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Abstract A mixed formulation is developed and numeri-
cally validated for the general 2D anti-plane shear problem
in micro-structured solids governed by dipolar strain gra-
dient elasticity. The current mixed formulation employs the
form II statement of the gradient elasticity theory and uses
the double stress components and the displacement field as
main variables. High order, CO-continuous, conforming basis
functions are employed in the finite element approximations
(p-version). The results for the mode I1I crack problem reveal
that, with proper mesh refinement at the areas of high solu-
tion gradients, the current approximation method captures
the exact solution behaviour at different length scales, which
depend on the size of material micro-structure. The latter is
of vital importance because, near the crack tip, the nature of
the exact solution, changes radically as we proceed from the
macro- to micro-scale.

Keywords Dipolar strain gradient elasticity - Mixed
formulations - Mixed finite elements - p-Version

1 Introduction

The goal of the present work is the development and nume-
rical verification of a mixed formulation for the general 2D
anti-plane shear problem in micro-structured solids gover-
ned by dipolar strain gradient elasticity (strain gradient
theory of grade-two [4,15]). The proposed mixed formula-
tion employs the form II statement of the gradient elasticity
theory. The main variables are the double stress tensor and
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the displacement field. The current formulation falls in the
general category of mixed methods developed in [13], see
also [3,12,18]. The solution function spaces are appropria-
tely defined and the final weak forms have the standard
(symmetric) mixed structure. High order, CY-continuous,
conforming basis functions are employed in the finite ele-
ment approximations (p-version or p-extension), see Sect. 4
for details.

Mixed finite element methods for strain gradient elasti-
city and couple stress problems, employing different sets of
main variables from those used herein, are also developed in
[1]. Boundary element techniques may be found in [10,16].
Analytical methods for the mode III crack problem, in the
framework of Form II strain gradient elasticity, are given in
[7]. Closed form solutions for the same problem, in the fra-
mework of couple stress theory are contained in [9, 19].

The practical necessity of strain gradient theories is jus-
tified by experimental studies, which reveal that the mate-
rial behaviour at micro-scale is significantly different from
that of the bulk material. More precisely, when the charac-
teristic length scale of the experiment is comparable to the
intrinsic length of the microstructure, strong size effects are
present (e.g., bending of ultra-thin beams [8,11]). Even for
large scale structures, the gradient effects become important
near areas with steep gradients of the strain (like corners,
cracks, etc.).

The results for the mode III crack problem (Sect. 4) show
that, with proper mesh refinement at the areas of high solu-
tion gradients, the current approximation method captures
the exact solution behaviour at both micro- and macro-scales.
The latter is very important because, near the crack tip, the
nature of the exact solution (for both true stress and dis-
placement fields), changes radically as we proceed from the
macro- to micro-scale, where the strain gradient effects domi-
nate the phenomena [7,9,11,19].
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The basic characteristic of the gradient elasticity theory
(as well as, the main departure from classical elasticity) is
that the strain energy density is a positive-definite functional
of the standard strain (as in the classical elasticity), as well
as, of the second gradient of the displacement field (Form
I) or the first gradient of strain (Form II). The new material
constants introduced contain certain characteristic lengths,
related to the size and topology of the micro-structure. In this
way, size effects are incorporated in the stress analysis. Typi-
cal real materials that can be modeled are materials with per-
iodic microstructure like crystals (crystal lattices), polycrys-
tal materials (crystallites), polymers (molecules) and granu-
lar material (grains); the respective micro-media are given
in the parentheses [14].

Summarizing, the paper is organized into the following
parts: Sect. 2 introduces the governing equations and boun-
dary conditions of the anti-plane shear problem in the fra-
mework of strain (dipolar) gradient elasticity. The propo-
sed mixed formulation is developed in Sect. 3. Section 4
contains the results from the numerical experimentations.
Finally, concluding remarks are given in Sect. 5.

2 Governing equations and boundary conditions

The detailed description of the assumptions leading to the
governing equations of 2D anti-plane shear problem, based
on the general 3D dipolar gradient elasticity theory, may be
found in [7]. In the following we outline the results that will
be used in Sect. 3, in order to develop the mixed formulation
of the present work.

A pure anti-plane shear state is reached if the body has the
form of a thick slab in the z-direction (Fig. 1). Moreover, the
external tractions act along the z-direction. Considering unit
width along the z-direction, the following two-dimensional
displacement field is generated,

Cross-Section of a thick slab

Fig. 1 Anti-plane shear boundary value problem description
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uy =uy =0

(2.1a)

u; = w(x,y) (2.1b)

where w(x, y) is a scalar valued function of two independent
variables, (x, y) € Q2 (€2 denotes the problem domain); repre-
senting the out-of-plane displacement field.

