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Complete study for solving Navier-Lamé equation
with new boundary condition using mini element
method
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Abstract—The objective of our article is to solve the Navier-Lamé
equation with a new boundary C4,p condition using the mixed finite
elements method . We compare between mini- element method and
the ordinary finite element method by the other side. We compute
the displacement and its divergence simultaneously by using an extra
unknown. We prove the existence and uniqueness of the weak and
discrete solution by proving the discrete inf — sup and coerciveness
conditions. We expose two ways of comparison, that the first way
we calculate the rate « called speed of convergence found by each
of the two numerical methods, all this will be done by the use of
the linear regression. An analytical example is used to validate the
accuracy, convergence and robustness of the present mixed finite
elements method for elasticity. In order to evaluate the performance of
the method, and to confirm our method, the numerical results of mini
element method are compared with others coming from commercial
code like Abaqus system.

Keywords—Elasticity, Mini-element, Matrices computing, Linear
regression, Comparison, Matlab, Abaqus

I. INTRODUCTION

Elasticity theory is an important component of continuum
mechanics and has had widely spread applications in science
and engineering. This theory is primary for isotropic, linearly
elastic materials subjected to small deformations. All gov-
erning equations in this theory are linear partial differential
equations, which means that the principle of superposition
may be applied: The sum of individual solutions to the set
of equations is also a solution to the equations.

The aim of our project is to compare several numerical
schemes, like the ordinary finite element and the mixed finite
element to solve the Navier-Lamé system with a new boundary
generalizes the well known basis conditions, especially the
Dirichlet and the Neumann conditions. We computed the
displacement u,,, for each methods. We program the two
methods by using Matlab, and we needed to program again
the functions to estimate the error between the computed
solution and the reference one, which is whether the analyt-
ical solution. When we calculate the solution of the system
—puAu — (A 4+ p)VV.u f on a given mesh, we get an
approximate value 1y, of the solution. Of course, the finer
will be the mesh and better will be the solution. We want to
know for a schema numerical given how evolves the quality
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of the solution according to the step of mesh.
We know the theoretical relationship

(D

Where 3 is a constant, h is the step of the mesh and « the
speed of convergence.

For the calculation of || w—uqpp ||1,0 We will use the the norm
I . |l1,o which will be defined later. Knowing || ©— tapp |
and the mesh step h we want to calculate «.

For this, the simplest way to proceed is to go to the logarithm
in formula (1). We get

log (|| v = uapp [l1.0) = log(8) + a.log(h), 2)

Note that log(|| & — wapp ||1,0) is an affine function of log(h)
where the slope is a.

To find a we compute (|| ©— ugpp ||1,0) on different meshes,
then we plot the graph of the log of (|| u—uapp ||1,0) according
to the log of the step h. We obtain the slope straight line. In
practice the points are not exactly aligned, to get the value of
« in fact, we perform a linear regression in the least squares
sense, that is, to say that we take for o the slope of the line
that goes closer to all points.

Since 2002, the article [12] entitled by Matlab implementation
of the finite element method in Elasticity, thanks to the authors
of this work J.Alberty, Kiel, C.Carstensen, Vienna, SA Funken,
Kiel and R.Klose, that have a great contribution in computing
the numerical solution that is the approximation of the exact
solution which is the unknown in the Navier-Lamé equation,
using the ordinary finite element method programmed by
Matlab. In fact, nobody has thought to apply the mixed finite
element Method to the equation Navier-Lamé, that will be the
subject of our research. This study is based on the calculation
of the numerical solution using the mixed finite element
method (P1 — bubble, P1) and to do this, we have to create
another new unknown by setting 1 equal to the divergence
of the displacement,getting a couple of unknown (u, ¢). com-
paring the numerical results found in the article cited above
mentioned in article [12], we will prove that the new method
is more accurate and efficient. We propose the numerical
Method employs the mixed finite element (P1 — bubble, P1)
to calculate the numerical solution of the displacement, and
its discrete divergence, to the following 2D Navier -Lamé
problem.

As we know there are three types of boundary conditions for
the problem of linear elasticity: traction or natural boundary
conditions ( Neumann): For tractions imposed on the portion

| u— Uapp ||1,Q: Bhe,

1,0
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of the surface of the body 02, There is displacement or
essential boundary conditions (Dirichlet): for displacements
imposed on the portion. of the surface of the body 0f2, this
includes the supports for which we have v = 0 or u = g, and
there is mixed (Robin) boundary conditions, physically, this
implies that the traction which the elastic foundation exerts
on the body is proportional to the boundary displacement.

In this paper we propose a new formulation of boundary
conditions Ca B, this formulation generalizes all type of
boundary conditions (neumann, Dirichlet, Robin), with Ca B
we will not need to implement a solving program for every
type of problem, just produce a single code and using two
square matrices A, B and we assign them values we will get
the three type of boundary conditions mentioned above. The
rest of this paper is organized as follows. The basic setting
and governing of elasticity equation is presented in Section 2.
The linear elasticity equations, constitutive laws are discussed
in detail to facilitate further consideration. Sections 3 and 4
are devoted to existence and uniqueness of weak solution, and
the construction of the mixed elements (P1lbubble — P1) and
the proof of the existence and uniqueness of the approach
solution. General schemes are proposed for elasticity problem.
Our method is extensively validated by analytical tests with
membrane with hole geometry in Section 6. This paper ends
with a conclusion.

II. GOVERNING EQUATION

Linear elasticity is the mathematical study of how solid
objects deform and become internally stressed due to pre-
scribed loading conditions. Linear elasticity models materials
as continua. Linear elasticity is a simplification of the more
general nonlinear theory of elasticity and is a branch of
continuum mechanics. The fundamental “linearizing” assump-
tions of linear elasticity are: infinitesimal strains or “small”
deformations (or strains) and linear relationships between the
components of stress and strain. In addition linear elasticity is
valid only for stress states that do not produce yielding. These
assumptions are reasonable for many engineering materials
and engineering design scenarios. Linear elasticity is therefore
used extensively in structural analysis and engineering design,
often with the aid of finite element analysis.

