be presented as follows:

W= Z <Kn(li)(bln cos nf + b,, sin nf) + In(li)(by, cosnf + by, sinn0))
n=0 1 1

x= Z <K"(IL)(d1n cos nf + d,, sinnd) + 1,,(11)((13” cosnf +dy, sinn0))
n=0 2 2

(26)

where b,,,, d,, are the unknown constants; and K, and I, are the
modified Bessel functions.

Thus, we represent the classical part of general solution u(® via two
components of the harmonic vector potential @,, @, (23). The gradient
part of the solution u‘® is defined through the two scalar functions y
and y (26).

The completeness of the presented form of the solution can be
claimed based on the following reasoning (though the rigorous mathe-
matical proof we remain for the future work):

(1) The validity of additive decomposition of the displacement
solution into the classical part u® and gradient part u'® in (10) follows,
e.g. from the known form of the Green’s functions developed within
three-dimensional and plane problems of SGET (Gourgiotis et al., 2018;
Ma et al., 2018).

(2) Classical part of the solution u(® satisfies the classical equi-
librium equations. For this part of the solution we use the standard
Papkovitch-Neuber representation in (10), which completeness in the
static case have been shown in classical elasticity (see Mindlin (1936),
Gurtin (1962) and Lurie (2005)).

(3) As it is shown in (15), (16), representation for the gradient part
of solution u’® in (10) is equivalent to the standard Helmholtz decom-
position of the vector field. Restrictions of the Helmholtz decomposition
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are that the vector field should be sufficiently smooth and that in the
unbounded domains it should decay faster then r~! (Spréssig, 2010). In
SGET, gradient part of solution u® defines the boundary layers effect
that undergoes exponential decay (Gourgiotis et al., 2018; Solyaev
et al., 2019; Ma et al., 2018). Moreover, in the further analysis we will
not consider the unbounded domains. We will restrict our analysis only
for the area around the wedge apex.

(4) Scalar potentials in (22), (24), (25) obey the Laplace and
Helmholtz equations. Completeness of series representation for these
potentials (23), (26) was proven in the context of Trefftz method
(see Zielinski (1995) and references therein). These series represen-
tations can be used for the domains without re-entrant corners. For
angle singularities one should include additionally the so-called special
purpose functions (like terms with radial functions "+, K, +¢(r), where
& is some real number) (Zieliniski, 1995; Kotodziej and Zielinski, 2009).
Thus, in the following analysis we will consider only the domains with
external edges and we will use series (23) and (26). Re-entrant corners
will be out of consideration. Such problems within gradient theories
were considered in Gourgiotis and Georgiadis (2011) and Gourgiotis
et al. (2010) for the remotely applied loading.

In the next subsections we will consider three simplified gradient
theories and discuss the form of the general solutions for the governing
equations of these theories. The difference between these theories lies
in the assumptions about the structure of the gradient elastic moduli
tensor (6) and the double stress tensor (8). Representations of the
Cauchy stress tensor (7) are all the same in these theories.

2.5. Simplified strain gradient elasticity theory

Simplified strain gradient elasticity theory (SSGET) contains single
additional length scale parameter. This theory have been widely in-
vestigated in last decades (Askes and Aifantis, 2011; Eremeyev et al.,
2019). Constitutive assumptions in SSGET are the following (Altan and
Aifantis, 1997; Lazar and Maugin, 2005):

ay=a3=as=0, ay=4i%  a=ul?, I =lL=I 27)

Using this assumption in (8) one can obtain the following definition
for the double stress tensor:

Hijk = My =170 = A28 e, +2u ey, (28)
and the simplified form of the governing equations:
(1=1PV)((A+2w)VV - u—puV xVxu) =0 (29)

General solution of SGET can be represented as it was done above
for the general theory (10)-(12) in 3D case or by using (22)-(26) for
2D problems in polar cylindrical coordinates. The form of this solution
will be the same as for the general Mindlin-Toupin theory, however
one should use the single length scale parameter / =1, = I,.

One should also note, that in the present study we used SSGET
with rigorous formulation of boundary conditions that follows from
the variational principle according to the initial Mindlin’s and Toupin’s
works (Toupin, 1964; Mindlin, 1964). Some erroneous simplifications
of the boundary conditions within SSGET have been introduced pre-
viously (Askes and Aifantis, 2011) that may leads to the non-correct
solutions (see, e.g. Lazar and Polyzos (2015)).

2.6. Dilatation gradient elasticity theory

Constitutive relations of DGET include the single non-zero gradient
modulus as follows (Lurie et al., 2021):
ag=ay=a,=as=0, ay=(A+2u)* (30)
Substituting (30) into (8), we obtain the double stress tensor:

Mijk = Hjik = (A + 214)125ij51/,k 31)
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and governing Egs. (9) in DGET become to:
A+2u)(1 = 2V)VV -u— uV X Vxu=0 (32)

In DGET, the gradient part of the displacement solution u® is
irrotational. Namely, it can be seen that the solenoidal vector ¥ in the
Papkovich-Neuber solution of the general theory (10) does not satisfy
the governing equations of DGET (32). Thus, the general solution
of DGET can be represented using purely potential field of gradient
displacements as follows:

u=u® +u®,
W = - kV(x - @), u® = IZVI[/, (33)
Vi =0 w =1V =0

Peculiarity of this representation (33) is that the scalar potential y
that defines the gradient part of the displacement function at the same
time defines the gradient part of the material dilatation @, = V-u, = y
(see (14)). Rotation vector in DGET does not contain the gradient part,
i.e. w® = 0, w = w®. General solution for the scalar potential v

is given by series representation in Egs. (26). Components of classical
vector potential @ are given by Egs. (23).