Assuming isotropic constitutive relations (hence, there
are no coupling terms between standard and double stresses
[13,14]), the following stress-strain relations may be stated
for the non-vanishing stress components in a given Cartesian
coordinate system x, y, z,

Standard (monopolar) Cauchy stresses:

ow
Tyy = W7— =713 (2.2a)
ax
ow (2.2b)
Ty, = U— =T .
vz M dy 23
Double (dipolar) stresses:
92w
Hxxz = UCT—= = 113 (2.3a)
ax
92w
Hxyz = KC xdy = 123 (2.3b)
9w (2.30)
= UC— = .JC
Hyxz = M dydx H213
3%w
Myyz = lwa—y2 = U223 (2.3d)

where ;o > 0 is the standard shear modulus [Force/Length?]
and ¢ > 0 is a (small) constant (the so-called, gradient coef-
ficient [Lengthz]), related to the nature of the material micro-
structure. The definition, as well as the physical meaning of
the double stress components may be found in [14].

According to [7], ¢ = O(O.Ihz), where £ is an intrinsic
material length, while according to [19], ¢ &~ 0.50] 2 where
[ is a characteristic material length. Both /2 and / are directly
associated with the size of the material microstructure.

The so-called Form II formulation has been employed in
the development of the above equations [7,15]. The symme-
tries i;jx = Mikj, encountered in the Form II statement of
the gradient elasticity theory, have already been taken into

account. On the other hand, it is well known that fj;”y
83;—8"; in the sense of distributions, hence (tyy; = [Lyxz, as
well. However, in a general Form II formulation it holds that
Mxyz 7 Myxz. Therefore, for the purpose of generality, we
currently consider them as independent variables.

Using (2.2), (2.3) and the equilibrium equations of the
dipolar gradient elasticity theory [4,13,15], the following
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fourth order governing differential equation is derived, see
[7] for details,

cViw —Viw =0 (2.4)

where V2 := (%) + (%22) and V4 := V2. V2,
The above partial differential equation is accompanied by
suitable boundary conditions. The structure of the boundary
conditions, which depend on the particular application, may
be deduced by proper reduction from the general gradient
elasticity boundary conditions [4,13,15]. Assuming that the
surface double traction, as well as, the body double force are
absent, the proper boundary conditions are as follows [13]:

Traction boundary conditions:

nj(Tik — 0ipijk) — Dj(niwijr) + (Dimpnjng ik = t

on Sy, (2.52)
Moment boundary conditions:
ninjpijr =0 on Sy . (2.5b)
Jump conditions:
[mnipijxr] =0 onC (2.5¢)

where

n;: components of the outer unit vector normal to the
surface.

7;j: components of the (symmetric) Cauchy stress tensor.

wijk: components of the double stress tensor (moment per
unit area).

tx: components of surface (true) traction (force per unit
area).

D;(*) := (81 — njn;)d;(*): surface gradient operator.

31 : Components of Kronecker delta operator.

C': collectively denotes the curve(s) on the boundary where
the normal unit vectors exhibit jumps (i.e., corners, edges,
etc.).

[v]: the difference of the values of quantity y between both
sides of curve C.

m;j := ey ;sini: where s; denotes the components of the
tangential vector of curve C and ey; is the well known alter-
nating tensor.

va_ .+ part of the boundary where the k component of the
right hand side of the traction condition (2.5a) is specified
(a given point of the boundary either belongs to S 5‘\,’[ or the
displacement field u; must be specified on this point).

va, - part of the boundary where the k component of the
right hand side of the moment condition (2.5b) is specified
(a given point of the boundary either belongs to Slli, o Or the
normal derivative Duy := n;0;u; must be speciﬁed on this
point).

Denoting by Slf?,z the boundary part where u is prescribed
and ng the part where Duy is specified, it holds that Slk\,, Y
Sy, =88y, NSy, =Pand Sy, USE, =S, 8y, N
Sﬁ m = 9. Only zero (homogeneous) essential conditions
are considered herein. Moreover, in the following we use the
symbols x, y, z instead of 1, 2, 3 of the indicial notation.

