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Abstract

In structural engineering, shells are usually curved objects which can sup-
port remarkable external forces without fracture or damage. Due to this re-
markable stiffness behaviour and the low amount of material used in the fab-
rication process, nowadays shell structures are getting lots of followers in the
engineering world. In consequence, scientists and the industry in general are
keen with the idea of developing efficient and accurate models to predict their
behaviour.

In the manufacturing industry, inspection procedures are becoming more
common every day. This task constists on measuring how much difference ex-
ists between the original-ideal object specified by the designer, and the object
that just comes out from the manufacturing process. Generally, this goal is
achived by placing the manufactured part in the location where it was de-
signed to be, such as the assamblage of a machine. Subsequently, a 3-D scan
of the placed part is made. The registered measurments are compared with
the CAD geometry of the original-ideal object in order to acept or reject the
manufactured part. However, this procedure represents an inefficient and very
time consumig process. If instead, the part is scanned when it just comes
out from the fabrication process, and the scanned geometry is placed into the
assemblage via a Finite Element software; a more efficient procedure could be
achieved assuming that the simulation is fast and reliable. The goal of this
work is to provide this virtual inspection enviroment.

Given the nature of the manufactured parts, the physics of the problem cor-
responds to shell structures subjected to large displacements. In consequence,
the formulation, implementation, and validation of a shell element based on
a large displacement hypothesis have to be fully understood. Nevertheless,
before arriving to shell elements, it has been considered as convenient to com-
prehend the Finite Element formulation proposed in the literature for bars,
beams, and plane stress elements.

Although all the topics analysed in this report have been somehow studied
by several authors and published in FEM journals and books, the information
recopilated into this text does not represent a mere attempt to make a liter-
ature review of the Finite Element Method for large displacements. Instead,
every single piece of information included in this text has been considered as
very valuable because either it introduces a keen and important FEM topic, or
because the mathematical treatment accomplished to be able to get to the final
results suggested by FEM literature, has not been fully explained or published.
In other words, most of the times FEM authors assume that the reader is able
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to reach the same results they publish without giving many clues about the
right way to get to that point. This text gets into the detail of the mathemat-
ics required to deal with finite deformations and large displacements applied
to the Finite Element Method; for that purpose, it was necessary to under-
stand several author’s point of view and sometimes comprehend very different
mathematical notations to explain the same idea. The final products obtained
(both the written report and the C++ shell program) represent a big shortcut
for those who want to gain good knowledge and understanding of the Finite
Element Method under the large displacement hypothesis.

The chapter 1 of this text contains a brief review of the Total Potential
Energy principle explained in terms of a variational formulation. This is done
because this principle represents the base of the Finite Element method. In
chapter 2 the principle of Virtual Displacements is used to deduce the Finite
Element method, arriving to the general 3-D Finite Element equations to be
used in a small displacement scenario. Next, in chapter 3 a large displace-
ments hypothesis is used, and the Finite Element method is amended for this
situation; furthermore, some new stress and strain measures needed for this
formulation are introduced. Bars, beams and plane-stress elements are studied
in chapters 4, 5, and 6 in order to introduce some concepts required for the shell
formulation. The shell formulation explained in chapter 7 was implemented as
a C++ program and the displacements results obtained are validated in chap-
ter 8. At the end of the text there are included some appendixes with some
material which was considered as important for a better understanding of the
Finite Element method. The user’s manual of the shell software programmed
is included in the Appendix D.






Chapter 1

Introduction to the Variational
Formulation

The study of mechanics has always been a branch of interest for scientists. In
general, the problems found therein can be expressed through mathematical
models which can be written in terms of partial differential equations (PDE).
Two main lines of study have been developed to generate these equations: The
first one, and the most recognised, is the one based on Newton’s laws of motion,
which seeks for all the forces acting on every particle within a domain. The
differential formulation has its foundations in this trend. “The second branch
of mechanics, usually called analytical mechanics, which bases the entire study
of equilibrium and motion on two fundamental scalar quantities, the kinetic
energy and the potential energy”(Lan86), represents the basis of the variational
formulation.

1.1 Minimum Total Potential Energy Princi-
ple

The Calculus of Variations has come up as an efficient tool that can be applied
to a large amount of mathematical problems. Fortunately for engineers, in gen-
eral it is possible to express the basic principles of mechanics as a mathematical
variational problem. In such a way, this physical phenomenom acquires a big
mathematical meaning which allows to understand more clearly how nature
works. The principle of Minimum Total Potential Energy (MTPE) is a fun-
damental concept used in structural mechanics. It states that an object will
deform into a position where the total potential energy is minimised. In clas-

9



10 Chapter 1. Introduction to the Variational Formulation

sical mechanics, this principle can be expressed in terms of the displacement

field @ = w;, and at most, in terms of its first derivative with respect to the

spatial coordinates, that is %. This aspect will be seen more clearly when
J

defining the energies considered by the MTPE principle.

Mathematically, this principle asserts that the Total Potential Energy II of
the system being analysed, equals to the difference between the strain energy
U stored in the deformed object, and the potential energy of the loads W.
That is,

H(ui,aui/amj) - U(ui,aui/aa:j) - W(uiﬂui/axj)~ (1]-)

According to what it is expressed above, the functional Il gu, Joz;) may be
understood as a master function whose domain is constituted by the vector
functions w; and Ou,;/0z;. It is also important to remark that II remains
unchanged during motion of the object; therefore JII = 0. For that reason,
when a loss of potential energy occurs, that quantity of energy is gained by
the strain energy and vice versa.

Even though the equations for mechanical problems can be generated via a
differential formulation, a better way to face the problem and get to the truly
core of the concepts involved therein would be the Calculus of Variations.
Indeed, for engineering purposes, the MTPE principle can be specialised into
the the principle of virtual displacements using the Calculus of Variations.
This principle is widely employed in continuum mechanics, mainly because it
serves as a basis to state the equilibrium equations in a deformable medium.

In order to see how the the principle of virtual displacements works, it is
possible to think of a particle which is located at point P, at a time t;, and
has a velocity v;. The particle will move to point P, at a time t5. An infinity
number of paths could be taken by the particle to get from P; to P,. However,
a tentative path can be chosen and be gradually corrected by the application
of the principle of virtual displacements. “The mathematical theory shows that
the final result can be established without taking into account the infinity of
tentatively possible paths. The mathematical experiment can be restricted to
such paths which are infinitely near to the actual path. A tentative path which
differs from the actual path in an arbitrary but still infinitesimal degree, is
called a variation of the actual path; and the calculus of variations deals with
this problem”(Lan86).
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1.2 Derivation of the Principle of Virtual Dis-
placements

The variational problem to be solved in structural mechanics consists on finding
a function u; for which the functional Iy, pu,/a.;) 1 @ maximum, is a minimum,
or has a saddle point. The condition to get to the governing equations is

6H(ui,6ui/8xj) =0,

and due to the calculus of variations

oIl oIl
6H(uivaui/3wj) o a_uzéuz + W

d(Ou;/0x)

“It must be noted that du; stands for variations on u; that are arbitrary except

that they must be zero at and corresponding to the state variable boundary con-

ditions. The second derivatives of II with respect to u; then decide whether the

solution corresponds to a mazximum, a minimum, or a saddle point.” (Bat96).
In general, the total potential energy of a 3-D structural body, can be

expressed as

1
H(ui,aui/axj) :/ 57'2] €ij dVv — (/ fiBui dVv + / fisfuff dS)
N—— \%4 ., \% S

[ J/

total potential energy - ~~
strain energy total potential of the loads
1
— B Sy Sy
—/ §Cijmn6mneij dV — fz UZdV— fz U; dS’
1% \% Sy

where f represents the body forces per unit volume, fisf are the surface forces
g;;'_ gixi) = 2(uij + uj;). As it was stated before,

note that the energies considered by MTPE principle can be written at most
in terms of %. The first variation of II with respect to the displacement field
. J

is

per unit area, and e;; = %(

1 1
5H(ui,8ui/am]~) =0= /V §Oijmn Emn 5(61']') av + \/V §Czjmn 5(emn) €ij av

- / FEou;dv — | fsul ds.
14

Sy

Now, in light of the symmetry of the constitutive tensor (Cijmn = Cinij), the
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first variation of Il can be rewritten as

1 1
0 — / 570 §(es;) dV + / 5 Conni €5; () AV — / fPou dv — | feut ds
1% 1% 14 Sy

1 1
_ / 57 O(eig) AV + / T (o) AV — / FBou dv — | £ u ds,
Vv Vv 1%

Sy

and taking into account that 75 and mn are free indices, the final expression
for the first variation of II is obtained,

S S
/ Tij 0(eij) dV = / fPou;av + | f776u;’ dS. (1.2)
\% | \%4 Sy
internal virtual work external \:i?tual work

The above expression is known as the principle of virtual displacements,
and constitutes a general expression for the development of equations used by
the Finite Element Method applied to structural mechanics.

1.3 Derivation of the equilibrium equations from
the principle of virtual displacements

Considering the symmetry of the Cauchy stress tensor (7;; = 7j;), it is possible
to say that

1 1
Tij 0€ij = Tij O {5(%]’ + Uj,i)} = Tij 5 [(Ouig + 0ujs)]
1 1
= 5’7}']’ (5um + 57’1']‘ (SUJ"Z‘

1 1
= 5T ou;j+ o T Otji s
—_— —\

term 1 term 2

but taking a closer look, it can be seen that term 1 and term 2 are independent.
It means that the indices ¢ and j in term 1 are not related to indices ¢ and j
in term 2. Hence, they are similar terms, thus

Tij 5€ij = Tij 5ui,j'

Therefore, Equation 1.2 can be expressed as

/ Tij 6ui,j dV = / sz(SUz dV + fisf(’)‘uff dS,
v 1%

Sy
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now if the mathematical identity 7;; du; ; = (7;; du;) j — Tij; Ow; is used, it yields
to

/ [(7ij 0ui) 5 — 7ijj O] dV = / fPousav + | 76w dS,
1% v Sy

and by the divergence theorem

/(Tij (5U2)TL] dsS — / Tij,j 6UZ dV = / fZB(SUZ dv + fisf(;u;-gf dS

s v v Sy

where Sy U S, =S5, and Sy NS, = 0. Sy corresponds to the surface where the
loads are applied, and S, is the surface where the displacements are prescribed,
hence

u \%4

/ (Tij nj — fff)éuff dS + / Tij njéuf“ dS = / (Tij,j + ]‘;B)(S’LLz dV (13)
Sy

Looking for a good interpretation of Equation 1.3, it is essential to remember
the fundamental theorem of the calculus of variations:

Theorem 1 If f, is continuous in [a,b] and if

b
/ f(m)a(x) dr =0

for every continuous function oy in [a,b] that vanishes in a and b, hence
fiw) =0 for every x € [a,b].

This theorem can be naturally extended to several variables (TG07). To ob-
tain the differential equation which governs this 3-D structural problem, it
is indispensable to check out under what particular conditions Equation 1.3
vanishes for any possible perturbation du;. Choosing perturbations du; that
ara zero at S, and Sy, the left hand side of 1.3 vanishes. That is du?* = 0 and
Sus’ = 0. Now, it is time to search under what conditions [ (7ijg + [B)ou; dV

(2
vanishes for any du; that satisfies du’* = 0 and 5uff = 0. The fundamental
theorem of the calculus of variations guarantees that

Tij,j —+ fz-B =0. (14)

In such a way, the partial differential equation which governs this problem
has been found. In the same way, choosing perturbations du; that ara zero
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everywhere except at Sy, and according to the fundamental theorem of the
calculus of variations; it is possible to state that the problem is accomplished
with the natural boundary condition

min; — 1 =0,
and the prescribed essential boundary conditions.

When utilising a variational approach, two different kinds of Boundary
Conditions can generated: The essential and the natural boundary conditions.
Consider that in the functional II, the highest derivative of the state variable
with respect to a space variable is of order m. That problem is known as
a C™~! variational problem. The essential boundary conditions correspond
to the prescribed displacements and rotations, for that reason are also called
geometric boundary conditions. The order of the derivatives in the essential
boundary conditions is, in a C™~! problem, at most m — 1. On the other hand,
the natural boundary conditions correspond to the prescribed boundary forces
and moments. The highest derivatives are of order m to 2m — 1 (Bat96).

Finally, going back to Equation 1.2, is possible to affirm that to be able
to find a displacement function u; which is a solution of the problem, “the
internal virtual work must be equal to the external virtual work for arbitrary
test or virtual displacement functions du; that are continuous and satisfy the
condition du;* = 0 and 5uff = 07(Bat96).



Chapter 2

Displacement Based FEM

In general, when solving an engineering problem, it is necessary to identify and
sometimes to develop a mathematical model whose results are close enough to
reality. Normally, the mathematical model leads to a set of the mathemati-
cal equations that must be solved considering some solution method. In the
particular case of structural mechanichs, when using a variational formulation
to describe a deformation process, the final system of continuous differential
equations generated (see Equation 1.4) establish mathematically the equilib-
rium requirements, compatibility conditions, and constitutive relations for all
the differential elements within the domain of the object to be deformed.

The Finite Element Method (FEM) emerges as the most popular model
used by engineers to solve a system of differential equations. However, to be
able to get into the world of the Finite Elements, it is necessary to discretise
the system of continuous equations. Of course the final result will not coincide
with the exact solution of the model; instead, a very good approximation might
be achieved.

In order to discretise the system of continuous equations, the domain of the
problem has to be divided into a finite number of elements. Then, a system of
finite element equilibrium equations which are deduced from the principle of
virtual displacements are applied to each element. Finally, the complete system
of equations obtained from the whole amount of elements is solved via some
numerical method. In general, the elements used to discretise the domain are
basic geometries such as pyramids and prisms for the 3-D cases, or triangles
and quadrilaterals for 2-D. The state variables of the problem are usually
located at the vertices of the elements, but sometimes they are also located
inside the element or over its edges. State variables are those that contain
enough information about the system being analysed to enable computation

15



16 Chapter 2. Displacement Based FEM

of its behaviour under certain boundary conditions, e.g. the displacements,
the strains, etc. The spatial points where the state variables are located are
called nodes.

2.1 Finite Element Equations

In this section the general procedure to state the finite element equations
for a general 3-D problem will be derived. First, it is appropriate to define
the problem that is wanted to be solved: Consider an arbitrary 3-D body
which is being deformed because the imposition of some boundary conditions,
see Figure 2.1. The body is referred to a Cartesian coordinate system. The
displacements are prescribed on surface S, and it is also subjected to surface
forces £/, Furthermore, there exists a body force per unit volume f? acting
over the whole domain. The problem is to calculate the displacements u; of
the body and the corresponding strains e;; and stresses 7;;.

Figure 2.1: Geometry of a general 3-D body. Figure taken from reference
(Bat96).

As already was said, in Finite Element Analysis (FEA), the body which
is going to be analysed is approximated into an assemblage of finite elements.
Those elements are composed by nodal points, which can be located over its
boundary or within its interior. The displacements u; of every element, are
assumed to be a function of the displacements at the n finite element nodal
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points. Then, for an element m it can be stated that
n
(m)ui:thuf, i=1,2,3.
k=1

where (™y; is measured in a conveniently local coordinate system, hj are
the interpolation base functions, and uf correspond to the state variables of
element m. Displacements (™u; = (™u can be assembled as the multiplication
of a matrix H and a vector u. That is,

M)y = M [ a, (2.1)

where ™ H is called as the displacement interpolation matrix, and @ is a

vector containing the global displacement components at all nodal points of
the assemblage. The size of ™ H and @ depends on the space where the
problem is being simulated (3-D, 2-D, or 1-D), the total amount of nodes n
of the system, and the number of degrees of freedom (dof) per node used. In the
particular case when the problem analysed is in 3—D, with only displacements
used as state variables, the size of ™ H would be 3 x 3n, and @ would be of
size 3n, thus

A 1 1 1 2 2 2 n— —1 n n n
U = [uy, Us, Uz, UT, U, Us, .., UL Uy Uy Uy, uy, uy).

The Cauchy stress tensor 7;; and the small strain tensor e;; can be written
in vector form, e.g. in the 3-D case e;; = e = [e11, €22, €33, 2 €12, 2 €13, 2 €93,
where the fact that e;; = ej; has been considered. Hence, the corresponding
element strains can be calculated by differentiating Equation 2.1 as

(me = (™) By, (2.2)

where (™ B is the strain-displacement matrix!. The size of (™ B depends on
the problem being analysed, for example a 3-D element with only displacement
degrees of freedom would have a size of 6 x 3n.

Virtual displacements and virtual strains are calculated similarly; hence

mgu = "™ [ §a (2.3)
mge = ™ B 51, (2.4)

and the stresses are related to the strains via the material constitutive relation

(m)Tij = (m)Cijmn(m)emnu (25)

see reference (Bat96, pag. 161-163), for an enhancement of this concept
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or written in matrix notation
(m) - — (m)x(m) g (2.6)

where (™ is the material constitutive matrix. In the 3-D case, ™C is a
6 x 6 square matrix. Now, if tensors 7;; and e;; are expressed in vector form,
Equation 1.2 (principle of virtual displacements) can be rewritten as

/ ToedV = / fBsudv + / £S5 5uSt dS.
1% Vv Sf

Next, substitution of equations 2.1 to 2.6 into the above expression, and con-
sidering the whole assemblage of elements, yields to

n-ele

Z/ gul (M pT (mco m>B MYV =
MV Y se ()

n-ele
Z/ mfB () T (m g™ (m) gy 4+

n-ele

Z / migSe () prS; | " 5al s,

and rearranging terms
n ele
5ol / m) BT (m) ¢y (m) g (m) dv} o=
S

n-ele

su’ Z/mw VT (B (m) gy (2.7)

n-ele

Z/ ((m) FSs T m)gSe (m) g

“To obtain from 2.7 the equations for the unknown nodal point displacements,
the principle of virtual displacements is applied n times by imposing virtual
displacements in turn for all components of d. In the first application du = ey,
in the second application 00t = ey, and so on, until in the nth application
du = e, ”(Bat96). In this way, Equation 2.7 can be expressed as

Ki=R (2.8)
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where

n-ele n-ele

R = Z / m) T (m)gB (m dV+Z / <m HSf (m)gSt (m) 1g.

)Sf

K is known as the stiffness matrix of the element, and is given by

n-ele

K= Z / m ¢ mpB mqy. (2.9)

In case that concentrated loads are going to be considered, they are written
directly in vector R in the posicion corresponding to the discrete displacement
variable 1 where the concentrated load is applied. This kind of loads were not
considered in the functional Il,, g, Joz;) because in real world, punctual forces
does not exist; instead, forces over a very small area do exist.






Chapter 3

Large Displacement-based
Nonlinear FEA

In the previous chapter, only small displacements were considered. “The fact
that the displacements must be small has entered into evaluation of matric K
and load vector R because all integrations have been performed over the original
volume of the finite elements, and the strain-displacement matriz "™ B of each
element was assumed to be constant and independent of the element displace-
ments”(Bat96). Therefore, the formulation described therein, applies only to
a certain kind of problems with many engineering restrictive characteristics.
Hence, a more general formulation considering large displacements represents
a better approach to the real conditions of some problems. This fact will be
discussed in this chapter; first some basic concepts will be explained, followed
by the mathematical formulation of the problem which must be solved. Fi-
nally, the formulation for the incremental Total Lagrangian equations will be
described, which leads to the Finite Element equations.

3.1 Basic Notions

In large deformation analysis, the domain V' of the body is changing contin-
uously, as well as its boundary conditions and the external loads. Therefore,
if the coordinate system chosen remains stationary and the body is moving in
this coordinate frame, the stress and strain measures (7;;,€;;) used in small
displacement analysis, become useless because they vary under rigid body
rotations, which is not allowed by the Principle of Frame Indifference!. Fur-

lsee (Mal69) for an explanation

21



22 Chapter 3. FEA for Large Displacements

thermore, the small strain tensor e;; by definition does not take into account
higher order terms which are necessary in a large deformation analysis. Thus,
corresponding stress and strain measures which are invariant under rigid body
rotations and with no omission of higher order terms must be defined.

Several different kinds of strain, stress, and some other related quantities
have been proposed. This quantities might be defined in terms of the unde-
formed configuration (Lagrangian formulation), or in terms of the deformed
configuration (Eulerian formulation). The coordinates of the undeformed orig-
inal object are known as material coordinates, and therefore are used by the
Lagrangian formulation. Instead, Eulerian formulation uses spatial coordinates
which are those of the deformed configuration.

Z+ALV

H»AfP . (t+A1‘1 H»AtTZ 1+A1]:3>

Figure 3.1: Movement of a point in large displacement analysis.

For this kind of problems it is necessary to employ an incremental formu-
lation. A time variable ¢ describes the loading and the motion of the body.
The aim is to evaluate the equilibrium positions of the complete body at the
discrete time points 0, At,2At,3At, ..., where At is an increment in time.
Towards the solution of the problem, assume that the static and kinematic
variables for all time steps from time 0 to time ¢, inclusive, have been obtained
already. Hence, the location of the body for the next equilibrium position
corresponding to the discrete time t + At needs to be reached. This process
is applied repetitively until the complete solution path has been solved for
(Bat96).

Figure 3.1 shows how a point ‘P € ‘V (the superscript ¢ means that these
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quantities are referred to the configuration at time ¢) in a large deformation
analysis can lie very far away from its initial position after deformation ****u.

In the classical linear theory of elasticity, the displacements experimented
by a deformable body are assumed to be very small. Hence, the final position
AP of a point in a body lies very close to its initial position *P. Approx-
imations based on the idea of infinitesimal displacement lead to a complete
linearisation of the theory of deformation. However, in a more general formu-
lation, it is necessary to abandon this restriction (BC99).

Before new stress and strain quantities are defined, some kinematic mea-
sures of motion for a body must be outlined:

3.1.1 The Displacement gradient and the Deformation
gradient

The deformation suffered by any particle within a body from time ¢ to time ¢+
At, is commonly represented by a 3-D vector (see Figure 3.2) with components

t+Atu — t—i—Atul 0 + t+Atu2j + t—i—AtuS k

Y

where

t+At __ t+AL t t+At __ t+At t t+At __ t+At t
Uy = Ty — T, Ug = To — T2, Uz = Tr3 — I3. (31)

441 will be denoted by u,

Hereafter this point, the amount of deformation
or in indicial notation 2y, = u;.

In Figure 3.2, it is implicitly assumed that the object with domain 'V has
already been deformed from its initial state at time 0 to the state at time ¢.
Of course, at time 0 the original domain of the object was °V. Therefore, the
amount of deformation which takes place between time 0 and ¢ is denoted by

‘u = 'u,, and its vectorial components are:
t t 0 t t 0 t t 0
Uy = T1 — X1, U= Tg— T2, U3= T3z — T3.

In a Cartesian coordinate system, when analysing the deformation of a
body, a particle initially located at a point *P : (*xq, 2o, x3) passes to a point
HALD o (HAly) ALy, AL, Likewise, a particle 'Q : (‘zy + d'ay, 'z +
d'xo, 'z +dlxs) passes to a point FAIQ : (A 4 d Ay Ay + d A,
Ay 4 dHB3), see Figure 3.2. The infinitesimal line *PQ is ordinarily
elongated or contracted when it passes to be line **2*PQ. The differential
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Figure 3.2: Infinitesimal vectors d'z; and d*+*ta;.

vector ‘PQ is denoted by d'z;, and “t2*PQ is denoted by d't?tx;. After
deformation, vector d*x; transforms into d****z; where

dtz; = d'zi i+ d'esj+ dlask

dt+AtIi — dt+Atxli+ dt+Atl’2j+ dt+At1]3 k.

d'Atz; must be interpreted as the position occupied by the deformed material
vector which at its original configuration was d'z;. Therefore, there must be
a set of three functions which transform any point ‘P into a point **4*P and
vice versa. Hence

t+At,, _ t+At
xT; = Li(tay tag,trs)- (32)

This concept can be understood in a more clear way, imaging that every
particle within the domain 'V will be moved towards a new location *2tV
after deformation. The new location of every particle in configuration ¢ + At
will differ from the rest of the other particles. It means, that there must exist
a vector function which transforms the initial coordinates of every particle into
its final position.

