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Abstract

In this work shall be presented a stabilized finite element method to deal with incompress-
ibility in solid mechanics. A mixed formulation involving pressure and displacement fields
is used and a continuous linear interpolation is considered for both fields. To overcome
the Ladyzhenskaya-Babuska-Brezzi condition, a stabilization technique based on the or-
thogonal sub-grid scale method is introduced. The main advantage of the method is the
possibility of using linear triangular finite elements, which are easy to generate for real
industrial applications. Results are compared with several improved formulations, as the
enhanced assumed strain method (EAS) and the Q1P0-formulation, in nearly incompress-
ible problems and in the context of linear elasticity and J2-plasticity.
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Chapter 1

Introduction

The finite element method is a mathematic tool whose usage for the solving of various
problems in physics or in engineering is getting more and more extended and important. In
engineering it will be actually integrated into the designing process of structures by using
several commercial programs. Simultaneously extended codes will be developed which
can describe divers physical phenomena and its applications. Within the development
of finite element methods the element formulation is an intensive investigation field of
its own, named element technology. The object of the element technology is to develop
robust and efficient elements in view of the computational effort and the appliance to
general problems. Series of desirable characteristics and requirements of finite elements
can be considered which should be fulfilled to reflect in an adequate way local problems
of solid mechanics:

e satisfying comportment in incompressible situations

e satisfying comportment in bending dominated problems

e little sensibility against distorted elements

e adequate precision in coarser meshes

e low computational cost

e applicable to triangular elements to simplify the mesh generation

e facility of the implementation of nonlinear constitutive models

Actually, in the practical applications it is tried to optimize low-order elements because of
their simplicity, their efficiency and other advantageous aspects. The low-order elements
are less sensible against the distortion and as well produce a smaller bandwidth in the
global matrix of the linear equation system which leads for example to a lower computa-
tional cost and lesser need of memory.

Nevertheless in the field of solid mechanics, elements of a low order like triangles or quadri-
laterals with linear displacement interpolations turn out to present dissatisfied results as
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a matter of extreme conditions such as in case of nearly incompressibility. In these cases
the numerical predictions that are obtained with these elements by using meshes which
are naturally adequate, differ significant of the physical response. Hence it is necessary
to know the causes which produce these insufficiencies and develop affording formulations
that give an adequate result satisfying the physical response.

1.1 Motivation - locking of standard elements

The results that are obtained generally by using the standard displacement-based finite
elements are satisfactory for a great variety of problems. By formulating a continuum
problem via the finite element methods, a space of test functions is adopted. Essentially,
what has to be done to find the solution of the given problem inside of the defined space is
to introduce restrictions to the displacement solutions of the continuum problem whereby
the finite element method allows to find the best approximation in this space. Neverthe-
less, in some situations exist proper restrictions of the medium which, established in the
discrete form, lead to an over restricted system. The space of the test functions emerges as
too poor for the problem and incapable to represent the deformations that have to occur.
As a consequence the solution offered by this, in general under estimated function space
could be nearly zero. This phenomenon is also known as locking. The locking of elements
are presented mostly in two different situations: on one hand in bending problems and
on the other hand in case of incompressibility or nearly incompressibility, respectively.

1.1.1 Locking in a bending dominated problem

The standard linear elements are attractive because of their simplicity and the low com-
putational cost by solving a problem. They offer the minimum number of nodes as well
as the minimum degrees of freedom. This restriction can effect an internal stiffness of the
element which is unknown to the physical conditions of the problem. Particularly in cases
of bending dominated problems the linear elements offer unsatisfied results.

In this type of problem the comparison between the theoretical displacement field and
the description by the linear element can show the difficulty of the problem. The pure
bending of an element as shown in Fig.1.1 leads to the following considerations.

Let the displacement field in a bilinear element be described as

4

wj = Ni(&,m) w; (1.1)

=1

with the shape function

Ni(§m)=—(1+E&+nn +E£& nm) (1.2)

e~ =
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4

Figure 1.1: Bending dominated element

Additionally we can say in case of a constant bending moment that

U1 = —U21 = U31 = —U41 (1-3)

Applying this for example on node 1 leads to

g
I
[]-

N; ugy
=1
= i(1—5—77+§77)U11+i(1+f—77—€77)u21 (1.4)
+i (1+£+77+£77)U31+i(1—€+77—£77)u41

= 5771011:57]”31

The condition for pure bending says that

U2 =0 (1.5)

With z; = &1 and x5 = 1l the derivations of the displacements are defined as

_ 1o ) _19( 16
Ory | 067 Ozxy 1 Op (1.6)
And so we come to the conclusion that
U
(n—¢) % =0 — uun=0 (1.7)

which is the typical effect of locking. This means that the linear quadrilateral element does
not have the capacity to represent the real comportment because of its lack of deformation
modes which permit the longish fiber to adopt the curvature that is characteristic for the
bending. This difficulty to represent the deformation can be apprehended as well as an
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extreme stiffness of the element.
To delete or at least weaken the effect of locking, it could be refined the mesh size or
improved the elements quality to a higher order of interpolations for the displacement

field.

1.1.2 Locking in incompressibility

This kind of locking is beyond doubt one of the most important difficulties that are found
in problems solved by the finite element methods. The practical applications which are
presented in (nearly) incompressible solid mechanics are for example the computation of
elastomer in case of elasticity or the computation of metals in case of J2-plasticity. This
kind of constitutive model is used in most instances in the field of numerical simulations
of metallic materials in case of elasto-plasticity. The J2-model considers as an assumption
that the plastic deformations are isochore which means that they do not cause a volume
change.

As a simple example, let us behold the problem in Fig.1.2. Given is an element which
shall be clamped at the nodes 1, 2 and 4. Additionally we postulate at the node 3
a displacement which has the same absolute value in the x-direction as well as in the
y-direction in the way that

4
1
U = ;Ni(f,ﬁ) Ui121(1+5+77+€77) u31 (1.8)
- 1
uy = ;Ni(&ﬁ) Ui221(1+5+77+€77) U3 (1.9)
with u3; = —use. The requirement of incompressibility leads to
U1+ ug2 +uzsz =0 (1.10)

If we define the derivations as in Eq.(1.6) we come to the conclusion that

(77—5)%:0 —  uz =0 (1.11)

which shows the volumetric locking of the linear element in case of incompressibility. This
means in view of the impossibility to represent an isochore displacement field, that the
standard element offers zero displacements to adjust to the condition of zero volumetric
deformations.

Unfortunately this difficulty cannot be neglected by using finer meshes. As a difference
to the bending locking, the volumetric locking can only be weakened by the appliance of
higher order elements but neither deleted if we do not use elements of such a high order
that the computational time is overpayed. In this case only the use of special element
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Figure 1.2: Incompressible element with postulated displacement

formulations leads to improved results. The investigation in this field is very intensive
and there are several alternatives to affront this problem like the element formulation
developed in this work.

1.2 Object of the thesis

The object of the thesis is the development and implementation of an explicit formulation
which shall be robust and accurate in representing the problem of incompressibility in
solid mechanics under the use of the constitutive models of elasticity and J2-plasticity.
With the aim of being valuable in practical and industrial applications it is necessary
that the developed elements pass certain requirements like low computational costs, good
comportments in coarse meshes, offering a facility to implement the nonlinear constitutive
model and an easy mesh generation in case of complex geometries. The specific object
will be the development of a mixed triangular element with linear interpolations for the
displacement and the pressure field.

1.3 Contents of the thesis

The next chapter shall introduce the problem of (nearly) incompressibility in solid me-
chanics and the difficulty of the standard displacement-based formulation to treat this
constitutive border case. It will be presented the mixed finite element method with the
approximation of the displacements u and the pressure p to deal successfully with the
problem of incompressibility and afterward will be shown its own limits and the necessity
of applying a stabilization technique on this mixed element formulation. At last will be
presented the sub-grid scale approach as a kind of stabilization technique for the mixed
finite element method with the particular interest in the orthogonal sub-grid scales.
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In the third chapter will be developed a triangular mixed finite element formulation with
linear interpolations for the displacement and the pressure field stabilized by the previous
specified orthogonal sub-grid scale. It will be considered the case of elasticity as well as
the J2-plasticity.

The fourth chapter treats of numerical results of this developed element in comparison
to other standard and enhanced finite element formulations like the standard quadrilat-
eral and triangular elements, the EAS-element, the Q1P0-element and a triangular mixed
element without any stabilization. The comportment is shown by examples in cases of
elasticity and J2-plasticity.

Finally conclusions of the thesis are drawn and possible future investigation aspects of
this work will be emphasized.



Chapter 2

The Mixed Finite Element
Formulation

2.1 Introduction

Many problems of physical importance involve motions that essentially preserve volumes
locally. That means that after a deformation each small portion of the medium has the
same volume as before the deformation. Media that behave in this fashion are termed
incompressible. In this case when the Poisson’s ratio v becomes 0.5 the standard displace-
ment formulation of elastic problems fails. Indeed, problems arise even when the material
is nearly incompressible with v > 0.4 and the simple linear approximation with triangular
elements gives highly oscillatory results in such cases.

The application of a mixed formulation for such problems can avoid the difficulties and
is of great practical interest as nearly incompressible behavior is encountered in a variety
of real engineering problems ranging from soil mechanics, as example the modeling of
clammy clay, to aerospace engineering where a usage of rubber like materials is funda-
mental. Identical problems also arise when the flow of incompressible fluids is encountered
as in the case of Stoke’s flow.

In this chapter the mixed approaches to incompressible problems shall be discussed, gen-
erally using a two-field formulation where the displacements u and the pressure p are the
free variables. Such formulation allows the dealing with full incompressibility as well as
near incompressibility as it occurs. There are two ways to express this kind of two-field
formulation with displacement and pressure variables which are very familiar. They differ
in the way of defining the pressure variable in the elements.

The u/p-formulation: In this formulation the pressure variable owns only to the just
contemplating element. These allows the static condensation of the pressure variable in
every element before they are assembled to the global structure which saves a lot of evalu-
ation time. We will observe later on that this static condensation does not work for exact
incompressibility (see section 2.3.2). The continuity of the pressure over the elements is
not forced but appears with the refining of the mesh.

7
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The u/p-c formulation: This formulation assumes the continuity of the pressure over
the elements what means that the pressure is defined in the nodes of the elements which
are connected to neighboring elements. This excludes from the outset the static conden-
sation of the pressure variables but leads to a continuous pressure field over the elements
independent of the size of the mesh.

The question which element formulation is more efficient depends on the kind of problem
that has to be solved. Where the u/p-formulation is very fast in solving problems of
nearly incompressibility this property looses its function in exact incompressibility and it
has to be said that the results of the pressure can be very inaccurate if large meshes are
used or extreme problems occur as it is demonstrated in chapter 4. The u/p-c formulation
needs particularly in case of nearly incompressibility more evaluation time but has the
advantage that the results of the pressure are very accurate. In the presented work shall
be developed a mixed finite element formulation based on a continuous u/p-formulation
also with the aim to circumvent the inaccuracy of the pressure distributions.

2.2 The basic differential equations for mixed ele-
ment formulations

In many cases of calculations in solid mechanics the properties of the material of a body is
leading to a incompressible behavior. For example some rubber like materials or materials
in an inelastic stadium can give an incompressible reply. In fact the compressibility can
be so small that it may be disregarded. In that case the material could be idealized as
completely incompressible. The difficulty in the computation of incompressible mediums
is to predict the pressure. Whether it is possible to get adequate results for nearly incom-
pressible materials using finite elements with only the displacements as free variables, the
number of necessarily elements to get a default accuracy of the solution is much larger
than in case of problems with compressible properties.

To display the difficulty of this problem we should consider an arbitrary body as in Fig.2.1.
The material of the body is isotropic and will be described by the Young’s modulus F
and the Poisson’s ratio v. The boundary-value problem for this continuously differentiable
body including the equilibrium conditions and the boundary conditions can be defined as

Vietf =0 in Q (2.1)
oc-n = t on 0, )
u = u on 0, (2.3)

where the surface of the body Q is defined as 90 = 9,2 U 9;Q and 9,02 N 9,Q = 0.