Assuming for simplicity that the boundary curves are
straight lines parallel to x or y axis, see Fig. 1 and using (2.5),
the following boundary condition cases can be formulated for
the general anti-plane shear problem. We omit the interme-
diate algebra.

(1) Boundary curve which is part of S?\,, , and parallel to
the y axis, with applied true traction 73 = ¢, along z
axis

= (7. — Ofhxxz _ Ofhyxz _ Ofhyyz n (2.6)
4 xz ax 3y 3y x .

(2) Boundary curve which is part of S]3\,y . and parallel to
the x axis, with applied true traction 73 = t,, along z
axis

Ofbxyz  Ofyyz  Ofbyxg
t,=\1y; — - — - — ' 2.7
‘ ( - ox ay ox y @7

(3) Boundary curve which is part of S;’V,m and parallel to
the y axis
Mxxz =0 (2.8)

(4) Boundary curve which is part of S;’V,m and parallel to
the x axis

Myyz = 0 (2.9)

(5) Boundary curve which is part of 5135,: and parallel to
the x or y axis
u, =0 (2.10)

(6) Boundary curve which is part of S;m and parallel to

the y axis

9

M _p @.11)
0x

(7) Boundary curve which is part of S i- ,, and parallel to

the x axis

9

9z _ (2.12)
dy
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(8) Jump conditions at the (right angle) corners, see (2.5¢)
and Appendix I
Mxyz + Uyxz =0 = fyyz = fyxz =0 (2.13)
(9) Anti-symmetry conditions:
If a parallel to x axis boundary line is an axis of anti-
symmetry, then
Hyyz =0 (2.14)
If a parallel to y axis boundary line is an axis of
anti-symmetry, then

Mxxz =0 (2.15)
(10) Symmetry conditions:

If a parallel to x axis boundary line is an axis of sym-

metry, then

Hyxz =0 (2.16)

If a parallel to y axis boundary line is an axis of sym-
metry, then

Hxyz =0 (2.17)

3 Formulation of the mixed method

Let ryxz, Fxyz, Fyxz, I'yyz be proper weighting functions asso-
ciated with the double stresses given by (2.3). The following
integral equations may be formed:

32
/Vxle/‘xxz dQ = /rxxz l;)dQ (3.1a)
J we ) ox
. 82
/rx)z/'nyZ o = /rxyz—wdQ (3.1b)
e dxdy
Q
V. 82
/V)xzﬂyxzds.z _ /ryxz w 4o (3.1¢)
J wue J dyox
ety 92
/rmuwz 49 — / rwz_l;)dgz (3.1d)
e Y
Q Q

Employing the standard Gauss theoremin (3.1) there follows,

/ FxxzlMxxz o

ue
Q

Jw OFyxz OW
= —n,dS — - —dQ2
/r“z 0x e / 0x 0x
S

Q

(3.2a)
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/ FxyzMxyz 4o
e
Q

ad d ad
:/rxyz—wnde—/ vz W40 (3.2b)
ay dx ay
s
/—ry”“y“ dQ :/ryxza—wl’lyds—/ vz 90,4
uc ox dy 0dx
Q s
(3.2¢)
/ryyzﬂyyzdg
Jc
Q
(3.2d)

0 0ryyz 0
:/ryyza—wnde—/%a—wdQ
s y 2 y oy

Adding (3.2a—d), the following weak equation is formed,

/ (rxxzMxxz + TxyzMxyz + FyxzMyxz + ryyz:uyyz)dQ
Q

uc
OFyxz W
+/( ox 8x+
Q

4 Iz B0 4o
dy dy

Jw ow
= rxxzanx+rxﬂ5nx
S

ow ow
+ryxz§ny + ryyzany dS

0ryy; ow

0ryyz 0w
dy 0x

ax dy

(3.3)

Depending on the direction of the unit, outward, normal
vector, some of the boundary terms in (3.3) are known a
priori (thus, they remain in the forcing functional), while
other boundary terms contribute to the bilinear functional.
For example, if part of the boundary is parallel to the y axis,
ie., ny = +1 or ny = —1, the respective contribution of
the term ¢ (ryx: %—';’nx) d S is known a priori; since, from the
double traction (moment) condition (2.5b), either Dw = %—l)’j
or Ly x. 1s known (in the latter case r, = 0, as usually consi-
dered in the weighted residual methods). Moreover, the term
Js (rxyz%—'fnx) dS is not known a priori and must be trans-
ferred to the left hand side of the weak equation (it contri-
butes to the stiffness matrix of the respective finite element
approximation, see Sect. 4).