The displacement gradient and deformation gradient arise as tensor quan-
tities that measure the deformation of an object. To be able to define these
tensors, it is necessary to remember the definition of the total differential of
a scalar function: Looking at Figure 3.3a and using a first order Taylor’s ap-
proximation, it can be stated that
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tangent plane

Son = f(zl+rir=lll+4i;l/)
e ».r/;)\/”':“‘/‘ N

\\\ / i/, y \ T3
L// , 1 \\\;> ) \\\\\\\X
h\\’\: "/ ‘ j(‘m—(/.z’.,r/xf(/u)
1\
f( ry) \ /
a (l" +dz, 1 +dy) 3 3'1:2 trg +dlay
— y P "
/7(90171/1)
(a) Scalar function in 2-D. (b) vector function in 3-D.
Figure 3.3: Total differential of a function.
~ Y) (z,y)
- yHen| gy Hea g
f@irdegirdy) = farm) Or layun Oy e Y

This concept can be extrapolated to a 3-D vector function as (see Figure 3.3b)

ou; ou; ou;
ur = u; + Y dlzy + Y dlzy + Y dlzs
0%1 6%2 6%3
P (3.3)
ur —u; = uidtx-
) 7 8t:1:j J

where % = 4u;; is known as the displacement gradient. This tensor can be
J

written as a 3 x 3 matrix, that is

Oup  Ou;  Ouy
Otxy Otxg Olxs

Jdua Oua Oug

tUsj = Otxy  Otxo
Jus Ous Ous
Otrxy Otxo  Otxs

However, in order to get a general expression which relates d'™*z; with d'z;,
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the expressions stated in 3.1 are replaced into 3.3, which yields to

* . auz t
up U= d'z;
L
aui
dui = ot dtl'j
L
o t—i—Atxi _ txi
d<t+Atxi tl'l) — ( at )dta:j
Zj
8t+Atm 8t:L‘-
Ay — dty, = t—zdtxj — t—ldtxj
8 l’j 8 I‘j
8t+AtQE~
T T; = ‘dix; — 6;:dtx
dt—i—At dt ; y ;
otz
j
at+At$,
T T; = ‘dlx dlz
dt—f—At ; dt ; ;
otz J
j
at-i—Atx,
At i gt
d T; - d'xj;
Ola;
hence,
tHAE . tHAE t
d Ty = ¢ Ti,j d L. (34)
The expression :72x,; is a second order tensor named in structural mechanics
t 1]
as the deformation gradient. {™*'z; ; can be written in matrix form as
r BH‘Atam at+At$1 8t+At:p1 T
otz Otxo Otxs
t+Atl" o itAtg,  gttAty,  gttAtg,
t ,] Otxy Otzo Otxs
Pttty gttAty.  gittAtg,
Otz Otzo Otxs

Both, the displacement gradient ;u; ; and the deformation gradient ?Atxm

are taking place in configuration t + At; however, they are measured in con-
figuration t.

“?Atxi,j tensor includes rotation plus stretch effects which represents a dis-
advantage. Because constitutive equations employing it will have to be so con-

structed that they will not predict a stress due to rigid body rotation” (Mal69)?.

2For an enhancement of the displacement gradient concept consult references (Mal69),
(Bat96), (BC99)
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Appendix A deduces in matrix form how the expressions for the displacement
gradient and the deformation gradient are obtained for a 3—D Cartesian sys-
tem.

3.1.2 Green-Lagrange strain tensor

The mathematical definition of the Green-Lagrange strain tensor comes from
the idea of measuring how much the length of a piece of material of differential
size has changed when going from its initial configuration to its deformed
configuration. Therefore, the measure obtained from the subtraction of the
final and the initial length of vectors d “*2*x; and d‘x; constitutes the basis to
define the Green-Lagrange strain.

The magnitudes of vectors d***tx; and d'z; can be quantified by their
Euclidean norm, that is

(|| a8, |))? = d Az d A and (|| dtz; |)? = d'w; dta;.

Next, using the Equation 3.4, the subtraction operation: length of d!t%fx;
minus length of d‘z; can be developed as:

(” dt+Atl’i ||)2 o (” dtl’i ||)2 — dt+Atl’idt+AtIi . dtl‘idtl’i
Oi+At,. Gt+At
= iz, Zdtxj iz, ‘dtxy, — dlx;dlxy,

and using the expressions stated in 3.1, the following is obtained

A qTHAL gt d :a(ui ""txi)dtxj O(u; + txi)dt:vk —dtz,d'z;
Ol Oty
Ou; Ouy Ou; O'z;
_ % % dt 'dt 7 2 dt ‘dt

[8txj Otxy, RN Otx; Otxy, A
O'x; Ouy Olx; O'w;

? ? dt ‘dt 1 ? dt ‘dt -

Otz Olxy, L@t Otz Otxy, A

dix; d txi] )
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Now, multiplying by % in both sides of the equation

% A8 43— 4 d ] :%[5; ;Z;d d xk—i—aat Six d'a; dw+
;“Z 5y d'a; d'ay + 6,0y, d'a; d'ay—
dix; d :E,]
:%[5:;1 ;Z;dtxjdt$k+ gt d'r;d'z+
;ijd :Ujd xp+diz;dle; —dlx; d .21:]
1 : 4 ,
A S e,
§+£§Ejk
Hence,
% At d By, — dte,d x} = dtz; e, diay,
where T4 €1, is the Green-Lagrange strain tensor taking place in configuration

t+ At but measured in configuration t.
It can also be easily deduced that

8uk
(9tfljj

(9uj
8txk

t+AE
t Gk =

[t+At Ou; Ou; ]

572 i) (3.5)

1 A 1
Lo -

If the expression defined above is developed for a 3-D system, j = 1,2, 3,
and k = 1,2,3, each one of the terms of the Green-Lagrange tensor are ob-

tained:
RO Ouy 1 [/ Oup \2 N Ouy \ > N Ouz \ ]
Otz 2\ 0tz 0tz Otz ) |
RO 0 Uy 1 [/ Ouy \2 N Ouy \ > N Ousz \ 1
8%2 2 L 8%2 atl’g 8%2 ]
t+At€33 ~ Oug 1 (0w \? n Dus \° N Ouz \ ]
8t.:c3 2 L ('3%3 8%3 6“333 ]
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pnr. L[ 0uy 0w ou; 0wy Ouy Ous  Ous Ousg |
tooG2 = 2 |0tz Otxe Otz 0lzy Otz 0txe  Olwy Olzy]
wne L[ 0us 0w Ou; 0wy Ouy Ous  Ous Oug |
t1B = 2 |0tzy  Otxg Otz dtxs Otz 0txs  Olwy Olws]
AL 1[O0us Ouy Oup Ou;  Ous Ouy  Ous Ous |
toB= 2 |Otwy  Otxz Ol Dty Olwgdlwz  Olzgdlxg|

t+AL _and

This strain measure ;

e does not change under rigid-body rotations®

represents a complete finite strain tensor and not merely an approxunatlon to
it.

There is also an important deformation measure named right Cauchy-
Green deformation tensor which is defined as

t+At

t+At
Lik ¢

t+AtO (36)

Tk,

“ t+AtCJ 18 used to measure the stretch of a material fibber and the change
in angle between adjacent material fibres due to deformation”(Bat96). Indeed,
the strain tensor ["¢;; can be written in terms of [4/Cy; as

t+At
ij =1 Cij = 0ij-

2§+At
Both, ™2'¢;; and T4'Cy; are positive-definite matrices, because they come
from the the evaluation of (|| d*Atz; ||)? and (|| da; ||)*> which are always
positive.
When the displacement gradient is finite, which means that it is not small
compared to unity, it can also be demonstrated that®

t+At

t+At
t  LTkp = Ry,

t+AtU (3 7)
= §+At%q ?Athpa .
therefore, “a multiplicative decomposition into two tensors can be always achieved.
One of which represents a rigid-body rotation +Atqu, while the other is a sym-

metric positive-definite tensor {U,, or AV, 7 (Mal69).

3.1.3 Second Piola-Kirchhoff stress tensor

Looking back into chapter 1, and paying special attention in the way how
the general equation of equilibrium for a 3-D structural object was deduced

3see (Bat96, pag. 518)
4see references (Mal69) and (Bat96) for an explanation

Ssee (Mal69, pag. 172-181)
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(see Equation 1.4). It can be seen that the domain V represents the space
of integration over which Expression 1.4 applies. Indeed, it was implicitly
assumed that V' stands for the current deformed configuration of the object,
which means that V = 4t

In fact, “the stress tensor field ;; is defined as function of the spatial coordi-
nates (Eulerian formulation). Therefore, a suitable strain measure to use with
the Cauchy stress tensor would be one of the strain or deformation tensors of
the FEulerian formulation in terms of the spatial position in the deformed con-
figuration”(Mal69). But the Green-Lagrange strain recently defined with the
intention of being used in a large displacement analysis, has been expressed in
terms of the material points of the body (Lagrangian formulation). Hence, it
becomes important to specify a stress measure as a function of the material
coordinates, as well as a redefinition of the equilibrium equation of motion.

--d P

t+At n;

Figure 3.4: Force vectors for Piola-Kirchhoff stress definitions. Figure taken
from (Mal69, pag. 221)

The Lagrangian stress tensor §+AtTZ»j or better called as the First Piola-
Kirchhoff stress tensor is defined through the expression

de _ (t+Atni t+AtTZ’j)dt+AtS _ (tni §+Atﬂj)dt57

where 7;; is the Cauchy stress tensor, and d F; is the real force vector acting
over d'™2S on the deformed configuration 'V, see Figure 3.4. With the
above expression, a new stress tensor measure :"*"7}; has been defined. This
tensor is related to the actual force vector and the Cauchy stress tensor (both
defined in terms of the spatial position), but actually ?AtTij acts over the
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non-deformed configuration; hence, it is defined in a material configuration
scheme. But even fﬁAtTZj is very simple to define and leads to a simple form
of the equations of motion (equilibrium), it has the disadvantage of being not
symmetric; in consequence, it cannot be used in constitutive equations with a
symmetric strain tensor (Mal69).

The second Piola-Kirchhoff §+At5ij comes up as a symmetric stress tensor
that can be used with the Green-Lagrange strain tensor through appropriate
constitutive relation. “ ?AtSij 18 formulated somewhat differently. Instead of
the actual force d P; on d**21S it gives a force d P; related to the force d P; in
the same way that a material vector d'x; at 'V is related by the deformation
to the corresponding spatial vector d 5z, at AV . That is

dP; = [?Atxmrl dP; justas  d'z; = [?Atxi,j]fl d A,
where dIBZ- and d'S have been stretched and rotated the same amount relative
to the final positions d P; and d'21S respectively”(Mal69), then

dl5j _ [§+Atxj7q] -1 (t+Atni t+AtTiq) dt+AtS _ (tni £+At5’ij) dts. (3.8)

dP,

Now, in order to obtain an expression for the second Piola-Kirchhoff stress in
terms of the Cauchy stress, it is necessary to use the Nanson’s formula® which
says that,

t+At t+AL

p n; Jitatg totn, [§+At$i,j}_1 dls.

Replacing this formula into 3.8 yields to

(tni :‘/H_AtSij) d tS — Bﬁ—&-Atxj’q} -1 (t+Atnp t+Atqu) d t+AtS

t
(57205, ' = 170, (ko [0,

s
dt+Atg

t+At t+At
) Tpq d S

t

t t+Atg N Pt ot t+A
(nlt SZ]) - t.A,_Atp N t+At$k7P

t ot
Tpq t+AtTj,q-

Finally, “for arbitrary unit vector 'n, because this relationship must hold for
any surface area and also any interior surface area that could be created by a
cut in the body. Hence 'n; is arbitrary and can be chosen to be in succession

equal to the unit coordinate vectors”(Mal69), then
¢

t+Atg P ¢ ALt 4
t ij = t+AL, t+AtLip Tpq t+AtLjq- (3.9)

6a demonstration of this formula is deduced in (Mal69, pag. 169)
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This is the expression usually used in large displacement structural mechanics
to relate Cauchy stresses with the second Piola-Kirchoff stress tensor.

3.2 Non-linear equations of motion

The principle of virtual displacements (Equation 1.2) deduced in chapter 1 is
expressed in terms of the spatial coordinates (Eulerian formulation) at time
t + At. In other words, it is applicable to the current deformed configuration
of the object. Therefore, Equation 1.2 can be rewritten as

t+At t+Aty, t+At ¢B 5 (t+At t+At
/ Tij5(t+At€ij) d Vv / fl 5( Uz) d V
t+AtV t+Atv

S S
i / t+Atfi 1 (t—i—Atui f) dtHatg
t+AtSf

(3.10)

In structural mechanics, a Lagrangian formulation is usually preferred instead
of the Eulerian formulation. This happens because the volume of the object
being analysed is not known at time ¢ + At, and also because it is assumed
that the body would return to its natural state when it is unloaded (Mal69).

It is then necessary to rewrite Equation 3.10 using a Lagrangian formula-
tion. In section 3.1.3 it was shown that the Cauchy stress tensor +4t7;; can be
expressed in terms of the second Piola-Kirchhoff stress tensor {74%S;; which
is already written in terms of the material coordinates. However, it is still in-
dispensable to transform the term d,1a.e;; to be able to express the left hand
side of Equation 3.10 in Lagrangian form.

For this purpose, it is precise to consider both a body in its deformed
configuration (time t 4+ At), and in its previous known configuration at time ¢
(time ¢ can be a deformed previous calculated configuration V" or the original
undeformed configuration °V'), see Figure 3.5. A virtual displacement field
§+2A%,, is applied. This field is a function of the spatial coordinates ¢+ At (see
Figure 3.5), and can also be thought as a variation on the displacement field
t+4ty,,;. Hence, it is conceivable to assume that 67?2y, =2 §2tu,. Moreover, a
variation field “2tu; will cause a variation on the small stress tensor Ot4-At€i,
where

t+2At,, t+2At,,
— 0y, N Oy 1 (1280, ; 4 128y, ) (3.11)
t+AtCij = 2 at+Atxj at+At$i - 9 t+At ) T AL T o :
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24t 71,,'(#‘&'1.l .r+Arl,I,>)‘f+Af.,,.v))

X t+AtP(f,+At,L.l t+At1,2 t+At:L,3)
41 ’

S 5t+2Atu !

b time ¢ + At

EP('wy, g, tag) :
L )
5t+Atu7‘ K

b time ¢ (known configuration)

Figure 3.5: Body at time ¢t + At subjected to virtual displacement field given
by 824, Figure taken from (Bat96, pag. 514)

and "?2%y; is a function of the spatial coordinates at time t + At. That is,

t+2Atui(t+Atm1 Aty ALY Besides

1
t+At, S [erAr . t4At, s
t €= 2 [t Tkit Tk 51]] )

and
1
2

where §(6;;) = 0 because it represents the variation of the delta Kronecker

d0;; which is a constant tensor. Now, it is necessary to find an expression for
5t+At
t

t+AL t+At t+AL t+At t+At
01 e = 2|0 My N + [ O e = 00) ], (3.12)

Il7j

DAy 06 (tay + Ay
5t+At y i i i 5 52
et Oz, Oz, (0:5)

but §11284y,; = §t+A%y,, then

85(t+Atui) B aa(HAtui)‘

toe - t o ’
Otz Otz

B 8(5(t+Atui) N aa‘(t—f—QAtui)

(5§+At T ~

,J ton . - ton .
Ola; Olx;
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Finally,

srisng, 05("T280 ;) 9 A, <t+2At im) <t ) (3.13)

= T
7‘7 2
J at—f—Atxp atxj t+At t+Atp,J

Replacing this expression into Equation 3.12,

1
t+At L[ strant t+At AL, t+AL . t+2At t+AL
0y ~eij = ) <5t+At k,p ) Lp,it k,j + (5t+At n) xn,J}
changing index k by p
1 —
_ _|t+at, t+2AtL t+AL AL, t+2AL t+AL .
~ ol <5t+At Uk, ) ¢ Tkt <5t+At pn) t "Enu}

—~

changing index n by k

_t+At t+2A¢ t+AL, t+AL, t+2At t+At
(5t+At ,p> t kj T4 <5t+At pk ) xk,y]

_ AL, t12At t+2At t+AL,

= ¢ [ <5t+At k.p 5t+At Up, k)} Lk,js

and according to Equation 3.11, it can be easily seen that

|
N | =
-

AL AL t+At
Op “€ij = " Tpy |:5t+At€kp:| ¢ Tl (3.14)

Now, the left side of Equation 3.10 can be transformed into
A A t+AtP A A A
/ t+ tTij Sesnteis daty — / ( t §+ t%p §+ tSp t+AL m)
t+ALY, t+ ALY, 1%

¢ ¢ t t+AL
<t+At$n,z’ |:6t+At6mn} t+At$mJ) d V.

And because

t+At t _ t+At ¢ _ }
Tip 4 AtTni = Onp, and Tig t+AtTmj = Omg;

thus
t+AL

t+AL tHALY P t+AL t+AL t+AL
/ Tij 6t+At€ij d V= . 5np(5mqt Spq 575 €Emn d vV
t+Aty, t+ ALY P
_ t+At t+At ¢
—/ £ Opg0p T epgd’V
ty
where 8t 1A =ty V. In this way,

t+At t+At t _ t+At pB ct+At t+At
[ i S 0 Tlepg d V—fwt [0 ud V
\% \%
. . (3.15)
+ t+Atfi f 6t+Atui f dt+AtS_
t+AtSf
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This result is used for the development of the two general continuum mechanics
incremental formulations of nonlinear problems: Total Lagrangian (TL) and
Updated Lagrangian (UL). In the TL formulation all static and kinematic
variables are referred to the initial configuration at time 0. Whereas in the
UL formulation all the static and kinematic variables are referred to the last
calculated configuration at time ¢ (Bat96).

The result found in 3.15 is referred to configuration at time ¢, but instead,
configuration at time 0 could be chosen. This means that any possible con-
figuration between time 0 and ¢ can be used to refer all the variables in 3.15.
Therefore, it is also feasible to state that

t+At t+At _ t+At t+At 0
/ Tij 5t+At€ij d V= / 0 Spq 50 €pg d ‘/, (316)
t+AtV OV

and

t+At t-+AL 0 o t+At rB ct+At t+At
/ LHALg hEALe v/ FB §traty, qiraty
OV t+AtV

(3.17)
+/ t+AtfiSf 5t+Atuff dt-&-AtS’
t+AtSf

which represents the general expression used for the TL formulation.

The right hand side of equations 3.15 and 3.17 is still written in terms of
configuration at time ¢ + At. To overcome this problem and for simplicity
it will be assumed that the loading is deformation-independent. This implies
that the load does not change its direction and magnitude as a function of
the displacement. This specific type of loading is typically used to model
concentrated loads which in reality are forces acting over a small surface area.
The deformation-independent assumption allows to state that the load will
be the same during the whole incremental process and the integration will be
carried out over V. Hence

S S
t—i—AtR — H_AtfiB 5t+Atui dt—i—AtV + t+Atfi f 5t+Atui f dt—i—AtS
t+ALY, tHALS

:/ °f° 5°uid°V+/ 051 50u" d08.
oy 05,
(3.18)

Expressions 3.15 and 3.17 are simply the principle of virtual displacements
written in terms of the Green-Lagrange strain tensor and the second Piola-
Kirchhoff stresses. This expression represents a nonlinear system of equations
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which in general cannot be solve directly. Therefore, “an approzimate solution
can be obtained by referring all variables to a previously calculated known equi-
librium configuration and linearising the resulting equation. This solution can
be improved by an iteration process”(Bat96). Hereafter, the solution at time
t will be considered as the last calculated equilibrium configuration. Between
time 0 and time ¢ there is the whole path of time steps previously calculated
by the iteration procedure. However, for the TL and UL formulations, only
configurations at time 0 and ¢ (not the whole path of time steps between them)
are important. This fact occurs because all the static and kinematic variables
are referred to times 0 and ¢.

3.3 Linearisation of the principle of virtual dis-
placements. Total Lagrangian Formula-
tion

In this report, the TL formulation has been chosen instead of the UL formu-
lation. There is no apparent reason to take this decision; indeed, it does not
matter what formulation is chosen “if in the numerical solution the appropriate
constitutive tensors are employed, identical results are obtained”(Bat96).
First, it is appropriate to get the incremental decomposition for the second
Piola-Kirchhoff stresses and the Green-Lagrange strain: According to Figure

t+At Q.
0 Sij

0Sij

to. _ten ot
095 = 0Clijrs 0Ers

0€rs

t t+At
0€rs 0 Crs

Figure 3.6: Incremetal decomposition of the stress and the strain tensors.
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3.6, it can be appreciated that

6+At5ij - 65‘” ‘|— OSij (319)
6+At€rs = 667’8 + 0€rs,

BCZ-J-TS represents a four order tensor which relates the second Piola-Kirchhoff
stresses with the Green-Lagrange strains. In this particular case the gcijm
tensor takes place at time ¢ but is measured in configuration at time 0. It
is important to remember that [C;;s can be linear or non-linear. Indeed,
the effectiveness of the iterative procedure and, whether a large or a small
strain formulation is considered, depends on the use of appropriate stress-
strain relationships. Note that the four order tensor BCU-TS is different to the
right Cauchy-Green deformation tensor {C;;, which is a second order tensor.

Equation 3.5 can be written as

AL l {at—f—Atui at—&-AtUk 8t+Atuk:|
b

0 “ 2 0033]' 8%2- 00332- 8033]-

at+At uj

where 8y, = tu; + u;, then

V| {Gtui Ou; Oy Ou (8tuk 8uk> (8tuk Ouy, )}
0 ) — = ‘l‘ ‘l‘

6.
* 2 0%]- 8037]' 80331- 80;131- 8O$i 8%2- 80.17]' 80:1:j

_ l[atui N Ou; — O'uy  Ouj  O'wuy Ouy
2L0%,;  Oz; OOz, Oz,  0Vx; PO
8tuk Ouk auk 6tuk Guk 0uk
Pz; Ox;  x; Ox; Nz, 80%}
1 [8%@ Ouy Oy 8tuk] N
210%; 0z 0% 0%
1 [ Ou; Ouj  O'wy Quy,  Ouy, O'uy, 1 Oug Ouy
? [80xj Nx; O Ox;  Ox; 0Oy \580_@ 8%@'

Thus

t+AL _t .
0 €ij = o€ij T 0€ij + oMij}
——

0€ij

therefore, it can be said that

t+At _ t _ gt
50 Eij = (5(061‘]‘ -+ 06”') = 506¢j -+ 50€ij7

(3.20)
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but dhe;; = 0 because the variation is taken about the configuration at time
t+ At.

Replacing equations 3.19 and 3.20 into the principle of virtual displace-
ments (Equation 3.17), the following expression is obtained

t+At t+At 0y, __ t+At
/ 0 S’ij 50 €ij dV = R
oy

l ) (gsz-j + Osij) (50% i 50%) 40V = AR

00€ij

AV (ésij do€s; + SSij doMij + 0Sij 5061-]-) 4%V = t+Atp

zv ()Sij 506,‘]‘ dOV + [V 65” 50771‘]‘ dOV = H—AtR — lv SS” 5062‘]‘ .

/ term 3

TV TV
term 1 term 2 term 4

Terms 2, 3, and 4 are linear in the incremental displacements u;, but term 1
is highly nonlinear. The linearity of terms 2, 3, and 4, with respect to u; will
be evident once the discrete finite element equations are assembled. Instead,
term 1 has to be linearised, for that porpuse a Taylor series of expansion up
to a first order of approximation is used. That is,

9454

i 0€rs

aoers

t+At t _ _t
0 Sij - OSij = OS'ij = ocijrs 0€rs,

tHAtQ  _t Q.
0 Si =05 +

using this approximation, term 1 is transformed into

/ OSij 506@‘ dOV = / (60ijrs OErs> 5061‘j dOV
oy oy

:/ gcijrs<0€rs+0 Nrs )5(0€ij+0 Nij )dov
oy, ~~ S~~~

neglect neglect
t 0
:/ OCz’jrsoers(S[)eijd V.
oy

The linearisation procedure explained here constitutes an enhanced deduction
of the one published by reference (Bat96, pag. 525).