2.7. Couple stress theory

Formulation of the couple stress theory (CST) can be obtained from
the Mindlin Form II if one assumes (dell’Isola et al., 2009):

az = —1271/47
as=—1*(n+ Du, 1, =0,

a = 2120, a = —41qp, (34)

ag =220 + D, L=1

where —1 < n < 1. Substituting (34) into (8), the double stress tensor
in CST takes the form:

e = g = 200 (20126, 00, = 80,0, = 810, + (L @y + 01)) )

(35)
where w;; = (u; ; —u;,;)/2 is the infinitesimal rotation tensor.
The governing Egs. (9) in CST become to
A+20)VV -u—pu(1 - PVHVXVxu=0 (36)

As it is easy to see, the potential part of the general Papkovtich—
Neuber solution Vy will not satisfy the governing equations of CST
(36). Thus, in opposite to DGET, gradient part of the displacement
field in CST does not contain the potential part and consist only of the
transverse part. In other words, the dilatation remains classical in the
CST and O, = 0, © = O,. Papkovtich-Neuber solution of CST can be
represented as the particular case of general relations (10), (24), (25)
and in polar coordinates it has the following form:

u=u® + u(g)’
w9 =@ — kV(x-D),
V2 =0,

u® =y 37)
Y=PVxVxky), x—-1Vy=0

More complex form of the general solution within CST have been
developed by Mindlin in Mindlin and Tiersten (1962) and used in Gour-
giotis and Georgiadis (2011). However, following the same procedure
as was described in Section 2.3 of this paper and assuming the absence
of the external forces it can be easily shown, that the Mindlin’s so-
lution for CST equilibrium equations for the plain strain problems in
cylindrical polar coordinates can be reduced to the presented one (37).

Thus, we consider three simplified variants of gradient elasticity
theories and we will use them in the next section within the elastic
wedge problem. In DGET we have purely potential field of gradient
displacements (33). In CST this field is purely solenoidal (37). In
SSGET the gradient part of displacements have the potential and the
rotational parts both similarly to the general Mindlin-Toupin strain
gradient elasticity (10). These properties of the displacement fields are
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the consequence of the constitutive assumptions (27), (30), (34) and
corresponding form of equilibrium equations of these models.

Note, that the constitutive assumptions of DGET and CST lay on
the border of the permissible assumptions that provides the positive
definiteness of the stored elastic energy within SGET (see dell’Isola
et al. (2009) and Lurie et al. (2021)). Therefore, these theories (DGET
and CST) are the semi-positive definite particular cases of SGET. That’s
why we call these theories as “incomplete”.

3. Elastic wedge loaded by tip displacement

Let us consider an elastic wedge bounded by two edges 6§ = +a
(a < 7/2) and loaded at the apex by the tip displacement &, prescribed
in the horizontal direction (0 = x). The illustration is given in Fig. 1.
Polar coordinates are defined with the origin at the wedge apex. Angle
coordinate is evaluated from the reference direction that divides the
wedge into two symmetrical parts.

Classical elasticity solution for the similar problem with prescribed
concentrated force (generalized Flamant problem) can be developed
based on the Airy stress function approach (Barber, 2002). In this
solution for the symmetric type of the loading the stresses are given
by:

clas _ 2F cos 6 clas

clas
== , = =0 38
" 20 +sin2a 1 o = Too (38)

where F is the prescribed force at the wedge apex.
Classical displacement solution for the symmetric loading have the
following form:

uﬁlas = C,0sinf — Cycos + C;Inrcosd

. ) ) (39)
ug® =C10cosf — Cysinf — C3Inrsin
__¢ - C =< c=_fF
where C, = g &2 = 4’ G = axp’ €= 2osin2a’
Note, that tflese solution (39) in classical elasticity can be also

derived by using the Papkovich-Neuber potentials. To do it one should
remain only two non-zero coefficients c¢s, and ¢y, in series representa-
tion for the classical vector potential @ in (23). Also to this potential
one should add the term of the form

® = ¢, {05in b, cos 6,0}

. . . . (40)
(or in Cartesian coordinates @ = ¢, {0, arctan £, 0})

where ¢, is unknown constant.

This term @ does not arise in the complete series (23), however
it can be added as an additional particular solution that obey the
vector Laplace equation. Without addition of this particular solution
@ one should use the full infinite series in (23) that is not useful and
rather complicated. It can be checked then that the relations between
the coefficients in the Flamant problem solution (39), and non-zero
coefficients in the representation of the Papkovich-Neuber potential
(23), (40) are the following:

20,0+ 2 2G5+ 20)
=T, 0 0T T g, al
o 202 )~ Cl+ 39 “h
G+ 3np2

Thus, in classical elasticity one can use the Papkovich-Neuber dis-
placement solution to solve the Flamant problem. In the next two
subsections we will provide a variant of generalization of this clas-
sical solution (39) onto the gradient elasticity. Instead of force we
will prescribe the tip displacement that will simplify our analytical
derivations.