Additionally to the equilibrium and the boundary conditions we need the constitutive
equations which give the relation between the strains e(u) as a function of the defor-
mations u and the stresses o. In linear elasticity we use the Hookean law in the form

of
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N

2 (V7

Figure 2.1: Arbitrary body 2 with boundary conditions 9, and 0,2

c=C:¢ (2.4)

where the components of the constitutive 4th order tensor are defined as

Cijrt = X 6350k + 1 (6ir0j0 + 6adjic) - (2.5)

A and p are the so called LAME parameters and can also be described as parameters
dependent on the Young’s modulus £ and the Poisson’s ratio v.

vE
AT U 0= (26)

" :G:% (2.7)

w1 or G are also known as the shear modulus of the material.

In fact, in linear elasticity the material properties can be expressed in terms of only two
appropriate parameters. In case of incompressibility it is of use to write the constitutive
equations against the Poisson’s ratio v and the bulk modulus K which is a measure for
the behavior of volumetric deformation of the material. It can be defined as

E
K = 5539 (2.8)

Finally the stresses o can be written as
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o = Keyl +2udev(e) (2.9)
Thereby is
ev=V-u (2.10)

the volumetric strain, the matrix 1 the identity matrix and

dev(e) = dev(V*u) (2.11)

the deviatoric strains.

As v approaches 0.5, resistance to volume change is greatly increased assuming resistance
to shearing remains constant. This may be seen by calculating the ratio of the bulk
modulus to the shear modulus.

K 2(1+4v)
4 = 3025 (2.12)

Clearly, as v — 0.5, the ratio approaches infinity. The limiting value v = 0.5 thus rep-
resents incompressibility. This limit creates problems in the equations of the constitutive
law (2.9). A possible formulation to circumvent this problem can be written considering
the hydrostatic pressure p as an independent unknown additionally to the displacement
field u. The pressure p in the body is defined as

1
p=-Key=-goy (2.13)

with oy as the volumetric stresses. In case of v = 0.5, K is going to infinity and ey is
getting zero. The pressure of course has nevertheless a finite value. With regard to this
the stress tensor can be expressed such as

o =—-pl+2udev(Viu) (2.14)

where the displacements u and additionally the pressure p are the two unknown variables.
With the definition of the pressure in (2.13) we now get a new condition which has to be
fulfilled at all times.

%+5V:%+V~u20 (2.15)

In case of incompressibility (K — 00) the condition changes into
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V-u=0 (2.16)

Now we can summarize the considerations to the following set of differential equations:

Vio+tf =0 in Q (2.17)
Z4Veu =0 i Q (2.18)
oc-n =t on 0 (2.19)

u = u on 0. (2.20)

wherein the components of the stress tensor are now a function of the displacements u
and the pressure p (2.14).

2.3 The variational formulation for mixed finite ele-
ments

The previous considerations point to significant difficulties which appear if we use finite
elements applying only to displacements in case of incompressible media. The very small
volumetric strain, so called dilatation, which approach to zero if exists complete incom-
pressibility, will be dominated by the derivations of the displacements. This derivations
can not be predicted as accurate as the displacements themselves. And every imprecision
in the volumetric strains will appear also as an error in the stresses. Finally this error
on his part will influence the forecasting of the displacements because the external forces
are balanced by the stresses via the principal of the virtual work. Although solutions are
possible it could be necessary to use a very fine discretization of finite elements to get an
appropriate solution.

With regard to this aspect it would be useful to develop a finite element formulation that,
independently of the Poisson’s ratio, gives accurate solutions even if v is nearly 0.5. This
leads to a formulation in which the deformations and the stresses can be defined indepen-
dently of the bulk modulus. Finite element formulations which show this special property
could also be called as (volumetric) locking-free elements. The locking of elements has the
effect that the value of the computed displacements are much smaller than the expected
displacements which should appear. Whether the normal displacement-related formula-
tion locks in case of nearly incompressibility, it is as well an important aspect that also
the stresses and the pressure respectively are very imprecise. Effective elements which
neglect the locking behavior in nearly incompressible problems can be deduced from the
interpolation of the displacement and additionally the pressure as done in the previous
section.
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2.3.1 The weak form

The variational or weak counterpart could be deduced directly from the strong formulation
of the previous chapter (2.17)-(2.18). However, it is necessary to define at first the right
spaces of the used functions which can solve the given problem.

L3(Q) = {v | /9“2 Q) < oo} (2.21)

HY(Q) = {v € L) | a%v cL*(Q), j=1,... ndm} (2.22)
j

The space £? is the space of the quadratic integrable functions in the considered volume
and H' the so called Hilbert-space, in which the functions v and its derivatives are
elements of the space £2.
To write the variational formulation in dependency of the variables u and p the stress
should be defined as in Eq.(2.14). After specified multiplication with the variations of the
displacements and the pressure the following abstract formulation can be obtained

a(u,v) +b(p,v) = I(v) VveV (2.23)
b(g,u) = 0 Vge Q (2.24)
where
a(u,v) = QM/VSV : Viu df) (2.25)
b(p,v) = /pV - v dS) (2.26)
1
b(g,u) = /Qq(V ‘u— ?p) dQ (2.27)
l(v) = (v,f)+(v,t)g0= /Qv-fdQ+/atQV-tdF (2.28)

and the spaces

V = {veH(Q)|v=0,indQ} (2.29)
Q = L*9) (2.30)

Finally the discretized formulation of the weak form can be deduced by choosing the
interpolation functions for the displacements, the pressure and their variations for every
element in the way that the spaces comply with V, C V and Q; C Q. Referring to this
Eqgs.(2.23) and (2.24) can be rewritten as
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a(up, vp) +b(pr,vi) = l(vy) Vv, €V (2.31)
b(gn,un) = 0 Van € O (2.32)

The approximation of the displacement field and its variations can be defined as

Uy Qe = Nu° s Vh|Qe = Nv° (233)

where

N =[N4 NP .. NVNT N4 =N41VP  withA=1,...,NN (2.34)

are the interpolation functions and

u’ = [ut uf "7 ve=[vAvE L vINT (2.35)

the displacements at the respective nodes. Each vector is subdivided into the number of
dimensions u? = {uf' ... u{ 5} and respectively v4 = {v{! ... v4}. The same scheme can
also be applied on the pressure field and its variation

prloe = Npp° qnloe = Npq* (2.36)
with

N, =[N N2 . NYNT (2.37)
and

pe _ [pA pB “.pNN]T ’ qe — [qA qB .”qNN]T (238)

2.3.2 The matrix formulation
If we now insert the deduced relations into the weak form in Eqs. (2.23) and (2.24) and

make use of the Lemma for variational calculations (that the formulations holds for any
arbitrary variation v and ¢) we get the elementwise linear equation system

PraINENI -



14 CHAPTER 2:  THE MIXED FINITE ELEMENT FORMULATION

with

K¢, = / BHT DB d (2.40)
K¢, is the element stiffness matrix which connects the displacements, in form of B4 and
B? as the differential operators of the shape functions, with the deviatoric part of the
constitution matrix D.

K¢, = (KI)" = / bANZdQ,  withb? = [ Ni...N4p |" (2.41)

e

are mixed terms depending on the displacements as well as on the pressure and finally

K¢ =— / (N NP d (2.42)

is a term which depends only on the pressure. After assembling the element matrices we
come to the global formulation

K.. Ky u R
wu By _ 2.4
[Kpu Kpp}[p} [0] (243)
These are now the basic equations for the formulation of finite elements with the dis-
placements and the pressure as unknown variables. If incompressibility exists the term

depending only on the pressure K,, will be dropped and the linear equation system
changes into

K.. Ky ul | R

P IR =
where we can see that the second equation only contains the displacements as un-
knowns. This is generally important for particular formulations like the discontinuous
u/p-formulation, mentioned before (see chapter 2). After the derivation of the basic
equations for displacement /pressure-based elements the main problem is now to find ef-
fective interpolation functions for the displacements and the pressure so that accurate
solutions are obtained. If the ratio of the interpolation functions of the pressure to the
displacements is too high, the element can behave like a displacement-based element that

would be very inaccurate. On the other hand if the ratio is too low, the inaccuracy
appears in the solution of the pressure which could be of a higher order.
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Figure 2.2: Locking (zero displacements) of a simple assembly of triangles with linear inter-
polations of the displacements and constant interpolations of the pressure if incompressibility is
fully required

2.4 Illustration of a fundamental difficulty

Unfortunately, the arbitrary combination of displacement and pressure interpolations may
prove ineffective in incompressible cases. An example of one of the difficulties is illustrated
by the mesh in Fig.2.2.

It is supposed that linear displacement and constant pressure triangular elements are
being employed and furthermore, the left-hand side and bottom edges of the mesh shall
be fixed (i.e., the displacements are identically zero). On the top of the structure affects
an arbitrary load distributed on the free nodes. If we assume incompressibility, the area
of each triangle must necessarily remain constant and the equation

Q

has to be fulfilled. The pressure field shall be formulated with constant functions dis-
tributed over every element and so we have for its variation also a constant value. Hence,
q can be drawn out of the integral and it remains

/ V.ou,d2=0 (2.46)

Q

Due to the fact that u, is a linear polynomial over each triangle and thus the divergence of

the displacements is constant, Eq.(2.46) actually implies the stronger pointwise condition
V-ou,=0 on each (2.47)

If we pick two elements out of the given mesh, here defined as element 1 and element 2,
we can regard the elemental displacements of the common node A and see that in case of
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incompressibility (the Area of every element may not increase) both elements could only
achieve contrary displacements. This leads to the fact that the displacement has to be
zero in this node if the elements shall remain compatible. Identical reasoning may be used
to conclude that every node in the entire mesh must have zero displacement. Thus the
only possible incompressible displacement is u;, = 0. This result is preserved, no matter
how many elements are present in each direction. Clearly, this type of mesh offers no
approximation power whatsoever and is a simple device for the mesh locking. It is but
one of the difficulties afflicting problems of incompressibility.

In the nearly incompressible case, the same phenomenon occurs, only this time u;, = 0.
Thus introducing slight compressibility does not solve the problem. For these kinds of
problems a mathematical convergence theory for mixed finite element methods of the
type under consideration has been established by some authors and is known as the
Ladyzhenskaya-Babuska-Brezzi condition (LBB). To establish whether or not this condi-
tion is satisfied for elements of interest is not so simple. Hence, the next chapter gives
attention to some previous properties of finite element solutions and then comes to a short
explanation of the LBB-condition.

2.5 The Mixed Patch Test

2.5.1 Important properties of finite element solutions

To understand the necessity of specific conditions, mixed finite element methods has to
fulfill, it is helpful to look primarily at some important properties of basic finite element
methods. The problem of elasticity can be written as

Findu €V, such that :
a(u,v)=(f,v) Vvey (2.48)

whereas the vector space V is defined as

Ivi

V:{V|V€L2(Q)|ax
J

€ L*(Q), with: 4,5 =1,2,3|v=0 on auQ} (2.49)

Here is

i=1

L*(Q) = {W| /Q (Z(wi)2> dQ = [|w[r20) < OO} (2.50)

the room of the quadratic integrable functions in the considered volume. Thus (2.49)
defines a general three dimensional function space whereas the functions disappear on
the edge of the body and the squares of the functions as well as its first derivatives are
integrable. Accordingly to V we can define a kind of energy norm
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vl = a(v,v) (2.51)

This norm describes the double of the strain energy which contains a body if it is exposed
to the displacement field v. Assumed that the body is bedded in the right way, the norm
[v|l3; is bigger than zero for all v # 0. Additionally we have to define the so called
Sobolev-norms of the order s =0 and s = 1.

s = 0:
(I[vllo)* :/Q (Z(Uz’)2> ds2 (2.52)
s = 0:

(V1) = (Ivllo)? = / [

Hence we get the following properties of the bilinear form a(-, )

i (g;f] dQ (2.53)

ij=1

IM > 0 so, that V vy, vy € V, la(vy, vo)| < M||vi||1|lva]1 (2.54)

Ja > 0so, that Vv eV, a(v,v) > a(||vi|)? (2.55)

whereas (2.54) is the property of the continuity of the bilinear form a(-,-) and (2.55)
the ellipticity or coercivity. Thereby the constants a and M depend on the actually
considered elastic problem including the material parameters but they are independent
of the displacement field v. These two properties of continuity and ellipticity are fulfilled
if feasible norms are used, like in this case the Sobolev-norm of the order one, and if we
assume a stable bearing of the structure. The mathematic device of this assumptions are
explained in [6]. On this two properties bases the inequation

alvi < [a(v,v)]"? < eo|lvls (2.56)

with the two constants ¢; and ¢y independent of v. From this inequality we can now
rewrite the known convergence criteria

a(u—up,u—u,) —0 ash — 0 (2.57)

in the form

lu—upl[y =0 ash—0 (2.58)
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whereas h specifies the size of the used elements. This shows that the energy norm by
solving of problems converges with the same order like the Sobolev-1-norm.