Finally, the linearised principle of virtual displacements in a TL formulation
can be written as

/ BCZ-jrs 0Crs (Soeij dOV + / BS” (5077@' dOV = t+AtR — / BSZ] (5061‘]', (321)
% % \%

0
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this expression is used directly in the Finite Element formulation for large
displacements. The above equation can be written in matrix notation as

5‘1T(A33§ {C 4By d°V + %VBBJTVL b bBy d°V )i =
s’ (AR — / (B S V),
oy
and following the same procedure explained in section 2.1 yields to,
(gKL + gKNL)ﬁ N ) (3.22)

In the next chapters, matrices K, § Kz, and vectors 2R, and F will be
deduced for several types of elements.

Once the linear system of equations 3.22 is solved, it is precise to find how
much difference there exists between the internal virtual work and the external
virtual work, and continue with an iterative procedure until this difference
tends to zero. The internal virtual work can be calculated with the state
variables calculated by the system of finite equations, and the external virtual
work is given by TA'R.7

this procedure is explained in more detail in (Bat96, pag. 526)






Chapter 4

Bar or Truss Elements

When begining with the study of the underlying theory used by the Finite
Element Method, usually bars or truss elements are chosen as the first type
of elements to be analysed. These elements are chosen because they are easy
to define from the structural point of view; furthermore, the Finite Element
equations can be mathematically deduced in a simple and understandable way.
A truss element is defined as a structural part, which is capable of supporting
loads only in the direction normal to its cross-sectional area. Therefore, the
strains and the stresses can only be transmitted in that direction. It is also
important to remark that the strains and the stresses are considered to be
constant over the cross-sectional area of the element.

4.1 Bars under the small displacements hy-
pothesis

Considering only small displacements and small deformations for a two-node
bar element with only one degree of freedom per node, and with constant
cross-sectional area, it can be easily deduced that its stiffness matrix is given

by
EAl 1 -1

(m) | —

k-EAlL 1) »
where F is the linear-elastic modulus of the material, A is the value of the
cross-sectional area, and L is the length of the bar. Hereafter this point, the
superscript (m), which denotes the m-th element of the assemblage, will be
ommited; this is done because henceforward only the FEM equations for single

non-assembled elements will be stated.

41
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To be able to arrive to the stiffness matrix 4.1, the Finite Element equa-
tions can be proposed in any convenient reference system. It is clear that if an
inconvenient reference system is chosen, some mathematical problems in the
deduction process might be obtained, but eventually, because of the Frame
Indifference Principle! the same results must be achieved. The Frame Indiffer-
ence Principle states that the frame of reference is only a mathematical artifice
and it does not have any physical meaning. Therefore, it does not matter which
frame of reference is chosen, the physical response of the structure analysed
cannot be affected.

To aim towards the understanding of this principle, the FEM equations for
a truss element will be stated in two different systems of reference; of course,
the final results found must be similar. The problem to be solved can be defined
as: A unidimensional truss element is located in the z — y Cartesian plane,
and it has been rotated a 6 angle with respect to the x axis. The element has
constant cross-sectional area A, a total length L, and its modulus of elasticity
is F; see Figure 4.1a. Find the stiffness matrix of the element, stating the
strain and the stress tensors both in a x — y global Cartesian system, and in
a * — ¥y local system.

50

X

(a) Original 2-D geometry of the bar. (b) Truss element + degrees of freedom

Figure 4.1: Bar or truss element

First, a convenient local reference system r — y which coincides with the
principal axes of the element is chosen, see Figure 4.1. It is also important to
remember that a truss element can only support tension or compression loads.
For that reason, in the local system of reference, only degrees of freedom

!For an enhancement of this principle consult reference (Mal69)



4.1. Bars under the small displacements hypothesis 43

and uy along the longitudinal axis of the bar are considered, see Figure 4.1b.
In this way, the strain and the stress tensors, e;; and 7;; respectively, have
values only for the direction normal to the cross-sectional area. This means
that only the components ey; and 77 have values other than zero. The strain
tensor e;; can be written in matrix form as

~_[@m 0] _Je 0
Y10 0] | 0 0}

_  Ou
Crr — 8_:'5

where e, is given by

The global x — y Cartesian system can be related to the local  — 3 system
via equations

Ty = Tcosl — ysind T(ay) = v o8l +ysind 42)
Y@z = Tsinfd +ycosd Y(zy) = —xsinf +ycosb. '

Even though the bar is a one dimensional element, in this particular case it
is placed on a two dimensional space, and the z axis coincides with the z axis;
therefore, this axis is not taken into account into the above equations. If the
bar element would be located in the 3-D space with no coincidence between
the z and z axes, then it would be necessary to modify the equations in 4.2.

Considering the complete bar as an assemblage of two nodes, one can as-
sume a variational linear displacement between the two nodes of the element.
Consequently, functions for the displacements can be constructed as

U(g) = hl(g)ul + hQ(g)UQ ~ ~ ~
nghlgul—i—thUg 4.3
v = a1 + hagevs @ = h@ (@) (4.3)

where hyz) and hy) are the unidimensional linear base functions for the truss
element shown in Figure 4.1b, and they are given by

1 /L _ 1 /L _
hl(g) = z <§ — I) hg(g) = z (5 + :L’) .

In the global x — y Cartesian system, the strain tensor e;; has components
€11 = €gg, €22 = €4y, aNd €12 = €91 = €, Which can be written in matrix form

as
€zz CExy
eij = .
€zy Cyy
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This values are given by

ou ov L Ou  Ov | ey
and exy—§<8—y+£)_

Crx = %a Cyy = 8_y’

2 I

When computing the partial derivatives of u) and vg) with respect to z and
Yy, the chain rule should be used:

0 _00dx 00y o 0z 07 o
or 0xdx Oyox Oz Oz Ox oz
o 00F 00y o | | sl ol
dy  0Tdy  Iyoy % v oy Ly

and in the same way

0 _00r 09y o or oy 5
or Oxdr Oyor . oz _ oz % o
o  90x 0oy o e o || o
Jy 0z 0y  Oyoy a5 o5 o5 By

Hence, using the equations in 4.2

- 8 A _ , 2 o8 -
3z cosf —sinf o=
o | o |’
| 95 _sm@ cos 6 IR
and - ) I
7% cosf sinf B2
0 ; 0
| 5 _—sm@ cos@_ | 9y

In this way, according to the relations in 4.3, it is possible to state that

Ou _ O 0t Ohw 0T
dr 0T Ox ' 0% Ox
8u 8h1(5) (95}/ 8h2@ (955
- = — —U1+ — U2
oy or 0Oy or Oy
v g 0t~ Ohym 0T
or 0% oz ' 0% Oz
— = —~—U1 + —— —79.
dy or Oy or Oy

V2
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Now it is possible to compute the values of the strain tensors e;; and e;;.
That is,

ou 1 0 +1 0
Cpp = — = ——cosBu; + — cos b usy

ox L L
Cop = Y2 z “ cos 0

8u+8v 1'0+1'9 1 9+1 9
oy = — + — = ——sinfu; + —sinfus — — cosfv; + —cosfv
Ty dy Oz L "L L YL ’
fyxy:u2;ulsin9+v2_vlcose

0 1
eyy:a—vz—zsin9v1+zsin0v2

Y
Cyy = 2 2 il sin @
N_aﬂ__1~+1~_62—61
o Tor T LML T T

where e;; written in matrix form is given by

1
Cxx 3 Vzy

61‘]'
1 e
3 Vzy vy

In order to show that the state of strains at any point of bar is the same, no
matter which system of reference has been chosen, it is necessary to transform
e;; into e;;. This transformation is carried out by the characteristic law for
tensors

ei;; = Py Pjiex,

where Py, = cos((gi, ¢r), and QAS;-, ¢ are the director vectors of each frame of
reference. For the particular case being analysed Py, written in matrix form is
given by

cosf sind
Py =
—sinf cos6
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In consequence,

€11 = €zp = Pipy Pryew = PiiPyey + Pia Prey
= P1Prien+ PiiPiaes + PiaPryes + PiaPrsess
— cos?feq; + 2cosf sinf egy + sin? 6 egy

= cos®feqq + cos sinf yio + sin’® 0 eqn

Uz — U1 U — UL . Vg — U1 .
= 7 cos® 0 + sinf + cos@ | cosf sind
Vg — U1 .
—~ 6,
1 __
€12 = 5%y = Piy Pyeyy = PriPyey + Pra Pyey

= P11 Pye11 + Pi1Pagera + PioPoyea) + PraPoses

= —cosf sinfey; + cos?fejy —sin®hesy + cosh sinh eq

. Y12 . Y12 .
= —cosf sinfey; + cos’ == — stGT + cos @ sinf ey
Ug — U . U — UL . V2 — 11 .
= — 7 cosfsinf — sinf + cos@ | sinf cosf
Vg — V1 .
+ 7 sin®f cos 6,

€22 = €yy = Doy, Pyjeyy = Po1 Pojeq + Py Py €9
= Py1 Py1 e11 + Po1 Py e1g + PooPoy €91 + PoyPa €99

sinf ey — 2cosf sinh eps + cos? eg

= sin®f ey — cosf sinf yio + cos® eq

U2 — U .
= 7 cos @ sin’ 6 —

Vg — U1

L

Ug — U V2 — U1

sinf + cosf | cosf sinf

+ cos? fsinb .

Subsequently, expressing wuq, us, v1, and vy in terms of u; and s, it can be
easily seen that

U] =Up cos b U9 =Usy COS 0

v; =u; sinf Vg =y Sin .
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Hence,
Crx _ 1 Zul cos* 0 + 0 Eul + 0 Z ht cos? @ sin 6 + Y2 M Gnte
~ 1. _ - -
Cor =7 [(W2 — U1) cos™ 6 + 2(uy — ;) cos® Osin® 0 + (U — ;) sin 4]
Cop = (2 — ) [0084 0 + cos® A sin? 6 + sin* 0] = M [0082 6 + sin® 9}2
—— (ug —wy)
e([{E - L 9
Cry L Z " os?fsin? 6 — {2112 Z ul} cos® fsin® 6§ + 12 Z " 052 B sin? 0
Eyy :@ [C082 0 sin* @ — cos® @ sin®  — cos® O sin® O + cos? O sin* 9]
eyy =0,

o | (@ i — i

% L 7 U os® fsin 0 + 3 [MCOSQ sin 6 + McosQ sin 6

(cos? @ — sin® ) + —(u2 Z )

% :% [— cos’ @sinf + cos® fsinf — cosf sin® § + cos § sin® 9}
o
2
In this form, it was shown that tensor e;; can be transformed into e;;, and the
same results may be achieved employing any of the two particular systems of

reference used so far.

To be able to calculate the stiffness matrix of the element via Equation
2.9, the finite element equations can be formulated either in the z — y global
Cartesian system or in the 7 — y local system. In the local system of reference,
the only component of the strain tensor e;; different from zero is e;;. This
fact represents an advantage to compute the integral involved in Equation 2.9.
Moreover, due to plane 3 — z was chosen on purpose to be parallel to the
cross-sectional area A of the bar, it can be considered as a constant or at least
as a function of the r axis. Even more, in this local system the constitutive
material properties described by tensor Cjjm,, can be fully described using
only the Elastic Modulus £ and this tensor does not have to be transformed
into the global Cartesian system.

—é5y = 0.
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Stiffness matrix 4.1 was deduced for a two-node bar element with constant
cross-sectional area A. Furthermore, a local reference system was used, and
only one degree of freedom aligned with this local system was considered on
each node. However, when several bar elements are connected and they are
not aligned one another, it is necessary to rotate the local degrees of freedom
into a global general system of reference. But even though the local degrees of
freedom are rotated into a global system, it is still a good strategy to perform
the integral for the stiffness matrix in the local coordinate system. To enhance
this strategy, the finite element equations for the truss element shown in Figure
4.1 will be formulated in a Cartesian system x —y with two degrees of freedom
per node. This Cartesian system is going to be considered as the global system
of reference. The degrees of freedom are going to be aligned with the z and y
global Cartesian axes. Thereafter, the strain tensor e;; is going to be rotated
into the local reference system = — y to obtain e;;, but the degrees of freedom
will remain without rotation. In order to begin with this strategy, the equations
for the strain tensor e;; in the global Cartesian system are stated:

_Omox — Ohy 0
“r = ozt 0% o 2

Cop = [ hiz cos@ 0 hgzcosf 0O ] u,

. T
where hy 7 = %, hoz = %, and 4 = [ U V1 Uz Vo ] . Also

2 2loxoy " 9T oy > oxoxr ' 0rdx
% =[ hyzsin® hizcosf hyzsind hyzcosd |,

and
WOz oy L 0T Oy
Cyy = [ 0 hizsinf 0 hyzsind } u.

As it was stated before

Cow = €pz COSZ 0 + 2% cosf sinf + e, sin®60

Yoy = 0
eyy = 0;
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hence,

Coe :{cosﬁ [ hiz 0 hez O } cos? 0

1
+ 25 [ higzsin® hyzcos hezsing hyz cost } cos sinf +

+5in0 [0 Iz 0 hag ]sin’6 i

:{ [ higcos®d 0 hyzcos®f 0]
+ [ hiz cosf sin®@ hyz cos?@sind hyz cosf sin®  hayz cos?Osind |
+10 hgsin®0 0 hagsin’d | fa

Cop = [ hyz cos@ hyzsind hez cos@ hyzsing } u,
and according to Equation 2.2, e = B, thus

€ =B

Cop = [ hiz cos@ hizsin€ hoz cosf hyz sinf } .

In this way, the strain tensor e;; has been rotated into the local reference system
to obtain e;;, but the global degrees of freedom are still in the global Cartesian
system. According to Equation 2.9, the stiffness matrix of the element is given

by

K:/BTCBdV
Vv
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where
cos? @ cosf sin 6 —cos’f  —cos# sinf
M= i cosf sinf sin? 6 —cosf sinf —sin’6
L2 —cos?f  —cosf sinf cos?d cosf sin 6
—cosf sinf —sin’d cosf sinf sin? 6
Hence
cos? 0 cosf sinf —cos? 6 —cosf sinf
K_ E_A cos@ sinf sin’ @ —cosf sind —sin’6 (4.4)
L —cos?f  —cos# sinf cos? 6 cos 6 sin 6 :
—cosf sinf —sin% 6 cos @ sinf sin® 6

The matrix above constitutes the general expression used for truss elements
which are placed on a plane. Indeed, Expression 4.1 can be obtained assuming
6 = 0 in Equation 4.4, and considering only two degrees of freedom per node
which are aligned with the main axis of the bar. The methodoly described
herein to achieve the stiffness matrix 4.4 does not represent the traditional
way described in FEM books; moreover, it introduces the basic mathematical
foundations of shell analysis.

4.2 Bars under the large displacements hy-
pothesis

In the previous section, only small displacements were considered. Therefore,
in the evaluation of the stiffness matrix K all integrations were performed
over the original volume of the bar. When considering the large displacement
hypothesis, the use of the formulation described in chapter 3 becomes necessary
and matrices { K, { K, and vector jF described therein must be calculated.
A Total Lagrangian (TL) formulation will be used, but if instead, an Updated
Lagrangian (UL) formulation is preferred, it could be deduced in a very similar
way.

In this section the general case of a bar located in the plane will be ad-
dressed. The truss element is placed on a global %z, — %z, Cartesian system,
and it has been rotated a # angle with respect to the Yx; axis, see Figure 4.2.

As described in chapter 3, a time variable ¢ describes the loading and the
motion of the body. The aim is to evaluate the equilibrium positions of the
complete body at the discrete time points 0, At, 2At,3At, ..., where At is an
increment in time. Towards the solution of the problem, assume that the static
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0 t t
Moyt Tug, uy

@

time ¢ + At

time ¢

ZQ: t':E27 tﬂ?ﬁ }7'2

- [)"Ar’('lﬁ/?fltllalaal

0,.1 0 t t
T1, T1, U1, Ut

Figure 4.2: General 2-D Truss element in a large displacement analysis.

and kinematic variables for all time steps from time 0 to time ¢, inclusive, have
been obtained already (Bat96).

Even though a large displacement scenario is being addressed, in a TL
formulation the evaluation of the linear and nonlinear stiffness matrices, as
well as vector fF must be performed over the volume of the bar at time 0
(original volume of the element)?. Therefore, a good strategy would be to
choose a local system of reference °7; — “7, aligned with the main axes of the
element, see Figure 4.2. In this way, the strains and the stresses along the bar
will only have non zero values in the position associated with the direction
normal to the cross-sectional area. In consequence, only expressions for geqq,
dom1, and her; must be found.

The element shown in Figure 4.2 is a two-node bar element with two dis-

2see chapter 3 for a better understanding of the TL formulation
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placement degrees of freedom (dof) per node. The directions of the local dofs
coincide with the directions of the axes of the local system of reference %z, —°Z5.
These dofs are denoted by *u¥ and u¥, where i = 1,2 represents the directions
of the local axes, and k = 1,2 represents the node number associated to each
dof. ¥ represents the calculated values of the dofs for all the time steps from
time 0 to time ¢; while @¥ represents the unknown dofs from time ¢ to time

t + At.

b 0 t t
T2, T2, U2, U2

t t
Ty, T1, U1, Ur

0

Figure 4.3: Degrees of freedom in the global Cartesian system %z; — %z,, and

in the local system °z; — %7,

It is also possible to define global displacement dofs ‘u¥ and u* associated
to the global Cartesian system °z; — %zy. These dofs are aligned with the
global Cartesian axes and can be easily written in terms of the local dofs or
vice versa, as follows (see Figure 4.3):

) = "uy cos § + 'ul sin @ a7 = "u cos § + 'us sin 6
t~1 t~2 (45)

Uy = —'ulsin @ + ‘uj cos 6 a3 = —'u?sin 6 + ‘ul cos ),
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or in matrix form

b cosf sinf 0 0 tug
) | | —sinf cosf 0 0 bug (4.6)
u? 0 0  cosf sinf b2 |7 '
a2 0 0 —sinf cosf bu2

N - 7
a M ta

where M is a rotation matrix which transforms local displacements dofs to
the global Cartesian system. Matrix M can also be used to relate uf with u¥
applying the same procedure described above.

The local element longitudinal strains geyq, o711, and feq; written in terms
of the local dofs are given by

. Jdwy Oy Ouy

= 4.
R T AN T A T (47)
(10w 0w
doni1 = 0 [280%1 80%} (4.8)
L0t 10% 0T, o)

0N T 9% T 209, 0%,
However, “in finite element formulations, the natural coordinate system has
been found to be quite effective in formulating the element properties. The
natural coordinate system is a local system in which a point within an element
will be expressed by a dimensionless set of numbers whose magnitude never
exceed unity. Moreover, this systems will be so defined that the nodal points
will have unit magnitude or zero, or a convenient set of fractions. This type of
expressing the coordinates also facilitates the integration to compute element
stiffness.” (Kri95) This strategy is usually known as the iso parametric finite
element formulation.

Therefore, to use this strategy, one has to relate the original non-natural
coordinates of the truss element (which could be those measured in the local
or in the global Cartesian system) to the natural iso parametric coordinates,
see Figure 4.4. The local coordinates of the bar can be related to de natural
system trough,

051 = hl(r)of% + hg(r)(]%%, tfl = hl(r)tf% + hg(r)tﬁ; (4.10)

where hy() and hy(y are the so-called interpolation functions, which for this
particular case are given by

1 1
hl(r) = 5(1 —) h2(r) = 5(1 + 7). (4.11)
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Here, hy(;) and hy() are functions only of the natural variable r — —1 <r <1,
which is aligned with the longitudinal axis of the element, see Figure 4.4.

01'2

A 07

> 0

T

Figure 4.4: Element in the global and in the natural coordinate system.

“The principal idea of the iso parametric finite element formulation is to
achieve the relationship between the element displacements at any point and
the element nodal point displacements directly through the use of interpolation
functions.” (Bat96). Similarly as with equations 4.10, expressions for the dis-
placements '@; and u; using the interpolation functions can be found. That
is,

Uy = ha)' U + ho'2, Ui = hig) U + hagy U3 (4.12)
or in matrix form N B
tﬂithﬁ, ﬁz:Hﬁ,
where
o i
hiy 0 heyy O oy Us = Uy
H = , a=| ,~ and a=|
0 hl(r) 0 hg(r) tuf u%

Remember that the values of “i are all known because they represent the
solutions for the static and kinematic variables for all time steps from time 0
to time ¢, inclusive. Instead, G represents the unknown values of the variables
at time ¢t + At.
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Now it is possible to write Expressions 4.7, 4.8, and 4.9 in terms of the
natural coordinates. Using the chain rule one obtains,

—_  OQuy 9r  d'ug Or Jdu Or

— 4.1
0N %, T ar 9%, Or 0% (4.13)
st 414
00 =0 o 9%, ar a0%, (4.14)
t~ ty try
i~ O'uy Or 10%uy, Or Ofu, Or (4.15)

0= T 9%, 2 ar 0%, Or 09,

All the terms in the above equations can be easily found by deriving the
expressions in 4.10 and in 4.12. The term agfl is known as the Jacobian (°.J),
and in this case, it relates the length of the element in the local reference
system to the length of element in the natural coordinate system. From 4.10,

07 can be calculated as

~ 0%, Ohipy gy Ohopy g _ _
0] = ail :‘817"()%%+ ai)0$1=h1,r0$i+h2,ro$%

~ ooy 1o 1,0~ ~
07 — —50951 i §0x2 _ 5(%? _ Ox%),
and according to Figure 4.4
~ 0z; 1 — — oL
07 — = 5[—%%—(—01‘%—0[1)] = 7;
However, in expressions 4.13 to 4.15 it is necessary to calculate the inverse
of the Jacobian (°J~' = {L) instead of °.J. For the particular case being
analysed
~ or 2
07-1
J == 4.16
80.171 0L ( )

Strictly talking, the Jacobian operator is a 3 x 3 matrix “relating the natural
coordinate derivatives to the local coordinate derivatives”(Bat96)3; that means

%z, 9z, Q%3 0~
8/67“ or or or a/a L1
8/(98 _ Nz, %z  Vz3 8/305
Js Js Js 2 ’
a/at Oz, 9% V23 a/aofé
ot ot ot
TV
oJ

3see reference (Bat96, pag 346-347) for a better explanation.
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where 7, s, and t represent the axes of the natural coordinate system. For the
truss element being studied the Jacobian is given by

od
0 0

where °h and °d are the dimensions of the truss along the axes °Z, and 73
respectively. Appendix B upholds this result. In consequence,

o 9 ot 2
9% 951 om iz 0 0
071 _ | o 8s o | _ 2
J o=l m o, | = | 0 o 0,
or s ot 0 0 Ol
i

dxz 0wz O
for that reason Or/0T; = 5.
4.2.1 A general 2-D expression for geq;

By this time, getting appropriate expressions for géi1, o711, and §ep; written
in terms of the state variables of the problem might be easily accomplished.

Beginning with gey;, that would be

or 0w ( or )2 otu, 0wy

0€11 = 5= =
0%, Or 097, dr Or
S~~~ S~—~—
0j-1 0j-1

4 {[hm 0 hy O }tar

2 a
0611:@\[ My 0 hoy O]QJF@ 0 hir 0 ho,

~~
duq
or

hl,r 0 h2,7’ 0 a
0 hl,r 0 hZ,T

~~
duy
or

(.
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and if @ and ‘4 are transformed into the global Cartesian system using the

rotation matrix M used in 4.6; hence,
2 4 hi, 0 hy, 0 10
0€11 :E [ hl,r 0 h2,r 0 } M+ mtﬁTMT (1)’r hy é’r hy
H,

hiy, 0 hyy O .
0 hi, 0 hoy M

H,
2 N
Z@[mwo hoy 0] Mu+
(hl,T)Q 0 hl,rh2,r 0
4 taT 0 (hl,r)2 0 hl,th,T T ~
m " hl,th,r 0 (hQ,r)2 0 M Mu’
(h2,r)2

0 hl,th,r 0
but M is an orthogonal matrix, then M7 M = I, where I is the identity matrix;

therefore,

— 2
0€11 :@
4

0L
tu%itu% tuéitu% tugitu% tugitu% i
0L 0L 0r 0r,
t,,1_t,2 t,,1_t,2 t,2_t,1 t,2_t,1
_ uy—uy Upg— Uy uy—"uy Uy —"uy : (1-
07 [ oL cos 6 T sin 6 57— + cost or = +sinf | W
NG -~ J
6BL
(4.17)

f Br, is known as the linear strain displacement matrix. Consequently
—_— _ tB A
0€11 = obru.

