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Abstract

The purpose of the work presented in this thesis is to implement two in-
novative approaches in order to analyze elastic instability problems both in
statical and in dynamical field. The proposed formulations have their main
feature in the possibility of describing large rotations without the use of
rotation matrices in order to overcome complex manipulations required to
obtain conservative descriptions and well-posed transformation matrices.

The basis is a total Lagrangian description, where the rigid body motions
(translations and rotations) are separated from the total deformation that
consequently can be treated using the small-deformation linearized theory.

The principal difference between the suggested two models concerns the
chosen parameterization of finite rotations, with distances applied to two-
and three-dimensional finite elements in the first and slopes applied to two
node finite element beams in the second one.

The theoretical features of the the approaches are presented and their
main items are discussed referring to some implementations to planar and
spatial beam and thin plate models. An incursion into dynamics has also
been performed.

The present approach is featured by the fact that the formulation is
simple, the expressions in the equations of the nonlinear system are explicit
and computationally efficient, and the analysis is robust and economical.

A large amount of numerical analysis is performed and the good agree-
ment with the results reported in the literature shows the accuracy and
capability of the proposed approaches for numerical implementations.



Chapter 1

Introduction

1.1 General remarks

In such cases, linear finite element models are not able to predict the struc-
tural response accurately. Hence, the development of efficient and accurate
nonlinear finite element models becomes crucial. In fact buckling and post-
buckling phenomena exist widely in slender elastic structures, and this always
leads structures to experience large displacements and large rotations.

The so-called geometrically exact structural theory, capable of represent-
ing finite rotations and finite displacements, has been examined in numerous
studies. In this theory, geometrical approximations, such as the linearization
of rotation parameters, are not employed.

1.2 Background and literature review

In the computational mechanics community, initial interest in the finite ro-
tations was stirred by the work of Argyris. However, it is only with the
development of the so called geometrically exact structural theories which
make use of finite rotations, that the urgent need has arisen to address the
pertinent computational issues.

There exist various formulations for the description of large translations
and large rotations in nonlinear finite element analysis. These formulations
had been separated into three categories: the total Lagrangian formulation,
updated Lagrangian formulation or corotational formulation. In the total
Lagrangian formulation, the motion of a body is defined with respect to
the initial configuration, whereas in the updated Lagrangian formulation the
motion is defined with respect to the latest configuration. About the coro-
tational formulation, it is motivated by the fact that provides a framework
in which standard linear structural elements can be utilized, and therefore,
it has become popular in many practical applications. The evolution of the



corotational approach can be traced by referring to the works of Belytschko
and Hsieh [8], Argyris [3], Rankin and Nour-Omid [68], Cardona and Geradin
[16], Crisfield [19], Peng and Crisfield [67] and Pacoste [66], Ibrahimbegovi¢
et al [35].

The origin of the corotational description of motion has its roots in the
polar decomposition theorem. According to this theorem, the total defor-
mation of a continuous body can be decomposed into rigid body motion and
relative deformation. In the derivation of the finite element, this decompo-
sition is achieved by attaching a local coordinate system to each element so
that it rotates with the average rigid body rotation of the element. In this
way, the finite rigid body motion part is eliminated from the total displace-
ments. The remaining relative deformation, which is assumed to be small
with respect to the local frame, is used for the calculation of strains and ele-
ment internal nodal forces. As a consequence, the linear beam theory can be
used for describing the relative deformation. The geometrical non-linearity
induced by the large rigid-body motion is introduced in the transformation
matrices relating local and global quantities.

These techniques, however, have to be supported by a robust and eco-
nomical definition of the rotated local reference system. Basically, the co-
rotational approach suffers from the singularities in the transformation ma-
trices for several angles and requires complex manipulations to overcome
nonconservative descriptions due to the noncommutativity of rotations. The
interpolation of rotations to measure deformations then requires the use of
incremental solution procedures when large rotations are considered. In ef-
fect, small rotation increments are hypothesized for the linearization of the
configuration space. Consequently, small steps in the continuation process
are allowed and a slow convergence is intrinsic to the formulation.

1.3 Finite rotations in 3D space

One of the central issues in the development of a non-linear structural el-
ement is the treatment of finite 3D rotations. A general three-dimensional
non-linear formulation is not a simple extension of a two-dimensional formu-
lation because fully three-dimensional finite rotations, that are not vector
quantities, have to be accounted for .

Plane rotations are easy. A rotation in, say, the {z1, z2} plane, is defined
by just a scalar: the rotation angle § about x3. Plane rotations commute:
01 + 03 = 65 + 61, because the fs are numbers.

The study of spatial 3D rotations is more difficult. The subject is dom-
inated by a fundamental theorem of Euler: The general displacement of a
rigid body with one point fized is a rotation about some azis which passes



through that point.

A consequence of the Euler theorem is that: any rotation € of a rigid
body with a fixed point O about a fixed axis & can be decomposed into three
rotations about three given non-coplanar axes. On the contrary, the final
orientation of the rigid body after a finite number of rotations is equivalent
to a unique rotation about a unique axis. Determination of the angle and
axis is called the orientation kinematics of rigid bodies.

Thus spatial rotations have both magnitude (the angle of rotation), and
direction (the axis of rotation). These are nominally the same two attributes
that categorize vectors. Finite 3D rotations, however, do not obey the laws
of vector calculus, although infinitesimal rotations do. Most striking is com-
mutation failure: switching two successive rotations does not yield the same
answer unless the rotation axis is kept fixed.

Various possibilities for selecting the parameters for finite rotation repre-
sentation are placed in practical implementations of computational schemes
involving large rotations (direction cosine matrices or orthogonal matrices,
FEuler angles, quaternions or Euler parameters, Rodrigues’ parameters or
Gibbs vectors, conformal rotation vectors and rotation vectors); however,
only a few of them are fundamentally distinct. Detailed accounts of most
used of these parametrizations are presented in the following.

Rotation matrix representation

Generally, the applied rotation analysis of rigid bodies is done by matrix cal-
culus. As we said there are two inherent problems in representing rotations,
both related to incontrovertible properties of rotations:

e rigid-body rotations do not commute;

e rigid-body rotations cannot map smoothly in three-dimensional Eu-
clidean space.

The noncommutativity of rotations force us to obey the order of rotations.
The lack of a smooth mapping in three-dimensional Euclidean space means
we cannot smoothly represent every kind of rotation by using only one set
of three numbers. Any set of three rotational coordinates contains at least
one geometric orientation where the coordinates are singular, at which at
least two coordinates are undefined or not unique. This is the reason why we
sometimes describe rotations by using four numbers. We may only use three-
number systems and expect to see singularities or use other numbers and cope
with the redundancy. The choice depends on the application and method of
calculation. For computer applications, the redundancy is not a problem, so



most algorithms use representations with extra numbers. However, engineers
prefer to work with the minimum set of numbers.

Within the framework of matrix algebra, finite rotations can be repre-
sented in two ways:

e As 323 real orthogonal matrices R called rotators. (An abbreviation
for rotation tensor.

o As 323 real skew-symmetric matrices W called spinors. (An abbrevi-
ation for spin tensor.

Following the notations according to which superscript on a vector de-
notes the frame in which the vector is expressed, we can indicate as ¢ the
position vector expressed in frame G(OXY Z) and r¥ the position vector
expressed in frame P(Ozxyz).

In this context a rotator R is a linear operator that transforms r to r¢

when the directional cosines of the axes of the coordinate frames P and G
are known:

r¢ = RrP. (1.1)

The spinor W corresponds to the vector &, which, along with angle 6,
can be utilized to describe a rotator:

R[0] = Icost + G versd + Wsind. (1.2)

where

versf) = versin = 1 — cos = 2sin*(0/2) (1.3)

and W is the skew-symmetric matrix associated to the vector &

0 —Ww3  Wo
W = w3 0 —W1
—Ww9 w1 0

In other words, let the body frame P(Ozxyz) rotate 6 about a fixed line
in the global frame G(OXY Z) that is indicated by a unit vector & with
directional cosines wy,ws,ws, so that w = wii+ wﬁ—l— wsk. This is called the
azis-angle representation of a rotation. Two parameters are needed to define
the axis of rotation that goes through O and one parameter is needed to
define the amount of rotation about the axis. So, an angle-axis rotation needs
three independent parameters to be defined. The angle-axis transformation
matrix R that transforms the coordinates of the body frame P(Ozyz) to the



associated coordinates in the global frame G(OXY Z) is expressed by the
done relation (1.2).

The angle-axis rotation equation (1.2) is also called the Rodriguez rotation
formula or the Euler-Lexell-Rodriguez formula. It is sometimes reported in
the literature as the following equivalent forms:

I + Wsinf + 2W?2sin*(0/2),
I+ 2Wsin(0/2)[Icos(0/2) + Wsin(0/2)],
I + Wsind + W?2verst, (1.4)
[I — &) cost) + W sinb + &7
I+ W?+Wsinf — W2cosb,

A rotator is a function of a spinor, so R can be expanded in a Taylor
series of W:

R=T+ciW+caW? 4 e3W3 + ... (1.5)
However, because of Cayley-Hamilton theorem ([26]), all powers of order

3 or higher can be eliminated. Therefore, R is a quadratic function of W:
R[A] = I + a(AW) + b(AW)?. (1.6)

where A is the spinor normalization factor and a = a(€) and b = b(0) are
scalar functions of the rotation angle 6.
Table 1.3 presents some representations of rotator R as a function of the
coefficients a, b and the spinor AW used by different author.

a b A R
sind sin®(6/2) 1 I + sinfW + 2sin?(0/2)W?
2c0s%(0/2)) 2c0s%(0/2) tan(0/2) I+ 2cos®(0/2)[tan(0/2)W + tan?(0/2)W?]
2c0s(0/2) 2 sin(0/2) 1+ cos(0/2)sin(0/2)W + 2sin?(0/2)W?]
1/0sind 1/(6%)sin?(0/2) 6 I + sinfW + 2sin?(0/2)W?

Tab. 1.1: Rotator R as a function of Spinor W.

In conclusion we can summarize that for many purposes the rotation
matrix representation, based on directional cosines, is the most useful repre-
sentation method of rigid-body rotations; however the primary disadvantage
of rotation matrices is that there are so many numbers, which often make



rotation matrices hard to interpret. As an alternative we have the axis-
angle representation, described by the Rodriguez formula, where a rotation
is expressed by the magnitude of rotation, 8, with the positive right-hand
direction about the axis of rotation &. Angle-axis representation has also
some shortcomings. First, the rotation axis is indeterminate when 6 = 0.
Second, the angle-axis rotation represents a two-to-one mapping system be-
cause R_,, _9 = R, . Third, it is redundant because for any integer k we
have R, g1orm = Ry, 9. However, all of these problems can be improved
to some extent by restricting 6 to some suitable range such as [0,II] or
[—1I/2,1I/2]. The angle-axis representation is also not an efficient method
to find the composition of rotations and determine the equivalent angle-axis
of rotations.

Euler Parameters and Quaternion

As we said in the previous section any orientation of a local frame P(0xyz)
relative to a global frame G(0XY Z) can be achieved by a rotation 6 about
an axis w. An effective way to find the angle § and the axis & is the Euler
parameters eg, e1, €2, e such that eg is a scalar and ey, es, e3 are component
of a vector €

eg = cos(0/2),
€= e1i+esj + esk = Dsin(0/2), (1.7)

SO

dtesteitei=e+éle=1 (1.8)

Using the Euler parameters, the transformation matrix R to satisfy the
equation r% = RrP is

R=Rgy=(e§ — &)1 +2ee" + 2e9é (1.9)

where € is the skew-symmetric matrix associated with €.

Euler parameters provide a well-suited, redundant, and nonsingular ro-
tation description for arbitrary and large rotations. It is redundant because
there are four parameters and a constraint equation to define the required
three parameters of angle-axis rotation.

Quaternions, with special rules for addition and multiplication, use four
numbers to represent rotations. A rotation quaternion is a unit quaternion
that may be expressed by Euler parameters or the angle and axis of rotations:

e(0,&) = eg + €= eg + e1i + ea] + esk = cos(0/2) + sin(/2)@.  (1.10)

7



Euler parameters are the elements of rotation quaternions. There is a
direct conversion between rotation quaternions and Euler parameters, which
in turn are related to angle-axis parameters. We can obtain the angle 6 and
axis & of rotation from Euler parameters or rotation quaternion e(#,d) by

6 = 2tan"'(|e]/eo),
W= é/(\‘;,/ o) (1.11)

Unit quaternions provide a suitable base for describing rigid-body ro-
tations, although they need normalization. In general, quaternions offer
superior computational efficiency in most applications.

It is interesting to know that Leonhard Euler (1707-1783) was the first
to derive the Rodriguez formula, while Benjamin Rodriguez (1795-1851) was
the first to discover the Euler parameters. William Hamilton (1805-1865) in-
troduced quaternions, although Friedrich Gauss (1777-1855) discovered them
but never published.

1.4 Objectives, scope and outline

In this thesis we suggest an alternative to the standard parametrization of
finite rotations by means of two different approaches based on a total La-
grangian description. We confine our attention to the case in which the
material behavior stays within the linear elastic range, thus implying small
deformational strains but arbitrarily large rotations. In both of these for-
mulations we avoid the use of rotation matrices and angle measures in order
to overcome all described difficulties in their management while preserving
robustness, simplicity and inexpensiveness of the analysis.

In a first alternative, called lengths based method and applied to low or-
der finite element, attention is given to the possibility of drawing out only
the contributions due to the deformations from the complete nonlinear strain
tensor. In the context of decoupling the rigid boby motion from the elastic re-
sponse, the aim is to find for each deformative mode a characteristic measure
that is an invariant to the rotations. In such a way the linear deformation
modes become reciprocally independent and then they can be summed up
in the strain tensor definition. The invariant measures have been computed,
then, by requiring for each of them the following two features: not zero for
the examined defomative mode and equal to zero for the other modes in the
initial configuration; independent of the rigid kinematics value. Therefore a
selective based definition of the strain tensor, used in order to avoid shear-
locking problems, is effected by the linear definition of deformations because
it is element reference system independent.



In the second proposed approach, called projectors based method and
based on the Euler-Bernoulli beam theory, rigid and deformative modes are
referred to the nodes of the element. The nonlinear rigid motion is recov-
ered by referring to three unit and mutually orthogonal vectors attached
to the nodes of the beam element. All nine components of such vectors in
the global inertial frame of reference are assumed as unknown. As will be
demonstrated, the rotational degree of freedom of the element is reduced
to only three by six well-posed constraint conditions. Afterward, as above,
for each deformative mode, a characteristic measure that is an invariant of
the rotations is defined. We note that, boundary conditions on rotations are
simply imposed by assuming as known the related nodal slopes while applied
moments are modelled as forces following the motions.

