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A hierarchical co-rotational theory for analysis of geometrically nonlin-
ear shell structures has been developed that addresses attributes identified as de-
sirable: self-equilibrium, consistency, invariance, symmetrizability and element-
independence. The unified formulation recovers different existing co-rotational
formulations by making certain simplifying kinematic and static assumptions.
This unification offers additional flexibility to finite element developers in that
tradeoffs between simplicity, robustness and generality can be more clearly un-
derstood.

The nonlinear response of the co-rotational finite element models is ob-
tained by incremental/iterative continuation methods. The equilibrium-path-
following algorithm combines a standard arc length predictor phase with two
alternative versions of a true-Newton corrector phase: the normal-plane correc-
tor of Riks-Wempner and the orthogonal trajectory accession corrector proposed
by Fried. The algorithm is treated with scaling techniques that aim to make the
solution algorithm performance insensitive to discretization changes. Numerical
experiments indicate that the orthogonal trajectory corrector in general outper-
forms the normal plane corrector in terms of robustness and allowance of larger
stepsizes when tracing smooth response paths.

A modification of the predictor-corrector continuation algorithm to de-
tect and handle traversal of bifurcation points has been developed. The modified
algorithm relies on linearized buckling analysis carried out at two “bracketing”
configurations in the neighborhood of the bifurcation point. The estimated buck-
ling mode is used to initiate branch switching into the outgoing (secondary) path.
The normal plane corrector constraint is modified to avoid the “switch-back”
to the incoming (primary) path. This modification has proven to be robust in
handling symmetric bifurcation points in the test problems reported here.

A new four-noded quadrilateral shell element has been developed based
on the Assumed Natural-coordinate Deviatoric Strains formulation. This ele-
ment is derived with reference to a flat geometry defined by the medians of
the generally-warped quadrilateral. Projector matrices are used to fulfill self-
equilibrium conditions in the warped geometry. The numerical results indicate
that then new quadrilateral element delivers modeling accuracy similar to that
of existing Free Formulation elements, but without the burden of numerical
inversion to form the higher order stiffness.
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Chapter |

Introduction.

Because of their high-strength and lightweight nature, aerospace structures often
fail by elastic buckling. Furthermore, a structure or structural component may
behave elastically while well into the post-buckling regime. Designers checking
stability are often interested in questions of the following nature: can the struc-
ture, after overall buckling, maintain functionality in some sense? and, can the
structure withstand localized buckling and post-buckling of a component? These
questions are typical for aircraft-structures that are often critically designed by
counting on load-carrying capability in the post-buckling range.

These considerations explain why reliable stability and post-buckling
analysis tools are important components of the design of aerospace structures.
One important analysis simplification is the assumption that material deforma-
tions stay small — usually in the elastic range — before and after buckling. This
simplification has important benefits in constructing finite element models for
stability analysis. It allows the use of linear finite element models to capture
the deformational response whereas the large rigid-body motions characteristic
of post-buckling are treated separately.

The co-rotational formulation of geometrically nonlinear analysis is
based upon such explicit separation of rigid-body motions — translations and
rotations — from deformational motions. This treatment “segregates the non-
linearity” into the former. The key benefit gained through this approach is
“reuse”: existing linear finite element models can be taken advantage of. Given
the large investments made into the development of finite element libraries, in-
cluding many years of fine tuning to efficient handle a spectrum of problems,
reuse makes investment sense as long as users of programs based on the co-
rotational formulation are aware of certain modeling limitations.

1.1 Survey of related work.

The present work focuses on the co-rotational finite element analysis of nonlinear
shell structures. Thus it represents a fusion of three largely independent topics:
the co-rotational formulation, the computation of the nonlinear response by con-
tinuation algorithms, and the construction of shell finite elements. A historical
account of these topics is provided in the following sections.



1.1.1 Nonlinear co-rotated formulations.

The concept of a co-rotated formulation was first introduced by Wempner [64] in
1969 and by Belytschko and co-workers [10] in 1973. In 1976 Fraeijs de Veubeke
[30] developed a co-rotated formulation for dynamic analysis of structures using
a single co-rotated frame for the whole structure. De Veubeke’s approach was
geared towards analytical solutions rather than finite element formulations. The
concept of a rotating frame attached to the elements was also used by Bergan
and Horrigmoe [12,34] and Argyris [4]. In 1986 Rankin and Brogan introduced
an element independent co-rotated formulation [52], which was later refined by
Nour-Omid and Rankin [46,53]. Cardona [19] used the co-rotational consept for
analysis of mechanisms in 1989. A co-rotational formulation for beam elements
was developed by Crisfield [22] in 1990.

The starting point of the present research work has been the co-rotated
formulation that started with Bergan and Horrigmoe [1234] and has been further
developed by Nygard [47], Levold [40], Mathisen [42] and Bjeerum [17]. This
formulation exploits the concept of a co-rotated orthonormal frame that is flex-
ibly attached to the deformable element. The motion of the element frame also
determines the motion of a rigid undeformed element, often called “ghost refer-
ence” or “shadow element”. This formulation has proven satisfactory for many
applications. For some problems, however, the formulation exhibits deficiencies,
most notably with respect to consistency of the tangent stiffness with respect to
the residual forces, and self-equilibrium of warped quadrilateral elements.

Several of these problems were also experienced by Rankin and Brogan
[52] in their initial version of the element independent co-rotational formulation.
Nour-Omid and Rankin [46,53] later addressed the questions of consistency and
equilibrium. However, the current formulation of Nour-Omid and Rankin still
places restrictions on how many degrees of freedom can participate in the rota-
tion of the element frame while maintaining consistency of the tangent stiffness.
These constraints lead to loss of mesh invariance; that is, the computed solution
may depends on node numbering.

The present work tries to combine the best features of both co-rotational
formulations. More specifically, the invariant nature of the Bergan et al. formu-
lation, and the equilibrium and consistency of the Rankin et al. formulation.



1.1.2 Nonlinear solution algorithms.

There has been rapid progress over the last 20 years in algorithms for computing
equilibrium solutions of geometrically nonlinear structural problems. Before the
mid-1970s, such problems were usually treated with purely incremental methods
under load control. Purely incremental methods have the important disadvan-
tage that the accumulated drift error causes computed solutions to move away
from the equilibrium path. Since those methods do not check residuals, the
accumulated drift error can be practically assessed only by running the problem
with smaller increments. In addition, load control makes automatic traversal of
critical points difficult or impossible.

The drift-error disadvantage was eliminated with the introduction of in-
cremental /iterative methods, in which a predictor step was followed by Newton-
like corrective iterations to move back the solution onto the equilibrium path.
The problem of traversing critical points, which is of crucial importance in non-
linear analysis, required modifications to the control strategy enforced during
the corrector phase so as to allow both displacements and loads to change si-
multaneously. Early attempts to address the problem of critical point traversal
in the 1960s resulted in the development of displacement control [2], and the
introduction of artificial springs [56,67]. Refinement of the former evolved into
the hyperplane displacement control method [59] in the early 1980s.

The arc length control method, which presently has become one of the
most widely used incremental /iterative techniques, was independently proposed
in the early 1970s by Riks [54] and Wempner [65]. This method, however,
did not attract attention until popularized by Crisfield [20] in the early 1980s.
Since then additional refinements of the arc length method and its variants have
been published at an accelerated pace. Key contributions are by Bathe et al. |
56|, Batoz and Dhatt [8], Crisfield [21], Ramm [51] and Riks [55]. In addition,
the orthogonal trajectory accession method of Fried [31] merits attention in
that, unlike the conventional arc length methods, the corrector iterations are
not controlled by an algebraic constraint.

1.1.3 Linear finite elements.

The Free Formulation (FF for short) was developed by Bergan and coworkers
at Trondheim during the period 1972-1984. The development of the FF began
with a landmark paper by Bergan and Hanssen [11]. This paper introduces
the Individual Element Test (IET), which sets forth a priori conditions for an
element to pass the Patch Test. A “final” form of the FF was described in a paper
by Bergan and Nygard [14]. The FF stiffness matrix consists of two contributions
called basic and higher order respectively. The basic stiffness is constructed
in accordance with the IET, and thus ensures satisfaction of the Patch Test.

3



The higher order stiffness is constructed in order to obtain correct rank and to
improve performance of the element. Bergan and Felippa [15] argued that the
higher order stiffness can be scaled with a positive number without violating the
IET. This Scaled FF was incorporated in the framework of variational calculus
by Felippa and Militello [25,26,44] who showed that the Scaled FF was derivable
from a parametrized hybrid variational principle.

The Assumed Natural Strain (ANS) formulation was developed in the
early 1980 by several investigators [7,36,41,58]. The name was coined by Park
and Stanley while developing a nine node shell element [49]. The basic ANS
technique was adopted to the basic plus higher order decomposition by Militello
and Felippa, who called this variant the Assumed Natural Deviatoric Strains
(ANDES) formulation [45,44]. This formulation allowed increased flexibility
compared to the FF in that the higher order strains where no longer restricted
to be consistent with higher order displacement modes.

Often the two formulations: FF and ANDES, give identical elements, as
in the case of the “optimal” three node membrane element with drilling degrees
of freedom based on the Extended FF and the ANDES formulations [l 27]. When
coalescence occurs the ANDES formulation is usually more computationally ef-
ficient since it shortcuts the complicated transformation from generalized modes
to visible degrees of freedom, a task that often has to be carried out numerically
for the FF elements.

1.2 Dissertation outline.

Chapter 2 of the present work starts out with a description of the finite-
displacement motion of a co-rotated medium. This description is discretized
to a subdomain or finite element of the structural continuum, where the neces-
sary expressions for an “element independent” tangent stiffness are developed.
The present formulation is then compared to two similar formulations, namely
those of Bergan et al. [17,42,47] and Rankin et al. [46,53] with respect to the
key properties of equilibrium, consistency and invariance.

Chapter 3 discusses the global nonlinear equilibrium equations for ge-
ometrically nonlinear structures with emphasis on methodology to construct
response tracing algorithms. A generalized arc-length type algorithm is then
developed. The algorithm is shown to include such algorithms as load control,
displacement control and state control as special cases. The section compares
the normal-plane corrector of Riks and Wempner [54,55,65] and the orthogonal
trajectory corrector developed by Fried [31] are compared. The detection of
critical points such as limit points and bifurcation points is discussed, and a
procedure for branch switching based on linearized buckling analysis is devel-
oped.



Chapters 4 and 5 describe three node and four node linear shell ele-
ments, respectively. These chapters also cover specific extensions necessary to
include these shell elements in the co-rotated nonlinear formulation described
in Chapter 2. The four node element is a new shell element based on the AN-
DES formulation, whereas the three node element is the ANDES shell element
developed for linear analysis by Militello and Felippa [27,45]. The nonlinear
extensions for the elements are compared to the formulations of Bergan et al.
[47] and Rankin et al. [53].

Chapter 6, 7 and 8 present numerical results obtained with the present
co-rotational formulation on a wide spectrum of shell and space-beam problems.
Chapter 6 presents linear static problems and evaluates the three and four node
plate, membrane and shell elements relative to existing elements. Chapter 7
presents linearized buckling problems. These problems assess the performance
of the geometric stiffness of the elements without putting the finite displacement
formulation to any severe tests, since these problems pertain to linearized pre-
buckling. Truly nonlinear problems are presented in Chapter 8. These problems
embody finite displacements and rotations as well as traversal of critical points
of limit and bifurcation types.

Finally, Chapter 9 summarizes the achievements of the present research
work and suggests directions for further research.



Chapter 2

Co-rotational Formulation of Geometricaﬂy Nonlinear

Pro]olems.

2.1 Previous work.

As mentioned in the Introduction, the co-rotated formulation explicitly sepa-
rates rigid-body and deformational components of the motion. This idea can
be translated to a finite element framework by effecting the separation at the
element level. Specific techniques for carrying out this separation have varied
according to the taste and background of the investigators that developed these
formulations. Two approaches: shadow element and projectors, are considered
here.

The concept of a shadow configuration was first described by Fraeijs de
Veubeke for a complete structure [30]. This paper clearly states: “We therefore
try to define a set of Cartesian mean axis accompanying the body, or dynamic
reference frame, with respect to which the relative displacements, velocities or
accelerations of material points due to deformations are minimal in some global
sense. If the body does not deform, any set of axes fixed into the body is of
course a natural dynamic reference frame.” The determination of such frames for
a complete structure, however, is a difficult problem and not satisfactorily solved
as yet if the deformations are large. The difficulties are circumvented by selecting
a frame for each individual element, and assuming that the deformations with
respect to this frame are small in some sense.

The concept of shadow configuration was taken to the element level
by Bergan and Nygard [16,47]. In this work the shadow element was coined
“ghost-reference”. Such a concept is a useful visualization tool, and can help
the understanding of the co-rotated formulation. The shadow element concept
was used by Bergan and Nygard to separate out the rigid body motion of each
element to extract its deformational motion, from which the internal force vector
of the element is computed. However the derivatives of these co-rotated internal
forces were not not used directly in forming the tangent stiffness, which leads to
a loss of consistency.

The formulation of Rankin and Brogan [52] and the later refinements
of Nour-Omid and Rankin [46] does not explicitly use the concept of a shadow
element, but the way of extracting the deformational displacements is similar
to that of Bergan and Nygard. These authors used the co-rotated formulation



directly to form the tangent stiffness, which thus provides a consistent stiff-
ness with respect to the internal forces. The work relies heavily on the use of
projection operators.

Other important contributions to the co-rotational formulation of geo-
metrically nonlinear finite elements are those of Argyris [4] and Crisfield [22].
It should be mentioned that the term “co-rotational” as used by the structural
mechanics community has evolved to be differentiated clearly from two related
kinematic descriptions: Updated Lagrangian and convected-coordinat formula-
tions. The latter are characterized by the moving configuration being referred
to a generally curvilinear coordinate system, which requires the metric of indi-
vidual elements to be updated as the motion progresses. In the co-rotational
formulation such system remains Cartesian. This is the source of both com-
putational advantages (reuse of existing elements) and disadvantages (choice of
unnatural strain-displacement relations for some elements).

2.2 Organization of present chapter.

This Chapter starts with a description of motion for an element undergoing finite
displacements and rotations but small deformations. The co-rotated description
with shadow element is adopted to enhance visualization. This description is
applied to finite elements with both translational and rotational nodal degrees
of freedom. The finite element equations for the present formulation are derived,
and following this, a set of requirements for judging the adequacy of a co-rotated
formulation is established. These requirements are used to review and evaluate
different “schools” of co-rotated formulations for geometrically nonlinear prob-
lems.

This organization has been chosen because introducing the present for-
mulation first develops useful expressions and vocabulary. Several co-rotated
formulations can then be discussed in a unified fashion, using the present nota-
tion, without the need to specialize such discussion with different terminology.

2.3 Description of motion for co-rotated formulation.

Consider an individual element as shown in Figure 2.1. Its initial configuration
is denoted by Cy. This configuration is referred to a local coordinate system
defined by the triad of unit orthogonal vectors (i?, ig, ig), referred to a global
system defined by (Iy,I2,I3). The transformation of a vector x referred to the

global system to the same vector expressed in local system as x can be written

x=Tox and x=TIx  where To=[i0 | . (2.3.1)



initial or reference

0 G

deformed
"shadow" G,
Gon

ly

Figure 2.1.  The reference, “shadow” and deformed configurations
of an element.

The motion of the element under slowly applied loads carries it to a
deformed configuration, denoted by C),. Subscript n will be later identified with
the nonlinear solution step in an incremental analysis, but for the present will
be left generic. The rigid body motion undergone by the element brings the
initial configuration Cjy to the shadow configuration Cj,,. Both the deformed
element C),, and the shadow element C,, are referred to a common local coordi-
nate system defined by the triad of orthonormal vectors (if,i3,1s). This local
coordinate system triad is body-attached to the shadow element, and follows
through its rigid body motions.

The position of the shadow element Cy,, is obtained by a closest possible,
or “best fit”, of the initial element Cy to the deformed element through a rigid
body translation u. and rigid body rotation Ry,. If the centroids of C}, and Cjy,,
coincide, the rigid body translation u. is given as the translation of the centroid
of the element. The use of the term “centroid” refers here to the arithmetic
average of the nodal coordinates of an element. This “centroid” does not in
general coincide with the mass center of an element.

The common coordinate system of the C,, and Cy,, configurations is ob-
tained from the rigid body rotation of the base vectors of the initial configuration



Figure 2.2. Nodal translations using a shadow element representation.

Because Ty, T,, and Ry, are orthonormal matrices, Ry, can be extracted on
postmultiplying (2.3.2) by Ty :

Ry, =T Ty and R} =T{T,. (2.3.3)

2.3.1 Translation of an element node from Cj to C,.

Consider an element node that moves from the initial position r° to its deformed
position r". The nodal displacement vector is given by

r=r"+u = u=r"-r’. (2.3.4)

This displacement can be split, in accordance with the co-rotational approach,
into a rigid body and a deformational component:

u=u,+uy. (2.3.5)

The rigid body displacement u,. is given by the difference in position of the node
in the initial Cy and co-rotated C,, configurations. Similarly the deformational
displacement uy is given by the difference between the co-rotated and deformed
configurations Cy,, and C), :

u, =1’ —rY, r’ =rY +xY

where 2.3.6
ug =r" —r’", r'" = I‘g + u. + Ronx’, ( )

9



ly

Figure 2.3. Nodal rotations using a shadow element representation.

and x° contains the coordinates of the node in the initial configuration relative
to the element centroid. Combining these equations gives

u, = u. + (Ro, — D)x°. (2.3.7)

The deformational translation can be extracted as

ug=u—u, =u-— (u+ (R, — I)x")

2.3.8
=u—u. — (Ry, — I)x°. ( )

The deformational translation referred to the local coordinate system becomes

I
=

nlUg =10 — 1, — T, (Rg, — I)TLXY

_ﬁc_( On_I)i07

ta (2.3.9)

I
o
j=u]l

where quantities measured in the local (co-rotated) coordinate system are identi-
fied with superposed tildes. In equation (2.3.9), X° denotes the nodal coordinate
vector of the shadow element with respect to that system:

%0 = Tyx? = T,x"". (2.3.10)

2.3.2 Rotation of an element node from Cj to C,,.

10



The rotation of a node as it moves from its initial position in the Cjy configu-
ration to its deformed position in the C,, configuration can be described by the
rotation tensor R. Proceeding as in the translational analysis, R is assumed to
be decomposed into a rigid body rotation Ry, and a deformational rotation Ry
as:

R =R4Rp,I. (2.3.11)

Note, however, that the opposite decomposition of the deformational rotation
first followed by the rigid body rotation is not equivalent since R4yRg, # Ro.Raq.
The choice of rotation order in (2.3.11) is consistent with Bergan et al. and
Rankin et al. From equation (2.3.3) and (2.3.11) the deformational rotation in
the global system can be extracted as

R,=RR} =RT.T,. (2.3.12)

This deformational rotation can be expressed in the (co-rotated) local coordinate
system of Cp,, and C,, as

R, = T,R,TY = T,RT! . (2.3.13)

The deformational rotation measured by either (2.3.12) or (2.3.13) is
assumed to be small but finite. Therefore, a procedure to extract a rotation
pseudo-vector from a given rotation tensor is needed. This pseudo-vector can
be subsequently identified with the deformational rotational degrees of freedom
0, carried out at each node.

2.3.3 Rodrigues representation of the rotation tensor.

The Rodrigues formula for expressing the rotation tensor from a rotation 6
about an axis given by the unit vector n can be obtained from purely geometric
considerations [4]. This representation is also consistent with an exponential
mapping of rotations [4,46,57].

A rotation of a vector ry through an angle # about an axis oriented

through the unit vector n” = [n; ny n3] gives a new vector r that can be
represented as
r = Rrg where R = (I + Nsinf + N?(1 — cos6)) (2.3.14)
and
0 —nNg Nno
N = Spin(n) = | ng 0 —ng |, (2.3.15)
—nN2 1 0

11



niny — 1 n1n9 nins
N2 =nn? —I= nony nong — 1 nansg ) (2.3.16)
nsni (IRVLD) nsng — 1

Substitution of (2.3.15) and (2.3.16) into (2.3.14) yields the explicit form in
terms of the rotation axis and angle

1+(1—¢c)(n?—1) (1—c)ning—nzs (
R(n,0)= | (1—c)ngni+mnzs 1+ (1—-c)(ni—-1) (
(1 —c)ngny —nas (1 —c)ngng +nys 1

1 — ¢)ning + nas

1 —c)nong —nys |,

+(1—c)(n3—1)
(2.3.17)

where ¢ = cosf and s = sinf. If R(n,#) is given, the rotation axis n and

rotation angle 6 can be extracted as

1

d1 = N1 sin@ = §(R32 - R23) y
1

dz = nzsinf = 5(313 — R31), (2.3.18)
1

dg = N3 sinf = §(R21 — R12> .

Since (n? +n3 +n3) =1, we have

nq 1 d1

sinf =/d?+d3+d? and ng p = — da . (2.3.19)
sin 0
ns d3
The rotation vector 8 associated with the rotation tensor is then given as

o |

0 =0n=— ds » . (2.3.20)
sin ¢
ds

Observe that as 8 — 0, @ — d . Some care should be exercized if 6 is very
small because 6/sin @ approches 0/0. In order to avoid numerical difficulities
the fraction 6/sinf should be set to 1 for small angles, e.g. 8 < 1.078, or a
truncated Taylor series for, say § < 1.072, can be used.

The present expressions for obtaining the rotation tensor R as a function
of the pseudo-vector € in equations (2.3.14) and (2.3.17) can be formally
expressed the using exponential mapping of rotations as

R(9) = 5PN (2.3.21)

The inverse relationship for obtaining the pseudo-vector 8 from the rotations
tensor R, as described by equation (2.3.18), (2.3.19) and (2.3.20), can be
compactly expressed as

0 = Axial(Spin(0)) = Axial(In(eSPIN®))) = Axial(In(R)) . (2.3.22)
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2.3.4 The deformational displacement vector.

An element with N nodes has initial coordinates x0, where a is used as nodal
index. The finite displacement state of the element is described by the nodal
translational displacement u, and the rotational orientation R, of the nodes.
The set (u,,Ry) for a = 1,... N collectively defines the visible nodal displace-
ment vector v; where the qualifier “visible” means that those quantities are
“seen” by nodes of adjacent elements. Note, however, that ¥ may not consti-
tute a vector in the conventional sense because the components of the nodal
finite-rotation tensors R, do not transform as vectors. The interpretation of
Vv as an array of numbers that defines the position of the deformed element is
more appropriate. The displacement vector notation used in the present work
is summarized in Box 2.1.
The goal is to establish the deformational nodal displacement vector v4
for the element based on the finite displacement state of the nodes given by V.
This vector v contains translational and rotational degrees of freedom for each
node ordered as
U4y
041
Vg = : . (2.3.23)
Udn
Oan
The sequence of operations required to obtain vg4, given x?, u, and R,, is
compiled in Box 2.2.
This procedure of forming the deformational displacement vector v4
should be seen in context with the updating procedure for the global displace-
ment state v described in Box 3.1, of Chapter 3.

13



Box 2.1. Displacement vector notation.

v

Vq

v, 0V :

Represents the total displacement state at both element and
global level. The nodal translations are represented as the
vector u,, and the nodal rotations by the rotation tensor R,,.
The set (u,, R,) for each node represents the “array” v that
defines the position of the structure or element. All quantities
are referred to an inertial coordinate system.

Deformational displacement vector for an element. The vector
exists only at the element level. The translations and rota-
tions are finite quantities, but in general much smaller than
the global displacements in V. The translations are repre-
sented by the vector ug,, and the rotations by the rotational
pseudovector 8,4,. For an element this is collected in the vec-
tor
vI=[usl 64 - udk Oay]

measured in the co-rotated coordinate system of the element
or the inertial system.

The visible degrees of freedom for an incremental /iterative so-
lution algorithm. The translations are incremental displace-
ment vectors du, and the rotational increment is represented
by the instantaneous rotation axis dw,. A displacement in-
crement is represented by the vector:

vl =[6ul swl - dul Sw%]

referred to an inertial coordinate system.
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Box 2.2. Forming the deformational displacement vector.

Establish the initial local coordinate system T from the initial nodal
coordinates xU and form the nodal coordinates in the local system:

N
1
X, = To(xq —x7), where x{ = N C;X?r (2.3.24)

Establish the deformed local coordinate system T, from the deformed
coordinates x? = x? +u, and form the nodal coordinates in the local
system:

N
Sn n n n __ 1 n
x, =T, (x —x!'), where xI = N (;:1 X, . (2.3.25)

for each node a =1,... N do
Compute the deformational translations
U, = X, — X,
Compute the deformational rotations
04, = Axial(In(Rg)) where Ry =T,R,T{
(2.3.26)
end do

Collect in the element deformational displacement vector
- N - T . - T
Vi =[al 64 - dwh 6] (2.3.27)

15




2.4 Variation of the deformational displacements.

The variation of the element deformational displacement vector v, with respect
to the element visible degrees of freedom v can be expressed as the matrix
relationship

ovE
v

where § denotes an admissible variation in the sense of variational calculus. It is

svit = ov, (2.4.1)

important to notice that the relationship sought is the variation of the corotated
displacements fo with respect to the inertial visible degrees of freedoms v.
Vector v4 and v are summarized in Box 2.1. Superscript ( ) is used to stress
that a quantity is measured in a rotating frame. To establish the relationship in
equation (2.4.1) one needs to obtain the variations of the co-rotated coordinate
system of the shadow element represented by T,, and the rigid body rotation
of the shadow element represented by the rotation matrix Ry,. These matrices
are related as shown in equation (2.3.3).