Matrix § By, is used to calculate matrix § K, appearing in Equation 3.22. [ K},

is known as the linear stiffness matrix of the element.
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4.2.2 A general 2—D expression for dgn;

An expression for dgn;; can also be obtained by following the same strategy
used to get geyy, that is

M =020 9%, or 0%
—— ~——
0j-1 0j-1
_18’(7]C or Gﬂk or 8ﬂk or 18?7]C or
_2 ar 80f1 or 80%1 or 8057/1 2 0r 80% ’
and 0 860—;1 = 0 because the variation is taken with respect to displacements y;
hence,
S s Oug| Or Ou, Or
M= | 9%, ar 0%,
_ hl,r 0 hQ,r 0 56 g i hl,r 0 h2,7” 0 a i
N 0 hl,r 0 h?,r 0L 0 hl,r 0 h'2,r OL.
ng 656%1@

Moreover, if 1 is transformed into the global Cartesian system using the rota-
tion matrix M used in 4.6, then

0 Ay 0 hoy | OL| 0 Ry, 0 ke |MUaL

T
N 9 )

507711 = 6ﬁTMT |: hl,'r 0 h2’r 0 :| |: hl,r 0 h2,r 0 :|

Remember that §(M @) = M du because 6M = 0. Now, arranging terms and

accounting for MTM =1,

T
. hi, 0 hy, O 2 Thy, 0 hy 0 ]2
_ AT 1,r 2,r - 1,r 2,r “ o
dors = ou l 0 hy, 0 hz,r] OL[ 0 hy, 0 hz,r]o o,
5 Bas]T By

(4.18)
where ! Byy, is known as the non-linear strain displacement matrix. Conse-
quently

(hl,'r)2 O hl,th,r O
o4 0 (h,)? 0 hihey | .
_ T = 1,r 1,r2r
607711 a 5u 0L2 hl,th,r O (hQ,T)Q O -
0 hl,th,r 0 (hQ,T)2
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Finally, giving numerical values to the matrix above, the final expression for
do711 is obtained:

1 0 -1 0
— o 1 o 1 0 -—-1/|.
0 -1 0 1

This expression can be directly used to calculate the non-linear stiffness matrix

t
()KNL-

4.2.3 A general 2-D expression for {ej;

Within this TL large displacement formulation for truss elements, it is in-
evitable to deal with the strain {e;1*. Therefore, an expression for it must also
be found. Following the same strategy used for geq; and don1,

i — Or d%y 1( or )2 0ty 0y,

0= 50%, ar | 2\0%, ) or or
~ —~
OJ—I 0]—1
9 1 4 hi., 0 hy, O T
_ 4 tx L= 1,r 2,7 tx
_OL\[ hiy O EQ,’/‘ 0] 1{"’_20[]2 [ [ 0 Ay, O h27r1 u}
Quy N D d
or atuy

or

hl,r 0 h2,r 0 tﬁ
0 hl,r 0 h2,r '

N J/
-~

u
or

S
ol

Now if 0 is transformed into the global Cartesian system using the rotation
matrix M used in 4.6, it follows that

9 14 My 0 hey 017
. B t A taT T Lr 2.7
0€11 o, [ hir 0 ha, 0} M ‘“ﬁ@ ur M 0 hiy 0 hop
th 0 h2,r 0 125
0 hl,« 0 h2r M
1 0 -1 0
1 .11 ,. -1 0 1 0 -—1],.
=57 [ -1 01 0] Matog"a" | ° o 1 o'
o -1 0 1

4check on chapter 3 for a better understanding of this strain measure
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and making some matrix multiplications,

1 .
6611:@[—C089 —sinf cos6 sin@]tu—l—

11
sope [ (ud =) (ub—td) (<l +%) (~fuh+'d) 40
— 1 : .
ben :@{ [ — "y cos @ — tug sin 6 + “u? cos @ + 'u3 sin 0] +
[(tU% — )y (up = tup)ty (e =t (e — tU%)tU%]}
20L 201 20L 201

(4.20)

The expression above represents the Green-Lagrange strain occurring at time
t but measured in configuration 0. Now, it is possible to compute the Second
Piola-Kirchhoff stress tensor ;Sj;. This can be done using the constitutive
material realtion, e.g. Assume that the BSNH is given in terms of fe; via a
generalised Hook’s law; it means that,

0511 = oCi111 p€11- (4.21)

Considering that the load to be applied to the truss element is deformation-
independent®, all the terms involved in the linearised Principle of Virtual Dis-
placements (Equation 3.21) can be quantified. This is possible using the strain-
displacement relations 4.17, 4.19, and 4.20, together with the stress relation
4.21. It means that the iterative Newton Raphson procedure explained in
chapter 3 can begin. If the procedure is converging, the solution of the non-
linear equations might be achieved when the difference between the internal
virtual work and the external virtual work tends to be zero.

In order to gain more insight on the appropriate construction of matrices
EKp, KN, and vector {F; the example proposed by reference (Bat96, pag.
544-547) is solved in Appendix C. Although this exercise is fully solved in
reference (Bat96), the solution appearing in Appendix C offers more details
and corroborates the validity of Expressions 4.17 to 4.21.

5check into Equation 3.18 for a better understanding of this assumption



Chapter 5

Beam Elements

Although beams elements are bar-like elements whose geometry can be easily
described, the underlying physics used for them is not trivial. For that reason,
the theory of Finite Elements requires a deeper insight compared to elements
such as 2-D plane stress or 1-D bars. A beam can be defined as “a bar-like
structural member whose primary function is to support transverse loading and
carry it to the supports. By bar-like it is meant that one of the dimensions is
considerably larger than the other two. This dimension is called the longitudinal
dimension o the beam”(Fel08).

5.1 Euler-Bernoulli and Timoshenko beams

“Because beams are actually 3—-D solids, all models necessarily involve some
form of approzimations to the underlying physics”(Fel08). The most well
known and highly used theories of beams are: Euler-Bernoulli and Thimoshenko.
Both of them agree that mainly, a beam can support transverse loading due to
the action of bending or flexure. However, the biggest difference between them
lies in the exclusion or not of the shear deformations. Even though this aspect
is not taken into account by the Euler-Bernoulli theory, good results are ob-
tained as long as the element is thin enough to almost neglect the shear effects.
By the other hand, due to the inclusion of this variable into the Timoshenko
theory, slightly thicker structures can be analysed more accurately.

The bending action taking place in a beam “produces compressive longitu-
dinal stresses in one side of the beam and tensile stresses in the other. The two
regions are separated by a neutral surface of zero stress”(Fel08). Commonly, a
beam element is represented by a 1-D straight or curved line. This line coin-
cides with the neutral stress-free mid-surface of the element; Indeed, the real
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3-D displacements of the beam are written in terms of the mid-surface dis-
placements and rotations. In the Timoshenko theory, the transverse displace-
ment of the neutral surface and its angular rotation are treated as independent
variables. Therefore, when using FEM, these variables can be interpolated in-
dependently via an iso parametric formulation, but of course an additional
kinematic expression relating them has to be stated.

In this study, only Timoshenko beams will be addressed. This theory has
been preferred becuase (i) an iso parametric formulation can be easily im-
plemented, and because (ii) the transverse displacements and the rotations
of the mid-surface are interpolated independently, “the inter-element continu-
ity conditions of these variables can be satisfied directly, as in the analysis of
continua” (Bat96).

5.2 Timoshenko beams fundamentals
As it was said before, this theory takes into account shear deformations. There-

fore, a plane section originally normal to the neutral surface of the beam, will
not remain normal after deformation, see Figure 5.1.

Figure 5.1: Deformation of cross section. Figure taken from (Bat96)

“The total rotation of the plane originally normal to the neutral azis of

the beam s given by the rotation of the tangent to the neutral axis Cfi—l: and
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the shear deformation .., where V.. is a constant shearing strain across the
section”(Bat96). That is,

dw
= .. 5.1
B T T (5.1)

The fact that v, is considered as a constant value is merely an approximation.
In reality, a strain ~, varies throughout the cross-section of the beam as well
as the corresponding stress 7, associated to it, see Figure 5.2. These two
quantities can be related by

Ta = G'Ya,

where G is the shear modulus. It is also important to remember that the
actual shear stress acting over the cross-section area is given by

_Va
TdA

where V, is the actual shear force acting over a differential area d A.

“Since the actual shearing stress and strain vary over the section, the shear-
ing strain ., in 5.1 is an equivalent constant strain on a corresponding shear
area As”(Bat96), see Figure 5.2.

Ta

Figure 5.2: Real shear stress on the left vs. assumed constant shear stress on
the right.

Consequently, a constant stress 7,, can be associated to ~,, via 7,, =
G .., where 7., can be calculated as 7,, = %. Vi is therefore defined as
an equivalent constant shear force acting over /is. If a closer look is taken to
Figure 5.2, it can be noted that the drawn direction for the force vectors V,
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and Vg do not coincide with the reality. They only have been drawn like that
in order to sketch their variation all over the cross-section area.
The actual shear strain energy Ugpear 0f a beam can be calculated as

1
Ushear = _/ Tafyadv;
2 )y

however, if the constant shear strain ~,, and stress 7., are used instead of 7,
and 7,; thus, a non-real shear strain energy would be predicted. To overcome
this problem, a correction factor £ has to be introduced into the calculation of
Ugphear, that is

1
Ushear =k _/ Tez Yoz av.
2 \%4

Several articles have been written with the aim of calculating this correction
factor!. For rectangular cross-section area, K.J Bathe proposes a k-value of %.

5.3 Displacement-based formulation for a two-
node Timoshenko beam
In this section the Finite Element Formulation for a two-node Timoshenko

beam will be discussed. However, higher order elements can be implemented
in the same way.

L L
SIS SRR S—
y z y S b
=
777777777 N LS A IS Ih
w1 ‘S w2
B r f&ﬁz
— - -

Figure 5.3: Two-node straight Timoshenko beam. Figure taken from (Bat96,
pag. 402)

see references (Bat96, pag. 399-400) and (GKO7)
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The beam to be analysed has a constant rectangular cross-sectional area
and its total length is L, see Figure 5.3. Each node has two degrees of freedom:
w; and 6;.

The expression bellow applies the Minimum Total Potential Energy Prin-
ciple (Equation 1.1) to the particular beam problem being considered,

IT = Ubending + Ushear - Wbending - Wshear
EIl d GAk d L L
IMm=— < ﬁ) dr+—— <—w—ﬁ> d$—/ pwda:—/ wpdzx,
0 B 0 o Jo 0 B

2 dx 2
A\ A\
~"~ ~~ ~~
Ubending‘ Ushear Wbending Wshear

where p and m represent the tranverse and moment loading per unit length
respectively.

Next, if the first variation of II with respect to w and 3 is taken and the
result is equalised to zero; thus, the principle of virtual displacements will be
obtained. Namely,

EI/O (d@ <d§)dx+GAk/0 (d—w—ﬁ><5——5ﬂ>dx

L L
:/ péwdx—i—/ mofdux.

0 0
(5.2)

Employing the iso parametric formulation discussed in chapter 4, the trans-
verse displacements w and the rotations # can be interpolated as,

w = hygywy + hopyws, B = hiyB1 + ho Ba,

where hy(y and hy(,) are the so-called interpolation functions stated in 4.11.

If a vector 0! = [ wy P1 we Po } containing all the degrees of freedom
of the beam is defined; hence, the expressions above can be written in matrix
form. That is

w = [ hl(r) 0 hQ(»,-) 0 ] fl, ﬂ :\[ 0 hl(r) 0 hg(r) ]Jfl_; (5.3)

. J/

Hay Hpg

and consequently,

dw  Or . dﬁ 8T
%:%[hl,r()hlr O]U—a -

-~ -~

B Bg
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where % = J~! is the inverse of the Jacobian. Replacing these expressions

into Equation 5.2 yields to,

+1

5ﬁT{EI/ B! B; detJd'rJrGAk/
-1

-1

Y (Bw _ H5>T<Bw _ Hg) detJd’r}ﬁ

+1 +1
_ 5ﬁT{ HT p detJ dr +

-1 -1

HE m detJ dr}.
(5.5)

In order to perform the integrals in the convected-natural coordinate system,
it is necessary to replace dx = detJ dr, and the upper and lower integration
limits have to be change for -1 and +1 respectively.?

Following the procedure shown in chapter 2, Expression 5.5 transforms into

Kia=R,

where

+1 +1
K:E]/ B}, Bg detJerrGAk/

(Bw _ H6>T(Bw — Hﬁ) detJ dr,
1 B (5.6)

and
+1 +1

R = HlpdetJdr+ [ HjmdetJdr.
—1 -1
The Jacobian value for a two-node beam element turns out to be the same
Jacobian of a two-node bar-like element. Therefore, according to chapter 4,
% = %, and also detJ = é because only 1-D integrals are pursued. Consider-
ing a k-factor value of 1, Equation 5.6 turns into,

- Gh Gh Gh Gh T

L 2 6 L 2

Gh GhL El Gh GhL Bl
ot

Stiffness matrix K was deduced based on a pure displacement-based formu-
lation. “The use of this element cannot be recommended because the shearing

2Reference (Bat96, pag. 347) explains the reason why this change has to be done.
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deformations are not represented to sufficient accuracy. This deficiency is
particularly pronounced when the element is thin”(Bat96). The lack of per-
formance exhibited by this element can be easily seen if the terms associated
with the strain energy of the element are analysed:

Uelement = Ubending + Ushear

Vs = 5 [ (82) 0+ S35 [ (52— )t
Uetement = %Uelemen‘c = /OL <%>2d$ + % OL (2—: - ﬁ)ZdiU,

the pseudo strain energy U “shows the relative importance of the bending and
shearing contributions to the stiffness matriz of an element”(Bat96). If a closer
look is taken to the factor % in the shearing term, it can be noted that the
thinner the element is, the higher the factor % becomes; indeed, its value
increases exponentially when the thickness of the element decreases. This
unexpected behaviour makes the beam to be much stiffer than it should be. In
consequence, “this error results into much smaller displacements and rotations
than the exact values when the beam structure analysed is thin. The very stiff
behaviour exhibited by the thin elements has been referred to as element shear

locking” (Bat96).

In fact, reference (Bat96, pag. 405-406) analyses the case of a displacement-
based two-node cantilever beam subjected to only a moment applied at the
tip of the beam, and intentionally a zero shear strain all over the domain of
the beam has been enforced. The equations obtained show that this situation
can only be achieved when all the degrees of freedom are zero, in other words:
w; = 61 = wy = 0y = 0. This of course constitutes a non-logic result that
has to be avoided somehow. Therefore, it would be valuable if for a thin
element, the Timoshenko formulation could predict accurately small shearing
deformations. In this way, this theory could be used either for thick or thin
elements.

Several alternative procedures have been proposed to overcome the shear
locking problem exhibited by the displacement-based formulation. Mixed for-
mulations have emerged as an easy and understandable way to correct this
deficiency.
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5.4 Mixed Formulations

So far, the functional used to quantify the total potential energy of a structural
element has been written as

1

H(m,@ui/@ssj) 25/ €ij Cijmnemn dv—/ fiBuidV_ fz‘Sfuff ds. (58)
S— |4 \4 Sy

total potential energy

Indeed, when deducing the displacement-based finite element formulation, it
is tacitly implicit that the strain tensor can be always expressed in terms of
the nodal degrees of freedom of the element being analysed via the equation

1
62']' = 5(1%'7]‘ + uﬂ).

Therefore, the strains do not appear like an extra degree of freedom to be
calculated and Expression 5.8 can be written only in terms of the nodal dis-
placements and, depending on the type of element being used, also in terms
of the nodal rotations.

“Various extended variational principles can be used as the basis of a finite
element formulation, and the use of many different finite element interpolations
can be pursued”(Bat96). Assume that a strain field e;; is wanted to be imposed,
in other words, the strain field is going to be treated as an independent state
variable. Thus, using Lagrange Multipliers this condition can be accomplished
by modifying Equation 5.8 as

I =11 - / Nij(e; —ep)dV, (5.9)

v

where )\;; is a new state variable which is referred to as a Lagrange multiplier,
egl is the strain field calculated from the displacements and the superscript
DI makes reference to it, and e;; also represents a new independent state
variable. In consequence, in a subsequent finite element formulation based on
this modified functional, different interpolations must be used for \;;, e;;, and
for the displacements wu;.

The new defined functional only adds one extra term to the Minimum
Total Potential Energy Principle. In order to uphold this principle, the new
added term must tend to be zero, otherwise an extra amount of energy would
be being introduced into the principle. The tendency of this term to be zero
is explicitly revealed by the way it has been written. Certainly, e;; and egl
represent the same quantity; however, they are evaluated by different ways.
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Hence, it is completely reasonable to say that the difference between these two
quantities must tend to be zero.

Due to the variational principle expressed in Equation 5.9 represents a
summation of energy quantities, the introduced extra term must also have
energy units. Thus, the state variable \;; can be identified as the stress ;.
Thus IT* can be rewritten as

H* = H — / Tij(ei]’ — egl)dV
\%

=11 — / Cl’jmn emn(eij - 621) av
1%

1

=3 / €ij Cijmn Emn av — / szuz dV — fffu;gf ds
2 v 1% Sf

- / Cijmn emn(eij - 651) d‘/a
\%

this expression is known as the Hellinger-Reissner functional and it would be
used as the basis for the formulation of a mixed shear locking free two-node
beam element. For that purpose, the Hellinger-Reissner functional has to be
specialised to the specific conditions of the problem to be modelled. Those
conditions are: (a) Consider a linear variations of the displacements w and
rotations (3, (b) assume a constant shear strain +,, throughout the domain
of the element, and (c) the strain e;; will be calculated from the transverse
displacements w and from the rotations (.

According to the above conditions, only the shear strain 7,, = 712 is going
to be treated as an independent state variable while the strain e;; is going to
be calculated from the displacements and rotations. The specialised functional
is therefore,

1
I = - / €ij Cijmn Emn av — / le’U,,L dV — fffuff ds
2 )y 1% S¢
Boundf;; Terms
DI
_ _ dv,
/V T2 (Y12 — M13)
A12
1 1
=— [ enFEendV+—= [ v2Gy2dV — Boundary Terms

2 )y 2 )y

—/’leG%de—i‘/’leG”ynga
1% 1%



70 Chapter 5. Beam Elements

where the relations ey Ciimn €mn = €11 Eerr and e1a Ciomn €mn = Y12 G712
have been used according to the Hook’s Law for elastic materials. As it was
remarked in the listed problem conditions, e;; will not be treated as an inde-
pendent state variable. Hence, e;; = eP!: moreover, vi5 = 7,., then

Tx?

1 1
T — 5 / DT EeDldV + 5 / Yoz G 7oz dV — Boundary Terms
% \4

_/szG’szdV"'_/’szG%lc)zIdV
\% 1%

1 1
== / el Eellav — / Yoz G Yoz AV + / Yoz G2LdV — Boundary T.
2 Jv 2 Jv 1%

Once the functional has been specialised to the particular problem to be mod-
elled, the stationary conditions dIT* = 0 is invoked. The variation is taken with
respect to the state variables of the problem, in this case the displacements
and the shear strain. Reference (Bat96, pag. 274-276) solves this particular
problem and states the finite element equations arriving to the stiffness matrix
of the element,

roGA GA _GA GA 7
L 2 L 2
GA GAL | EI _GA GAL _ EI
2 4 L 2 4 L
K =
_GA _GA GA _GA
L 2 L 2
GA  GAL _EI  _GA  GAL | EI
L 2 4 L 2 4 L

Static condensation on the degrees of freedom corresponding to the shear strain
v.» has been used in order to obtain a final stiffness matrix dependent only on
the displacements dofs.
“It is interesting to note that a pure displacement formulation would give
a very similar stiffness matriz. However, the element predictive capability of
the pure displacement-based formulation is drastically different, displaying a
behaviour that is too stiff when the element is thin”(Bat96). Physically what
happens is that the Hellinger-Reissner functional has attached the shear strain
V2> (which has been interpolated independently) to the shear strain 42! cal-
culated from the displacements. Indeed, this physic attachment can also be
imposed with a different strategy: It is already known that for a Timoshenko
beam the following kinematic relations can be applied:
pr_ Ou ap pr _ Ow

u=—z0 Cpw = = —2z—
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where the superscript DI highlights that these quantities have been evaluated
from the displacements. The transversal displacements w and rotations 3 are
interpolated as stated in Equation 5.3; In the same way, derivatives g—i’ and %
are interpolated as it is expressed in Equation 5.4.

According to this interpolations, the shear strain v2! can be expressed as

(1+7)
2

1 1—r
’YEZI:Z(wz—wl)—( 5 )

b — Ba.

Now imagine that the shear strain is also wanted to be interpolated indepen-
dently; however, it is conditioned to be a constant value along the domain of
the element, that is

Yoz = Bs P)éz = [1] 711‘2'

Where By is the strain interpolation matrix, and ~!_ is the only one degree of
freedom utilised to interpolate the the shear strain. ~! has been located at
r = 0 on purpose to make it coincide with a Gauss point. This fact is important
in order to pass the Inf-Sup test.? “This test is the basic mathematical criterion
that determines whether a mized finite element discretisation is stable and
convergent (and hence will yield a reliable solution)”(Bat96). Indeed, when
interpolating the shear strain, it is also recommended to use an interpolation
function with a lower polynomial degree than the one use for the displacements.
This means that the decision of considering a constant shear strain for the two-
node element was not taken randomly.

Next, suppose that it is wished to impose the condition that the interpo-
lated strain field ~,. be equal to the strain v2! calculated from the displace-
ments. However, 72! is a linear function and ., has been interpolated as a
constant value. This problem is overcomed by obligating v,, to be equal to

AP evaluated in r = 0. In this form,
.

_ (we—wy) (B o)
0o L 2
L e

_ DI
’YZB,Z - szz

f)/xz:[_% -

F<MIH

Hence, in an implicit way, the same mixed formulation already discussed at
the beginning of this section is being used. Thus, the principle of virtual

3A detailed explanation of this test is carried out by reference (Bat96, pag. 300-337)
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displacements can be written as,

+1

BT B, det dr i = 5a” R.
1

J/

+1
5’ {EI/ BY By detJ dr + GAR

-~
K

Then, K can be calculated as

+14 _% . .
K:El/1 Tz [0 =3 0 —% ] detJdr

-1
L
1
1| —3
+GAk/ (L 11 1] getJdr,
, 1
oz
1
L 72
and solving the matrix operations indicated yields to
[0 0 0 0 ]
1 1
propva | Vo1 0 ma) g
k=T /o A
-1 0 0 0 O
[0 =5 0 5 |
L L 1 1 7
L 2L L 2L
1 1 1 1
+1| 3L 1 T 1 I
~|—GAk/ —dr.
o o1 1|2
7 2L 12 2L
L L _ 1 1
Y 4 2L 4
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Finally, assuming a k-factor = 1, the stiffness matrix K is given by

T GA GA _GA GA T
L 2 L 2
GA  GAL | EI  _GA  GAL _EI
2 4 L 2 4 L
K =
_GA _GA GA _GA
L 2 L 2
GA  GAL _EI  _GA  GAL | EI
L 2 4 L 2 4 L

As expected, this matrix is exactly the same matrix that was obtained be-
fore. This means that either the first or the second strategy can be used to
generate the stiffness matrix of the element. “In addition, the stiffness ma-
trix of these elements can be evaluated efficiently by simply integrating the
displacement-based model with one-point Gauss integration for the two-node
element. Namely, using this strateqy the transverse shear strain is assumed to
be constant, and the contribution from the bending deformation is still evalu-
ated exactly. This computational approach may be called reduced integration of
the displacement-based element but in fact is actually a full integration of the
mized interpolated element”(Bat96).