These conclusions in case of elasticity problems contains an important aspect that the
definite solution to the problem has to come up to a finite strain energy (Egs. (2.56) and
(2.57)). A must for the definite solution is also its uniqueness. If for example u; and us
shall be two various solutions of a problem, then

a(uy,v) = (f,v) Vvey (2.59)

and as well

a(ug,v) = (f,v) VveV (2.60)

The subtraction leads to

a(up —ug,v) =0 VveV (2.61)

Appointing in particular

vV=u —u (2.62)
leads to
a(u; —ug,u; —uy) =0 (2.63)

and with regard to (2.56) we get

lap —uay =0 (2.64)

which is the same as u; = u,. For this reason there is no possibility for two various
solutions.

Now we define V), as a space of finite element displacement functions and v; shall be an
arbitrary element of this space which can be extracted of the displacement interpolations.
Additionally uy, is the finite element solution and therewith an element of V), too. Then
the finite element solution of this problem can be written as

Finduy, € V), such that :
a(uh,vh) = (f, Vh) Vv, €V, (265)

The space is again defined as
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Vi = {Vh | v, € L2(Q) | % cL*(),i,j=1,23|v,=0 on 8UQ} (2.66)
J

and it is obvious that V), C V.

The relation (2.65) is the principle of virtual forces for the to V), corresponding finite
element discretization. According to this solution space the conditions of the continuity
(2.54) and the ellipticity (2.55) are fulfilled by the use of vj, € V}, and we get for arbitrary
V), a positive stiffness matrix. The relation between the finite element solution uj, and
the discrete solution u of the problem is characterized by three important properties.
The first property is

a(eh, Vh) =0 Vv, eV, (267)

where

e, =u-—uy, (2.68)

is the error between the discrete solution u and the finite element solution u;. This seems
evident if we know that the principle of virtual work implies that

a(u,vy) = (f,vy) Vv, €V, (2.69)

and additionally

a(uy, vy) = (£, vp) Vv, eV, (2.70)

Because if we subtract these two equations we come finally to Eq.(2.68). So it can be said
that the error ey, is orthogonal in a(-,-) to all vy, in V}, and by increasing the space Vj,
whereas V}, C V still holds, the accuracy of the solution increases, too.

From this first property can be derivated two other properties. Thus the second property
states that

a(up,up) < a(u,u) (2.71)
This can be proved by
a(u,u) = a(u, + ey, u, +ep)

a(uy,up) + 2a(uy, e,) + alen, ep) (2.72)

= a(up,up) + alep, ep)
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where uy, is used in case of vj,. For every error e, # 0, we get a(ey, e,) > 0 if we assume
that ||v|[z > 0. That means that strain energy obtained by the finite element solution is
always smaller or equal the strain energy obtained by the discrete solution.

The third property states that

alep, ep) < alu—vy,u—vy) Vv, €V, (2.73)

As proof it can be used the Eq.(2.72) to get for an arbitrary wy, € V),

a(eh + Wy, € + Wh) = a(eh, eh) + CL(Wh, Wh) (274)

And from this

alen, en) < alen, + wy, e, + wy) (2.75)

With defining wj, = u;, — v, we come to the statement in (2.73).

The third property signifies that the finite element solution uy, is chosen from all possible
displacement functions v, € V; in this way that the strain energy, corresponding to
the difference between the discrete and the finite element displacement u — uy, gets a
minimum.

Moreover we get by using Eq.(2.73) as well as the ellipticity (2.55) and the continuity
(2.54) of the bilinear form

alu—u,|? < alu—uyu—uy)
= inf a(u—vyu—vy) (2.76)
VhEVR

< M inf ”u—VhHlHu_VhHl
VLEV

with inf as the Infimum, i.e. the lower limit. Let

d(u, V) = lim inf [ju— vy (2.77)

|
h—0vREV),

be the minimal distance between the discrete and the finite element solution if the element
size goes to zero, then we come to the property

lu—ul| < cd(u, V) (2.78)
where ¢ = /M /a is a constant which does not depend on the element size h but on the

material properties. This inequality is also called the Lemma of Cea [6].
These three derived properties give a valuable insight in which way the finite element
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solutions has to be chosen from the possible displacement functions in a given finite
element mesh. The inequality (2.78) which is based on the property (2.73) means that it
is a sufficient condition of convergence if limj,_,oinf ||u — v;||; = 0 holds for any arbitrary
u € V. Furthermore from the second and the third property it can be deduced that for
the finite element solution the error of the strain energy within the possible pattern of
displacements in a given mesh is minimized and that the finite element dependent strain
energy approaches from below to the discrete strain energy if increasingly finer meshes
are used.

After these considerations to the properties of the finite element solutions, it is now easier
to follow the next section in which the mathematical requirements for mixed finite element
formulations shall be introduced.

2.5.2 The basic requirements for mixed finite elements

As seen in the previous derivation of the mixed finite element method, to prevent the use
of inefficient elements it is necessary to find adequate conditions for the solutions of the
problem which should be independent of the material parameters in order to avoid the
influence of incompressibility where K — co. In case of mathematical aspect we search a
condition for the space V), so, that

lu— || < ed(u, V) (2.79)

whereas ¢ now should be a constant independent of the element size h and the material
parameters, particularly the bulk modulus K. The distance d(u,V},) shall be defined as

d(u, V) = lu = Vil = [Ju =] (2.80)

inf

VLEV
where 1, is an element in V), but not necessarily the finite element solution. For the better
understanding what is the meaning of this distance the Fig.2.3 shall give a possible idea.
The inequation (2.79) means that the difference between the discrete solution u and the
finite element solution u; will be smaller than a reasonable measured constant ¢ times
d(u,V}). In condition (2.78) we came to the same conclusion except for the independence
of the material parameters in terms of the bulk modulus K. If condition (2.79) is fulfilled
with a reasonable measured constant c it is said that the accuracy of the finite element
solution will increase independently of the bulk modulus K if the element size h will be
decreased and the finite element discretization is getting reliable. So the condition (2.79)
is the basic requirement for the general finite element discretization to get non-locking
element formulations. The condition in (2.79) seems very general and it is difficult to show
it for any element formulation. Therefore it shall be an aim to rewrite this condition in a
much practical manner what will lead to the so called inf-sup-condition.
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d(u,Ve) = flu=.]

Figure 2.3: Illustration of distances between different solutions; for optimal convergence is
|lu —up|| < ed(u,Vy) where ¢ is independent of h and K.

2.5.3 The derivation of the inf-sup-condition

At first we declare some necessary spaces like IC and D in the way that

K(g) = {v|veV, divv=gq} (2.81)
D = {q|q=divv for some v € V} (2.82)

and accordingly the spaces Kj and Dy, for the discretization as

Kiulan) = A{vi|vh € Vi, divvy =g} (2.83)
D, = {qnl|qn = divvy, for some vy, € V} (2.84)

That means for a given ¢ the space Kj(qs) corresponds to all elements v, € V), which
fulfill divvy, = ¢,. Furthermore the space D;, corresponds to all elements ¢, with ¢, =
divvy, which are achieved by the elements v, € V. So that for every g, € D), exists at
least one element v, € V), which fulfills ¢, = divvy. The same conclusions can be made
for the spaces K and D.

The elasticity problem with the case of incompressibility says that ¢ = 0 and then the
displacement u belongs to IC(g) or better to K(0). For uy, € K£(0) always holds |[lu—uy|| <
¢éd[u, IC(0)], with ¢ as another constant independent of K, condition (2.79) can be rewritten
as
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Figure 2.4: Illustration of the contemplated spaces and vectors

d[u, K(0)] < cd(u, Vy) (2.85)
That means that if we let h — 0 the distance between u and K(0) decreases with the
same measure as the distance between the space K(0). To depict these relations see also
Fig.2.4. Here uyg shall be an chosen vector in &, (0) and wy, the vector which produces

ﬁh = Upg + Wy (286)
Then it can be shown that condition (2.85) is fulfilled if V ¢;, € D), exists a wy, € Ky (qn)
so that

[wrll < clgnll (2.87)
with ¢ independent of the element size h and the bulk modulus K.

Further on
|div(u —0)|| < aflu— (2.88)

and accordingly with regard to incompressibility

|divay || < ad(ua, V) (2.89)
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It is also obvious the

lu—upl = [lu—u,+w
< flu =] 4 [wal] (2.90)

Now it shall be assumed that condition (2.87) holds for g, = divay,. For the reason that
divuyg = 0 and with respect to Eq.(2.80) we get

lu—anoll < d(u, Vi) + ¢llgnll

= d(u,V},) + c||divay|| (2.91)
< d(u, V) + dad(u, V) (2.92)

Due to the fact that usy € Kp,(0) we can finally write

d[u, Ky(0)] < [[u—upoll < (14 ac) d(u, Vy) (2.93)

This condition corresponds to (2.85) for ¢ = 1+ ac’ and we see that ¢ is independent of
the element size h and the bulk modulus K. The result shows that condition (2.85) can
be deviced by using only the inequation (2.87) and this inequation therefore is the basic
requirement to get a finite element formulation with an ideal rate of convergence.

With the variables ¢, and wy, € Ky (g,) condition (2.87) can be deduced as

il lanll < ¢l = [ v a0 (2.94)
Q

or as the condition that for all ¢, € D), exists such a wy, € Kp(qy) that

1 qn div wy, dS)
L) < o (2.95)
c Wl
Thus it shall be
1 fQ aqn div Vp dQ)
—lgnll < sup (2.96)
C VREVL thH
and from this we come to the condition
) fQ qn div vy, dS2
inf sup >06>0 (2.97)

€D vy, ||Vallllanll
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with # = 1/¢ as a constant independent of h and K. This so called inf-sup-condition
or LBB-condition states that for an effective finite element discretization there has to
be for any arbitrary g, € Dj such a v, € V, that the quotient in (2.97) is bigger or
equal 3 and bigger than 0 and if this condition is passed the discretization possesses the
approximation criteria that (2.85) will be fulfilled. After all the goal is now to develop an
efficient mixed element formulation which even pass the LBB-condition to be sure that
the formulation is adequate for quality of the finite element solutions. For elements that
satisfy the LBB-condition, error estimates of the following form

luy = ully + [[pn = pllo = O(R™ ) (2.98)

may be established. Where k and [ are the orders of the displacement and pressure
interpolations, respectively. If k& = min[k,[ + 1] the rate of convergence is said to be
optimal. Clearly, elements that satisfy the LBB-condition will not lock. But to establish
whether or not this condition is satisfied for elements of interest is not a trivial task
because the formulation of the condition to be fulfilled has a very mathematical character
and can not be applied easily nether on every finite element formulation nor on arbitrary
mesh geometries. Thus it is desirable to have a simple procedure of constraint counting
proves quite effective, see also [16].

2.5.4 Constraint counts

The constraint counts method is a heuristic approach for determining the ability of an el-
ement to perform well in incompressible and nearly incompressible applications. It should
be emphasized that this is not a precise mathematical method for assessing elements but
rather a quick and simple tool for obtaining an indication of element potential. However,
it does seem to be able to predict a propensity for locking. There are, of course, other
issues that need to be considered in an overall evaluation of element performance. To
picture this method very intelligible it should be demonstrated with a simple example
illustrated in Fig.2.5. Here n., shall represent the total number of displacement equa-
tions after boundary conditions have been imposed and n. represents the total number of
incompressibility constraints. As long as the pressure equations are linearly independent,
n. will be equal to the number of pressure equations n.,. Additionally it shall be defined
the so called constrained ration r by

Te
r=—4

o (2.99)
Now the interest lies in values of r as n.,, the number of elements per side approaches
infinity. The conjecture is that r should mimic the behavior of the number of equilibrium
equations divided by the number of incompressibility conditions for the governing system
of partial differential equations. These are the number of space dimensions n,; and 1,
respectively. So in two dimensions, the ideal value of  would be 2. A value of r less than
2 would indicate a tendency to lock. If » < 1, there are more constraints of the pressure
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7

7

Figure 2.5: Discretized cotter

than there are displacement degrees of freedom available and thus severe locking would be
anticipated, such as was seen for the linear displacements and constant pressure triangle in
section 2.4. A value of r much greater than 2 indicates that not enough incompressibility
conditions are present, so the incompressibility condition may be poorly approximated in
some problems.