To get an overview of the general structure of this thesis, the contents of
the chapters are presented in the following. In Chapter 2 and 3 we describe
the theoretical features of the lengths and projectors method respectively.
We underline the methodology and the appropriacy of the proposed ap-
proaches as well as their limitations. In Chapter 4 we discuss the application
of both methods to the dynamical field. Finally in Section 5 and 6 several
numerical examples are presented to validate the proposed formulations both
in statical and in dynamical field.



Chapter 2

Lengths based method

In the geometrically nonlinear structural mechanics context, the aim of this
chapter is to present an alternative small strains - finite displacements de-
scription by a potential energy based finite element formulation without the
use of rotation matrices. In particular the proposed approach is based on
definitions of only relative lengths (hence the name Lengths based method)
applied to low-order elements while the robustness and inexpensiveness of
the analysis and the possibility to study the finite element in the linear field
are preserved.

Continuum based beam and plate elements in two- and three-dimensional
applications are proposed. In our context, the actual configuration of the
element results rigidly translated and rotated and deformed according to
the selected linear modes. The aim is to find, for each deformative mode,
a characteristic measure that is an invariant to the rotations (the so called
Deformative Invariant). In such a way the linear deformation modes become
reciprocally independent and then they can be summed up in the strain
tensor definition. Besides, in order to avoid shear-locking phenomena, a
selectively based definition of the strain tensor is carried out; for example, the
contribution of the hourglass modes to the shearing strains can be omitted.

The main feature of the proposed technique, then, is represented by an
effective description of the finite kinematics without the use of rotation pa-
rameterizations keeping the possibility of obtaining good elemental perfor-
mances by a selective choice of the mode contributions.

In this chapter we first describe the chosen linear deformative basis for
the analyzed bilinear 4-node and trilinear 8-node elements, afterwards we
discuss the suggested approach to identify the deformative invariants and to
simplify the strain tensor definition. Finally the description of the statical
equilibrium equations and of the related solution algorithms is presented.

10



2.1 Linear kinematical basis in the 4-node and 8-
node elements

In this section we describe the used kinematical basis for the considered 4-
node and 8-node elements. We consider in the element the referential coordi-
nates &, 17, ¢ and the displacements vector u? = {u(&,n,¢),v(&,n, ), w(&,n,0)}.

2.1.1 Two-dimensional 4-node element

We refer to a rectangular 2h¢, 2h, 4-node element centered in the origin
O = (0,0) of the (£,n) reference system (see Figure 2.1).

A
n

3 4

hn
>

h, £

® ®

7 hs hs 2

Fig. 2.1: Two-dimensional 4-node element: definition.

By using the classical bilinear interpolation

'LL({, 77) = ap + a/1§ + aan + a3§777
v(§,m) = bo + b1& + ban + b3én,

we obtain the following strain expressions:

eee = ug(§m) = a1 + asn,
Eny = vn(&,m) = ba + bsé, (2.2)
Een = % [un(§,n) +ve€n)] = % [as + as& + by + b3n).

Now, we express the strains (2.2) into a basis of the three rigid and of five
deformative motions. By following the order of the polynomial expansion,
the strains are connected with the classical parameters:

€1 = ay,
ez = by,
e3 = ag + by, (2.3)
€4 = a3,
es5 = bs,

11



by the position:

€1

U 100 nn O €2
Vg =101 0 0 ¢ ez ¢ - (2.4)

3(uy +vg) 00 5 3¢ 31 €4

es

We constrain the rigid motions by the following conditions in O:

U(O, 0) =ap =0,
U(0,0) = b[) = 0, (25)
1 1

w(0,0) = 5(uy —ve) 00) 3(ag —b1) =0,
where w(0,0) is the rotation of the element around the center O.
For each chosen e; # 0 and with e; = 0 Vj # ¢ we can compute the displace-
ments field (2.1) related to the i-th mode by imposing equations (2.5).

The first mode is here linked to the value e; = E¢. Then, the deforma-
tive parameter E¢ is a constant that defines the linear expansion in the &
direction. It follows that the correspondent strains are:

ug = E
Yn = 0 (2.6)
5[ ntve =0

and the consecutive displacements field is represented by:

v(&,n) = 0.

Similarly to the previous case, we can obtain the other modes by referring

(2.7)

to the deformative parameters E,, S, H¢, H, as we can see below.

The second deformative mode, that is the expansion motion along the
7 direction, described by the deformative parameter E;, is obtained by the
position ea = £, which leads to the system:

whose solution is:



The third deformative mode, that is the shearing motion in the &7 plan,
is obtained by referring to the deformative parameters S by the position
e3 =5, dove S. So we obtain the following strain expressions:

ug =0

vy =0

1

5[ ntuve =5

The resulting displacement field is:

u(§,n) = Sn (2.9)
v(,n) = S¢.
The fourth and fifth deformative modes, linked to the value e4 = H¢
e es = H,, define the hourglass motion in the plan {7 along the § and
n direction respectively. The corresponding systems and solutions are as
follows:

ug=Henvy=0
1
*[U,n + U,f] = H¢€

2

u(&,n) = Heln

v(€,n) =0, (210
u,g = 0

Vg = Hypg

5[“777 +vel = Hyn

u(é,m) =0

v(§,m) = Hpén. 211)

Mechanical and kinematics description of the motions is summarized in
Table 2.1.1 while the related deformative modes are shown in Figure 2.2.

2.1.2 Three-dimensional 8-node element

We refer now to a 2he, 2hy,, 2h¢ 8-node element still centered in the origin
O = (0,0,0) of the (&,n,() reference system (see Figure 2.3) and to the
classical trilinear interpolation

uw(§,1m,¢) = ao + a1€ + agn + az¢ + asén + as€¢ + agn¢ + ar€nd,
v(&,1m,¢) = bo + b1& + ban + b3( + ba&n + bs&C + ben¢ + brénd, (2.12)
w(&,1m,C) = co + 1€ + can + 3 + caén + e56¢ + cend + créng.

13



e1 = K expansion motion along the ¢ direction
U(fﬂ?) = E£§7 v(§777) =0

es = B, expansion motion along the 7 direction
u(€mn) =0, v(§n)=Emm

e3 = Sep shearing motion in the &n plan
u(n) =Sn, v(&n) =S¢

e4 = H¢ | hourglass motion in the plan {7 along the £ direction
w(é n) = Hefn,  v(&n) =0

es = Hy, | hourglass motion in the plan £n along the n direction
u(&n) =0, v(&n) =Hyén

Tab. 2.1: Four-node element: definitions of the deformative modes.

The following

239

Een

g¢

En¢

€¢¢

Similarly to the two-dimensional case see in the previous section, the
are referred to the basis of the six rigid and eighteen deforma-

strains (2.13)
tive motions.

where

strain expressions are obtained:

(57 n, <) =al + aq4m + a’5< + a7n€7
uJ](&v 777 C) + U,§(£7 na C_:)]

—

[(a2 + b1) + as& + ban + (as + b5)C + a7&¢ + brn(],

[qu(ga m, C) + w{(&a m, C)]

S NI RN RN RN = S

(&1, Q) = ba + bs& + be( + b7€C,
[U7C(€7 m, C) + wv”](é? 7, C)]

5 [(b3 + c2) + ben + c6C + (bs + ca)& + brén + c76(],
=w(&,n,¢) = 3+ c5& + cgn + cr€n.

[ — DN

These latter are obtained by the position

¢ = Le, (2.14)

et = {ece, € €e¢r Emy Enes Ecc) (2.15)

14
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]
e

Fig. 2.2: Four-node element: representations of the linear deformative

modes.
100000 0 0 0 0 ¢ 0 0 0 7 0
0003 003 0 0 inp 0 0 0 0 3¢ 3¢ ¢

1 1 1 1 1
06010000 O0O ¢ O ¢ 0 O O 0 0 0 ¢
000030 0 3p 0 0 3¢ 0 2 0 0 0 &
0060106000 0 & 0 n 0 0 0 O 0 0
(2.16)

and

el ={ay by c3 as+b azte bztcy ag bg ¢z by
c6 a5 bs+cy catas asg+bs ar by crl

(2.17)

By constraining the rigid motions we have the following conditions in the O
center point:

U(0,0,0) = ag = 07
(0,0,0) = by = 0,
w(0,0,0) = ¢ =0,

wer(0,0,0) = Sug —vg)| = Fa-b) =0, (218)
1 1

(“)774(07070) = §(U,C - w’n)‘(0,0,0) = Q(b?) - 62) =0,
1 1

wa(()?O?O) = 5(1075 - U7C)’(07070) = 5(61 - (13) =0,

where wey,), wy¢c and wee are the rotations around to the ¢, £ and 7 axes, re-
spectively. Here the eighteen deformative mode of three-dimensional element

15

in¢

148
&n |




Fig. 2.3: Three-dimensional 8-node element: definition.

can be summarized: for each deformative mode we list the associated defor-
mative parameter, the corresponding deformation, the system of differential
equations in terms of strains and the connected displacement field.

e ¢1 = E¢: expansion motion along the £ direction

— associated strain system

ug = Eg

5 [uy +vel =0

5 (g +wel =0

vy =0

5 [ve+wy =0
\ we =0

— displacement field

w(&,n,¢) = Ee§

v(€n,¢) =0 (2.19)
w(&,n,¢) = 0;

e ¢y = E,: expansion motion along the 7 direction
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— associated strain system

( ’U,§=0

)

5 [upy+ve =0

1
2[uc+w5] 0
vy =Ey

5 [ve+wy =0
we=0

— displacement field

u(§,m,¢) =0
v(&,n,¢) = Eyn (2.20)
(57777C) - 07

e c3 = E: expansion motion along the ¢ direction

— associated strain system

ug =0
5 [uy+vel =0
1
5l +we =0
vy =0
5 ['1)74‘ + ww] = O
’LU7C = EC

— displacement field
u(§,n,¢) = 0
v(£ 7, ) = (2.21)

e ¢4 = Sgy: shearing motion in the §n plan

— associated strain system

ue =0

2 [uy +ve] = Sey
1

3 [uc+we] =0
vy =20

1

B [Q("‘wn] =0
we =0



— displacement field

W(€.7,0) = S S

® c5 = Sgc: shearing motion in the {¢ plan

— associated strain system

— displacement field

;

® ¢g = Sy¢: shearing motion in the n¢ plan

— associated strain system

— displacement field

2
1
v(€,1,€) = 55 (2:22)
w(&,1,¢) = 0;
u7§ =0
1 J—
? [uy+ve =0
5 [ug Hwel = Sg
vy =0
1 PR
B [ve+wy =0
we =0
1
u(§,n,¢) = 55»:((
v(&n, Q) = 01 (2.23)
ueg =0
5 [uy+ve =0
1 JE—
g luctwe =0
vy =10
1
3 [ve +wyl = Sye
’LU7C =0
u(&,n,¢) = fl)
(& n,¢) = 55C (2.24)

w(&,n,¢) = %Snd?;
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e c19 = H¢y: hourglass motion in the plan {7 along the £ direction

— associated strain system

— displacement field

ug = Heyn

1 1

% [uy +ve] = §H€n€
3 [u¢+wel =0

vy =0

1

5 [ve+wy =0

’u)’( = 0

u(§,1m,¢) = Heyén
v(&,1,¢) =0
w(&,mn,¢) = 0;

(2.25)

e c11 = Hy¢: hourglass motion in the plan {7 along the 1 direction

— associated strain system

— displacement field

ue =20

1 1

5[ ntve = o el

%W@+wd:0

%n=Hmn

3 [v7< + w,n] =0

’u),c =0

u(§,n,¢)=0

v(€,n,C) = Hyeln (2.26)
w(&,n,¢) =0;

e c12 = H¢e: hourglass motion in the plan {C along the & direction

— associated strain system

(

quH&C

5 [up+vel =0

% [uc+we] = %chg
vy =10

3 ve+wy =0

we =0
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— displacement field

u(&,n,¢) = HecéC
v(&n, () =0 (2.27)
w(&,n,¢) = 0;

e e13 = H¢¢: hourglass motion in the plan £¢ along the ¢ direction

— associated strain system

— displacement field

’LL7§ = O

1

B [U,n + U,d =0

1 1

5 luctwel =S Hed
vy = 0

1

B [ <t wm] =0

we = Hee

u(&,n,() =0
v(&,n,¢)=0 (2.28)

w(&,n, () = HeelC;

e c14 = H,¢: hourglass motion in the plan n¢ along the 7 direction

— associated strain system

— displacement field

u,f =0

1

5 [un+ve =0

1

Jluctwe =0

Uy = HyeC

5 [v¢ +wy] 5 n¢T

we =0
u(§,m,¢) =0
v(&,m,¢) = Hyeng (2.29)
’Uj(f, m, C) =0;

e c15 = H¢y: hourglass motion in the plan n¢ along the ¢ direction
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— associated strain system
ue =10

1
B [un+vel =0
1
Jluctwe =0
Uy =0

1
3 [ve+wy] = iHCnC

we = Hepn

— displacement field

u(§,n,{) =0
v(&,n,¢) =0 (2.30)
w(&,m,¢) = Heynd;

e c7 = T¢: torsional motion around the ¢ axis

— associated strain system

ug=0

1 1

5 [un +vel = iTCC
1

Jluctwe =0
Uy =0

B} [ve+wy]=0
we=0

— displacement field

(€, ,Q) = 5Teng

1
(& m, Q) = 5Tc&C (2.31)
1
w(€n,¢) = =5 Teln;
e cg = T torsional motion around the 7 axis

— associated strain system

’u,’g = 0

1

B [upy+ve =0

1 1

) [uc +wge] = 5 n7l
vy =0

1

B [ve+wy =0

w?C =



— displacement field

e cg = T¢: torsional motion around the ¢ axis

— associated strain system

— displacement field

e c16 = N¢: non-physical motion around the ¢ axis

— associated strain system

— displacement field

¢

u(€.,¢) = 3Tyng
o(Em,0) = —5ThE¢ (232)
w(E,m,0) = 5Tt

ug =20

1

5 [Um + ’U,f] =0

1

5 [U7C + w,g] =0

vy =0

1 1

) [v¢ ‘gwm] = §T£§

we =
(6 ,0) = 5 TeC
v(€n,¢) = %Tgfc (2.33)
w(&m,¢) = Te6or

ug = Neng

? [un+vel = 51 338

5 [ug twel = 5 Nebn

7

2 [ve+wyl =0

we = 0

(€, 1,¢) = Negg

v(&n,¢) =0 (2.34)

w(&,n,¢) = 0;



e e¢17 = Ny: non-physical motion around the 7 axis

— associated strain system

;

’LL7§ =0
1
% [upy +ve] = B} IS
3 [u¢+wel =0
vy = Np&C )
we =0

— displacement field

u(&,1,¢) =0
v(§,1m,C) = Nyénd (2.35)
w(&,n,¢) =0

e c18 = N¢: non-physical motion around the ¢ axis
— associated strain system

’U,gzo
Slun+ve =0

— displacement field

< g

(57 m, C) =
(&n. Q) = (2.36)
w(&,n,¢) = Nqén(;

In the Tables 2.1.2-2.1.2 we summarize,for each referred base mode, the
deformative parameter and the displacements field. Representations of these

modes are shown in the Figures 2.4-2.8.
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e1 = k¢ expansion motion along the ¢ direction
U(fan) - Efga ’U({,T]) =0

es = E, expansion motion along the 7 direction
u(€,n) =0, v(&§n)=Em
e3 = Sy shearing motion in the £n plan

u(§777) = S, v(f?”) = 5¢
eq = H¢ | hourglass motion in the plan {7 along the £ direction

u(§n) = Hefn,  v(&,n) =0
es = H,; | hourglass motion in the plan {7 along the 7 direction

u(é,n) =0, v(n)=Hyn

Tab. 2.2: Four-node element: definitions of the deformative modes.