Note that for boundary curves which are not aligned with x
or y axis, one has to write each partial derivative as the sum
of normal and tangential derivatives, see [13] and Sect. 2.
Next we consider the equilibrium equation, which leads to
(2.4), see [7], for details.
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el Ofdxxz 8/vLyxz
ax ax dy

ad ad ad
(. - Mxyz _ MHyyz -0
dy ox ay

(34)

Let s be a proper weighting function for the displacement
field w. Then, multiplying (3.4) by s, integrating over the
problem domain and using the Gauss’ theorem, it follows,

/ a_saﬂxxz+ ﬁaﬂyyz 4o
dx ox ady dy
Q
/ as 8w+8s Jw 49
Bx'uax ay“ay
Q
ad oy
=—/s Tz — Haxz _ Thyxz nydS
ax dy
S

Ofbxyz  Ofyyz
_/S ('L'yz — ax — T nde
S

The (true) traction condition, for straight boundary lines
aligned with x or y axis (which are parts of Sz3v ;)» 18 written
as follows:

a_s Ofhyxz
dx dy

ﬁaﬂxyz
dy 0x

(3.5)

=z — 0 fhxxz _ aP«yxz . 8,U«)cyz n
z xz ax dy dy X

Ofhxyz 0ldyyz Ofhyxz
Ty, — - -
+( T Tox dy ax )"

where ¢, is the externally applied (true) traction along the z
axis, see Fig. 1.

Using (3.6), the right-hand side of the weak equation (3.5)
takes a more familiar form,

ke 9
G(s) = —/stZdS—/s “x”nde—/s Poxe, ds
ay ax
S S

S

(3.6)

3.7

The boundary terms appearing in (3.7) depend on tan-
gential derivatives of the double stresses pyy; and fiyy;.
Applying the surface divergence theorem [4,14], one may
show that,

0 oLy
_/smnxdg_/smnyds
dy ax

S S

as as
= @Mxyz”xds + al’«yxznyds
S N

(3.8)

hence,

as as
G(s) = — [ st,dS + 5pdxyandS + a#«yxznde
s s S
(3.9)

The jump condition (2.5¢) has been employed in (3.8), see
also (2.13) and Appendix I. It is not difficult to see that the
boundary terms on the right-hand side of (3.8) are conjugate
to the boundary terms of (3.3), which are not known a priori.
Now we are in the position to demonstrate the final structure
of the current mixed formulation.

Mixed formulation 3.1. Find (xxz, xyzs Myxzs Hyyz)
belonging to Z C H'(Q)*and w € X ¢ H' () such that

/ (FxxzMxxz + TxyzMxyz + FyxzMyxz + Vyyzﬂyyz) 4o
e

OFyxz W
+/( Jdx dx +
Q
_’_E)ryVZ ow 4o / ow n ow
PR S — — Vv —N Vyyr ——
dy dy e ay * Y 9x
S

ow ow
= rxxzanx +ryyzgl’ly ds
S

for every (Fxxz, Fxyz, I'yxz» F'yyz) belonging to U C H'(Q)*
and

05 Ofhyxz
/(8x ax +

Q
as as
_/Eﬂxyznxds_/aﬂyxznyds
S

S
ds Jw ds Jdw
— —u— + —u— | dQ = — t,dS (3.11
/(3XM3x +3yM8y) /sz G1D
Q N

forevery s € Q C H'(Q).

Assuming that (ftxxz, fxyzs Myxz> Myyz) and w vanish at
the respective essential boundaries (i.e., Z = U and X = Q)
the above mixed formulation has the following standard struc-
ture of the general theory of mixed methods [2,5,6]

Find p = (txxz, Mxyzs Myxzs llvyyz) eUandw € Q
such that

Q
Oryyz Ow
ax dy

0ryxz 0w
dy Odx

ny) ds

(3.10)

ﬁ Olhyxz
dx dy

ﬁaﬂxyz
dy 0Jx

PRLRZLTED TS
dy dy

A(u,r) + B(r,w) = F(r),
B(u,s) — C(w,s) = G(s),

Vr e U
Vs € Q

(3.12a)
(3.12b)

where r 1= (Fyxz, Fryzs Fyxz, Fyyz) € U

Note that the bilinear form A(u, r) is coercive (hence
positive definite) on the space L2(2)* and the bilinear form
C(w, s)iscoercive on Q (assuming non-zero essential condi-
tions for the displacement field, i.e., no rigid body motions).
Mathematical analysis regarding solution existence, unique-
ness and stability of the above mixed formulation can be
found in [3,13].
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Table 1 The stiffness matrix of the mixed finite element formulation