Chapter 6

Plane Stress Elements

In continuum structural mechanics, a state of plane-stress occurs when a stress
distribution in which 733 = 73 = T3 = 0 takes place throughout the domain
of a deformable object. “The simplest physical problem, for which these stress
conditions are a good approximation is the flat plate loaded symmetrically with
respect to the midplane of the plate”(CS97); additionally, all the plate support
conditions must also be symmetric about the midplane. A differential portion
of a plane-stress plate with dimensions dx X dy x h is shown in Figure 6.1,
where h represents the thickness of the plate. As it can be seen, the normal
and the shear stress components in the x3 direction are zero; that is the reason
why, models including plane-stress distributions are usually treated as 2-D
problems. In fact, the original 3-D domain of the plate V' is represented by

€T3

Figure 6.1: Non-zero stresses present in a plane-stress state.

5
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its midplane €.

Similarly, the surface located between the upper and the lower faces of the
plate is collapsed into a curve I which is the boundary of €2, see Figure 6.2. In
consequence, only in-plane boundary conditions are allowed by the plane-stress
model; therefore, the symmetric tractions forces distributed over the traction
surface Sy have to be collapsed into a curve I'y. Regularly, this is achieved

in the following way: Traction forces fz-sf are of course a function of Sy, but
Sy =TI'¢ h, see Figure 6.2. However, due to the traction forces are assumed to

symmetric
load

distribution

midplane

Figure 6.2: Original plate-like element and its 2—D plane-stress representation

be symmetric with respect to the midplane €2, it is possible to express fisf in
terms of fi ! as

h

2
;7= g

%
_h
2

indeed, it is also very frequent to assume that the symmetric load distribution
does not vary with the thickness h of the element. In this case,
s r
I "=hf i !
in this way, fiSf is expressed as a function of I'y. Taking into account this

result, the Minimum Total Potential Energy Principle (Equation 1.1) applied
to the plane-stress problem is given by,

1
I = —h/ Ty e AL — h/ FPudQ — h/ St ! T (6.1)
2 Jo Q Ty

with ¢ = 1,2 and 7 = 1,2. In the above functional, it has been assumed that
the stress tensor 7;; do not vary with h and, therefore, it is only a function
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of the domain 2. The fact that a constant stress value with respect to the
thickness of the plate is being used is merely an assumption that has to be
evaluated somehow to check how much the final resuts can be affected. Instead,
an average constant stress tensor could be used, that is

h
1 [2
WJZE/ Tij d I

in spite of this, for simplicity it would be assumed that the in-plane displace-
ments, strains, and stresses are constant through the thickness of the element
and, accordingly, Functional 6.1 can be directly used. By invoking the station-
ary of Functional 6.1 and using the same procedure explained in chapter 2, the
finite element equations for a small deformation displacement-based plane-
stress element can be easily deduced. This deduction is published and widely
analysed by references (Bat96, pag.170-175) and (ZT00); consequently, it will
not be discussed in this text. Instead, a displacement-based large deformation
formulation will be addressed.

SIS

6.1 Plane-Stress elements under the large dis-
placement hypothesis

Large deformation elements, in general, constitute a better approximation to
the real behaviour of deformable structures and, of course cover a bigger range
of engineering problems. However, the models developed for them require a
bigger physical, mathematical, and computational effort. In this section the
displacement-based Total Lagrangian formulation for a plane-stress element
will be discussed. Basically, the finite element equations required to calculate
the stiffness matrices [ K1, L Ky, and vector jF will be stated. The formulation
presented in this section represents merely an extension to what has been
already published by reference (Bat96, pag. 549-553). This material has been
rewritten here in order to enhance and clarify the concepts discussed therein.

“Consider a typical two-dimensional element in its configuration at time 0
and at time t, as illustrated in Figure 6.3.”(Bat96). The Cartesian coordinates
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0,. t
A T2, T

time ¢t

time 0

Y

0 t,
Ty, Ty

Figure 6.3: Two-dimensional element shown in the ‘xy, ‘x5 plane. Figure taken
from (Bat96, pag. 550).

Y2; and z; plus the element displacements ‘u; and u; can be interpolated as

S YU 52
k=1 k=1

tui - Z hk(r,s)tui€ Ui = Z hk(r,s) uf’ <63)
k=1 k=1

where hy(. ) are the so-called interpolation functions written in terms of the
natural coordinates r — s. The geometry of the element is described by n
Cartesian points which normally coincide with the displacements nodes of the
element. Figure 6.3 shows a 9-node element; nevertheless, the amount of nodes
used can vary depending on the particular purpose pursued with the utilisation
of the element.

The Total Lagrangian linearised principle of virtual displacements for the
plane-stress model written in matrix form is given by

(h[QBBf LCLBy dOQ+h£QBB}C,L 'S Byp d°Q>ﬁ:

J/

-~ -~

SKL EKNL

AR h/ PBT S d'Q). (6.4)
0Q

J/

~\~
t
oF
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The large displacement formulation being discussed in this text has been de-
duced to predict accurately large displacements and large strains. “Clearly,
the finite element equilibrium equations contain the displacement and strain-
displacement matrices plus the constitutive matriz of the material. Therefore,
in order for a formulation to be applicable to a certain response prediction, it
1s 1mperative that both the kinematic and the constitutive descriptions be ap-
propriate” (Bat96). However, small strain material laws are also admitted; in
this way, large displacements but small strain predictions can be achieved.

Assuming that the plane-stress Hook’s Law for small displacements is going
to be used to describe the material behaviour, then

0
0
1—v

2

E
o =

1
1 =2 g

O = ]

Note that although ’E)Cijm is a four order tensor, it has been represented as a
square matrix just in order to fulfil the generalised Hook’s Law

6811 1 v 0 6611
6522 = v 1 0 6622 . (65)
6512 0 0 17711 6612

By the other hand, when intending to compute matrix § By, it is essential
to remember that in a Total Lagrangian formulation,

0€4j5

_1[ ou; 8uj] l[ﬁtuk ouy, N ouy, 8tuk]
_2 (9030j 80$i 2 8091:1- 80.1’3' 8O$i (9030j

TV
initial displacement effect

J/

1 1

t t .

0€ij =5 (ouz‘,j + ouj,i) + 5 (oup,i 0Up,j T 0Up,i Oup,j),
NG J/ N

J

~\~ ~\~
* * 3k
Oeij 067;]'

% ok
thUS, 0€ij = Oeij + Oeij .

6.1.1 A general expression for | By

For simplicity, the linear strain ge;; has been expressed as the addition of ge};
and the initial displacement effect oe;. The first term ge;; can be developed
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in the following way

_— 1 _8U1 8%1_ . 8U1
0n = 5 _8%1 80I1_ - 8%1

_— 1 —8U2 8u2_ o 8U2
022 = 5 _805[‘2 801’2_ n 80x2

% 1 8U1 811,2 1 % %
0€12 = 2 2y 02, = 5712 = 0691~

Next, based on the interpolations stated in 6.3, ¢gej; can computed as

ahl(r s) 1 ahZ(r s) 92 ah3(r s) 3 ahn(r s)
e} = ~uy + ~ui + ’ + - ~uy.
01 80:1:1 ! 8%1 ! 801’1 ! 80.1'1 !
If a vector 0¥ = [w} w) w! w} w} ud ... w2 u? ] containing all the

displacements degrees of freedom is defined, the above expression can be rewrit-
ten in matrix form, namely

* A
0611 = [ 0h171 0 0h2,1 0 0h371 0 ... Ohn,l 0 } u,
oh )
where ohy, ; = 8’3‘;;” . The same strategy can be used with oe%, and gef,, hence
0€11 ohii 0 ohen O ohsr O ... ohp: O
* _ ~
0€99 = 0 0h172 0 0h272 0 0h372 e 0 Oth u.
0772 ohi2 ohi1 oho2 ohoi ohs2 ohzi ... 0fm2 ofnp
NV
6B;.

However, it is important to note that each value ohy; inside matrix {Bj is a
function of r and s, thus

ahk(r,s) _ ahk(r,s) or 8hk(r,s) 0s

ofj = x; or 8Oxj+ ds  x; (6.6)

For that reason, Expression 6.6 must be used to calculate each position of
matrix §Bj.

The term ge;; can be expressed in terms of the vector of displacements
degrees of freedom 1 somehow similarly as oe;;. Each one of the components
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*3k
of tensor ge;; are

oo 1[0 Ouy  Ouy 0wy | 0wy Ouy,
01 = 5 |02 Oz, Oz Oz, | OOmy OOy

o 1[0y Oup  Ouy O'up |  O'uy Ouy,
0€2 = 5 | 0wy DOmy  Owy Oy | Omy OOy

v 1[0y, Ouy, Ouy 0wy, | . s
012 = 5 | %21 %y 021 004 | — QT2 T 0%

and each component can be developed as

8tu1 8u1 8tu2 8u2
0€11 =
H 801'1 801'1 8%1 8033'1
8tu1 8U1 8tUQ 8UQ
(&
0 pu—
2 801‘2 801’2 8%2 8012
8tu1 8u1 8tu2 8U2 8u1 8tu1 8u2 8t'LL2
0712 = .
12 801’1 801'2 8O£C1 8%2 80:1:1 801’2 801'1 60$2

. . . LY .
Next, based on expressions 6.3, derivatives of the form gog’_ can be easily
J

computed, that is

8tu1

ou . .

1 t k t k

90z = E Ohk,l Uy = I O = E Ohk,2 Uy = lia
L k=1 2 k=1

3tu2

o'u - a

2 t k t k

902 = E Ohk,l Ug = l21 O = E Ohk,Q Uy = l9o.
L= 2 k=1

Hence,
o ou ou
0€1] = 111—80:1;11 + I 8%21
- l11 [ Ohl,l 0 0h271 0 e Ohn,l 0 } ﬁ
+ln [0 ohig 0 ohoy ... 0 ohyy |1
= [ lin ol lo1 ohiy lin oheg lon ohon oo D ohpa o1 0l } u.

In a similar way ¢e3; and ¢7}5 can be calculated. Finally,
*k t Dx*x A

where [pe™]" = [ oei7 oe55 0715 |, and
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0B =

[ 111 ol lo1 ohia li1 oh2a l21 oh2, L lo1 ol T
li2 oh1 2 laa ohi 2 l12 oha2 laa oha 2 ool ohng 1oz 0l
liv ohi24 o1 ohio+ i1 oheot 1ot ohoo+ lin ohnot 1ot ohn2h

| l12 0h1a la2 ohia li2 oh2, la2 oh2, oo lig ol la2 ol
In this way,

0€ = f)BLﬁ

where [ By, = { B} +{B;*. Note that matrix /By, is also used to calculate vector
LF, see Equation 6.4; but additionally, a vector ;S listing all the components
of the Second Piola-Kirchhoff stress tensor must be computed. Each compo-
nent of vector §S can be calculated directly from the generalised Hook’s Law
(Equation 6.5) for linear-elastic materials.

6.1.2 A general expression for By

In chapter 3 it was shown that the non-linear stiffness matrix { Ky comes
from the evaluation of [y, §Si; dom;; d°V, which is an inner term of the lin-
earised principle of virtual displacements (Equation 3.21). Under plane-stress
conditions this term can be specialised into

/ BSZ] 50771']‘ dOV = h/ 65” 507]@' dOQ, (67)
oy 0Q
or in matrix notation

h % 8 B "0 = sa’ (h l QgB};L LSt By, dOQ)ﬁ. (6.8)

Because dgn;; = (5(%5&”; ;}Z), Equation 6.7 can be developed as

hﬁgasij Sotte; 90 — h%ﬂésﬁ [%%’i 5(;@ +%5(§$) %’”j]dm
= [ 5[5 0 (i) + i (i)

Fho(g) g Lo(5) Bt
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Moreover, evaluating indices 7, j, adding common terms, and taking into ac-
count that £S;; = §S;i, yields to

h/ BSij 50772.de§2 = h/ [
0Q) 0Q)

s g 8 (G ) + b o (G )+
a8 () + b o (G ) ¢
sSuugies 0o ) + S 6 () +
S 0 (o) + S 0 (g ) a0
(6.9)

According to Equation 6.8, the expression above must be written somehow in

matrix form, that is

h / LS, 50nideQ:6ﬁT<h / tBT S !By, dOQ)ﬁ.
0Q 0Q

Reference (Bat96) has come up with an effective and simple way to do it:

.. o
Define a vector oA containing all the values of the second order tensor 801;",;
J
namely,
[ Oup ] Our ]
00zq V1
8’[1,1 5 8u1
8%2 80I2
OA = 50A =
Ous Ouo
80:1:1 8021
Ousg Oua
B 801'2 a | 80122 a
Furthermore, a matrix ;S with the form
t t
t t
tg _ 0912 922 0 0
0Q = t t
t t
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is defined. The product 6o A” ES oA is therefore,

66;11 6:;12 0 0

65;12 65;22 0 0
0 0§ §Si2
0 0 6:;12 65922

SoAT LS A = 5AT oA

ouq
Az
ouq
[ SSudd st iS00t ESuegEt  [Spidet] | P
B 0512(5383;12 6522(53)7;12 65125860“:522 65225(3};22 2us
Ous
L 9O0zq
thus,
ou Uy ou ou ou ou
Tt t 1 1 1 t 1 1
O0A" 050A =05 gg 5( ) ToSugy - 5(0%2) Todg, 5(5%)*
8u1 6 aUQ 8U2 6u2 8u2
t t
S2230 6(@%) + 51180 5(8 xl) +051280x1 5<8Ox2>+
8u2 8u2 GUQ auQ
t Lt
01250, 5(6%1) 0922 50, 5(8%2)

The result above can be directly related to Equation 6.9 in the following way,

h/ 50AT 65 OA dOQ = h/ ESZ] 50771']‘ dOQ
00 00

— 507 (h ﬂ Q@B}QL tStByL dOQ)ﬁ

This means that

oA =.{Byya, and AT =ou’ (B}
Therefore

[ Oui ] - -
OVzq Ohl,l O 0h2,1 O v Ohn,l 0
ou
80:1:12 Ohl’g O 0h272 O e Ohn,Q 0

OA - == ﬁ

0
801;:21 O Ohl,l O 0h2,1 s O Ohn,l
Ous

k- L 0 ohip 0 ghoo ... 0 ohne 1

t
oBNL
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If instead, an Updated Lagrangian formulation is pursued, a similar method-
ology to deduce By, and !By, can be employed. Reference (Bat96, pag. 553)
shows the values of these matrices.

The complete linearised principle of virtual displacements requires also a
load vector *F2*R.. As it was said in chapter 3 for the calculation of this vector,
it is assumed that the loading is deformation-independent. For that reason, a
small displacement formulation can be used. Reference (Bat96, pag. 173-175)
calculates the load vector when a linearly varying surface pressure distribution
is applied over the edge of a plane-stress element.






Chapter 7

Shell Elements

A shell can be defined as “a thin body bounded by two nearby surfaces separated
by a small distance h. If the bounding surfaces are not closed, then the shell
has edges and the distance between such edges is normally large compared with
the thickness”(WT03). When an external force is being applied to a shell
structure, mainly two types of internal forces are produced: Membrane forces,
and bending forces. Membrane forces act tangent to the midplane of the
element; therefore, axial forces and membrane shears are part of this type
of internal force. In the other hand, flexural effects, twisting, and transverse
shear are considered as part of the bending forces.

Shells are usually curved structures, and due to that curvature remarkable
external forces can be supported without fracture or damage. This feature is
attributed to the fact that when external loads are applied to egg-like struc-
tures (shell structures with high positive non-zero Gaussian curvatures), no
inextensional deformation is feasible or at least it is too small to be consid-
ered; thus, external loads are supported mainly by the membrane internal
forces. With inextensional deformation it is meant that the length and the
curvature of any line drawn over the surface of the shell remains unchanged
after deformation.

Due to the remarkable stiffness behaviour exhibited by shells and the low
amount of material used for it; nowadays, these kind of structures are get-
ting lots of followers in the engineering world. In consequence, this kind of
structures are more common everyday, and scientists are keen with the idea
of developing efficient and accurate models to predict their behaviour. When
attempting to study shell models, “Although a rectangular system may be in-
scribed conveniently in certain bodies, deformation carries the straight lines
and planes to curved lines and surfaces; rectangular coordinates are deformed

87
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into arbitrary Curvilinear coordinates”(WT03). For that reason, somehow it
is necessary to deal with Curvilinear coordinates.

7.1 A brief introduction to Curvilinear coor-
dinates

The following Curvilinear coordinates explanation to be discussed herein has
been based on reference (WT03). An enhanced and clearer explanation of this
topic is available therein.

In Figure 7.1 arbitrary Curvilinear coordinates 6 are going to be expressed
in terms of the Cartesian coordinates x;. Coordinates x; were chosen simply for
easy understanding; however, instead of x; some other system of coordinates
could be chosen.

g1

13 A

91

s > 19

i

T

Figure 7.1: Curvilinear coordinate lines and surfaces. Figure taken from
(WT03).

The vector r in Figure 7.1 indicates the position of point A. This position
can be described either in Cartesian or Curvilinear coordinates, namely

= 1 _pt
C(aye2,23) = Tiliy T'p1 02,03) = 0'g;.
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Also, assume that there exist a set of equations relating coordinates x; in terms
of 0" and vice versa; that is,

%
Ti = Ti(01,62,0%), 0" = Oi(e1.9.25)-

“A differential change d 9" is accompanied by a change dr; tangent to the
line; a change in 01 only causes the increment dry illustrated in Figure 7.1. It

follows that the vector
o Or _ Ox; .
5 000~ 067"
is tangent to the ' curve”(WTO03). The triad of vectors g; will be referred to
as the covariant base in this text. A triad of vectors g' which are normal to

the covariant base vectors can also be defined such that,
g g =0 (7.1)

where 5;'- is the Kronecker delta. This symbol can be written with the indices
in any position and it will always mean the same; that is,

5y = 85 = 88 = 61 = g,

Vectors g’ are referred to as contravariant base vectors in this text. Note that
the notation g; or g’ represents a triad of 3-D vectors. In other words,

g1 . g
gi=1 8 |, g =g
83 gS

The differential vector dr can be approximated via a first order Taylor
approximation as (see Figure 7.1),

or . 4
dr = —db' =g;d0", 2
r 801 g (7 )
and its length (d1)? is given by
(dl)* =drdr = (g;-g;)d0" do’. (7.3)

“Any vector can be expressed as a linear combination of the base vectors g;
or g'”7(WT03). Figure 7.2 shows a 2-D vector R expressed as a combination
of the Cartesian base vectors i;, as well as a combination of g; and g. That
is,

R:Riii:Rigi:Rigia
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)

Z

Figure 7.2: Representation of a 2-D vector using Cartesian, covariant, and
contravariant bases.

where the length of vectors g; and g’ is not necessarily equal to one. R; and R’
are known as covariant and contravariant components respectively. In general,
the covariant basis is chosen conveniently depending on the problem to be
analysed, and after the contravariant basis is calculated via Equation 7.1. In
a similar way as stated for vectors, tensors can be expressed in a covariant or
a contravariant basis. e.g. The Cauchy stress tensor can be expressed as

Ty . — 5 ol gl
T=T"8i8) T=T4;8 8.

Expression 7.3 represents the basic relation used to define the Green-Lagrange
strain tensor in Curvilinear coordinates. e.g. In a large deformation formula-
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tion, the Green-Lagrange tensor taking place at time ¢ + At but measured at
time ¢ can be written as

t+At _t+At
€= €5 g g )

where the covariant component ; Aty

1

AL 5 <t+Atgi A tg tgj>' (7.4)

€;; can be computed as

t+At

As shown in Equation 7.2, the base vectors g; and ‘g, are given by

d'r I('r +u)
b _ tHAL L
gi atel a’nd 8i atel

respectively. However, the details for the large deformation problem will be
addressed later in this chapter.

7.1.1 Minimum Total Potential Energy (MTPE) Prin-
ciple in Curvilinear Coordinates

In chapter 1 it was said that the Total Potential Energy II of a system subjected
to deformation, equals to the difference between the strain energy U stored in
the deformed object, and the potential energy of the loads W. Namely,

MI=U-W.

Recalling the fact that an expression written in tensorial form holds in any
coordinate system, the MTPE Principle can also be expressed in a Curvilinear
basis. Thus, the strain energy stored in an object can be quantify as,

1 ~mn ~ ()
U= / 'advzﬁ/(T gmgn)'(eijg g')dVv
1%

1 .
_ ~mn> st §j — ..
2/V €ij 0y, 07 AV = 2/‘/7' ei;dV.

However, a consistent Curvilinear expression for the differential volume d V'
must be amended. A differential volume d V' with dimensions d 8! x d #? x d 6°
is shown in figure 7.3. This volume can be approached as

or ., (Or or . .

AV =dry - (drs x dvg) = g d0' - (55 d 0 x 55 d°)
_8r aI‘ 81' 1 9 3 . ) ,
o0 (aez 393>d9 d0*d6* =g - (g2 x g3)d0' d6* d6®,
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()3
Pk 4
o'
d6?

91

Figure 7.3: Elemental parallelepiped. Figure taken from reference (WT03).

but the product g; - (g2 X g3) can be rewritten in the following way:

Or 9ry  Orz  Orz
81 907 a0t o901 90!
_ _ or | __ or or or
g1 (g2 X g3) = det |ga| =det |55z| = det |58 53 55|
Or Ory Ory  Org
83 203 965 065 065 |
Jacobian

In consequence, g - (g2 X g3) = detJ and therefore,
dV =detJd0' d6* d o>,

In this way, the Minimun Total Potential Energy principle in Curvilinear co-
ordinates can be written as

1 .
Il = 5/ 7YU¢; detJd0' dO*do® — W.
%4

The term W can either be expressed in Curvilinear coordinates or in any
other system. It depends basically on the problem to be addressed, and the
convenience of expressing it either in a Curvilinear or in a Cartesian system of
reference.
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7.2 Mixed Plate/Shell elements for small dis-
placements

Before facing the problem of shell elements, a different but very close type of
element named as plate will be introduced. The biggest difference between
plate and shell elements is that in plates elements no in-plane deformations
are taken into account. Therefore, only transversal deformations + rotations
are considered, see Figure 7.4.

Normally, in plate/shell analysis two main assumptions are made: “i) the
stress through the thickness of the plate/shell is zero, and ii) material particles
that are originally on a straight line perpendicular to the mid-surface of the
plate/shell remain on a straight line during deformations”(Bat96). However,
when dealing with plates/shells problems, it is common to cope with loads
which are perpendicular to the mid-surface of the object. Therefore, it is
reasonable to think that the first assumption is far away to be possible, because
when a load is applied perpendicular to a surface area, the stress component
in that direction do not vanish. Nevertheless, this assumption begins to make
more sense once it is known that in spite of the stress component perpendicular
to the mid-surface is different than zero, its value is very small compared to
the the other stress components generated by the load; for that reason, it is
not considered.

7.2.1 Plate Elements

Basically, plates elements can be considered as an extention of beam elements,
see Figure 7.4. In consequence, the same assumptions made for beams can be
used for plates elements. Reissner-Mindlin plate theory extends Timoshenko
beams assumptions to plates elements. Based on this plate theory, the finite
element equations for a displacement-based finite element can be easily stated.
This displacement-based element is explained by reference (Bat96, pag. 420-
424) and will not be discussed in this text. Instead, a mixed plate element
will be addressed with the intention of avoiding the shear locking phenomenon
explained in section 5.4. The finite element equations will be written in Curvi-
linear coordinates in order to introduce shell elements.

Going back to Figure 7.1, imagine that the convected natural coordinates
r,s,t represent the Curvilinear coordinates ', 6%, 63; hence, vector r can be
described either in Cartesian or Curvilinear coordinates as

= ;1 il
C(z),29,03) = Tili T(p1p2,03) =T 8,
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Figure 7.4: Plate element as an extention of a beam element.

where 71 = z, 79 = vy, v3 = z, and ! = r, > = 5, 3 = t. The natural
coordinates will vary from -1 to 1; consequently, the covariant vectors will be
given by

Oxy, .
i = = 1.
& or?

In this way, a Curvilinear natural system of reference is being used. The
axes 1, s, and t are therefore curves, and the coordinates of the object (r, s, t)
vary from -1 to 1. In general, when describing an object with a Curvilinear
reference system, the coordinates of any point do not coincide with its real
length, whereas in a Cartesian system the coordinates (z,y, z) of any point do
coincide with its real length.