Let’s consider 2 C R? be a bounded Lipschitz domain with
boundary condition I' which will be presented in a new form
that generalizes the Neumann and Dirichlet boundaries condi-
tions. Given f € L2(2), A,B € L>°(I")2*2, g € H2(T") and
as well as the positive parameters A\ and p.

When solid objects are subjected to external or internal
loads, they deform and led to stress. If the deformation of
the solid is relatively small, linear relationships between the
components of stress and strain are maintained. Consequently,
linear elasticity theory is valid. In practice, linear elasticity
theory is applicable to a wide range of natural and engineering
materials, and thus extensively used in structural analysis and
engineering design. The equation of Navier Lamé below is
governed as follows .

Solid object is deformed under the action of forces applied. A
point in the solid, originally in (x,y), after sometime it will
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come into (X,Y), the vector u = (uy,u2) = (X —2,Y —y)
is called displacement. When the movement is small and the
solid is elastic, then HOOK’s law gives a relationship between
the stress tensor and the strain tensor. 0 = Ar(e)l2 + 2ue is
the stress tensor, ¢ = 1(Vu + (VU)T) is the strain tensor,
I, is the identity matrix, p is the shear modulus (or rigidity),
where A is Lam’s first parameter. Navier Lamé equation is
given by the law of conservation moment pa = divo with a is
the acceleration and p is the density of material, On the other
hand

divoe = Mdiv(tr(e)2) + 2udive, (3)

then we have
dive = Adiv(tr(e)ls) + pdiv(gradu) + pdiv(gradu)®, (4)
with a simple calculation, we find that
div(tr(e)lo) = div(gradu)’ = grad(div(u)), (5)
Then we get

pa = pAu+ (A + p)grad(divu), (6)

If the solid is in dynamic equilibrium then we have pa+f = 0,
f are the external forces applied to the solid. Finally, we find
out the equation

[ =—pAu— (X + p)grad(divu), (7)

We refer the reader to [17], [18] for more information of the
elasticity problems.

We create a new unknown ¢y = V.u =
to divergence of the displacement.
The equation of Navier-Lamé become

—pAu — A+ )V = fin Q,
v —V.au=01in{,

ou ou :
oz T oy that is equal

®)

% + AV.un

Our mathematical model is the Navier-Lamé system with
a new boundary condition noted Ca g such as Ais called
Dirichlet matrix and B is Neumann matrix

There are two strictly positive constants « and /3, such that

a<u'B'Au< g, Yu e R? 9

Au+B(u )=gonT,

With ||| . ||| is a matrix norm that will be defined below.

If ||| A ||]|<]|| B |||, then Ca g is the Neumann boundary
condition and if

[|| B |||<]|| A ||| then Ca g is the Dirichlet boundary

We need functional spaces and norms

Loy g Ou du _
W) = {u: @5 R\u, 7o, 50 € L@}, (10)
V(Q) =H'(Q) = ['(Q), (1)
M) = I3@) = (e 2@\ [ a=0} (2
| vlh1,0= {/ Vv : VodQ + / v.de}%, (13)
Q Q
|| vllo0= {/Q CR) dQ}%, (14)
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|| Alll=max |a;;| i=12,j=12 (15)

The variational formulation of the Navier-Lamé problem (8)
is as follows
Find (u,v) € V(§2) x M(§) such that

/uVu:VUdQ—F/B*lAu.vdI‘

Q r

+/uwn.vdF+/()\+u)¢V.de
r Q

- /Qf.vdﬂ —i—/FB_lg.v dr
/Q()\ + 1) qV.udQ — /Q()\ + p)hgd =0

(16)

The weak formulation (16) may be restated as:

Find (u, ) € V() x M(Q)
a(u,v) +br(v,9) = L(v) Vo € Vo(Q),
b(u,q) = d(y,q) = 0Vq € M(S),

With the bilinear forms

7)

a(u,v) = / uVu Vde+/B_1Au.vdI‘,
Q r
b(v,q) = /(A+u)qV-de,
Q

be(o,0) = blosa) + [ pamodl, (19
T

d(v,q)

[ ot wywadn,
L(v):/ﬂf.de—i—/FB_lg.vdl",

III. EXISTENCE AND UNIQUENESS OF WEAK SOLUTION

In this section we will study the existence and uniqueness
of the solution of problem, for realizing this work we need
the following norms that are provided for the standard spaces.
a is a bilinear which operates on E x F' with E and F' two
vector spaces, the bilinear form a has a norm like

lall= sup a(u,v) (19)
lull <1, flollr <1
L is a form linear has the following norm
I L= sup L(u) (20)
lulle<1
The norm produced by inner product
| vll= (v0)? @1
The norm of the space Lg(Q) is || v [|3 , such as
o o= { | voda)? @2)
Q
The norm of the space H'(Q) is || v |1, such as
| v]a= {/ Vo : Vod( +/ vwdQ}:  (23)
Q Q
= [vlio+lvigel> @
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With the semi norm for H'(f2) and it is a norm for the space
H;(9)

| v \%Q: / Vo : VodQ =|| Vo ||gQ (25)
Q
The norm of the space L>°(I")?*? is
Il A|ll=max | a;,; | i=127=12 (26)

(V(),|l v |li,e) is a Hilbert space Let consider some
assumptions satisfying by the bilinear and linear forms a, br,
b, d, L, G

There exist positives strictly constants «, 3, v, 6, 0, &, p,
such that

| a(u,v) [< ol u el v e,

| b(u,q) |< B [l ulliel g llog,
| br(usq) [ [ uwlliell g lloe @7

| d(g,x) 1< 01 g lloell x o,

| L) £ C v (1,0,

| G(q) 1<l q o

V(u,v) € V(Q) x V(Q), ¥(x; q) € L§(Q) x L§(Q)