Mxxz (N1j) Mxyz (N2j) Myxz (N35) Myyz (N4j) w (Ns;)
Fe: N1 [ %dsz 0 0 0 oy N1ixNsj 1 dQ
Feye (N2) 0 Jo M40 0 0 Jiy NaixNsj.yd — [¢ No;Nsj yndS
Fyvs (N3i) O 0 Jo PR3 ag 0 Jiy N3i.yNsjdQ — [¢ N3iNsj cnydS
Fyp: (Ngi) 0 0 0 Jo MR 40 [y Nai.y N ,dQ2

s(Ns;) fQ NSi,lej,de fQ NSi,yN2j,de

— [ Nsi.yNajndS

fsz NsixN3jyd€
—fs Nsi xN3jnydS

fQ N5i¢)'N4j,de _fQ NSi,xU«NSj,de

- fsz Nsi,y N5 j,yd€2

4 Numerical results

Finite element interpolations of equal polynomial orders
are used for all main variables. The elements employed are
general quadrilaterals, with bilinear coordinate mapping
and Legendre polynomial based hierarchical shape functions
[17]. Denoted by Nij, N2j, N3j, N4j and Ns; are the basis
functions associated with the double stress components
Mxxzs Mxyzs Myxzs Myy; and the displacement field w, respec-
tively. The typical block of the total stiffness matrix is shown
in Table 1, whereas the typical force vector block is shown
in Table 2.

Values of index j ranging from 1 to 4 correspond to the
standard bilinear basis functions (i.e., polynomial interpola-
tion order p equals 1). Values of index j greater or equal
to 5 are associated with the higher order hierarchical basis
functions (i.e., p > 2).

Topologically, the higher order basis functions are of two
kinds; side modes, which are related to mesh edges and inter-
nal (bubble) modes, which are related to the interior of the
elements. It is noted that the polynomial interpolation order
increases without introducing new physical nodes. Moreover,
the finite element spaces expand in a hierarchical fashion.
When increasing the polynomial order from p to p 4+ Ap
the previous basis functions (i.e., up to order p) remain and
higher order corrections (i.e., of order p + 1 up to p + Ap)
are added to the approximation spaces.

In Table 2, f.(x,y) denotes a body force term [Force/
Length?] which may be added appropriately on the right
hand side of the governing Eq. (3.4). Note that, in the cur-
rent formulation, the number of unknowns could be reduced
by imposing the condition ptyxy; = ftyxz, see (2.3). Then the
modified stiffness matrix produces the same results as the
full stiffness shown in Table 1.

Four different model problems are considered. The first
two have linear and bilinear displacement fields and serve
as consistency tests (or patch tests). These examples verify
that the proposed mixed finite element formulation captures
a linear or bilinear exact solution for arbitrary geometry
meshes. The third model problem assumes a fictitious body
force f;(x, y), which results in a smooth exact solution. This

@ Springer

Table 2 The force vector of the mixed finite element formulation

Fexz (N1i) fS Nli%nxds

Ixyz (N2i) 0

Fyxz (N3i) 0

Tyyz (N4i) fS N4i%nyds

s (Ns;) — fS Nsit,dS — fQ Ns; f.dQ2

example is used to validate the accuracy and convergence of
the present implementation scheme in the framework of the
p-extension.

Finally, the last example (which is the most interesting)
refers to the mode III crack problem in the framework of
dipolar strain gradient elasticity. The exact solution for the
true stress field is highly singular near the crack tip, varying
as O (r~3/?), within a neighborhood of O (/c). This model
problem verifies the ability of the current mixed formulation
to capture the exact solution behaviour at different length
scales, provided that proper mesh refinement has been per-
formed.

Itis emphasized, that for all model problems, the constants
have the proper dimensions, so that the final formulas are
dimensionally correct. For example, in model problem 2,
w = 1 - xy where 1 must have units [Length_l] or in model
problem 3, w = sin(2 - wx), where 2 must also have units
[Length™!'].

Model problem 1. Linear displacement field (pure Cauchy
shear stress state)

The problem geometry and boundary conditions are shown
in Fig. 2. The exact solution fields are as follows,

u; =w =My, ;= Mxyz; = Hyxz = Hyyz = 0

4.1
where M = 5 (non-dimensional constant), u is the standard
shear modulus and #, = P is the applied constant, external,
true traction, with units of [Force/Lengthz], see (2.2).