The small displacement strain tensor e;; in Curvilinear coordinates can
be obtained directly from the Green-Lagrange strain tensor by neglecting the
non-linear part of it; that is,

.1

0€ij = 5 <tgi : tgj - Ogi : Ogj>>

where the time ¢ corresponds to the deformed configuration and time 0 to the
undeformed. Thus,
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but ‘r = r + u; hence,

=51+ 0r) G ) = G )]

2
3G )+ o)+ e o)+ (o)~ (o o

Adding similar terms and not considering the non-linear term <6—“ . @> , yields

ort Ord
to the small strain tensor

~ 1[(8r 8u)+<0u 81‘)}

Cii — = - -

T 2\grt Ord ort  Ori

~ 1r1/0x,, Ouy, OUpy, Oy,

2L\ Ort Ord ort ord
Remember that in Curvilinear coordinates it is necessary to have a set of
equations relating z; with r* and vice versa. Towards that goal, and taking
into account that a finite element formulation is pursued, the geometry of the
element can be interpolated via the base functions hy(. ). For simplicity, a

non-square 4-node flat plate whose midplane lies over the z — y plane will be
considered, see Figure 7.5. Equations relating z; with r* are therefore:

Figure 7.5: 4-node Plate element and its degrees of freedom.

)



96 Chapter 7. Shell Elements

=~

4

t

T(rs) = Z Pie(r,s) T, Y(rs) = Z Poke(r,) Y 21 = 5’% (7.6)
k=1 k=1

where h represents the thickness of the plate. Due to the Reissner-Mindlin

theory, the displacements of the plate can be expressed as

w= _Zﬁx(r75)’ v = _Zﬁy(ﬂs)’ W = W(r,s),

where (3, and (3, are the rotations about the x and y axes. These rotations
have been expressed as a function of the convected natural coordinates r, s
because in the finite element formulation they will be interpolated via the
shape functions hy,. ). Because z is a function of ¢, note that displacements u
and v are functions of (r, s,t). In consequence, u and v can be rewritten as,

t t
U(r,s,t) = _éhﬁx(r,s)v V(r,s,t) = _§hﬁy(r,s)> (77)
and rotations 3,, B, plus the displacement w can be interpolated as
4 4 4
k k
ﬁx(r,s) = - Z hk’(r,s) ﬁya ﬁy(’r,s) - Z hk(r,s) Bxa w(r,s) - Z hk(r,s) W -
k=1 k=1 k=1

(7.8)
In a small displacement Curvilinear scenario, the principle of virtual dis-
placements for a plate element written in matrix form would be,

E/rr
/ / / (08, 0245 0Frs] Chena | s | det] dr dsdt+
rJsJt ~

fYT‘S

/ / / (69 67st] Conear Rt} detJdrdsdt = 66" R. (7.9)
rJsdJt st

Matrices 5bend and @hear represent the bending and shear constitutive material
properties written in Curvilinear coordinates. Using the Hook’s Law for linear
elastic materials, these matrices in a Cartesian system are given by,

1 v 0
FE Ek 1 0
Cen: 1 0 C'sear:— )
= e 1| e [
2

however, these matrices have to be written in Curvilinear coordinates. For
that purpose, the four order tensor Cjji; has to be transformed into Curvilinear
coordinates according to

Crre = (g7 - 1) (8" - 1) (8" - 1) (8" - 1) Clyu.
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Once the tensor Crars g obtained, the bending and a shear components of
CPs have to be written in two different matrices Cbend and C’shear

Following the same strategy used in the mixed formulation for Timoshenko
beams explained in section 5.4, expressions for e,.,., €4, and 7, calculated from
the displacement must be found, this can be achieved as it is shown in reference
[pag. 420-424)(Bat96). On the other hand, the shear strains 7,; and 7 have
to be interpolated independently as,

_ 1 - 1 -

Vrt = 5(1 + s)'yﬁ + 5(1 — s)fy,,ct (7.10)
- 1 . 1

= (L4 978 + 51— 97 (1)

“where ¥4, 75, 31, and 7B are the (physical) shear strains at points A, B, C,
and D (see Figure 7.5) evaluated by the displacement and section rotations in
7.8”(Bat96).

The bending strains €,.,., €5, and 7,5 can be computed directly form Equa-
tion 7.5; that is,

~ 8xm (9um 6.1'1 (9u1 i 81’2 8u2 i 81’3 8U3

= =S ot T oot orl orl T orl ot
S — g . 3xm 8um . 8951 Gul i 81’2 8u2 i 8x3 6u3
TS T 002 9r2 - 9r2 orz | or2 or2 | Or2 Or2

@fL’m 8Um 8um 8!Em 8[E1 8u1 8x2 8u2 8953 8%3

M2 = s = ort oOr? + arl or2 ol or? + ort orz ~ orl or2
(9u1 @$1 i 6%2 85(32 I 0u3 61173
ort or2 ~ ort or2 = Orl or?’

The terms g”f = gi and gwg = gz are equal to zero because z is only a function
of t. Therefore, the above expressions reduce to,
- Ox Ou Oy v
Crp = + ==
ar or  Or or
- Ox Ou Oy v
€ss = ==+ =
0s 0s  0s0s

e o0 e ovdy
Tre = Ords Ords Ords Ords

If a vector containing all the degrees of freedom of the plate element is
defined as,

a=[w B B wy B2 02 ws B2 B wi B O],
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and using Equations 7.6, 7.7, and 7.8; the bending strains e,,., €5, and 7,, can
be easily written as the multiplication of a strain-displacement matrix B and
the vector u as stated by Equation 2.2.

In the other hand, shear strains 7,; and 7, are interpolated independently
according to Equations 7.10 and 7.11. However, the shear strains evaluated at
points A, B, C, and D must be computed from the displacement kinematic
relations. Following this strategy, and using Equation 7.5, the shear strains
are given by

~ o~ 3xm 8Um 4 3um 8!Em . 8[E1 3u1 4 E)xg aUQ 1 81‘3 6%3
T = e = orl or3 orl or3  ortord  ortord - or! or3
0u1 81’1 i 8U2 8ZE2 i 8U3 (91‘3
ort or3 ~ ort or3 ~ orl Or3
~ o~ 8Im 8um 8um 8wm N 8381 6u1 i 61‘2 8U2 8273 8U3
1= T g2 s or2 or3  or2ord  or2ord3 - or2 or3
6u1 01‘1 + 8U2 8&72 4 8U3 01'3
or2or3  Or2or3  0Or2 ord

Due to the particular geometry chosen for the plate, g‘”f = 87" =0, % = gz =
0, gjf; = 6t =0, and 8‘”2 = % = 0; hence the above expressions reduce to,

- OrxOu Odydv Owoz

"ot Tarat or o
~ Ox Ou 8y ov  Ow 0z

= 5ot Tasor T os ot

The shear strains 77, 75, 74, and 72 can be obtained by simply evaluating
the above expression at the corresponding points, such that

A(r=0,s=1,t=0) Bir=-1,s=0,t=0)
C(r=0,s=-1,t=0) D(r=1,s=0,t=0).
For example 77 can be computed as,

NA_%A@AJF@A@U +3_wA%A
=0 el T arl ot or | ot

where according to Equations 7.6, 7.7, and 7.8,

9

@‘A_l( — 1) @A_l( — ) %A ﬁ
87" - 9 €1 x2), 67“ - 92 U Y2), 825 - 27
ouid 1., oh ovA 1, oh owA 1
ol —3B BT gl =Bty o) = gleimw).
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Therefore, 74 is given by

7= e ) (84 82 — g — )8 1 82+ M — wa).

8 8 4
The remaining shear strains at points B, C', and D can be calculated in the
same way. Once all the terms appearing in Equation 7.9 are calculated, the
stiffness matrix of the element can be simply assembled in the same way as it
has been shown in the previous chapters.

7.2.2 Shell Elements

The small diplacement formulation presented by reference (Bat96) for this kind
of elements represents the basis for a large displacement shell formulation. For
that reason, not many details will be discussed in this section as they will be
included as part of the large displacement shell formulation, see section 7.3.

In a finite element formulation, displacement-based shell elements also suf-
fer from the shear locking phenomenon. Indeed, when dealing with curved
elements, the element can also lock because some spurious membrane strains
may appear. Therefore, a mixed formulation is suggested to overtake this sit-
uation. The strategy to follow is the same followed so far: “the objective is
to interpolate the membrane and shear strains components independently and
tie these interpolations to the usual displacements interpolations”(Bat96). In
a Curvilinear natural reference system, the membrane strain components are
€y €ss, Ers, Whereas the shear strains are ¢, and €y. The details of this
small displacement curvilinear element are discussed by reference (Bat96, pag.
443-446).

7.3 Mixed Shell Elements under the large dis-
placement hypothesis

From the very beginning of this study, the biggest and most important ob-
jective has been the formulation, implementation, and validation of a shell
element based on a large displacement hypothesis. For that purpose, several
formulations are available in the literature, see references (APK02), (Fel08),
(ZT00), (WT03), and (Cri0l). However, throughout this study, reference
(Bat96) has been followed in order to get to the shell formulation proposed
by K.J. Bathe. Towards that aim, it has been considered as convenient first
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to fully understand the finite element formulation proposed by K.J. Bathe for
bars, beams, and plane stress elements before arriving to shell elements.

As it was said in the previous sections, a mixed formulation usually rep-
resents a better and a more efficient way to predict the behaviour of shell
elements. Therefore, a 4-node mixed shell element has been chosen to be im-
plemented, see Figure 7.6. The element has been proposed by K.J. Bathe
and E.N. Devorkin in reference (DB84), and exhibits the following charac-
teristics:  “(i) The element is able to represent the six rigid body modes, (ii)
it also can approximate the Kirchhoff-Love hypothesis of negligible shear de-
formation effects and can be used for thin shells, and (iii) the element does
not contain spurious energy modes”(DB84). When talking about the six rigid

Figure 7.6: 4-node shell element. Figure taken from reference (Bat96)

body modes, it is meant that zero strains are obtained when any node of the
element is subjected to rigid body motions.

In section 5.4 it was shown that when dealing with a mixed formulation
the Lagrange Multiplier method can be used to modify the functional to be
minimised. The modified functional IT* written in Curvilinear coordinates
under a Total Lagrangian (TL) large displacement formulation can be written
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as,

1 - ~ - ~
T = 5/ tJrAtS ij t+At dOV +/ 6+At5113(6+At €13 — t+At DI)d V+
13

/ 6+At§23(6+At Sz — t+At~DI) d°V — W.
0 ——
A23

However, in section 5.4 it was also explained that instead of following the
formal rigorous mathematical procedure to obtain a mixed stiffness matrix, a
shortcut (which in reality represents the same exact procedure) will lead to the
same results. The shortcut suggests to interpolate the shear strains LFAtE 5 and
AL S5 in an independent way, and tie the interpolations to the expressmns ob-
talned for Aty Dland | LAty DI using the kinematic displacement-based equa-
tions. “The result 8 that the stiffness matriz is then obtained corresponding
to only the same nodal point variables (displacements and section rotations)
as are used for the displacement-based elements”(Bat96). The independent
interpolations to be used for the shear strains are,

- 1 - 1 ~
t+At €13 2(1 + S) t+At A + 2(1 8) t+AL 6% (7‘12)
~ 1 - 1 ~
6+At €93 2(1 4 T) t+At D 2(1 o ,,,.) 6+At 6537 (713>
where §FAtEd LRALED LEALEC and §TAYED are the shear strains obtained

from the kinematic displacement- based equations and evaluated at points A,
B, C, and D.
The geometry of the shell element can be interpolated as,

Z hk(’r‘s SL’ + Z —akhk TS) m, (7.14)

where ¢ represents any deformation configuration taking place during the de-
formation process. ay is the thickness of the element measured along vector
"'V in consequence, vector ‘'V* is a director vector not necessarily normal to
the mld—surface of the element, see Figure 7.7.

Remember that in a large displacement formulation the displacements ‘u;
and wu; are given by,
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f‘/ll;

Figure 7.7: Local system of orthogonal vectors. Figure taken from reference
(Bat96)

Thus, according to Equation 7.14 the displacements ‘u; and u; can be rewritten
as,

4 4
i = 3 P+ 7 g (TV —OVE) (7.15)
k=1 k=1
4 4 +
U; = Z hk(r,s) uf + Z Eakhk(r,s) <t+AtVrﬁ‘ - tvnkz> : (716)
k=1 k=1 N ~~ d
Vi

“The vector components of V% are expressed in terms of rotations about two
vectors that are orthogonal to *VE. These two vectors 'V¥ and *VE are defined
at time 0 using
ok — jx vy and  OVk — Ok o Oyk
LTV S
where "V =k if V¥ is parallel to j”(Bat96). Now it is necessary to find a
way to express the rotations that vector ®V¥ suffers due to the deformation
process in terms of the 'V} and *V&. For that purpose, the formulation pro-
posed by reference (Arg82) will be followed. Consequently, almost the literal
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procedure explained by reference (Arg82) will be written in this text in order
to clarify this concept and gain a better understanding.

(a) rotational pseudo-vector ¥ (b) Auxiliary construction to obtain Pa

Figure 7.8: Construction of a transformation matrix for an arbitrary rotational
pseudo-vector 9. Figure taken from reference (Arg82).

Imagine that a finite rotation with magnitude ¥ is taking place around
an axis whose director vector is e, see Figure 7.8a. Subsequently, a pseudo-
rotational vector ¥ = ve is defined. Its components in any orthogonal system
are given by: e.g. in a Cartesian system,

9 = 0,040, + 0.k;

however, any other orthogonal system could have been chosen. Only for small
deformations, the components 9., ¥,, and 9, can be interpreted as rotations
about the z, y, and 2z axes respectively.

Now “consider a vector P which as a result of the application of 9 is trans-
ported to a new position P ”(Arg82); therefore, in accordance with Figure 7.8a
it is possible to state that,

P=P+P,. (7.17)

Figure 7.8b shows an auxiliary construction to quantify PA. A line DP has
been drawn normal to line PC. In consequence, vector DP is also normal to
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the plane OPC' and points in the direction (e x P). Moreover, it can be easily
seen that,

P, = PD + DP.

Vectors PD and DP can be quantified in the following way: According to
Figure 7.8b, the following relations can be stated:

90+ 6+ 8+60=180 90 + ¢ + 6 = 180 vV + 1 = 180.
Equating these expressions yields to,

0 =1 —90, (7.18)

and because the triangle PDC is rectangular, the magnitude of DP is given
by

||ﬁ|| =a cosf = a cos (¥ —90) = a sin?.

On the other hand, the magnitude of (e x P) is equal to

a
l(e x P)[| = 1-[[P|[sina = [|P[|=m = a;
[Pl
therefore,
- P in ¢ 9
DP:(e>< )asinﬁzsm (¥ x P) due to e=—.

v

In the same way, vector PD needs to be quantified. PD is perpendicular
to (e x P) as well as perpendicular to e, see Figure 7.8a. The direction of
PD is therefore given by the product e x (e x P). Furthermore, due to the
fact that ||(e x P)|| = @ and ||e|| = 1, the magnitude of the director vector
|le x (e xP)|| = a. Looking at Figure 7.8b, it can be noted that the magnitude
of PD is given by,

||[PD|| = a+asinf

and using Equation 7.18 yields to
|[PD|| = a —asin(¥ — 90) = a — acos? = a(l — cos ) = 2sin*(?/2)a.

Finally, vector PD can be expressed as,

PD = 2sin(9/2)a <PV _ g u2(9/2)0 x (9« P)) L
= 25in(9/2)(9 x (9 x P))22 = %—Si?ﬁjg)/? (9 x (9 x P)).
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Coming back to Equation 7.17, it can be rewritten as,

sin ¥ 1sin?(19/2)

P=P+ (9 xP)+ 0/2)

(¥ x (9 xP)). (7.19)

Thus, defining the auxiliary matrix

0 -0, o,
S - ez 0 - 033 bl
—6, 6, O

and taking into account that ¥ x P = SP and 9 x (9 x P) = S?P; Equation
7.19 can be re-expressed as,
X sin ¢ 1sin?(9/2)

P=P4+—SP+_-—— L 2G*P=T

5 3027 9P, (7.20)

where T(ﬁ) is given by,

T sin ¥ lsin2(19/2)

_ 2
(,0)—]3-1- 7 S+2 (19/2>2 S<.

Taking up again the shell formulation, vectors AV, and 'V, appearing in
Equation 7.16 can be associated with vectors P and P respectively. Therefore,

Aty — T, "V, (7.21)

but also

N .
V, =YV, vV, =P —-P = T(,g) "V, -V, = tV"(T(’ﬁ) —1I5)

. . 2
v, — tV”(smﬁ g4 1sin®(9/2) 52).

5 > (/2 (7.22)

In this shell formulation it is assumed that no rotations about vector V,,
take place. Although this rotations do exist, they are usually too small
to be considered. In other words, only rotations about vectors *V; and 'V,
which are orthogonal to *V,, are considered. “Let ay, and (3 be the rotations
of the director vector V¥ about vectors V¥ and 'V§ in the configuration at
time t”(Bat96). Remember that vector 9 can be considered as a rotation
vector only for small rotations ay and (. Including this assumption into the
current shell formulation, a small strain but a large displacement scenario will
be achieved.
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), represents the magnitude of 9 and, therefore, it can be calculated as,

O = (a2 + B2)3.

Consequently,
0 0 [
S k= 0 0 —Qg |,
—Be a0

and because small angles oy, and (), are considered,

1 :
T(ﬂk) =13+ S, + 55,3 due to sin vy, ~ V4.

Hence,
k _ txsk Lo
vk = tyk (Sk + §Sk)
1
VZ = —tV’rj g + tV]f ﬂk — 5(@2 + ﬁi)tVfL
In this way, the displacements described by Equation 7.16 can be re-expressed

as,

4

4

t 1

= D gy + 3 gt | = Vo + Vi B — o+ )V
k=1 k=1

The non-linear term in the previous equation was neglected due to the fact
that small rotations for the angles oy and f; are being considered. Hence,

4

4
/
=) hirsy uf + ) kb [ — Vo, + Vi ﬁk} : (7.23)
k=1

k=1

Once the degrees o freedom wuy, g, and (3, are somehow obtained, vector
HAVE can be calculated via Equation 7.21. An incremental TL finite Element
formulation will be used to get the values of the dofs ug, ay, and (.

7.3.1 Total Lagrangian Formulation

In a TL formulation, the virtual work principle in a Curvilinear reference
system can be written as,

t+ALt Qij ¢ t+At~ 0y, __ t+At
oy
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where
t+AtQij _ t Qij Qij t+ At~y _ t~ij ~ij ~ij _ ~ ~
0 S]—OS]“‘OS], 0 6]—06]4—06], 06]—0€ij—|—0772'j.
In the same way, the linearised principle of virtual work is

/ LCH™ (&, 8081, AV + / LS G0y d°V = AR — / 1S 60ei;; (7.24)
oy oy oy
such that,

t oij zrst’v
OS] OJ o€rs-

Similarly as it was stated in Equation 7.4, the covariant component of the
Green-Lagrange strain tensor taking place at time ¢+ At but measured at time
0 can be written as,

~ 1
LAty _<t+Atgl tratg _Og. . gj>;

where,
Lot ort e
and
AL a<tx +u) o 8(txm + U, _t+AL
g = - = - = Gmi-
ort ort

Note that r* = r! 72 73 represents the convected natural system such that
rl=r, 12 =5, and r* =t

The Green-Lagrange strain tensor is therefore,

ne~ 1 '<8tx+ 8u) (8tx+ 6u> 80x00x]
€ii — =< - - | = — ) — -
0 T2 l\ori T O ori ~ ord ort OrJ
1r du Ou Ju Ou
At~ e bt tg _ 0, 0,
0 61] - 2 i gl g] + gla ] + a i + a,rz a’]ﬂj gl gji|
1r 1 ou Ou 1r0u ou
t+At ~ _t‘_t ‘_0‘_0 . - t - I
0 613 — 21 g g] g gj]/‘i‘ 9 |: gzarj + 87”1 } 9 |:87’z 8rj i|17

WV VvV
b€ij 0€ij 07lij



108 Chapter 7. Shell Elements

in this way,

0€ij = % _tgi% + g:itgj] (7.25)

~ 179 +'u) du  Oud(’x+'u)

KA R PR %T}

. 170 0u  Oud’x Oudu Oudu

% =3 5r o T origm t grae T argn) (0
initial displacement effect

The equations above can be directly used to quantify the strain terms appear-
ing in the linearised principle of virtual work, see Equation 7.24.

A general expression for (e;;

A vector containing all the degrees of freedom of the element is defined as,
ﬁT:[... ub uk ub oo B } with k=1,2,34.

There are 5 dofs at each node of the shell element; therefore, vector t1 contains
a total of 20 degrees of freedom.

0€;; will be written as the product of a matrix B;, and the vector 1; such
that,

~ t =1
0€11 oBL11
~ t
0€22 oBL22
~ t
0€33 Brss| .
O = (t) u, (7.28)
20612 ()BL12
~ t
20613 oBri3
~ t
| 2 0€23 | | 0Bras]|

where | B;; are matrices of size 1x20. In order to get those matrices, Equation
7.25 can be used; that is,

~ 1 [t du Ou, ] ou, Oy,
i = 5| 8iq - 8i| = - 8i = 5 9mi-
0 2L &9 T i 8 ori © ari 7

Using Equation 7.23, the above expression can be rewritten as,

4 4
~ t
0€ii = Z P Uy Gomi + Z §akhk,i [ — "V gmi) ok + (Vi gimi) 5k] , (7.29)
k=1 k=1
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oh
where hy; = ﬁ

Equation 7.29 can be particularised as,

4 4
~ t
0€11 = Z R 1 Uﬁfgm + Z §akhk,1 [ — (th]intgm) ag + (tvﬁntgm) ﬁk]

= th uy tgn + g gor + uj ) +Z_akhkl[ ag("Vai fgu+
k=1 -

Vay tgor + Va5 'ga1) + Br("VI fan 4+ Vi fgan ' + Vi t931)ﬁk}

4 4
~ t
0€22 = E Iy 2 UﬁthmQ + E §akhk,2 [ — (tvzlintgm) oy + (tvllfntgm) ﬁk]
-1 k=1

4 4

= Z hie2(uf "gr2 + uf “goo + uf gso) + Z —Gkhk 2 [ (Va1 'grat
k=1

Vo Lgan + Vo5 Lgzn) + BV Lgua + Vi Lgaet + VI 932)519}

aghy [ — (V3 P gms) a4+ (VP gms) ﬁk]

DN | —

4
0€33 = g

k=1

]

aghy [ — (Vi Pg1s + Vi L gas 4+ TV Tgas )+

=
Il
—
DO | —

Be("Vii fgus + TV fgos® + VI t933)5k} :
These expressions can also be written in matrix form as,

0511 = hk,l [ .. tgll t921 t931 ——ak(tvk tgm1> —ak(th tgml) .. } u

tBLu
0622 =hio [ ‘g1z 'go2 g2 —5an('VEgm2) Ear("Vi'gme) lﬁ
{ Bz
0€33 = flk .. 000 ax("Va L gms)  3ar("ViE, gms) lﬁ
{Bras

with k = 1,2,3,4. In this way, matrices [Bp11, §Bra2, and B3z have been
obtained.
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In accordance with Equation 7.25, the bending strain e, is given by,

- 1 ou ou 1 ou,, Oun,
7= 58153 + e 90a)-

_ |t Z=m o m
2 - 2[9”“ g2 T g Im2

Oum Oum,

Using again Equation 7.23, the the terms 74 and 53 can be computed as,

Oy, 1 1t
S =D e ) 5%’%1( — Vi, + tV&&)
k=1 k=1
ou 1 1t
8_7:; = hipub ) 5%’%,2( — Vg g + tVﬁﬂk) ;
k=1 k=1
therefore,
95— | heotgit heo'gnt+ hiolgn+ © @ ... i
0712 hk,l t912 hk,l t922 hk,l t932
{Bris
where

t
@ = —5 |z (Vi "gh) + b (Vi 'gms)|
t

® = 5|z (Vi ') + ot (Vi 'gna)|.