As a summary it could be said:

ro> 2 too few incompressibility constraints

r = 2 optimal

ro< 2 too many incompressibility constraints
r < 2 locking

Examples for elements with discontinuous pressure which come from the u/p-formulation
are illustrated in Fig.2.6.

For elements with continuous pressure like in the u/p-c formulation occur a grave prob-
lem when using identical displacement and pressure interpolations as shown in Fig.2.7.
Although the constraint ratio is 2 it is known that convergence of these elements is from
below and they may exhibit spurious pressure modes. These pressure modes are very bad
features which can downgrade the solution of a problem. In the following chapter a new
kind of stabilization method shall be deduced which affects the formulation of a mixed
finite element with linear displacement and linear pressure interpolations. In this case it
will be applied to a triangular element which does not mean that it can not be applied
on quadrilateral elements, too.
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Chapter 3

A Stabilized Mixed Element
Formulation

3.1 Introduction

In this chapter a formulation of triangular and tetrahedral elements shall be developed
with linear interpolation functions for the displacements and the pressure field with regard
to small deformations. As we have seen in the previous chapter, the possibility to use
a linear/linear formulation requires a kind of stabilization method for the element to
circumvent the Ladyzhenskaya-Babuska-Brezzi condition. The stabilization technique
which shall be used in this work will be deduced from the orthogonal sub-grid scales
approach. It should be pronounced that this kind of stabilization method can also be
applied to elements of higher order and different geometries.

3.2 The sub-grid-scale approach

The solution of a problem for finite element methods consists in searching in the space
of functions with finite dimension V), C V an approximation to the solution which has
a required accuracy. The basic idea of the sub-grid scale approach is to consider that
the continuous displacement field can be split in two components, one coarse and a finer
one, corresponding to different scales or levels of resolution. The solution of the con-
tinuous problem contains components from both scales. For the solution of the discrete
problem to be stable, it is necessary to, somehow, include the effect of both scales in the
approximation. The coarse scale can be appropriately solved by a standard finite element
interpolation, which however can not solve the finer scale. Nevertheless, the effect of this
finer scale can be included, at least locally, to enhance the stability of the pressure in
the mixed formulation. But at first this method shall be applied only on the displace-
ment formulation to present it rather clearly. Afterward it will be enhanced on the mixed
formulation.

29
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3.2.1 The basic idea

The problem which has been already defined in the previous chapter was:

Find the displacement field u : Q — RYP so that, by given external forces t : 9,00 — RNP,
body forces b : Q@ — RMP and also the displacements on the boundary 9,2, following
equations are fulfilled:

V.o+f =0 in Q
t on 0,0 3.2)

u = u on 0,0

—~
w
—_

o-n =

where the stresses o at first only depends via the constitutive equation on the displace-
ments u. To keep track of the derivation of the sub-scales, this problem shall be rewritten
in a more abstract form as:

Find U € V, with regard to the boundary conditions, so that

L(U)=F (3.4)

holds, where L(-) is the differential operator of this problem and F represents the force
vector

L(U) = -V o(U) (3.5)
F o= f

The variational formulation of this problem can be written as

/V-[f—c(U)]dQ:o, YV eV (3.7)

where the term [, V - £(U) includes derivations of second order of the displacements U.
With the aid of the partial integration the order can be compensated and we get

/V-ﬁ(U)dQ:B(U,V)— V[0 (U) - n]dl (3.8)
Q Q2

in which the Green’s theorem is used in the first term of the right side B(U, V). The
vector n is the unit normal exterior to the integration domain and the term [o(-) - n]

stands for the tractions vector.
After inserting this equation in (3.5) we come to
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B(U,V)=L(V), VYVeV (3.9)

with

L(V) = /V-fd9+ V. [o(U) - n] dT (3.10)
O 0t

To apply the method of sub-grid scales, the displacements have to be enhanced by an
additionally displacement field in the way that

U=U,+U (3.11)

As the solution of the finite elements is defined in the space referable to the finite elements
U, € V), the enhanced displacements shall be defined in an equivalent space as U € V),
the sub-grid scale. Considering the same result for the variations leads to

where V;, € V, and U € V. After this we come to the conclusion that the space of the
displacement field U and its variation V can be composed by the two different spaces so
we get

VeV, oV (3.13)

It is reasonable to assume that the sub-grid displacements U will be sufficiently small
compared to the finite element solution Uj,. They can be viewed as a high-frequency
perturbation of the finite element field which cannot be resolved in the finite element
space V. It can also be assumed that U and V vanish on the boundary 9.

With this conclusions we can rewrite Eq. (3.9) and come to

B(U,+U,V,) = L(Vy), VYV,eV, (3.14)
B(U,+U,V) = L(V), VVey (3.15)

If the terms B(Uj, + U, V,,) and B(Uj, + U, V) are a linear function of the displacements,
we can split these terms to get the following formulation

B(U,, V) +B(U,V,) = L(Vy), VV,eV, (3.16)

B(U,, V) + B(é,V) = L(V), YVey (3.17)
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As we see, the first equation (3.14) is defined in the finite element scale and it solves the
balance of momentum including a term depending on the sub-grid scale which can be seen
as a kind of stabilization term. The second equation (3.15) is formulated in the sub-grid
scale and will be used to find an adequate definition for the enhanced displacement field
U. That means, after evaluating the second equation, the solution for U can be utilized
to resolve the first equation. This is the essential idea of the proceeding, nevertheless
some important aspects of the application of the method of sub-grid scales have to be
emphasized.

To obtain a solution for the enhanced displacements U from Eq.(3.17) and use it in
Eq.(3.16), we have to accomplish some operations on element level which presupposes
a notation for each element. As we define fQ/ = Ee 1 Joqe and fm/ = Ze 1 Jaes
respectively, where NFE is the number of elements of the finite element partition. By
using once again the differential operator, Eq.(3.17) can be rewritten as

V-L(UdQ+ [ V-L£(U)d0
Q Q/

+/ V- [o(U,+U)-n]dl'= [ V-FdQY VYVeV (3.18)
oY

Q/

Observe that o(U, + U) - n represents the exact tractions, assumed to be continuous
across interelement boundaries and thus the sum over these boundaries is zero. So we
come to the conclusion that

//\7~[/L(Uh+ﬁ>}d(}: Ql\?.fde, YV ep (3.19)

By means of the integration by parts, the second term of the left side in Eq.(3.16) can be
defined by

B(U, V) = [ U-£*V,)dQ+ | U-(e(V,) n)dl (3.20)
o o

where £* is the adjunct of the operator £. Now it can be made a simplification in defining
the sub-scales only in the interior of the element volume €2¢. That means that the integral
over the boundary in (3.20) disappears. This is comparable to the method of adding a
bubble function to the element which values are zero at the boundary of the element like
in the formulation of the MINI-element (see also [1], [17]).
The operator L* can be calculated via the integration by parts with the following relation
to £ (without regard to the boundary)

/U-L‘*(V) dQ:/V~£(U) 40 (3.21)

Finally, Eq.(3.16) can be rewritten with the mentioned considerations as
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B(U,, Vi) + | U-L(Vy)d=L(Vy), VYV,eV, (3.22)

Q/

and Eq.(3.19) as

V- LU dY= | V- [F-L(U,)]dQY, VYVeV (3.23)

Q Q

The expression (3.23) is more or less the key point to capture the effects of the component
U used to enrich the standard finite element solution U,,. It relates the enhanced dis-
placements U to the residuum Ry, of the differential approximation for the finite elements,
represented by Ry, = F —L(Uy,). Important is that it is not obliged to fulfill this equation
pointwise, but only over the integral.

Up to now, the presentation of the method of the sub-grid scales is general and the current
alm consists in obtaining a reliable approximation for U € V at a moderate computa-
tional effort. There already exist diverse possibilities to define the approximation of the
sub-grid scales such as the definition of special functions for the enhanced displacement
field U in a manner similar to the enhanced assumed strain method (EAS). In principle,
the finer enhanced space could be any complementary space to the finite element space.
The method which is used in this work shall be developed in the next section and based
on considerations of R. Codina [8].

3.2.2 The orthogonal sub-scales
Codina proposed for the sub-grid scale as a reasonable possibility the orthogonal space to
the finite element space. This definition gives the origin for precise and clever formulation

named as the method of orthogonal sub-scales. With regard to this method the space of
the enhanced elements can be approximated as

VAV (3.24)

where Vit represents the orthogonal space of the finite element space V. Hence, the
enhanced elements U are now defined in this orthogonal space of V,

UeVr (3.25)

Then Eq. (3.23) comes to

/V-L(fj)dgz V. [F—-L(Uy)]dQ, VVeVr (3.26)

Q/
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This equation represents the projection of the residuum of the differential equation R, =
F — L(U,,) on the orthogonal space of the finite element space Vi-. Even though with
this equation will not be found an exact value for the enhanced elements U, it is at least
possible to approximate the linear operator £ by a matrix of parameters like

L(U)~ 7]'U (3.27)

If we additionally call Py (-) the Ly orthogonal projection on the finite element space and
P (-) = (-) — Py (-) the projection on the space Vj-, orthogonal to the finite element
space, the enhanced elements U can be defined as

U=71.P-(F-L(U,)]) inQ (3.28)

where 7, is the matrix of the stabilization parameters in each element. Codina devel-
oped in the context of the equations of Oseen (see [9]) a deduction for the values of the
stabilization parameters by means of a Fourier series expansion, based for the first time
on physical reasons. The values of the parameters of the matrix 7. depend on the coeffi-
cients of the differential equation, as material or geometry parameters, and establish via
the comparison of the Ly-norm of the residuum and the U over each element.

3.2.3 Aspects to the stabilization of the mixed formulation in
incompressibility

As we have seen in a previous chapter, the triangular and tetrahedral elements with the
combination of linear interpolations for the displacements and the pressure do not pass
the LBB-condition (see chapter 2.5). However, with the aid of stabilization techniques
like the method of orthogonal sub-scales, it is possible to circumvent the LBB-condition
and to present adequate results.

To develop the method of orthogonal sub-scales for mixed formulations we start once
again from Eq.(3.4) where

L(U) = [ ~Vp_2uV - dev(Viu) (3.29)
V-u—%p
is the differential operator deduced from 2.2 and
f
F= [ 0 } (3.30)
contains the volumetric forces. The vector U := [u p]T now contains the variables of the

mixed formulation, as well the displacements u € V as the pressure p € Q. The space to
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which belongs U can be defined as W = V x Q. In the same manner, the terms of the
weak form in (3.14) and (3.15) are

B(U,V) = a(u,v)+0b(p,v)+0b(gu) (3.31)
L(V) = (f,w)+ (t,v)r, (3.32)

with
a(u,v) = 2,u/ Vv : ViudQ (3.33)
b(p,v) = / pV - v dS) (3.34)
b(g,u) = / qV - ud) (3.35)

With the use of the sub-grid scale approach the vector U = U, + U is generally defined

BaEiEl 50

We see that there is also a possibility to enrich in addition to the displacements also the
pressure by the sub-grid scales. But to circumvent the LBB-condition and as well to
get adequate results for the solution, as we will see later on, it is not necessary to take
additionally an enrichment of the pressure into account. What does not mean that it
would not be reasonable. The effects depending on the enrichment of the pressure field
are not yet investigated and there could be the possibility that it improves once more
the results of the solution. However it should be obvious that the additional enrichment
of the pressure field leads to a higher cost of computing time. Thus a more intensive
investigation in this direction could be of a high value. The simplification of the method
in this work leads finally to the conclusion that the enhanced pressure part becomes p = 0.
To reconsider the way of defining the stabilization matrix 7. we should refer once again
to Codina. In [9] considerations were established to define the stabilization matrix 7.
in which the corresponding parameters were calculated in the scope of the problem of
Oseen via the Fourier series expansion. In particular for the problem of Stoke’s flow [8]
the matrix of the stabilization parameters (3.28) is defined as a diagonal matrix in the
way that

Te = Te (3.37)



36 CHAPTER 3: A STABILIZED MIXED ELEMENT FORMULATION

with

_ch?