3.1. Analysis of the displacement solution around the wedge apex

Using Papkovich-Neuber representation (22) we can define the
solution for SGET equilibrium equations in the considered problem as
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Fig. 1. Elastic wedge loaded at the apex by the tip displacement.

follows:
oo, a2 P
u, =(1-x)®, —rx 6rr + 72# +l%a—u’f +1,,
42
D ad)r 2 02)( + l? aw + A ( )
o, 2% _ 00w
Yo =T0 T 50 T 2000 T 00 T

where we introduce an additional part of the displacement solution
i = {#,,d,,0} that arises in SGET due to presence of the corresponding
classical part of the solution related to @ (40).

All Papkovich-Neuber potentials in (42) can be defined in a simpli-
fied form taking into account the symmetry of the problem. Namely,
using standard trigonometric relations and redefining the constants,
from (23) we obtain the following representation for the components
of the classical vector potential @:

D, = cprfsinb + csoInrcos O + ¢y cos 0

o0
+ Z((’_"% + 1y, cos(n— 1O + (r"cs, + rcs,) cos(n + 1)9),
n=1

(43)
@Dy = 0 cosh — c5yInrsinf — ¢y sin

o0
+ Z((f"c% + 1) sin(n — 1) — (e, + ey, sin(n + 1)9)
n=1
where we use all terms that arise in the classical elasticity solution
(including additional potential @ (40)) and also add the series with the
all other terms from the complete representation of @ (23).
Scalar gradient potentials ¢ and y (26) for the symmetric loading
become to:

r r
= <K,,(l—>b1,, +In<l—)b3n> cos nf),
n=0 1 1
[s+]
=Y <K"(i)d1n +In(i)d3n> cos nf
n=0

Iy

(44)

Additional solution @ in (42) is defined heuristically. Namely, we
suppose that this part of the displacement field should have the similar
behavior with the classical one defined by @ (40). It should be (a)
bounded at the origin of the coordinates, (b) related to the arctan(y/x)
function in the Cartesian coordinates, and (c) it should have the ir-
rotational and the rotational parts both. Therefore, it can be defined
by using the following particular solutions for the vector Helmholtz
equation that meets our requirements for the case of the symmetric
loading:
¥, = bi{01o(7)sin0,01y(F ) cos, 0} : ¥, -2V, =0, (i=12),

(45)

where b; are some unknown constants, I, is zero order modified Bessel
functions of the first kind (it is unbounded at infinity, however, we

will consider the solution only around the wedge apex), and the values
of the length scale parameters /; should be chosen accordingly to
the part of the displacement field that we need to define. Namely,
since (45) contains the irrotational and the rotational parts both it is
necessary to use the general Papkovich-Neuber representation to define
the corresponding part of the displacement solution as follows:

0=72VV.-¥ +¥,-2VV-¥, (46)

This representation (46) is similar to the initial one provided by
Egs. (10) for the gradient part of the displacement field u®. In this
representation we extract the purely potential part of ¥, and purely
rotational part of ¥,. Analog for the scalar potential v is obtained in
(46) through the divergence of ¥, (similar form of solution in SGET
have been used, e.g. in Lurie et al. (2011)). Component representation
for (46) can be easily obtained via standard definitions of vector
operators and we do not present it here for clarity.

Now, let us consider the 2z-periodic part of solution (42)—(44)
together with particular solutions defined by Eq. (40), (46). These part
includes the classical singular logarithmic terms and has the following
form:

Do) 4021 (£))osin

1 2 iy

U)oy = (c02(1 )+ by (Io(F) -+
+ (er0(1 = %) = esgr + eso(l = K I (14 002y + (1= 300 csy
2 2
ll r [I r 12 r 12 r
+ bl(?’l(a)_ ;‘_ZIO(E)) _52(711(3)— r_210(5))
+ EK (L)dyy + E1 (Lydy — 1 (K (L) +K (i))b
C G dn + 2 h()ds = o | Kol 207) ) bi

¥ l—l(I(i)+I(L))b )cose
> oG+ 1) ) by

I} I
oo = (a1 = 1)+ by L 1)+ by (o) = 211(5)) ) cos

p
+ ( —cppk —cy0(1 =) —c59(1 =) Inr
+ (1 +r g + (1 +K)rkeyy

i 2 ! 2
+ b (G = S 10() = b (FN() = S ()
+ 2 (KD + KaD)) s = 2 (1) + (D))
- EK(i)b —ﬁl (£)b )sine
R Gb = ()b,
“47)

Satisfaction of equilibrium equations of SGET (9) by this solution (47)
will be provided automatically since we use the Papkovich-Neuber
representation (it can be also checked by the direct substitution).
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Assessment for the behavior of the displacement field u,, =
{(U,)2z» (Ug)o,, 0} around the wedge apex can be obtained by evaluation
of the limits for the small values of the radial coordinate (namely, for
the small /I, and r/I, ratios). From (47) we find:

" _ 1 Ldy +11byy I
rgls)(u,)z,, = ((e5o(l —K) + T) nr

+ (14 K)egy — by 1y + b)) + 12(dyy 1y + b)) + 0(1)) cos 6

Lydy +11by

lim(ug),,. = ( —(eso(l— k) + )inr

+ (14 K)egy — by 1y + by) + B(dyy Iy + b)) + 0(1)) sin@
(48)

Important result here is that these limits will have the finite values
if the solution of the problem allows the following relations between
the constants:

oo = b4t by o =
50 T 2

Pbyyly +by) = 12(dy 1, + by)
1+«

(49)

In this case the classical logarithmic singularity and the additional
gradient term =2 will be vanished in (48) and the displacement field
around the wedge apex will be regular.

Further, we can found the infinitesimal dilatation and infinitesimal
rotation vector related to u,,. Of interest, are the limits of these
quantities around the wedge apex. From (47) taking into account (49)
one can found that these limits are the following:

. 1
e T

+byly —dyl,(1 - 21())r_l cos 6 + O(r)

(c02(2 — 6k +4x2) +2b, (1 — k)

1 (50)

s, = {00, 1

fmwar =109 355
— byl +dyy (1 — 2;<))r*‘ sin@ + O(r)}

<2c02(1 — k) +2by(1 — k)

It is seen, that the bounded solution for the dilatation and rotation
at r = 0 can be obtained assuming the following relations between the
constants:
co(2 = 6K +4x2) + by 11} — dy11,(1 = 2K)

2(k — 1) ’
2¢p(1 =) = byl +dy (1 = 2K)
2(k — 1)

It can be shown then that the strain field ¢; = (u;; +u4;;)/2 and
the Cauchy stresses 7;; (7) will be also bounded at the wedge apex if
one use the relations between the constants (49) and (51). Moreover,
the singularity-free solution for the traction components at the wedge
faces & = +a can be also evaluated in this case. Since the general
constitutive equations for the double stresses and for tractions are
rather complicated it is useful to provide such derivations within the
simplified theory. At first, we will use SSGET (Section 2.5). Within
SSGET the solution and the derivations are all the same as presented
in (47)-(51). The only difference with the general theory will be that
in SSGET one should use the single value of the length scale parameter
I =1, =1, in (47)-(51).

Definitions for the surface traction components ¢ (4) at the wedge
faces 6 = +« in polar coordinates within SGET are given by:

(51)

by =

aﬂrrﬂ dﬂrer 1 a”ré’e

tr =T — 7 - ? - ; <”rr9 + Hrgr — Moo + W) (52)

1 Oiggg
lg=Tpg — —— — —— — — + + + —= 53
0 = Too or or - <ﬂr99 Horo T Hoor (53)

where we take into account that the wedge faces are flat and its mean
curvature equals to zero H = 0.

Evaluating the strain and strain gradients for the displacement
solution (47) and using then the constitutive assumptions of SSGET to
define the double stress components 4, according to (28) and using
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standard Hook’s low for the Cauchy stresses z;; (7) after long algebraic
derivations one can find that around the wedge apex the traction
components at the boundaries § = +a (52), (53) can be presented as
follows:

. 1
it )e = 37— (4c02(1 — K+ by 121 = K)A+ (3 = 5K)p) -
+dyyI(1— 31();4)1“1 sina + O()

F (4c02(1 — )1 = 26)(A + 2p) )
— (byy +dy DIQA = 2602+ (1 — 51()[4))7'_1 cos a + O(r)

lim(z, =
raO( 6)2”

From (54), (55) we obtain two more conditions for the constants
that will provide us the bounded values of tractions at the wedge faces
around r = 0:

6c0p(k — Du((1 = 204+ (1 — 4K )

UZ 0+ wed =204+ (=50

din = 2 (1 —x)((2 = 4K)2% +9(1 = 2K) Au + (7 — 20K) %)
n= 1+ (L = 26)4+ (1 = 55)p)

Thus, at this stage we obtain 6 conditions (49), (51), (56) for 7
constants ¢y, ¢sg, ¢, by, by, by, dj;. Satisfaction of these conditions
provide us a regular solution at least for the displacement field, strain,
Cauchy stress and tractions (at § = +«) around the wedge apex. These
conditions are independent and we can use them to define 6 constants
through the last one that will remain unknown. For example, such
unknown constant can be cg,. In this case all other constants can be
found from (49), (51), (56) and their representation within SSGET will
be the following:

(56)

o = 612(/1+;4)(/1+3;4)C R CE ST _ _3uG+3m
T u=nGA+sm T =2 N T Q=G+
A+3u 400+ 3p)
b = ;4—/1602’ by =0, dllz—l—y €02
(57)
where we take into account that x = ’H’z‘m

Remaining constant ¢y, should be found from the external loading
conditions and an example of such solution will be presented in the
next subsection. Note, that presented result is obtained within SSGET,
which contains two length scale parameters in equilibrium equations
I, = I, = . For this particular case of the strain gradient elasticity
we obtain that b;, should be equal to zero in (57). Nevertheless, the
potential part of the gradient part of displacements in this solution will
be non-zero since, e.g. constant b, has non-zero values and it defines
the particular solution @ (45), (46), with non-zero dilatation.