2.4.1 Variation of the transformation matrix T,,.

The variation of T,, is entirely defined by its variation with respect to the in-
stantaneous rotation axis w, where w is measured in the local inertial coordinate

system:
oT
0T, = —260;

c%)i
r .0’1,1: _-gT' i121,T

= | iy | oo, + | oT | 6w, + | v | 6@,
_ipT i711T_ oT (2.4.2)
[0 @, —ow,] [iT

= | -6, 0  0&, | | 2" | = —Spin(6@)T,, .
| 0wy — 0w, 0 | igT

Because Spin(@) = T,,Spin(w)T? and T, is orthogonal it follows that
0T, = —Spin(éw)T,, = =T, Spin(dw) . (2.4.3)
Furthermore, since Spin(dw) is anti-symmetric,

6T = TTSpin(d@) = Spin(dw) T . (2.4.4)
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2.4.2 Variation of the rotation matrix Ry,.

Equation (2.4.3) can be used to find the variation of the rigid body rotation
tensor Ry,, = TZTO:

6Ron = 0TI Ty + TL 6Ty = 0T Ty = Spin(dw) T Ty

= Spin(dw)Roy, - (2.45)
Referring this variation to the local coordinate system gives
6Ron = T, 0R0, T2 = Spin(é@)Roy, - (2.4.6)
If the variation is taken about 8 = 0 one has Ry, =1, and thus
SRon 5o = Spin(0@). (2.4.7)

2.4.3 Variation of inertial u; with respect to inertial v .

The centroid displacement u. of a N node element can be defined as the average
of the nodal displacements:

LN
U = o ;ua : (2.4.8)

Specializing equation (2.3.8) to node a gives the following expression for its
deformational translation:

N
1
g, = bz; Paouy — (Ro, —I)x%  where Py = (64 — T (2.4.9)
Its variation is
N
oug, = Z P, poup — 5R0nX2 ) (2.4.10)

b=1

since 6P, = 0, 6T = 0 and 0x? = 0. Substituting (2.4.5) for 6Ry, gives
6Ro,x° = Spin(6w)Ro,x° = Spin(dw)x2" = —Spin(x0")dw (2.4.11)
= —Spin(x2")G 6v , o

where matrix G connects the variation of the rigid body rotation to the variation
of the visible node displacements:

N
dw=Gv=> Ggdv,. (2.4.12)

a=1
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G is an element dependent matrix that can be split in its nodal submatrices
G, as indicated above. The matrix G for three and four node shell elements is
described in Sections 4.5 and 5.5 respectively.

Introducing (2.4.11) into (2.4.10) provides the variation of the nodal
deformational displacements:

N
Sug, =Y ([Pay 0]+ Spin(x)")Gy) duy, . (2.4.13)
b=1

When transforming to local coordinate system one should keep in mind the

relationship
%) = Tox? = T,x0" | (2.4.14)

which simply states that the coordinates of the shadow element in local coordi-
nate system are constant. Consequently, transformation of (2.4.13) to the local
coordinate system gives

N
Odge = Y ([Pay 0]+ Spin(%X7)Ge) 6%, , (2.4.15)
b=1

in which v, contains both the translational and rotational inertial degrees of
freedom of a node b as dvi = [ou; &) |.

2.4.4 Variation of co-rotated u; with respect to inertial v .

The variation of an arbitrary vector in an inertial frame can be expressed as
ox = oxT +dw x x| (2.4.16)

where 6xf is the variation of the vector in the co-rotating frame and dw is
the inertial rotation of that frame. This expression can be used to obtain the
variation of the deformation vector ug in the rotating frame duff in terms of its
variation in the inertial frame du,. Recall the relationship

x? = x4 ug, , (2.4.17)

a

between the nodal coordinates of the shadow element x2" and the coordinates
of the deformed element x|. Taking the variation of x]/ in the inertial frame

gives

6xI = 6x0" + dug, = dug, + Spin(dw)x" = dug, — Spin(xV")dw

N (2.4.18)
=> Puiu,,
b=1
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where (2.4.13) has been used in the last transformation. Taking the variation
of x! in the co-rotating frame gives

oxin = oxB0n 4 sulf = osul, | (2.4.19)

because the coordinates of the shadow element x" are constant in the co-
rotating frame. Substituting (2.4.18) and (2.4.19) into (2.4.16) and solving
with respect to 5udRa gives

N N
5115& = Z P.youp — dw X x;; = Z P pdu, — Spin(dw)xy

b=1 b=1
N N
=Y Puoup + Spin(x})) dw = Z([Pab 0] + Spin(x}))Gy) dvy, .
b=1 b=1
(2.4.20)
Transforming this expression to the local coordinate system:
N ~ ~
suf, => ([Pu 0]+ Spin(X})Gy) 6%, (2.4.21)
b=1

which gives the variation of the co-rotated uy with respect to the inertial visible
degrees of freedom V.

Note that the only difference between the variations dug, in the inertial
coordinate system and the rotating coordinate system is that equation (2.4.15)
contains the shadow element coordinates in Spin(X"), whereas equation (2.4.21)
contains the deformed element coordinates in Spin(x;,).

2.4.5 Variation of co-rotated 6, with respect to co-rotated wy.

Equation (2.3.26) gives the deformational pseudovector 8,4, at a node a in the
compact form

Oda = Axial(ln(Rda). (2.4.22)

The variation of 8,, with respect to the inertial visible degrees of freedom re-
quires its variation with respect to the instantaneous deformational rotation
Wda-

aeda
a"‘Jda

50da = 5wda = Haéwda . (2423)
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This relationship is given by Nour-Omid and Rankin [46] based on the inverse
relationship of equation (2.4.23) as established by Simo [57] and Szwabowicz
[62]. Equation (A.14) of Ref. [46] gives

00

H=——=1- +Spin(6) + n Spin(6)* , (2.4.24)
where
sin(160) — 10 cos(10)
— 202 SmQ(lQ) 2’ and 6=V6"0=19|. (2.4.25)
2

Observe that for § — 0, n — 0/0, which amplifies computational errors for small
rotation angles. To circumvent this difficulty, n is computed from a truncated
power series for small values of 0 :

N~ i3+ =50° + 5oeg0"  for 6 < 0.05radians . (2.4.26)

This series establishes that 77‘ 90 = %

2.4.6 Variation of co-rotated 6; with respect to inertial v.

The instantaneous deformational rotation wy, of a node a is the difference be-
tween the instantaneous nodal rotation and the rigid body rotation of the ele-

ment:
Wiy = Wag — Wy . (2.4.27)
Varying this vector gives
owy, = dw, — dw, = dw, — %Mi
ov; (2.4.28)
= dw, — G ov.
Hence P
Sw, = aiv:(s”i = Gov (2.4.29)

which gives the variation of the instantaneous deformational rotation as

N
0wis =Y (6ap[0 I]—Gyp)dvy, (2.4.30)
b=1
where dv, contains both the translational and rotational degrees of freedom of a
node bas dvi = [du Jw] ]. Finally, combining equation (2.4.23) and (2.4.30)
gives the varaition of the co-rotated deformational nodal rotation pseudo-vector
0., with respect to the visible degrees of freedom v as

N

aeda 8""yda al
0040 = ; P Ows = Ha b;(csab [0 I]—Gy)dvy.  (2.4.31)
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2.4.7 Variation of co-rotated v, with respect to inertial v.

Collecting the translational and rotational variations in equations (2.4.21) and
(2.4.31), the variation of the co-rotated deformational degrees of freedom v,
with respect to the visible inertial degrees of freedom v (both vectors defined in
Box 2.1) can be compactly expressed as

vt = HP6v | (2.4.32)

in which

Hll R 0 : 0
H = : . : with Haa = |:O Ha:| , (2433)

where H, is defined in Section 2.4.5, and P is a nonlinear projection operator
(often called “projector” for brevity) expressible as

P

(I-Pr—Ppg). (2.4.34)
In this expression Pp accounts for the centroid translation of the element:

PT11 e PT1N 1 I o
Pr = : : with Py, = [WO 01 : (2.4.35)

Pryi: -+ Pryn

whereas Pr accounts for the nodal displacement components from the rigid
body rotation about the element centroid:

Py =SG = : G. (2.4.36)

Here S is a matrix defined by the bracketed expression. G is defined in general
terms in equation (2.4.12) and for three and four node shell elements in Sections
4.5 and 5.5 respectively.
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2.4.8 Properties of the projector matrix.

If the matrix P defined in equation (2.4.34) is to behave as a true projector
it must verify that P? = P. The physical meaning of this property is that
a second projection does not alter an already projected vector. Expansion of
equation (2.4.34) gives

PP =(1-P;—Pr)(I-Pr—Pp)
—T1- 2Py — 2P + PyPy + PyPR + PrPr + PrPp (2.4.37)
—I-P;-Pr=P.

In order to prove this result the following identities must be verified:

PPy =Pr, PrPr=Pr, P;yPr=0, PrPr=0. (2.4.38)

Proof that PrP7r = Pr. By considering a generic ab submatrix of PpPyp it is
verified that

- (I 0] _[i1 o
(PTPT>ab = ZPTacPch = Z |: N02 0:| = |:A6 0:| =Pra ., (2439)

c=1 c=1

where a, b and ¢ are node indecies.

Proof that PRPR = PR.

PrPr = SGSG = SIG = SG = P, (2.4.40)

The identity
GS=1, (2.4.41)

used in (2.4.40) holds because the columns of S are simply displacement vectors
associated with the rigid body rotations 6, =1, 6, = 1 and 6, = 1, respectively.
Each of these displacement vectors give the appropriate rigid body rotation
vector when multiplied with G.

Proof that PrPr = 0.

PP =PrSG = : G=0, (2.4.42)
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since

Spin(x") =0 when X" =— ng =0. (2.4.43)

A zero nodal coordinate mean X" emerges as a necessary condition for PrPr =
0. Therefore, the element coordinates x]; must be referred to the element cen-
troid.

Proof that PrPT = 0.

PrPr =SGPr=S[G; 0 --- G; 0]=0, (2.4.44)
since
_ 1 Y
Gi =+ (;)Gta =0. (2.4.45)

GP 7 must be zero because each column of P represents a displacement vector
associated with a rigid translation, which will not generate a rigid body rotation
when premultiplied by G.

2.5 Higher order variations.

The development of the internal force and tangent stiffness in Sections 2.7 and
2.8 requires the variation of the nonlinear projector PT contracted with a force
vector f, where f is to be treated as constant with respect to variations. Similarly,
one needs the variation of the pseudo-vector Jacobian HZ from equation (2.4.23)
contracted with a moment vector m, where m is not to be varied. These relations
are established here to streamline the derivation of element expressions.

2.5.1 Variation of vector contracted H,.
The variation of H. from equation (2.4.23) contracted with a constant vector
m, can be expressed as

oH"

dH 'm = o mw; = Miw , (2.5.1)

where the nodal index a has been suppressed to reduce clutter. This relationship
was established by Nour-Omid and Rankin [46] in the form

M = (—%Spin(m) + 7 ((mTOI +0m” — 2mo”) + v Spin(6)*’ms"H (2.5.2)

where 7 is defined in equation (2.4.25) and

0(0 + sin ) — 8sin*(16)

46 sin®(10)

(2.5.3)

UV =

23



As in the case of n, for § — 0, v — 0/0, wich amplifies computational errors
for small angles. To maintain accuracy v is computed from a truncated power
series for small values of 0 :

V=

365 T 7555 62 + 51550 6* for 6 < 0.05radians . (2.5.4)

This series also establishes 1/} 90 = %.

2.5.2 Variation of vector contracted P.
The variation of the nonlinear projector can be expressed as

§P =01 — 0Pr — 6P = —0Pr = —0S G — S6G. . (2.5.5)

In the tangent stiffness expressions one needs the variations of P? contracted
with an element force vector f. This force vector can be decomposed into a
balanced (self equilibrium) force f; and an unbalanced force f,:

f=f,+f, where f,=P’f and f,=(1-P?)f. (2.5.6)
The variation of PT contracted with the force vector can then be expressed as
oPf = —(GT6ST + 6GTST)(f, +f,)
= -GTssTPTf — (GToST +6GTST)Hf, (2.5.7)
= -G"sS"PTf + sP'f, .
STf, = 0 since S simply represents the three rigid body rotations vectors which
does not generate any “work” when multiplied with an equilibrium force vector.
The term 5PTfu will in general go towards zero when Cj, and C,, are close
because in this case f,, goes towards zero.
If G is sufficiently simple one can show that the term §P T f,, is identically

zero regardless of the closeness of Cy,, and C),,. Assume that G can be expressed

as
G = XA, with the variation 6G = XA, (2.5.8)

where X is a coordinate dependent invertible matrix and A is a constant matrix.
The identity in equation (2.4.41) gives the inverse and variation of X as

GS=XAS=1 = X '=AS, (2.5.9)
and
6GS + GIS =0XAS+GéS=0 = 0X=-GéSX. (2.5.10)
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Using (2.5.9) and (2.5.10) give the variation

oPTf, = —(GTo8™ + ATsXTST)f,
= —(GTssT — ATXTsSTGTST)Hf,
= —(GTssT — GTosTPEHf, = —GT6ST(1 - PL)f,
= -GlssTa-PLHI-PHf=0,

(2.5.11)

because (I — PL)(I — PT)f = PLf = 0 if the initial force vector f is in trans-
lational equilibrium. Translational equilibrium at the element level is satisfied

unless the linear stiffness matrix does not represent rigid body translations cor-
rectly, which is unlikely.
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2.6 Governing equations for geometric nonlinear analysis.

The global equilibrium equations of geometric nonlinear discretized by the finite
element method can be compactly stated as the force residual r vanishing along
an equilibrium trajectory:

r(v,\) =£f(¥) —p(A\) =0 where v =7v()\). (2.6.1)

Here vector (or rather array) v collects the global node displacements of the
structure, as discussed in Section 2.3.4, f is the vector of internal forces induced
by the displacements ¥, and p is the vector of applied external loads written as
a function of a single loading parameter A\. The total displacements of the struc-
ture, collected in ¥, contains both the translations and the rotational orientation
of each node. The rotational orientation can be given in various representations,
examples being the rotation tensor according to the Rodrigues representation,
Euler angles, or Euler parameters. The symbol () is used to distinguish the
total displacement state from an incremental displacement vector ov in which
the rotations are the instantaneous rotation axis dw, and a deformational dis-
placement vector vy where the rotations are rotational pseudovectors 8, (see
Box 2.1).

Since the force residual is identical zero the first derivative of the equi-
librium equations with respect to the load parameter A must vanish:

dr  0ofdv dp dv dp

D ava o —Kp g “Kw-a=0, (2.6.2)
where K is the tangent stiffness matrix, w is the incremental velocity vector and
q is the incremental load vector. Incremental/iterative solution algorithms that
use equation (2.6.1) and (2.6.2) on the global level are described in Chapter 3.
The essential ingredients required in such solution algorithms are the internal
force vector f and the tangent stiffness K. The computation of these quantities
at the element level is dealt with in the following sections.
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2.7 Internal force.

This section covers the computation of element internal forces. The exposi-
tion addresses the most comprehensive form of such computation used in the
present work. This formulation is identified later as Consistent Symmetrizable
Self-Equilibrated (CSSE) formulation since the internal force formulation lead
to a self-equilibrium element internal force vector, which then generates a sym-
metrizable tangent stiffness matrix through its consistent variation. Symmetriz-
able means that although the tangent stiffness is not symmetric, the asymptotic
convergence rate of equilibrium iterations is not impaired when the symmetrized
stiffness is used. From this comprehensive form, simpler consistent formulations
can be obtained through specific simplifying assumptions.
The strain displacement relationship in local coordinate system of the
Con and C), configurations is
¢ =Bv,, (2.7.1)

where v, is the deformational displacement vector from Cy,, to C,,. Furthermore,
the constitutive relationship in the local coordinate system is

&=Ce. (2.7.2)

The element internal force vector in the global coordinate system can be com-
puted as

T ~T ~

£(¥) = TTPTf{T/ B CB&/v,=T'P H K.v,, (2.7.3)
\%

where K, can be recognized as the familiar linear theory element stiffness matrix.
In Sections 2.3 and 2.4 one has established the expressions

va=v4(¥), P=P>F), H=HH), (2.7.4)

all being functions of the global displacement state V. For an element with N
nodes and six degrees of freedoms per node, that is, three translational degrees
of freedom and three rotational degrees of freedom, the transformation matrix
T in equation (2.7.3) consists of T,, from equation (2.7.5) repeated 2N times
along the diagonal:
T, 0
T = . (2.7.5)
0 T,
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Note that T is a function of the global displacement state; T = T(¥). Further-
more, if the strain displacement matrix B in equations (2.7.1) and (2.7.3) is
expressed with respect to the shadow element Cj,, one has

B = constant, (2.7.6)

but B = B(\‘/) if the strain displacement relationship is expressed with respect
to the deformed element geometry C),. The constitutive matrix C is constant
if the material is linearly elastic. The condition that B be constant, and thus
expressed with respect to the shadow element, is the key condition for an element
independent formulation.

This approach to the computation of the internal force for an element,
with B expressed with respect to Cp,, is similar to the procedure of Nour-
Omid and Rankin [46]. If both P and H are set to the identity matrix so that
f = TTK V4, the internal force expressions used by Bergan et al. [17,4247] are
recovered.

2.8 Consistent tangent stiffness.

The tangent stiffness K is said to be consistent with the internal forces if it
relates the variation of f with respect to variations in v:

of of

Denoting by f. = K.vg, the variation of equation (2.7.3) with respect to v
gives

SF=6TTP H f,+ T 6P H f,+ TP 60 f,+ TTP H of,

(2.8.2)
= (Ker+Kagp +Kan + Ky ) 0v=Kov .

The contributions of the various terms of (2.8.2) to K are examined in the fol-
lowing subsections, where the following names will be further explained: K, is
called the material stiffness, Kq s is the moment-correction geometric stiffness,
K¢ p is the equilibrium-projection geometric stiffness, and Kgg is the rotational
geometric stiffness.
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2.8.1 Material stiffness.
The last term on the right hand side of equation (2.8.2) generates the so-called
material stiffness K :

TP H 6f, = TP H K. v,+TTP H K, v, 083
—TTP H K,HP§v = TTP H K HPT v = K, 6v
in which i
Ky =T'P H K .HPT (2.8.4)

provided 6K, = 0. This assumption is only satisfied when B is expressed with
respect to the shadow configuration Cjy,, because if so

OB

B=_—
B =%

0v; =0. (2.8.5)
The linear element stiffness matrix K. thus stays constant when it is expressed
in the moving co-rotated coordinate system with respect to the shadow element
geometry, and the material is modeled as linearly elastic (hence Cis constant).
The validity and effect of expressing B with respect to the Cy,, configuration is
discussed in Section 2.11.

The deformational displacements v, are expressed in co-rotated coordi-
nate system and the relationship

ovy = HPOV (2.8.6)

established in Section 2.4.7 must express the variation the co-rotated v, with
respect to the inertial visible degrees of freedom v.
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2.8.2 Rotational geometric stiffness.

The rotational geometric stiffness appears as the gradient of the force vector
with respect to the rigid rotation of the element. This interpretation is physi-
cally intuitive because a rigid rotation of a stressed element necessarily reorients
the stress vectors by that amount. Consequently the internal element forces
must rigidly rotate to preserve equilibrium. The rotational geometric stiffness
is obtained from the first term on the right hand side of equation (2.8.2) .

6T hy T Spin(d@, )i,
i OT T Spin(é@, )m;
ST'PH f.=06T"f = : = :
ST hy T Spin(d@, )y
STy T Spin(6@, )my
Spin(ny )d@, Spin(n;) (2.8.7)
Spin(rny )G, Spin(m; )
Spin(ny)dw, Spin(ny)
Spin(my )@, Spin(my)

= -T"F,n,0@, = -T'F,,,GTév .
In these derivations the following relations have been used
6TY = TZSpin(@,) and Spin(é@, )i, = —Spin(ng )o@, . (2.8.8)

The rotational geometric stiffness is thus given by

Kgr = -T'F,,,GT, (2.8.9)
Spin(fll) ﬁl
Spin(m;) my
where F,,, = : from f= : = ]_f’TI:ITfe ,  (2.8.10)
Spin(fy) ny
Spin(my) my

and P is defined in equation (2.4.34).
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2.8.3 Moment correction geometric stiffness.

The third term in the right hand side of equation (2.8.2) contributes a stiffness
term that arises from the variation the rotation pseudo-vector Jacobian H con-
tracted with the nodal moment vector m. From equation (2.4.33) and using

equation (2.5.1) this term can be written as

-0 0
SH, 1y
TP 6H f, =T'P" : —T7p"
. .0
-0
M,
—T7p" 5%
0 ~
i My
— TTP MPT6v .

The moment correction geometric stiffness is thus given by
T NI
Kegy =T'P MPT ,

where

M,

My

and M, is defined in equation (2.5.1).
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2.8.4 Equilibrium projection geometric stiffness.

The equilibrium projection geometric stiffness arises from the variation of the
projector P with respect to the deformed element geometry. The equilibrium-
projection geometric stiffness expresses the change in the projection of the inter-
nal force vector f. as the the element geometry changes. (This can be thought of
as: In the vector space of element force vectors the subspace of self-equilibrium
force vectors changes as the element geometry changes. The projected force vec-
tor thus has a gradient with respect to the changing self-equilibrium subspace,
even though the element force f, does not change).

By decomposing the force vector I:ITf' . into balanced f, and unbalanced
f,, forces according to equation (2.5.6), the second term in the right hand side
of equation (2.8.2) can be transformed as

~ T~

TP A f, = TG S P H f.+ TP (1-P)H f.

2.8.14
— 1G58 £, + TT6P £, . .
According to the arguments in Section 2.5.2 the term TT5f’Tf'u can be neglected
because this will be small when Cy,, and C,, are close. Moreover, that term is
identically zero if G is sufficiently simple to be expressed as G = XA, where A
is a constant matrix and X is an invertible 3 x 3 matrix.

This gives the variation as

N ~
TT6P H f. = -T7G Y _[Spin(sz}) 0] [ i }

N
=T 0x;'
=-T7G [—Spin(n;) O] [ ~ ]
; 00; (2.8.15)
T ou,
_7T _Qnj 1ds
=-T'G Zl[ Spin(n;) O] {(mdz}
— TTG'F,PTév.
The equilibrium projection geometric stiffness is then given by
Kep = TG F.PT, (2.8.16)
Spin(1;) n;
0 m;
- . ~ ~T ~ T~
where F, = : from f, = =P H f., (2.8.17)
Spin(ny) ny
0 my

and in which P is defined in equation (2.4.34) .
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2.8.5 Additional terms in geometric stiffness.

The term dropped in the transition from equation (2.8.14) to (2.8.15) can be
computed as
TT6P f, = (G 0§ +0G S )E,

(2.8.18)
= (KAl + KAQ)(SV .

By following the derivations in equation (2.8.15) the first term of (2.8.18) is

obtained as T
K., =-T'G F,, PT, (2.8.19)

~ ~ ~T ~
where F,,,, is based on the unbalanced forces f, = (I — P )f.. Define the
unbalanced resultant moment acting on the element as

f, =S £, (2.8.20)
through which the second term in (2.8.18) can be written as

oG _

K a20v = —TT5Gm, = —TTa—mu oV
o v (2.8.21)
=-T'—Zm,Tév
ov

These terms have not been implemented in the present work based on the ar-
gument in Section 2.5.2 that they are usually small. However, in the case of
quadrilateral shell elements subjected to significant warping those terms may be
necessary to maintain quadratic convergence of a true Newton nonlinear solution
algorithm.

2.8.6 Summary of consistent tangent stiffness.

Combining equations (2.8.2) , (2.8.4) , (2.8.12) , (2.8.9) and (2.8.19) the
following expressions for the consistent tangent stiffness results:

K=T"Kuy +Keu +Ker +Kap)T
o T (2.8.22)
— 1@ 2 KHAP +P MP - F,,G - G F.P)T,

where

P=1-P;—Pp,
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and

Spin(n;) Spin(ny) n;
Spin(m;) 0 m;
L = . ~ ~T ~ T~
F,.= , F, = : from f = =P H f..
Spin(ny) Spin(ny) ny
Spin(my) 0 my
(2.8.23)

2.8.7 Properties of the stiffness matrix.

The tangent stiffness matrix in (2.8.22) has some properties that may be ex-
ploited to verify the computer implementation. By post and premultiplying with
S from equation (2.4.36) one obtains the following identities.