T (3.38)

Te

where h is the characteristic diameter of the mesh, u the shear modulus and ¢ a numer-
ical constant that depends only on the element type. As a consequence of the previous
considerations about the enrichment of the vector U, the last term of the diagonal matrix
in (3.37) which stands for the pressure is zero.

The definition of the stabilization parameter 7, in (3.38) could also alter from the one of
Codina in [9]. There are as well other considerations to be found in the literature how to
define these stabilization parameters (see e.g. [11]). From the algorithmic point of view
T. is a robust parameter which is not affected as much by the value of the constant c if the
constant is defined in a reasonable order of magnitude. The numerical experiences have
shown that for linear elements the value of ¢ is located in the dimension of 0.5 to 0.75.
Having specified the manner of the stabilization, in the next section shall be deduced the
formulation of stabilized mixed elements which is the main subject of this work.

3.3 Formulation in the elastic case

It can be proposed a mixed formulation of an elastic problem in which the incompressibility
represents the limitation of the general problem of compressibility. In this formulation
will be defined the pressure p as an independent variable additionally to the displacements
u.

3.3.1 Constitutive model

The constitutive comportment in infinite elasticity can be expressed by means of the
following couple of equations

= pl+2udev[Viu] (3.39)
p = Ke, withe, =V -u (3.40)

where £, and dev[V*u] are the volumetric and deviatoric components of the deformations,
respectively. K is the bulk modulus already defined in (2.8) and now rewritten in subject
to the LAME parameters as

2
K=X\+3p (3.41)

As it can be observed from the constitutive equations (3.39) and (3.40), the decompo-
sition of the deformations in their volumetric and deviatoric parts leads to a decoupled
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Figure 3.1: Graph of the deviatoric stresses against the deviatoric deformations in case of
elasticity

expression of the stress tensor, too. The expression of the elastic constitutive tensor C
associated to the displacements in volumetric and deviatoric parts is

2
Cijr = K 0i01, + 11 (5ik5jl + 0udjr — 5 5ij5kl) (3.42)
—— 3
C:vol ~ Vv d
Cdev

where C,, and Cge, are the volumetric and deviatoric parts of the constitutive tensor C,
respectively.
If we now observe that the deviatoric stresses are calculated by the deviatoric part of the
constitutive tensor Cg., times the the total deformations and by understanding that via
the contraction of both only the deviatoric part of the deformations remains, it can be
written that

s = dev]o] = Cyev : Viu = 2u dev[V?u] (3.43)

The consequence is that, as shown in Fig.3.1, the relation between the deviatoric stresses
and the deviatoric strains is linear and depends only on the shear modulus:

Isl
MW= ——M——— 3.44
1= eV (3:44)

3.3.2 Formulation in the continuum
3.3.2.1 The strong form

The previous constitutive equations (3.39) and (3.40), the equilibrium condition (2.17),
the additional equation for the pressure (2.18) and the boundary conditions (2.19) and
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(2.20) define the problem of the strong form. Following the abstract nomenclature of the
chapter 3.2, the linear elastic problem can be expressed as:

Given are the prescribed values of the external forces t : 9,Q2 — R~ D, the displacements
on the boundary 9,0 and the body forces b : @ — RN D; find then U := [u,p|l € W =
VY x Q, so that

L(U)=F (3.45)
where
_ | =Vp =24V -dev(V*u)
L(U) Vou-Lp (3.46)
F o {g} (3.47)

together with the boundary conditions

=10 8.0 (3.48)

It is said that the equations of this formulation in the dominion are

Vp+2uV-dev[V°ul+b = 0 inQ (3.50)
V-u—%p =0 in (3.51)

where in the equilibrium condition (3.50) has changed the expression of the stresses o
given as a function of u and p in case of the constitutive relation in (3.39).

As we already mentioned, this formulation holds as well in case of compressibility as in
case of incompressibility. And it is also obvious that for K’ — oo the equation (3.51) has
to be changed into

V-u=0 inQ (3.52)

The adjunct £*(-) of the differential operator £(-) in Eq.(3.46) can be calculated via the
Eq.(3.21). With the integration by parts this can be expressed as

| =Vp—2uV -dev(V?v)
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3.3.2.2 The weak form

The variational or weak form of the problem is defined in that case as

Given are the prescribed values of the external forces t : 9,Q2 — R~ D, the displacements
on the boundary 9,§ and the body forces b : @ — R¥ D; find then U := [u,p]T € W =
Y x Q, so that

BU,V)=L(V), V¥YVeWw (3.54)

where V € W is the vector of the variations of U and

B(U,V) = (V°v,2udev(V?u)) +(V-v,p)+ (¢, V-u) — (q, %p) (3.55)

L(V) == (v.b)+ (v,t)s, (3.56)

This weak formulation can be separated into a couple of two equations associated to the
variations of the displacements and the pressure, respectively

(V°v,2udev(Veu)) +(V-v,p) = I(v), Vv e (3.57)
(¢, (V-u-— %p)) = 0, VpeQ (3.58)

where, as before, I(v) = (v, b) + (v, t)s,q is the term of the external forces. This pair of
equations can be expressed as well in a vector notation like

R(U,V)=0 YV e, (3.59)
where

(Vov, 240 dev(Vou)) + (V - v, p) — (V)
(q,(V-u—%p))
This notation is chosen because it permits more clearness for the upcoming deductions.

The space in which exists U is defined as W =V x Q where V and Q are the spaces for
the displacements and the pressure, respectively

R(U,V) = (3.60)

— {v|veH (), v=0 ind,0} (3.61)
Q = {q|q€£(Q),/quQ:O} (3.62)

with
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L) = {¢|/qu2d9 < oo} (3.63)
H'(Q) = {¢]|oe L), ¢ LX)} (3.64)

The stabilization of this mixed formulation depends on the compliance of the LBB-
condition. This condition leads to the necessity of using different interpolations for the
displacement field u and the pressure field p in the finite element formulation. However,
the already appointed stabilization technique of the sub-grid scale approach copes the
circumventing of the LBB-condition, although the same order of interpolations are used
for the displacements and the pressure which shall be developed in the following section.

3.3.3 Extension on multiscales

As preassigned, the spaces of the finite element functions for u and p shall be chosen as
linear and continuous. So the spaces of the finite element approximations are defined as
U,eW,=V,xQC [HI(Q)]NDJrl.

By using the method of orthogonal sub-grid scales (OSGS), proposed by R. Codina [8],
whereupon the complementary space W is specified as the orthogonal space of the finite
element space. Agreeing with this, we come to U € W where we can approximate
W ~ Wi In the same way as in section 3.2.3, the refinement of the solution U = U, U
is used to enrich the displacement field with the expectation to improve the stabilization
properties of the mixed finite element formulation. Therefore we get for the vector of
unknowns

u uy, u
= + 3.65
Bkt 09

v Vi, v
= + 3.66
MRt 49
where we disregard once again the enrichment of the pressure field. The continuum

problem transforms into:

Find U, € W, and U € W so that

B(U,+U,V,) = L(Vy), YV, eW, (3.67)

/V-L(Uh+ﬁ)dgz V-FdQ, VYVeW (3.68)
/ Q/

which correspond respectively to the expressions (3.16) and (3.17) with regard to the
idea formulated in Eq.3.2.1. The equation (3.67), defined in the finite element space,

is equivalent to the couple of two equations with dependency to the variations of the
displacements and the pressure, respectively
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(Vv 2udev[Ve(ap + @) o + (V- vipn)r = 1(vy) (3.69)
(g, (V- (u, + 1) — %p)m =0 (3.70)

with [(vy,) = (vi, f) + (vi, t)s,0. In the compact notation it can be written as

R(U,Vh) =0, VV,eWw, (371)
In (3.69) and (3.70) the gradient and the divergence are applied on (uj, + ). Both

operations are linear so that the term on the left side can be divided in two terms and
the equation can be rewritten as

R(U,V,) =R(U,, V,) +R(U,V,) =0, VYV,eW, (3.72)

where R(Uy, V},) and R(U, V) are respectively

oy - [T e ]
R(U,V,) — {st’z’qu‘vd‘?véz "oy (3.74)

The stabilization effect of the sub-scales appears in the terms contained in Eq.(3.74). In
the same manner as in Eq.(3.22) the terms of (3.74) are evaluated via integration by parts.
So we obtain an equivalent definition as in (3.74) but now expressed by the derivatives of
the variations instead of the derivatives of u

ROVy) = [ Y Bl 379

In the same way the weak form in Eq.(3.68) can be put into a compact form so that we
get

R(U,+U,V)=0, VYVe), (3.76)
with

(\7, V . 2M deV[vs(Uh + ﬁ)])Q/ —+ <\~/, vph>ﬂ’ —+ <\~/, b>Q/

R(U,+U,V) = d

(3.77)
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It can be observed that there is no associated equation to the variations of the pressure
in the sub-grid scale space because we only have taken the displacements into account.
After these expressions and by considering the linearity of the divergence in (3.77) we get

—(v, V- 2udev(Via)|)o = (0, Vpr + V - 2u dev(Viuy) + b)o (3.78)

which is corresponding to Eq.(3.26). This expression connect, via the projection on the
orthogonal space of the finite element space, the sub-scale 1 with the residuum of the
equilibrium condition Ry, = Vp, + V - (2u dev[V*uy]) + f. The sub-grid scale approach
developed in 3.2, expressed in Eq.(3.28), consists by taking into account that the sub-
grid scale is proportional to the projection on the orthogonal space of the finite element
solutions of the residuum of the equilibrium conditions. This proportionality is expressed
in every element via the matrix of the stabilization parameters (3.37). In this case the
approximation results in

a="1P"(Vp, +V-[2udev(Vou,)] +b)  inQ, (3.79)

where the stabilization parameter is defined as in Eq.(3.38). By using only elements
with linear interpolations, the second derivations of the finite element functions like V -
(V*u) vanish. Furthermore it considers that the body forces b are approximated through
elements of the finite element space so that P;-(b) = 0. Hence the sub-grid scale approach
can finally written as

u=— Te[Vph — Ph(Vph)] (380)

where the orthogonal projection of a variable is calculated as Pi-(-) = (-) — Py(+), and ()
is the identity of the variable.

It is only missing to insert the obtained approximation for u into the equations corre-
sponding to the finite element spaces (3.69) and (3.70). By taking into account that linear
functions are used and by inserting the definition for the sub-grid scales 1 of (3.80) into
Eq.(3.75) we get at last the stabilization term

- 0
R(U,V,) = n 3.81
OV =] st (Vo (- ), 381
with IT, = P,(Vpy), the projection of the pressure gradient on the finite element space
Wi, which is defined as an additional nodal variable. This variable is calculated by the
use of the relation between the pressure gradient and its projection Il in the way that

(Vor,m) = Ty, my) . Vo €V (3.82)
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Finally, as a result of the developed proceeding, the proposed stabilized formulation to
treat the elastic problem via linear triangular or tetrahedral elements is:

(Vv 2pdev(Viug)) +(V - vip,pn) —U(vy) = 0, Vv, €V (3.83)

1 Nelm
g, V - wy, = —pn) — Zl 7e(Van, Vo, — o, = 0, Vg, €Q (3.84)
(Von,mp,) — (y,my,) = 0, Vn, €V (3.85)

It can be observed that the approach of the problem via the method of sub-grid scales
leads to a system which includes a stabilization term in the equation of the volumetric
deformation. This term involves an additional variable, the projection of the pressure
gradient. The term is a function of the difference between the pressure gradient, which is
discontinuous on the element level, and its correspondent continuous or smoothed variable,
its projection as Zivj Te{Van, Vo, — I )qe. This implies the finer is the finite element
mesh the lesser is the effect of the stabilization term on the equations. The orthogonal sub-
grid scale approach (OSGS) can be compared to the stabilization method GLS (Galerkin
Least Squares), applied for example by O. Klaas [15] in problems of solid mechanics.