Fig. 2.4: Eight-node element: representations of the expansion modes.

eq = Sep shearing motion in the £n plan

U(fﬂ% C) = %‘9577777 ’U(é.ﬂ%C) = %Sﬁn& w(§7777<) =0
e5 = Sy¢ shearing motion in the n¢ plan

w(€n.¢) =0, w(&n,¢) =35¢C w(&n.¢) =35
e6 = Sce shearing motion in the (£ plan

u(,n,¢) = 35, v(&n,¢) =0, w(&n,¢) = 55¢¢E

Tab. 2.3: Eight-node element: definitions of the shearing modes.

2.2 Deformative invariants definitions

We consider a generic configuration of the element. This configuration, there-
fore, results rigidly translated, rotated and deformed according to the modes
described in the previous section. Now, for each deformative mode, we iden-
tify a measure with the following two features: not zero for the examined
mode and equal to zero for the other modes in the initial configuration; in-
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Fig. 2.5: Eight-node element: representations of the shearing modes.

er = Hgy | hourglass motion in the £n plan along the § direction

U(fﬂla C) = Hﬁ'rz&]a U(&)W?C) = 0’ w(fﬂ?, C) =0

eg = Hy¢ | hourglass motion in the ¢ plan along the 7 direction

u(fﬂhC) = 0? U(fﬂ% C) = Hn(ﬁC» w(fﬂ?, C) =0
eg = H¢e | hourglass motion in the (£ plan along the ¢ direction

U(fﬂ?a 4) =0, ’U(§7777 C) =0, w(£7 7, C) = HCE&C.

e10 = Hy¢ | hourglass motion in the {n plan along the 1 direction

u(§,n,¢) =0, v(&n,¢) = Hyln, w(&n,) =0

e11 = H¢y | hourglass motion in the 7¢ plan along the ¢ direction

u(fﬂ?a() = 07 v(faﬁ? C) = 07 w(gvnv C) = HQﬂ]C
e12 = Hee | hourglass motion in the (£ plan along the £ direction

uw(§,n, Q) = Hee6C, v(§,1,0) =0, w(&n,{) =0

Tab. 2.4: Eight-node element: definitions of the hourglass modes.

e13 = T¢ torsional motion around the £ axis
ey =1y torsional motion around the 7 axis

U(g, 77a C) = %Tﬁ’r/<> ’U(f, 777 C) = _%TT}&Ca UJ(&, 777 C) = %Tﬁgn
e1s = 1I¢ torsional motion around the { axis

u(ga 7, C) = %TCT/Ca U(f, 7, C) = %TCé.Ca w(£7 7, C) = _%Tan

Tab. 2.5: Eight-node element: definitions of the torsional modes.

dependent of the rigid kinematics value. Then, such a measure uniquely
describes the deformation associated with the mode itself in the generic con-
figuration. So, these definitions make the deformative modes reciprocally
independent and then, they can be summed up in the strain tensor defini-
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Fig. 2.7: Eight-node element: representations of the torsional modes.

e16 = Ne¢ non-physical motion around the & axis
U(&a"?»() = N§§77<7 U(fﬂ?a() = 07 w(fﬂ% C) =0

err = Ny non-physical motion around the n axis
w(&n,¢) =0, v(&§n.¢) = Npén¢, w(§n,¢) =0

e1s = IN¢ non-physical motion around the ¢ axis
u(€,n,6) =0, v(§n,¢) =0, w(&n,¢)=Nc&ng

Tab. 2.6: Eight-node element: definitions of the non-physical modes.

tions.

The measures just described, denoted in the following as deformative
inwvariants, represent here relative distances between points of the generic
configuration and they are in function of the unknown elemental parameters.
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Fig. 2.8: Eight-node element: representations of the non-physical modes.

We refer to the Euclidean distance D(p;, pj) between the points p;, p; of
the element in the generic configuration:

2 2 2
D(pi,pj):\/[£f+uf—£§—u§] [ = = [l = ]

(2.37)
In (3.8) &, nY and (¥ are, respectively, the initial &, 7 and ¢ coordinates of
the point p; while v}, v¥ and w! are the respective displacements.

2.2.1 Two-dimensional 4-node element

In this section we define the deformative invariant for two-dimensional 4-
node elements. As an example, we refer to the two-dimensional £ extensional
mode. In particular we underline how to describe the related characteristic
measure and that it represents an invariant in respect to the deformation
fields.

VAN
n
s T34 gz
TN 24
M3, >
3
T MMz Tz

Fig. 2.9: Two-dimensional 4-node element: reference points definition.

We consider (see Figure 2.9) the distance D(mi3,ma4) between the mid-
dle points my3 and may of the segments ni-n3 and no-ng connecting the n;
nodes of the element. We note that this distance is an invariant, in the first
order approximation, in respect to the remaining 1 extensional, shearing,
¢ and 7 hourglass modes as shown in Figures 2.10(a), 2.10(b), 2.10(c) and
2.10(d), respectively. As we can verify, the examined D(m3, mo4) distance
changes only if the actual configuration of the element involves also the &
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extensional deformation (see Figure 2.10(e)) In the following we define the
invariants by basing our measures only on nodal distances.
Then, a possible choice for the invariant ZFE¢ related to the deformative
parameter Eg is:
IE& = D(mlg, m24) - 2h£ (238)

This invariant, therefore, represents the difference between the actual
D(m13, ma4) and the initial 2h¢ distances. Of course, this difference is equal
to the & expansion of the element. So, the following relation is valid:

TE; = 2E¢he. (2.39)

By equating the two invariant representations (2.38) e (2.39) we can
determine the deformative parameter as a function of the kinematic param-
eters.

Similarly to the expansion mode we can define the invariant expression
for the other deformative mode too. As a result the used definitions of the
invariants and their dependence on the related deformative parameters are
given. In particular, the already seen extensional, shearing and hourglass
modes was considered:

e expansion motion along the £ direction:

~ JE
JE& = ’D(mlg,m24) — th, Eg = 75;
2he
e expansion motion along the n direction:
~ JE
JEn = @(mlg, m34) — 2h7]’ En = 777;
2hy,

shearing motion in the &n plan:

3S+/(he)? h,)?
jS:@(nl,n4)—©(n27n3)7 S = ( 5) +< 77) .

8hyhe ’
e hourglass motion in the plan £n along the ¢ direction:
JH;
JH; =29 -9 He = ;
3 (n17n2) (713,77,4), 3 4h§hn’

hourglass motion in the plan &n along the n direction:

JH,

JH, = D(n1,n3) — D(ng, ny), H, = m hf;
n
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Fig. 2.10: Two-dimensional 4-node element: examination of the ZE¢ invari-
ant.

2.2.2 Three-dimensional 8-node element

We extend, at present, the formulation obtained in the previous two-dimensional
case to the three-dimensional 8-node element. The deformative parameters
are the ones defined in Section . The definitions of the numbering of the
nodes are referred to the Figure 2.11 where g; is the central point of the ¢
face. In the following we summarize the definitions of the invariants and
their dependence on the related deformative parameters.

e Deformative invariants related to extensional modes:

JE

JEe =D(g1,92) — 2he, Ee= Th;;
JE

JE, = D(g3,94) — 2hy, E,= 2hn;
n
JE

ng = D(gs,ge) - th, E( = 7C
2he
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Fig. 2.11: Three-dimensional 8-node element: reference points definition.

e Deformative invariants related to shearing modes:
ISen = D(n1,m4) + D(ns,ns) — D(nz,n3) — D(ne,n7), Sen =
ISec =D(n1,n6) +D(ns, ng) —D(n2,ns) — D(na,n7), Sec =

ang = @(ng,ng) + @(nl,’rw) — @(n47n6) — @(ng,n5), S”?C =

e Deformative invariants related to torsion modes:

ISen

T8¢

16heh,,

T8¢

(he)? + (he)? |
16hehe ’

T,

16hyhe

jTg = @(’nz,ng) + @(n5,n8) — @(n1,n4) — @(na,n7), TC =

(he)? + (hn)?) |
16hehyhe ’

_ 9T /(he)? £ (he)”,

an :®(n27n5)+©(n3,n8)—@(nl,ng)—Q(n4,n7)7 Tn

16hehyhe

_ I + ()

jTg = @(TL277L8) + @(n3,n5) — @(nl,n7) — @(n4,n6)7 T§ =

e Deformative invariants related to hourglass modes:

JHey = D(n3,n4) +D(n7,ns) — D(n1,n2) — D(ns,ne), Hey =

16hehyhe

jH&n .
8hehy, ’

J
JHye = D(na2,n4) +D(ne,ns) — D(n1,n3) — D(ns,n7), Hpye = 22

8hehy

J
JHee = D(n57n6) +©(n7,ng) — ’D(nl,nz) — @(n37n4)7 Hee = £

8hehe'

J
JHee = D(na,ne) + D(na,ns) — D(na,n5) — D(na,n7), Hee = oo

Shehe’

3
JH, = D(ns,n7) + D(ne, ns) — D(n1,n3) — D(na,ns), Hye = 1

8hyhe’

J
JHcy = D(ns,n7) +D(n4,ns) — D(n1,n5) — D(na,ne), Hep = ot

e Deformative invariants related to non-physical modes:
JINe = D(n1,n2) + D(n7,ns) — D(ns,na) — D(ns, ng), Ne
jN»,] :©(n1,n3)+©(n6,ng) —@(n27n4)—©(n5,n7), NTI

IN¢; = @(nl,ns) + @(n4,ng) — @(nz,ng) — @(713,77,7), N¢
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We note that, the definition of the invariant for each deformative mode
has been found by inspection of some characteristic distances between points
of the element. However, an inverse process is also practicable. In effect, the
expressions of the invariants can be defined a priori in function of the nodal
displacements. To compute these unknown displacements, we define a linear
algebraic system for each invariant. The equations of the linear system are
obtained by imposing zero value for all invariant expressions except the value
of the considered one. In this way, by constraining also the rigid motions
of the element, the kinematics related to the invariant mode is completely
determined by the computed nodal displacements. In this sense, as we will
see in details in the next section, the approach arises systematically and it
acquires generality in the isoparametric elements field.

2.3 Quadrilateral and hexahedral geometries

For generic quadrilateral and hexahedral elements, we refer to the same
measures of the invariants given in the previously section. This assumption,
however, is consistent if the invariant definition requirements are satisfied.
Here we proceed in such a way that the requirements are satisfied in a con-
structive manner. In effect, in respect to the invariants specification of the
previous section carried out by inspection of the modes, here we adopt the
related general inverse procedure. In the following, Greek subscript denotes
the deformative component with range 1..5 for the two-dimensional and 1..18
for the three-dimensional case, respectively. Latin subscript, instead, denotes
the elemental kinematical parameter ¢; that can assume 1..8 and 1..24 values.
The m subscript, finally, is used to identify the node.

Fig. 2.12: Quadrilateral and hexahedral elements: topological definition.
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Let the nodal distances based measures M, = D, (n,,) for the assumed
invariants given. The distances are then computed in function of the &,
Nm and (, local nodal coordinates and of the u,,, vy, and wy, local nodal
displacements. Topological definitions are given in Figure 2.12(a) and Figure
2.12(b) for the four-node and eight-node element, respectively. In particular,
for the three-dimensional space, n axis was placed in the plane defined by
n1, ng and n3g nodes.

Having obtained the expression M, (U, U, Wy, ), the following elemental
kinematics

u(§,n) = a1€ + azn + asén, v(&,m) = asé + aan + asén, (2.40)
and

u(§,n,¢) = a1§ + agn + aeC + arén + a14&¢ + a12nC + a16€nC,
v(&,n, Q) = a4 + aan + as¢ + a10§n + agéC + a1snC + a17én¢,  (2.41)
w(&,1m,C) = asé + asn + az( + a13&n + a11£¢ + agnd + a18€n¢,

are considered for the 4-node and 8-node cases, respectively. Expressions
(2.40) and (2.41) are obtained from the (2.1) and (2.12) displacement in-
terpolations by depriving them of the rigid motions and represent, there-
fore, only the deformative kinematics. Nodal displacements u, (aq ), Um(aq),
Wm(aq), then, are in function of the a, unknown parameters. By insertion
of such nodal displacements in the definitions of the distances, the nonlinear
M (ag) measures are obtained. Of course, being in the linear deformative
assumptions,

oM,
8(15

LMq(ag) =La= Z
B

represent the desired definitions of the assumed invariants in the linearized

(0) ag (2.42)

kinematic.

Now, we note that measures LM, in (2.42) are independent of the rigid
kinematics. Furthermore, for each measure LMg, we can compute a poste-
riori the related mode mg by solving the system

ng = iﬁMg, (2.43)

where ig is the unit vector in the S-th direction. In this way, the mg mode
produces the Mg value for the LM g measure and zero value for the other
LM, a # B, considered measures. Then, the required connection between
the deformative modes (m,) and the deformative parameters (M) has been
accomplished. LM,(mg) = LM,(Mg) are the researched definitions of
the invariants in the linear field while u(mg,) = u(My), v(my) = v(M,),
w(mg) = w(My), are the related kinematics.
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As a result of such a procedure, linear strain components are expressed
in function of the deformative parameters M, by spatial differentation of the
computed u(My), v(My), w(M,) kinematics while the nonlinear invariants
definitions M, (U, Vm, W) = Mo (q;) are initially given in dependence on
the kinematics parameters ¢; in the xyz global reference system.

For the elemental internal forces and stiffness matrix evaluation we pro-
ceed by the chain rule differentiation of the V (e(M(q))) potential expression.
We note that non-linearities are present only in the M (q) operator. In the
linear €(M) dependence, besides, for each component of the strain tensor
e, the desired M, deformative contribution can be activated by the user
through a simple switch operation.

2.4 Geometrically nonlinear statical analysis

In this section, after giving the definition of the involved energetic quantities,
we describe the system of the statical motion equation and the corresponding
adopted solution scheme.