Postmultiplying with S.

KS =P "H'K HPS + P"MPS - F,,,,GS — G'F.PS
— _an .

(2.8.24)

In the equation above one has used GS = I from equation (2.4.41) , and the

relationship
PS=1IS - P;S - SGS

(2.8.25)
=S-0-S=0.
Premultiplying with ST.
STK =s"P"H'K _HP + S"P"MP - S’F,,,,G - STGTFIP
= -S'F,,,G - F'P=-S"F,,, - F. + F!P; + F1SG
(2.8.26)

=-F'+(F’'s-s’F,,,)G

T
:_an

since

(FRS —S"F,n) = ) (Spin(n,)Spin(x,) — Spin(x,)Spin(n,) — Spin(m,))

a=1

= Z Spin(n, X x, —m,) = 0.

a=1
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Equation (2.8.24) and (2.8.26) can be summarized as

KyS =0
KS = —Fo, . Ko T (2.8.27)
T T or GPD = 0.

STK=-F,, S"Ky =0

ST(KGR —+ KGP) = —Fz; .

Matrix S is easy to form based on the nodal coordinates of an element. From
the output of the internal force computations one can easily form F,,,,, and F,,.
The matrix products in (2.8.27) with K as the output of the stiffness routine
can be checked against F,,,, and F,, as output of the internal force routine. This
procedure tests the programming of the projector matrix P because it checks the
null-space of P. It also indicates whether the projector matrix is used correctly
in the stiffness formulation. However, the expressions in (2.8.27) do not entail a
complete verification of consistency between the internal force and the tangent
stiffness because H is left unchecked. Full verification of consistency can be
numerically done through finite difference techniques.

2.9 Three consistent co-rotated formulations.

The previous formulation of the internal force and tangent stiffness can produce
three co-rotated consistent formulations that satisfy self-equilibrium and sym-
metry to varying degree. Sections 2.7 and 2.8 present the most comprehensive
one, called the Consistent Symmetrizable Self-Equilibrated (CSSE) co-rotated
formulation. The following subsections describe the three versions in the order
of increasing complexity.

2.9.1 Consistent co-rotated formulation (C).
The internal force is computed as in the co-rotated formulation of Bergan et al.

[47,42,17]. This is obtained from equation (2.7.3) by setting H=1and P =1L
The expression for the tangent stiffness in (2.8.2) simplifies with 0P = 0 and

0H = 0, while retaining dvy = P H §v:

f=T'K.v,,
o s = = (2.9.1)
K=T"(K.HP-F,,,G)T,
where F,,,, is computed according to equation (2.8.23) using f = K.vy. The
internal force is in equilibrium with respect to the shadow element configuration
Con. The material stiffness approaches symmetry as the element mesh is refined
if the membrane strains are “small”. With mesh refinement the deformational
rotation pseudo-vectors 6,, gets smaller and approach vector properties that
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make H approach the identity matrix. With small membrane strains K, is
indifferent with respect to postmultipliplication with P because the Cp, and
C,, configurations will be close: K.P — K.. The consistent geometric stiffness
is always unsymmetric, even at equilibrium. Because of this fact one can not
expect quadratic convergence for this formulation unless a non-symmetric solver
is used.

This formulation is not satisfactory for quadrilateral shell elements since
the Cy,, and C), reference can be far apart. Only in the limit of a highly re-
fined element mesh will the Cy, and C,, references in general be close, and a
satisfactory equilibrium ensured.

2.9.2 Consistent Self-Equilibrated co-rotated formulation (CSE).

The internal force is equilibrated through pre-multiplication by the projector
matrix P7. On the other hand, matrix H is set to the identity matrix in the
force expression and consequently the stiffness is simplified with éH = O:

f—TTP K9,
o ] . (2.9.2)

K=1"P K.HP -F,,,G-G F, P)T,

where F,,,, and F,, are computed according to equation (2.8.23) using f =
P K. v,

Due to the symmetric precence of P, the material stiffness of this for-
mulation approaches symmetry as the mesh is refined regardless of the strain
magnitude. The geometric stiffness at the element level is non-symmetric, but
the assembled global geometric stiffness will become symmetric as global equi-
librium is approached, provided that there are no applied nodal moments and
the displacement boundary conditions are conserving. A symmetrized tangent
stiffness maintains quadratic convergence for refined element meshes with this

formulation. (Convergence rates are discussed in Section 3.5.)
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2.9.3 Consistent Symmetrizable Self-Equilibrated co-rotated for-
mulation (CSSE).

The internal force is coerced into self-equilibrium by pre-multiplying with P”

and the material stiffness part of the tangent stiffness is rendered symmetric by

premultiplying the internal force with H”:

f—TTP H K,v,,
(2.9.3)

~ T ~T ~

MP - F,,,.G -G F,P)T,

n

K=T7(P H KHP + P

where an and Fn are computed according to equation (2.8.23) using f =
f’TI:ITf(e{fd. The assembled global geometric stiffness for this formulation is
symmetric as in the CSE case, and since the material stiffness is always symmet-
ric one can expect quadratic convergence with a symmetrized tangent stiffness
without the refined mesh limit of the CSE formulation. However, the restriction
of no applied nodal moments and conserving boundary conditions still applies
for the assembled global geometric stiffness to become symmetric at equilibrium.

This is further discussed in Section 3.5.2.

2.10 Remarks on the co-rotated formulations.

This section discusses and critiques different nonlinear formulations based on the
co-rotated formulation. The most common way of deriving the finite element
equations in conservative problems is based on the stationary value of a discrete
functional. If such a functional exists we have a variational principle. The second
variation of the functional provides the incremental equation with a symmetric
tangent stiffness matrix.

In a consistent co-rotated formulation the tangent stiffness is not gen-
erally symmetric. Consequently, the finite element discretization cannot be de-
rived from a functional. This is largely due to the fact that the formulation
contains rotational degrees of freedom referred to a moving reference system,
which are non-integrable. The finite rigid body motions are only obtained on
an element average form, not in a continuous sense. This makes the strain mea-
sure used closely linked to the discretization of a problem since the extraction
of the rigid body motions needs an element mesh in order to be defined. A
(possible) variational principle for this formulation is inextricably linked to the
presence of a finite element mesh. In the absence of a functional, the starting
point for the co-rotational formulation is the force equilibrium equations, which
in a functional-based formulation appear at the first variation level.
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2.10.1 Requirement for the nonlinear formulations.

It is convenient to set forward a set of requirements for geometrically nonlinear
analysis with respect to which different co-rotated formulations can be evaluated.
The requirements are listed below in order of increasing importance:

Equilibrium.
Consistency.
Invariance.

Symmetrizability.

AN

FElement independence.

Equilibrium: The continuum solution of a static structural problem requires
that every particle be in equilibrium. On the other hand, in the finite element
solution of the problem one requires that each discrete finite element be in
equilibrium, while at the same time the global nodes are in equilibrium. From
an equilibrium point of view the only difference between linear and geometrically
nonlinear analysis is the choice of equilibrium configuration. The linear finite
element method requires that the elements be in equilibrium with respect to
their initial configuration Cjy. The geometrically nonlinear formulation requires
that elements be in equilibrium with respect to the deformed configuration C,,.
By the equilibrium requirement is thus meant to what extent the finite element
internal force vector f is in self-equilibrium with respect to the deformed element
geometry C',. As discussed in Chapter 3, this is a fundamental requirement for
tracing the correct equilibrium path that satisfies the vanishing of the force
residual

f(¥v) —p(A)=0. (2.10.1)

Consistency: a formulation is called consistent if the tangent stiffness is the
gradient of the internal forces with respect to the degrees of freedom:

K (2.10.2)

Il
£

This requirement determines the convergence rate of an incremental/iterative
solution algorithm. An inconsistent tangent stiffness may give poor conver-
gence, but does not alter the equilibrium path since this is entirely prescribed
by the equilibrium requirement. A poor tangent stiffness may cause the solution
algorithm to fail completely, but most often if a solution path is found, however
slowly, the solution path is the correct one. However, lack of consistency may
affect the location of bifurcation (buckling) points and the branch switching
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mechanism for post-buckling analysis. In other words, an inconsistent tangent
stiffness matrix may locate (see) a bifurcation where equilibrium is not satisfied
from the residual equation. Subsequent branch-switching will then be difficult
because the corrector iterations need to “jump” to the secondary path as “seen”
by the residual equation.

Invariance: this term is used to describe whether different element orientations
give different results. For example, does a local element-node reordering give
an altered equilibrium path or change the convergence characteristics for the
analysis for an otherwise identical mesh?

The main contributor to a lack of invariance is the way the deforma-
tional displacement vector v, is extracted from the total displacements, which
also affects the variation of the deformational displacements with respect to the
visible degrees of freedom v;

0
vg=v4(¥) and dvg= %(W = HPJv . (2.10.3)
v
In the expression for the variation of the deformational displacement vector the
matrix G, which links the variation of the rigid body rotation to that of the

visible degrees of freedom, gives the best indication of a lack of invariance.

Symmetrizability: this term means that a symmetrized tangent stiffness can be
used without loss of convergence rate even when the consistent tangent away
from equilibrium is not symmetric. In the examples studied here this require-
ment was met when the material stiffness of the formulation was rendered sym-
metric. This is further described in Section 3.5.2.

Element independence: this term means that the formulation is unique for all
elements with the same node and degrees of freedom configuration. For example:
does the internal force and consistent stiffness expressions incorporate all three
node shell elements with six degrees of freedoms per node?

The co-rotated formulation of Bergan et al and Rankin et al. are now
reviewed with respect to these criteria.
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2.10.2 The co-rotated formulation of Bergan et al.

The internal force is computed as in the C formulation in Section 2.9.1:
f=T"f, = T"K.V,, (2.10.4)

where K, is computed relative to the (Y, reference. The internal force vector
is thus in equilibrium with respect to the shadow element geometry Cjy,,, but
not with respect to the deformed element geometry C,,. This approximation
appears to be acceptable if the strains remain small and simplex elements such
as two-node beams and three-node shell elements are used, because if so the
Con and C),, configurations are guaranteed to remain close. As a refinement
the work of Levold [40], who developed a co-rotated three node shell element
utilizing Green-Lagrange strains that satisfied equilibrium with respect to the
true deformed state C),, should be cited.

The procedure for extracting the deformational displacement vector v4
from the total displacements satisfies the invariance criterion.

A consistent tangent stiffness for this formulation can be computed as
described in Section 2.9.1, but the tangent stiffness used in Refs. [17,42,47] is
usually computed as

K=T"'(K.,+Kg)T, (2.10.5)

where the geometric stiffness K is based on application of the principle of
virtual work to membrane stresses and simplified or actual bending shape func-
tions. This tangent stiffness is not necessarily consistent with the internal force
expression of equation (2.10.4).

Bjaerum [17] optimized the geometric stiffness K¢ for linearized buck-
ling analysis by using the displacement shape functions of the linear element as
basis for forming the geometric stiffness. This gives very good results for lin-
earized buckling analysis because high interpolation order of the buckling mode
over the element is obtained. Sections 4.5 and 5.5 indicate that the geometric
interpolation shape functions control the the rigid rotation of the element, and
determine its geometric stiffness. Tuning the geometric stiffness generally results
in loss of consistency.
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2.10.3 The co-rotated formulation of Rankin et al.
The internal force is computed as

f = TTPf, , (2.10.6)

where f'e = I:ITKJ/d and Ke is computed relative to the Cy reference. The
deformational displacements v, are extracted in a similar fashion to Bergan
et al., although without using the concept of a shadow element. The tangent
stiffness is computed as

K =T (Ky + Ker + Kgp)T
e T (2.10.7)
=T (P K.P-F,,G-G F P)T,
where ~ . .
Ky =P K.P+P MP (2.10.8)
and
P-1-Pp, (2.10.9)
Spin(n;) Spin(n,) n;
Spin(m,) 0 m; )
an = , f‘n = from f = = 15Tf'e .
Spin(ny) Spin(ny) ny
Spin(my) 0 my
(2.10.10)

A difference between Rankin’s formulation and the present one is that Rankin’s
projector lacks the P term and thus does not filter the rigid body translations,
as can be seen by comparing equations (2.4.34) and (2.10.9). The present
formulation is thus more rigorous with respect to the variation of the defor-
mational displacement vector as 6v, = HPTdv. However this difference does
not affect the computations unless a linear element that is not in translational
balance is used. In Rankins’s formulation, the terms concerning the variation of
the rotational pseudovector gradients are classified as material stiffness terms.
These are called geometric stiffness terms in the current formulation since they
vanish for a zero internal force or stress state.

More importantly, the expressions for filtering the deformational dis-
placements v, from the total displacements in Rankin’s formulation is not el-
ement orientation invariant. This is further discussed in the element sections
where the G matrices for different formulations are developed.
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2.10.4 Summary of co-rotated formulations.

A summary of the co-rotated formulations considered in this work is given in
Table 2.1. The table contains the formulations of Bergan et al. [17,47,42] and
Nour-Omid and Rankin [46,53] as well as the formulations developed in the
present work and summarized in Section 2.9.

Table 2.1. Summary of co-rotated formulations.

Formulation S.Equil. Consist. Invar. Symm. Elem.ind.

Bergan et al. Vv

Rankin et al. V vV V vV
C v v v
CSE v v v
CSSE v v v v v

The column labels in Table 2.1 denote the following. “S.Equil.” indi-
cates whether the element is in self equilibrium with respect to the deformed
element configuration C,. “Consist.” means that the tangent stiffness is the
v-gradient of the element internal force. “Invar.” is checked if the formulations
is insensitive to choice of node numbering. “Symm.” is checked if the formula-
tions maintain quadratic convergence of a true Newton solution algorithm with
a symmetrized tangent stiffness matrix. “Elem.ind.” indicates whether the tan-
gent stiffness expressions are element independent in the sense that it is common
for all elements with the same node and degree-of-freedom configuration.

2.11 Evaluation of the formulation with respect to element
types.

The current formulation is element independent since it does not contain any
gradient of any intrinsically element dependent quantities such as the strain
displacement relationship. This treatment is sufficient for elements where the
restriction to small strains automatically implies that the shadow element and
the deformed element configurations are close. In particular this holds for low
order simplex elements such as two-node beam and three-node shell elements.
The main practical reason for limiting element independence to low-
order elements is the softening effect of the nonlinear projector P. The use of
P to restore the correct rigid body motions, and hence equilibrium with respect
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3 node beam 2 node beam
Co Co

Figure 2.4.  Positioning of shadow element for 2 and 3 node beam
elements for snap-thru of an arch.

to the deformed element geometry, effectively reduces the eigenvalues of the
material stiffness relative to the shadow element material stiffness K.. This
softening effect becomes significant if the Cy,, and C), geometries are far apart.

Such softening effect can be noticeable for four-node initially-warped
shell elements. Assume that the element is initially warped with “positive”
warping. The element material stiffness of this initial positive warping is then
K, = P4T_K6PJr = K.. Give the element displacements that switch this warping
to the opposite of the initial one; that is, a “negative” warping. The new element
material stiffness then becomes K_ = PTK_ P_ # K. One will intuitively want
the two element configurations to have the same “stiffness” in the sense of the
dominant nonzero eigenvalues of the tangent stiffness matrix. But it can be
shown that the eigenvalues of the projected material stiffness matrix K_ can be
significantly lower than those of the initial stiffness matrix K. If the element
stiffness K, is referred to the flat element projection, one will restore symmetry
of K, and K_ with respect to dominant nonzero eigenvalues, but not remove
the softening effect.

This argument also carries over to higher order elements that are curved
in the initial reference configuration. This is illustrated in the arch snap-through
problem in Figure 2.4, which is modeled by two and tree node beam elements.
The three-node beam element undergoes a significant softening effect from the
projector P because the shadow element Cy,, can not be closely fit to the de-
formed element C,,, even in the absence of large strains. The two-node beam
element does not suffer from this limitation.
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Chapter 3

Nonlinear Solution Algorithms.

Before the mid-1970s, geometrically nonlinear structural problems were usually
treated with purely incremental methods under load control. These methods
have the disadvantage of causing computed solutions to drift away from the
equilibrium path. This drift error is step-size dependent and often accumulates
during the analysis, thus requiring a very fine step-size for accurate analysis.
This accumulated drift error can only be practically assessed by re-running the
problem with different step-sizes. Furthermore, traversal of critical points is
difficult or even impossible if one enforces load control, as discussed below.

These shortcomings motivated the development of incremental/ iterative
methods where the increment was followed by equilibrium-correcting iterations
that brings the solution back to the equilibrium path. Introduction of a corrector
has the advantage that the drift error is eliminated and thus, as long as the
iterative phase converges, the computed equilibrium path is independent of the
increment step-size.

Geometrically non-linear structures usually reach a maximum load level.
At that state the structure is unable to withstand further load increases until
a significant change in geometry occurs. Such states are called critical points,
and are generally characterized by a singular tangent stiffness matrix. Critical
points may be classified into limit and bifurcation points. If the tangent stiffness
is singular, but the equilibrium path is still smooth with a tangent component
along the gradient of the incremental load, the critical point is a limit point. If
the stable path after the limit point has an abrupt change in tangent direction,
and that direction does not have a component along the incremental load, the
critical point is called a bifurcation point.

A load control strategy may be able to detect a limit point but cannot
generally traverse it. Traversal is often desirable to assess whether the structure
has residual load carrying capabilities after what might be a localized instability.
A number of methods of traversing the equilibrium path beyond limit points have
been described in the literature. One can mention the method of artificial springs
[56,67], methods based on controlling the load increment with the “current
stiffness parameter” and suppressing iterations around limit points [13] and the
displacement control techniques first introduced by Argyris [2].

During the past 20 years important improvements have been made by
allowing loads and displacements to be simultaneously varied in each incremental
step. The most practically important instances of these strategies are the hyper
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plane displacement control developed by Simons, Bergan and Nygard [59] and
the arc-length methods originally proposed by Riks [54] and Wempner [65] and
later refined by Bathe et al. [5,6], Batoz and Dhatt [8], Crisfield [20], Ramm
[51] and Riks [55]. Unfortunately, none of these algorithms are best for all
problems. However, the arc-length type algorithms are generally considered as
the most versatile algorithms in terms of the range of problems they can solve.
An arc-length type algorithm has been adopted for the present work. Two
corrector strategies have been compared: the normal plane corrector of Riks
and Wempner, and the orthogonal-trajectory corrector proposed by Fried [31].

3.1 Governing equations for response tracing.

The global equilibrium equations of geometric nonlinear problems can be stated
as the force residual r being zero:

r(v,\) =f(¥) —p(A\) =0 where v =7v(\). (3.1.1)

where f are the deformation-resisting internal forces, v is the displacement state
of the structure and p is the external load on the structure written as a function
of a single loading parameter .
Since the force residual is identical zero the first derivative of equation

(3.1.1) with respect to the load parameter A must also vanish when evaluated
at the equilibrium path:

dr  Ofdv dp dv dp

EZEE“FEZKJ—FEZKW—q:O. (3.1.2)
Here K = 0f /0v is the tangent stiffness matrix introduced in Chapter 2, q =
dp/d\ is the incremental load vector, and w = dv/dA is the incremental velocity
vector. Equation (3.1.2) is the differential equation of the equilibrium path. To
trace this path numerically by an incremental method, (3.1.2) is integrated
with a finite step-size:

Ar = KAv —qAN = AXNKw—-q)=0. (3.1.3)

A unit tangent vector along the equilibrium path can be defined as

= % {vlv} where f=+v1+wlw. (3.1.4)

This is illustrated in Figure 3.1. The superposed bar (7) is used to indicate a

(5l

vector in the load-displacement space (v, ).
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Figure 3.1. Tangent vector along an equilibrium path.

3.2 Arc-length type response tracing algorithms.

The following section develops a generalized arc-length algorithm. The algo-
rithm is sought to be discretization independent in the sense that a mesh refine-
ment or load scaling will not change the incremental step-sizes. The generalized
arc-length algorithm includes load control and displacement control as special
cases.

3.2.1 Updating the global displacement state.

The global finite displacement state for a finite element model of a structure
is defined by the translational displacements and rotational orientations of all
the nodes. For a node a one thus needs to update the translational displace-
ments vector v, and the rotational orientation represented by the rotation tensor
R,. The rotation tensor R, can be defined by Euler angles, Euler parameters,
Rodrigues parameters or the Cayley representation. If one is not particularly
concerned about memory usage for a finite element code, the tensor representa-
tion works well. It requires storage of a matrix of nine elements instead of, for
instance, four Euler parameters, three pseudo-vector components, or three Euler
angles. The work of Nygard [47], Mathisen [42] and Bjeerum [17] has typically
utilized the tensor representation of the rotational orientation, and this is the
form chosen here.

The global displacement state can be thought of as a “vector” or array
Vv consisting of the nodal displacement vectors v, and rotation tensors R, for
all the nodes of the finite element model (see Box 2.1). From the response
tracing algorithms one computes a global incremental displacement vector Av
that contains incremental translations vectors Av, and incremental rotations
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vectors Aw, for each node a. The update of the global displacement state can
be written as
Vi=VaAv. (3.2.1)

The symbol := takes the meaning of a programmers equal sign; one computes
the right hand side and assigns the value to the left hand side. The symbol &
has the meaning of a plus sign for the translational degrees of freedom where the
incremental translation is added to the total displacements. For the rotational
degrees of freedom @ means that the nodal rotation vector is “added” to the
rotation tensor as

R, = R(Aw, )R, . (3.2.2)

This updating procedure symbolized by equation (3.2.1) is described in further
detail in Box 3.1.

Box 3.1. Updating the global displacement state.

The expression V:i=VvaAv (3.2.3)
is computed as:
foreach node a do
Extract Av, and Aw, from Av
Form R(Aw,) from equation (2.3.17)
Update v, := v, + Av,
Update R, := R(Aw,)R,
enddo

3.2.2 Conventional arc length algorithm.

The equilibrium path is a curve in the N + 1 dimensional space spanned by the
loading parameter A\ and the N degrees of freedom vector v. An incremental
displacement vector Av with matching load increment A\ can be written as the
augmented displacement vector Av:

AV = { 2}’ } , (3.2.4)

where prefix A is used for the incremental step (or predictor step) of the arc
length algorithm. For the equilibrium iterations the increment in the augmented

5V = { gj\’ } , (3.2.5)
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Figure 3.2.  Predictor and corrector step for the normal
plane method.

where prefix § denotes corrector changes. The resulting arc length algorithm is
illustrated in Box 3.2. The following sections describe the predictor step and
corrector iterations in further detail.

Predictor step.
Advancing from a converged solution (A, V) gives the incremental load solution
wyo from solving K(¥V)w,o = q(A). The incremental displacement step is set to

AV = AdWgyo = AN { quo } . (3.2.6)

By requiring the step in the load-displacement space to have a prescribed length
As the vector length definition

As = VAVTAv (3.2.7)

gives
A
AN =+ i . (3.2.8)

vJ1+ WqTquO

The sign for AX can be determined by assuming that the equilibrium path is

smooth, and that in an “advancing” solution process the present predictor step
must form a positive vector product with the previous predictor step.
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Normal plane iterations.

The normal plane method was developed by Riks [54,55] and Wempner [65] and
is often referred to as the Riks-Wempner method. Here the name “normal plane
iterations” is adopted due to its more descriptive character.

The corrector steps should reach back to the equilibrium path as quickly
as possible. Because the predictor step direction w is a good approximation of
the tangent direction of the equilibrium path, in the absence of further informa-
tion one may assume that the shortest distance to the equilibrium path lies in
a direction orthogonal to the predictor step, as depicted in Figure 3.2. Because
the normal plane to the predictor step is a hyperplane, subsequent corrector it-
eration are forced to lie on that surface. This is the rationale behind the normal
plane iteration method. The iteration displacement vector can be written as

5V = { gK } . (3.2.9)

Note that the symbol ¢§ is here used to denote a corrector iteration increment,
whereas A is used for a predictor step increment, see (3.2.8) .

To force 6v onto the normal plane, it is decomposed into two contribu-
tions, one due to the residual solution w and the ohter due to the incremental
load solution w, from K(¥)w, = r(¥,\) and K(¥)w, = q(\) respectively. The
combined solution is

5V = W, + 0w, = {VB’“}+5A{“{Q}. (3.2.10)

Scaling the load increment d\ so that dv stays in the normal-plane gives

T
W oWy

oN= —
(1+ Wgowq)

: (3.2.11)

which satisfies the constraint w6V = 0.
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Figure 3.3.  Corrector iterations for the orthogonal trajectory method.
Dotted line illustrates that normal plane iterations may
miss a sharp turn of the equilibrium path.

Orthogonal trajectory iterations.
The orthogonal trajectory iteration method was developed by Fried [31] as a
way of inducing convergence to an equilibrium state from an arbitrary starting
configuration. In the present work the method is use in the correction phase of
an incremental/iterative solution process.