In this formulation the stabilization term for linear elements is Eiszl Te{Van, Vpr)qe. The
linear stabilized elements for the GLS-method could also be obtained in the scope of
the sub-grid scale method. This alternative solution differs from the orthogonal sub-grid
scales approach because it does not consider the concept of projecting the residuum of the
finite element equation on the orthogonal space of the finite element space but it states
that the value of the sub-grid scale is defined by the proper residuum. This approach, also
investigated by Codina [8], is named as the algebraic sub-grid scale approach (ASGS).
Outside of the scope of the orthogonal sub-grid scale method (OSGS), neither it’s possible
to deduce nor to justify the term corresponding to the projection of the pressure gradient
in the stabilization term, but inside of the OSGS-formulation this term appears as in a
natural manner. The physical meaning of the stabilization term is expained in the article
of Codina [10] and refers to the context of fluid mechanics but can be deduced as well for
the domain of solid mechanics.

This fact shows a great advantage of the OSGS-method over the GLS-method. Because
the exact solution of the differential equations of the problem satisfies the equations of
the stabilized formulation in case of the OSGS-method for linear elements by virtue of
the projection term of the pressure gradient. The linear elements of the GLS-method
does not fulfill this condition which is stricter than the usual definition of consistency,
the stabilization term has no physical meaning. This involves that the OSGS-method is
preciser and robuster than the GLS-method. This means that the proposed stabilized
elements corresponding to the OSGS-method exhibit lesser sensibility with respect to the
variation of the physical parameters.

By dint of some simplifications of the algorithm, one gains from the equations (3.83)-
(3.85) a method with low costs in computation and good properties of the stabilization
likewise in non-linear problems as seen later on.
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3.3.4 Matrix formulation

The matrix expression of the associated algebraic problem can be written as:
Find [U P I}, so that

Kdev G 0 U f
GT (—%Mp —7L) TGT Pl=1|0 (3.86)
0 G —TM 11 0

where [U P II)7 is the vector of nodal unknowns, the displacements U, the pressure P
and the projection of the pressure gradient II, respectively.
The elemental submatrices corresponding to the nodes A and B are:

[KiP] = [ [, BADBgdQ ] (3.87)
[ G ] = [ [ [VNAN]dQ | (3.88)
(L2 ] = [ [, [VNAT[VNPLaQ | (3.89)
[ M2B ] = [ Jo NANZdQ ] (3.90)
[MA2 ] = [( NANBdQ)é ] Q=123 (3.91)

[fle = [ JoINY"bd2+ [, NI tdl | (3.92)

where D is the correspondent matrix to the deviatoric component Cg., of the constitutive
tensor. The matrix G represents the gradient operator and G” the divergence operator.
The matrix L stands for the Laplacian operator which comes from the term (Vg,, Vpy)
and as the result of the product of the divergence operator and the gradient operator.
The matrices M and M,, are the mass matrices associated to the displacements and the
pressure, respectively.

The third equation of (3.86) corresponds to (3.85) and can be interpreted as a smoothing
of the pressure gradient which is discontinuous between elements if linear interpolations
are used. By converting this equation, we can express the projection of the pressure
gradient IT as a function of the pressure P itself in the way that

Im=M"'GP (3.93)

If we now insert this expression into the second equation of (3.86) the projection in a formal
manner so that we get only a formulation which depends only on the displacements U
and the pressure P

Iéjiefv _IMP —T(E— GT™M'G) } { g } = [ (f) } (3.94)

In the proposed stabilized formulation the equation of the volumetric deformation is
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1
G'U - =M,P —7 (L-G™™M'G)P=0 (3.95)

In case of incompressibility, if K — 0, the term —%Mp goes as well to zero and the

resulting equation represents the modified incompressibility condition

G'U-7(L-G™'G)P=0 (3.96)

It can be observed that this expression would be of the same structure as in the previous
section 2.3.2 in Eq. (2.43) and (2.44) if the term 7 (L — GTM™'G) would not exist. This
term represents formally the stabilization of the formulation of the sub-grid scale ap-
proach. The term GTM ™G comes analogous to the matrix L, from the term (Vg IT},).
Up to now, the stabilization term 7 (L — GTM™!G) in (3.95) can be considered as a per-
turbation of the equation of the volumetric deformation which prevents the stabilization
problems which presents the standard formulation.

3.3.5 Implementation aspects

Several considerations have to be made to resolve the equations (3.83)-(3.85) represented
by (3.86). The additional variable II, in the formulation is continuous between the
elements and consequently it is not possible to condensate this variable on the element
level. The composed solution of the system would imply a huge additional computational
cost. The development presented on the previous pages which leads to the formulation
in (3.94) suggests a procedure of a staggered solution. In this case it can be applied an
iterative method in which the displacements U® and the pressure P® are calculated
by using the value II®™Y of the previous step. Afterward the projection of the pressure
gradient 1 will be resolved in an explicit way via Eq.(3.93) in dependence of the pressure
P® calculated in the previous step. The iterative algorithm is presented Tab.3.1.

The calculation of the projections IT transforms in a trivial equation system if the lumped
mass matrix is used for M. The additional computational cost of this algorithm to
calculate the projection is in proportion to the obtained improved results very low.

3.4 Formulation in the plastic case

The following section treats with the problem of elasto-plasticity. The development is
based specifically on the case of J2-plasticity. This model considers that the plastic
deformations are isochore. The comportment of the elasto-plastic model leads to incom-
pressibility in such an extent how the plastic deformations predominate over the elastic
ones. On the other hand, if the Poisson’s ratio p is nearly 0.5 the comportment is almost
incompressible although the plastic deformations are not evolved in a certain manner.
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i) Solve at the global level UYand P® :
Koy G ue ] f
GT —+iM,-7L PO | | rGTII0Y
KV
i)  Compute and store: TI®) = M~ (GP®

i1i)  Go to next iteration: i « i + 1

Table 3.1: Algorithm to resolve the stabilized formulation (elastic case)

Most notably in these cases elements formulated via the GLS-method have difficulties to
represent the incompressibility. The OSGS-formulation which already was developed in
the previous section for the case of elasticity presents very good results also in case of
plasticity (see chapter 4) and shall be formulated as next.

3.4.1 Constitutive model

The stress tensor o is defined as

o =pl+s(u) (3.97)

where s(u) = dev(o) is the deviatoric component of the stress tensor and p the pressure.
They can be expressed as

s(u) = 2udev(Viu—e?) = 2udev(e®) (3.99)

where ey is the volumetric part of the deformations, € and €” the elastic and plastic
strain tensors, respectively, p the shear modulus and K the bulk modulus, as defined
already before. With regard to (3.99) and the considerations of (3.44) it can be said
that the relation between the deviatoric stresses and the elastic deviatoric deformations
is linear in a function of u, so that

sl
5, — 3.100
i = dev(e)] (3.100)

Because of the isochore plastic deformations in the J2-plasticity the volumetric part of
the plastic deformations has to be zero. That leads to

tr(e’) = ey =tr(e) =V-u (3.101)

and it can be as well observed that the expression of the stress tensor is decoupled in
volumetric and deviatoric components.
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3.4.2 Formulation in the continuum
3.4.2.1 The strong form

The problem of the strong form is defined by the previous constitutive equations (3.98)
and (3.99), the equilibrium condition and the boundary conditions. Additionally, for
the mixed formulation has to be fulfilled the condition for the volumetric deformation in
(2.15). Altogether can be expressed once again as:

Given are the prescribed values of the external forces t : 9,2 — R™ D, the displacements
on the boundary 9,2 and the body forces b : @ — R¥D; find then U := [u,p|T € W =
Y x 9, so that

L(U)=F (3.102)
where
B —Vp—V-s(u)
L(U) = { Ly V-u } (3.103)
F o [H (3.104)

and additionally the boundary conditions:
u =0 ndY, (3.105)
o-n =t  ind (3.106)

where the expression of the stress tensor o has been replaced by the dependency of u and
p.

3.4.2.2 The weak form

The associated weak form can be written in the compact notation as:

Find U:=[up]” € W=V x Q, so that

R(U,V)=0, VYWeW (3.107)
with
<VSV7 S> + <V ’ V7p> - <Va f> - <V7E>atﬂ

R(U,V) = Y g (3.108)
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The vectors U := [u p|T € W and V := [v ¢|T € W are the vector of the unknowns and
its respective variation and W is the space of the admissible functions.

The spaces V and Q are the space of the displacements and the space of the pressure,
respectively. In the continuum they are defined as

= {vlveH (Q), v=0 indQ,} (3.109)
Q = {quGEZ(Q), /quzO} (3.110)

3.4.3 Extension to multiscales

The solution of the unknowns are approximated by

U = U,+U (3.111)
V = V,+V (3.112)

The space in which the solution U is defined will be split as well in two parts as W =
W, @V so that U, € W, and UeWw. Furthermore, by following a similar proceeding
as in the elastic case, demonstrated in details in the previous chapter 3.3, the problem in
the continuum (3.107) transforms into:

Find U, € W, and U € W, so that

R(U, V) =R(U,+U,V,) = 0, VYV, (3.113)
R(U,V)=R(U,+U,V) = 0, VYVeV (3.114)

It can be observed that equation (3.113) contains the equilibrium condition and the condi-
tion for the volumetric deformations defined in the finite element space W,,. The equation
(3.114) is defined in the space W which will be used to obtain an approximation of the
sub-grid scales.

Preceding to the development of the method, it shall be introduced a consideration on
the deviatoric stresses, taking into account that the effect of the sub-grid scales is of
the order  ~ O(h?); see also [9]. Agreeing to this, the deviatoric components of the
stresses s(u) can be approximated via a Taylor series of the first order outside of uy, as
f(zo+Azx) = f(xo) + f'(¥)|s=z, Az, without attention to the terms of quadratic or higher
order and coming after all to

s(uy + 1) = sp,(up) + Cylumy, : Via+ O(0)? (3.115)
where Cs|u:uh is the deviatoric part of the tangential constitutive tensor evaluated in

u = uy,. This tensor relates the deviatoric stresses with the total stains. The tensorial
product Cgly—,, : VU represents an increment of deviatoric stresses for the effect of the
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sub-grid scales §(u) which can be considered as a superposed perturbation to uj. This
product involves only the deviatoric component of the deformations, so that as well the
tensor C, is deviatoric. That means that

5(1) = Cylumu, : VU = Cylyey, : dev[V:a] (3.116)

When plastic flow occurs, the total deviatoric deformations, particularly the plastic ones,
are growing with respect to the deviatoric stresses more than in the elastic case. The
increment of the deviatoric stresses corresponding to the total deviatoric deformations
associated to the sub-grid scales can be calculated in a simple way if an approximation of
Cilu=u, as a function of 2u, as in Eq.(3.99), is made. It represents the relation between
the deviatoric stresses and the elastic component of the deviatoric deformations. Now,
with regard to the value 2u, given by Eq.(3.100), the relation between the deviatoric
stresses and the total deviatoric deformations can be estimated via the coefficient 2u*,
calculated by

[dev(e)]] _ sl
|dev(Veu)

[ —

ot =2 —— L
i 2 dev(Veu)

[ -

(3.117)

The coefficient 2u* which could be named as the effective shear modulus, can be inter-
preted as the secant modulus in u = u; as shown in Fig.3.2. This coefficient represents
the effect of the plastic flow in the relation between the deviatoric stresses and the total
deviatoric deformations. If the plastic deformations are relatively small in comparison to
the elastic deformations, it can be obtained adequate results and a stable comportment
of the pressure by using the elastic shear modulus p.