As it was said at the beginning of this section the shear strains 6*“ €13 and

fﬁm €93 are going to be interpolated via Equations 7.12 and 7.13. However, if a
closer look is taken to section 3.3, as a result of the linearisation process applied
to the principle of virtual work, the final equation obtained (see Equation 7.24)
only contains the incremental linear and the non-linear strain terms dope;; and
do7ij. Consequently, these shear strains will be interpolated as:

- 1 ~ 1 -

0€13 = 5(1 + S) 061143 + 5(1 — S) 06% (730)
. 1 - 1 ~

0€23 = 5(1 + 7”) 062% + 5(1 — T‘) 062% (731)
. 1 ~ 1 -

03 = 5(1 +5) ol + 5(1 —5) 07 {3 (7.32)

N 1 ~ 1 ~
023 = 5(1 + 7") 07”]2% + 5(1 — 7’) 0772% (733)
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In order to use Equations 7.30 and 7.31, it is necessary to find expressions to
compute ¢€1%, 063, 06ay, and oely. According to Equation 7.25 the strain géiy
can be computed as,
A 1[t Jdu Ou, ”A_l[t O, Oy ”A

- 5 9m3

0€13 = 63+81g3 gmlF—FF
1 Jujd Ou|4 1 OUp |4 Oy, |A
= [tg’f‘ S tg?} = [tgii‘ﬂ =+ == tgis]
2 or or 2 or or
Using Equation 7.23 and taking into account that the natural coordinates of
point A are r =0, s = 1, and t = 0, the the terms %“g’ and %“T in the

above expression can be computed as,

i |4 = agh 4 A A
ol = (e )| = L (e )

3
or pt 2 p 2
8u 1t

— thu ’ +Z§akhk,1(—tvﬁnak+tvﬁnﬁk>’ thum,

k=1
hence,
L aphd
K
208 = ) 2’“[ a("Vas, tgm) + Be(’ “gﬁ‘ﬂ}+zhm (s, "gns)-

k=1
In matrix form it can be written as

20613 =
[ AL taly B el DA tedy —MEE(TVE tgA ) BIE(tVE tgA ) }u
BBZM
and using the same strategy,
20613 =
\[ hm 7% hkl 95, hk1 95 akh axh (tyk tgC) akh axhiy (7 1gC ) ] a.
gBZSC

With the above results, matrix { B3 can be easily computed as
- 1 ~ ~
2pe13 = 5 [(1 +5) 20615 + (1 — s) 206103]

1 N
= 5 [(1 + S) EBngA + (1 — S) 6BL13C} u.

J/

-~

tBris



112 Chapter 7. Shell Elements

Following exactly the same strategy, the shear strain geo3 can be computed,
the final expressions obtained are:

206y =

\[ hkz2 913 hkz 993 hk2 953 akh (Vo "Gina) akh (Vi taina) ] a
gBZSD

2060 =

[ th2 ‘93 hm 953 hm 9% akh (Vi tghs) #( Vi '9m2) ] u,
53233

and using the above results, matrix [ Byos can be obtained as

- 1 - .
20623 = 5[(1 +7")206§)3 + (]. — 7")206%]
1 .
=3 [(1 +7) 4 Brasp + (1 —7) BBL23B} u
e

Once all matrices §Br;; have been computed, matrix By, can be assembled
as shown in Equation 7.28.

A general expression for (7;;

Looking back at the linearised principle of virtual work (see Equation 7.24), the
incremental non-linear strain do7;; makes part of the term [, Egij o AV
According to what it was explained in section 3.3, this term can be expressed
as the product of a non-linear incremental stiffness matrix § Ky and vector
. That is,

ngﬂ'j Somij d°V = sa” (AEB};L 0S EBn1 d0V> i

-~

Knr

However, due to the fact that the non-linear incremental shear strains 7,3 and
0723 have to be interpolated via Equations 7.32 and 7.33, obtaining a matrix
By, becomes quite difficult. Therefore, matrix expressions for every single
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non-linear strain ¢7;; will be found such that,
/ LS oty dOV = / (g§11 Soi1 + 55?2 Soias + 55 Soiss+
oy oy

2! S12 5o, + 21588 647y + 24,528 50523)d0v.
(7.34)

In accordance with Equation 7.27, the first variation of the incremental
non-linear strain is given by,

s = [5ri(Gs) vilaE) 5 o

Thus, the first variation of the bending strains are

o = s (20 gy = s (D) iy = Ot (D)

orl orl or? or? or3 or3
Oy . [ Oy, O, \ Oy,
2002 = 5,19(5,5) + (50 ) 5

Using Equation 7.23, terms %"’1” and (8“m) can be directly obtained. That is,

8um Z hiea iy, + Z _akhk 1< — Vi i + tVf%ﬁk)
= hk,l |: o1 1 1 ——aktVQm —akth .. lﬁ
H
(‘?;;T) thléup +Z Saphy (= VB, 0, + VD00,
= pr,1 .. 11 1 —%a,'Vy, fa,'VE ...l(?ﬁ;
1,
therefore,
LSS, = sal { Su [HT Hlk]} . (7.36)
In the same way
t 5225y = 010 { 522 [H H%” (7.37)
t 535,773 = Ot { 53 [H Hgk” (7.38)

2t 51257, = sl { g1z [H Hy+ HY sz}} (7.39)
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where
Oy, )
I I i AC N A
r N
H\,;k
Oy, A
S(25) sl 1 1 o 50
Hp
Oum h )
”
H
O h A
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On the other hand, the first variation of the incremental non-linear shear
strains dpn13 and dgne3 are going to be calculated as stated by Equations 7.32
and 7.33. That is,

1 -~
—(1—5) 07 {3

~ 1 ~
doniz = 5(1 + 5) Solys + 5

o723 = %(1 + 1) bollgy + %(1 — 1) G0l
such that
st = 2| o) o )|
iy = 53] o(5)| +o(G)l Gl
st = () )

Consistent with Equation 7.23 and taking into account that the natural coor-
dinates of the points A, B, C, and D are A(0,1,0), B(—1,0,0), C(0,—1,0),
and D(1,0,0); the terms appearing the the above equations can be calculated.

e.g.
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Ot |4 aphit
u ‘ S 00 0 <tV VR L]

or3 _2 )
H gp,|4
accordingly,
2 iy = 00" | B, [y + HE [ Hg
267Gy = ou’ | H, |7 H | + HY, | Hgl|a
2 00y = 0 | 5, P Hap” + HY, [P ||
2 by = 00" |HY [P Hopl P + HS, |7 H el ]
Therefore,

~ . . 1 ~ T
205" 5075 = 5uT{§(1 )65 [ A1 Ho [ + HY | Hog ] +
1 . A
5(1= ) 08" | HE IHou | + HEP\CH,%P] }u (7.40)
~ . . 1 ~T
24,57 60703 = 5UT{§(1 +7) 5% ng‘DH,zk:\D + ng’DH73k|D:| +

1 — -

S(L=7) 682 [ HE P Hal” + H£p|BH73k|B} }ﬁ. (7.41)
Now the term va Egij do7i; d°V can be easily calculated by adding Equa-

tions 7.36, 7.37, 7.38, 7.39, 7.40, and 7.41, as it is stated by Equation 7.34.

7.4 Computer implementation

The 4-node mixed shell element explained in the previous section was imple-
mented as a C++ program. Chapter 8 describes a controlled experiment that
was done in order to validate the results; the deformations obtained in the
experiment were measured with a 3-D laser scanner and compared with the
numerical results. The User’s Manual of the program can be consulted in
Appendix D.

7.4.1 Examples

In addition to the simulations performed to validate the results, some other
examples were accomplished. The Geometry file as well as the Properties file
for these examples are inside the examples folder. Some of them are:
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e Square plate: One side of a flat square plate with a hole in the middle
was clamped, and therefore all the nodes belonging to this side were
constrained in all their degrees of freedom. Vertical forces were applied
to the opposite edge to the clamped side. The results obtained are shown
in Figure 7.9a.

(a) Square plate with vertical forces (b) Rectangular Plate with displacements boundary
applied on the edge conditions

Figure 7.9: Some examples executed

Both, a linear and a non-linear simulation were run for this example.
The final location of the plate predicted by the linear model was quite
close to the non-linear. In the non-linear simulation the total amount of
loading was split into two load-steps. The first load step converged after
7 iterations, while the second load step converged after 5 iterations.

Flat plate: Only displacements boundary conditions were applied to a
rectangular plate shown in Figure 7.9b. An amount of displacement
along the y axis was given to the 4 corner nodes and to some inside nodes.
Therefore, those nodes were constrained to displace a given amount along
the y axis; but they were also free to move along the x and z axes. Only
satisfactory results were achieved by the linear simulation.

Arc structure: The structure chosen for this simulation is shown in Figure
7.10. The three nodes inside the circled area were constrained in all their
degrees of freedom. By the other hand, nodes 3, 32, and 33 were allow
to move freely along axis z. Therefore, these nodes were restricted to
move in all its degrees of freedom except for the z axis. Besides, a force
boundary conditions pointing in the direction of the —z axis was applied
to nodes 3, 32, and 33. Only satisfactory results were achieved by the
linear simulation.
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Figure 7.10: Arc structure with displacements + forces boundary conditions






Chapter 8

Validation Results

In order to verify the accuracy of the results obtained with the large deforma-
tion finite shell element model proposed herein, a validation experiment was
designed.

8.1 Description of the Experiment

The experiment can be described as follows: A cantilever rectangular plate
subject to a punctual force on its free end was chosen as the situation to be
simulated, see Figure 8.1.

(b)

Figure 8.1: Pictures of the experiment

This situation was chosen because the easy measuring of the boundary
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conditions: The dimensions of the clamped region can be simply measured as
well as the exact location and direction of the force to be applied.

A 300 mm x 150 mm steel plate with a thickness of 2.4 mm was fixed in one
of its ends, see Figure 8.1. For that purpose, two screw clamps were placed over
the region that was wanted to be fixed. To ensure that the clamping conditions
were applied over a controlled area of the plate, a flat ruler-like element was
placed in between the screw clamps and the plate in order to distribute the
fixing conditions.

Then a quasi-punctual force was applied at the free end of the plate. The
direction of this force coincides with the direction of the gravity vector because
the force was applied in such a way that non-wished momentums could be
introduced into the experiment. To achieve this situation a non-screwed clamp
was hung at the free end of the cantilever, see Figure 8.2, and a bag containing a
cylindrical object was attached to it. The total amount of weight was 3.538kg,
this weight includes the screw clamp, the cylindrical part, and the bag.

Figure 8.2: Force applied

Before and after the application of the load, the geometry of the plate was
acquired via a 3-D laser scanner. The scan of the deformed configuration
represents the experimental data to be compared with the simulation results.
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8.2 Obtaining the Geometry and the Proper-
ties Files

The scan data obtained for the non-deformed location was used to draw a CAD
model of the plate at its initial location. This CAD drawing was exported into
a meshing software with the intention of getting a quadrilateral mesh of the
plate, see Figure 8.3. In order to get the information required by the Geometry
file, once the quad-mesh was obtained, the following information was saved into
a flat-text file:

e Cartesian coordinates of the nodes
e Indices of the elements
e A list of normal vectors associated to each node,

with this information the Geometry file was build. This file is also included
with the source files delivered. It can be found inside the folder “Validation”.

|
]
A
T
N Y A
. ......-.... ....-====
I

Figure 8.3: Meshed geometry

The mesh was built in such a way that the clamping region could be strictly
controlled. With that aim, a good amount of nodes were located inside and on
the edges of the region described by the ruler-like object. Figure 8.4 highlights
these nodes in red color. All the red-highlighted nodes were constrained in all
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their degrees of freedom, including displacements plus rotations. Because this
information has to be included into the Properties file, the indices of the nodes
belonging to the constrained area were saved in a flat-text file.
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Figure 8.4: Forces + Displacements applied.

The location of the force was also strictly controlled by obligating the
Quad-mesh to pass by the exact point of application. Figure 8.4 highlights
this point with a green sphere. Because the direction of this force coincides
with the gravity vector, a simple experiment to measure this direction was
accomplished: A collar-like element was hung at one of its ends, and the other
end was allowed to align with the gravity direction. The element was scanned
and with the data obtained a director vector was deduced. This unitary vector
was multiplied by the magnitude of the total amount of weight applied. The

final result for the force vector was

F,=-384x10°N F,=-34707.8x 107°N  F,=1152x107°N.
(8.1)

As it can be seen, the biggest amount of force is applied in the y direction,
which means that the y axis of the scanner is almost aligned with the gravity
direction.

The Properties file also requires information about the material properties
of the plate. The material has isotropic behaviour with a Young modulus of
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130 Gpa, and a Poisson ratio of 0.33. The final Properties file which was built
to run the simulation can be accessed inside the Validation folder.

8.3 Linear versus non-linear simulations

As the reader might know, either a linear or a non-the simulation can be carried
out by the C++ program. Because the nature of the equations which rule this
deformation process are highly non-linear, a non-linear simulation should be
pursuited if the aim of getting accurate results is sought. However, this kind
of simulations can carry out some serious problems such as:

e Convergence: The main reason why this problem occur is that the non-
linear system of equations is solved via the Newton Raphson method.
This method solves the problem iteratively, and at each iteration a lin-
earisation of the system of equations made. Hence, an approximation
to the final solution will be linearly reached at each iteration until a
convergence criterion is satisfied. The problem is that sometimes the
Newton Raphson method diverges. To try to avoid this problem several
techniques can be applied. Some of them are: (i) split the total amount
of force or displacement to be applied into smaller parts, (ii) change the
density of the mesh, which means that the original geometry needs to be
meshed either with more or less elements, and (iii) try to avoid element
distortion. Although all these suggestions are carefully satisfied, in some
cases of complex geometries the problem still does not converge. In those
cases, some other techniques can be employed, but they belong more to
the mathematical foundations of the method, and they are out of the
scope of this study.

e Timing: If the problem converges, in most of the cases, it is still a long
time consuming process. For example, when simulating very complicated
geometries which are meshed with a big amount of elements, the final
solution can arrive after several days of machine calculations. That is
one of the main reasons why for inspection purposes non-linear solutions
are not widely employed.

On the other hand, linear simulations are not as accurate as its counterpart,
but they have the advantage of being fast and also do not have convergence
problems. When dealing with inspection processes, an accurate prediction
of the final location of the object is highly pursuited; however, it has been
observed that a linear approximation is most of the times close enough to
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the non-linear predicted final location of the object. For the reasons just
mentioned, linear simulations are suggested for general inspection purposes.

8.4 Numerical Simulations

Two main simulations were carried out to validate the results. In both of
them, linear approximations for the final solution were chosen. Nevertheless,
before the simulation process began, a simply extra experiment was made.
In this experiment the plate was double scanned on its initial non-deformed
configuration. The cloud of points obtained for each scan was triangulated and
the results were compared. Beforehand it was known that the precision of the
scanner was 0.05 mm, however the intention of the experiment was to figure
out how other sources of error could affect the results. These sources could
be: scanning speed, reflection, and triangulation errors. When talking about
triangulation errors, it is meant that even though the vertices of the triangles
(which correspond to the points scanned) have a precision of 0.05 mm, the
edges of the triangles are created entities whose error can be bigger than 0.05
mm. Because in this experiment two similar configurations were measured, it
was known in advanced that the real error between them was zero, but after
comparing the scanning results, this error was up to 0.2 mm.

Figure 8.5: Results of the simulation
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8.4.1 Cantilever with a single force on its free end

In the first simulation the force shown in Equation 8.1 was applied at the node
highlighted with the green sphere, see Figure 8.4, and the clamping restrictions
were located in the nodes highlighted with red. The deformed plate obtained

is shown in Figure 8.5.
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Figure 8.6: Comparison field between the simulation 1 and the scanned data.

The comparison between the scanned data and the simulation results are
shown in Figure 8.6. The maximum error found is 0.467 mm, while the average
error is 0.199 mm. These errors are not only caused by the simulation, they
also include the errors discussed at the beginning of this section. Therefore,
considering that other sources of error are up to an order of 0.20 mm, the
maximum error of 0.467 mm can be considered as relatively close to the results
expected.

8.4.2 Cantilever with displacement applied at its free
end

In this simulation the punctual force described by Equation 8.1 was not con-
sidered; instead the free non-clamped corners of the plate were moved towards
a displacement vector. These two vectors were calculated with the initial and
the final locations of the corners, that is, the positions of the corners before
and after deformation. These locations were obtained from the scanned data.

The comparison between the scanned data and the simulation results are
shown in Figure 8.7. The maximum error found is 0.719 mm, while the average
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Figure 8.7: Comparison field between the simulation 2 and the scanned data.

Although the maximum error increased compared to the first simulation,
the average error diminished considerably. As it can be seen in Figure 8.7,
the field of comparison tends to be blue all over the surface except for a small
region close to one edge of the plate.



Conclusions

The Finite Element equations for any kind of element can be proposed in
any convenient reference system. It is clear that if an inconvenient reference
system is chosen, some mathematical problems in the deduction process might
be obtained, but eventually, because of the Frame Indifference Principle the
same results must be achieved. The Frame Indifference Principle states that
the frame of reference is only a mathematical artifice and it does not have any
physical meaning. Therefore, it does not matter which frame of reference is
chosen, the physical response of the structure analysed cannot be affected.

The principle of virtual displacements (Equation 1.2 deduced in section 1)
is expressed in terms of the spatial coordinates (Eulerian formulation). In other
words, it is applicable to the current deformed configuration of the object. For
that reason, when using a Finite Element formulation, the principle has to
be integrated over the deformed volume of the finite elements. However, in a
small displacement scenario, the deformed configuration of the object lies too
close to its original undeformed configuration. Consequently, the integration
of the principle is performed over the original volume of the finite elements.

In some structural problems the small displacements hypothesis has to be
abandoned. This occurs due to a more general formulation considering large
displacements may represent a better approach to the real conditions of the
problem which is intended to be solved. However, if a large displacement for-
mulation is chosen, the principle of virtual displacements has to be rewritten
in terms of stress and strain tensors which are invariant under rigid body mo-
tions. The problem is that usually those tensors involve nonlinear terms which
make the principle of virtual displacements to be highly nonlinear. Therefore,
a linearisation of the principle has to be achieved and an incremental solution
method has to be used to obtain the solution the problem.

When dealing with elements that suffer from the shear locking phenomenon
(this problem usually comes from a displacement based formulation), e.g.
beams or shells, a mixed formulation represents a better approach to solve
the problem. Otherwise, the element will exhibit a stiffer behaviour and the
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displacements obtained will be smaller. However, it is also possible to get
displacement based elements which present good predictive capabilities, the
problem with these elements is that the polynomial of interpolation used for
the displacements needs to satisfy continuity of the first derivative of the dis-
placement between elements. For that reason the polynomials used are of
very high order and the idea of using an iso parametric formulation has to be
abandoned.

When studying shell elements, “Although a rectangular system may be in-
scribed conveniently in certain bodies, deformation carries the straight lines
and planes to curved lines and surfaces; rectangular coordinates are deformed
into arbitrary Curvilinear coordinates”(WT03). For that reason, somehow it
is necessary to deal with Curvilinear coordinates.

A C++ Finite Element program for general quadrilateral shell elements
has been implemented. A mixed Total Lagrangian model was used. The
shell element is composed by four nodes (non-flat), and it accomplishes for
geometric non-linear analysis. The element implemented is based on the article
(DB84). In order to verify the accuracy of the results obtained with the large
deformation finite shell element model, a validation experiment was designed.
The deformation data obtained with the C++ program was pretty close to the
deformation data measured in the experiment. With the validation experiment
it was found that linear simulations are not as accurate as the nonlinears,
but they have the advantage of being fast and also do not have convergence
problems. When dealing with inspection processes, an accurate prediction
of the final location of the object is highly pursuited; however, it has been
observed that a linear approximation is most of the times close enough to the
non-linear predicted final location of the object.



Future Work

A deeper and more complete study of the Newton Raphson method applied
to the finite element method should be carried out. It might be important to
solve some questions like: (i) Is the linearisation of the principle of virtual dis-
placements affecting the convergence of iterative solution?, (ii) Are any of the
assumptions made to linearise the this principle causing somehow an uncon-
trolled behaviour of the method?, and (iii) Do some finite element variables
(as the mesh density or the element distortion) affect the iterative solution
method? and in what degree do they do it?

The large displacement formulation discussed in this text has been de-
duced to support large displacements and large strains. However, the material
constitutive relation used (Hook’s law) applies to only small displacements; in
consequence, a large displacements but small strain scenario has been achieved.
It would be important to implement a large strain material behaviour. In this
way, the range of engineering problems to be simulated would increase a lot,
such as, hyper-elasticity and visco-elasticity. Indeed, large strain elastic-plastic
behaviour could also be included.

Although the 4-node shell element seems to work well, it is necessary to
have a quad-mesh of the geometry that is going to be simulated. This does
not represent a big problem; but sometimes when meshing very complicated
geometries, a triangular mesh could be generated in an easier way. Moreover,
most of the commercial meshing softwares available have been designed for
triangles. For that reason, implementing a triangular shell element under a
large displacement hypothesis would represent an advantage in some cases.
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Appendix A

Displacement and Deformation
Gradient in a 3—D Cartesian
coordinate system

Going back to the expression employed for the total differential of a vector
function

ou; ou; ou;
w; = u; + “dtx, + “dtxy + “dlx
i t t ¢ 3
0 T 0 i) 0 XT3
ou,;
u;k —U; = ; Zdtxj,
x

J
and developing the above expression (in matrix notation) for the particular
case of a 3-D Cartesian system, yields to

t+AL,. + dt+Aty (tl. + dt@ ALyt ] [ dtr ]
t+Aty + dt+Aty - (ty + dty) _ t+Aty _ ty = Ui dty
t+Atz+dt+Atz—(tz+dtz) t+AtZ_tZ i dtz |

dtAty — dtx [ diz |
dH—Aty—dty = (U; dty
dtJrAtZ_dtZ I dtz |

This means that
dui = tUs, dtﬂfj, (A].)
where 4u; ; is the displacement gradient which can be written as a 3 x 3 matrix;
namely,
ou/d'x Ou/dy Ou/d'z
;= | Ov/d'r Ov/dy Ov/d'z
ow/d'x ow/dy Ow/d'z
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132 Cartesian coordinate system

Next, developing Expression A.1, and using the relations expressed in 4.5,
yields to

B AR A7 %dt:c—i—%dty—l—%dtz
ditAty —dty | = | Fidle+ Shdly+ §id'z

AL, gt dw gt dw gt ow gt
| d z—d'z 8txdx+8tydy+atzdz

_ _ — 8(t+Atx_tI) n 6(t+Atx_tx) ¢ 6(t+Atx_tz) n
dttAty — dty Td x—l-Td y+sz
t+AL t _ (T Aty—ty) ¢ ARty —ty) ¢ (T Aty—ty) ¢
d y—dy = Tdm—i—Tydy—i—Td:z
dt—i—AtZ o dtZ (A w—tw) ;¢ (A w—tw) ;¢ (A w—tw) ;¢
- | LT At T Ay T d e

Finally, simplifying the above expression, where SZ? =1ifi =7, and gzi”? =0
J J

if i # j, the general expression to relate d “+2tz; with d‘xz; via the deformation
gradient "2 z;; is obtained:

r at+Atx 8t+AtClS‘ 8t+Atx -

d t+At$ Otz Oty otz dlz
AL o at+Aty at+Aty at+Aty t
d Y o Otx oty Otz d Yy
d t+Atz gttAt,  gt+At,  gt+At, d tz

otx oty otz

or in indicial notation
dt+Atxi — §+Atxij dtl'] (AQ)



Appendix B

Evaluation of the Jacobian for a
truss element in 2-D

Strictly talking, a bar is a 3—D element; however, it can be represented as a 1-D
element. This strategy can be applied because some mechanical assumptions
are accomplished. The most relevant are: (i) Strains and stresses can only be
transmitted in the direction normal to its cross sectional area, and (ii) strains
and stresses are considered as constant over its cross sectional area.

A 0

t
T2, T2

0 t
I, T

Figure B.1: Local coordinates of the truss element at time 0.