One requires the combined iterations increment of equation (3.2.10) to
be orthogonal to the incremental flow at a current (non-equilibrium) configura-
tion, as illustrated in Figure 3.3. This orthogonality condition gives the scaling

of the load increment as

wlw,

oA = ——1

T T (3.2.12)

from w6V = 0. Note the similarities between equation (3.2.11) and (3.2.12).
Figure 3.3 also depicts the hyperplane of the normal plane iterations, which
in the illustrated case “miss” the equilibrium path. The present numerical ex-
periments have shown that the orthogonal trajectory iteration method is more
robust then the normal plane iteration method. More specifically, in most of
the nonlinear problems presented in Chapter 8 it allowed predictor stepsizes of
up to 5 times those permitted by the normal plane corrector.
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Box 3.2. Arc-length type algorithm.

Predictor step with arc length As:

Solve K(V)w, = q with respect to wgo

Set  f=\/14+wlwe (3.2.13)
A

IquTovo >1 Al= 78
As

else AN = ——
f

Set Vo = A)\qu
Update X := A+ AX and V := Vv & Adw,

Corrector iterations:

Do k=1,...
Solve K((V)w,=q for w,
and K(V)w, = —r(v,) for w,

Solve dA from (3.2.11), (3.2.12) or (3.2.22)
Update A ;= A+ 60X and ¥ :=V @ (w, + IA\w,)
until  |[r(¥V,N\)]| < e

where ¢ is a pre-selected convergence criterion.

3.2.3 Discretization independent arc-length definition.

The main parameters controlling a path following algorithm are the step size As
and the convergence criterion €. Although it is impossible to make the optimal
values of these parameters problem independent, one should strive to make them
as insensitive to the actual discretization as possible. In particular:

— A mesh refinement should not influence the actual displacement size that
matches a prescribed arc-length As. Nor should a mesh refinement make
a convergence criterion € more strict or relaxed with respect to the actual
corrector iterations.

— A scaling of the actual applied loads (in order to get the target A at a
desired value) should not change the actual step-size of the path following
algorithm.

To make the arc-length algorithm as discretization independent as possible one
needs to change the definition of the arc-length and the convergence criterion of
the traditional arc-length method.

51



Traditionally, the arc-length As is defined in the load-parameter and
displacement vector space (A, V) as

As= VAN +vTv=A\/1+wlw. (3.2.14)

The key difficulty with this definition is the mismatch of physical quantities:
A\ and v have different physical dimensions, thus (3.2.14) adds apples and
oranges. Equation (3.2.14) gives the increment in the load-parameter A\, the
displacement increment Av and the force increment Ap as

AN = B85 Av=Alw and Ap=A)q. (3.2.15)

Vitwliw'’

Unfortunately this arc-length definition gives a load increment Ap = A)\q that
is dependent on the definition of q, since the incremental loading parameter
A is independent of the incremental load q. A scaling of the incremental load
as q, = bq, will give proportional increment in the step size of the predictor
step since the actual load increment has been scaled, even though the loading
parameter increment and prescribed arc length are unchanged. This is not
desirable. One wants a path-following algorithm where the step-size and optimal
algorithm parameters depend only on the physical characteristics of the problem,
rather than modeling of the problem.

A better choice for the load increment is AN = AMl,, where [, is the
norm of the incremental load q. This definition of the loading parameter gives an
actual load increment Ap that is independent of the scaling of the incremental
load q. Furthermore, if q changes in response to a change in the number of
elements, as happens in mesh refinement or mesh adaptation, [, still reflects the
resultant force.

The norm of the incremental displacements as given by vw?w does not
give a good measure of the physical incremental displacements of a structure.
This quantity typically grows as the mesh is refined even if the structural dis-
placement remain the same. The norm of the incremental displacements should
thus be scaled with % where n denotes the number of nodes in the element mesh.

This suggests the following discretization “independent” arc-length def-

1 1
As = /AN + Vv = A2+ —wTw (3.2.16)

which gives for the corresponding load increment A\:

AN = As and Ap = A\q. (3.2.17)

/ 1
lg + EWTW

52

inition




3.2.4 Convergence criterion for corrector iterations.

The convergence criterion for the corrector phase is of importance for several
reasons. If the convergence threshold is too strict computational time is wasted.
If the threshold is overly lenient the solution process may not give sufficient
accuracy, or even induce divergence because of large equilibrium drifts. The
convergence of the corrector iterations is usually monitored through the Eu-
clidean norm of the residual r, in which case the acceptance test is

(3.2.18)

(3.2.19)

Note that the convergence criterion for the incremental displacements is multi-
plied by the number of nodes n in order to make it approximately mesh inde-
pendent.

Another popular convergence check relies on the “residual energy” test
used by Stanley [61] and Mathisen [42]

ovlir = Z v < €e . (3.2.20)
i=1

This convergence criterion has the advantage that it adopts consistent unit of
energy for both rotational and translational degrees of freedom. It also repre-
sents a balancing act between the residual norm and the displacement norm. For
instance in the vicinity of critical points the residual can be almost zero whereas
the incremental displacements are still fairly large because of the near-singularity
of the tangent stiffness.
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3.2.5 Generalized normal-plane algorithm.

Scaling the loading parameter A with a user defined factor f) and the dis-
placements in an entry by entry fashion with the vector f, gives a generalized
arc-length definition which includes the load control, displacement control and
state control strategies as special cases.

The modeling independent generalized arc-length algorithm is obtained
from Box 3.2 by substituting the predictor step in equation (3.2.13) with

1
f= \/Ng Wi W a0 s (3.2.21)

where w0 = f, %W is defined in equation (3.2.23) below. The corrector
iteration is given by

1T
A
el Lha L (3.2.22)
(g + waqowfq>
The symbol * denotes an entry by entry multiplication of two vectors:
( flwa )
weo=Ffxwy, =< fiwg . (3.2.23)
( fnWgn )

Through particular choices for the load scaling f, and displacement
scaling f,, several special control strategies can be recovered.

Load control: Setting fy =1/ lg and f, = 0 gives the load control algorithm:

AN=As and dA=0. (3.2.24)

Displacement control: By setting f\ = 0, f; = /n at degree of freedom 7 and
f; = 0 for all degrees of freedom j # ¢, one obtains the displacement control
through the i-th degree of freedom:

(3.2.25)

State control: Setting fy = 0 and f = /nI gives state control where the the
Euclidian norm of the incremental displacements is constrained to be As:

T
Ar— 2% and on= YaoWr

[T W, oW,
Wa0Wq0 q0Wgq

(3.2.26)
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3.3 Linearized buckling analysis.

The generalized eigenvalue problem arising from a linearized buckling analysis
can be expressed as
(Ko + /\¢Kg)¢ =0, (3.3.1)

where K is the initial stiffness of the structure and K¢ is the rate of change of
the stiffness with respect to the loading parameter \ as

dK

Ko=—| .
SN P

(3.3.2)
The critical load of the structure is then given by the eigenvalue Ay closest to
zero with the associated buckling mode given by the eigenvector ¢.

3.3.1 Linearizing about the initial state.

The linearized buckling analysis predicts the critical buckling load with respect
to the initial geometry of the structure. The tangent stiffness for a structure
is in general given as a function of the present displacement state v as K(¥)
rather than as a function of the load level directly. This has to be considered
when computing the stiffnesses Ky and K¢ in equation (3.3.1) . One uses K
as the initial stiffness for the structure:

Ko = K(0) . (3.3.3)

The gradient of the tangent stiffness should be computed according to the initial
geometry of the structure with the element internal force computed according
to linear theory. This is difficult with a nonlinear analysis code. Instead the
rate of change of the stiffness is based on the secant formula applied between
(A =0,¥ = 0) and a small load increment and its associated converged solution

()\A, VA) as
1

" a

This secant stiffness will usually deviate slightly from the true tangent stiffness

K¢ (K(¥a) — K(0)) . (3.3.4)

at A = 0. In order to minimize this effect one will usually ensure that Aa is
small compared to the computed critical load A, by doing an a posteriori check
of the ratio between Aa and A.,.: for instance Aa < 0.01 A,
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3.3.2 Generalized linearization.

As an extension of the foregoing technique, equation (3.3.1) can be solved using
two points on the equilibrium path to define the initial and secant stiffness. If
the two points are given by the load level A and converged solutions ¥ as (A1, V1)
and (A2, V2) this linearization gives

Ky =K(Vy),

ﬁ(K(Vz) - K(¥1)) . (3.3.5)

K¢q =
The critical load is then
Aer = A1+ g s (3.3.6)

with the associated buckling mode given by the eigenvector ¢.

3.3.3 Solving the eigenvalue problem.

One is usually only interested in either the lowest, or a few of the lowest eigenval-
ues and associated eigenvectors when solving the eigenvalue problem in equation
(3.3.1). Computing all the eigenvalues and eigenvectors would be computation-
ally costly and not add knowledge because the higher eigenvalues and eigenvec-
tors have no physical meaning in terms of the actual structure. Most eigenvalue
solvers return the highest, or a set of the highest, eigenvalues and eigenvectors
rather than the full set of eigenvalues and eigenvectors. In order to utilize these
methods one has to rewrite the problem as

(K¢ +€Ko)p =0 where ¢ = A—l(b . (3.3.7)

Solving this will return the highest £ which corresponds to the lowest Ag. If this
technique is used, care must be taken since Kj is in general positive definite
whereas K¢ is not.
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Box 3.3. Inverse power-iterations for the buckling eigen-
problem.

Pick random ¢"

Dok=1,...
Multiply y = Kngk
Solve Ko™ =y with respect to ¢!
1
Scale " = Eqbk“ where  [¢] = [|¢" |
until |¢If+1 —oF|l<e for every i =1,...,n

where ¢ is a pre-selected convergence criterion.

Solving the eigenvalue problem using inverse power-iterations.
If ¢ is an eigenvector of the above problem, ¢ will also be an eigenvector of the
shifted eigenvalue problem

(Ko + A\Kg)p =0, (3.3.8)

where

A=(\—p) and Ko = (Ko + uKg) . (3.3.9)

The inverse power-iteration algorithm applied to this shifted eigenvalue problem
is summarized in Box 3.3.

The best approximation eigenvalue of the original eigenvalue problem in
equation (3.3.1) can then be retrieved as the Rayleigh quotient:

¢ Koo
¢ " Kgo

By using the initial shift 4 = 0 the algorithm can be made to converge
to the lowest eigenvalue and associated eigenvector. A shift can also be per-

where ¢ =", (3.3.10)

formed after a certain number of iterations in order to speed up convergence
of the algorithm. If one has a good initial guess of the location of a particular
eigenvalue, the algorithm can be targeted to find the eigenvalue and eigenvector
closest to this guess by performing the shift ;1 = Ajyess initially.

3.4 Handling of critical points.

Successfully dealing with a bifurcation point when traversing an equilibrium
path can be split into two sub-problems: detecting the bifurcation point and
switching to the secondary path.
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3.4.1 Detecting a bifurcation point.

Using the factorization K = LDL? when solving for the displacement incre-
ments when traversing the equilibrium path gives a simple way to check for
critical points. It is known that the number of negative elements in the diagonal
matrix D is equal to number of negative eigenvalues of K. By monitoring the
number of negative diagonal elements one can detect that a critical point has
been passed if the number of negative diagonal-elements has changed since the
last converged solution. If the previous converged solution is (A1, V1) and the
current converged solution is (A2, V2), there will exist a point (Ag,V4) on the
equilibrium path where where the tangent stiffness has a null-eigenvector ¢ as

K(¥y)p=0 and ¢ K(¥4) =07, (3.4.1)

Finding the exact position of the critical point (Ag, vy) is often difficult, because
the tangent stiffness becomes ill conditioned as the critical point is approached.
An approximation of the eigenvalue Ay and the buckling mode ¢ can be ob-
tained by solving the secant-linearized eigenvalue problem between (A1, ¥1) and
(A2, ¥2), as described in Section 3.3.2:

(KO + A)\Kg)¢ =0,

where 1
(A2 — A1)

with respect to the eigenvector ¢ and A\X. The critical load is given by

Ko = K1), Kg= (K(¥2) — K(¥1)) | (3.4.2)

)\¢ =\ + A . (343)

Following detection one must determine whether the critical point is a limit point
or a bifurcation point. By pre-multiplying equation (3.1.2) with ¢! and using
equation (3.4.1) one gets

dTqAN=0. (3.4.4)

This relation can be satisfied in two ways. If ¢'q # 0 we must have A\ = 0,
which signals a limit point. On the other hand, if ¢’ q = 0 A\ can be arbitrary
and we have a bifurcation point.

¢Tq=0 : Bifurcation point

T o ' (3.4.5)
¢ q#0 :  Limit point
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Numerically, ¢”q is not likely to be exactly zero. In order to better
judge the numerical value of the product it is recommended to use the normalized
vectors ¢ and q for the vector-product, and compare to a small value

¢"q

—_ 4.
Telllal <€ (3.4.6)

where € is in the order of 1073. The left side of equation (3.4.6) can be recognized
as the cosine of the angle between the vectors ¢ and q. In general € should be
a solver input since a large step-size will usually give less accurate prediction of
the eigenvector and thus higher value for cos(¢,q).

If one has determined the critical point to be a limit point, no branch
switching is necessary. The arc-length algorithm will continue along the primary
path automatically. In the case of the critical point being a bifurcation point
additional operations are needed to effect the so-called “branch-switching”, in
which one arrives at the bifurcation point along one branch and exits along
another branch.

It should be noted that checking whether the critical point is a bifur-
cation point by computing the eigenvector ¢ and checking orthogonality with
respect to the incremental load q is time consuming. When the critical point is
a limit point neither the eigenvalue A4 or the eigenvector ¢ is needed in order to
continue to traverse along the equilibrium path. Bjserum [17] lists several condi-
tions where the critical point can be flagged as a limit point without computing
Ay or ¢. These conditions are based on sign changes in the current stiffness
parameter [13] and the last load increment. These methods are time saving,
but not fully robust. An example where this strategy fails is when a bifurcation
point and a limit point are close together and both lie within the bracket of the
two last solutions.

3.4.2 A simple branch switching procedure.

Suppose that a bifurcation point has been detected between two converged so-
lutions (A1, V1) and (A, Vo), with estimated eigenvalue Ay and eigenvector ¢.
A branch switching to the secondary path can then be performed by doing
a predictor-step from (A1,V;) to an estimated point on the secondary path
(A, V1 @ Av) by setting

_ (e —A1)
Av = mv

b . (3.4.7)

The factor f is used to scale the step onto the secondary path. f =1 gives a
step along the secondary path equal to the length of the secant vector v;.

59



Care has to be taken so that the corrector iterations do not converge
back to the primary path. This “switchback” can be avoided by using the
normal plane iterations and ensuring that the augmented normal plane vector
v, is perpendicular to the augmented secant vector vi. When using the normal
vector as a linear combination of the eigenvector and the secant vector

vn:¢+ﬁvs:{g’}+ﬂ{g§s}:{AV;”}, (3.4.8)

T

the orthogonality condition v

v, = 0 gives

vie

= 3.4.9
& AN2 +vTvy ( )
Setting the corrector increment equal to a linear combination of the

residual solution v, and the the incremental load solution v, as
5vzwr+vq={vgr}+&{“{‘1}, (3.4.10)

the normal plane orthogonality condition v1§v = 0 gives

T
v, W,

A=A+ vIw,

(3.4.11)
Note that equation (3.4.11) allows A\, to be zero (which is often the case)
whereas equation (3.2.11) can not handle this unless w,o is an infinity vector.

This procedure is attractive due to its simplicity, and appears to be suf-
ficient for symmetric bifurcation. For more complex bifurcation points a branch
switching algorithm that utilizes the higher order derivatives of the equilibrium
path is probably necessary. With non-symmetric bifurcation one also needs a
criterion for picking the branch direction with the lowest energy. This is can be
done by doing a trial step in each direction and comparing the energy of each
direction, but is not rigorously possible unless an energy functional exists. This
procedure has not been implemented in the present investigation.

3.5 Convergence of response tracing algorithms.

The convergence rate of the corrector phase of a true-Newton nonlinear solution
algorithm can indicate whether the tangent stiffness matrix is consistent. This
rate can also quantify what is lost when a symmetrized tangent stiffness is used
rather than a consistent nonsymmetric stiffness. True Newton correctors are
known to have ultimate quadratic convergence if consistency with the residual
is enforced.
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3.5.1 Convergence rate.

Suppose that quantity v gets computed as a sequence of approximants v,,. The
error of the approximant as a function of the iteration count n is then €, = v, —v.
The series of solutions v, is said to converge to v at rate p if

en=Ce_, as €, —0, 3.5.1
n—1

where C' is a bounded constant. If p = 1 and C' € (0,1) one is has linear
convergence. (p =1 and C > 1 gives divergence since the error is increasing).
Linear convergence adds significant digits at a constant rate with respect to n. If
p > 1 the convergence is said to be superlinear. This adds number of significant
digits at an increasing rate as the iterations progress. Quadratic convergence is
given by p = 2 and the number of significant digits will asymptotically double
at each iteration. Due to their asymptotic nature these convergence rates are
measured and obtained as one gets near the solution.

Two value convergence rate indicators.
Assuming one has the error € at step n and n — 1 the convergence rate can be
evaluated by computing

€n

Cp = "

€n—1

from e, =C,ep_1. (3.5.2)

Linear convergence can be diagnosed as (), remains approximately constant as
the exact solution is approached (eventually round off will mask this effect). If
(), decreases one has superlinear convergence.
Similarly, if one computes
€n

Cn = — from €,=C¢e_,. (3.5.3)
€n—1

and finds that ¢, is increasing with n one has sub-quadratic convergence.
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A three value convergence rate estimator.

The concept behind Richardson’s extrapolation [18] can be used to
obtain an estimate of the convergence rate based on three consecutive error
values €,, €,_1 and €,_o. Assume that the convergence rate is given by the two
equations

€n =Cé€ and €,.1=Cé _,. (3.5.4)

n—1

By taking the natural log of each side of the equations and subtracting the
second equation from the first one obtains

Ine, —Ine,—1 In( =)

p (3.5.5)

lnep_1—Ilne,_o ln(::;) ’
This estimator can be used from iteration n = 3 and on to give an estimate of
the convergence rate of an algorithm.

The Euclidian norm of the force residual r is used to assess the conver-
gence rate of the present formulations and algorithms:

e, = |[r]| = vVrTr. (3.5.6)

The “exact” value of this norm is zero when the solution process has converged.
This gives the norm of the residual as an error measure directly. The convergence
rate p has been determined from equation (3.5.5) , and based on the asymptotic
value of p one classifies:

Linear convergence : pe[l.0,1.1)
Superlinear convergence: p € [1.1,1.8] (3.5.7)
Quadratic convergence : p > 1.8
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3.5.2 Expected convergence rates.

Quadratic convergence of a true Newton corrector can be expected the global
tangent stiffness matrix is consistent. Furthermore, the use of a symmetrized
tangent stiffness will still give quadratic convergence if the nonsymmetric stiff-
ness is vanishing at the same rate as the residual, as stated in the following
theorem proven by Nour-Omid and Rankin [46]:

Theorem. Ignoring the antisymmetric part of the tangent matrix when solving
the linearized system in a Newton-Raphson type algorithm results in a quadratic
rate of convergence if

1K < alle(:)]], (3.5.8)

where « is a constant.

Here 7 is the iteration count, K* is the anti-symmetric part of the tangent
stiffness matrix and r is the force residual.

For this theorem to apply, the displacement boundary conditions must
be such that they are derivable from a functional, that is, the boundary con-
ditions must be conservative. This applies to the applied load as well, since
nonconservative forces gives nonsymmetric load-displacement tangent stiffness
matrix [42].
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Chapter 4

Triangular Shell Elements.

An important advantage of the co-rotational formulation is the “reuse” of ex-
isting linear finite elements for large-rotation small-strain analysis. Chapters 4
and 5 develop high-performance shell elements that can efficiently provide the
internal forces f. and linear stiffness K. used in the co-rotational nonlinear anal-
ysis presented in Chapters 2 and 3. The term “high performance” collectively
identifies elements that can provide engineering accuracy with fairly coarse dis-
cretization.

Chapter 4 develops a triangular shell element whereas Chapter 5 devel-
ops a 4-node quadrilateral shell element. Both elements include drilling degrees
of freedom as part of their membrane components.

In the exposition below, the special identifiers used in the previous chap-
ters to distinguish linear and nonlinear components are dropped for clarity since
the most of the development deals with the formulation of linear elements. Thus
K., for example, is written simply as K.

4.1 Element stiffness by the ANDES formulation.

Let K denote the linear element stiffness matrix, v the visible element degrees of
freedoms and f the corresponding element forces. The element stiffness equations
for the elements developed below can be written as

Kv = (Kb + Kh)V =1, (4.1.1)

Here K;, and K}, are called basic and higher-order stiffness matrices respectively.
This decomposition of the element stiffness equations also applies to the quadri-
lateral shell element constructed in the next chapter.

K, is formulation independent in that it is entirely defined by an as-
sumed constant stress together with an assumed boundary displacement field.
This approach to forming the basic stiffness was first developed by Bergan and
Hanssen [11] and later integrated in the the more developed form of the Free
Formulation (FF) by Bergan and Nygard [14,47].

K}, can be formed using several different formulations, most notably
the FF, the Extended Free Formulation (EFF) [1] and the Assumed Natural
Deviatoric Strains (ANDES) formulation. The latter grew out of work done by
Felippa to incorporate FF into a variational framework [25,26], combined with
further developments by Militello and Felippa [44,45].
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4.1.1 Basic stiffness construction.

The procedure for constructing the basic stiffness can be found in several sources.

Militello has a very enlightening description in his Ph.D thesis [45]. This step

by step outline of the basic stiffness construction is also described in Reference

[1], and is outlined below here for easy reference.

B1.

B2.

B3.

B4.

Assume a constant stress state, o inside the element. This gives the asso-
ciated boundary tractions &,,:

o,=0n=T,0, (4.1.2)

where n is the outward unit normal vector on the element boundary and T,
is a transformation matrix that substitutes the tensor-product 7,,; = 0;;n;
with an equivalent matrix-multiply.

Connect a boundary displacement field, d, to the visible degrees of freedom,
vV as

d=Nyv. (4.1.3)

Matrix Ny contains boundary displacement functions that must satisfy
inter-element continuity, and exactly include rigid body and constant strains
motion. Note, however, that the internal displacement field need not be de-
fined here at this point; and in fact in the ANDES formulation such field is
not explicitly constructed.

Construct the force-lumping matrix, L, that consistently “lumps” the
boundary tractions &, to element node forces that are conjugate to the
visible degrees of freedom v in the virtual work sense:

/ 6d’a,dS = / SvINIT,5dS = ovT / NI dSe = éviLe = ovTE.
S S S

4.1.4
This equation provides the lumping matrix L as ( )
L= / NIT,dS = / NI ds. (4.1.5)
S S
The basic stiffness is constructed as
Ky = Lrerr : (4.1.6)

Vv

where C is the stress-strain constitutive matrix, and V is the volume of a
three-dimensional element. (V is replaced by area and length measures for
two-dimensional and one-dimensional elements, respectively.)
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4.1.2 Higher order stiffness by the ANDES formulation.

Militello gives a thorough description of the ANDES formulation in his Ph.D
thesis [45] . This includes a point by point description of the construction of
the higher order stiffness. This is also described by Felippa and Militello in [27]
. The essence of this development outlined below is the use of assumed strain

distribution, rather than displacement modes, to characterize the higher-order

behavior of the element.

Hi1.

H2.

H3.

Select locations in the element where “natural straingage” locations are to
be chosen. For many ANDES elements these gages are placed on reference
lines but this is not a general rule. By appropriate interpolation, express
the element natural strains € in terms of the “straingage readings” at those
locations:

e=Ag, (4.1.7)

where € is a strain field in natural coordinates that must include all constant
strain states. (For structural elements the term “strain” is to be interpreted
in a generalized sense, for example curvatures for beams or plate bending
elements. )

Relate the Cartesian strains e to the natural strains:
e=Te=TA. g=Ag (4.1.8)

at each point in the element. (If e = €, or if it is possible to work throughout
in natural coordinates, this step is skipped. This is often the case if T is
constant over the element as for the triangular shell elements developed
here.)

Relate the natural straingage readings g to the visible degrees of freedom

g=Qv, (4.1.9)

where Q is a straingage-to-node displacement transformation matrix. Tech-
niques for doing this vary from element to element and it is difficult to state
rules that apply to every situation. Often this step is amenable to break-
down into subproblems; for example

g=Qvi+Qyva+... (4.1.10)

where vy, vo, ... are conveniently selected subsets of v. Some of these
components may be derivable from displacements while others are not.

66



H4. Split the Cartesian strain field into mean (volume-averaged) and deviatoric
strains:
e=¢éte;=(A+Ayg, (4.1.11)

where A = % fv TA.dV, and e; = A g has mean zero value over V. For
elements with simple element geometry this decomposition can often be
done in advance, and ey constructed directly. Furthermore, this step may
also be carried out on the natural strains if T is constant.