In case of elastic loading and unloading, the shear modulus shall have the value of 1 and
in case of plastic flow the value p*. This can be concluded to

(3.118)

*

P A’ in elastic case
= L in plastic case

The interpretation of the approximation of the shear modulus 2u* as the secant to the
curve of the deformations in u = u;, against the stresses, allows to get an analogy of the
case of plasticity to a model of fracture in which appears as well this kind of approximation.
With these results, the tensorial product Cg|,—,, : dev[V*1] can be finally approximated
as

Cilumu, : dev(V*a) = §(01) = 24/ dev(V*i) (3.119)

Although s(-) is nonlinear, it is possible to decouple the deviatoric stress tensor into the
sum of two contributions. On the one hand sy, (uy,), coming from the finite element solution
and on the other hand §(u), corresponding to the sub-grid scales. It is said that
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Figure 3.2: Graph of the deviatoric stresses against the deviatoric deformations in case of
J2-plasticity

s(up, +u) = sp(uy) +s() (3.120)

According to this and taking into account that the divergence operator is linear, the
expression (3.113) can be separated into

R(U,, V,)+R(U,V,) =0, VYV,eWw, (3.121)

where R(Uy, V},) and R(U, V) are respectively

o (Vv sp)ar + (V- v, pr)or — [(Vi)
R(U,, V),) { (0 -t — Lpnye (3.122)

o - [T

(3.123)
The second term represents the effect of the sub-grid scales in the finite element solution.
The integration by parts of this term, with the aim to reduce the order of derivation of
u, leads to

. [ =@, V20 dev(VEvy) )
R(0,V,) = [ Lt don( h } (3.124)

If the additive decomposition of the stress tensor (3.120) is used in Eq.(3.114) this equation
can be rewritten as
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R(U,V) = | (Vs VS Ve e b o gazs)

It can be observed that there is no equation associated to the variations of the pressure
because of considering only the sub-grid scales for the displacements. With the decoupling
of the vector U in its parts Uy and U we get

R(U,, V)+R(U,V)=0, VVeWw (3.126)

which leads to

—(v,V - [Q,LL, dev(V*a)))or = (v,V s, + Vpn + b)oy (3.127)

This is the relation between the sub-grid scale and the residuum of the momentum equa-
tion Ry, = Vs, + Vpp, +f which is similar to the previous section in Eq.(3.78). According
to the adopted considerations in section 3.2.2, it will be chosen the space of orthogonal
sub-grid scales W = Wik and with (3.127) the sub-grid scale @ can be approximated in
every element as

a=r1. P (Ry) € Wi (3.128)

where 7, is the stabilization parameter and P;-(-) represents the projection on the space
Wik, The stabilization parameter in linear elements will be calculated by

_ch?

Te—Q—M/

(3.129)

where 1/ accounts for the effect of plastic flow in the deviatoric deformations which in
general is calculated in every integration point. In the case of linear triangular elements
with only one integration point per element this value is the only one in each element. The
main robustness of the proposed elements, stabilized by the OSGS-method, make them
less sensible to the simplifications considered to the approximation of the stabilization
parameter in comparison to the stabilized elements via others techniques, like the GLS-
method used in [15].

As seen before, u is the projection of the residuum Ry, on the orthogonal space of the
finite element space multiplied by the stabilization parameter. Taking into account that
the second derivatives of the linear functions of the finite elements are zero and that
P-(f) = 0, similar to the considerations in the section 3.3.3, we get

u="7(Vp,— Fu(Vpn)) (3.130)
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If this approximation is inserted into Eq.(3.125)and it is considered that (a,V -
(2u/'dev[V*vp]))qe = 0 for linear elements, Eq.(3.124) can be rewritten as

- 0
R(U, V) =| Sl (Vgn, Vi — Ta)o, (3.131)

where IT;, = P,(Vpy,) is the projection of the pressure gradient on the finite element space
Wh,.

Finally, the proposed stabilized version to resolve the incompressible elasto-plastic prob-
lem via linear triangular or tetrahedral elements is defined as:

Find [un, pr, )T € Vi x Q) x V), so that

(VSVh, Sh> + <V : Vh,ph> — Z(Vh) =0 s Vvh € Vh (3.132)
1 Nelm

(Vo = —pn) = 3 7e(Van, Von — e, = 0, Vg €Q (3.133)
e=1

(Vonmy) —Mpmy) = 0, Vm, €V (3.134)

It can be observed that in the proposed formulation the stabilization term effects only on
the equation of the volumetric deformation.

According to the adopted considerations in all developed equations appears the total value
of the sub-grid scale instead of the incremental one. For example in the equation (3.127)
from which is obtained the approximation of u.

3.4.4 Implementation aspects

The plastic problem implies the nonlinearity of the equation system and consequently the
solution of the equations (3.132)-(3.134) are executed via incremental-iterative procedures.
In this scope diverse alternatives to calculate the projection II are possible. According to
the presented considerations in the section 3.3, the basic strategy consists in decoupling
the projection IT and resolving the mixed system as from now several possibilities exist to
build up the calculation algorithm. The adopted strategy in this work consists in resolving
simultaneous the equations of the momentum balance and the volumetric deformations
in the time step t = t"*!. To find the equilibrium in the iterations, the value of the
projection of the pressure gradient IIj is used in the time step ¢ = t". The value of the
projection of the pressure gradient II} is evaluated on the basis of the converged value of
the pressure gradient of the previous time step Vpj as

(Vpn,my) — (I, m,) =0 (3.135)

This equation transforms in a trivial system if the lumped mass matrix is used. With this
value of II}, the equations of the system which are resolved in the time step n + 1 are
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(Vv sp (U ™)) +(V v, pp ) — 1M (wy,) = 0 (3.136)
1 o .
n+1,i n+1,i n+1,1 n
(g, V -upy ™ — ?p,f ) — ;1 7(Van, Vp, ™' —T)g, = 0 (3.137)

In each time step nonlinear equations has to be calculated. This system can be resolved,
for example, by applying the Newton-Raphson method. The residuals corresponding to
these equations in the iteration ¢ can be expressed as

r = (Vvasa(ap ) (Vv ) = 1 () (3.138)
Nelm

i = e Vo) = Y 7V, Vi - T, (3.139)
e=1

In each iteration shall be resolved the linear system

@ (A v (T v, ALY = (3 140)
) 1 ) Nelm ) )
<Qha V- Auz-l—l,z-‘rl o EApz-‘rl,z-l-1> o Z Te<vCJh7 VApz+1,z+1>Qe _ _T;-i—l,z (3141)
e=1

The algorithm to resolve the elasto-plastic problem of the infinitesimals deformations is
shown in Tab.3.2. Kge, is the matrix corresponding to the term a(AuZH’ZH, v},), whose

sub-matrix on the element level is

dev

[ K42 1° :/ (B4)" DBy d (3.142)

where D is the matrix of the deviatoric component of the tangential constitutive tensor.
Furthermore, the matrices G, L, M,, and M are defined in the same way as in section
3.3 like the vector of the nodal unknowns [U, P]T, too. The residuals R; and Ry are the
vectors associated to the residuals 77" and 75", These are respectively

R, = f" —f (3.143)
R, = f" (3.144)

with the internal and external forces defined as:
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i = A (6] = A [fo Bhed2] +[ 6P, (3.145)
ext Nelm o Nelm T T —
g0 = R[] = A | o [N ha0+ [, [ N1 ] Edr | (3.146)
g = &[5 )= K [e) ) - [,
—7. ([ LAPpP ] — [ (G*B)TII" | ) (3.147)
i)  Load step n 4+ 1 : Initialize i = 0 — [U P]T("+10) = [U P]T(™
ii) Iteration: Solve at global level: AU® L+ and AP™+Li+1),
Kdev G (n+1,i) AU (n+1,i4+1) - R1 (n+1,1)
G —+M, - 7L AP R,
ZZZ) Update: [U P]T(n+1,z’+1) — [U P]T(nJrl,i) + [AU AP]T(n+1,z’+1)
iv) Check the convergence:
No: New iteration step: i «+— i+ 1; Go to i7)
Yes: Set: [U P]7("+1) = [U P]T(r+1+1)
Compute: Ity — M-lgpet
v)  New load step: n < n+1; Go to i)

Table 3.2: Algorithm to resolve the stabilized formulation (plastic case)



Chapter 4

Numerical Results

The efficiency of the proposed formulation can be shown in a series of numerical tests. The
triangular elements, named as T1P1 for their linear displacement and pressure interpola-
tion, shall be compared in diverse examples to other finite element formulations like the
simple linear triangular element without pressure interpolation P1, the simple quadrilat-
eral element Q1, the enhanced assumed strain element Q1E4, the improved quadrilateral
with continuous pressure interpolations Q1P0 and a tetrahedral mixed element without
any stabilization formulation here signified by (P1P1). In the examples are considered as
well the condition of incompressibility as the elasto-plastic comportment simulated by the
J2-plasticity. Most of these examples were calculated by the finite element programme
”COupled MEchanical and Thermal analysis (COMET)” and the pre- and postprocessing
has been done by the programme ” GiD”.

The examples which will be treated are the patch test, a forced cotter, the Cook’s mem-
brane and finally a 2D-block under a displacement load.

The patch test is a basic test for the validation of the elements. The problem of the cotter
leads to a comparison between the elements mentioned above. The cavity flow problem
is a typical problem for mixed finite element methods and gives an example for the very
good comportment of the developed element against the improved elements (EAS and
Q1P0). In the problems of elasto-plasticity, like in the problem of the Cook’s membrane
and the 2D-block, will be demonstrated the very good results of the proposed element
in spite of its simplifying considerations in case of plasticity against the other mentioned
elements.

4.1 Problems in case of elasticity

4.1.1 The patch test

The patch test is the most important prove the finite element methods particularly for
introducing new formulations. The test, first introduced in [13], bases on rational physics
and proves if a patch of elements, subjected to constant deformations, has the capacity
to reproduce the exact comportment of the material and returns the according stresses.

25
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Figure 4.1: Triangular mesh for the verification of the patch test

coord. displacements fuerzas

node | x; | ¥ . Uy F, | F,
1 0.0 0.0 0.0 0.0 -2.01 0.0
2 2.0 { 0.0 | 0.0040 0.0 3.0 1 0.0
3 2.0 { 3.0 | 0.0040 | -0.00180 | 2.0 | 3.0
4 10020 0.0 |-0.00120|-3.0]0.0
5 0.4 | 0.4 | 0.0008 | -0.00024 | 0.0 | 0.0
6 1.4 1 0.6 | 0.0028 | -0.00036 | 0.0 | 0.0
7 1.5 [ 2.0 | 0.0030 | -0.00120 | 0.0 | 0.0
8 10.3|1.6]0.0006 | -0.00096 | 0.0 | 0.0

Table 4.1: Used values for the patch test

The satisfaction of the patch test gives a sufficient condition of the convergence of an
element and verifies that the implementation has succeeded. The patch which was used
for the T1P1-element is shown in the figure 4.1. It is the same patch test as shown in
[22]. The material is linear elastic with a Young’s modulus £ = 1000 and the Poisson’s
ratio v = 0.3. The solution for the considered displacements is

Uy

Uy

0.002x
—0.0006y

which produces in the plain strain formulation constant stresses over the whole patch
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0y = 2.3460 (4.3)
o, = 0.3462 .
o, = 08077 (4.5)

In Tab. 4.1 are given the nodal displacements corresponding to the displacement functions
in (4.1). In a first test all the nodal displacements are prescribed to the specific values of
Tab. 4.1 wherewith the theoretical values of the stresses given in (4.3) will be verified.
Additionally the forces defined in the table are associated to the constant stresses in the
patch

o, = 2.000
o, = 0.000
o, = 0.600

This leads to a second test in which the node 1 is clamped and the node 4 is only blocked
in x-direction. The forces given in the table are applied on the on the other two edge nodes
2 and 3. This test produces in the whole patch the theoretical stresses given in (4.6)-(4.8).
With these results can be reasoned that the coding of the element has succeeded. There
exist a lot of other kinds of patch tests with which the same results can be obtained.

4.1.2 Forced cotter in plane strain

1,0

Figure 4.2: Forced cotter in plane strain

This test realizes the comportment of the element in an extreme situation with regard
to the restrictions to the displacements, the singularity of the load and the natural
incompressibility of the material.

Considered is a cotter in plane stain state, sectioned into five squares of 20 x 20cm in
each direction as shown in Fig.4.2. The vertical and horizontal displacements are totally
restricted as well on the left side as on the bottom. The load is given by a concentrated
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Figure 4.3: Forced cutter in plane strain: distribution to the pressure

load on the right upper corner of the cotter which has tension component as well to the
x-direction as to the y-directions with the value of F, = F, = 5-10°N/m. The material
exhibits a Young’s modulus of E = 2.0 - 105M Pa and a Poisson’s ratio of v = 0.4999,
which is nearly almost incompressible. Compared elements formulations are the P1, Q1,
P1P1, Q1P0, Q1E4 and the T1P1 as defined above.