For any domain, with dimensions W, H and general qua-
drilateral meshes of arbitrary polynomial order, the finite ele-
ment solution coincides with the exact solution. A typical
mesh configuration employed in the numerical tests is depic-
ted in Fig. 2.
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P \W%
t,=P
W
A
My =0 g
MUz =0 g
H
y
" v
Y
w = ,uyyz =0 M= 0

Fig. 2 Typical mesh used for model problem 1 (pure shear stress state)

Fig. 3 Typical mesh used for model problem 2 (bilinear displacement
field)

Fig. 4 Mesh used for model
problem 3

0.8

w=0 Slin
=0 |06
> 04

’I6I
0.2

o

Model problem 2. Bilinear displacement field

The problem geometry and boundary conditions are shown
in Fig. 3. The exact solution fields are as follows,

(4.2a)
(4.2b)

w =Xy

Hxxz =0, Mxyz; = Hyxz = UC,  Hyyz; = 0

where c is the gradient coefficient, see (2.3).

The external true tractions along the edges BD and CD are
t, = py and r, = ux, respectively, see (2.6) and (2.7). It is
also important to note that, due to (4.2b), the jump condition
(2.5¢), for the right angle at point D, becomes,

Mxyz T Uyxz = 2uc 4.3)

Hence, a point load —2uc must be added at the fifth block
of the force vector for the node located at D, see Appendix I
and [13] for more general cases.

For any domain, with dimensions W, H and general qua-
drilateral meshes of arbitrary polynomial order, the finite ele-
ment solution essentially coincides with the exact solution. A
typical mesh configuration employed in the numerical tests
is depicted in Fig. 3.

Model problem 3. Smooth exact solution, based on a fictitious
body force.

The boundary value problem and the discretization of the
problem domain are shown in Fig. 4. A mesh of 12 general
quadrilateral elements is used. The exact solution fields are
as follows,

w = sin(2wx)y (4.4a)
axs = —(2) % pey sin(2mx) (4.4b)
Kxyz = Myxz = (27 juc) cos(27x) (4.4¢)
fyye =0 (4.4d)

The body force applied is
fo(x, y) = Q) uy sin@rx) + 2n)*pey sinRrx)  (4.5)

I ANANANANANANANNNNANANNNNNNN o]
I

X Hyp==0
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Fig. 5 Maximum nodal relative error convergence, for the main variables.

The true traction applied along edge CD is

t, = psin(2mx) + 2(27)% e sin(27x) (4.6)
The problem parameters are,
Force 2
©=100.0] ——=°_| ¢ =0.00405 [Length ] @
Length?
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Model problem 3

The convergence of the maximum point-wise relative
errors of the main variables at the vertex nodes of the mesh,
versus the total number of nodes per variable (including
the hierarchical nodes), are depicted in Fig. 5. The rela-
tive errors have been evaluated with respect to the maximum
exact value of each variable. The only exception is the (yy,
variable for which the maximum exact value of .. has
been used.
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Fig. 6 Maximum point-wise relative error at the centre of the elements for the 1st derivative, of the main variables, with respect to x. Model

problem 3

The convergence of the maximum point-wise relative
errors of the 1st derivatives with respect to x, at the middle
of the elements, are depicted in Fig. 6. Finally, the conver-
gence of the relative errors of the 1st derivatives with respect
to y, are depicted in Fig. 7. The relative errors are compu-
ted with respect to the maximum point-wise values of the

derivatives of the variables. In all of the aforementioned
figures logarithmic scale is used for both axes.

In general, it can be said that all variables converge expo-
nentially (typical behaviour in p-extension analyses) when
they get past the pre-asymptotic area. The rate of conver-
gence is not the same for all the variables. In particular, the
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Fig. 7 Maximum point-wise relative error at the centre of the elements for the Ist derivative, of the main variables, with respect to y. Model

problem 3

best convergence appears, as expected, for the out-of-plane
displacement variable, w.

Model problem 4. Mode III Crack problem in dipolar strain
gradient elasticity

The problem geometry and boundary conditions are shown
in Fig. 8, see also [7]. Due to the anti-symmetric nature of the
problem, the upper right quarter of the total problem domain
is analyzed. The dimensions of this quarter are shown in
Fig. 9. The problem parameters are ¢ = 0.005 [Length?],

@ Springer

=100 [Force/Length?] and 7. = P = 10 [Force/Length?].
The total length of the crack (20 Length Units) is 1/4 of the
total slab width (80 Length Units).