2.4.1 Energetic quantities definition

The energetic quantities involved in the statical analysis are the V' (u) internal
potential and the L(u) external work:

V(u) = ;/QETAadQ, L(u) :/QpTu dQ. (2.44)

A is the material coefficients matrix, {2 is the domain of body and p is the
vector of external loads.

We focus, now, on the description of the strain tensor in (2.44). We
refer to the linear approximation of the tensor components, being, as above-
mentioned, the geometrical nonlinearity taken in to account by the definition
of the deformative invariants. The tensor, then, is expressed as a linear
function of the deformative parameters:

eee = e¢e(Ee, By, He, Hy)
€en = E¢n(Sen) (2.45)
€ = Enn(Eg, By, He, Hy)
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for the two-dimensional case, while

eee = eee(Be, By, B¢, Hey, Hyg, Heg, Hye, Hens Hee, Ne, Ny, No)
een = €en(Seny Snes Sce, Te, Ty T)
Ee¢ = EgC(S@, ¢ S¢e, Te, Ty TC) (2.46)
e = Em(Ee, En, E¢, Hen, Hyc, Hee, Hye, Hen, Heg, Ne, Ny, Ne)
en¢ = en¢(Sens Snes Sce, Te, Ty, T¢)
( &cc = €¢c(Be, By, B¢, Hey, Hyg, Heg, Hye, Hens He, Nes Ny, Ne)

for the three-dimensional case. Locking effects are overcome by a selective
choice of the modes in the (2.45) and (2.46) expressions. This selective
reduction of the strain components, as said before, can be carried out by
a simple zeroing of the undesired deformative parameters. In particular,
n (2.45) and (2.46) we have omitted the shearing and torsional terms in
the normal strain components while extension, hourglass and non-physical
modes have been cancelled in the shear strain components.

We note that, the eigenvalues problem solution shows that spurious zero
energy modes are not contained in the element stiffness matrix. In effect,
this situation is verified because all the deformative parameters appear at
least once in the strain tensor definitions.

The potential V', then, results defined by the deformative parameters
that are in function of the unknown nodal displacements. As we said, by
chain rule we can compute the element internal forces vector and stiffness
matrix. The computational cost required by the storage and evalutation of
this vectorial quantities results small. In effect, we observe that this is about
equal to one-third of the computational cost required by the formulation
with classical nonlinear deformations tensor.

2.4.2 Statical motion equation and adopted solution scheme

By referring to (2.44) definitions, the internal N(u) and the external P forces

are expressed by:
OV (u) OL(u)
N = P= 2.47
(w) = =2, 2, (2.47)
In the finite element approach the displacements in the body are de-
scribed by the q vector of the global parameters. With this spatial dis-
cretization and by including the boundary conditions, we obtain the follow-

ing statical equilibrium equation:

N(u) — AP =0, (2.48)

where A is the external force parameter.
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A predictor-corrector scheme as described in[48],[49] for the equilibrium
path individualization is used in the statical analysis. It is characterized by
a predictor step obtained by an asymptotic extrapolation and by a corrector
scheme Newton’s method based with minimization of the distance between
approximate and equilibrium points as a constraint equation. Here we adopt
a first order asymptotic extrapolation in the predictor phase. The length u(k)
of the extrapolation parameter in the k-th predictor-corrector step is chosen
as a function of the iterations Ni(tk_l) performed in the previous corrector
step:

-y N
Nit

where N;; = 3 is taken as target iteration count. The corrector process
computes the i-th approximation of the force parameter )\Ef)) and vector of

(k)

discretization parametes q) - It is stopped when the convergence criterion

k k
lag) —al

)

( <1078 (2.50)
HQ(i)

is satisfied.
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Chapter 3

Projectors based method

Existing finite element formulations for finite rotation problems are solely
based on various types of rotational parameters, inevitably used as kine-
matic variables. These techniques, however, suffer from the singularities in
the transformation matrices for several angles and requires complex manip-
ulations to overcome nonconservative descriptions due to the noncommuta-
tivity of rotations. The interpolation of rotations to measure deformations
then requires the use of incremental solution procedures when large rota-
tions are considered. In effect, small rotation increments are hypothesized
for the linearization of the configuration space. Consequently, small steps
in the continuation process are allowed and a slow convergence is intrinsic
to the formulation. To overcome these limitations, a completely different
approach is taken in this chapter. The suggested formulation, based on the
total Lagrangian description, abandons the classical assumption because the
use of the rotation parameters is bypassed. Projectors are used instead of
rotation parameters to compute the nonlinear representations of the strain
measures in the inertial frame of reference.

In particular, based on the Euler-Bernoulli beam theory, the actual con-
figuration of the element is rigidly translated and rotated, and deformed
according to the selected linear modes. Rigid and deformative modes are
referred to the nodes of the element. The nonlinear rigid motion is recov-
ered by referring to three unit and mutually orthogonal vectors attached
to the nodes of the beam element. All nine components of such vectors in
the global inertial frame of reference are assumed as unknown. As will be
demonstrated, the rotational degree of freedom of the element is reduced to
only three by six well-posed constraint conditions.

Afterward, for each deformative mode, a characteristic measure that is
an invariant of the rotations is defined. As the deformation modes are recip-
rocally independent, they can be summed up in the strain tensor definition.
The invariant measures are then computed by requiring the following two
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features for each of them: not zero for the examined deformative mode and
equal to zero for the other modes in the initial configuration; independent of
the rigid kinematics value. We note that, boundary conditions on rotations
are simply imposed by assuming as known the related nodal slopes while
applied moments are modeled as forces following the motions, as will be
discussed later.

In the chapter we first describe the kinematics of the beam element and
related deformative energy. Subsequently we discuss the constraint condi-
tions imposed on the unknown components of vectors representative of the
rigid rotations and finally we describe the nonlinear equilibrium equations
and of the related solution algorithm.

3.1 Kinematics and strain energy of the beam ele-
ment

We refer to the referential coordinate £ along the element beam centerline
—h <& < +h. In the following, we denote with n and m the nodes respec-
tively in £ = —h and £ = +h, Latin indices i, j and k have the values [1,...,3]
while d;; is the Kronecker delta. In the global inertial frame of reference (z;)
and for each n node we define three unknown displacement components u;'
and three unknown vectors

l11 = {EﬁlaEﬁ% ?,3}7
I21: {EilvEg,QvEg,S}a
3 = {E31, B3y, B33}, (3.1)

or in a compact form Ef' = {E}";} (see Fig.3.2). Even though the components
of such vectors are unknowns, at the solution points vector ET is in the £
direction while vectors E3 and Ej are along the principal axes of inertia of
the cross-section.

In the beam element, global displacement vector u(§) = {u;(§)} is com-
posed of rigid and deformative components.
In particular we refer to the deformative 0(§) = {u;(£)} displacement vec-
tors defined in the local rigidly rotated frame of reference. The deformative
kinematics is assumed by the simplest interpolations

u1(§) = e1&/h,
l2(€) = f1262/2h + 51263 /217,
U3(€) = f13€%/2h + 51363 /2h2. (3.2)

Based on the assumptions (3.2), constant axial and shear stress resultants
and linear bending moments are expected. Unknowns ey, fi2, s12, fi3, S13
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Fig. 3.1: generical unknown three nodal vectors.

in (3.2) are local deformative components. The kinematics of the element is
then completed by defining the local € rotation about the beam centerline

0(¢) = t:1&/h, (3.3)

where 1 is the related deformative component. Constant torsional stress
resultant is expected here.
We note that rigid kinematics will be implicitly represented by the nodal dis-
placement components and the degrees of freedom of the vectors E; attached
to the beam element.

As the beam element kinematics is defined, in order to formulate the
equilibrium equations using matrix formulation, the following stress {S} and
deformation {v} vectors are introduced:

{S}t = {N My M3 My, MR};
() = {e(6) — kal€) — ks(€) () 26

2
S8 ©)
where {}' denotes the transpose operator and the prime (') the derivative
with respect to the £ coordinate. By referring to stress quantities, N is the
axial force, My and M3 are the bending moments, Mg, is the St-Venant tor-
sion moment and Mp is the Wagner’s moment. By referring to deformation
quantities, (&) = @ (£) denotes the membrane component, kg(€) = iy (€)
and k3(€) = @5 (€) are the beam curvatures about the main axis while ' (€),

sometimes called shortening term, is a rotation per unit length.
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The relationships between the stress vector components in terms of de-
formation vector components are the following in the principal axes:

N = [, BenidA = BAe(€) + SEAJTD (€)%,
My = [, Ee11&3dA = —EJoks(§),
M3z = [, Ee11&2dA = —EJsks(§),

Mgy, =2 [,(Ger3(&a — £5) — Gera(&3 — £5))dA = GJ10 (),

Mg = EAJ£(€) + SEJ0 (€)%,

(3.4)

where €;; denotes the strain tensor components and & are the shear centre
coordinates. The above relationships (3.4) are also functions of elastic and
geometric characteristics. £ and G are the Young and shear moduli, A de-

notes the section area, Jo and J3 are the second moments of area about the
principal axes of inertia, Jj is the St-Venant torsion constant while J, and
Jp are the polar moment and the fourth moment of the area about the shear

centre, respectively. We note that the warping effect, further nonlinear cou-
pling terms and the Wagner coefficients are not taken into account because
only rectangular section was analyzed. Different section shapes, however,
can also be introduced (Mohri et al. [56], [57], can be referred for details of

this).

These equilibrium equations written in matrix formulation lead to

N

{s) =

0 0 0 EAL| [ %
EJ, 0 0 0 — iy (£)
0 EJ; 0 0 — i3 (€)
0 0 GJi 0 0’ (€)
0 0 0 EJ,| (30©?

= [D{~}-

where |D]| is the material matrix behaviour. Using relations (3.4), the ex-
pression of the strain energy is easy to obtain. To this end the flexural strain
energy of the element is defined as

1y

+h . N
/ {Maiy(€) + Matiy(€)de

+h
) {EJaiin (€)% + EJaiiy (€)?}dE.

39

(3.5)



The pure torsional strain energy is written as

1 [t
Ht - 5 o ]\451)‘9 (g)df
1 [t
= = GJ10 (€)%de. (3.6)
2 ) n

In addition, the axial and torsional strain energies were coupled in the non-
linear form

1 [tho ~
W = 5 | AN@()+Mgf (€)°/2}d¢
+h . ,
= 5 ABAT() + BALE (9220 )+
HEAL (€) + B0 (€)°/2)6 (6)*/2}de. (3.7)

Finally, the total strain energy of the beam element is obtained by the sum
IT =11y + II; + Iy

To compute the deformative components we refer to the beam element
centered in the origin of the (&;) reference system (see Fig. 3.2) where &
represents the £ beam centerline. The deformative modes have been com-
puted by the interpolations in (3.2)-(3.3) and are shown in Fig. 3.3. In
particular we refer to: e; expansion mode along the &; direction; fio and
s12, respectively, flexural and shearing modes in the £1&5 plain; fi3 and si2,
respectively, flexural and shearing modes in the £;&3 plain; £ torsional mode
around the &; axis.

Eg,uz €s

m ~m
25 Up

&

M ~m
EyL

Fig. 3.2: beam element definition.
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Fig. 3.3: selected points for the linear deformative modes representation.

3.2 Deformative components in the global refer-
ence system

As stated, for each deformative mode, we identify a measure with the follow-
ing two features: not zero for the examined mode and equal to zero for the
other modes in the initial configuration; independent of the rigid kinematics
value. Such a measure uniquely describes the deformation associated with
the mode itself in the generic configuration, so, these definitions make the
deformative modes reciprocally independent and, then, they can be summed
up in the strain tensor definitions.

The measures just described, denoted in the following as deformative
invariants Z, represent here relative distances between points of the generic
configuration and they are a function of the unknown elemental parameters.
We refer to the D?(PT, Pg") square of the Euclidean distance between the
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Fig. 3.4: selected points for the nonlinear deformative modes representation.

points P, Pg" of the element (see Fig. 3.4) in the generic configuration:

3

DA(P2 PP =Y [&6(PD) +wi(PY) — &(PP) —wi(PIY])*. (3.8)

=1

In (3.8) &(PY) are the initial & coordinates of the point P2 while u;(PY)
are the respective displacements.
For each deformative parameter, we list the assumed invariants by:

Tey = D*(PY, PJ") — (2h)?,
Ifiz = D*(P§, P§") — D*(P, P{"),
Isip = D*(Pl, P§") — D*(P§, P{™),
Ifis =D*(P{, P") — D*(P3, Py")
Isi3 = D*(Py, P{") — D*(P}, P3"),

Ity = [D*(P', ") + D*(Py, P") + D*(P§, Py") + D*(Py, P{")/(2h)*.

)

Now, we denote with Z* and ZN% the deformative invariant definitions
in the local (linear) and global (nonlinear) representation, respectively. By
using the above definitions, for each deformative parameter, we compute the
explicit expressions of the invariant representations summarized below:

Tle; = (2h + 2e1)% — (2h)? ~ 8hey,
TNV er = (uf — i = 2h)° + (uf — u")? + (uf — uf')* — (2h)?
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I" fia = (2h + 2da f12)* — (2h — 2da f12)* = 16hdy f12
IV fig = Ado[(u} — u" — 2h)(E3 ) — E3Y) + (uy — uf') (B — Eyy)+
+(ug — ug') (B33 — E3%)]

Ileg = (2h + 2d2812)2 — (2h — 2d2812)2 = 16hd3s19
TN s10 = Ada(uf — " — 20)(E3y + E3Y) + (uf — u3') (B, + E3y)+
+(uz — uz')(Eg3 + E33)]

TF f13 = (2h + 2d3 f13)* — (2h — 2d3 f13)* = 16hds f13
INLf13 = dds[(uf — uy" — Qh)(E:’:l,l - E§n1) + (uy — U?)(E% - E:TQ)‘*‘

(uz — U?)(E:?,:a - E?T?,)]

IL813 = (2h + 2d3813)2 — (2h — 2d3813)2 = 16hdssi3
TN s13 = Ads|(uf — " — 20)(B5) + E§Y) + (uf — u3') (B, + E5Y)+
+(ug — uz')(E33 + E33)]

Tty = [16h% 4 2d3 4 2d3 + 2(da + t1d3)? + 2(d3 + t1da)?]/(2h)? =~
(4h* + d5 + d3 + 2t1dads) /h?
Iy = [d5 + df + (uf — ' — 2R)% + (uf — uf")? + (uf — uf")*+
(B3, E5Y + E3oEYy + By 3Es — EY EYYy — E§ By — E3 3 Eys)dads] /h°
[4h* +d5 + d3 + (B3 | B, + B, By +
+E3 3By — EY By — E3oEyYy — EY3Efs)dads] /h?