Now it is important to evaluate the solution structure within the
simplified theories, which do not contain the gradient part of dilatation
or the rotation and do not provide the regularization for the corre-
sponding parts of the solution. Consider at first DGET (Section 2.6). In
this theory the second length scale parameter equals to zero (I, =0, /; =
) and the gradient part of the displacement field should be irrotational
(33). This means that potentials y in (42), (44) and f’z in (46) should be
avoided by using zero values of the corresponding coefficients, i.e. we
should use d,; =0 and b, = 0 in (47). Therefore, in this theory we will
have only 5 constants c,, csg, ¢2y, by, b;; and 6 conditions (49), (51),
(56) that should be fulfilled to provide the singularity-free solution. In
DGET the conditions for the bounded displacement field at the wedge
apex instead of (49) will be:

_ Ly _12(b111+b1)

- , (58)
0= T30 - 2 T+x

For the bounded dilatation and rotation instead of (51) we will
obtain:

_ cp(2 — 6K +4x?) + byl byl
= 20k — 1) ’ 2721 -x)

(59)
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Conditions for non-singular tractions (52), (53) after application of
DGET constitutive assumptions (31) will provide us:
byl

by =0, cp= TS

(60)

(the second condition coincides here with those one in (59)).

It is seen now, that relations (58)-(60) can be fulfilled only by
the trivial solution for the all constants, such that no classical terms
will arise in the displacement field and no external loading can be
prescribed at the wedge apex. From this result we can conclude that
the considered type of the boundary value problem within DGET will
always contain singularities and its solution will violates some of these
conditions (58)—(60).

Next, let us consider CST (Section 2.7). In this theory the first length
scale parameter equals to zero (I, = 0, [, = I) and we should use
the purely rotational gradient part of the displacement solution (37).
Therefore, potentials y in (42), (44) and f’] in (46) should be avoided
such that we should use b;; = 0 and b, = 0in (47). Thus, in CST we have
only 5 available constants (cy,, ¢59, ¢, by, di) for 6 conditions (49),
(51), (56), which can be derived in the following form:

+ for bounded displacements instead of (49):

ldy, —12(dy 1y + by)
=1 =112 727 (61)
T s e 1+x
« for bounded dilatation and rotation instead of (51):
dyyI(1 = 2) 2e0p(1 — k) +dy 1(1 - 2K)
= b= 62
T 0 ety 2 2= 1) (62)

+ and taking into account constitutive relations (35) conditions for
the bounded tractions at wedge faces in CST instead of (56) will
become to:

dy; =0, cp =0 63)

Thus, in CST we also found that only the trivial solution for the con-
stants may provide the regularization of the field variables. Therefore,
for the considered problem, CST solution cannot be developed without
singularities and some of relations (61)-(63) will be violated.

From the presented derivations it is seen that the bounded solutions
for the generalized Flamant problem can be obtained only within those
gradient theories that have two non-zero length scale parameters in
the equilibrium equations. Such theories are, for example, the general
Mindlin-Toupin SGET or SSGET. Simplified theories like DGET and
CST do not provide the regular solutions and will contain unavoidable
singular terms. Generally, it seems that the edge-type loading in DGET
and CST will always lead to the non-physical singular solutions.

Note, that in the presented solution (47) we used only 2z-periodic
terms from series Eq. (43), Eq. (44). However, it can be shown that all
other terms that persist in the Papakovich-Neuber solution and that are
unbounded at r = 0 (terms with high order Bessel functions Kn(f) and
with radial functions ") should not be included into solution because
they contain unavoidable singularities. Thus, the trivial zero values for
the coefficients that stay before these terms in series representation
of the Papkovich-Neuber solution should be used. Non-singular high-
order terms (with I, n(;) and r" functions) will arise in the solution if one
consider not the asymptotic analysis around the wedge apex but the
far field solutions. However, it seems, that the closed form or the series
solution for such problem may not be available. Such problems will be
better to solve by using discretization of the domain with numerical
finite element or boundary element methods. Examples of such FE
solutions will be presented in the next section.

In the presented analysis we also did not provide an explicit as-
sessments for the strain gradients, double stresses and components of
traction at surfaces r = const. This is due to the fact that presented
solution (47) does not have enough constants to avoid the singular-
ities in these fields. Moreover, the singular solutions for traction at
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the surfaces with normals along radial direction has a clear physical
meaning. Singularities in these quantities cannot be avoided since in
the considered problem we have a concentrated force applied at the
infinitesimally small area, i.e. at the wedge apex. Nevertheless, as
it is shown above in the definitions of traction components at the
wedge faces § = const the singular terms are canceled. This is some
kind of a lucky case for the presented solution. Similar situation arise
for the crack problems in SGET, where surface tractions and double
tractions are singular, while the strains and the Cauchy stresses are
bounded (Gourgiotis and Georgiadis, 2009; Sciarra and Vidoli, 2013).