According to theoretical analysis, see [7,19], next to the
crack tip, within a neighborhood of radius O(/c), the dis-
placement field has an asymptotic behaviour O (r3/%), where
r is the distance from the crack tip. Away from this neigh-
borhood, but still far from the external boundaries, the exact
solution displacements approach the behaviour of the stan-
dard Elasticity asymptotic solution, i.e. O(r'/?).
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Fig. 8 Boundary value problem
of mode III central crack

Fig. 9 Mesh used in mode 111
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Fig. 11 Detail of Displacement 1
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Moreover, due to gradient effects, the true stress, namely
the y component of the true traction on a section parallel to
x axis, see (3.6), near the crack tip, has opposite sign from
that of the elasticity solution and approaches infinity as
O(r—3/2). Far from the neighborhood of radius O (4/c), but
still near the crack tip, compared to the problem domain
size, the exact solution for the true stress approaches the
asymptotic behaviour of the standard elasticity solution, i.e.
O(r’l/ 2). Of course, far away from the crack tip, the true
stress approaches the stress field applied macroscopically.

All the above are verified by the extensive numerical expe-
rimentation carried out in the present work. The mesh
employed in the analysis is shown in Fig. 9. Figure 10 shows
the displacement field of the crack face, at the macroscopic
level, which approaches the shape of the standard elasticity

@ Springer

coordinate x

solution. Figure 11 zooms near the crack tip, within the neigh-
borhood of O(./c). As predicted by the theoretical asymp-
totic and full field solution analyses, [7,19], in the vicinity
of the crack tip, the crack face displacement demonstrates a
cleaving (cusp-like) behaviour, contrary to the classical elas-
ticity displacement field, which is more blunted, see Fig. 11.

For the current mode III crack model problem, the asymp-
totic displacement and true stress fields for standard and gra-
dient elasticity are given in Appendix II.

Figure 12 depicts the variation of the true stress, ahead
of the crack tip, compared to standard elasticity and gra-
dient elasticity asymptotic solutions. As predicted by the full
field analysis [7,19] the true stress exhibits a local maximum.
Then it reduces, changes sign and becomes infinite within a
neighborhood of O (/c), see Fig. 13.
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Fig. 13 True stress field in 100
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Fig. 14 FEM solution of the out-of-plane displacement field w of the
crack face near the crack tip, for various interpolation orders (Log—Log
axes)

The Log—Log Fig. 14 depicts the FEM displacement dis-
tribution at the crack face, near the crack tip. Figures 15
and 16 show the distribution of the partial derivative of the
displacement with respect to x(strain yy;), at the crack face
near the crack tip and its Log—Log plot, respectively. Last but
not least, Fig. 17 shows the Log-Log plot of the true stress
at the crack head, near the crack tip. All of these Log—Log
plots verify the respective asymptotical r dependence of each
variable, which have been stated above.

5 Conclusions

A mixed formulation has been developed and numerically
tested for the general 2D anti-plane shear problem, in the

Fig. 15 FEM solution of the 1st derivative of out-of-plane
displacement field with respect to x at the crack face near the crack
tip, for interpolation order p = 6

framework of dipolar strain gradient elasticity (form II).
The current formulation employs the double stress compo-
nents and the displacement field as main variables (i — u
formulation, [12]). High order, CO-continuous, conforming
basis functions were used in the finite element approximation
(p-extension), with equal polynomial interpolation order for
all main variables.

The numerical examples demonstrate the accuracy and
effectiveness of the proposed mixed method, in terms of error
convergence versus the number of degrees of freedom. The
results for the mode III crack problem reveal that, with pro-
per mesh refinement near the crack tip, the current method
is capable of capturing the exact solution features at several
length scales. Theoretical predictions for the mode III crack
problem are verified [7,19], namely, that the true stress near
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the crack tip exhibits a local maximum within a neighbo-
rhood of the order of the characteristic size of the material
microstructure.

For practical purposes, this local maximum value may
serve as a measure of the critical stress level at which further
advancement of the crack may occur. Also, it may be used to
develop certain failure criteria for the given structure, see [7]
for amore comprehensive discussion. Finally, as predicted by
the theoretical asymptotic (and full field solution) analyses,
in the vicinity of the crack tip, the crack face displacement
exhibits a cusp-like behaviour, as compared to classical elas-
ticity predictions of a more blunted front.