H5. The higher order stiffness matrix is given by
K, =AQ"K,Q, with K, = / ATCA AV | (4.1.12)
1%

where 3 > 0 is a scaling coefficient. It is often convenient to combine the
product of A and Q into a single strain-displacement matrix called (as
usual) B, which splits into B and By:

e=AQ=(A+A,;)Qv=(B+By)v=Bv, (4.1.13)

in which case

K; = 5/ BYCB;dV . (4.1.14)
Vv

We next apply these rules to the construction of a three-node trian-
gular shell element. Because the element is flat, the membrane and bending
can be developed separately. Both developments, however, share the geometric
information presented in the following subsection.

4.2 Geometric definitions for a triangular element.

The geometry of a three-node triangular element is graphically defined in Figure
4.1.

By defining I; to be length of side edge opposite to node i and h; as
height from node i to side i according to Figure 4.1 one obtains

24
b= fThorud ad b= (421)

where A is the triangle area, which may be calculated as

2A = 221Y31 — T31Y21 = T31Y12 — T12Y32 = T13Y23 — T23Y13 - (4.2.2)
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Figure 4.1. Geometric dimensions and unit vector definitions
for a triangular element.

The unit vector s; along side ¢ and the outward normal vector n; at
side 7 can then be defined as

Six 1 Ly Nia —Siy
S; = Siy = l_ Ykj and n; = Ny = Six . (423)
0 ! 0 0 0

4.3 The triangular membrane element.

The construction of an ANDES triangular membrane element is described by
Felippa and Militello in [27]. The present description is adapted to the notation
used for the four-node quadrilateral element in Chapter 5.

The nodal degrees of freedom v; for the membrane element consists of
the in-plane translations u, v and the “drilling” degree of freedom 6, :
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4.3.1 Basic stiffness.

The lumping of the constant membrane stresses to a node j is only a function
of the neighboring side edges ij and jk. The total lumping matrix can thus be
divided into the contributions to the separate nodes as

L,
L=|Ly| , (4.3.2)
Ls
where
1 Yki 0 — Xk
Lj = — 0 —Tki Yks 5 (433)

2 2 )

%(?J?j - yl%j) %(%’j = L %(xkjykj — % Yij)

and the nodal indices (i, 7, k) take cyclic permutations of (1,2,3). The basic

stiffness is then computed as

K, = %LCLT : (4.3.4)

where t is the element thickness and A the element area.

4.3.2 Higher order stiffness.

Felippa and Millitello [27] extracted the higher order behavior of the element
by defining the higher order degrees of freedom 6, as the nodal drilling degrees
of freedom minus the rigid body and constant strain rotation 6, of the CST

element
0; = 0; — b , (4.3.5)
where
1
QOZH[—ZI?:),Q —y32 0 —x13 —yi3 0 —x21 —y21 O]v. (4.3.6)

By further splitting the hierarchical rotations into mean § = (6, + 62 + 63)/3
and deviatoric components 0} = 6; — 0 one gets

I/le\

QO |00 [ DR | =0 [ =
S
<
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which in matrix form reads
Hh = HQUV . (438)

The pure-bending field.
The pure bending field is connected to the deviatoric hierarchical rotations ¢, as

€b21]1 P1Xa11  —P2X21|1 PaXa1)1 | 0 .
€v1 = § €v32]1 ¢ — P5X32)1 P3X32)1  —P3X32|1 9’2 = Q0
€b13]1 | —P1X13|1 P4aX13|1 P2X13|1 | 9é
€b21|2 [ P2X2112 —P1X21|2 P4X21\2_ 0 .
€b2 = § €p32|12 ¢ = P4X32|2 P1X3212 —P2X32|2 03 ¢ = Q0
€p13|2 | —P3X13|2 P5X13)2 P3X13|2 | 9§,
€521|3 P3X2113 —P3X21|3 P5X21|3 01 )
€p1 = § €323 ¢ = P4X32|3 P2X32|3 —P1X32|3 0y ¢ = Q30 (4.3.9)
€b13|3 —P2X13|3 P4X13|3 P1X13]3 é
where
4A 2A

Xijlk = 302, and  Xijli = Xijlj = R (4.3.10)

and the p; are numerical coefficients to be chosen. Coefficients p; that optimize

in-plane bending behavior of rectangular mesh units are found to be [28]

1
p2=1, ps=3 and p1=ps=p5=0. (4.3.11)

Having defined the matrices Q,; in (4.3.9), the bending strains over the
element can now be interpolated linearly between the nodes:

e = (C1Qu + C2Qupa + (2Qy)0 = By’ . (4.3.12)

The torsional field.
The torsional field is connected to the mean deviatoric rotation § and is given
in [27] as

€21 X21]1621 B B
€ = €32 ¢ =34 X322621 ¢ 0 =B0.
€113 X13(3621
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The total strain field.
The total natural coordinate strain field is the combination of the pure-
bending and torsional strain fields expressed with respect to the visible degrees

of freedom
€ =€+ €

=B,0' + B0

=[B, B]6, (4.3.13)
= [B, B;|Hy,v

= Bv.

The stiffness matriz.
The higher order stiffness matrix is computed as

K = / B’C.BdA where C.=T'CT, (4.3.14)
A
and
) 5123 812§ S124512y
T " = 8232 823g 823152324 . (4315)
8312 831y 5312531y

Matrix T transforms the natural coordinate strains to Cartesian strains, while
T~ ! does the opposite.

4.4 The triangular bending elements.

The bending component of the triangular shell element is based on the linear
three node plate bending element AQR developed by Militello [45]. A higher
order stiffness is also developed by sanitizing the BCIZ element [9]. Two basic
stiffnesses exist, one based on linear interpolation of normal rotations along a
side edge and one based on quadratic variation of the normal rotation. The
triangular ANDES bending elements can thus be formed by combining several
basic and higher order stiffnesses.

The nodal bending degrees of freedom v; consists of the out of plane
translation w and the in-plane rotations 6, and 6,

w;

vi=X 04 p. (4.4.1)
Qcci
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4.4.1 Basic stiffnesses.
K is one of the basic stiffness matrices described by Militello in [45] as

1 1

T T
K, = ZLICLZ or K,= ZLqCLq ,
where
Ly Lq1
Ll = L12 and Lq = qu
L3 Lq3

L,. and L,, are described in equation (5.3.4) and (5.3.5) respectively. The
nodal indices (4,7, k) in the equations above takes the cyclic permutations of
(1,2,3) as in the case of the membrane lumping.

4.4.2 BCIZ higher order stiffness.

The BCIZ element developed by Bazeley et al. [9] is an historically important
nonconforming element. However, the element is known not to pass the Patch
Test. In fact the puzzling behavior of the element motivated the original devel-
opment of that test. The use of the BCIZ element as an higher order stiffness
for a triangular Free Formulation plate bending element was developed by Fe-
lippa, Haugen and Militello [29]. The transverse displacement field of the BCIZ
element was given explicitly by Felippa [24] as

( (F(3 —2C1) + 2¢16203 -
—(F(y1282 + y13(s) — %(ym + 413)C1¢2C3
(t(r12C2 + 213¢3) + 5 (212 + 713)162C3
(3(3 — 2¢2) + 2¢1¢aCs
w=1 —C(y23Cs + y211) — %(yza + ¥21)C1C2G3
(3 (293¢ + 21C1) + 5 (w23 + 221)C1 (23
C3(3 —2¢3) +2¢1C2G3
—C3(y31C1 + ya2lo) — %(y:n + y32)C1¢2C3
C G(a31G + 232C2) + 5 (231 + @32)(1CoCs

The strain displacement matrix B, giving the natural curvatures from the visible
degrees of freedom is obtained by double differentiation of the displacement field
with respect to the triangular coordinates and appropriate relations detailed in

the Appendix of [29]:

X12
X23
X31

X:

=B, v=(By +B,i1(i + By2(2s + B3(3)Vv,
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where

6 0 67 r—12 —4 —12 7
0 0 0 4y12 Y12 + Y13 413
0O 0 0 —4.T12 —X12 — X13 —43713
6 6 0 0 —4 0
Blo=|0 0 0|, By=|-2yan —ya1+3 0 1,
0 0 O 2x91 o1 — T23 0
0O 6 6 0 —4 0
0 0 0 0 —y31 +y32  —2y31
_0 0 0_ L 0 r31 — 32 2,T31_
r 0 0 —4 7
—2y12 0 —Y12 + Y13
2219 0 T12 — T13
—-12 —12 —4
Bl,=| 4dyn s yor+ys |,
—4x91 —4x93 —To] — X923
0 0 —4
0 —2y32 Y31 — Y32
L 0 2r30 —I31 + T30 ]
and
r —4 0 0 7
Y12 — Y13 0 —2y13
—T12 + T13 0 2713
—4 0 0
Blo=| vy —y3 —2u3 0
—T21 + T23 22923 0
—4 —12 —12
Y31 + Y32 4ys3o 4ys31
L —T31 — 232 —4x32 —4w3
By using a natural curvature constitutive matrix C, = TTCT the

higher order stiffness matrix becomes
T
K, = /ABdexBxd dA,

where B,, = B, — By, and B, = By + £(By1 + By2 + B,3).
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4.4.3 ANDES higher order stiffness by direct curvature readings.

The three node ANDES element is based on direct curvature interpolation of the

natural curvatures. As reference lines Millitello [45] chose the three side edges,

which function as Hermitian beams. The nodal strain gage readings expressed

as function of the visible degrees of freedom can be written

g:QV:QF*Fva

where
gT:[1€31|1 KRi2j1  R12|2 K232  K23|3 531|3]7
VT:[Uzl 021 9y1 Vzg Oz 9y2 V3 Opg 9y3]7
r—6 4 4 0 0 0 6 2 2 7
-6 —4 —4 6 —2 -2 0 0 0
Q. — 6 2 2 —6 4 4 0 0 0
F~1 0 0 0 -6 -4 -4 6 -2 -2
0 0 0 6 2 2 —6 4 4
L 6 —2 -2 0 0 0 -6 —4 -4
and
F31 F31 F3
Fi2 Fio Fp
1 nig, N2y
. Fo=[z 75 1)
_ 12 12 12 _ [l mazy 23y
F— F23 F23 F23 Where F23 = [133 los las }
1 msip  M3ly
F31 = [l§1 l31 ls1 }
Fa3 Fao3 Fag
L F31 F31 Fg3p

(4.4.2)

(4.4.3)

(4.4.4)

The six curvature gage readings in g give two curvature gage readings

at each node. But three natural coordinate curvature readings are necessary to

transform to the Cartesian strains at each node. A third reading is obtained by

invoking the following projection rule [45]: the natural curvature r;; is assumed

to vary linearly along side 75 and constant along lines normal to side 5. Node

k is then assigned a r;; value according to the projection of the node on line 7j.

This assumption can be expressed as the matrix relationship

K':Aﬁga
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where

A, = (4.4.7)
0 G+ Ai2¢3 G+ X213 0 0 0
0 0 0 G2+ X231 G2+ A32Ch 0
G+ Ai3Co 0 0 0 0 (3 + A31(2
and
—SiiSijlki

>\ij = lij

The deviatoric parts of the strains are now obtained by subtracting the
mean strain:

Amd:Am_/AHdAv
A

which gives

Apg = (4.4.8)
0 G+ A2G G+ A 0 0 0
0 0 0 G2+ A23Ct G+A2 0
€1+ A13C2 0 0 0 0 (3 + A31(o

in which ¢; = ¢; — 3.

The deviatoric cartesian curvatures.
The deviatoric cartesian strain distribution over the element can now be ex-
pressed as

Rd = Tk = TA,{dg = TAKdQV = BdV s

where T is defined in equation (4.3.15).

The higher order stiffness.
Finally, the higher order stiffness can be computed from the deviatoric strains
as

K = / B CB, dA . (4.4.9)
A
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4.5 Nonlinear extensions for a triangular shell element.

The linear triangular shell element is now ready to be incorporated in the co-
rotational formulation discussed in Chapter 2. The shadow element Cy,, is best
fit to the deformed element C), by a rigid body motion of the undeformed initial
element Cy. However this “best fit” is not unique. The rotation gradient matrix
G defined in equation (2.4.12) can be split into contributions from each node
as

Gy,
00, = Gov where G=[G; Gy Gi3]= Go, |, (4.5.1)
Gy,
and v is defined as
¥ oh;
OV =14 0vy where 0v; = { -t } . (4.5.2)
- dw;
5V3

Three techniques for fitting the shadow element are discussed below. Each
technique produces different G; submatrices.

4.5.1 Aligning a triangle side.

This procedure is similar to Rankin’s alignment of the Cy,, and C,, elements [46]
in that it uses a common side edge direction for those configurations. Whereas
Rankin picks side 13 for the unit-vector es and node 1 as the origin of the
coordinate system, the current approach aligns the directions of side 12 with
the e; axis and uses the element nodal average (triangle centroid) as the origin
of the coordinate system. This choice of centroid as origin is necessary in order
to satisfy the orthogonality of Pr and P in equation (2.4.43) .

Through consistent variation of the foregoing choice of local coordinate
system, the nodal submatrices G; of equation (4.5.1) is obtained as

L [0 0 =z 0 0 0]
Gi=g5710 0 g 00 0,
Ao =22 0 0 0 0
i L [0 0 =z 0 0 0]
Ge=57(0 0wz 00 0}, (4.5.3)
0o # 0 0 0]
) L [0 0 22 0 0 0
GB_ﬂ 0 0 Y32 0 O O,
00 0 000

where A is the area of the triangle and l2 is length of side 12. (This variation
is carried out in more detail for the four node shell element i Section 5.5.)
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Figure 4.2.  Definition of side edge angular errors.

. . . _ Ow _ Ow .
The in-plane rotations can be recognized as w, = By and w, = —g_, using

the geometric shape functions to interpolate w. This choice of shadow element
fit satisfies the required splitting of the rotation gradient matrix as G = XA
where only matrix X is coordinate dependent as required for the consistency
condition in equation (2.5.8). On the other hand, this choice does not give
an invariant deformational displacement vector for the element in the sense
discussed in Section 2.10.1.

4.5.2 Least square fit of side edge angular errors.

Nygard [47] and Bjeerum [17] place the Cy, element in the plane of the de-
formed element C',, with node 1 coinciding. The present study utilizes coinciding
centroids. The in-plane orientation of the shadow element is then determined
by a least square fit of the side edge angular errors. According to Figure 4.2 the
squared-error sum is

e =af+aj+aj. (4.5.4)

By rotating the shadow element an angle 3 the square of the errors becomes
e?(B) = (a1 + 8)* + (az + 8)* + (a3 + 5)* . (4.5.5)
Minimizing with respect to 3:

0e*(B)
B

1
=0 = ﬁ:—g(a1+a2+a3). (4.5.6)

Consequently, the optimal in-plane position of the shadow element according
to this algorithm is given by the mean of the side edge angular errors. This
condition yields for the nodal submatrices
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Figure 4.3.  Patch of triangle elements subjected to pure stretching.
1 0 0 e,; 0 0 0
G, = 57 | os 0 B 0 y,; 0 0 0. (4.5.7)
2 sj s 2 Sjw I
T(—l]—jy-f— ’:’) 3( ZJT_SIZ) 0 0 0 0

The major advantage of this method is that it gives a unique fit indepen-
dent of node numbering, which leads to a invariant deformational displacement
vector as discussed in section 2.10.1. The rotational gradient matrix cannot be
split into a coordinate dependent and independent part in order to be consistent
with equation (2.5.8). However, again, this is of minor importance for triangular
elements since the shadow element Cj,, and the deformed element C,, will be
close together for small membrane strains.

A more serious disadvantage of this fitting method is that it reintroduces
the problem of fictitious normal rotations when an element is subjected to pure

stretch.

This difficulty is illustrated in Figure 4.3, where the Cj,, elements rotate
due to the in-plane rotation of the diagonal. The deformational displacement
vector is then computed as the difference between C,, and Cy,,. A deformational
normal rotation is thus picked up since the predictor step gives no rotation at

the nodes and the deformational rotation is the total rotation minus the rigid
body rotation

0a=(0—08)=—5. (4.5.8)

This problem is similar to that pointed out by Irons and Ahmad [39] when
defining drilling degrees of freedom as the mean of the side edge rotations at an
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node. This was overcome by Bergan and Felippa [15] when they defined the
normal rotation as 6, = %(% - g—;j) for the linear FF membrane element. It
is seen that the problem of fictitious normal rotations has been thus been re-
introduced for the nonlinear case by the choice of shadow element positioning.
This problem is even more pronounced with the side edge alignment procedure

described in Section 4.5.1.

4.5.3 Fit according to CST-rotation.

As with the least square fit of side edge angular errors the shadow Cy,, element is
chosen to be co-planar with the deformed element C,,, and the centroids coincide.

By using the normal rotation of the CST element as the rigid body
rotation 3 for the in-plane positioning of the shadow element, one avoids the
problem of fictitious normal rotations when an element is subjected to pure
stretching.

The definition 0, = %(% - g_z) gives an invariant definition of the normal
rotation for the infinitesimal case. This also provides the variation of the rigid
body rotation with respect to the visible degrees of freedom.

Extending the above definition to finite rotations seems to suggest

Au

1 1, Av 1
6, = i(tan (=—) — tan (A—y)) :

N (4.5.9)

However this choice gives slightly varying results with respect to the orienta-
tion of the (x,y)-coordinate system. In order to obtain a completely invariant
positioning with respect to node numbering, the rigid body rotation can been
computed as the average of the rotations obtained with the local z-axis along
each of the three side edges. The continuum mechanics definition of the normal

rotation is 0, = %(% — %). This definition is invariant with respect to the ori-
entation of the x and y coordinate axis, and gives the rotation gradient matrix
as

B 1 0 0 zg; 0 0 O

G, = 24 10 10 ye; 0 0 0 (4.5.10)

In the present investigation the three techniques just outlined for choos-
ing the shadow element position were tested in the nonlinear problems reported
in Chapters 7 and 8.
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Chapter 3
Quadrilateral Shell Elements.

Flat quadrilateral shell elements have use limitations even in linear analysis,

since a mesh that consists of strictly flat elements may be impossibly to construct
over a doubly-curved shell surface. For large deflection nonlinear analysis this
deficiency becomes more pronounced. Even if the initial mesh satisfies the flat
element restriction, the deformations can become so large that warping of the
elements can be significant. Finding ways of handling warped element geometries
is thus of fundamental importance for quadrilateral shell elements.

The current research initially set out to develop a non-flat quadrilateral
element that was able to satisfy self-equilibrium in a warped configuration. This
proved to be difficult. Finding a basic stiffness K; = %LCLT that maintained
self equilibrium was especially troublesome. To achieve this goal one must have
the lumped node forces from a constant stress state f = Lo to be in self equi-
librium. Two questions arise at this point: What is a constant stress state for a
warped shell element? Is a constant stress state for a warped surface an equilib-
rium state for arbitrary element shapes? These are key questions that remain
to be answered in order to develop satisfactory FF and ANDES elements for
such element geometries. It follows that those formulations have to be further
extended for developing warped shell elements. The construction of the basic
stiffness matrix needs special attention because the Individual Element Test is
not clearly defined for curved or warped element geometries.

Restoring equilibrium in the warped element geometry can be done a
posteriori for elements developed with reference to the flat projected “footprint”
by using a projector matrix. This is the approach that has been chosen for the
current quadrilateral element. It allows independent development of the mem-
brane and bending components since these two stiffness contributions decouple,
which greatly simplifies the development of the element. Both linear and nonlin-
ear projectors have been developed for the quadrilateral element. Both versions
give identical results for linear static problems, but the linear projector is recom-
mended for linear finite element codes because its formulation is much simpler
than that of the nonlinear projector.
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5.1 Geometric definitions for a quadrilateral element.

This section describes geometric relationships for a quadrilateral element. The
development covers both warped geometry and the flat “best fit” element ob-
tained by setting the z coordinate for each node equal to zero. The flat pro-
jection relationships are later used for the development of the membrane and
bending stiffness of the shell element. The non-flat relationships are needed for
the development of the nonlinear projector for quadrilaterals.
A vector r to a point on a nonflat quadrilateral element can be parametrized

with respect to the natural coordinates ¢ and 7 as

T N 0 O X
r¢n=3y,=[0 N 0|qy . (5.1.1)
z 0 0 N Z
where
T1 Y1 21
T2 Y2 )
X - ) - ) Z - 9 5.12
T3 Y Y3 Z3 ( )
Lq Y4 24

and z;, y; and z; denote the global coordinates of node i. Row vector N contains
the “usual” bi-linear isoparametric interpolation for a quadrilateral [68]. These
functions and their partial derivatives with respect to & and n are

1
N =7[0-90-n) 1+0-n) (A+HA+n) (A-HA+n)],
1
Ne=,[-(-n) (- (1+n) —(0+n)],
1
Ny=3[-(1-8 -1+8 (+8 (-9
(5.1.3)
Using these geometric relations the variation of the position vector r can be
written as
( Oz ox oz Oz
AR E RS G E A e
) L Gede+ gaen o o
(5.1.4)
N¢ex N,x de dé
= | Ney Ny g g =8 &1y g
| Ne¢z N,z
or
dr = Jd§ .
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The Jacobian J introduced above is also used for computing partial derivatives
with respect to the natural coordinates £ and 7:

20¢) 9() 9z | 9() oy oz Oy o)
dE _ ) 9z B¢ gy 96 \ _ | 0¢  0¢ oz
a0) o0) or <>@ —{@ @} 6]
on ox On y On on on Oy

QE

(5.1.5)
_ |iN§X Ngy:| %()
N,x N,y %
" o) _ o) 5.06)
o€ 0x o

It should be noted that only the x and y components are included in the above
relationship for the partial derivatives. This is a consequence of assuming that
the element represents a best fit of the warped quadrilateral in the (x,y)-plane.

If the z-coordinate is neglected the relationship between (z,y) and (§,n)
is isoparametric and the inverse relation can be formed as

a() -T =T a0)
{% } _ [Jm_gT anT] { 2 } (5.1.7)
Oy Jy& Jyn n

5.1.1 Geometric quantities for a flat quadrilateral element.

By defining [;; to be length of side edge ¢j one obtains

The unit vector s;; along side ij and the outward normal vector n;; of side ij
can then be defined as

Six 1 | % Nig —Siy
Sij =\ Siy (= 7\ Y and  n;; =4 Ny 0 =< Sip o- (5.1.9)
0 10 0 0

82



5.2 The quadrilateral membrane element.

Nygard [47] developed a 4-node membrane element with drilling degrees of
freedom based on the Free Formulation, which is called the FFQ element. The
element has given accurate results for plane membrane problems. Unfortunately,
the element is computationally expensive because the formation of each element
stiffness requires the numerical inversion of a 12 x 12 matrix. The goal of the
present development is to construct a 4-node membrane element with the same
freedom configuration and similar accuracy as the FFQ, but that avoids those
expensive matrix inversion.

Recall that element stiffness of the ANDES element is the sum of the
basic and higher order contributions:

1
K=K, +K,= ZLCLT + / B{CB,, dA . (5.2.1)
A

These matrices are now developed for the membrane component.

5.2.1 Basic stiffness.

The basic stiffness for the membrane element is developed by lumping the con-
stant stress state over side edges to consistent nodal forces at the neighboring
nodes according to a boundary displacement field. When the boundary dis-
placement field is defined so that interelement compatibility is satisfied, pair-
wise cancelation of nodal forces for a constant stress state is assured, and thus
satisfaction of the Individual Element Test [11]. In turn, satisfaction of the In-
dividual Element Test ensures that the conventional multi-element Patch Test
is passed.

A very successful lumping scheme for membrane stresses was first in-
troduced by Bergan and Felippa [15] in the paper describing the triangular
membrane FF element with drilling degrees of freedoms. This procedure has
since been used by Nygard [47] and Militello [45].

The presentation here rewrites the lumping matrix, in terms of nodal
submatrices. The expressions of the lumping matrix thus becomes valid for
elements of arbitrary number of corner nodes.

It is convenient to order the visible degrees of freedom as translations
along z, y and drilling rotation about z-axis for each node. This gives the
lumping of the constant stress o state to nodal forces f as

f=Lo where o=1 Oyy ¢, (5.2.2)
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L= L and f = ¢ where f; =14 f,, ». (5.2.3)
3 3
L4 f4 mz;

By using the Hermitian beam shape function for a side edge one obtains a bound-
ary displacement field that is compatible between adjacent elements because the
displacements along an edge are only functions of the end nodes freedoms. This
again gives a lumping matrix L where each nodal contribution L; is only a
function of its adjoining side edges ij and jk:

1 Yki 0 — Lk
Lj = 5 0 —Tkq Yks . (524)
S i) S —a)  §(Thyks — Tigyig)
The nodal indices (i, 7, k, 1) for a four node element undergo cyclic permutations
of (1,2,3,4) in the equation above. Factor « represents a scaling of the contri-
butions of the drilling freedom to the normal boundary displacements; see [15]

for detalils.

5.2.2 Higher order stiffness.

To construct Ky, a set of higher order degrees of freedoms that vanish for rigid
body and constant strain states is constructed.

Higher order degrees of freedom.
The 12 visible nodal degrees of freedom v,, v, and 6 for each node are ordered
in an element displacement vector v as

Vo Vg = [v:rl Vg2 Vg3 Uﬂc4] )
v=< v, o, where V;;F =[vy1 Uy2 Vys Uyal, (5.2.5)
0 0" = [0, 0y 65 64].