Assume that for some constant, a satisfy the condition of
coerciveness such as. There exist d is a constant positive such
as

a(v,v) =6 v forallveV(Q) (28)

b satisfying the inf —sup condition such as there exist a
constant o > 0

b(v, q)

v lle

sup >ollqllfa Yae L) (29

veEV ()
br satisfying the inf —sup condition such as there exist a
constant ¥ > 0

su bF (U7 Q)

p 30)
vevi) v e

>0 q 5o Ve LR

The bilinear form d satisfy the weak coerciveness such as there
exist a constant € < 0 such as

d(x,x) = —¢ | x 5o VX € L3(Q)
We consider the following generalized variational problem
V(v.g) € V(Q) x L3(Q)
V(L,G) € (V(Q)) x (L§(Q))

3D

a(u7 U) + bF(U7 X) = L(U)7
32
{ bu,q) — dla, x) = Gla), ¢y
Let consider two special cases of problem (32)
Case br = b, d # 0,
a(u,0) +b(v. ) = L(v), o)
b(u,q) — d(g, x) = G(q),
Case d=0, bpr # b,
a(u, U) + bF(Uv X) = ‘2[’(1])7 (34)

When br = b and d # 0 we reduce to problem (33), this
problem has been studies in [6], [8], [14], [15].
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The existence and uniqueness of the solutions to the system
(33) are shown under some standard conditions : (27) - (31)
and the theorem 2.2 and its proof in [14] explain that in detail.
While the well-possedness for the case d = 0 and , bp # b
we are restricted to problem (34) this problem has an unique
solution using the proof of theorem 2.1 in [14], it was
established too in [4], [16]

Theorem 1: with the assumptions (27) ... (31) the general-
ized variational problem (32) has a unique solution (u,y) €
V(Q) x L3(Q)
for any L € (V(Q2)) and G e (LZ(Q)) as long as

_ o2 lor [l br —b |

= 1 35
== < &
With § || a | 7292 >¢
Further, the solution has the stability estimates
1
< — 36
[ u o< ¢ | wo [l1,0 (36)
I X loa< I xo llog + T w0 e G7)
0,05 x0 oo+ 75— 7= Il wo |12
’ [ or [ (1—=¢)
Where (ug, xo) the bounded solution of (33) such as
St e L+ G
< 38
|| Xo ||0,Q— 5 H a ||,2 92— ¢ ( )
o llo.o < 67 (1L + I or [l xo0 lo.0) (39

Proof: The proof of the theorem 1 is similar to the proof of
the theorem 3.1 in [14]

Remark 2: The weak problem (17) is a special case
(G =0) of the problem (32), see ref. [14]
By the remark 3.2 in [14] prove that only br (v, ¢) not b(v, q)
is required to satisfy the inf — sup condition. Similar results
hold when b(v, q) satisfies the inf — sup condition but, br (v, q)
does not

Proposition 3: There exist positives strictly constants «, f3,
v, 9, 8, ¢, p such that
For all (u,v) € V(Q) x V(Q),
For all (p,q) € LE(2) x L()

la(u,v) | aflullielviie (40)
[ b(u,q) [ B [ ulliell ¢lloe 41)
| br(u,q) <yl u el ¢ lloo (42)
| d(g;p) 10| g llo,ll p o (43)
| L) < ¢l v e (44)
1 G(@) 1< p g lloe (45)

Proof:

Lemma 4: We define the extension of u and v in R? as
follows. Tt is assumed that € is C! with T is bounded. With
these conditions there is a prolongation operator P that is
linear and continuous

P:HY Q) — H'(R?) ,u+— Puc H'(R?)  (46)
Such as £ Q)
u 1 m
P“_{o it inR?\Q “7)
ISSN: 1998-4448

49

Volume 12, 2018

Pulo=u (48)
| Pul[m@ey<c| ulie (49)
| Pullr2@2)< c | ullon (50)

Proof: Look at proof of theorem IX.7 in [2]

Lemma 5: Let v two elements of V() and y from L3(12),
there exist a constant c positive nonzero such as For all
(v,x) € V(Q) x L§(Q)

/ lixno | d0<clx loallvla 6D
T
For all (u,v) € V(Q)?
/ B 'Auvdl'<co || ul1al Ve (52)
N

Proof: ( is bounded domain, it means that I' ¢ R2. " C R?
imply that

[linolar< [ jueo@on| 63
N R
By applying Holder
[ lu@apon ([ 1uPemi e
R2 R2
x(/ | Po.n |?)? (55)
RQ
<([ anexrE e
Rz
><(/ 2 max(n?,n2)(Pv)?)? (57)
R2
<o || Px llzz@2)ll Pv llz2 w2y (58)
<c1 || Px llo.ell Pv |la:re) (59)
<ec I x lloellvlie (60)

with cg, c1, co are positives constants and by according to
lemma 4 the proof of the lemma 5 is completed We have
a(u,v) = [ouVu: VodQ + [B 'Au.vdl

Let prove that the bilinear form a is continuous, by using
Holder we find that

| a(u,v) | < / | uVu : Vo | dQ (61)
Q

< plulialvie (62)

< pllulielvlie  (63)

By using the relation (52) of the lemma 5
We can take o = i1 + cg
Secondly we will prove that
[ b(u, @) [ B | ulhell g lloe Yue V(Q) Vg e L§(Q)
(64)

1,0
We know that

|b<u7q>|s/|A+m|q\|v.u\dn (65)
Q
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Holder gives

3u% 3u§ 1
< 2(—= + —=)]2
a1 [ nllalon [ 2055+ 5200 60
1
< talllalal] 2] VuPal; @
Q
= V21X + ] g lloell Vuloa (68)
< V2 X+l lqloelulha 69
< cllalloellwlie (70)