In the ZVLt evaluation, simplifications deriving from the E;TE; = 1 and
) p g
[D2(Py, Pi) — (2h)?]/(2h)? ~ 0 estimates have been carried out. Finally,

by equating Z» expressions with the related ZV' we compute the global
representations of the deformative parameters used in (3.2)-(3.3):

er = [(uff —uf® = 20)% + (uf — u3')® + (uf — uf")? — (2h)%]/8h,
fi2 = [(uf —ui" — Qh)(Eg,l - Eénl)
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+(uy —ug')(Bgp — Egb) + (ug — ug')(Ey 3 — Egj)]/4h,

s12 = [(uy —uy" — 2h)(Ey, + E3Y)
+(uz —uy')(E3s + E3%) + (us — ug') (B3 s + E3)]/4h,

fiz = [(uf —ui" = 2h)(E5, — E3Y)
+uy —up')(Egs — Egb) + (uz —ug')(Ey s — Eys)]/4h,

s13 = [(uf —ui" = 2h) (B3, + E3Y)
+Huy —ug') (B3 + Egb) + (ug — ug') (B35 + E3j3)]/4h,

We note that, as it should be, these representations are independent of the
transversal lengths do and ds.

3.3 Constraint conditions

The nine F;; unknown components of the E; vectors are subject to six
constraint conditions. We demonstrate here that the rotational degrees of
freedom are reduced just to three. Of course, six conditions being imposed,
the degrees of freedom are at least three. To show also that the degrees of
freedom are at most three we refer to the definitionsi- =i—1and iy =i+1
for the cyclic sequence of the Latin indices.

The constraint equations are

E; -E;—1=0,
Es -E;—1=0,
E;-Es =0,
E, x E3 = Eq, (3.9)

where the related Jacobian matrix is denoted by G. We show that nullity(G)
is at most three in the solution point. The open mapping theorem then gives
the result. The Jacobian matrix of the system (4.12) is

[0 0 0 Eyy Fag Eag 0 0 0 ]
0 0 0 0 0 0 E34 E39 E33
0 0 0 FE31 E32 E33 Eo1  Eyo K3
G — ) ) ) ) ) E] . ‘1
1 00 0 —E3’3 Eg’g 0 E2,3 _EQ,Q (3 0)
010 E373 0 —E371 —EQ,S 0 E2,1
| 0 0 1 —E372 E371 0 E272 —E2’1 0 ]
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Then, in the solution point and for a given known vector z, we must verify
that six of the nine y; ; components of the unknown vector y are uniquely
determinable from the system Gy = z.

From the last three rows of the system, as we can see in (3.10), the yi;
unknowns are easy to calculate. Therefore the system is reduced to the form

Y21
Ey1 FEss Ea3 0 0 0 Y22 29
0 0 0 E371 E372 E373 Y23 = 23 . (3.11)
Es1 E3p k33 Eo1 FEio K3 Y31 223

Y32

Y33 )

For at least one i and one j is Fy; # 0 and E3; # 0, respectively. Then,
from the first two rows of (3.11) we obtain

Yo = (22 — Bai—yoi— — Eoivy2it), (3.12)

Es;

Y3 (23 — E3j_y3,j— — E3j4Y3,j+)- (3.13)

1
By
By inserting (3.12) and (3.13) in the third row of system (3.11) and multi-
plying by EgyiEgyj it follows that

(E2iE3i— — FEoi_FE3;|E3 iy i— + [F2iE3 iy — Fo iy F3 ;] E3 Y2 it
+[Eoj—Esj — B2 jEs j-|Eoys i + [Eaj1 B3 j — Eo jE3 i | y3

= 1 B3 y2i— + coF3 Y2+ + c3FB2,y3— + caba Y354 = Z, (3.14)

with coefficients ¢y, ...,c4 and Z.
At the solution, the last three equations in (4.12) give

EspE3py — Eopy E3p = By g (3.15)
In particular, (3.15) with
k=i— = FEy; F3;—Fy;F3; =F;. = c=—FE;y;
k=1 = FEo;b3;1 —FEai1bs3;=FE1 ;- =co=Fp;;
k=j— = FEy; FE3;—FEs;jE3; =Fjr = c3=Fj;;

k=j = Ey;E3jy —Eyj1FE3;=E1; =c=-FE;;
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so (3.14) becomes

—FE1i+Esjy2i- + F1i—Es3 jy2i+ + F1 4+ F2,ys j— — E1;—Fa,ys j+ = Z.
(3.16)
In the case of ¢ # j, as all components of Eq are present at least one coeffi-
cient in (3.16) is not zero and an unknown is definite.
The case ¢ = j implies that if F1,— # 0 or Ey;+ # 0, as before, an
unknown is definite. Otherwise, if Fy;— = F1;+ = 0 we have that Ey; # 0.
Then, from (3.15) with k = i+ we have

EyirEsi —Es; Es;. = FE; #0, (3.17)
while with k =4 and k = i— is
EyiF3;y —FEoiyF3;=FE1;— =0 (3.18)
and
Eoi FE3; — FEsiF3; = FEy; =0, (3.19)

respectively. But, by computing E3; and Es;_ from (3.18) and (3.19)
respectively, and inserting this in (3.17) we have

Es; Ej3; Es ;i B3

0,
Es; 7

that is, the false condition

E3i(E2i+E2i — Ea i FEa ;) # 0.

3.4 Geometrically nonlinear statical analysis

In this section, after giving the definition of the involved energetic functional,
we describe the system of the nonlinear equations. The treatment of the
external loads and the adopted solution scheme are also discussed.

The formulation is based on the stationary problem for the functional 11
defined in Section 1. We denote with Hg = 0 the constraint conditions in
(4.12). These conditions are added to the stationary problem by Lagrange
multiplier vector Ag. In particular, we refer to the extended functional

W(u, E;, AE) = H(u, Ei) + Ag - HE(Ei), (3.20)

where u is the displacement parameter vector.

The variation of the functional W in (3.20), then, leads to a system of
nonlinear equations in the displacement parameters, the components of the
cross-section vectors and the Lagrange multipliers. After discretization and
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inclusion of the boundary conditions, we group these unknowns in the vector
q. Therefore, by denoting with N(q) the internal force vector, the nonlinear
equations are expressed by

_9W(q) ,9L(q)
oq dq

In (3.21), L(q) is external work while P and X are the external force vector
and the external force parameter, respectively.

N(q) — AP = 0. (3.21)

We outlined that external force vector P can be a linear function of the
unknown vector q. In effect, because no rotations are used in the present
formulation, moments are modelled as forces following the motion of the E;
vectors. As an example, an applied pure bending moment M around the x»
global axis can be modelled with

L=P3E 35— PEy, (3.22)

where P3 and P; will be defined respectively as M FEq1 and MFE; 3 after
differentiation in (3.21). The modelling was obtained by considering an e
line segment of the element subject to an M /e force couple applied at the
end points. Such a force couple is multiplied by related global displacements
to give the external work. (3.22) and linked P and P3 expressions are then
found by the limit of external work as e approaches zero and by following
the motion of the line segment.

A predictor-corrector scheme as described in [48], [49] for the equilib-
rium path individualization is used in the analysis. It is characterized by a
predictor step obtained by a first order asymptotic extrapolation and by a
Newton’s method based corrector scheme with minimization of the distance
between approximate and equilibrium points as a constraint equation. The
length p®) of the extrapolation parameter in the k-th predictor-corrector
step is chosen as a function of the iterations Ni(tkfl) performed in the pre-
vious corrector step by pu*) = u(kfl)Nit/Ni(tk_l), where N;; = 3 is taken as
a target iteration count. The corrector process computes the increments of
the approximation of the force parameter AA*) and vector of discretization
parameters Aq®). It is stopped when the convergence criterion

1Aq™|

—8
g < 10 (3.23)

is satisfied.
3.5 Comparison with other formulations

In this section we compare the suggested formulation and a corotational ap-
proach to show the effectivenees of the proposed approach in terms of quality
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of results and computing time. The comparison was realised developing a
corotational analysis of the three dimensional elastic beams motion. The
analysis was based on a Total Lagrangian description of motion for both
formulations. According to the corotational approach, the motion of the
continuous medium is decomposed into a rigid body motion followed by a
pure deformation performed in a local corotational frame that rotates and
translates with each element.

We briefly focus now on the kinematics and strain energy of the beam
element in the conducted corotational analysis based on the Euler-Bernoulli
beam theory, pointing out the different description of finite rotations. While
in the proposed approach the description of motion is a function of the nine
{E; ;} unknown component of the E; vectors that substitute rotation param-
eters, in the corotational approach these E; vectors are obtained by rotating
the corresponding known vectors e; of the initial configuration. In this way
the main difficulty is the presence of finite rotations in finite kinematics that
noticeably complicates the algebra for obtaining kinematics expressions. In
particular finite 3D rotations must be described through rotation matrices
which lie in a nonlinear manifold. In fact to define the used rotation tensor
R we refer to the Rodrigues formula which allows R to be expressed in terms
of the quantities lying in a vector space:

sin(0)
6
which used the rotation vector 6 = [0, 02, 03]. Eq.(3.24) is equivalent to the

R[A] =1+ W[0] + we)? (3.24)
exponential map:
W2 0 wn
R9:I+W9+2—f+...:zn—f:exp(we) (3.25)

Then, the displacements of the element in the frame of reference is rep-
resented by
up = Uy + U1 By + usFo 1 + uskbs 1,

Ug = Ug + U1 By 2 + UgFo o + u3E3 2,
ug = u3 + U1 B3+ UsEa 3 + usEs 3, (3.26)

where u; and 4; refer to rigid and deformative kinematics respectively. In
particular, in a reference system centered in the origin of the element, rigid
kinematics of the beam element is represented by

uy = u‘l’ + IL’E171 —x,
Ug = ug + .'L'ELZ,

Uz = ug + :EE173, (327)
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while with regard to deformative kinematics we can assume the same simple
interpolation (3.2) and (3.3) of the proposed formulation.

Through simple algebraic manipulations and using the orthonormality of
the E; vectors it is possible to define the rigid and deformative displacement
of the beam element centered in the origin as a function of nodal displace-
ments. In particular by denoting with n and m the left and right element
node, respectively, deformative measures ey, fi2, s12, fi3, $13, t1 in (3.2) and
(3.3) are evaluated as

1
e1 = o [(Um—tun+h) (Y +E7 )+ (v —vn ) (BY g+ BYS )+ (Wi —wn) (BT 3+ E3)] -1,

1

fi2 = E(Ezn -Ei" - E{"-Ep™),
1

fiz = E(E:s" -E;" —E{"-E3"™),

1
s12 = — 5 [(um—un+h) (Eg,l“‘Eé?l)‘i‘(Um_vn) (E£2+E£?2)+(wm_wn) (E§73+Eg}3)],

h3
1
513 = _ﬁ[(um_un+h)(Ez?,l"‘Eg?l)"‘(Um_vn)(EZ?,Q“‘E:?}Q)‘F(wm_wn)(E:?,?)“‘Eg}s)]a
1
t, = %(E;g" -E™ — Eo" - Eg™), (3.28)

Finally with regard to the total strain energy of the beam element we refer
to the description given in Section 2. Now we show a classical benchmark
to illustrate the results obtained using the described corotational approach
and the new proposed approach.

The narrow cantilever beam shown in Fig. 3.5 was analysed. The numer-
ical results obtained in Battini and Pacoste[7] can be taken as reference (o).
The A\ — w, vertical load parameter - lateral tip displacement curves have
been computed for the proposed approach and for the corotational approach
in the case of expansion series, in Rodrigues formula, stopped at the second
and third order. Load parameter and lateral displacement are displayed with
normalizing values Po = /EJoG.J;/L? and L, respectively. Meshes with 8,
12 and 16 elements are used and displayed in Fig. 3.6 - 3.7 - 3.8 respectively.
The analyses were stopped when the value A = 12 was reached.

It should be emphasized that the computation time between the two
approaches is comparable if we stop the exponential map, in the Rodrigues
formula, at the second order. In this case, as we can see in the numerical
results, the accuracy of corotational approach results is very poor. To obtain
more acceptable results it is necessary to extend the expansion series at
least up to third order with much more extensive computing time. On the
contrary, the new approach converges rapidly and its curves show its close
agreement with results in the literature.
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Fig. 3.5: Example 1: model problem definitions.
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Chapter 4

Dynamical analysis

Non-linear elastodynamics is an important field in structural analysis, and
in the last 30 years, there has been extensive research into time-integration
algorithms. In particular, stability is a dominant topic because, while un-
conditionally stable schemes can be recovered in linear dynamics, numerical
instability frequently appears in non-linear regimes.

In order to obtain stable solutions schemes which demand the conserva-
tion or decrease in the total energy of the Hamiltonian system within each
time step are extensively used. Energy-conserving algorithms in elastody-
namics have already appeared in the works of Belytschko and Schoeberle [10]
and Hughes et al. [33]. The energy-momentum method introduced by Simo
and Tarnow |[71], [72] preserves energy, as well as linear and angular mo-
mentum, in the time interval. Conservation properties are enforced into the
equation of motion via Lagrange multipliers. Armero and Petlocz [1] have in-
troduced a modification of the energy-momentum method which allows us to
include numerical dissipation. The application of this unconditionally stable
energy decaying algorithm to the non-linear dynamics of three-dimensional
beams was presented by Crisfield et al.[21]. Adaptive time-stepping proce-
dures (Kuhl and Ramm [42]) and controllable numerical dissipation (Hoff and
Pahl [30], Chung and Hulbert [18]) can also be introduced to permit larger
time steps and, consequently, to obtain better computational efficiency. Al-
though finite difference methods appear to prevail in the literature on the
numerical treatment of initial value problems, a number of alternative finite-
element methods have been developed for the temporal discretization pro-
cess. Weighted residual statement and the Galerkin finite-element approach
for the numerical solution of the equations of motion has been employed by
Zienkiewicz et al. [77], and by Lasaint and Raviart [44|. More recently, time
finite elements, where the Newmark family formulas can be recovered by the
choice of representative constants and the algorithmic energy conservation is
implicitly preserved, have been carried out (see Betsch and Steinmann [11]
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and related bibliography). In all cases, it seems that an appropriate repre-
sentation and discretization of the motion equation leads to an appreciable
difference in the time-integration schemes with regard to stability. Argyris
et al. [4], in particular, noted a significant increase in the range of stability of
the classical Newmark method if the natural mode finite-element discretiza-
tion and lumped mass matrices are used. Of course, all the above mentioned
time-stepping algorithms can take additional advantage of these opportune
representations.

In this chapter we consider the behaviour of the average acceleration
Newmark scheme in the application to motion equations obtained by two
different descriptions. In particular we present the extension to the dynam-
ical case of the lengths based method and projectors based method already
described in Chapters 2 and 3 respectively.