The correct rank of the element stiffness matrix for the quadrilateral membrane
element is 9, coming from 12 degrees of freedom minus 3 rigid body modes. The
basic stiffness gives is rank 3 from the 3 constant strain modes. The higher order
stiffness must therefore be a rank 6 matrix. This can be conveniently achieved
by introducing 6 higher order “intrinsic” degrees of freedom, which are collected
in a vector v defined below.

Experience from the 3-node ANDES membrane element with drilling
degrees of freedom [27] and the 4-node ANDES tetrahedron solid element with
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rotational degrees of freedom [33], suggests using the hierarchical rotations 0 as
higher order degrees of freedom:

6=0-0,, 6 =1[60 6 6y 6], (5.2.6)

where the subtracted 6y represents the overall or mean rotation of the element,
associated with rigid body and constant strain rotation motions. Furthermore,
splitting the hierarchical rotations into their mean and deviatoric parts as

6=0+60, 6 =[0 0 0 0], (5.2.7)

has the advantage of singling out the often troublesome “drilling mode”, or
“torsional mode”, where all the drilling node rotations take the same value with
all the other degrees of freedom being zero.

Unfortunately, the hierarchical rotations give only 4 higher order degrees
of freedom and at most a rank 4 update of the stiffness matrix. Two more higher
order degrees of freedom must be found. The element has 8 translational degrees
of freedom represented by v, and v,. The 3 rigid body and 3 constant strain
modes can all be described by the translational degrees of freedom. There are
still 2 higher order modes which can be described by the translational degrees
of freedom. These two modes must be recognized so as to associate two higher
order degrees of freedom with them. The amplitudes of the six higher order
degrees of freedom are then represented as

vIi=10, 0, 0, 0, 0 o1 as], (5.2.8)

where a; and as are associated with the two higher order translational modes.
Although 7 degrees of freedom appear in this vector, the hierarchical rotation

constraint
4

> 0 =0 (5.2.9)

=1

reduces (5.2.8) effectively to six independent components.
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Higher order rotational degrees of freedom.

O is evaluated as the rotation of the bi-linear quadrilateral computed at the
element center given by (£ = 0,7 = 0), and is function of the translational
degrees of freedom only:

1,0v Ou 1 v
bp=-(————)==-|-N, N T 5.2.10
By using the partial derivative expressions in equation (5.1.7) one obtains the
expressions for the rigid body and constant strain rotation as

- _ 1
-N, = _(JygTN,é + JynTN,n) = —16|J| (224 31 T42 T3],
1 (5.2.11)
N, = —(J;TN’g + Jm_nTNJ,) = 63| (Y24 Y31 ya2 i3],
where
1
I = g((ﬁyz —xoy1) + (22ys — T3y2) + (¥3ys — Tays) + (ay1 — 21y4)). (5.2.12)

The higher order rotational degrees of freedom 6, can be expressed in terms of
the visible degrees of freedoms as

0r =Ho,v, 0, =[07 0, 05 0, 0], (5.2.13)
0 0 0 0 0 0 0 0 % —% —% —%
0 0 0 0 0 0 0 0 ~3 R B
Hy,=1| 0 0 0 0 0 0 0 0 —% —% % _g
0 0 0 0 0 0 0 0 —= —= —2 3
v oz ma mp owe ws oy oy 10 11
f f f f f f 4 4 4 (54214)
and f = 16|J|.
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Higher order translational degrees of freedom.
The translational degrees of freedom can be split into rigid body and constant
strain displacements and higher order displacements:

V=vV,.+Vv, where v= {Vm } ) (5.2.15)
Vy

Vv, can be written as a linear combination of the rc-modes as
vre=Ra with R=([r, r, r9, ¢, €, Cc,l, (5.2.16)

where r,, r, and rg_ are the rigid translations in the x and y directions, and the
rigid rotation about the z axis, respectively. c.__, cc,, and c. , are the constant
strain displacement modes. By combining equations (5.2.15) and (5.2.16), and
requiring that the higher order displacement vector be orthogonal to the rc-
modes, that is R?v;, = 0, one obtains

R'v=R"Ra+R'v, = a=(R'R)"'R'v. (5.2.17)

On the basis of this relation two projector matrices P,.. and P} that project
the displacement vector v on the rc and h subspaces, respectively, can be con-
structed:

Viye = Prcv 5 Prc = R(RTR)ilRT )

where 5.2.18
v, =Pyv, P, =I1-R(R'R)"'R”. ( )

The higher order translational modes can now be found either as the
null-space of P,., or as eigenvectors of P, with associated eigenvalues equal
to one, that is Ppvy, = vj. The latter scheme is the simpler one because the
projector matrices enjoy the property PP = P. Every column in P}, is thus its
own eigenvector with eigenvalue one, and a higher order mode.

To write down these higher order modes in compact form it is convenient
to expresses the vector that goes from the element centroid to the nodes r; with
respect to the local coordinate system (gg, g,)- These base vectors are the -
and 7)- gradient vectors computed at the element center according to equation
(5.1.4). The nodal vector r; can thus be expressed as

riz{;f}:[gg gn]{i}. (5.2.19)
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The nodal coordinates §; and n; in the (g, g,) coordinate system are then
obtained from

{Ei}:Tg{zi}’ Te=J"=[g g] " (5.2.20)

i Yi

The higher order translational mode is then given by

3 E3m3 —a .

G4 ama —a 1 5991
VPEYa (T Yam—a a_Z;&m' (5.2.21)

G2 Eam2 — a

The higher order translational degrees of freedom are the components along this
higher order mode for the x and y nodal displacements v, and v, respectively.
Expressed in term of the visible degrees of freedom this becomes

{/t == Ht'UV y (5222)

Uz | |3 4 ¢1 &2 0 0 0 O O O O
Uy 0O 0 0 O ¢3 ¢4 ¢1 @ 0 0 O

If one defines the higher order translational degrees of freedom to be the higher

o O

] v. (5.2.23)

order translational components along the ¢ and 7 directions the relationship
becomes

{f)g } _ {Qng CaS¢, S1S¢, 2S¢, 85S¢, US¢, S15¢, 2S¢, 0] v

Uy 3Sn,  S4Sn, S18n, S25n, S35y, S4Sp, <18y, 28y, O
(5.2.24)

where 0 =[0 0 0 0], and s¢ and s,; denotes the unit vectors along the -

and 7-directions, respectively:

_ S¢y — Sn g
S¢ = { s } : Sy = { S } . (5.2.25)

The total higher order degrees of freedom vector v can then be obtained
from the visible degrees of freedom v as

o [He] g 1% 6 8 40
H, v =[v] vy 0" ].

(5.2.26)
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Figure 5.1. Nodal strain gages for membrane.

Higher order strains.
The distribution of higher order strains is expressed in terms of natural strain
gage readings. The strain gage locations are placed at the 4 nodes (quadrilateral
corners). Readings along three directions are required. These directions are:
the £ and 7 axis (quadrilateral medians) and the diagonal passing through the
neighboring nodes. See Figure 5.1.

The nodal natural strain readings are thus defined as

€¢ €¢ €¢ €¢
€E1=1 € ¢, €= € ¢, €= € o, € =1L € 7. (5.2.27)
€24 €13 €24 €13

The next step is to connect these readings to the higher order degrees of freedom.
This can be done by defining a generic template

€ =Q,v, (5.2.28)

where Q, are 3 x 7 matrices. These templates are worked out below.
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2

Figure 5.2. Geometric dimensions for a quadrilateral element.

Higher order bending strain field.

The main displacement and strain mode that the field is trying to match is the
pure bending of the element along an arbitrary direction. The bending strain
field is associated with the higher order degrees of freedom 6}, 0¢ and 7,. If one
considers pure bending of the element along the £ direction, it seems intuitive
that the £ strain should be proportional to the distance d¢ from the {-axis. The &
strain should also be proportional to the curvature along the {-axis. In terms of
the rotational degrees of freedoms this curvature will have the form A6/l where
l¢ is the element length along the {-axis. The ¢ strain thus gets coefficients of
the form d¢/l¢ associated with the rotational degrees of freedom. Following a
similar reasoning for the n strains the strain distribution factors associated with
the £ and 7 strains are established to be

de; d,;
Xeli = ;'Z ) Xnli = ki
3

(5.2.29)

1
d§|i:\/(riXS§)-(rixs§), le=yFe Te, Te=g(ratrs—r1—r4),

1
dn”:\/(rixsn)-(rixsn), ln:\/rn‘rna rnzi(rg—l—m—rl—rg).

The quantities d¢;, dy;, le and [, are illustrated in Figure 5.2.

nlis
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Figure 5.3.  Torsional mode for four node membrane element.

The strain distribution sensed by the diagonal strain gages are similarly
assumed to be proportional to the curvature along the diagonal, and proportional
to the distance from the diagonal as

d24 d13

X24 = 75— Xl?’:%’

5.2.30
S (5.2.30)

where
doy = \/(1‘31 X e24) : (1‘13 X e24) , loa = VT2 Toq, T2g4= (1'2 - 1'4) )
diz = \/(r31 X €aq) - (r13 X €24) , li3=+/T13-T13, T13=(r; —r3).

Torsional strain field.
The torsional strain field is associated to the 6 higher order degree of freedom.
As a guide for the construction of this strain field one can use the torsional
displacement mode illustrated in Figure 5.3. This figure indicates that this dis-
placement mode should not induce shear strains, and that ¢ should be positive
in Ist and 3rd quadrants and negative in 2nd and 4th. Similarly, €, should be
positive in 2nd and 4th, and negative in 1st and 3rd quadrants. A simplified
strain distribution function for the strains e and ¢, can thus be N; = {n.
With a unit rotation at all the nodes, the maximum displacement in the
§ direction, u¢, will be proportional to the length [,. Since the strain e is the
gradient of the displacement u¢ in the { direction this strain will be proportional
to 1/l¢. The torsional strain field is thus assumed to be

l I
€ = ai&n = axe &N, € = —al—gﬁn = —axne 1) (5.2.31)
n
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Generic nodal strain templates.

With the strain assumptions just described, the nodal strain gage readings can
be written down as

Q=
P1Xen
—P1Xn1
Ps5X24

Q, =
—P2X¢|2
PaXn|2
P8X13

Qs =
P3X¢|3
—P3Xn|3
P7X13

Q, =
—P4aX¢|a
P2Xn|4
P6X13

T _ T _ T _ T
where c13¢ = s13S¢, C13y = Si3Sy, Caag = Sy4S¢ and Cagy = S3,Sy, .

P2Xe¢)1
—P4Xn|1
P6X 24

—P1Xe|2
P1Xn|2
P5X13

PaXe|3

—P2Xn|3
P8X13

—P3X¢l4
P3Xn|4
P7X13

P3X¢l1
—P3Xn|1
P7X24

—P4Xg|2
P2Xn|2
P6X13

P1X¢|3

—P1Xn|3
P5X13

—P2X¢l4
PaXn|4
P8X13

PaXen
—P2Xn|1
P8X 24

—P3X¢|2
P3Xn|2
P7X13

P2X¢|3

—P4Xn|3
P6X13

—P1X¢l4
P1Xn|4
P5X13

Xt

_11Xnt

—QXet

aXht

QX ¢t

—QXnt

—QX¢t
&Xnt
0

(5.2.32)
0

<_61¥UH ’

Xnln

_ﬁ C24n
27754

(5.2.33)

(5.2.34)

13
52 13

(5.2.35)
0

‘_ﬁlng )

Xnln

_QQClﬁ

l13

The cartesian strain displacement matrices at the nodes are obtained by
the transformations

B, =Ti3Q, ,
B3 = T13Q;,
B2 = T2Q,,
By = T2Q,,

—1 _
where T3 =

-1
where T, =

r 2
Sgw
2
Snx

2
L S24

r 2
ng
2

Snx

2
L S13%
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S¢,5¢y
Snmsny
52445244 |

S¢,5¢, |

Snxsny

5132513y

(5.2.36)

(5.2.37)



A higher order strain field over the element can now be obtained by interpolating
the nodal Cartesian strains by use of the bi-linear shape functions defined in
(5.1.3).

Bn(&n) = (1=80=nBun +(1+&)(1—n)Bn

(5.2.38)
+(1+ &1 +n)Bhs + (1 = &)(1+1)Bpy -

Interpolation of these nodal strains does not automatically give a deviatoric
higher order strain field. Such a condition can be achieved by subtracting the
mean strain values:

Bu(€,7) = Bu(&,7) — By where By, = /A Be.ndd.  (52.39)

Optimal coefficients for the strain computation.

When computing the strain displacement expressions symbolically using Math-
ematica, the contributions of the different coefficients p; and (3; were evaluated
with respect to certain higher order strain modes. Based on pure bending of
rectangular element shapes the following dependencies between the coefficients
were obtained:

P2 = —pP1, pP3 = p2, P4 = pP1,

1
pe =1 —p1, B :§+p17 (5.2.40)
P8 = —pP6 ps=pr=P02=0.

As seen this makes all the coefficients a function of p;. Optimizing p; with
respect to irregular meshes for the cantilever described in the numerical section
suggests p;1 = 0.1 , and the following set of optimal coefficients:

pP1 = 0.1 P2 = —-0.1 pP3 = —0.1 P4 = 0.1

ps =00 psg=05 p;=00 pg=-05 (5.2.41)
£ =0.6 B2 = 0.0
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Figure 5.4. Spurious membrane mode for the four node
ANDES element.

Stiffness computation for the membrane element.
According to the ANDES formulation the element stiffness is computed as

1
K=-—
A

LCLY + H'K,H where K, = / B.CB,dA . (5.2.42)
A

Numerical experiments, however, indicate that the element performs better when

the element stiffness is computed as

1 . N
K = ZLCLT +H'K,H where K = / B/ CB,, dA , (5.2.43)
A

that is when the non-deviatoric higher order strains are used. This is not strictly
justified according to the standard ANDES formulation since the higher order
strains displacement matrix By is not energy orthogonal with respect to the
constant strain modes for arbitrary element geometries. However, both of the
above element stiffness matrices satisfy the Individual Element Test and thus
also the conventional Patch Test.

Rank of the stiffness matrix.

Performing an eigenvalue analysis of the element stiffness matrices given in equa-
tions (5.2.42) and (5.2.43) it was found that the element has one spurious zero
energy mode in addition to the correct three rigid body modes. This spurious
mode occurred using a 2x2 Gauss integration rule. It is expected that this spu-
rious mode would disappear with a 3 x 3 integration rule. For a square element
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as shown in Figure 5.4 this spurious mode is defined by the nodal displacement

pattern
VT: ['Uml Vg2 Vg3 VUzda Uyl Vy2 Vy3 Uyq 9;:1 9;:2 9;:3 9;:4]
=[ 1 -1 -1 1 -1 -1 1 1 4 -4 4 -4].
(5.2.44)

Analysis of a mesh of two elements shows that this the pattern (5.2.44) can
not occur in a mesh of more than one element. The spurious mode is then not
practically significant for the performance of the element.

5.3 The quadrilateral bending element.

The current approach to deriving the quadrilateral plate bending element utilizes
reference lines. Hrennikoff [35] first used this concept for plate modeling where
the goal was to come up with a beam framework useful as a model for bending
of flat plates.

Park and Stanley [49,61] used the reference line concept in their devel-
opment of several plate and shell elements based on the ANS formulation. The
reference lines were used to find beam-like curvatures; these curvatures were
then used to find the plate curvatures through various Assumed Natural Strain
distributions. These plate and shell elements were of Mindlin-Reissner type, and
the reference lines were treated as Timoshenko beams.

The present element is a Kirchhoff type plate and the reference lines are
thus treated like Euler-Bernoulli (or Hermitian) beams.

5.3.1 Basic stiffness.
The basic stiffness for a flat quadrilateral bending element has been developed
by extending the triangle element lumping matrices L; and L, of Militello to
four node elements. L; and L, denotes lumping with respect to a linear and
quadratic variation in the normal side rotation respectively.

By ordering the element degrees of freedom as rotation about x and y
axis and translation in z direction for each node one obtains the lumped forces
from bending as

mxm
f=Lio or f=L,o where o= my, ;, (5.3.1)
My
L Lq1
Lo, L
L, = L Ly = | e 5.3.2
! L5 q Ly, ( )
Ly Lq4
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and

fq
f Ma
f= fl where f; =< my ». (5.3.3)
f1 i
1

The lumped node forces at a node j given by lumping matrix L;, receive con-
tributions from the moments from adjoining sides ij and jk. The lumped force
vector at a node j is thus a function of the coordinates of the sides ij and jk
only. With linear interpolation of the normal and tangential rotations along a
side the lumping matrix becomes

o0 o
Lij=51 0 =%  wul, (5.3.4)
—Yri 0 —xp

where superscript | denotes linear variation of normal rotation. If the normal
rotation is assumed to vary quadratically in accordance to Hermitian interpola-
tion whereas and the tangential rotation still varies linearly the lumping matrix

becomes
o a. . @y G _(c2 _ A2 2 2
1_C2Jk38]k + C;JSU ) CQJkSJk C;JSU (Sjk , jk) + (‘;zj + Sij)
qu = E(Sjkxjk + Sijxij) §(Cjk37jk: + Cz‘jxij) —CirYik — CijYij
1/.2 2 1.2 2 2 )
3 (S5u¥ik + s5vi5) 2 (CGuyik + C5yis) —85, ik — 875 Tij

(5.3.5)
where superscript ¢ is used to denote quadratic variation of normal rotations.
The nodal indices (i, j, k, 1) in the equations above undergo cyclic permutations
of (1,2,3,4) as for the membrane lumping,.

5.3.2 Higher order stiffness

The higher order stiffness is computed as the deviatoric part of an ANS type
element using the Euler-Bernoulli beam as a reference line strain guide.
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Nodal curvatures of a Euler-Bernoulli beam.
The transverse displacement of a Euler-Bernoulli beam, written as a function of
the nodal displacements and rotations is

w = vabij s (536)
where
2( 2+&)(-14¢)? w;
r_1)I( 14+86(-1+¢) ) O
NU=R 22— 1o [ M VT
=1+ 1+¢)? On;j
The beam curvatures are
6§
02w I )I(-143¢
K = ﬁ = l_2 —6§ Vbij s (537)
I(—=1+3¢)

The nodal curvatures are then
K \ _ 1 [—6 —4 6 —20]
{"%ﬂj}_l?[ 6 20 —6 41| b (5.3.8)

The nodal displacements of a reference-line from node i to j can be expressed
in terms of the visible degrees of freedom at those nodes as

Vbij = TuijVij (5.3.9)
(w; )
w; 1 0 0O 0 O 0 0z
Oni L _ |0 mniy, mniy, 0 0 0 0y,
an 0 0 0 0 Nij,. nijy Qyj
\ Y5 )

The nodal curvatures expressed in terms of the visible dofs at node ¢ and j then
become

g | _ L | =6 —4lng, —4lng, 6 —2ng, —2ng,
12 6 21 Nij ., 21 nijy —6 4] Nij 4] nijy
(5.3.11)

Kij|j
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Figure 5.5. Nodal curvature gages for bending.

Nodal natural coordinate curvatures for a quadrilateral.
When one collects all the nodal straingages in a vector g, the strain-gage dis-
placement relationship becomes

g=Qv=QpxFv, (5.3.12)
where * denotes entry by entry matrix multiplication, and

T
g :[541|1 K12|1  Ki13)1  Kiz|2 K23]2  K24)2

(5.3.13)
K2313  K34|3 K13|13 K34|4 K4a1)4 H24|4],

F—6 4 4 0 0 0 0 0 0 6 2 2 7
-6 -4 -4 6 -2 =2 0 0
-6 -4 -4 0 0 0 6

o
)
=)
)

6 2 2 —6 4 4 0 0 0 0 0 0
0 0 0 -6 —4 -4 6 -2 -2 0 0 0
0 0 0 -6 -4 -4 0 0 0 6 —2 =2

QF: 9

(@]
(@]
(@]
()
(@]
o
|
(@)
|
B
|
W
(@)
|
[\
|
[\

en)}
s}
an)
=)
en)}
e
(=}
\]

2 —6 4 4
0 -6 —4 —4

o
|
(N
|
)
o
o
o
o
o

(5.3.14)
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Fo, |

Cartesian curvatures for a quadrilateral.

The cartesian curvatures Kk

tained as

or

where

T

K/|1

K/|2

I‘-‘,|3
I‘\',|4

- [/'ixzr

|~

_‘[12
12
1
F — —_
2= [
1
Fai = [ 7]
where H
41 = [E
1
Fi3= |72
13= [ 7
1
Foyu = | 2
24 [134
Kyy
g8c = Qcv
B, Tr1Q
Bs v — Tr2Qy
B; Tr3Q3
B4 TH4Q4
-5 9 -
S41% 8413 S412541y
2
S12% 5125 S124512y
2
| 13z  S13y  S132513y |
2 2 7
S12; 8123 S122512y
2
8237 8233 8234523y
2
| 245 S24y  S242524y |
-9 9 Z
$235 3235 8232523y
2
8347 8343 8342534y
2
| S13z  S13y 5134513y |
2 2 7
5347 8345 $344534y
2
S41% 8413 S$414541y
2
| S247  S24y 5244524y |

Nn124
l12
n23
l23
N34 4
34
N41y
la1
Ni13¢
l13
Nn24 4
l24

(5.3.15)

Kzy | at the nodes can now be ob-

(5.3.16)

The Cartesian curvatures over the element can then be obtained by interpolation

of the nodal values as
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(5.3.18)
+(1+8A+n)Bs + (1 - &)(1+1)By
Higher order stiffness for the element.
The ANDES higher order stiffness is computed as
1
K, = / B/CB,dA where B;=B — —/ BdA . (5.3.19)
A A Ja
5.3.3 The ANS quadrilateral plate bending element.
Clearly one can form an ANS type element by
K= / BT CB dA (5.3.20)
A

i.e. without extracting the mean part of the strain displacement matrix and not
including the basic stiffness described in Section 5.3.1.

5.4 The linear non-flat quadrilateral shell element.

The objective of this section is to develop a technique that allows the use of
the flat quadrilateral membrane and bending element as parts of a non-flat shell
element for linear problems. This is obtained by formulating a linear projec-
tor matrix, which for the linear case restores equilibrium at the undeformed
element geometry. This can also be obtained by using the nonlinear projector
with respect to the initial geometry. In fact the linear and nonlinear projec-
tor gives identical results for linear problems. However the linear projector is
recommended for linear finite element codes due to its greater simplicity.

The four node shell element is obtained by assembling the membrane
element and bending element to the appropriate degrees of freedom. This is
sufficient as long as the shell element is strictly flat since both the membrane
and bending elements are developed as flat elements. Unfortunately, four node
shell elements on a “real” structure quite often end up being warped. To restore
or improve the behavior of the warped element one can use a projection technique
similar to that developed by Rankin and coworkers [46,53].

The element stiffness matrix does not have the correct rigid body modes
if the element geometry is warped since the element stiffness has been developed
using the projected flat positions of the element nodes. This causes two defi-
ciencies of the element stiffness:

1. The element picks up strains and thus forces from a rigid body displace-

ment vector i.e. f,. = Kv, # 0.
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2. The element forces are not in self equilibrium and the force vector will
thus pick up energy for a rigid body motion. vIf = vIKv # 0.
These two statements are equivalent for a symmetric element stiffness matrix.
If an element stiffness has columns that are in self equilibrium the element has
the correct rigid body modes and vice versa.
The foregoing deficiencies lead to the investigation of the element inter-

nal energy
1 1
d=_vIKv=—(vl+vHK(v, +vg)
: 2 (5.4.1)
= 5(V§de +vIKv, + vIKvy + vIKv,).
If the element fails the equilibrium and rigid-body conditions;
T T T
v,Kv, #0, v.Kvg#0 and v;Kv,#0. (5.4.2)

To extract the deformational energy, the total displacements are split into de-
formational and rigid body motions, the latter being spanned by the matrix
R:

v=vg+v,=vy+ Ra. (5.4.3)

By requiring that the deformational displacement vector be orthogonal to the
rigid body modes one must have R7v; = 0. On pre-multiplying the equation
above with R the rigid body amplitudes can be solved for:

R’v=R"Ra = a=(R"R)'Rv, (5.4.4)
from which the deformational displacement vector can be extracted as
vi=v-v,=(I-R(R'R)'R)v =Pyv. (5.4.5)
If R is orthonormal the foregoing expression simplifies to
P,=1-RR". (5.4.6)

Applying this projection to gain invariance of the internal energy with
respect to rigid body motion ®(v) = ®(vy) yields

1 1 1
D(vy) = §V§de = ﬁvag KP,v = §VTKdV : (5.4.7)
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5.4.1 Linear projector matrix for a general quad.