It will be good if we take ¢ such as ¢ = /2 | A+ pu |
Now let prove that the form bilinear br is continuous we have
[be(v.a) | = [bo.)+ [ panodr| an
Q

< |Mmqn41/\uqnm ldr (72)
I

A

< cllaloalulha+ [ [nanoe jar @3
r

On the other hand we have by the relation (51) of lemma 5
there exist a constant ¢; positive such as

[lnane jar<afaloaluhe @9
r
Then we deduce that

| br(v,q) [< e2 [ v ll1,all ¢ lloe (75)

Such as ¢ = c+ ¢
Hoélder is used,it may be easily that the form bilnear d(,) is
continuous like this

ld(p.q) [< cllplloall qlloe (76)
We can take ¢ =| A\ + p |
Let prove that L is continuous like that there is { > 0
| L(v) [ lv e VveV(Q) 7
L(v) = /g.v dr’ —|—/ fodQ (78)
r Q
L(v) < /g.v dr | + | / fudQy] (79)
r Q
L(v) S/ | g.v | dF+/ | fov| dQ (80)
r Q
L(v) < Sup g [ v llor +sup f lvle (81)
From the lemma 5 then
| L) [< supge v o +sup f v lle
< (esupg +sup f) [| v 1,0
Q Q
with taking { = csupg g + supq, f
Lemma 6: Tt exist p > 0 such as
v ll5< ol Vo o+ vl (82)

Proof: The proof of lemma 6 exist in [1] a satisfy the
condition of coerciveness such as there exist § is a constant

ISSN: 1998-4448
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positive
Proposition 7: Let define ag(u,u) = [, puVu : VudQ,
then a(u,u) = ag(u,u) + [ B"*Au.udl
ap(u,u) > 0| u ||%Q Yu e V(Q) (83)

Proof: In fact, according the lemma 6
>0 [ullfo<p{l Vulgg+ 1l ullfr} Vue V()

And from the theorem 1.2 in the chapter 1 [ V.Girault ,P.A
Raviard 1986 ] there exist a constant c positive

| ullor<ec| ulia

so we will have

lullg o< p{ll Vullg o +¢* | wllf o}

Yu € V(Q), then

I Vu o+ 1l ullf o< (84)
1 1
p{;a(u, w)+ ¢ |lu i} + ;a(u, u) (85)
Yu € V(Q), that imply
p 1
(1—p?) | ulfio< (; + ;)a(u, u)
finally : )
1—pc
an(uw) = 55wl
TR
As soon as 1 — pc? > 0 we take § = 1gf‘f
ao(u,u) > 8 || u 2 Vu € V(9)
According to the lemma (5), relation (52) we obtain
alu,u) > (6 —co) || u ||fQ Yu € V(Q) (86)

As long as, § —cg > 0
The result (86) will be explain in the proof of the theorem 13
that will come later
b satisfying the inf —sup condition. There exist constant
positive ¢ such as

Proposition 8:

b(v, q)

1,0

sup

87
veve) I v |

>ollq 5o Va € L§(Q)

br, satisfying the inf —sup condition.There exist constant
positive

b
sup F(v7 Q)

>0 qllga Ve L)
vevi) v e

(88)

Proof: Let ¢ € L3(Q2) ,we have from [2]. There exist a
constant positive kg such as

b(v, q)
veri@ | v 10

Since H}(Q) C V(Q), and
| v 1=l v 10 Vv € Hy(Q)

> ko |l 4 llo.c
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b(v,q)
1,0

b(v, q)

sup >
vEH(Q) | v,

T > ko gqlloe
OIS

The bilinear form d satisfy the weak coerciveness such as.
There exist a constant (negative) € such as
Proposition 9:

dix;x) > —¢ | x 5.0 Vx € L§()

Proof: The weak coerciveness of the form bilinear d is
always satisfied for any ¢ > —(u+ \)

Theorem 10: The generalized variational problem (17)
has a unique solution (u,?v) € V(Q) x L3(Q) for any
L e (V(R)) as long as

(89)

I

A P EREER 0
With § || a |72 9% > ¢
Further, the solution has the stability estimates
[ ulle < T ¢ [ uo ll1,0 oD
Il < xo oo + 0 Jlu e (92)
’ o ler (1 =€) ’

Where (ug, xo) the bounded solution of (34) with G = 0 such
as

S~ lor ||| L
<
H X0 ||07Q =3 || a H,Q 92 — - (93)
I uo lloe < 67" (NL Il + Il Br Il xo llo,) (94)

Proof: We just apply the propositions 3, 8, 7, 9 previous
and by the theorem 1 taking G =0
since € > —(u + A) the condition (90) will occur if

Slal29%+u+A
52

o [I16 = br <

IV. MIXED FINITE ELEMENT

The term mixed method was first used in the 1960’s to
describe finite element methods in which both stress and
displacement fields are approximated as primary variables.

In numerical analysis, the mixed finite element method, also
known as the hybrid finite element method, is a type of
finite element method in which extra independent variables
are introduced as nodal variables during the discretization of
a partial differential equation problem. The extra independent
variables are constrained by using Lagrange multipliers. To
be distinguished from the mixed finite element method, usual
finite element methods that do not introduce such extra in-
dependent variables are also called irreducible finite element
methods. The mixed finite element method is efficient for some
problems that would be numerically ill-posed if discretized by
using the irreducible finite element method, one example of
such problems is to compute the stress and strain fields in an
almost incompressible elastic body [13].