Thus, based on the representation of the displacements given by
Egs. (47) we can obtain a closed form solutions (around the wedge
apex) if we can avoid using the double stresses and related double trac-
tions (see (4)) in the boundary conditions. This can be done for the case
of the essential high-order boundary conditions prescribed at the wedge
faces. In the boundary value problem formulation of SGET (3) on the
body boundaries one can define the gradient of displacement instead
of double traction. This variant of the problem can be explicitly solved
by using presented approach (see next subsection). Solutions for the
natural high-order boundary conditions will be provided numerically
in Section 4.

3.2. Asymptotic solution for the wedge with stiffened boundaries

Let us provide an example of analytical solution within SSGET
for the following formulation of the boundary value problem for the
wedge-type domain (see Fig. 1):

6e[-a,a]: V-e=0
0=+a: t=0 ie t.=0, t,=0,
=0 i Lo _w =y Lo _
gu=0 ie OQu =_--5—-"=0 duy=-+--2=0,
r=0(apex): u=1u,, ie u =-—i@cosb, uy=i,sind
(64)

Here we assume that the wedge is loaded by the tip displacement
prescribed in horizontal direction (in Cartesian coordinates it will be
u, = {—i;,0,0}). Wedge boundaries are free from the surface tractions.
However, the additional high-order boundary conditions are prescribed
with respect to the normal gradients of displacements. Thus, the wedge
does not have fully stress-free state at the surfaces, but on its faces
we use the conditions that restricted its deformations. This is why we
called this problem as the wedge with stiffened boundaries. Uniqueness
for such kind of the problems with mixed-type boundary conditions in
SGET have been proved recently in Nazarenko et al. (2021).

At the remote distance from the tip (at some surface r = ry) we
assume that there exist some appropriate external loading that provides
a global equilibrium of a wedge such that the boundary conditions at
this remote surface will be out of consideration.

The following analysis will be restricted for the small area around
the apex (r — 0) since the full-field solution of the considered problem
cannot be found analytically within SGET in a closed form via proposed
approach. Using series representation (22)-(26) one will meet the
problem of satisfaction of the boundary conditions along the wedge
faces because the classical and the gradient terms in general solution
differently depends on radial coordinate (+*" in classical part and mod-
ified Bessel functions in gradient part). Application of some integral
transforms will also leads to the problems. For example, application
of the Mellin transform (that is usually involved in classical wedge
problems) for the SGET statement leads to some delay differential
equations, which closed form solutions are also not available. Hence,
it is convenient to find the full-field solutions numerically (see next
section).

For the analysis around the wedge apex we can use the solution
(47), which provides that the equilibrium equations of SSGET are
fulfilled. We may not include the high order bounded terms into this
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solution, since they will rapidly decay with r — 0. High order singular
terms should be neglected as it was mentioned above. Using the derived
relations for the constants (57) in the solution (47) we will also avoid
the singularities in the displacement field and at the same time we will
provide that around the wedge apex the tractions (52), (53) and the
strain field (and also the gradient of displacements) will be bounded.
Moreover, it can be checked that relations (57) provide us that around
the wedge apex the displacement gradients and the surface tractions
(52), (53) will depend on the radial coordinate as O(r). Therefore,
for the small values of r our solution (47), (57) identically satisfy the
required boundary conditions for tractions 7, = 0, 7, = 0 (similarly to
classical elasticity) and also for the normal gradient of displacements
o,u, =0, d,ug = 0.

Physical meaning for the vanishing of the displacement gradients
at r — 0 is that the wedge apex in the presented asymptotic SGET
solution behaves like a rigid body. This is a natural consequence of the
fact that the apparent stiffness of the smaller bodies in SGET becomes
higher. Moreover, at the wedge apex we have two closed boundaries
with prescribed stiffened constrains and their influence extended on the
whole (small) volume around the apex.

The remaining task is to define the tip displacement and to find the
corresponding values of the constants that were not already defined.
Substituting (57) into (47) and evaluating the limit, one can find the
following solution for the displacements of the wedge apex (at r = 0):

lirr(l)u ={Ucos0,-Usinh,0} + O(r) (65)
r—
where we introduce the following notations:

U = cppS(U) + BB 4 01 - k)

_ (82 +4GB+100) Au+(T+480)u> 20043
st = A= +20) G 10821

(66)

and y ~ 0.5772 is Euler’s constant.
Then, we can use the boundary condition for the displacements at
the wedge apex assuming that lim,_,u = @, (see (64)). In such a way

we found:
2@ty + (b3 +d3 ) +2¢79(1 — k)

Cop =~ 250) (67)

U=-i, =

Thus, we obtain one more relation for the constants that persist
in our solution. Here we used this relation to define cy,. All other
constants by, ds;, ¢y, ¢4p in (47) remain unknown and they should be
defined from the boundary conditions at the remote distance from the
wedge tip. Dependence of the solution on the value of the wedge angle
a will also arise from the satisfaction of these boundary conditions
(similarly to classical elasticity solution (39)). It can be also found that
the traction components at the surfaces with normals along the radial
coordinates (r = const, n = {1,0,0}) behaves as ~ r~! logr around the
origin of coordinates in the presented solution. This singularity can be
treated as the consequence of an applied loading at an infinitely small
area at tip end of the sharp edge.