In order to express the rigid body modes one defines the vector r; from the

element centroid to node 7 as

xT; 4
. _ _ 1
ri=r;—r, where r; =1 v; and r:ZE r; .
Zi i=1

By ordering the element degrees of freedom as

4 Umz 3\
Vi Vys
v={ "2 where v; = Uz
V3 9:82
V4 eyi
L 6 )
the rigid body modes can be expressed as
10 0 O Zi
R = Rs; |’ R {0 1 10 0 0 1 0
R, 0 0 0 O 1
L0 0 0 O 0

The projector matrix becomes
P,=I-RR'R)"'R”,
where

e [41 0
wn- [ Y

=1

4
with 8 =4I—) " Spin(¥;)Spin(F;) .

(5.4.8)

(5.4.9)

|
SR <
1

N

—~= O O O

ot
P’; L
il
(@)
N—

(5.4.11)

This simplifies the computation of the projector matrix because only the lowest
3x 3 submatrix of RT R is non-diagonal, and (RTR)_1 can be efficiently formed.
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5.5 Nonlinear extensions for quadrilateral shell element.

The nonlinear extensions for an element consists of defining a procedure that
aligns the shadow element CY,, as close as possible to the deformed element C,,.
This defines the element deformational displacement vector v.

One also needs to form the rotational gradient of the shadow element
with respect to the visible degrees of freedom of the deformed element, as stated
in equation (2.4.12). In the local coordinate system this relation is

0@, = %—Zévi =Gov. (5.5.1)
The local coordinate relationship is sought since this is is needed in forming the
geometric stiffness of the element as expressed in equation (2.8.22) .

The rotation of the shadow element is most easily obtained from the
rotation of the shared or common local frame for the Cy,, and C,, configurations.
This orthogonal element coordinate frame with unit axis vectors e, e; and es
is rigidly attached to the shadow element Cj,, since this element only moves
as a rigid body, and elastically attached to the deformed and elastic element
C,,. This local coordinate system for a quadrilateral element can be defined in
various ways. Most researchers select the element z-axis unit vector as the cross
product of the diagonals vectors di3 and dog

e; = % where A, = \/(dlg X dog)T(d13 X dag) (5.5.2)
P
This defines A, as the area of the element projection on the local x — y plane.
The positioning of the  and y axis unit vectors e; and ey differs among
researchers. Rankin and Brogan [52] chooses es to coincide with the projection
of the side edge 24 on the plane normal to e3. This effectively lets only one of the
side edges determine the rigid rotation of the element about the local z axis. The
origin of the element coordinate system is chosen to coincide with node 1. When
this procedure is performed for both the Cy and C), element configurations the
net result is that the shadow element Cy,, will be positioned relative to C), so that
nodes 1 coincide and the projections of side edge 24 on the (z,y) plane coincide.
A consequence of this choice is that the element deformational displacement
vector vg, which is the difference between the coordinate between the C),, and
Cor coordinates, is not invariant with respect to the element node numbering.
Bergan and Nygard [47] choose vector e; and ey to coincide with the
directions of side edge 12 and 14 for a rectangle that is positioned relative to
the quadrilateral element so that the sum of the angles between the side edges
of the quadrilateral and rectangle is zero. The origin of the coordinate system
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is chosen at node 1. By applying this to both the Cy and (), configurations the
shadow element CYy, is positioned relative to the deformed element C,, so that
the element centroids coincide and so that the sum of the square of the angles
between the side edges of Cy, and C,, is minimized. This represents a least
square fit with respect to the side edge angular errors. This procedure gives a
element deformational displacement vector v; which produces an internal force
vector f, = K.v, that is invariant with respect to the node numbering of the
element, provided that the element stiffness matrix K. satisfies the correct rigid
body translations.

5.5.1 Aligning side 12 of Cj,, and C,.

The element frame is positioned at the element centroid. This change from
Rankin’s positioning at node 1 has been done in order to satisfy the orthogonality
condition for PrPr = 0 as expressed in equation (2.4.43) . Rankin’s formulation
did not contain P7 so this requirement was ignored.

By expressing the nodal coordinates of the element in the local coordi-
nate system equation (5.5.2) gives

€34 1 U31242 — Ya2231
€3 =14 €3y p = A_ —X31242 + T42231 ¢ , (553)
€32 p T31Ya2 — T42931

where

Ap = V (J31 242 — Ga2731)2 + (—T31 242 + T42731)2 + (T31542 — Ta20i31)2 -
(5.5.4)
These expressions simplify, but the full expressions has to be kept in order to
obtain the correct variation with respect to the nodal coordinates. The @, and

W, variation can now be obtained from the variation of e, and es, respectively

5y = —(Pu 55, 4 Pou sy | Dousey
0é oé 0é (5:5.5)
~ 3z ~ 3x ~ 3x s
dwy = ( oz, ox; + —8331- 0y; + 0z 0Z;) .

The variation of w, and w, with respect to the in-plane coordinate components
of the nodes Z; and ; is zero since

s, 083,  0cs, 06,
0z, 0y 0x; O

=0. (5.5.6)
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This gives the variation of the in-plane rotations w, and @, as function of the
out of plane displacements only:

- 4 .
~ 86330 ~ ajlj ~
0y = 0Z; = ;:1 A—ézl ,

e
96 4 with Ay = T31042 — 42931 , (5.5.7)
~ €3y ¢~ Ylj o~
6 — —5 P = _5 iy
“ 9z - 4, &

where the nodal indices (i, j, k, 1) takes cyclic permutations of (1,2,3,4).
The e; vector is chosen to lie along the projection of side 12 in the x-y
plane. This gives the y axis unit vector as

€3 X 2 (5.5.8)

€y =
l12

where [15 is the projected length of side 12 in the z-y plane. By expressing es
in the local coordinate system the variation of W, can be obtained as

86235 - 8623;

ow, = — 0T; + ——0y; —0Z;) . 5.5.9
Carrying out the derivations gives
1 1 isl‘z
00, = — (671 + 07i2) — 12215z, 5.1
G: = O +852) = 3 == 05 (5.5.10)

i=1
where A, is defined in equation (5.5.7).
The rotation gradient matrix in equation (5.5.1) can now be expressed

as &
G=[G Gy Gs]= |Gy, (5.5.11)
G,
where ) _
5 1 0 0 T49 0 0 O
G, = T 0 9‘ yaz2 0 0 O,
p _0 —ﬁ 42221 0 0 O_
) L [0 0 13 0 0 0]
Gy = T 0 (}4 yizs 0 0 0,
p 0 l—p 13221 0 0 O
- 2 - (5.5.12)
R 1 0 0 T4 0O 0 0
Gs = T 0 0  you 0 0 O0f,
p _0 0 24221 0 0 O_
) L [0 0 2 0 0 0]
Gy = 1 0 0 Y31 0 0 O
p _O 0 T42231 0 0 0_




The rotation gradient matrix as expressed here can be split as G = XA
where X contains all the coordinate dependencies and A is constant matrix.
This is possible since none of the vector components of dw is a function of more
than three distinct coordinate expressions. This G thus satisfies the consistency
requirement set forth in equation (2.5.8).

5.5.2 Least square fit of side edge angular errors.

The orientation of ej is the same as with Rankin’s procedure, which gives identi-
cal expressions for the rotations w, and @,. The positioning procedure of Bergan
and Nygards [47] positioning procedure can be viewed as a least square fit of
the side edge angular errors between the Cy,, and C), configurations. This gives
different expressions for the variation of the angle w, with respect to the visible
degrees of freedom. The nodal submatrices G; of G can then be defined as

1 0 0 Tij
Gi=4 |, 0 0 n 0|, (5.5.13)
MNij i k%) Nki
P f(ﬁ_%) Tp( Z:jy - lzzy) (xljfx+yljfy)
where
f:c _ 1(2211321 4 232732 4 243743 4 2143714) :
4° oy l32 las l14 (5.5.14)
1 201901 | 232Y32 | Z43Ya3 | Z14Y14 o
fy - + + ) )
4° Iy l32 lus li4

and n;; and [;; is the outward normal and length of side edge ij respectively:

1 Yiji
Nij = 77— ~Tji and [;; = \/:E%j +y12j . (5.5.15)

i o

The nodal indices (4, j, k, 1) undergo cyclic permutations of (1 2,3,4).

The G derived above can not be expressed as G = XA where the 3x 3
matrix X contains all the coordinate dependencies of G, since the expressions for
w, contains more than three distinct coordinate expressions. This will give a loss
in convergence rate if the deformed configuration C,, and shadow configuration
Cyy, are far apart since the present tangent stiffness expressions have omitted
terms containing the unbalanced element forces. See Section 2.5.2.
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Chapter O

Numerical examples for linear analysis.

This Chapter presents numerical examples of several linear test problems. These
are used to validate the formulation of the linear ANDES elements that repre-
sents the “kernel” of the co-rotational formulation.

6.1 Patch tests.

The Patch Test has become a standard test for evaluation of new finite ele-
ments. Though neither a necessary or sufficient condition for convergence, it
has a strong following who considers the test “necessary” for an element to be
considered reliable. However, there is little disagreement about the tests value
as a debugging tool when an element is implemented in an actual finite element
code.

Ty

| 1 |

Figure 6.1. Patch test for quadrilateral elements.

The patch shown on Figure 6.1 has been used to perform the patch
test for the new ANDES4 element by giving the boundary nodes displacements
according to a constant strain pattern. The patch test requires that the internal
nodes get displacements that satisfies this constant strain displacement mode
exactly.
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Membrane tests.

U= = €rp 9z =1 Identically satisfied.
x
0
v=y = €yy Q_Z =1 Identically satisfied.

Bending tests.

Identically satisfied.

2 O*w . .
w==zx = Kge = F =2 Identically satisfied.
x
62
w = y? = Kyy 8—;;; =2 Identically satisfied.
0%w . .
w=2xy = Kgy = QM =2 Identically satisfied.

The membrane patch test for the ANDES4 element are satisfied regardless of
whether the higher order strain displacement matrix By, or the deviatoric higher
order strain displacement matrix By = Bj, — By, is used for the higher order
membrane stiffness according to equation (5.2.42) and (5.2.43).

6.2 Membrane problems.
6.2.1 Shear-loaded cantilever beam.

A shear loaded cantilever beam is defined according to Figure 8.1. This Figure
also shows the 16 x 4 regular and irregular element meshes.

7 P=40

. |

Figure 6.2.  Cantilever under end shear. £ = 30000 v = 0.25
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The test has been run using a totally clamped boundary at the fixed
end, and the applied nodal forces on the end cross-section are consistent lumping
of a shear load with parabolic variation in the y-direction.

The comparison value is the tip deflection of 0.35583 at the end of the
beam. This number is the exact solution of the two-dimensional plane stress as
given in [28] . The numerical results have been scaled so that the analytical
displacement of 0.35583 corresponds to 100 in Table 6.1. Table 6.1 also includes
numerical results for the quatrilateral FF(Q and the triangular FFT as described
by Nygard in [47].

Table 6.1. Tip deflection of cantilever beam.

Element x Xy -subdivisions
4x1 8x2 16x4 32x8 64x16

Regular element mesh
CST 25.48 55.24 82.66  94.96 98.71

QSHELL3 111.78 101.18 100.03 99.97 100.01
QSHELL4 97.72 98.86 99.54 99.87 100.00

Irregular element mesh

CST 27.86 55.84 81.47  94.27 98.41
QSHELLS3 98.16 100.12 99.66  99.87 99.97
QSHELL4  103.93 98.60 99.45 99.90 100.01

Table 6.1 shows very similar convergence rates for the QSHELL3 and
QSHELL4 element compared to Nygards FFT and FF(Q element. However, the
ANDES elements tend to be more flexible for very coarse meshes.

6.3 Bending problems.

6.3.1 Centrally loaded square plate.
A square plate subjected to a central load of P = 40.0. The test has been run
with both simply supported and fully clamped boundary conditions.

Plate dimensions are 100.0 x 100.0 with thickness t = 2.0 and material
properties ¥ = 1500.0 and v = 0.2 . Due to symmetry only a quarter of the
plate have been modeled.
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thicknessh

Figure 6.3.

Symm

4 x4 quarter model of centrally loaded square plate.

Table 6.2. Central deflection of square plate with clamped

boundary. Displacement 2.1552 is scaled to 100.00 .

Element Mesh over quarter plate

type 1x1 2x2 4x4 8x8 16x16 32x32
Regular mesh.

BCIZ-SQ 88.223 102.71 101.18 100.37 100.10 100.02

ANDES3 92.798 103.75 101.57 100.50 100.15 100.04

ANDES4 88.944 100.07 100.18 100.07 100.02 100.00
Irregular mesh.

BCIZ-SQ 88.223 99.805 101.27 99.781 99.983 99.938

ANDES3 92.798 102.48 102.38 100.40 100.23 100.02

ANDES4 88.944 99.793 101.71 100.19 100.14 100.02

6.4 Shell problems.

6.4.1 Pinched cylinder problem.

An open cylinder is subjected to two diametrically opposite point loads. Due to
symmetry only 1/8 of the problem is modeled. The geometry of the 1/8 model

is shown in Figure 6.4.

The mesh has been given an increasing distortion angle 6. As 6 increases
the four node elements are no longer flat elements. This induced warping gives
different results for the projected and unprojected versions of the ANDES4 ele-
ment. The ANDES3 element is invariant under projection because the element

always possesses the correct rigid body modes.

The improvement with the projected stiffness matrix for the ANDES4
element is dramatic. This example displays the importance of correct rigid body
modes, as well as showing the robustness of the stiffness projection procedure.
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R =4.953
L=5.175

h =0.094

E = 10.5e+6
v =0.3125

Figure 6.4. Pinched cylinder problem.

Table 6.3. Vertical displacement under load for pinched
cylinder. Displacement 4.5301x 1073 is scaled to 100.00.

Element Distortion angle

type 0=0° 0=10° 6=20° 6=230° 0=40°
ANDES3 Unproj 99.578  99.136  98.737  98.296  97.608
ANDESS3 Proj 99.578  99.136  98.737  98.296  97.608
ANDES4 Unproj 99.430 30.594  12.652 9.381 7.960
ANDES4 Proj 99.430  99.334  99.255  99.125  98.789

6.4.2 Pinched hemisphere problem.

A hemispherical shell is subjected to two pairs of diametrically opposite loads
along the x and y axis respectively. Due to symmetry only a 1/4 model is used
according to Figure 6.5.

This problem is often modelled with a hole at the top of the hemisphere.
This allows using a mesh of strictly flat quadrilateral elements, which makes
the test much less demanding for quadrilateral elements. One has chosen to
model the hemisphere without a hole since this gives warped elements for the
quadrilateral element meshes, and thus poses a much more severe test for those
elements.

For the triangular ANDES3 two discretizations are used. Mesh 1 in
Table 6.4 refers to a mesh where two triangular elements join at the loaded
nodes, whereas Mesh 2 has one element attached to the loaded nodes.
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Figure 6.5. Pinched hemisphere problem.

Table 6.4. Displacements under loads for pinched hemi-
sphere. Displacement 9.1898 x 10~2 is scaled to 100.00.

Element Elements per side
type 2 4 8 12 16 20

ANDES3 Mesh 1 0.18 259 2530 61.44 83.23 92.52
ANDES3 Mesh 2 0.42 4.07 3191 68.23 86.85 94.23
ANDES4 Unproj 13.57 6.13 12.85 19.49 25.17 30.18
ANDES4 Proj 67.55 23.73 85.53 97.24 99.39 100.00

This test again shows the dramatic improvement of the performance of
the ANDES4 element when the stiffness projection is used.
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Chapter 7

Numerical examples for linearized buckling analysis.

7.1 Buckling analysis of square plate compressed in one
direction.

The buckling of a square plate subjected to in-plane uniaxial compression is
considered. The geometry and material constants of the plate are given in
Figure 7.1. The plate is simply supported along all edges with the in-plane
deformations being unconstrained.

y

L

L =508 mm y
t =3.175 mm L
2
X

E = 2.062e5 N/mm \

v=0.3

Figure 7.1. Square plate subjected to uniaxial compression.

The plate is compressed in its middle plane by a uniform load N, along
the edges * = 0 and = = L. Timoshenko [63] gives the analytical critical value
of the compressive force per unit length as

2 3

(Ne)er = 7TL—2D(m + %)2 where D = % (7.1.1)
where L is plate side length, ¢ is the plate thickness, v is the Poisson’s ratio and
m is the number of half-waves in the compressive direction. The buckling modes
are associated with odd values of m.

The geometric stiffness is based on the incremental solution at a load
level of 1% of the critical load level. The results from the numerical analysis is
tabulated in Table 7.2 and compared to results obtained by Bjserum [17] with
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the QSEL and FFQC elements. The QSEL and FFQC elements performs better
than ANDES3 and ANDES4 for the higher order buckling modes. This is due
to the “tuned” higher order geometric stiffness matrix used for those elements.
However the geometric stiffness matrices used for the QSEL and FFQC element
do not give a consistent tangent stiffness for nonlinear continuation analysis.

Table 7.1. Numerical results of square plate subjected to
compression, normalized by the analytical solution of the
first mode (m = 1).

Element Analytical Mesh used for quarter of plate
Type Solution 4x4 8x8 16x16 32x32

ANDES3 m = 1: 1.000 1.008 1.002 1.000 1.000
m = 3: 2.778 3.070 2.854 2.797 2.783
m = 5: 6.760 8.342  7.270 6.893 6.798
ANDES4 m = 1: 1.000 1.043 1.011 1.002 1.001

2 2,778 2,673 2.745 2.769 2.778
: 6.760 6.750 6.694 6.738 6.754

m=3: 2.778 3.278  2.898  2.808 2.786

m =5: 6.760 10.11  7.522  6.950 6.815
QSEL m = 1: 1.000 1.010 1.002 1.001 1.000

m=3: 2.778 3.032 2.840 2.793 2.782

m =5: 6.760 8.751 7.265 6.884 6.791
FFQC m = 1: 1.000 0.973 0.993 0.998 1.000

m=3

m =25
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Figure 7.2.  Buckling modes for m = 1, 3 and 5 according to equation (7.1.1)
for square plate subjected to uniaxial compression.

7.2 Buckling analysis of shear loaded square plate.

A simply supported square plate with geometry and material constants given in
Figure 7.3 is subjected to shear loads uniformly applied along the edges. The
out-of-plane displacements and rotations are constrained whereas the in-plane
rotations and translations along the boundaries are left free.
The critical shear force associated with the first buckling mode is give
analytically by Timoshenko [63] as
2D Et3

(N{Ey)cr - 934? where D = m (721)
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L =21000 mm
t =12.5mm

2
E = 6.4e3 N/mm
v=0.3 \

ny: 105.5 N/mm X

Figure 7.3. Square plate subjected to shear load.

Table 7.2. Numerical results of square plate sub-
jected to shear, normalized by the analytical solu-
tion (Ngy)er = 105.5-2C

Element Mesh used for the plate
Type 4x4 8x8 16x16 32x32 64x64

ANDES3 m =1: 1.446 1.145 1.057 1.013
m=2: 2174 1.293  1.240 1.238
m=3: &8.631 2974  2.709 2.675
ANDES4 m =1: 2175 1.297  1.088 1.022
m=2: 3.079 1.528 1.298 1.250
m = 3: 4.300 3.013 2.739

QSEL  m=1: 1.387 1.065 1.008 0.997 0.993
m=2: 2.096 1.385  1.268 1.242 1.233
m=3: 207.3 3.582  2.840 2.691 2.642
FFQC m=1: 0.781 0.908 0.967 0.987 0.994
m=2: 1.060 1.144  1.206 1.227 1.233
m=3: 2.073 2.301 2.518 2.614 2.643

This problem again shows that the higher order geometric stiffness ma-
trix for the QSEL and FFQC element outperforms the consistent geometric
stiffness matrix of the ANDES elements for linearized buckling analysis. The
ANDES3 element performs better than the ANDES4 element simply because
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meshes of N x N elements contains twice as many ANDES3 elements as AN-
DES4 elements since two triangles are required to fill one quadrilateral. This
gives a “finer” discretization with respect to the rigid body displacements and
thus a better global geometric stiffness matrix.
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Figure 7.4.  First three buckling modes for shear loaded square plate.

Chapter 8

Numerical examples for nonlinear analysis.

8.1 Smooth path following problems.
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8.1.1 Cantilever beam subjected to end moment.

The cantilever in Figure 6.2 is used to demonstrate the large rotation and large
displacement capabilities. The problem is usually formulated so that bending
about one of the global axes takes place. The cantilever here is oriented arbi-
trarily in space so that the example becomes more demanding as regards the
treatment of finite rotations as non-vectorial quantities. The position of the
cantilever is defined by the auxiliary coordinate system

z L [6 -2 =37 (=
gr==3 6 2|Jug, (8.1.1)
z 2 -3 6| |=2

and letting one side of the cantilever follow the Z-axis. This auxiliary system
is used for modeling purposes only. The actual computations take place in the
global (z,y, z)-system.

The exact solution is obtained from Bernoulli-Euler beam theory, and
gives the deflected shape of the beam as a circle with radius

ET
R=—. 8.1.2
i (812)
This gives the tip deflections as
W EI M — yL v EI | M—-yL
— = 1-— —_— d —=- 8.1.3
L= apptes T ) oad =g psin Ty (8.1.3)

where w and v are the deflections in the z- and z- directions.

The problem was solved using load control with the incremental load
steps AMy = i—g%, thus requiring 40 steps to bend the beam into a full
circle. This small load step was required for the triangular element due to the
large unbalanced membrane forces that are introduced during the iterations.
The triangular element does not give symmetry about the center line of the
cantilever, and thus converges more slowly than a comparable four node element,
as described by Nygard [47] . For the ANDES4 element the beam was bent into
a full circle using 10 load steps.

Table 8.1 gives convergence rates and number of iterations for the can-
tilever modeled with 20 ANDES3 elements. The label “Fit type” refers to the
G matrix used for fitting the shadow element, with 1, 2 and 3 signifying side 12
alignment, least square fit of side edge angular errors and CST rotation, respec-
tively. “1 diag” means that side 12 is directed along the diagonal of a rectangle
assembly of two elements whereas “1 edge” means that side 12 is directed along
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L=10.0m
b=1.0m
h=0.1m
E =1.2e3 MPa
v =0.0

Figure 8.1.  Cantilever oriented arbitrarily in space
subjected to end moment.

the beam axis. Table 8.1 illustrates two points: Side 12 alignment is not orien-
tation invariant since it doubles the number of iterations of the “1 diag” mesh
compared to “1 edge”. Also, the applied load is a moment load, which gives
a geometric stiffness that does not go towards symmetry as equilibrium is ap-
proached. The symmetrized stiffness will thus give poor convergence compared
to the nonsymmetric tangent stiffness.

8.1.2 Hinged cylindrical shell under concentrated load.

The hinged cylindrical shell subjected to concentrated load is a common test
case for geometrical nonlinearities. Nygard [47] performs an extensive com-
parison with other elements. Bjeerum [17] gives a thorough comparison of
different path-following algorithms for this example. The thinner shell of thick-
ness h = 6.35mm has a dramatic snap-back behavior well suited for verifying
path following capabilities of the solution algorithm.

One quarter of the shell has been modeled using 8 x 8 rectangular units
of two three node elements. The actual equilibrium path shown in Figures 8.4
and 8.5 agrees well with results obtained by Nygard [47].

The arc-length algorithm did not evidence convergence difficulties. With
the thin shell the path has been followed using 26 steps and convergence was
obtained within 5 iterations even at the snap-back section of the equilibrium
path.
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Table 8.1. Iterations for the first 10 steps.

Symmetric stiffness

Fit type Num. of iterations Conv.
1 edge. 4 4 5 5 6 7 8 &8 &8 9 L
1 diag. 9 9 9 9 9 10 11 9 10 10 L
2 5 5 5 6 6 7 & 8 8 8 L
3 4 4 5 5 6 7 8 &8 &8 9 L
Non-symmetric stiffness
Fit type Num. of iterations Conv.
1 edge. 4 4 4 4 4 4 4 4 4 4 Q
1 diag. 8 8 8 9 8 8 9 9 9 9 Q
2 5 5 5 5 5 5 5 5 5 5 Q
3 4 4 4 4 4 4 4 4 4 4 Q
1.0 r ; ;
R ‘ vV 2 x 19 nod‘es
oo mmme- u:2x19 nodes
0.8 Tee | : R T
o6 e S

o : : .. : : :

© ! ! NS ! ! !

S s s o . s s s
S S =
o2l e

o Lo
0 2 4 6 8 10 12
Displacement

Figure 8.2. Tip displacements of the cantilever beam
subjected to end moment.

8.1.3 Pinching of a clamped cylinder.

A cantilevered cylinder is subjected to two diametrically opposite forces of mag-
nitude F' at the open end. Due to symmetry only a quarter of the structure is
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R = 2540 mm
L =254 mm
h=6.35mm or 12.7 mm
E = 3.10275 N/mm?

v =0.3

0 =0.2rad

Figure 8.3. Geometry and material properties for
hinged cylindrical shell.

modelled. The problem has been studied by Stander et al. [60] and Parisch
[48] using uniform element meshes. Mathisen, Kvamsdal and Okstad [43] have
studied this problem using adaptive mesh techniques. The present analysis was
performed using displacement control of the loaded point with 16 equal step up
to a total displacement of 1.6 times the radius of the cylinder.