4.1 The dynamical problem and the Newmark in-
tegration algorithm

The topics arise the study of the evolution of a structure submitted as to
forces inherent the deformations as to forces involved the temporal evolution
of the same body, like to the strengths of inertia. We schematize the steps
to get the solution of the system of the motion equations. We consider
the vector of the displacements u of three spatial-components u,v,w that
depend from the original position of the body x = (x,y,2) and from the
time x = (z,y, 2).
The principal involved energetic quantities are:

the potential energy:

1

V(u) :/eTAsdQ, (4.1)
2 Jo

in which e = e(u) is the deformations vector of the body and A is the

bidimensional domain of body;

the kinetic energy:
1
T(a) = / p u?dQ, (4.2)
2 Ja

that through the mass density p is tied to the derivative of the displacements
with respect to the time ¢ (the velocities);
the external energy:

L(u) = /QpTu s, (4.3)

to which the external loads p and the displacements u appear.
By means an approach to finite element the displacements of the body are
located in n displacements in discreet form. With this spatial discretization
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and including the boundary conditions, we get to the following semi-discrete
formulation of the equations of the motion:

Mii(t) + N(u(t)) = P(t) =0
u(0) =ug (4.4)
1(0) =19

in which i denote the accelerations, up and 11y represent the initial dis-

placements and initial velocities respectively. The inertia forces Mii(t), the
internal forces Mii(t) and the external forces P(t) are defined as follows:

iy = 2 (V1000

ot o
N(u) = 0, (4.5)
pe) = 8L(81;(t))'

We procede now at the time-integration of the non-linear semi-discrete
initial value problem (4.4). In the following, we assume that the time step
At = t,4+1 —t, = is constant and that the displacement, velocity and accel-
eration vectors at the time ¢,, denoted by u,,u,,u,, respectively, are known.
The time-integration is restricted to the successive solution of the state vari-
ables at the end for each step u,41,0541,Up+1. In order to realize this step
by step integration, the set of variables is reduced to the displacement uy1
alone by the Newmark approximations:

. o L B _ 1 . _ l ..
Upt1 = ﬂAt(U”H u,) + <1 ﬂ) u, + (1 2ﬂ> Ati,,

A (1o MY)s
Up+1 = ,BAtZ Up41 — Up 6Atun 28 Up.

So this method relies on the interpolations (4.6) that relate positions,

(4.6)

velocities, and accelerations from step n to n + 1. v and 5 are parameters
that define the method.

4.2 Geometrically nonlinear dynamical analysis in
lengths based method

In Chapter 2 we presented a lengths-based description of the small strains in
the finite displacements regime. As we have seen in this approach, applied to
low order elements and based on the total Lagrangian kinematic description,
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the use of the rotation matrices is bypassed. In this Chapter we present an
extension of the described approach to the dynamic range.

We refer to the semi-discrete formulation of the equations of the motion
(4.4), where we suppose we have determined the inertia,internal and exter-
nal forces as defined in (4.5). In the time-integration scheme of the (4.4),
we assume that the time step At = ¢,41 — t, = is constant and that the
displacement, velocity and acceleration vectors at the time t,, denoted by
Uu,,U,,U,, respectively, are known.

We use the Newmark average acceleration for which f = 1/4 and v = 1/2.
This case also corresponds to the assumption that the acceleration is constant
over the time interval [t,,t,+1] and equal to (i, + U,+1)/2. method:

2

1'ln—|—1 = E(un—i—l - un) - ﬁn:
; ) (@7)
Upy1 = E(un—s—l - un) - Ktun — Uy,

where the successive solution points are the unknown state variables at the
end of each step up41,0n+41,0n+1.

By replacing relations (4.7) in the initial value problem (4.4), we obtain
the nonlinear system of algebraic equations defined at the time ¢,41 with
unknown vector uy1:

4 4 .
M A—tz(unﬂ —u,) — AU~ Un + N(upt1) — Ppy1 = 0. (4.8)

More concisely, the system (4.8) can be placed in the following form:
F(un+1) =0. (49)

We use the Newton-like iteration scheme for the solution of nonlinear
equations (4.9) by linearization:

(k+1) (k) OF (ul¥))) (k+1) (k)
F(u, ;") = F(u,} ) + Tnﬂ(unﬂ —u,i). (4.10)
As predictor points u7(10-|)-1 we choose the linear extrapolation of the pre-
viously computed u, and u,_1 vectors when n > 0, while the formula

ugo) = ug + Atug is used when n = 0. The iteration is stopped when

the convergence criterion

Hu(lff) - u(k+)1|| 8
L <1078, (4.11)

[

is satisfied.
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4.3 Geometrically nonlinear dynamical analysis in
projectors based method

In Chapter 3 a vectorial approach for the rotation parameterizations and
linear strain definitions based on slope unknowns has been suggested. The
analyzed models do not use angle measures because slopes are used instead of
rotation parameters to compute the nonlinear representations of the strain
measures in the inertial frame of reference. In particular for each n node
we define three unknown vectors Ef' = {E}';} where the nine E;; unknown
components of the E; vectors are subject to six constraint conditions:

Es - E2—1=0,
Es - E3—1=0,
Ey Es =0,
E; x E3 = Eq, (4.12)

to reduce the rotational degrees of freedom just to three.

So these constraint equations represent the nonlinear definition of the
internal strains as a function of the rotational descriptors and they are es-
tablished by the use of Lagrangian multipliers.

In this section our aim is to extend this approach to the dynamical field.
As we refer here to the Timoshenko beam theory (unlike the static case in
which we referred to the Benoulli model), again we need to describe the
kinematics and to evaluate the energetic quantities of the beam element to
finally write the dynamical solution scheme.

4.3.1 Kinematics of the beam element

We refer to the referential coordinate ¢ along the element beam center-
line —he/2 < & < +he/2. In the following, we denote with ¢, j and o
the nodes respectively in §& = —h¢/2, & = +he/2 and £ = 0. Along the
beam centerline we define the displacement vector u(§) = {u(§),v (&), w(§)}
and three mutually orthogonal vectors Eq1(§) = {E11(§), E12(€), E13(8)},
E2(§) = {E21(8), E22(§), E23(8)}, Es(§) = {E5.1(8), E32(£), E33(£)}, in
the global inertial frame of reference (z,y, z). Director vectors E2 and Eg
are along the principal axes of inertia of the cross-section. Let E;, Eo and
Eg3 vectors be the columns of the matrix E():

E(¢) = | E1(§) | E2(§) | Es(§) |- (4.13)
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The E(&) orthonormal matrix is obtained by using director vectors at the 4,
j and o nodes and constrained to the (4.12) conditions. In particular, we will
use unknown E° = E(0) to represent the large three-dimensional rotations
of the local frame of reference of the beam element. As mentioned, the initial
unit vector in the &, n and ¢ element direction, finally, will be denoted by
e1, ez and e respectively.

In the beam element, global displacement vector u(§) is composed of
rigid and deformation components. In particular, we refer to the u =
(u(€),v(§),w(€)) rigid displacements defined in the initial frame of refer-
ence while the deformation (&) = (a(€),9(£), w(€)) displacements and =
(01(8),02(), 05(¢)) rotations are defined in the local rigidly rotated frame of
reference. The deformation kinematics is assumed by the linear interpola-
tions

u=c%, U=, W=e5, (4.14)
for displacements and the quadratic interpolations
-

0, =
2 h§

0% + 0] .

_ 9l 9j
- 2¢2 fy = 3642 s+ 3¢2, (4.15)
€

i J
%§+2 3
he h?

for flexural rotations. The kinematics of the element is then completed by
defining the local 6; torque rotation about the beam centerline. Asin (4.15),
we assume

B 97 — pi 0 + 97
R i V) 1+ %

£2. (4.16)
2
he h?

Note that zero local rotations at the center of the element are assumed. Rigid
kinematics, then, will be represented by the nodal displacement components
and the degrees of freedom of the vectors E{ attached to the central node.

Based on the above definitions, local rotations and director components
are now linked by the field vector operations

E1(§) = ES + 02()E3 + 03(¢)ES,
E2(§) = —02(OET + E3 + 61 (§ES, (4.17)
E3(§) = —03(§)E] — 01(&)ES + ES.

As proven, vectors Ef, EJ and E§ are unit and mutually orthogonal at the
solution points. Then, at the first order, Eq(§), E2(¢) and Eg(§) there are
also three unit and mutually orthogonal vectors and they completely define
the global orientation of the cross-section. We note that the first order
accuracy of the (4.17) representations leads to local evaluations consistent
with the small strains hypotheses.

By evaluating (4.17) relations for £ = —he¢/2 and £ = he /2, respectively
in the ¢ and j nodes, and by using orthonormality of the directors, we can
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write

0 — 0} = L(E} - E) — E} - EJ),
05 — 03 = 5(Ey - E] — Ei - E)), (4.18)
0 — 05 = 5(E} - Ef — Ef - E3),
and , ' A . . ,
%+ﬂi=§m§wE5+E@—E£«Eé+E@L

0} + 05 = L[ES - (El + E]) — E{ - (B} + EJ)], (4.19)
03+ 05 = 3[ES - (Bf + E7) — Ef - (B + E3)].
Furthermore, by referring to the centerline points, we now define rigid and
deformation components in the initial frame of reference by

u(€) =u’+EE7 — ¢, v=v"+&E3,, w=uw’+EE3,, (4.20)

and
W(€) = e°CEY | + W5EES | + p3EES |,
0(§) = e°CEY 5 + 36 ES 5 + 3EES 5, (4.21)
W(§) = e°CEY 3 + P38 B 3 + p3EES 3,
respectively. Then, in the vectorial notation, the motion of the & point is
described as

u =u’+EE] — ey + c°CET] + ool ES + ¢3EES. (4.22)

Also here, by evaluating (4.22) relations for nodal coordinates £ = —hg/2,
£ = h¢/2, and by using orthonormality of the directors, we deduce that

1 . .
u’ = 5(uZ +u’) (4.23)

is the central point displacement and

e = - [ES - (wy — ) — he + he Y],

03 = 7 [BS - (W) —wi) + he 3], (4.24)
¢ = 5 [ES - (uj — ) + he B3],

are the expressions of the axial and shear deformations as a function of nodal
displacement and director components.

As can be seen, unknown nodal components completely define the (4.14)-
(4.16) linearized deformation kinematics of the beam element by (4.18)-(4.19)
and (4.24) expressions. Nonlinear rigid kinematics, instead, is described by
the displacement vector in (4.23) and the unknown director vectors E° at
the central node. The remaining unknown components of the element are
the displacements u’, u’/ and the director vectors E?, E/ at the boundary
nodes.
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4.3.2 Evaluation of energetic quantities of the beam element

We consider the referential coordinates (£, 7, () in the element, where 1 and
¢ are the thickness coordinates in the es and es directions, respectively. By
denOting with uP(§7 UR C) = {uP(€7 UB C)? vp (§7 n, C)? ’U)P(é., UB C)} the displace-
ment of the generic point P in the element represented in the global reference
frame, we can refer respectively to the expression

up =u’+¢(Ef —e1) +n(E3 — e2) + ((E3 — e3) (4.25)
for the rigid and to expression
tp = GES + B3 + WES — (Byn + GoO)ES + 61 (7B — CBY)  (4.26)

for the deformation components of the motion up = ap + up.
The principal energetic quantities involved are the kinetic, potential and
external energy:

1 1
T:/pilp-ilpd‘/, U:/&‘P:O'Pd‘/, Wz/p~llpdv, (4.27)
2 Jv 2 Jv v

respectively. In (4.27) the dot denotes derivatives with respect to time ¢, V'
the volume of beam, p the vector of external loads and p the mass density.
Furthermore, ep and op are the infinitesimal strain and stress tensors in
the body, respectively.

Kinetic energy is now evaluated by referring to the following expression
of the velocity vector:

up = 0’+EE]+nES+ (B +UES +0ES +WES — (0304020 Ef+01 (nES—(ES),

(4.28)
obtained by time differentiation of up and by truncation of the deformation
measures to the zero order. The integration over the section area A of the
square of the velocity in (4.28) leads to:

Jaup - updA = AW -0 + AR - ES + LES - B3 4+ LES - B + 2640 - B
FAG -G T, G+ Ty B T3 G 2A(GES + TES + $ES) - (0 + ¢E)
+201(J3ES - E — JES - E9) — 2(J20.E$ + J305E3) - ES,

(4.29)
where J2 and J3 are the second moments of area about the related principal

axes while J, is the polar moment. By defining the vector v = (€2, ¢9, ¢%),
kinetic energy is now computed by further integration over the beam center-
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line:

he /2 . .

850 Loty - apdAds = o o
Lp{he AWC - 10° + AJES - B9 + he JsBS - B3 + he oS - Y
FAIT T+ 2ARBL B 5 -
58 (J, D02 + JyDO3 + J3DO2) + 5 (1,502 + JoS03 + J3562)
+2(50, (J3ES - B — JES - ES) — (J2502E3 + J350:E3) - E9)},

. . . (4.30)
with the positions J; = h§/12, DO = (0] — 01,05 — 05,605 — 0%) and SO =
(01 + 61, 05 + 03, 65 + 63).

Finally, by introducing the geometrical coefficient matrices J 4 = diag(J,, J2, J3)
and JV = diag(AJy, heJa, heJs) we can write:

T =1p{Va w +E° Jy-E°
+£J1gﬁ+2ng.E0) A+ %DO-JA-Q'eju %Se‘- Ja-S6
+5[501(J3ES - E§ — JoES - ES) — (J2S02E3 + J3503E9) - E9|}.
(4.31)
In (4.31) the rigid, deformation and mixed kinetic terms can be recognized.
In particular note how the term E° - Jy - E° reproduces the rigid inertial
components of the angular momentum of the element.

The estimation of the potential energy can be carried out by extract-
ing the contributions due to the deformation from the up motion. Then,
the projection of tp in (4.26) in the E, E§ and E§ directions gives the
infinitesimal displacements:

I
o>

p - ES = % — 031 — 02,
up - B3 = @58 — 01, (4.32)
=up - E§ = p5¢ + 01

2 <= &
Il

By using this deformation kinematics, we define the following infinitesimal
strain components of the ep tensor:

1 = e%—031m—021(, €12 = %(¢§—0~3—w351,1), €13 = %(@3—52+w2§1,1),

(4.33)
and €23 = 0. In (4.33) shearing contributions due to the torsional mode
are modelled by the wa(7,() and ws(7, () functions. Here, because h, x h¢
rectangular sections were analyzed, we assume the distributions:

TS - sy
wo = - 5 w3 = - 5 .
(hn/2)? (h¢/2)? (h¢/2)? (hn/2)?
where €12 = 0 and €13 = 0 is realized on the boundaries |¢| = h¢/2 and

|n| = hy/2 of the cross section, respectively.