Therefore, it is entirely logic to pursue the evaluation of the Jacobian in
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3-D. However, for the particular interest of this study, only an evaluation of
the 2-D Jacobian is needed. In order to achieve this, equations relating the
local coordinate system °Z; — °Z, with the natural convected coordinates r, s
must be stated, see Figure B.1.

Because the original 3-D bar is simplified into a 1-D element, usually
people tend to to find only a relation between °Z; and r. Nevertheless, the
2-D Jacobian requires a complete relation between the local coordinates and
the natural-convected coordinates. With that intention, the 2-D geometry of
the bar can be interpolated in terms of the convected-natural coordinates as:

0.131 :hl(r,s) tx% + h2(r,s) tl‘% + h3(r,s) th’? + h4(r,s) txil
0x2 :hl(r,S) tl‘% + hQ(r,s) tl‘% + h3(r,s) twg + h4(r,s) ta:g’

where h;(,. ;) are the interpolation functions, and are given by

M = JA 47 +s)  hp=(04s)  he=i(4r)  (BI)
Mo =31 =11 +5)  hay=—3(4s)  h,=7(0-7) (B2
Mo =31 =1)1—8)  hyy=—3(=s) hy,=—7(1-r) (B3)
M = 0+ 00 —5)  hip=70-8)  he=—3(1+7). (B4)

Because de 2-D Jacobian is given by

0%, /0r %, /r

07 —
%, /0s %, /0s |’

it is precise to evaluate all the derivatives of °Z; with respect to r,s. That is,

Nz ~ - ~
67“1 = hLTOI% + hQ,TOﬁ + hgﬂ«ol'? + h47,«027£11
1 0~1 1 02 1 03 1 0~4
=7 +8)z = (1 +8)727 — 2 (1= )77 + (1= 5)°7,
or,
77
80@ 0~1 0~22 03 0~4
aT — h‘l,'l‘ 1’2 + hQ,T ZE2 + h3’7’ fL‘Q + h/47r,‘ x2

1 ~ 1 . 1 - 1 ~
=70+ 5)"'Ty — it 5)"T5 — yite 5)"T; + Fithe 5)°T;

=0,
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1, 0~1 0~2 0~3 0~4
85 - h]_,s ZBI _|_ ths ZEl _I_ h375 331 + hf475 331
1 . 1 . 1 . 1 -
= 1(1 +7)07] + Z(l — )73 — Z<1 — )07 — Z<1 +7)07%
— 0’
T, 0~1 0~2 0~3 0~4
88 — hl’s 5(72 + h2,8 132 + h3,8 -/L‘Q + h/4,S I2
1 - 1 - 1 . 1 -
= 1(1 +7)°%5 + Z<1 — )75 — 1(1 — )75 — 1(1 +7)075
Op
pr— E'

The above expression have been found taking into account that (see Figure
B.1),

h
0~2 _  (0~1 , 0 0~1 _ 02 _
11 =7 +"L), xz—%—i
h
0~3 _  (0~4 , 0 0~3 _ 0~4 _
7y =7+ L), Ty = xz—_a

In this way, it has been shown that that the 2-D Jacobian 0] = ‘(i,i is

oL
=~ (% 0
oJ=|7 .

0 3






Appendix C

Calculation of matrices tOK I

6KNL9 and vector 6F for a truss
element

“For the two node truss element shown in Figure C.1 develop the tangent
stiffness matrixz and force vector corresponding to the configuration at time t.
Consider large displacement conditions”.(Bat96)

~9 _ .9
Ug = U3

~2 _ .9
L T Uy = Uy

t~2 1,2
Uy = U

vy ="T1,'v ="2;

oL

Figure C.1: Location of the element at times 0 and ¢. Figure taken from
(Bat96, pag. 545)
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It can be easily seen in the Figure above that the element at time 0 is aligned

with the %z, axis; therefore, plane °z; —°

T coincides with plane °z; — 2. In

consequence, the displacement dofs also coincide. It means that ‘u¥ = ‘u¥ and
uk = u¥. Tt is also possible to appreciate from Figure C.1 that:

1. " =tul =0

tyl _t 1_0

2. 'uy ="tug =

3.0=0

4. ' ='ui="Leosa — "L
5. % ="'u3 ="'Lsina.

Replacing these listed values into Equation 4.17, yields to

]. t,,1_t,2 t,1_t,2 t,2_t,1 t,2_t,1
o = s Ug—"Uy s uj— Uy U3 — Uy : 3
0€11 0 [ —op+ —cos —F%—=2 —sinf —Lr— +cosf) —G7—=2 +sinf (u
~ VvV
0BL
1 0
_ = | =(*Lcosa="L) —'Lsinae  *Lcosa—="L !Lsina "
07, [ 0f 1 0r, 0L +1 “op u
tL
=572 [ —cosa —sina cosa sina ] u;
therefore,
t
f)BL:m[—cosa —sina cosa sina |.

Because in this case BCWS only accounts for Cii1p, the linear incremental

stiffness matrix [ K, can be computed as

'K, :A {BTLC LB, dOV

—Ccos
t . t
B L | —sina |, : . 0
= — oCrii=— [ —cosa —sina cosa sinao } d-vV.
oy 0L2 COS (v 0L2
sin o
And assuming a constant cross-sectional area A,
cos? o Cos arsin «v — Ccos” «v — cos asin «
e Lo tr? 04 cos asin a sin? o — cosasin o —sin’ «
L = ol111573 . .
0 0 073 —cos’a  —cosasina cos® o cos asin a
— cosasin a —sin® o cos v sin «v sin? o
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It is important to remark that this incremental linear stiffness matrix repre-
sents only an expression to be used in the particular case described herein.
But in all the possibles 2-D cases, this matrix can be constructed following
the same strategy.

It was shown already in chapter 3 that the non-linear incremental stiffness
matrix § Ky comes from writing in matrix form the term

/ LS80 d°V = o0l ( / tBT tStpy, dov) i
oy SJoy

J/

-~

¢
6KnNL

Expression 4.19 quantifies the inner term d¢7;;, that is

1 0 -1 0

— 1 o 1 0 -1
_ saT N
(507711 = du m _1 0 1 0 u.

0 -1 0 1

Moreover, £S;; can be accomplished via Equation 4.21; however, e1; has to be
calculated. With that intention, Relation 4.20 is used:

Len OL{[ ul cos @ — 'ulsin 0 + tu COSQ—l—tUQSIDQ}
[ —u)'uy | (fug —"ud) ey (Tuf - tug) ' (tug—tué)tug}}
20 20 20 20
Lr, 0 (*Lcosa —°L)? + (*Lsin a)?
= ap{[Leosa=r] + | 57 I}
17/700N\2
—-[(= _1}
51 (5z)
AL n 1 (AL>2
0L 2\ 0L
where AL = 'L —°L. Consequently, {Si; is given by
AL 1 /AL\2
t
= —(—=— 1
0911 = 001111[ L+2<OL>}’ (C.1)

and therefore, the final expression for the non-linear stiffness matrix can be
obtained as:

1 0 -1 0
1 0 1 0 -1
t .. .. O _— ATt P—— i
[VOS”(SO%dV W Sugs | 1 0 1 o (C.2)
0 -1 0 1
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where the value for §S;; can be calculated directly via Equation C.1.
In a similar way, an expression for vector {F can be found, that is

tw t pT ¢ 0
oF —/ oBL 05 d"V
oy
— COS &
tl; .
— S1n &« t 0
- ﬁ 0511 d V
o, VL COS &
1%
. (C.3)
sin av
— COS «
'L, —sina
07, Ccos o
sin o

t
= 0511

Even though relations for § Ky, and jF have been found already, they are
not yet similar to the expressions provided by reference (Bat96). This happens
because reference (Bat96) gives the results in terms of a variable *P. This
variable represents “the current force carried in the truss element”(Bat96).
The problem is that P is not a given value of the exercise being studied;
however, it can be calculated as:

tLO
oL

tp=16,,-—94. (C4)

If this relation is included into expressions C.2 and C.3, then the same expres-
sion provided by reference (Bat96) will be obtained. Expression C.4 can be
demonstrated using Equation 3.9, that written in matrix form is given by

0
LS = %?X%?XT; (C.5)

therefore, the inverse of the Displacement Gradient X has to be found. If the
Deformation Gradient /X is obtained, then its inverse can be easily computed.
As it was mentioned in chapter 3, { X is given by

Otz Otz
Mz, OOz

6X = )
day O'ay
21 Oz
and
o'y Oz Or N Oz, Os d'wy  0'xy Or N o'z, Os
Or,  Or Ox ds 0Oxy’ NOxy  Or OOx Os 0%,
Olzy  Olzy Or Olzy Os d'wy  O'wy Or Olzy Os

Nz, Or Pxy + 0s OOz’ Nrs  Or OOxy + 0s OOxsy
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If the Jacobian deduced in Appendix B is replaced into the above expressions,
they reduce to

Gt:cl . 8%1 2 8t561 . 8%1 2
Nry  Or OL’ Nzy  Is Oh
(‘9%2 . 8%2 2 8%2 . 0%2 2

Oz, Or OL’ Ozy  Os OK

Similarly as for the Jacobian, the geometry of the bar has to be interpolated
in a 2-D scenario in order to get the fully 2-D Deformation Gradient. For this
purpose the geometry of the object at time ¢ can be interpolated in the same
way as it was done with the Jacobian. That is,

txl :hl(r,s) tl& + hQ(r,s) tx% + h3(r,s) t'rzl3 + h4(r,s) t'réll

tIL’2 :hl(r,s) t-T% + hQ(r,s) t‘rg + h3(T75) t‘rg + h4(TfS) twg’

where h;(, 5 are the interpolation functions, see equations B.1 to B.4. From

(‘zy,"a3)

Figure C.2: Cartesian coordinates in configuration ¢.
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Figure C.2, it is possible to deduce the following values:
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Finally, the Deformation Gradient j X and its inverse )X are given by

t t . 0 0 .
—ECOSCK —£SH106 %COSOJ %SIHO&
t _ t -1 _0 _
X =1 t pxI7=0x=| O
L o h h o h
o7, SN & o5, COS & —, S g COS &

(C.6)
Before using Equation C.5, it is also necessary to find an expression for ‘7.
Because truss elements can only support loads along the axis normal to its
cross-sectional area; hence, in configuration ¢, the Cauchy stress tensor mea-
sured in the local reference system ‘Z; — ‘75 can be written in matrix form

as tp
~ 1 0
= _ tA
=7 0]

Nevertheless, in order to use Equation C.5, the components of the Cauchy
stress tensor must be established in the global Cartesian system ‘z; — ‘z.

This is,
b [cgsa sma} { T O] { cqsa sma} (C.?)
sinc  CoS« 0O O —sino CoSo

It is also important to remember that the mass m of the object remains con-
stant at any time; it means that before, after, and while the deformation
process is taking place, the mass of the object does not vary. Therefore,

0 —
OPOV — tptv
0,040, = tpt AL,
hence
Op tALL
ty  0A0L
Expressions C.6, C.7, and C.8 can be directly replaced into C.5:
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for that reason
or, ‘L

6511 :tPOAtL :>tP:6511@0A.




Appendix D

User’s Manual of the C++ Shell
Program

A Finite Element software for general quadrilateral shell elements was imple-
mented in C++. The shell element is composed by four nodes (non-flat), and it
accomplishes for geometric non-linear analysis. The shell element implementa-
tion is based on the element presented in the article “A Continuum mechanics
based four-node shell element for general non-linear analysis” published by
Klaus-Jurgen Bathe. The equilibrium non-linear equations of the problem are
solved iteratively via the Newton Raphson method.

This manual describes the basic requirements run a Finite Element Shell
simulation using the code developed. The geometry of the object, its material
properties, and the load (boundary) conditions are described using text files.
The first part of this document describes the syntax of the files to accomplish
a simulation. The Second part describes how to compile the source code.

D.1 Description of the input files

D.1.1 Geometry File

This file assumes that the CAD model of the object has been drawn already, see
Figure D.1a, this process can be achieved in any commercial or non-commercial
CAD software available.

Moreover, it is also assumed that the geometry has been appropriately
meshed with Quads elements, see Figure D.1b. This also can be achieved with
any available meshing software.

Frequently, in meshing softwares available, the numbering of the nodes

145
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(a) CAD (b) Quad mesh

Figure D.1: Geometry of the object

obtained in the meshing process begins in “1”. However, this Shell C++
program was designed to account for numbering of the nodes beginning in
“0”, see Figure D.2. Hence, in case that the numbering obtained begins in
“17, it is precise to diminished 1 unity to each node number when indexing
them to the flat-text geometry file.

Another important feature that has to be accounted for, is the normal vec-
tor associated to each node, see Figure D.3. The magnitude of these normal
vectors has to be equal to 1, besides all of them must point either inside or
outside of the domain. In general they can be obtained from the meshing soft-
ware utilised; otherwise, a routine to calculate them can be easily implemented
in any programming language (Matlab, C, C++, etc).

Each node of the domain also has a thickness value ¢ associated to it, see
Figure D.4. This value is measured along the normal vector associated to
each node, in this way, the shell element accounts for variable thickness shell
elements. Therefore, the real object is represented in the simulation
only by its middle surface, see Figure D.4, and the thickness of the
object is given to the program as a list of external data values.

Once all the geometry data has been obtained: (i) Cartesian coordinates of
the mesh, (ii) normal vectors, (iii) list of thicknesses, and (iv) the indices of the
elements (numbering beginning in “0”); the geometry file can be constructed
as follows:
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H H= B H# =

#
E
#

1 13 14 15 16 17

& |
7

8l D

! ¢

Q

g 0 a

8l b
3 1

Figure D.2: Numbering of the nodes.

flat-text file with the geometry information
number of nodes

<Coordinates> <Normals> <Thickness>
<Xy z> <Nx Ny Nz> <thick>

x1 y1 =z1 Nx1 Nyl Nzl t1

Xn yn zn Nxn Nyn Nzn tn

Number of elements

indices of the elements

indl_el 1ind2_el 1ind3_el 1ind4_el #indices conforming element 1

indl_eE 1ind2_eE ind3_eE 1ind4_eE #indices conforming element E
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Figure D.3: Normals associated to the nodes of the geometry.

upper surface

lower surface

dle surface

Figure D.4: Thickness of the shell element

where n is the total number of nodes, and E is the total amount of elements.
If the symbol # is at the beginning of a line, it means that the rest of the
line is considered as a comment; therefore, that information will not be used
by the C++ program. It is important to make sure to follow strictly the
order suggested herein to index the geometry information, otherwise fake or
rubbish-like results can be obtained.
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D.1.2 Properties File

This file contents the information of all the variables which do not have any-
thing to do with the geometrical part. These variables must be provided in
order to run the simulation appropriately. Those variables are:

Tolerances

Tolerance for zero value: Values inside the C++ program bellow this
tolerance value are considered to be zero.

Tolerance for stop criterion: Because the final solution of the non-linear
equations is achieved via a Newton Raphson iterative process, the final loca-
tion of the object in general gets closer at each iteration. Therefore the amount
of displacements of each node begins to decrease, as long as the process is con-
verging. The stop criterion used to stop the Newton Raphson iterative process
is achieved once the biggest displacement value obtained among the whole
amount of nodes is less than the tolerance for stop criterion. If only a lin-
ear simulation is pursued, this tolerance value is not taken into consideration,
but still some value has to be given within the properties file.

Number of Iterations

Maximum number of iterations per load step: This value accomplishes
for the maximum number of iterations made by the Newton Raphson process.
The iterative process will stop either if the stop criterion or if the maximum
number of iterations is achieved.

Maximum number of iterations for the Preconditioned Conjugate
Gradient linear solver: At each iteration within the Newton Raphson pro-
cess, a set of linear equations has to be solved. This set of equations is solved
via the Preconditioned Conjugate Gradient method, which is also an itera-
tive method. In general if the system is well constrained, the set of equations
will be non-singular, and a solution can be reached. The suggested maximum
number of iterations can be calculated as: MxIt= n * 15, where n is the total
amount of nodes within the simulation.



150 Chapter D. User’s Manual of the C++ Shell Program

Material Properties

Young Elastic Modulus: The software was developed to handle linear elas-
tic material behaviour. Therefore, appropriate Young Elastic Modulus must
be indexed.

Poisson ratio: The Poisson ratio is also required to define the behaviour of
the material

Shear Correction Factor: This factor is used to calculate adequately the
shear strains and stresses, Reference (Bat96, pag. 399) gives a better explana-
5

tion for this factor. In general the suggested value is g.

Boundary Conditions

The program implemented handles for both force and displacement boundary
conditions. When carrying out a non-linear simulations, sometimes if the whole
amount of force or displacement is applied at once, some converging problems
can occur. Therefore, sometimes it is a good idea to split the total amount
of force or displacement into smaller parts to ensure convergence. If a linear
approximation is wanted, only one load step is required.

Forces + Moments: It is possible to apply punctual forces or moments
to any node of the domain. The information required is: (i) Node number
where the force/moment is going to be applied, (ii) degrees of freedom (dof)
over which the force/moment is going to act, and (iii) value of the boundary
condition. The dofs available are: < 1 > forces along the = axis, < 2 > forces
along the y axis, < 3 > forces along the z axis, < 4 > moment along one of
the axes orthogonal to the normal vector, and < 5 > moment along the other
axis orthogonal to the normal vector. There cannot be moments applied along
the axis that points to the direction of the normal vector.

For example if a force pointing —z axis is going to be applied to the object
shown in Figure D.2, moreover, that force is wanted to be located at nodes 0
and 10 and its magnitude is 10 units of force, hence the statement to be used
would be:

#<node number><DOF><value>
0 3 -10
10 3 -10
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Displacements + Rotations: In order to constrain adequately the system,
it is necessary to impose displacement boundary conditions. Any node can be
constrained in any of the 5 dofs explained above. If a node is clamped, all
its dofs must be constrained and the magnitude of the displacements and
the rotations might be equal to zero. In the other hand, it is also possible
to impose some displacements whose magnitude is different to zero; in this
case the nodes where the impositions are applied will be moved towards the
displacement vector an amount corresponding to magnitude of the vector.

For example if nodes 28 and 38 in Figure D.2 are clamped, the statement
used would be:

#<node number><D0OF><value>

2810
28 20
28 3 0
2840
2850
3810
38 20
38 3 0
38 4 0

50

38

The template designed to introduce all this information in the flat-text file
of properties is: (this example is valid for the example shown in Figure D.2)

# flat-text file with the properties information
#TOLERANCES

#Tolerance for zero value

le-15

#Tolerance for stop criterion

le-5

#NUMBER OF ITERATIONS

#Maximum number of iterations per load step

40

#Maximum number of iterations for the PC Gradient linear solver
1440 # n = 96, MxIt = 96%15 = 1440

# MATERIAL PROPERTIES

# Elastic Module

2.1e6
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#Poisson ratio

0.33

#Shear Correction Factor

0.83333333 #5/6 suggested

#BOUNDARY CONDITIONS

#Forces

#number of load-steps or displacement-steps to be applied
1

#number of forces or moments to be applied

2

#<node number><D0OF><value>
0 3 -10

10 3 -10

#Displacements

#number of displacements to be applied
10

#<node number><D0OF><value>
2810

2820

28 30

28 4 0

28 50

3810

38 20

38 30

38 40

38 50

D.2 Compilation Process

In order to compile the C++ Shell program is necessary to have the following
archives inside a folder:

e defs.h
e EntranceReader.cpp, EntranceReader.h

e Shell.cpp, Shell.h

o Geometry.cpp, Geometry.h
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e Vector3D.cpp, Vector3D.h
e Node.cpp, Node.h

e functions.cpp, functions.h
e Point.cpp, Point.h

e SMatrix.cpp, SMatrix.h

e matx.cpp, matx.h

e vcr.h

e main.cpp

The program can be compiled either in Windows, Linux, or Mac OS X. op-
erative systems. It was tested with the visual C++ compiler under windows
and GNU gcc under Linux and Mac OS X. The next sections describe how to
compile the code under this environments.

Solution Explorer - SHELL_FEM » 3 X

= | &

main.cpp | wer.h Cfreec & ml

{Global Scope)

[ Salution 'SHELL_FEM' (1 project)

[EBNEE]SHELL FEM

cout<<"Displacen

(= | Header Fi
] defs.

] Eritrar

1] Functi

] Geor

] matz,

1] Node.

[n] Pt

] Shell

1] SMatr

(] werh

h] wecto
3 Resource
B [T Source Fil
4 Entrar
€+ Functi
€] Gearm
9 main,
f-j matx,
€] Node |
4 Paint.
¢+ shell,
€] SMatr,
G+ vecton

F = n_node
[ Build
Rebuild inear = atc
Clean inear>1) ||
E <<"the ar
Project Only P o-1):
Profile Guided Optimization »
ear == 0){
Custom Build Rules. .. LIT = 1;
Tool Build Order. .. ix Prop_lac
Add 3
References... ouale> u s
E: double n
Add weh Reference... ownles R(D
Set as StartUp Project ouble> F (L
Deb D oubler F
ehu -
g ouble> u(l
& | Cut
T Steps=1:
g for cicle
x RO flisd to =in
Rename
Unload Project Lezera():
== Properties | load_wvectc
o= 1.

Figure D.5: Obtaining the properties window to specify the Command-line

arguments in Visual C++.
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D.2.1 Windows:

If this platform is chosen, then it is necessary to create a Visual C++ project
and include all the files listed above. This Visual C++ Project is included
with the source files but some information is provided here if the reader wants
to create a new one from the source files

The file main.cpp contains the main sub-routine which is in charge of han-
dling the whole simulation. In order to run the program it is necessary to
specify three command-line arguments to the program. Those are:

1. A string with the full path where the Geometry file is stored.
2. A string with the full path where the Properties file is stored.

3. An integer number which could be 0 or 1. Zero (0) is used to carry out
a linear simulation, while one (1) is used for a non-linear simulation.

SHELL _FEM Property Pages

Configuration: |Active(ReIease) Vl Platfarm: |nctive(Win32) V| [ Configuration Manager. .. ]
Cornmon Properties Debugger to launch:
(=) Configuration Properties | Local Windows Debugger ™ |
General
Debugging Cornrnand $(TargetPath)
C_"IC""" Command Arguments Settings,SHELL_FEM\examplestCuadro_holelGeometry” ' »
Llnkn_ar Warking Directory
Manifest Tool Attach Ma
*¥ML Document Generatar Debugger Type Ao
Browse Information -
Build Events Environment
Custom Build Step Merge Environment Yes
‘Web Deployment 5GL Debugging Mo

Command Arguments
The command line arguments to pass ko the application,

[ [0]'4 H Cancel ][ Apply

Figure D.6: Command-line arguments in Visual C++.

If the program is going to be run inside the visual C++ environment, it is
also necessary to specify these arguments. An easy way to enter this arguments
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is: Right click the mouse button over the C++ project name (written in bold
text) located in the Solution Explorer window, see Figure D.5. In the sub-menu
opened, click on the option “properties”. Hence a “Property Pages” window
is opened. Chose Debugging, and in the space set for the command arguments
type: First, a string with the full path where the Geometry file is, followed
by the path for indicating the location of the Properties file, and finally 0/1
integer. The path must be typed between quotation marks. See Figure D.6.
Once this process is finished, the program can be compiled as normal. Just
press the “Start Debugging” or the “Build” button.

D.2.2 Linux:

If this platform is chosen, also all the .h and .ccp files listed above must be
included in a folder. There is also a file named “Makefile” which might be
included. This file is Makefile description file that runs with the standard
make or gnu make programs. In a shell terminal window, this makefile can be
executed by only typing “make”. Once the compilation process is finished, an
executable file is created. This file can be executed from the shell and is also
required to specify the command line arguments.

D.3 Result Files:

In the same folder where all the compilation process was made, it is necessary
to create two new folders called: Results and VTK. In these folders all the
results will be kept. Inside the Results folder the coordinates of the nodes
plus the indices of the elements will be stored. The node coordinates will be
stored both in the initial state and in the deformed state. Conversely, inside
the VTK folder the geometry of the object both in the deformed and in the
undeformed state are stored in “vtk” and in “wrl” format. files written in vtk
format can be read in Paraview, which is a software designed for visualisation
purposes. The wrl format can also be loaded in Paraview, however a bunch of
other commercial softwares also handle this format.
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