To apply the method of mixed finite element P1 — bubble/ P1
for the variational problem (17). We need some mathematical
tools, then we us the approximation of the standard Galerkin
method, for more explication we can see in the articles
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and books [1], [6]-[9], [15], [19]. Let’s consider a uniform
triangulation 7}, of the rectangular domain €2, where A > 0
is the maximum diameter of all elements K € T}, and T},
consists of triangles in two dimensions. We assume that we
have a sequence of triangulations (7}),h — 0 . Let A<, A,
A be the barycenter coordinates with respect to a triangle
K . p€ is the bubble function associated with the triangle K
defined by pf = MEAK ALK in K and equal to 0 elsewhere
We define the discrete domain

Q= Up—_; Tk, and Qy, is closed if € is polygon, then 2, = O
and Ty, = 0Q, = 0Q =T Py (K) is the space of polynomials
defined on the triangle K of the degree lower or equal to 1.
The functions of V}, x M}, are not globally affine in all 2,
but only affine by piece. On the other hand, they are gen-
erally continuous. The functions of the space are completely
determined by their values in each of the mesh vertices.For
the solution of an elasticity problem, the displacement/div-
displacement (u/)) finite element discretization are effective
in [3].

Let V}, be the finite element displacement interpolation space
and M}, be the finite element div-displacement interpolation
space (corresponding to the spaces V() and M = L3(Q)
of the continuous problem. The functions of the space V}, are
completely determined by their values in each of the mesh
vertices. Moreover the dimension of the space V}, is N — ng,
with NN is the overall number of vertices and n, the number
of vertices on the boundaries. Then the mixed finite elements
problem is like. We define the approached spaces as follow
For all (up,v¥n) € Vi, x M, C V x M, to facilitate writing
we note the restriction of uy and ¢, on K by wu; and
respectively, then we have

3
un = > N+ KK (x) , off, B e R?

95)
i=1
3
U= 0N, O €R, VK € Th. (96)
i=1
C0)
Let’s seek (up, ) € Vi, X My
a(up,vp) + br(va, ¥n) = Lp(vp), ©98)
b(un, qn) — dn(Yn, qn) =0

Yo, € Vi, th € My, where

a(up,vp) = / uVuy, : VopdK (99)
K

+ B_lAuh.Vhth, (100)

T'n
bonan) = [ O+ waVandk,  aon

K
br (v, qn) = b(vn, qn) +/ g pdly, (102)

'y
dtba) = [ O+ wnandK, (103)
K
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L(vp) = / fondK +/ B 'gn.vihdly, (104)
K T'n

With T, =T'( 0K and nk the normal on K .

The existence and uniqueness of the solution of the mixed
formulation (98) is shown by using the continuity of the
bilinear forms a on V}, x V3, br on V}, x My, b on V}, x My,
and d on M} x M, is clear by using the korn’s inequality.
On the other hand the coercivity of the bilinear form a on V},
and d on Mj, is hold by using theirs coercivity on V' (§2) and
M () respectively since Vj, C V(£2). We can see the uniform
inf — sup condition uniformly of the bilinear form b in [5]
with respect to the mesh-size. We will prove that the uniform
inf — sup condition for the bilinear form br on Vj, x M, it
means that we have to prove the existence of a constant ¢ > 0
independent of the mesh-size as the following theorem clarifies

Theorem 11: there exist ¥ > 0 such as

Yan € My, Juyp, € Vi, up # 0,
br(un,qn) > 9 || up

This theorem guarantee the verification of the condition
inf — sup of the bilinear form br. It should be noted that for
all up, € Vj,

br(un, qn) = b(un, qn) +/

VY

(105)

v.oll gn [lo.o

1qnng.vp dl'y (106)
Proof: first we prove that the bilinear form b verifies (105)
of theorem (11). It is assumed that the triangulation Tj is
uniformly regular. Let g, € M), be fixed

Mj, C M and that the bilinear form b satisfies the inf — sup
condition in V' x M, so that there exist w € V and b(u, q,) >
Bl v lliell g lloo- With 8 > 0 independent of g3, but u
depends of g. For this u we have just show that u, € Vj
clarified below

(107)

(108)

b(un, qn) = b(u, qn),
| un 1,0 <cllu e,

The relations (107) and (108) are the subject of the lemma
(12) that comes afterwards. Where ¢ > 0 is independent of ¢,
and h, indeed if (107) are checked so

b(un, qn) = b(u, qn) > Blluliell gnlloo (109
s
2 7 lunlliellanllog,  (110)
just take g = g Otherwise, we can easily check that
[ lpanatar < fullulholaloa a1
r

Then, V}, C V and M;, C M we obtain

/mewmwsammw|
I

vellan oo (112)

Combining (112) and (109) Moreover, we assume that
ugpn.up adopts a negative sign, then we have

br(un,an) > (8" — )|l an ool un 10 (113)
If we suppose u < % also we get 99 = (8 — ¢ )
So whatever the sign of uqpn.up we conclude that
br(un, qn) > min(@o, 8) [l un ol gn oo (114)
ISSN: 1998-4448
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just take ¥ = min(ﬁo,ﬁ/), it means that we answer the
theorem (11)

Lemma 12: there exist up, € V3, ¢ > 0, and we suppose
that u is fixed, such as

b(un, qn) = b(u, qn) Yqn € My, (115)

| un [0 <clulha (116)

Proof: First we define the linear operator R, € L(V,Vy),
which verifies

Yo, € Vi, 3l v € V, so that Rpv = vy,. This operator is a
projector of V' on V4, it is well defined. Indeed Lax Milgram
ensures the unique existence of the variational problem (117)
Find v in V so as

/QV(th —v).Vurde =0, Yo, €V}, (117)
If we take v, = Rpv in (117), we obtain
| VRpv [[§ o= /Q Vou.Vudz (118)
We use the inequality of Holder, then we get
I VR 50 < | VRA llog || Vo llog (119)
We conclude that
| VRuv lloo < || Vv o0 (120)

we find that Ry, is continuous in the sense of Hi(Q) NV,
and by the density of H}(Q) in H'(Q), it means that
H() Ay e H'(Q), so we have its continuity in
the space V' then, we suppose that the operator I?;, checks the
next properties of estimation, that is to say, there exist ¢ > 0

independent of h and v
| (Buv =) fo0< ch || Vo oo (121)