Future research directions could be the development and
numerical investigation of similar mixed formulations for
plane stress and strain problems in the framework of gradient
elasticity as well as full 3D numerical models. Finally, since
the effectiveness of the approximate solutions is improved

@ Springer

dramatically with proper mesh refinements, the development
of a posteriori error estimators and adaptive techniques is
necessary to reduce the error at high-gradient regions, with
as low computational cost, as possible.
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Appendix I: Deduction of the jump condition at right
angle corners, for the anti-plane shear problem

The starting point is a more general version of (2.5¢), see
[4,13,14],

(1.1)

where Tj; denotes the externally applied double traction
components (if any).

The above relation holds for cases of non-zero jump condi-
tion (e.g., model problem 2, Sect. 4). Then, in our mixed for-
mulation, point load terms must be added to the force vector,
corresponding to the nodes at the corners, see (3.8), (3.9)
and (3.11). The formal analysis of the general 3D formula-
tion is given in [13]. In 3D scenarios, when [m;Tj;] # 0,
distributed line loads (along curve C) are added in the force
vector.

Consider now a right angle corner of the boundary. Recall
that m; := ejjsing, where s; denotes the components of
the tangential vector of curve C. The problem domain is
two-dimensional, nevertheless, the respective 3D body has
the form of a thick slab along z-direction. Hence, the respec-
tive curve C is actually a line, parallel to z-axis, which passes
from the given corner point (e.g., s = s» = 0 and s3 = 1)

We are now in the position to write extensively m; =
eijsing. Without affecting the generality, we consider an
upper right corner (e.g., point D in Fig. 3). Then, for the
side which is parallel to the y-axis we have n; = 1 and
ny =n3 = 0 and

[mjnipijr]l = [m;Tjx] onC

mj = e3xjs3ng = 313N = €31 (L.2)

Based on the definition of the alternating tensor ey;,

m1 = m3 = 0 and my, = 1. Therefore, for the side which is
parallel to the y-axis,

M jn;fLijk = MaNLidk = MR [L12k = [L12k (L3)

Based on the hypotheses of the anti-plane shear model, (I.3)
is meaningful only for k = 3. Resuming, for the side which is
parallel to the y-axis, the terms in the brackets of (I.1) reduce
to

(14a)
(1.4b)

mjnWijk = 1123 = Hxyz

ijjk =T = Tyz
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Next, we focus attention on the side which is parallel to the
x-axis (ny = n3 =0and n, = 1),

mj = e3rjS3ng = 325312 = €32 (L5)
From (1.5), there follows my = m3 = 0 and m; = —1.
Therefore, for the side which is parallel to the x-axis,

mjn; lijk = MIN;[Lilk = MIN2U21k = — 121k (L6)

Once again, (1.6) is meaningful only for k = 3. Resuming,
for the side which is parallel to the x-axis, the terms in the
brackets of (I.1) reduce to

(1.7a)
(1.7b)

Mjni[ijk = —H213 = —Hyxz

mTiyx = —Ti3 = —Ty;

Based on the definition of the bracket operator [*], see Sect. 2
and [3,14], from (1.4) and (1.7), the following jump condition
at the right angle corners is deduced,

Mxyz + Myxz = Ty + Ti; (L.3)

In the practical case where Ty, = T,; = 0, (1.8) leads to
(2.13). The latter has been employed in the formation of
(3.8). Finally, recall that p1yy, = tyx;, due to double stress
definitions, see (2.3b, ¢). Therefore, Ty, = Ty, = 0 gives
Mxyz = Myx; = 0 at the right angle corners.

Appendix I : Mode III crack problem—asymptotic fields
near the crack tip

Asymptotic displacement fields at the crack face:

Standard elasticity
(IL1)

where for the given model problem of Sect. 4,
w = 100 [Force/Length?] and

Km ~ PJma,

Hence for the given problem

« is half-crack length. (I1.2)

K ~ 10v/107 = 56.0499 [Force - Length /2] (I1.3)

Gradient elasticity [7]

w(r) = Br*/? [Length] (IL4)

where
8K

B=—""1  _ 344265[Length~!/?]
3u~/2e+/61 s

(IL5)

Asymptotic true stress fields at the crack head, near the
crack tip

Standard elasticity

K

N2y

= 22.3606r ~'/2 [Force - Length™2]

tye = (IL6)

Gradient elasticity [7]

&KHI r,3/2
47

ty; = = 0.96824r3/2 [Force - Length*2]

11.7)
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