60



Extensional components €92 and €33 are then obtained by imposing the
statical assumptions o922 = 033 = 0 on the o p stress tensor. Then we have

A

€90 = €33 = ————€11, 4.35
22 = €33 20+ 1) 11 (4.35)
where A and p are the Lamé coefficients. By using the (4.35) expressions,
the remaining stress components are:

203
o1 = 2pe1n + A + €22 + €33) = K pen = Eeuy,

012 = 2/1612 = 2G512, (436)
013 = 2pue13 = 2Ge3

and 093 = 0. In (4.36), F and G are the Young and shear moduli, respec-
tively.

By integrating over the section area the potential energy contribution we
have:

Jaep:opdA = [,(Bel; +4Get, +4Gei;)dA =
E(A&“g + JQG%J + J39§71)
+G[A(p8 — 09)* + 07 | [y widA —2(p3 — 05)011 [, wadA]
+GA(S = 09)> + 07 1 [y widA + 2(0§ — 03)011 [, wadAl.

(4.37)

Note that in (4.37), to overcome locking effects, the central value of the fy(¢)
and 0~3(§ ) interpolations are used in the shear energy computation. Besides,
assuming this, [, w2dA = [, wsdA = 0 is obtained. Then, by defining
Joo = fA w%dA and J,3 = fA w%dA, we can write:

/ ep: opdA = B(Ac?+ 1203 1+ 7303 1)+ GlA(08> +03°) + (Juz +Ju3) 03 1],
A

(4.38)
with 09 = 63 = 0. Then, the potential energy is computed by further
integration over the beam centerline:

he /2
U=3 [ 5 aer: opdAds = ) )
1E[Ve? + %&JQ(DQ% +35603) + hing(l?H?% + %geg)] (4.39)
3GV (8% + 08%) + g (Juz + Jug) (DOF + 5.567)].

External work W, finally, is defined in (4.27) by the (4.25) and (4.26)
expressions of the displacement vector. Note that, kinematics of the element
being modelled as a three dimensional body, only external forces must be
assigned. Besides, because finite rotations are replaced by products OE° in
the present formulation, we can see from (4.26) that the external force vector
is a linear function of the assumed unknowns.
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4.3.3 Multibody systems

By referring to the previous beam element model, we can study the dynam-
ical behaviour of multibody systems. In particular, prismatic bodies linked
by spherical joints and free mass particles are analyzed.

A prismatic hg X hy X h¢ element is assumed such that only the & axial
deformation € is present. Springs in the joint point between elements pro-
duce, furthermore, restraint moments proportional to the relative rotations.
In particular, we refer now to the E” and E™ directors attached to the cen-
tral points of the n and m elements and we denote with D6y, D6y and D@3
the small relative rotations. We have:

E™ = E? + D6,E? + DOsEZ,
EJ = —D6,E} + E + D6, E}, (4.40)
ET = —DO;E" — D6,E} + EI.

Then, by the usual manipulations, we obtain

D¢, = 3(E} -EF' — E} - Ep),
Db, = (Ey -EP" — E} - ED), (4.41)
D3 = 3(Ej - Ef" — ET - EY').

With the expression of the rigid component (4.25) and by zeroing the absent
deformation measures in (4.26), the motion of the body is defined as

up =u+&(E; —e1) +n(Ezx —e2) + ((E3 —e3) + &€Eq, (4.42)

where u is the central point displacement vector computed by the nodal
values as in (4.23).

As before, the integration over the section area of the square of the
velocity leads to

fAuPuPdA:Auu+§2AE1E1 +J3E2 -Eg—{—JnEg E3—|—2§AUE1
+E2A8% 4+ 26 ACE - (0 + €By)
(4.43)
and, then, to the kinetic energy evaluation by further integration on the &
elemental domain

T=1%pVa-a+E -Jy -E+ AJ (2 + 26E; - Ep)). (4.44)

In the potential energy definition we refer to the E'V axial rigidity and to
the like type ko, k3 flexural and k; torque stiffness:

1
U= §(EV52 + k1 DO? + ko D63 + k3D63?), (4.45)
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where the relative rotations are defined in (4.41) while axial deformation is
defined in the first of (4.24) expressions:

€= E[El (W —u) — he + he By (4.46)
Finally, external energy W can be computed by the expression (4.42) of the
displacement vector of the body.

In the three-dimensional mass particles motion we refer to the ith particle
of m; mass. Potential energy of interaction of the particles ¢ and j depends on
the interbody distance h;; = (1+¢;5)h, where h is the initial distance and €;;
is the related elongation. Then, by denoting with u; the displacement vector
of the particle and with k, the interaction rigidity, kinetic and potential
energy are computed by referring to

1 . 1. 5

T=-mu -0, U==kse

4.3.4 Nonlinear dynamical analysis

We refer to dynamical systems with L(q(t),q(¢)) Lagrangian function ob-
tained by summing the described energetic contributions, where q is the
vector of the unknown components of the element. We denote with gp =0
the constraint conditions in (4.12) relating the unknown components of the
E;, E2 and E3 vectors. Related Lagrange multiplier vectors are denoted
with Ag.

Then we obtain the extended functional

L(q,4,A) =T(q,q) — U(q) + W(a) + Ag - ge(a). (4.48)

In particular, for the beam element model we refer to the contributions given
in (4.31) and (4.39)Unknown vector q is composed of the three u’, v’, w', dis-
placements and the nine components of the directors E¢, E5, E%, at the nodes
plus the nine components of the directors E{, ES, ES, for each element. Six
Ar values for each E* and E° orthonormal system complete the group of the
unknowns. For the prismatic element model we use the expressions (4.44).
The unknown vector is composed of the three u’, v?, w’, nodal displacements
and the nine components of the directors Ei, Eq, E3, at the center of the
element. As multipliers, then, we have six Ag unknown components. Mass
particles motion, finally, is described by the three u’,v’,w’, displacements
of the ith mass and the three E% components for each i-j connection. The
semidiscrete formulation of the motion can be written in the form:

oL 909L _ OL

dq Otdq 0, N 0, q0)=4q", 4q(0)=4q", (4.49)



where q* and q* represent the initial values and velocities, respectively.

For the time integration of the semidiscrete initial value problem (4.49)
we refer to the constant time step At = t,41 — t,,. Unknown components of
the q and A vectors also collected in the d vector. By assuming the state
variables d,,, dn, &in, as known at the time ¢,, and making the external forces
p(t) for all ¢, the time integration is restricted to the subsequent solution
of the state variables at the end of each step dy41, &n+1, &nﬂ. In order
to realize this step by step integration, the set of variables is reduced to the

unknowns d, 41 only by the Newmark approximations

. ’7 "}/ . ’7 .
dpt1 = ——(dp+1 — dp, 1—-=)d, + (1 — —)Atd,, 4.
1= (e = da) + (1= Do+ (1= ) (450)
. 1 1 . 1 .
dit1 = ——dpy1 —dp) — ——dp + (1 — —)d,. 4.51
In the following we use the average acceleration scheme by adopting v = 1/2

and § =1/4.
By inserting relations (4.50) and (4.51) in equations (4.49), we arrive at
the nonlinear equation of the form:

F(dni1) = 0. (4.52)

This represents the nonlinear system of algebraic equations defined at the
tp+1 time with the dy, 1 unknown vector. The velocities and accelerations at
the end of the time step can then be obtained by relations (4.50) and (4.51),
respectively. Newton like iterative methods can be used to solve system
(4.52) by linearization

k
(E+1)\ _ g q(K) 8F(d5w21) (k1) (k) o
F(f) = Pl + 5@l - dll) s o) o, (45

The iterative process is here initialized by choosing d,(loll as the linear ex-

trapolation of the previously computed d,, and d,,—; vectors when n > 0,
while the formula dgo) = d* + Atd* is used when n = 0. By choosing the
fixed tolerance n = 1078, the formula
k+1 k k+1
| = a1 —da < (4.54)

is adopted as convergence criterion.
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Chapter 5

Numerical results in lengths based method

As we learn in Chapter 2 the lengths based method is an alternative approach
to formulate models for two or three-dimensional elastic structures in the case
of small strains in the large displacements regime. It’s based on definitions
of only relative lengths in order to avoid the use of rotation measures and to
overcome all the difficulties connected with the management of the rotation
matrices in 3D space. In this chapter a set of examples is examined to
illustrate the features of this approach. In particular, the tests analyze plane
and spatial kinematics by modelling the body with the described two and
three-dimensional low-order elements. Tests have been carried out both in
the statical and in the dynamical context.

5.1 Statical, quasi statical and dynamical analysis

In this section we include a set of tests which have been carried out both in
the statical and quasi-statical or dynamical context. We refer to quasi stati-
cal rather than dynamical analysis when the dynamics affects only the zone
of mode jumping of the structure. In fact, the inertial forces of the structure
are active only in the transient response of the structure from an unstable
bifurcation point, on a postbuckled equilibrium path, to a second stable equi-
librium state, on a new equilibrium path. In particular, the tests analyze
plane and spatial kinematics by modelling the body with the described two
and three-dimensional elements.

5.1.1 Clamped right angle frame

A right angled frame shown in Figure 5.1, fully restrained at one end, is
analyzed both in statical and dynamical cases. Equilibrium states were com-
puted by the three-dimensional finite element formulation. It is worth noting
that the motion of the system involves large torsion and bending.
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Fig. 5.1: Clamped right angle frame: geometry and loading definitions.

Statical analysis

In the statical case, the analysed frame is loaded at the free end B by f§ = A
in the x; direction. An imperfection load f5 = 107%) in the x3 direction
is set to initiate lateral buckling along the fundamental equilibrium path.
The geometrical and mechanical properties are defined by: length L = 255,
width b = 30, thickness ¢ = 0.6, Poisson coefficient v = 0.31 and Young’s
modulus E = 7.124 x 10*. The entire frame was modelled by 68 elements to
test the convergence to the reference analysis.

25 |\ o o

1.5 —

0.5 —

wa

Fig. 5.2: Clamped right angle frame: statical solution curves.
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Fig. 5.3: Right angle frame: statical deformative configurations at marked
solution points.

The A — wp load parameter - out of plane free end displacement curve
(A) was computed and displayed in Figure 5.2 where a good agreement is
observed in respect to the predictions of Izzuddin[36] () and Yang et al.[75]
(o). Figure 5.3 shows deformed shapes of the presented structure at the
marked equilibrium points.

Dynamical analysis

In the dynamical case the studied frame is loaded by an out of plane force
f4 = X at the elbow point A. The geometry and material properties are:
L=10,b=h=1v=0.2 E=5.0x 10* and mass density p = 0.1. The
frame is modelled using overall 160 elements.

Figure 5.4 shows the time history of the x3 direction displacements in the
tip B and elbow A points. Indications about the shape and duration of the
applied load are also indicated. A good agreement was found between the
calculated results with those of Mata et al.[55] (o). Deformed configurations
of the structures at the marked equilibrium points are depicted in Figure
5.5.

5.1.2 Deep circular arch under vertical load

Equilibrium states for the deep circular arch shown in Figure 5.6 were com-
puted by the two-dimensional finite element formulation. Several authors,
Simo and Vu-Quoc|73|, Kouhia and Mikkola[40], Cardona and Huespe|[17],
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Fig. 5.4: Clamped right angle frame: dynamical solution curves.

have analyzed the equilibrium paths for such a structure by using a one-
dimensional finite element in the geometrically nonlinear regime.

A 32 equally-spaced element mesh for the whole arch is employed. Here
we refer to the Young modulus E = 6 x 10° and to the Poisson ratio v = 0
while the normal area is squared with the edge equal to v/2. Modejumping
analysis is carried out by assuming p = 0.0025 mass density and A = 25¢
load history.

Note that, to compare the results, simply support boundary condition
requires a suitable treatment because quadrilateral two-dimensional elements
are used. In particular, here Lagrangian multipliers are adopted to impose
zero values for the displacements at the central point of the elemental edge
and for the related nodal internal forces.

The A — w, vertical load parameter - deflection of the apex curve was
computed for both the statical and quasi-statical analysis. The analyzes
are stopped when the value A = 1000 is traversed. For the statical case, the
primary path traced in Figure 5.7 is in agreement with the results reported in
the cited literature. Deformed configurations of the structure at the marked
equilibrium points are depicted in Figure 5.8. For the dynamical case, again
in Figure 5.7 the modejump at the first limit point can be observed while in
Figure 5.9 the deformed configurations at the marked instants are reported.

5.1.3 Cylindrical shell

A cylindrical shell of constant thickness and deformed by an applied com-
pressive load is analyzed. We consider vanishing radial and tangential dis-
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Fig. 5.6: Deep arch: geometry and loading definitions.
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Fig. 5.7: Deep arch: statical (o) and modejumping (A) solution curves.
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Fig. 5.8: Deep arch: statical deformative configurations at marked solution
points.

Fig. 5.9: Deep arch: dynamical deformative configurations at marked solu-
tion points.

Two cases, which differ for the values of radius R, thickness h and mass
density p, were analyzed. The computed equilibrium curves are displayed by
external load parameter A and vertical deflection at the central point of the
shell w.. A = 0.1t is the load history employed in the quasi-static version.
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Fig. 5.10: Cylindrical shell: geometry and loading definitions.
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Fig. 5.11: Cylindrical shell, case I: statical (o) and modejumping (A) solution
curves.

Case 1.

In the case, studied in Eriksson[24],[25] by two-dimensional thin shell ele-
ments, we make R = 2540 and h = 6.35, while we assume p = 1 for the
dynamical analysis. Figure 5.11 shows the load parameter - central point
deflection behavior for both the statical and quasi-statical solutions when
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Fig. 5.12: Cylindrical shell, case I: statical deformative configurations at
marked solution points.

Fig. 5.13: Cylindrical shell, case I: dynamical deformative configurations at
marked solution points.

the algorithm is stopped for the achieved A = 800 value.

For the statical analysis, deformations in the pre and post-critical phase
are displayed in Figure 5.12. Post modejumping deformations are also shown
in Figure 5.13 for the related dynamical model.

Case II.

By assuming R = 1000 and h» = 12, in this second case a greater curvature
and thickness of the shell is considered. The mass density now takes the value
p = 1000. The structure, therefore, proves to be stiffer and larger values of
the displacements are attained. The analysis are stopped here when the
algorithm traverses A = 18000.

In Figures 5.14 and 5.15, for the statical problem, note that shearing
stresses are activated in the post flexural-membranal behavior. Figures 5.14
and 5.16, in the modejumping context, illustrate a higher frequencies domi-
nance in the post-buckling zone.
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Fig. 5.14: Cylindrical shell, case II: statical (o) and modejumping (A) solution
curves.

Fig. 5.15: Cylindrical shell, case II: statical deformative configurations at
marked solution points.

5.1.4 Spherical cup

A spherical cup of constant thickness with a top hole, studied in Brank et
al.[15], is analyzed and displayed in Figure 5.17. Force per unit area p = 50\
is applied along the top ring in the vertical direction.