The above findings are workable for all v € V.
Now, let prove that the relation (115) in lemma (12), just show

V.augrdx VK € Tp,
Qp

V.upqndr = (122)

Qp
By applying the Green formula, we find that (122) is equiva-
lent to

Van updx = Van-udz (123)

Qp Qn

But Vg, is constant when ¢, € P1(K). So, just prove that
there exist up € V4, such as

/uhd:n:/udeKGTh
K K

Indeed, by the definition of the space V}, , for every function
up, of V}, is determined by the relation

(124)

3
Up = Zuh(af())\i(x) + 8K S () Ve e K (125)
=1
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We go to the integral on K, we have

3

dr = \ LK / Xi(z)d 126
/Ku,x ;u,(a)K(x)x (126)
+ ﬁK/ ' (z)da (127)

K

3

= ZR}LU(%‘K) Ai(z)dz (128)

=1 K
+ BK/ pi()de  (129)

K
_ / Ryudz = / ude  (130)

K K

We have chosen uy, € Vj, such as, uy(aX) = Ryu(ak)
For all aiK top of K, who verifies (115) of lemma (12).
Now let prove the relation (116) of lemma (12) we have

3
unpe = > Rpu(af )N + g5, (131)
=1

with a simple writing ws|,, = Ryu + 5 p

And
(| un %,Q: ZKeTh | un H%,K’ then
lun i< D (I Rawllug + | 85I 45 ll1.x)?
KETh
(132)
< 2 ) (I Rau ke + 11 B5 1P 25 13 %)
KeTn
(133)
< 2| Ruulig+2 D 1B IPI ™ I3 &
KeTh
(134)

By the continuity of the operator R,

lun f0 < e lulfa+2 > 185171 6™ I &
KeTh
(135)
By using the relation (115) of lemma (12)
And
fKuhdz = fK Ryudz + X fKude
We find that f Rou)d
u — Rpu)dx
pic = Jicle = Bnwyde (136)

Jic nde

Using Cauchy-Schwarz, it gives the existence of ¢y > 0
independent of h and K, so as

| u—Rpu |f «
—
The function p€ is bounded in the sense of the norm |, |1 r,
and by the relation (121) we get the relation (116) of lemma
12) .
Finally, it was also shown that the mini-element P1— bubble\
P1 satisfies the condition inf — sup discreet

Theorem 13: There exist strictly positive constant &, for all
up, € Vi, we have

| B512< <o (137)

alup, up) > € | un || o (138)

ISSN: 1998-4448
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The formula (138) indicates that the bilinear form a is coercive

on the space Vj,.

Proof: we define the bilinear form ag on V},
ag(up,vp) = / uNuy, @ VoprdQ) (139)

Q

With (139), the bilinear form can a be written in the form

a(up,vy) = ag(up,vy) + fF B 1Aup.vpdl

To show that ag verifies this property, it suffices to show

that it is definite positive, since the space V}, is of finite

dimension.

if a(up,vp) is zero, then uy is constant on each triangle.

Since there is continuity in the middle of each edge, then wy,

is globally constant. As it vanishes on the midst of the edge

contained in the boundary of 2. So wy is identically zero.

Then we can write

ao(un, un) > & | un |3.q, (140)

By using (9), it is easy to show that there exist a strictly
positive constants v, and for all u, € V}, we have

/ |B~"Aup.up [dT <v | un [ g (141)
r
If B~1Auy.u, < 0, with (140) and (141), we obtain
a(un,un) > (b0 = v) || un |17 0, (142)
since £y — v > 0.
if not B~'Auy,.up > 0, we have
a(up,up) > ao(un,un) (143)
> o llun lli o (144)

Finally, we Combine (144) and (142), we result that
alun, un) > (Eo—v) || un ||3 gfor all uy, € V4, since §—v >
0

V. ALGEBRIC PROBLEM

In this section we introduce the Matrices A, Br, B, D,
L related to the descrete bilinear forms ay,brn, bn, dn, Lp
respectively in the following way and we can express the
bilinear forms according to the operators as well defined here

ap(up,vn) = (Aup,vp),
bra(vn, qn) = (Bron, qn),
br(un, qn) = (Bon, qn),
dn(Yn, an) = (D¥n, qn),
Ly (vy) = Loy,

(145)

V(U}H’Uh) € Vh(Q) X Vh(Q),

V(¥ns an) € Mp(2) x My (S2)

With(145), we find that the discrete formulation (98) can be
expressed as a system of operator equations

{Auh+B§¢hL,

(146)
Bup — D ¢, =0,
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We find that the discrete formulation can be expressed as a
system of linear equations as well

(L

—\0

A Bltﬂ Up
B =D ) \¥n

with up, = (ug,uy)t, we can express the algebric system (146)
as follows

(147)

A, O BEx Uy L,
0o 4, Bb,||uw]|=]L, (148)
B, B, -D P 0

Let {¢1;p2....;on} be the finite element basis formed of
scalar functions ¢;, ¢ = 1...n.In practice the two components
of (uf,u}) of uy, are always appreciated by one space finite
element.Let N be the number of nodes in the finite element
mesh, and n = N — n, with ns the number of vertices on the
boundaries.The basis of the space V},

Bv, ={¢1=(¢1,0)...0n  (149)

= (‘pn70)7¢n+1 = (Oa¢1)"'¢2n = (Oagpn)}y (150)
Then, up, = (uf,u}) € V4 can be gives by the relation

up = ujdr + . + UL dn + ulbppr + oo + ul oy, (151)

For a given triangle K, the displacement field u; and the
divergence 1)y, are approximated by linear combinations of the
basis functions in the form

3
ufi = > ufer + uppn, (152)
i=1
3
u) = > ulgi + upin, (153)
i=1
3
Yn =Y g (154)
i=1