R=1.016

L =3.048
h=0.03

E = 2.0685e+7
v=0.3

Figure 8.6. Geometry and material properties for the
pinched cylinder problem.
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Figure 8.4.  Vertical deflection at points A and B
for hinged cylindrical panel with ¢t = 12.7mm.
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Vertical deflection at points A and B

Figure 8.5.
for hinged cylindrical panel with ¢ = 6.35mm.

This example shows that the ANDES4 element is better than the AN-
DES3 element with respect to membrane strain gradients. A mesh of 16 x 16
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ANDESS3 elements diverges before the analysis is completed, whereas a mesh
of 16 x16 ANDES4 elements is sufficient to complete the analysis as shown in
Figure 8.7. The results in Figure 8.7 shows good agreement with the results ob-

tained by Stander et al. [60] and Parish [48], both of whom used quadrilateral
elements.

1000 -
—— ANDES4 16x16 vy
800 1 ANDES3 16x16 S A
----- ANDES3 24x24 | I~
X Stander et al. 32x32 ‘ 1
+ Parisch 16x16 ; L
600 1 e e o
ho] : . ® .
= | | |
o : :
~ s s s
400 e T e
200 1 A e e e
0 : : i
0 0.5 1.0 1.5

Displacement

Figure 8.7.  Vertical displacement at loading point for the
pinched cylinder problem.
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Figure 8.8. Deformed finite element mesh at various loads.
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8.1.4 Stretched cylinder with free ends.

A open cylinder with free ends are subjected to two diametrically opposite forces
at the halflength. Geometric data for the cylinder are given in Figure 8.9. This
problem was first discussed by Gruttman et al. [32], and later by Peri¢ and
Owen [50]. Figure 8.10 shows the results of the present analysis with a mesh of
8x16 ANDES4 elements compared with Peri¢ and Owens analysis using a mesh
of 10x 20 elements. The displacement of the loaded point agrees well with the
results reported in [50] .

L =10.35

R =4.935

h =0.094

E = 10.5e+6
v =0.3125
F =50.0

Figure 8.9. Geometry and material properties for the
stretch cylinder problem.
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Figure 8.10. Load displacement curves for the
stretched cylinder problem.
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Figure 8.11. Deformed finite element mesh at various loads.
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8.2 Path-following problems with bifurcation.

8.2.1 Post-buckling analysis of square plate compressed in one di-
rection.

The geometry and material properties of the square plate are presented in Figure
7.1. The applied load is normalized with respect to the analytical buckling load
for this problem given in equation (7.1.1) .

The post-buckling analysis is performed in order to evaluate the stiffness
properties of the plate after bifurcation is encountered. One has used a 8 x 8
mesh of ANDES4 elements over the quarter model. This mesh gave about 1%
error in determining the linearized buckling load.

Normalized load

;e g . —— Bifurcation analysis

057 b A EEELE 1% imperfection
R § : i =-=-=10% imperfection

1 ; : P 50% imperfection

e i
-1 0 1 2 3 4 5 6 7 8 9
z-displacement in mm

Figure 8.12.  Out of plane displacement at plate center for square plate
subjected to compression.

As seen in the load displacements curves in Figure 8.12 the structure
shows a stable post-buckling response where it can withstand increased load
after bifurcation. Figure 8.12 also shows the response of the plate with various
geometric imperfection levels. The buckling mode of the structure has been
scaled so that the largest out of plane imperfection is equal to 1%, 10% and 50%
of the plate thickness.
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8.2.2 Post-buckling analysis of shear loaded square plate.

The geometry and material properties of the square plate are described in Figure
7.3. The applied load is normalized with respect to the analytical buckling load
Nay,, = 105.5-2

A 16 x 16 mesh of ANDES3 elements over the quarter model is used.
This mesh gave about 5% error in determining the linearized buckling load. It
should be noted that the shear loaded plate has traditionally been a difficult
problem for triangular elements.

©
I
o
e]
(]
N
©
£
(@]
zZ

7 : : : ; 3 3 3

0514+ e P —— Bifurcation analysis =~

! § § e 1% imperfection

i § § e 10% imperfection

1 : : : : : : :

0 ; ; ; ; ; ; ;

0 5 10 15 20 25 30 35 40

z-displacement in mm

Figure 8.13.  Out of plane displacement at plate center for square plate
subjected to compression.

As seen in the load displacements curves in Figure 8.13 the structure
shows a stable post-buckling response where it can withstand increased load
after bifurcation. Figure 8.13 also shows the response of the plate with various
geometric imperfection levels. The buckling mode of the structure has been
scaled so that the largest out of plane imperfection is equal to 1% and 10% of
the plate thickness.
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8.2.3 Buckling of a deep circular arch.

This problem of snap-through of a deep circular arch has been investigated by
Huddlestone [37] . The asymmetric displacement path has been studied by Si-
mons et al. [59] and Feenstra and Schellekens [23] using a small geometric
imperfection to induce the buckling mode. Bjserum [17] analyzed the prob-
lem using branch switching to follow the secondary path. The present analysis
follows Bjeerum’s in that no imperfection is used, and the branch switching
algorithm has been used to traverse the bifurcation and continuing along the
secondary path.

The dimensions of the arch are given in Figure 8.14. The arch has hinged
boundary conditions at both ends and is modelled using 20 quadrilateral shell
elements with the z displacements constrained.

P
R =1000 mm
h L =1600 mm
H H = 400 mm
h=10 mm
R E = 2.1e+5 N/mm?

| v =0

i Y L/2
X

Figure 8.14. Geometry and material properties for the deep
circular arch.

Figure 8.15 shows the response of the structure for the primary path, and
the secondary path obtained by doing a branch switching at the first bifurcation
point at PE—B}Z = 13.2. Bjeerum reports a bifurcation point at PE—P}Q = 12.0, and
from his plot of the secondary path one can see that the load then jumps to
approximately 13.0. Such a gap between detected and converged bifurcation
points as reported by Bjserum can indicate an inconsistent tangent stiffness
matrix. The deflections of these paths are also illustrated in Figure 8.16

The problem displays some puzzling behaviour. For instance, the pri-
mary path appears not to intersect with the secondary path. The primary path
keeps doing spiraling motions for the vertical displacement versus load as plot-
ted in Figure 8.17. For each spiraling motion another wavelike deformation is
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Load

R Vertical disp. secondary path
-3 T SR Vertical disp. primary path Lo
3 Horizontal disp. secondary path s

-100 0 100 200 300 400 500 600 700
Displacement

Figure 8.15.  Displacements for the primary and secondary paths.

Figure 8.16. Deformations for the secondary and primary paths.

fed into the arch as shown in Figure 8.18. The fact that the primary and sec-
ondary path do not intersect can be discerned from the fact that the primary
path never achieves the same vertical deflection for the midpoint of the arch as

the secondary path.
The secondary path keeps doing figure-of-eight like motions for the mid-

point of the arch. The branch switching algorithm does not pick up a new bifur-
cation point at the bottom point of the secondary path as would be expected.
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Figure 8.17.  Vertical displacement for the primary path.

Numbers 1 2 and 3 show the location of the deformed
element geometries in Figure 8.18.

Figure 8.18. Displacements for the primary path. Numbers refer to
the load-displacement curves in Figure 8.17.

This conclusion seems to agree with Bjaerum, since no such bifurcation point is
reported. The “mismatch” is a surprise since one expects the structure to be
able to pick up additional load once it hits bottom. But detecting and switching
to the new stable path seems to be computationally difficult.
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8.2.4 Right angle frame subjected to in-plane load.

The right angle frame in Figure 8.19 is subjected to a in-plane load. The applied
load acts on the lower corner of the tip. This problem has been studied by Nour-
Omid and Rankin [46] in the post-critical domain.

L

t- w

- L =255.0 mm
W = 30.0 mm
t = 0.6mm
E =71240 N/mm
v =0.31
V24

Figure 8.19. Geometry and material properties for
the right angle frame.

Table 8.2 lists the critical loads given by different element types and
mesh refinements. Results from Nour-Omid and Rankin are included in Table
8.2 for comparison. The postcritical response for the structure is shown in Figure
8.20 for different element meshes with ANDES3 and ANDES4 elements.

Table 8.3 gives the number of steps and iterations for this problem with
the various consistent formulations. The convergence rates are measured at
the stable “upswing” section of the equilibrium path. For large sections of the
analysis this convergence rate is not obtained due to ill-conditioning at the “flat”
section of the equilibrium path.
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Table 8.2. Critical load for the right angle frame.

Element type Num. of elements F.,
ANDES3 17x2 1.164
ANDES3 68 x 2 1.142
ANDES3 153 %2 1.135
ANDES4 17 1.146
ANDES4 68 1.134
ANDES4 153 1.130
Nour-Omid & Rankin [46] 17 1.138
Nour-Omid & Rankin [46] 64 1.130

Table 8.3. Convergence of the 17x2 ANDES3 mesh.

Symmetric stiff. Non-symmetric stiff.
Formulation N.steps N.iter. C.rate. N.steps N.iter. C.rate.
C 18 179 L. 18 152 Q.
CSE 18 174 Sl. 18 145 Q.
CSSE 18 145 Q. 18 145 Q.

Figure 8.20. Post buckling response for the right angle frame.
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Figure 8.21.  Deformations for F' = 1.164, F' = 1.26 and F = 2.0
with a mesh of 17x2 ANDES3 elements.
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8.2.5 Right angle frame subjected to end moments.

The following two problems were modeled with the beam elements de-

scribed in Appendix 1. The problems were included in the present work because
of the numerical challenges they offer as regards branch switching and continu-
ation algorithms.
The right-angle frame subjected to end moments was first introduced by Argyris
[3] and later studied by Nour-Omid and Rankin [46] . The frame has been mod-
eled using 10 Timoshenko beam elements for a half model. Beam elements have
been chosen to model the frame since the moment loads are impossible to intro-
duce for shell elements without using follower forces that are non-conservative
and hence introduce follower-load stiffness matrix. Such a contribution has not
been implemented for the shell elements developed in this work.

L =255.0 mm

W = 30.0 mm

t = 0.6mm

E =71240 N/mm
v =031

Z 2 Fn

Figure 8.22. Geometry and material properties for
the symmetric frame.

The response of the structure displays two distinct equilibrium paths.
The primary path has only displacements in the x-y plane, whereas the sec-
ondary path switches to out of plane displacements after bifurcation. The
response shows that the frame rotates a full 360° as the frame ends rotate
through a full circle about the z axis. Finally the frame rotates back to the
x-y plane with the load reversed. The out of plane bifurcation happens at
M, = +M.,. = 6.464Nmm. The analysis can be run repeated indefinitely. If
the bifurcation starts at M, = +M_., a full out of plane revolution will be ob-
tained at M, = —M,,. A second revolution will then take place after which the

structure finally returns to the same configuration of the first bifurcation with
load M, = +M,.,.
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Figure 8.23. y and z displacements for the apex of the right
angle frame.
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Figure 8.24. Deformations for the for the frame subjected to
end moments. Arrows indicate direction of motion.

8.2.6 Cable Hockling.

An initially straight cable is subjected to a tip torsional moment. One end of
the cable is fully clamped, whereas the loaded tip is free to rotate about the
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longitudinal x axis, and moves along it. No rotation is allowed about the y
and z axes at the loaded end. The material and geometrical properties of the
cable are defined in Figure 8.25. The Euler-Bernoulli beam element described
in Appendix 1 is used to discretize the cable.

M, L =240.0mm
{ |, =2.16 mm?
< = 2.
) pas l,=1,=0.0833 mm*
y ! ! E = 71240 N/mm#
L v =0.31
L >y G = 27190 N/mm#

Figure 8.25. Cable geometry and material properties.

This problem was first studied in the postbuckling regime by Nour-Omid
and Rankin [46]. The cable exhibits linear response with twisting and no lateral
displacement up to the bifurcation point. After bifurcation the cable forms a
loop with the loaded end moving towards the clamped end. Finally a full circular
loop is formed after the path has traversed a second bifurcation point and the
applied load returns back to zero.

The analysis is made more stable by restricting the midpoint of the
cable from moving out of the z-y plane. The position of the loop is otherwise
undetermined in the y-z plane. The equilibrium path has been followed without
this restriction, but the convergence rate is impaired. This additional boundary
condition is consistent with that used by Nour-Omid and Rankin.
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Applied Moment, 100 N-mm

Present study: 20 elements
X Nour-Omid & Rankin: 20 elements

0 05 10 15 20 25 3.0 35 40 45 50 55 6.0 65
Twist angle, radians

Figure 8.26. Cable hockling. Moment versus tip rotation.

Vertical View

Figure 8.27. Deformations for the for the cable subjected to
end moment.
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Chapter 9

Conclusions.

9.1 Summary of work.

The main objective to the present research has been the development, appli-
cation and evaluation of low-order, high-performance shell finite elements to
the analysis of the geometrically nonlinear static response and stability of shell
structures. The technology for constructing such elements within the framework
of the FF and ANDES formulations, however, has been well developed to date
only for linear elasticity and flat element geometries. This motivated the use of
the co-rotational kinematic description to facilitate reuse of such technology in
the intended applications. Although such a choice carries with it some modeling
limitations, such as restriction to small deformational strains, it was felt that
the advantages of starting from a sound theoretical foundation outweighed those
limitations.

The co-rotational kinematic description of geometrically nonlinear struc-
tural finite element is still an evolving subject actively pursued by several re-
search groups. The departure point of for the formulation developed here has
been the work of two such groups: Bergan and co-workers at Trondheim-NTH
and Rankin and co-workers at Lockheed Palo Alto Research Laboratory. The
formulations produced by these groups share the ability of handling arbitrarily
large rigid body motions (translations and rotations) without causing element
self-straining. Taken separately, however, the formulations lack certain desirable
attributes investigated during the course of this research.

The main contribution of the present work towards co-rotational the-
ory has been the development of a unified formulation that satisfies those at-
tributes identified as most desirable: self-equilibrium, consistency, invariance,
symmetrizability and element-independence. The unified formulation includes
those of the aforementioned groups in a hierarchical framework, in the sense
that they can be recovered by making certain simplifying kinematic and static
assumptions. This unification offers additional flexibility to finite element de-
velopers in that tradeoffs between simplicity, robustness and generality can be
more clearly understood.

The nonlinear response of the co-rotational finite element models is ob-
tained by incremental/iterative continuation methods. The equilibrium-path-
following algorithm combines a standard arc length predictor phase with two
alternative versions of a true-Newton corrector phase. One version implements
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the normal-plane corrector of Riks-Wempner whereas the other version imple-
ments the orthogonal trajectory accession corrector proposed by Fried. Both
predictor and corrector algorithms as well as the equilibrium-convergence ac-
ceptance criterion are treated with scaling techniques that aim to make the
solution algorithm performance insensitive to mesh adaptation or refinement
processes as well as independent of the physical units chosen for the model. The
numerical experiments reported in Chapter 8 indicate that the orthogonal tra-
jectory corrector in general outperformed the normal plane corrector in terms
of robustness and allowance of larger stepsizes when tracing smooth response
paths. The normal plane corrector, however, is still preferable when dealing
with traversal of the bifurcation points.

A modification of the predictor-corrector continuation algorithm to han-
dle traversal of bifurcation points has been developed. The modified algorithm
is enabled when a critical point detected along the equilibrium path is classi-
fied as being of bifurcation type. The identification relies on linearized buckling
analysis carried out at two “bracketing” configurations in the neighborhood of
the point. The estimated buckling mode is used to initiate branch switching into
the outgoing (secondary) path. The corrector constraint is modified to avoid the
“switch-back” to the incoming (primary) path. This modification has proven to
be robust in handling symmetric bifurcation points in the test problems reported
here.

The development of high-performance triangular and quadrilateral shell
finite elements as “linear kernels” to be used in the co-rotational description is
based on the ANDES formulation. Both element geometries include the corner
drilling rotation as membrane degrees of freedom. The main contribution of
the present work to element technology is the construction of a new four-noded
quadrilateral shell element using assumed strain distributions for the higher-
order stiffness component. This element is derived with reference to a flat
geometry defined by the median plane of the generally-warped quadrilateral.
Projector matrices are used to fulfill self-equilibrium conditions in the warped
geometry. The numerical results indicate that the new quadrilateral element
delivers modeling accuracy similar to that of the Free Formulation Quadrilat-
eral (FFQ) of Nygard, but without the burden of numerical inversion of 12x 12
matrices required in the formation of the FFQ higher order stiffness.

The numerical results reported in Chapters 6, 7 and 8 indicate that the
three-pronged combination of hierarchical co-rotational formulation, discretization-
independent nonlinear solution algorithm and ANDES based shell elements gen-
erally handled the test problems in a robust and computationally efficient man-
ner. The performance of co-rotated 3-D beam elements in several difficult prob-
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lems involving very large rotations reinforces that conclusion as regards the
co-rotational formulation as well as the path-following and branch-switching
algorithms developed in this research. Performance expectations had to be
tempered, however, in the case of linearized prebuckling problems discussed
in Chapter 7. For such problems, elements with specially tuned plate-bending
geometric stiffness are observed to deliver better buckling load prediction for
coarse discretizations.

9.2 Directions for future research.

The present co-rotational formulation of geometrically nonlinear analysis has
shown to be robust and computationally effective in conjunction with low order
elements. These include two-node beam elements, three-node triangular shell
element, and “moderately” warped four-node quadrilateral shell elements. For
the latter it is shown that reasonable physical behavior can be obtained with
the use of best-fit and projection techniques to pass, back and forth, from the
actual warped configuration to the flat projection on the quadrilateral-median
plane.

On the other hand, higher order elements such as three noded beams and
nine-noded shell quadrilaterals would not be adequately handled by the present
co-rotational description because the geometry of the shadow element and the
deformed element can drift far apart even in the absence of significant mem-
brane strains. This “element-level snap-through” is illustrated in Figure 2.4. A
co-rotational description that works properly for higher order elements would
be desirable to handle certain troublesome, but nevertheless practical, modeling
situations. (One such example would be a mesh that contains both low-order
and higher-order elements, with the former being treated by co-rotational for-
mulation.) Extending the shadow element concept to curved geometries appears
to clash with the element independence attribute. Furthermore, a naive imple-
mentation may bring up metric-update complications typically associated with
the Updated Lagrangian and convected-coordinate description, losing the key
benefit of “reuse” of linear elements.

Another research area that merits attention is the extension to nonflat
shell elements of high-performance elements development methods that rely on
the Free Formulation, ANDES formulation and their variants. Such methodol-
ogy has given excellent results for flat, low-order elements. The key ingredient
is the basic-plus-higher-order decomposition of the stiffness equations, with the
basic component taking care a priori of the satisfaction of the Individual Ele-
ment Test (IET). The methodology is extended here to cover warped four-node
quadrilaterals through projector techniques. However, as discussed in Section
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2.11, projectors can significantly change the stiffness properties of highly warped
elements. Such changes would be unacceptable for higher order, high precision
elements.

The key difficulty in extending the FF and ANDES formulations to
higher order, initially curved beam and shell elements centers on the construction
of the basic stiffness matrix. This requirement poses in turn two question sets
that offer opportunity for further research work:

(a) How can a converged equilibrium stress state be precisely characterized
over an initially curved element? Can this state be defined in a con-
tinuous form without going through an “element dimension shrinking”
limiting process? Or, can the state be characterized discretely through
Barlow points without undergoing a limiting process?

(b) How does the solution of (a) impact the definition of the IET? And, can
the IET be made to hold for shell elements (or shell and beam elements)
intersecting at finite angles?

It seems unlikely that the two preceding questions can be fully answered in
the near future. Most likely they may have to be addressed by first looking at
restricted kinds of curved geometries, such as cylinders and spheres. One such
“incremental research path” might be to consider an infinite, circular-cylinder
thin shell under pure extension, pure torsion and uniform pressure solicitations,
and study the perturbation of the exact solution states induced by laying out
an arbitrary mesh on the surface. Such studies may have to rely heavily on
computer algebra systems.

As regards nonlinear solution algorithms for tracing equilibrium paths,
the present state of the art in arc length methods and their variants appears to
satisfactory handle many routine problems, including traversal of smooth limit
points. Certain refinements and extensions to cover difficult cases may, however,
be worth pursuing. Among these the following study areas may be cited:

(1) More comprehensive evaluation of the relative effectiveness of the stan-
dard arc length correctors based on pre-defined algebraic constraints
(e.g. the normal-plane and hyperspherical correctors) versus the orthog-
onal trajectory corrector, and in particular, sensitivity of the latter to
the type of critical point (limit vs. bifurcation) to be traversed.

(2) Robust and effective techniques for automatic traversal of unsymmet-
ric bifurcation points in the absence of a governing energy functional,
and smart procedures for “branch switching” from a secondary to the
primary path without recourse to special techniques such as artificial
imperfections or dynamics.
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A final general recommendation concerns the beneficial “symbiotic” effect of
motivated research. It would be desirable to pursue one or more of the afore-
mentioned research topics not in a thematic isolation, but as component of an
application-driven, integrated research program.
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Appendix |

Beam elements.

A1l1.1 Linear beam elements.

The linear tangent stiffness matrix for the Euler-Bernoulli beam can be found in
several sources such as Hughes [38]. Expressed in local coordinate system with
the local x axis along the beam element as shown in Figure Al.1, the element
stiffness matrix is

r 24 0 0 0 0 0
0 12EL& 0 0 0 651

0 0 128 0 —6Z 0

0 0 0 G 0 0

0 0 —6Z 0 4El 0
K. - 9;,4 655 0 0 0 AEL

—£4 0 0 0 0 0
0 —12Ek 0 0 0 —6ZF

0 0o —12B o 6Lk 0

0 0 0 e 0

0 0 —6Z 0 2 g

i %A 654 0 0 0 —2£C _ (ALD)

—E4 0 0 0 0 0
0 —122& 0 0 0 655

0 0 128 0 —6Zx 0

0 0 0 &L 0

0 0 650u o 28 0
0 —6Z5f 0 0 0o 2k

£4 0 0 0 0 0
0 12EL 0 0 0 -6k

0 0 128 o 6Lfh 0

0 0 0 Gl 0 0

0 0 622 0 4Zb 0

0 —65% 0 0 0 4B ]

l

where I, I, and I, are moments of inertia associated with bending about z,
y and z axis respectivly. E is Young’s modulus and the shear modulus G is

expressed with respect to Young’s modulus and Poisson ratio v as G = ﬁ
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Using the same local coordinate system and material and cross-section
definitions one can express the Timoshenko beam [38] with reduced integration
on the shear energy as

0 0 0 0 0
I 0 0 ca
0 o ¢4 0 —c4 0
2
0 0 0 ¢ 0 0
El,
X GOA _% ’ ( : %) El ) GAl
K — 0 5= 0 0 0 ( T +T)
T -E2 0 0 0 0 0
0o -4 90 0 0 —ca
0 0 -4 0 ga 0
0 0 0o ¢k 0 0
EI,
X GOA _% ! (_ : %) EIO GAIl
. 0 5= 0 0 0 (— T +T)
—£4 0 0 0 0 0 T
0o ¢4 0 0 0 cd
0 I —c4 0
0 0 0 - 0 0
EI,
X OA % X = : %> EI ! A
0 % 0 0 0 (—Ee
E4 0 0 0 0 0
0o € 0 0 0 —c4
0 o ¢4 0 c4 0
0 0 0 g 0 0
X OGA % X (Eljy +GTAZ) EI ) GA
2 l
0o -4 o0 0 0 (B + <)

A1.2 Nonlinear extensions.

The local co-rotated chosen for two node beam elements has the local x axis on
the line through node 1 and 2 as illustrated in Figure A1.1.

i (xo —x1) where [=]|(x2—x1)| . (A1.3)

~| =

The initial local z axis is given by the vector ig, which will usually be defined
by input data. Based on the rotation of each node R; and Ry one compute a
rotated nodal z-axis for each node and the mean z axis z,, as

VA= Rlig, Zo = Rgig and z,, =2z + 2o . (A1.4)
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In general z,,, will not be perpendicular to the beam element, or the local x axis.
The z,, vector is chosen to be in the local (z,y) plane by computing the local y
axis as the cross-product of the local z and z axis

Zoy X 17

f

Finally, the perpendicular z axis is computed as

n
1, =

where f = ||z, Xi7| - (AL1.5)

i =i xil . (A1.6)

This defines the element transformation matrix

T,=|i?" |. (A1.7)

Figure A1.1. Local coordinate system a beam element.

Variation of this coordinate definition, measured in local coordinate sys-
tem, gives the rigid body rotation of the element with respect to the visible
degrees of freedom as

0@, = Gov (A1.8)
where
O mEEE 0 52 0 -Sm 0 g2 00 F 0 -
G=lo 0 + 0 0 0 0 0 -+ 0 0 0
o -+ 0 0 0 0 0 7 0 0 0 0
(A1.9)



In the equation above [ is the element length and the local coordinate z vectors
are defined as

Z~1:c 52:5 Zmg
Z1y ¢ = Thz, Zay ¢ =Thz, and Zmy ¢ = TnZm (A1.10)
Z~1z Z~2z Z;nz

where z1, zo and z, are defined in equation (A1.4) .

153