Using symmetry, only one quarter of the structure is considered and

74



Fig. 5.16: Cylindrical shell, case II: dynamical deformative configurations
at marked solution points.
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Fig. 5.17: Spherical cup: geometry and load conditions.

modeled by a 12 x 12 mesh. Vertical displacements are set to zero at the
nodes of the bottom ring. We refer to the Young modulus £ = 1000 and to
the Poisson ratio v = 0.3. Dynamical analysis is carried out by assuming the
p = 0.1 mass density, the A = 0.1¢ load history and the At = 0.1 time step
for the Newmark scheme. For geometric parameters, we make R = 12.16,
h=0.4, a; = 18.594 and as = 55.668.

Figure 5.18 shows A — w vertical load parameter - deflection of the top
ring points behavior for both the statical and modejumping solutions, re-
spectively. The analysis are stopped when the value A = 1.5 is traversed.
Deformed configurations of the structure at the marked instants are depicted
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Fig. 5.18: Spherical cup: statical (o) and modejumping (A) solution curves.

in Figure 5.19 for the statical case and in Figure 5.20 for the quasi-statical
one.

5.2 Dynamical analysis

In this section a set of examples is examined to analyze plane and spatial
dynamical motion of bodies modeled with the presented two- and three-
dimensional elements.

5.2.1 L-shaped block

The plane motion of a two-dimensional L-shaped block is analyzed by the
4-node element. The mesh is made up of 36 finite elements. The mesh
configuration, p external load positions and time history are shown in Fig.
5.21.

Two different choices, E = 10" N/m? and E = 10* N/m?2, of the Young
modulus have been adopted to analyze rigid-like and soft like motions, re-
spectively. The Poisson modulus is assumed to be v = 0.3, while mass
density p = 1kg/m3. Starting at the rest, a sequence of configurations have
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Fig. 5.20: Spherical cup: dynamical deformative configurations at marked
solution points.

5.2.2 Toss rule in the plane

The plane movement of a free toss rule is analyzed by the 8-node element.
The spatial discretization is made up of 30 finite elements. The material
constants are E = 2.0610'" N/m? v = 0 and p = 7.810% kg/m3. The
geometry and position of distributed loads p and load function of the rule
are described in Fig.5.24. With zero initial conditions, the integration time
scheme computes the configurations by using a At = 107%s time step. In
Fig.5.25 the sequence of deformed shapes in the range ¢ = [0s,0.1s] are
shown. Similar results are obtained in Kuhl and Ramm [41] by using an
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Fig. 5.21: L-shaped block: mesh configuration, external load positions and
time history.
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Fig. 5.23: L-shaped block E = 10* N/m?: sequence of configurations.

8-node shell element and in Lopez and Russo [52] by using a 6-node plane
element.

40000

0 0002 0004 ¢

Fig. 5.24: Toss rule nel piano: configurazione iniziale, mesh, andamento dei
carichi esterni.
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Fig. 5.25: Toss rule nel piano: sequenza di deformate.

5.2.3 Toss rule in space

The same rule as in the previous Section is now stimulated to fly in the
space. Figure 5.26 describes the position of distributed loads p and load
time function. As before, starting at the rest, the integration time scheme
computes the configurations by using a At = 10~°s. In Fig.5.27 the sequence
of deformed shapes for t = [0 s, 0.4 s] are shown. The deformed configurations
are comparable with the 8-node shell element analysis reported in Kuhl and
Ramm [41, 42].

0 0002 0004 ¢

Fig. 5.26: Toss rule nello spazio: configurazione iniziale, mesh, andamento
dei carichi esterni.

5.3 Conclusions

An alternative technique to analyze the motion of geometrically nonlinear
structures is presented. The described formulation is applied to low-order
elements and it does not use rotation measures.

The procedure involves only exact integrations and the kinematical basis
is here defined by referring to natural modes. In order to avoid shear-locking
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Fig. 5.27: Toss rule nello spazio: sequenza di deformate.

phenomena, a selective based definition of the strain tensor is carried out.
This selection is carried out on the linear definition of deformation compo-
nents the element reference system being independent.

In particular, the proposed approach is based on definitions of only rela-
tive lengths and it avoids adapting definitions of the element reference sys-
tem. In this way:

e the finite element construction can be carried out completely in the
linear field;

e we can select the deformative modes that contribute to the expressions
of the strain tensor components;

e the analysis is robust because the singularities in rotation matrices are
not introduced.

In addition, since the mechanical description is implicitly conservative, we
can note that:

e the analysis is economical as it does not require complex manipulations
to overcome the noncommutativity of rotations.

The numerical tests, finally, have shown that lower computational time and
storage demand are required.

Additional benefits that arise from the aforementioned features include
symmetry of the tangent stiffness matrix and insensitivity of the large dis-
placement transformations to the size of the incremental step.

81



Chapter 6

Numerical results in projectors method

In Chapter 3 an innovative Total Lagrangian formulation of geometrically
nonlinear finite elements has been proposed. The key concept is that slopes
are used instead of rotation parameters to compute the nonlinear represen-
tations of the strain measures in the inertial frame of reference. So complex
manipulations required to obtain conservative descriptions and well-posed
transformation matrices are avoided. In this chapter numerical tests have
been carried out to validate the developed technique in the frame structures
context both in statical and dynamical field.

6.1 Statical analysis

In particular, the tests analyze spatial kinematics to validate the developed
technique in the frame structures context. Equilibrium states were computed
by the predictor-corrector scheme described Chapter 3 and compared to
reference results obtained with similar beam models.

In the examples, meshes of increasing element size are used to test the
convergence to the reference analyses. Numerical tests validate that the
developed technique is well posed for any large rotation. The proposed for-
mulation shows simplicity of the analysis while computational effectiveness
and algorithmic reliability are retained.

6.1.1 Lateral buckling of a narrow cantilever beam

The narrow cantilever beam shown in Fig. 6.1 was analyzed. The numerical
results obtained by Battini and Pacoste |7] can be taken as reference. The A
- w, vertical load parameter - lateral tip displacement curves were computed
and displayed in Fig. 6.2. The analysis were stopped when the value A = 8
was reached.
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Fig. 6.1: Lateral buckling of a narrow cantilever beam: problem definition.
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Fig. 6.2: Lateral buckling of a narrow cantilever beam: equilibrium paths.

6.1.2 Cantilever beam subject to a pure bending moment

A cantilever beam subject to a bending moment at the free end was analysed
here (see Fig. 6.3). This is a classical test and the results can be compared
with those obtained by Simo [70]. In Fig. 6.4 the normalized AL/7EJy and
(L — u¢)/L values are used to show the computed equilibrium path.
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Fig. 6.3: Cantilever beam subject to a pure bending moment: problem def-
inition.

3.5 —
o ~
1E
o
N
<
o
——8—— 4 elem
2@ ——— B8 elem
——A—— 16 elem

-0.4 -0.2 0 0.2 04 0.6 0.8 1

(L+wuc)/L

Fig. 6.4: Cantilever beam subject to a pure bending moment: equilibrium
paths.
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6.1.3 Cantilever beam subject to a pure torsional moment

The primary path of a cantilever beam subjected to end torsion, as shown
in Fig. 6.5, was computed in this example. An analytical solution of the
problem can be found in Hsiao and Lin [32]. Fig. 6.6 exhibits the A -
e torque - angle of twist curves calculated until the value A = 16000 is
traversed.

0.5 —H=—
L2 -
S
= Xy H—»
/| M
T3 E=2100000
G=787500

| 100 |

Fig. 6.5: Cantilever beam subject to a pure torsional moment: problem
definition.

6.1.4 Right-angled frame under an end load

The nonlinear solution path of the L frame shown in Fig. 6.7 is analysed. The
finite dimension connection between the members of the frame was modelled
by Battini and Pacoste |7] with both a rigid and disregard connections. The
A - w, horizontal load parameter - lateral tip displacement of the free end
curves was computed until the A = 4 value and displayed in Fig. 6.8. The
number of elements indicated in Fig. 6.8 showing solution curves refers to
the total number of used elements.

6.1.5 Right-angled frame under end moments

The last example concerns the right angle frame depicted in Fig. 6.9 where
appreciable large rotations with a significant amount of twist are considered.
The loading is given by a pair of concentrated moments applied at the sup-
ports. Due to the symmetry, only half of the frame is modelled. At the
support only translation along x; and rotation around x3 are allowed. The
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Fig. 6.7: Right-angled frame under an end load: problem definition.
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Fig. 6.8: Right-angled frame under an end load: equilibrium paths.

A - w, moment parameter - apex displacement in the z3 direction diagram
is plotted in Fig. 6.10. The results are in agreement with those found in
Battini and Pacoste |[7]. Meshes with 6, 8 and 10 elements are used here for
the half of the frame.

The test is also carried out by removing imperfection load, now defined
as 1075, after the first buckling phase as in Simo and Vu-Quoc [73]. In the
analysis, therefore, equilibrium curve traverses the negative critical point
and completes a second revolution of the frame about the line connecting
its hinged ends. Applied moment versus lateral displacement curves are
shown in Fig. 6.11 for the first and second revolution. Afterward computed
solution points traverse the positive critical point and describe the same first
post-buckling behaviour as previously computed. In the formulation, then,
there is no difficulty in subjecting the frame to any number of revolutions.
A symmetrically intersection of the moment axis is, furthermore, obtained
with £621.8 critical values.

6.2 Dynamical analysis

In the projectors methods context,a set of numerical examples shows the
application of the proposed method for the time integration of the motion
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Fig. 6.9: Right-angled frame under end moments: problem definition.

700 —
A _
600 —|

500 —

400 —

300 —

200 —

100 —

-150 -100 -50 0 50 100 150 200

We

Fig. 6.10: Right-angled frame under end moments: equilibrium paths.
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Fig. 6.11: Right-angled frame under end moments: first and second revolu-
tion.

equations.

In particular numerical tests were performed for increasing values of the
At time step. Let steps be the number of time steps effected by the integra-
tion process to analyze the behaviour for ¢ = 0...7". In the following we refer
to the mean value of the Nw; Newton iterations in the ¢th step

step

Nw,, = ZNwi/steps, (6.1)
1=1

carried out, unless it becomes unstable (div), in the process.

6.2.1 Motion of a dumbbell

We investigate the motion of a dumbbell with initial interbody distance h =
1 modeled as a two-particle problem and defined in the three-dimensional
ambient space. We assume m; = mg = 1 with u = {u; v1 wy w2 vy we}.
The initial conditions are given by u* = 0, 0* = {002 55 10} and E¥ =
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{1 0 0} is the director in the x direction. Accordingly €;; = 0 and, by time
differentiation, &;; = 0 and E¥ = {0 3 5} is obtained.
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Fig. 6.12: Dumbbell At = 0.02 for 7' = 2: sequence of configurations ob-
tained.

The interaction of the two bodies is assumed to be governed by a Lennard-
Jones potential U(r;;) = A[(0/ri;)® — (0/ri;)3] which is often employed in
molecular dynamic simulations. The distance between the centers of the two
particles is r;; = h + &;;. We make o = (3/5)'/2, such that ¢;; = 0 charac-
terizes the internal force free configuration. Here we consider the quasi-rigid
connection A = 10° that classically has severe instability restrictions. In
such a case, by linearization of U(r;;) for r;; = 1, k, = 6Ac® can be inter-
preted as the spring stiffness. We can refer to Gonzales and Simo [29] and
Crisfield and Shi [22| for the numerical instabilities which are introduced in
such dynamic systems. Additional background material on the motion of a
several particle system in a potential field can be found in standard books
on classical mechanics, see e.g. Goldstein [28] and Arnold [2].

To illustrate the motion, Fig. 6.12 contains a sequence of configurations
with At = 0.02 and ¢t = 0...2. At about ¢ = 1.4 an unphysical motion
indicates the unstable behaviour of the Newmark scheme.
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Tab. 6.1: Dumbbell 7' = 10: mean value Nw,, of the Newton iterations
At 0.002 0.005 0.01 0.02

3.000 3.185 3.486 div

6.2.2 Two body system

Here we study the behaviour of a pair of equal pin-jointed elements as de-
scribed in Section 4.3.3. Starting from rest, the dynamics of the two pris-
matic hg = 0.5, h; = h¢e = 0.02, bodies is stimulated by an impulsive force
p(t) acting on the system as illustrated in Fig. 6.13. We assume p = 1.5-10*
and £ =5-10% k; = 103, kg = 5-102, k3 = 2-102, for the evaluation of the
(4.44) kinetic and (4.45) potential energy. Time-stepping schemes applied
to N-body problems can be found in Betsch and Steinmann [11].

Fig. 6.13: Two body system: initial configuration and problem definition

The motion of the two body system with At = 0.0002 and 7" = 0.3 is
shown in Fig. 6.14. The unstable motion of the system can be observed
at about ¢ = 0.21 where chaotic relative rotations in the joint point occur.

Table 6.2 reports the Nw,, values performed in the time integation process
for T'=1.

Tab. 6.2: Two body system T = 1: mean value Nw,, of the Newton itera-
tions

At 0.00002 0.00005 0.0001 0.0002
3.010 3.312 3.665  diwv
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Fig. 6.14: Two body system At = 0.0002 for 7' = 0.3: sequence of configu-
rations

6.2.3 Toss rule in space

Here there is the example of the three-dimensional movement of a toss rule
(see Kuhl and Ramm [41] for a solution to such a dynamical problem). The
beam, with zero initial displacements and velocities, is discretized by nine
described finite elements. The geometry, position of loads and load function
of the rule are described in Fig. 6.15. The material is characterized by the
values p = 7.8 - 103, E = 2.06 - 10! and G = E/2.

Tab. 6.3: Toss rule 7' = 0.1: mean value Nw,, of the Newton iterations.
At 0.00001 0.00002 0.00005

3.202 3.635 div

An incipient non stable behaviour of the integration scheme at about
t = 0.026 can be observed. Table 6.3 shows the behaviour with respect to
the time integration step for 7" = 0.1.
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Fig. 6.15: Toss rule: geometry, loads and load function

Fig. 6.16: Toss rule At = 0.00005 : sequence of configurations

6.3 Conclusions

In the hypothesis of large displacements and rotations and small strains, a
technique to analyze the behavior of three-dimensional finite element beam
frames has been presented. A vectorial approach for the rotation parametriza-
tions and linear strain definitions based on invariant measures has been used.
The described formulation does not use angle measures and we have demon-
strated that it proves to be well posed for any finite rotations. Rotation at
the nodal location has been defined with two basis vectors along the cross-
section, which creates nine degrees of freedom at the node.

We obtain a Lagrangian and implicitly conservative mechanical descrip-
tion where simple and computationally efficient expressions in the equations
of the nonlinear system are preserved. Besides numerical results illustrate
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that the present approach produces attractive properties for non-linear prob-
lems involving very large rotations compared to the conventional rotational
parameter approach.
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