The linear system (148), attached to the discrete system (146)
is evaluated over each triangle K to obtain the element of
the local matrices and the global matrices are denoted by
uppercase letters, and are given by direct-summing.
Assuming that (B7™1A);; = «j3, and (B71)y; = By for
i,j=1,2

The matrices elements over the domain §2 are given by

af; = / 1V Vip;dK (155)
K
Ag= > af), (156)
KeTy,
afj = a?j +/ a19;p5dly, (157)
ENKCTy,
Ay =Y af, (158)
KeTy
aj; = aj; +/ a22pip;dly, (159)
ENKCT},
Ay= > al, (160)
KETIL
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Pi

B)
bro= [ (A dK 161
5= e (161)
B*= > b, (162)
KeTy,
bﬁ/j:/ O )28 JdK (163)
K dy
BY= >, (164)
KeTy,
br,, =b5; + / ppingp; dE (165)
ENKCTYy,
Bt= > b, (166)
KeTy ‘
b%u = b;lj +/ QiP5 dFE (167)
ENKCI'y
B = > o, (168)
KeTy,
di= [ O+ (169)
K
D= dj (170)
KeTy,
l?””=/ frpidK (171)
K
I =19 +/ (B11 + B21)g19idE 172)
ENKCI'rp
L* = Z 12, (173)
KeTy,
1Y = / fapidK (174)
K
= l?y+/ (B12 + Ba22)g2¢i (175)
ENKCI'rp
LY = Z 1YdE, (176)

KeTy

knowing that f = (f1, f2)*,9 = (91,92)" nij = 0,1 or -1
Element Matrices

In this paragraph, we calculate elementary matrices in (159),
in order to carry them out.

The calculations which have already been made in the article
[11] will be based.

For a triangle K let (2;y;);_, , 5 be the vertices and the basis
functions are defined by

pr(z,y) =1—z—y, p2,y) =2 (177
e3(z,y) =y, o = 27102003, (178)

We need the following notations
Tij =i — X5, Yig =Yi —Yj i,j:1,2,3 (179)
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And
LK)
32 1
2B = 25 | = | 28 (180)
T21 ng)
K
Y32 ng)
y I = gz | = | 4 (181)
Y21 yéK)

The nonbubble part of the matrix A is written like

A = (a?j)i,j:1,2,3 = ﬁ(y(K)y(K)f + 2 (K,
(182)
. 20 () _ (K) (K)
With | K |= Ll 52 Ys _ The bubble part of Ag are

Ay = (apj)j=1,2,3 = 031, with 031 is a Zero column vector
with 3 elements, and for the diagonal

81

apy = “ | K| (| Vi |2 (183)

+ |V<p2| £V V) (184)
8lp 1

K K
- 0 7 (@) + @) ass)
b @) o (802 4 GO0 )y (g6

Since the stiffness matrix Ag is symmetric, then we have

AK A AKX 0
Ag= (70 0 )= (70 187
’ (Ai. by > ( 0 aw ) (8D
the the mass matrix D is given by for ¢,5 = 1,2,3
+ A .
+)\
ECIK] i

Now we will implement the dlvergence matrices, the element
matrices of nonbubble part of B, and B, are given by

1 y(K)t
B = Z(p+A) |y " (189)
1 x(K)t
Bl = s+ (K (190)
I(K)t
the bubble part are given like
9
B, = (14 A) gy (191)
9 L
Byp = (4 X) gg o' (192)
Finally we find that
K
B, = (gﬁ) (193)
K
B, = (gyb) (194)
)
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Element right-hand side
The nonbubble part of the external forces is given by

1
K
g = | 'flK 1 (195)
1
1
K
1% = | |f2K 1 (196)
3 1
where
MF:%@ﬂ+ﬁgﬁ+M%»’i:L2 (197)
The bubble part of the right-hand side are
9
lop=— | K 198
b= 55 | K | ix (198)
o= o | K| (199)
yb — 20 2K
Finally we have
Ox
l, = <ZK) (200)
l:cb
l%} 201
ly B (lyb) (201)

Now we will build the matrix of 11 x 11 corresponding to the
system (148)

AL 00 00 0 BRL\ [u 2.

0 App 0 0 Bir’m Up loe

0 0 Ay 0 Bb,||w|=]k%

0 0 0 app B;;F,y Uy lby

BX B, BX B, -D) \¥ 0
(202)

We will classify the system (202) in such a way that we can
describe the bubble part of the unknown u as a function of the
nonbubble part of u and ¢, in order to be able to eliminate it
thereafter

Ak00 00 00 BRL\ [ug 1K
0 A’; 0 0 Bfw Uy 15
0 0 app 0 B;;F,:E Upy = lb$
0 0 0 app B;;F-,y Uby lby
Bf Bf By, By, —D P 0
(203)
From line 3 and 4 of the system (203), we deduces
Upy = aliyl (lbw - BZI;F,:E’(/})
1 ¢ (204)
Upy = ay, (lby — an;ﬂ/’)
with the elimination of w, and u, we find the new linear
Uz
system with the Matrix in U = | u,
(4
AI; 0 BL .
A= o0 A} Bf,
BE Bf *Berir,z%b BbbeF,yabb -D

(205)


Panayotis
Rectangle


INTERNATIONAL JOURNAL OF MECHANICS

and the right hand
lK
F= K
71y —1
_Bbzlba:abb - Bbylbyabb

(206)

VI. NUMERICAL RESULTS

This section is the fruit of the study that is done in the
previous sections in this paper, with its two sides: mathematics
and programming. So there is some numerical results of
calculations with mixed finite element P1—bublle/P1 method
and the ordinary finite element method that will be presented
later.

Matlab is an interactive environment and programming lan-
guage for scientific computation. It is nowadays a widely used
tool in education, engineering and research and becomes a
standard tool in many areas. But Matlab is a matrix language
and its distinguishing features is the use of matrices as the
main data type. For best performance in large scale problems,
one should take advantage of this by using vector and matrix
operations.