4. Numerical simulations for the finite size wedge

Our analytical derivations for the small area around the wedge apex
are supported by the full-field numerical solutions for the finite size
wedges. Numerical simulations were performed by using the mixed
FEM formulation of SGET implemented in the Weak Form PDE inter-
face in Comsol. These implementation bases on the introduction of
extra independent variables for strains and it was described in details
elsewhere (Reiher et al., 2017; Andreaus et al., 2016; Giorgio, 2016;
Giorgio et al., 2018b). In simulations we used the third order Hermite
polynomials as the shape functions for the kinematical variables and for
the Lagrange multipliers inside the domain. The second order Lagrange
polynomials were used for definition of the essential boundary con-
ditions. Triangular mesh elements and standard Comsol direct solver
(MUMPS) were used to find numerical solutions.
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Fig. 2. FE model of the wedge used in numerical simulations.

As an example, we consider a very simple but representative prob-
lem for the triangular body with applied tensile loading at one apex
and constrained at the opposite edge (Fig. 2). Length of the domain is
denoted as L and its opening angle is 2. The out-of-plane size of the
domain is assumed to be D = L. In FE simulations we prescribed the
tip displacement &, (or the edge force 5,) and evaluated the realized
Cauchy stresses 7;; (or the displacement u;) at the wedge apex for
different size h of the finite element mesh. The stress-free boundary
conditions for tractions and double tractions are prescribed for the up-
per and lower faces of the wedge. Considered boundary value problem
is the following:

0 e[-aal : V:-6=0
0=x+a: t=0, m=0 (68)
r=0 (apex) . w={-i,0,0}, (or s={-5;,0,0})

For this problem we found FE solutions within different simplified
gradient theories using Comsol. Reducing the mesh size around the
wedge apex we provide an assessments on the convergence of the
solution for the mentioned above field variables (r;; for prescribed tip
displacement or u; for prescribed edge traction). Solutions are given
for the element sizes from h = L (single element for the whole wedge)
down to h = 107*L.

In the simulations we considered the wedge with different opening
angles within the models with constitutive assumptions of SSGET,
DGET and CST. Length scale parameter / is varied in the range / =
[1073L, L]. Parameter # in CST (see (34)) does not make a qualitative
impact and for the presented plots we used n = 0.5. Material Young’s
modulus is set to be E = 1 GPa and Poisson’s ratio is v = 0.3. Prescribed
displacement value equals to @#; = 0.01L. Prescribed edge force is
defined by relation 5, = 0.01EH, where H = 2Ltana is the height
of the edge that is opposite to the loaded apex. Such definition of 3,
provide us the same levels of mean stress 7;; in the cross sections of
the wedges with different opening angles. Normalized values of stresses
that will be presented in the following plots are evaluated as 7;; =
7;;L/(@, E) (for prescribed ;). Normalized displacements are evaluated
as 4, =u, EH /(5,L) (for prescribed 5,).

Examples of the deformed state of the wedge that is realized for
the prescribed tip displacement within different gradient theories is
shown in Fig. 3. All these results are given for the finest mesh used
in the simulations (h = 10~4L) and for the opening angle 2a = z/3.
Length scale parameter is / = 0.1L. It is seen that in SSGET (Fig. 3a)
the deformations of the wedge are smooth and the stress concentration
is not very high. Non-uniform stress state realizes in almost the whole
domain. In opposite, in DGET and in CST (Fig. 3b, c) we found that the
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deformations are strongly localized around the loaded apex and that the
stress concentration becomes in several orders higher than in SSGET.
Moreover, in DGET solution (Fig. 3b) there arise a strong distortion of
the mesh around the apex.

Evaluation of the solutions convergence is presented in Figs. 4-6.
For SSGET solution (Fig. 4) it is seen, that reducing the mesh size
we obtain a stable solution for stresses and displacements. Asymptotic
values achieved even for the mesh size of the order 4/L = 0.001...0.01.
Notably, that these asymptotic values of stresses and displacements
increases both for the smaller length scale parameter (more classical

10

behavior). However, for the smaller opening angles longitudinal stress
7, increases, while the transverse stresses z,, and displacements de-
crease. This can be explained by the fact that in the wedges with smaller
opening angles the upper and lower faces around apex are closer to
each other. Thus, the stress-free state of these faces extended into the
volume, such that the state of the wedge becomes more similar to the
uniaxial tension.

Convergence analysis of the numerical solutions within DGET and
CST is presented in Figs. 5 and 6. For these theories both we observe the
mesh depended solutions for stresses as well as for the displacements
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for any values of the length scale parameters and wedge opening
angle. Exponential growth of stresses is observed on the presented plots
(Figs. 5a, 6a). For the displacements there arise some kind of sub-
exponential growth (Figs. 5b, 6b), though the behavior of the solution
for the smaller mesh than /4 = 10~* L was hard to check due to rounding
errors that arise in the solution.