The resulted distributions of the pressure and the Von Mises stresses are shown in the
deformed geometry of the cotter whereby the increase factor is for each element type the
same. The locking effect of the two standard elements can be noticed in the results in
Fig.4.3. The extreme stiffness of the elements is confirmed by the very small deformation
of the mesh and also by the illustration of the pressure which is completely unphysically.
The instable mixed element shows already better displacements but the very inhomoge-
neous pressure image reasons to a inaccurate pressure calculation. The pressure values of
the Q1P0-element and the EAS-element are very low but their deformation figure shows
a slight irregularity in the shape, in case of the Q1P0-element more than in case of the
EAS-element. This is caused by the hourglass modes which can occur if the stabilization
of the element formulation is accomplished by the static condensation of the additional
variable, so in case of the Q1P0-element the volumetric deformations are constant in the
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1,0

| 10 |
Figure 4.4: Problem of driven cavity flow

element and discontinuous over the boundaries. This effect does not exhibit in the OSGS-
formulation because the elimination of the additional variable works globally. As result
of this we detect the correct deformation of the cotter. It has to be added that the mesh
that is used is very coarse and would normally be refined. So the bad effects which occur
are somewhat enforced.

4.1.3 Driven cavity flow

Normally this problem is a standard test in the literature, particularly in the field of fluid
mechanics. It is used to show the comportment of the mixed formulations in problems
of incompressible media to represent the Navier-Stokes flow as shown for example in [12]
or [7].

Fig.4.4 shows the geometric data of the test including the mesh size of 10 x 10 elements
which leads in cases of triangular elements not to 100 but to 200 elements. Additionally
the test was executed as well with a mesh size of 50 x 50 elements. The enclosed medium
in the the cavity is numerically incompressible with a value of v = 0.49995. The walls of
the cavity to the right, to the left and the bottom are clamped, that means prescribed
with zero displacements in x-direction as well as in y-direction. On the free surface
the displacement in x-direction is prescribed with the value u = 1, except the nodes in
the left and right corner, respectively which are prescribed by zero displacements. The
Young’s modulus is chosen by E = 3.

It shall be compared the total values of the displacement inside of the medium by
using the standard quadrilateral and tetrahedral elements, the Q1P0-element and the
EAS-element, an instable tetrahedral mixed element and the proposed OSGS-element.
The results are presented in Fig.4.5. On the left are shown the total displacements
obtained with the 10 x 10 mesh and on the right side with the 50 x 50 mesh.
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Figure 4.5: Driven cavity flow: Comparison of the total displacement distribution, calculated
by using a mesh of 10 x 10 element, on the left and a mesh of 50 x 50 mesh, on the right
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EAS-element Q1P0-element
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Figure 4.6: Driven cavity flow: Contour lines of the total displacements in case of a 50 x 50
mesh

At once we can see the big difference between the standard elements and the improved
elements. The standard elements show again a extreme locking behavior and cannot
represent the real displacement distribution. In the case of the standard triangular
element is it such worse that the result reflects the geometry of the used mesh. Just
there where the diagonal leads from the upper left corner to the lower right corner can
be recognized a high jump of the displacement values. This dependency of the mesh
geometry can appear quite often by using triangular elements but can be avoided if
irregular meshes are used. The device of this alternative shall not be explicated in this
work but is already known. Nevertheless, the triangular mixed elements are not effected
by this geometrical dependency and give both much better results. Admittedly, the
instable mixed element shows once more an oscillating result because of its lack of sta-
bilization. But the OSGS-element shows a very homogeneous displacement distribution
which represents clearly the so called cat-eye structure. This name has its seeds in the
sickle-shaped distribution of the displacement and the appearing vortices at each side
of the medium. This very homogeneous distribution presented by the OSGS-element
cannot reached neither by the Q1P0-element nor by the EAS-element. As well this two
improved elements offer slight oscillations in the displacement distribution.

Better observed in Fig.4.6 where the contour lines of the total displacements, obtained
with the 50 x 50 mesh, are compared between the Q1P0-element, the EAS-element and
the OSGS-element. It shows the very unsteady run of the displacement level curves in
case of the Q1P0-element and the EAS-element. In contrast to this the OSGS-element
offers a very smooth run of the level curves. This discrepancy could be explained by
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the different ways of computing the additional variables. Where the the Q1P0- and the
EAS-formulation uses the static condensation over each element to delete the additional
variable, in case of the Q1P0-element the pressure and in case of the EAS-element the
enhanced strains, so that the additional effects are introduced elementwise and discontin-
uous over the element boundaries, the OSGS-formulation compute the pressure at each
element node which leads to a continuity over the element boundaries and stabilizes the
results in a more efficient way. This shows one of the big advantages of the proposed
element formulation against discontinuous formulations which should not be ignored as
the results show.

4.2 Problems in case of plasticity

4.2.1 Cook’s membrane

44

48

Figure 4.7: Cook’s membrane

The problem of the Cook’s membrane can be chosen to show the convergence comportment
of an element in case of bending dominated problems. By minimizing the element size
continuously, the value of displacement should converge to a given analytical value. This
kind of problem was first introduced by Simo & Rifai in [20]. It is about a clamped
wing which is forced on its free end by a force in the y-direction. This force has a value
of F = 1.8MN/m. It is used a constitutive model base on the J2-plasticity whereas
the Young’s modulus £ = 70M Pa, the Poisson’s ratio v = 0.4999, the yield stress has
the value o, = 0.243M Pa and the coefficient of isotropic hardening is H = 0.135. The
geometry parameters are given in Fig. 4.7.

Discretized are seven different meshes which are strung in respect to the element number
at each side in meshes of 2 x 2, 5 x 5, 10 x 10, 16 x 16, 20 x 20, 32 x 32 and finally
64 x 64. It can be observed that the element number in case of triangles is the double of
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Cook-s membrane
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Figure 4.8: Cook’s membrane problem: convergence of the displacement at the right upper
corner of the clamped wing by using several mesh configurations

the quadrilateral but the number of nodes remains the same.

At first shall be analyzed the displacement of the edge node in the upper right corner by
refining the mesh up to 64 x 64 elements. The refinement shall be lead to a convergence
of the numerical solution to the analytical solution which has the value of 2.0. As we can
see in the graph 4.8 only the EAS-element reaches to this analytical value already with
coarse meshes. This has the reason in the fact that the EAS-formulation has a very good
comportment in bending dominated problems much better than other improved element
formulations. Nevertheless also the both triangular mixed elements, the instable and the
OSGS formulated, reach by the mesh size 64 x 64 nearly to the analytical solution and
show a better convergence as the Q1P0-element. The standard quadrilateral element locks
at once and could never reach the analytical solution. The effect of the stabilization can
shown once more at the results of the pressure. Where the deformation of the instable
mixed element and the OSGS-element were nearly the same, the pressure values of the
instable mixed element show an oscillating distribution. Again because of the lack of a
stabilization of the element. Whereas the OSGS-element shows the same consistent image
as the EAS-element and the Q1P0-element. The standard quadrilateral element cannot
display the real pressure characteristics because it does not offer the required deformation
modes.
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a) Q1E4-Formulation b) Q1P0-Formulation

c¢) Standard Q1-Formulation d) Instable Mixed Element
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Figure 4.9: Pressure values of the Cook’s membrane, discretized by a mesh of 64 x 64 elements

4.2.2 Compression of a 2D-block

Finally shall be presented an example of inhomogeneous compression in plane strain state
to show the effect of locking in plasticity of some element formulations.

The geometry of the 2D-block is given by the length of 0.6m and a height of 0.2m. The
compression will be accomplished by a given displacement in the middle of the upper edge
of the block over a length of 0.2m. The value of the prescribed displacement is defined
as 0 = 0.012m. The boundary conditions are prescribed at the bottom of the block as
zero in the y-direction and free in the x-direction. The node in the middle of the bottom
is clamped so that the block is determinately supported. Once again the J2-plasticity is
applied and it is supposed perfect plasticity with the yield stress o, = 150M Pa. The
Young’s modulus is £ = 1.96 - 10° M Pa and the Poisson’s ratio has the value v = 0.3,
thus compressible. The dominion is discretized in case of quadrilaterals by a mesh of 300
elements, respectively 341 nodes, and in case of triangles by a unstructured mesh of 617
elements and 346 nodes so that the degrees of freedom of the whole structure are nearly
the same. The total prescribed displacement is applied in 100 steps.
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Figure 4.10: Inhomogeneous compression on a 2D-block

In the figure 4.11 are shown the distributions of the pressure on the left side and the Von
Mises stresses on the right side. As in the previous examples once again the standard
triangular and quadrilateral element cannot capture the physical correct stress distribu-
tion. This is attributed to the locking of the elements although no incompressibility exists
which means that in this case the effect depends only on the isochore properties of the
applied J2-plasticity. The three other formulations give quite the same distributions in
the pressure as well as in the Von Mises stresses. Nevertheless it has to be emphasized
that the pressure limit by using the OSGS-formulation is higher than in case of the EAS-
formulation and the Q1P0-formulation. This could be referred to the approximation of
the shear modulus in case of J2-plasticity. It shows that this simplification can offer good
results as demonstrated in the Cook’s membrane problem and also the results for this
problem are much better than the results of the standard elements but could still be
improved by a different and maybe better alternative as the proposed one which leads to
further investigations.
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Figure 4.11: Inhomogeneous compression on a 2D-block
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Conclusion

5.1 Summary

The demonstrated object in this work was the development of an efficient low-order ele-
ment formulation with the capacity to represent the problem of incompressibility in solid
mechanics. The standard elements of low order unite various requirements for the utility
in practical applications but present locking effects in the case of incompressibility. The
alternative in view of this difficulty can be the mixed finite element formulation. The
stability of the mixed elements depends on the compatibility between the involved in-
terpolation fields. The mathematic condition that expresses this restriction is known as
the stability condition of Ladyzhenskaya-Babuska-Brezzi or LBB-condition. The mixed
elements with linear displacement and pressure interpolations do not satisfy this con-
dition and therefore present stabilization problems which are manifested in the lack of
the control over the pressure. This means that the feasibility of these mixed elements
require the application of a stabilization method. The stabilization method used in this
work bases on the concept of the sub-grid scale approach, particularly the method of
orthogonal sub-grid scales (OSGS). From the point of view of the method, the numerical
instabilities of certain formulations have the reason in the fact that the effects of the un-
resolved components of the solution, named as sub-grid scales, are not taken into account
in the balance equations. The concept of the orthogonal sub-grid scales proposes that
the orthogonal space to the finite element space is the natural space to search for the
sub-grid scales of the solution. The stabilization method circumvents the LBB-condition
and allows to obtain elements with interpolations of the same order for the displacement
and the pressure fields.

5.2 Statements

The main conclusions of this work shall be resumed in the following statements:

e An adequate finite element formulation to represent the problem of incompressibil-
ity in solid mechanics has been developed, implemented and valuated; in case of

67
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elasticity as well as in case of J2-plasticity.

e The developed elements are mixed elements stabilized by the method of orthogonal
sub-grid scales (OSGS) and exhibit linear and continuous interpolations of the dis-
placement and the pressure fields. These elements offer low computational cost and
show good comportments against other known element formulations like the EAS-
and the Q1P0-element.

e The developed formulation can be applied to triangular as well as to quadrilateral
elements. However the linear triangular element is more interesting for the practical
application because of its possibility to generate meshes of complexer geometries as
used in many industrial problems. This is a great advantage against the quadrilat-
eral element formulations as for example the EAS-formulation or the Q1P0-element.

e The proposed element is able to represent the situation of incompressibility in a
satisfying way. The condition of incompressibility is obliged in the global form. In
contrast to this in elements like the Q1P0-element this condition is obliged element
wise which can lead in extreme situations to the so called hourglassing, a kind of
eigenmodes that degrade the result of the solution.

5.3 Aspects of future investigation

Following considerations could be made to improve or to expand the application of the
developed element formulation:

e The introduction of the sub-grid scale to the pressure in the formulation. The capa-
bility of the orthogonal sub-grid scales has been utilized only in the formulation of
the displacement field and it could be observed that the formulation gives satisfying
results. Nevertheless, the integration of the sub-grid scales of the pressure could
improve once more the stabilizing characteristics.

e The study of the influence in case of compressibility to the stabilization parameter.

e Enhancing the developed formulation to the case of finite deformations (already in
progress and partially concluded by the work of M. Cervera and M. Chiumenti but
not mentioned in this work).

e Finding alternatives or improvements for the approximation of the stabilization
parameter 7 and the shear modulus p* in case of J2-plasticity.

e Looking for further alternatives for the sub-grid scale approach and comparing them
to the presented orthogonal sub-grid scales.

e The study of dynamic problems and their effect on the stabilization method.
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e Developing other applications of the stabilization method in solid mechanics like
coupled thermo-mechanical problems, contact problems, shell formulations, fracture
models and so on.
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