We propose a vectorized Matlab implementation of the P1 —
bubble/P1 finite element (Mini element) for the generalized
elasticity problem. Vectorization means that our code operates
on array and does not use for loops for the assembling opera-
tions. Our implementation needs only Matlab basic distribution
functions and can be easily modified and refined [11].

A two-dimensional problem with the elastic square body
with a hole (see. Figs 1, 2), Q = [0,2] x [0,2] \ B(0,1),
(E = 2900 and nu = 0.25), is stretched at the top (y = 2)
with a surface load g = n, where n denotes the outer normal
to O0f), the rest of the boundary is traction free [20]. By
reason of symmetry since the domain is homogeneous,one
will present the quarter of the domain that was discretized.
The Dirichlet conditions are h = 0 on [1,2] x 0 and 0 x [1, 2]
the forces charges are taking as f = (0, —(u + \))! for all
nodes, with this f we propose the exact solution as like as
u(z,y) = (zy,zy + ) .

The first objective of this numerical experiment is to test
the stability of the divergence of the field of displacement
up, numerical solution,in fact we will calculate the error
€oo = max; ;(| divu(z,,y;) — 1 ; |) for three meshes,and we
will see how this error behaves when the mesh size grows,That
is when h — 0. So from the tabular the errore,, go to
zero when h is too small. The example demonstrates how the
mixed finite element P1 bubble-P1 method is more efficient
then the ordinary one. Because it allows us to calculate the
displacements and their divergences simultaneously,and that it
guarantees the stability of these divergences on each node.
Secondly, we calculate || w — uy, ||1,0 for each method, then
we obtain the two slopes by using the linear regression and
the table 1 resume all the numerical results.

This example shows how to perform simple linear regression
using the errors data set. The example also shows you how
to calculate the coefficient of determination to evaluate the
regressions.

we present two figures 9, and 10 of the linear regression for
each methods
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Fig. 1: reusable coolers

X Partie retenue pour le calcul

prefissgs
(g .

HILTHT

Fig. 2: square with hole

Below, we find the tabular 1 summarizes all the errors that have
been calculated, and the figures 3,4,5,6,7,8, which represent
the displacements of the membrane with hole defined above
for three steps h = 0.3,0.2,0.1 for both method MFEM and
abaqus software. The blue color that appears at the edges
[1,2] x {0} and {0} x [1,2] means that displacements are
almost zero, so it reflects the boundary conditions of Dirichlet
u = 0. Then we observe the great displacements are those
which exits to the edge [1,2] x {2} where there is a traction.
We observe that there is a similarity of results between our
method and abaqus, it means that this method of MFEM is
reliable and provided a good solution. The figures 9, and 10
represent the linear correlation between log(|| v — un []1,0)
and log(h), with which the speed of convergence has been
calculated.

Fig. 4: Deformed mesh for
membrane with hole,case
h=0.3 with abaqus system

Fig. 3: Deformed mesh for
membrane with hole,case
h=0.3 with MFEM

VII. CONCLUSION AND DISCUSSION

In this paper, we have proposed a mixed finite element P1
bubble - P1 method for solving the system of Navier Lamé.
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Fig. 6: Deformed mesh for
membrane with hole,case
h=0.2 with abaqus system

Fig. 5: Deformed mesh for
membrane with hole,case
h=0.2 with MFEM
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Fig. 8: Deformed mesh for
membrane with hole,case
h=0.1 with abaqus system

Fig. 7: Deformed mesh for
membrane with hole,case
h=0.1 with MFEM

Linear Regression Relation Between log of step h & log of H1 errors Linear Regression Relation Between log of step h & log of H1 errors
-06 -25

O datal
yCalel

o

log of H1 errors.

o
-12

26 -24 22 -2 -18 -16 -4

log of step h

Fig. 9: the slope a = 0.694
with FEM

26 -24 -22 -2 -18 -16

log of step h

Fig. 10: the slope v = 2.082
with MFEM

“14 12

TABLE I: The table showing the different errors

Number of nodes np 80 164 589
Number of elements nt 130 287 1099
step h 0.3 0.2 0.1
€co 0.2252 | 0.2004 | 0.1699
| uw—up [[1,0 with MFEM | 0.0342 | 0.0298 | 0.0146
14 — 4 [lo,o with MFEM | 0.0567 | 0.0346 | 0.0264
[l w—up [J1,0 with FEM 0.4924 | 0.2075 | 0.1448
MFEM slope o = 2.082
FEM slope o = 0.694

A number of reasons have been put to prefer mixed methods
over displacement or equilibrium methods in some situations.
First of all, equilibrium methods are rarely used in practical
computation due to the difficulty of creating finite element
spaces incorporating the necessary constraints (the conditions
of static admissability and, in particular, the equilibrium
condition in the case of elasticity). As remarked above,
for the elasticity problem, in which the a form is coercive,
stability can always be achieved by adequate enrichment
of the displacement space. There are a number of ways to
enrich the space. For our example, the unstable pair (linear
displacement, linear divergence) element may be stabilized
by the addition of a single internal displacement degree of
freedom via a bubble [5].
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It can be observed from our numerical experiments with the
calculation of the slops for each methods, we find that the
slope with P1 bubble- P1 method is more superior then the
slope with the classical method. This numerical result means
that the numerical solution u,y, obtained by the mixed finite
element P1 bubble- P1 method converge very speedy to
the exact solution then the other solution obtained by the
classical method.

We have demonstrated that, for solving the elasticity problem
in Matlab with the mini-element P1 bubble -P1 is much
more efficient than a standard implementation with ordinary
finite element.

Moreover, the advantage of this problem with C g boundary
condition is the program level Matlab, it’s enough to make
a single program Matlab and can be reduced to ordinary
problems as Dirichlet and Neumann.

Further work is underway to derive with the mini-element,
for solving 3D elasticity problems.
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