Thus, from the presented results for the convergence of the numer-
ical solutions it is seen that the strain gradient models with DGET or
CST constitutive assumptions cannot sustain the prescribed edge forces
and tip displacements. Such solutions significantly affected by the mesh
size and they are meaningless for the structural analysis. In opposite
to these incomplete theories, in SSGET we found the well converged
and stable solutions that can be used for the assessment of the material
behavior under the edge loading. Such kind of the loading may arise
in the macro-scale problems with the localized forces, which is suitable
to describe as the concentrated tractions due large difference between
the loaded area and the whole area of the domain. Also the models
with the edge-type loading can be suitable for the micro- and nano-
scale simulations, for example for the analysis of the stress state around
the loaded edges and sharp corners of single crystals and 2D materials
during the atomic force microscopy, nano-indentation or manipulation.
As it is shown analytically in the previous section and numerically in
the present section, the gradient theories with dilatation and rotation
effects both can be involved in the such type analysis.

For SSGET we additionally provide an analysis of stress concentra-
tion around the apex of wedges with different opening angles (Fig. 7)
and different length scale parameters (Fig. 8). In Fig. 7 it is seen,
that the decrease of the opening angle leads to some increase of the
longitudinal stresses #;; and decrease of the transverse stresses 7,,.
Interestingly, that for the large relative values of the length scale
parameter the angular dependence of #;; becomes negligible, while
#,, strongly depends on « in any case. Decrease of the length scale
parameter / leads to the higher stress concentration (Fig. 8). In the
limiting case / — 0 SSGET reduces to the classical elasticity theory.
Thus, the stresses around the loaded apex in this case become infinite
and numerical solution becomes mesh-dependent.

Finally, based on Fig. 8 we can give an assessments for the relation
between the absolute value of the wedge size and stress concentration.
It is known that typical values of the length scale parameters of single
crystals have the order of interatomic distance, i.e. within SSGET we
have I =1, =1, = 1 A (Lazar et al., 2021). Therefore, if the loading
is applied at the atomically sharp edge of single crystal and provides
the maximum remote tensile stress equals to z;; = 1 MPa at distance
L 1000/ 100 nm from the edge tip. Then, the predicted level
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of maximum stress around the tip will be of the order r;; = 110-
150 MPa depending on the angle between faces that form the edge (see
Fig. 8). Such loading may arise, for example in the experiments with
indentation, when the sharp edge of the crystal is penetrated into some
stiff substrate.

In the inhomogeneous materials, the values of the length scale
parameters may have the order of the unit cell size or the size of the
inhomogeneity. For example, in polycrystalline ceramics, the identified
values of the length scale parameter typically have the order 10— 60 pm
(see Vasiliev et al. (2021b)). Thus, in such materials for the case | =
I, = I, ~ 10 pm the stress concentration ;; = 110-150 is predicted for
the wedge length L = 10 mm.

5. Conclusions

Main result of the present contribution is that we show that the
edge type loading within the incomplete gradient elasticity theories
leads to the singular solutions. In opposite to general Mindlin—Toupin
SGET, edge forces cannot be used directly in the theories, which do
not provide regularization for the dilatational and rotational part of
the solution both. Around the sharp edge loaded by the concentrated
force or the tip displacement there arise the complex stress and strain
state. Rotational and dilatational field become singular both in classical
elasticity. Therefore, the regularization of the solution can be provided
only within the full theories that take into account the gradient effects
in the dilatation and in the rotations. This result is obtained based on
the analytical studies with the Papkovich-Neuber solution (which sim-
plified form for SGET is also provided here) and numerically by using
mixed FEM simulations. For the general SGET we validate explicitly its
ability for regular displacement and strain field around the sharp edges,
though the singularities remain in double stresses and second gradient
of displacements. Further regularization of the solution can be obtained
only within the high order gradient theories.

Presented results are obtained for an example of the symmetrical
loading, though it can be easily extended for the anti-symmetrical one.
Similar results can be found in this case for the considered gradient
theories that is the task for the authors’ future work. In the future it
is also planned to consider the problem with re-entrant corner under
concentrated loading applied at the internal edge. For such problem,
one should use the extended variant of series (23), (26) with addi-
tional terms that depend on the angle of the notch (for the remotely
applied loading such analysis within the Knein—-Williams technique was
performed in Gourgiotis and Georgiadis (2011) and Gourgiotis et al.
(2010)). Also it is important to note that the regular solutions for



Y. Solyaev et al.

50

>t

o

Normalized stress

—o- //L=0005 -o- [/[L=0.1
& L=001 -¥ L=05
—0- I/L=0.05

0 50 100
a Wedge opening angle, 2« [deg]

0.5

150

International Journal of Solids and Structures 239-240 (2022) 111433

10
&
«© |
o
o
=t
172}
B
N 0.100
=
§ —o- /L =0005
Z -~ /L =001
0.010 o L =005
o JL=0.1
= JL=05
0.001+ . - .
0 50 100 150

b Wedge opening angle, 2 [deg]

Fig. 7. Dependence of stress concentration on the wedge opening angle in SSGET numerical solutions, a: #,;, b: #5,.

100}

50}
w2
2
b
7

2 10
(5]
N

E
=]
z

1 L

0.5}

0.001 0.0050.010 0.0500.100

Normalized length scale parameter, //L

Fig. 8. Dependence of stress concentration on the length scale parameter in SSGET

numerical solution (#,, - black lines, #,, — blue lines).

the edge-type loading can be also obtained within incomplete gradient
theories formulated with finite strain effects (Eremeyev et al., 2021).
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