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Introduction

1.1 Subject of the book

An imprecise but intuitively clear definition of the shell structure is that
it is a 3D body, with one dimension much smaller that the other two. In
other words, it is a surface in a 3D space equipped with a thickness which is
much smaller than the size of the surface. There are numerous examples of
shells among engineering structures, such as bodies of cars, hulls of ships,
and fuselages of airplanes. Also some civil engineering structures, such as
tanks and roofs can often be considered and analyzed as shells.

However, we must see the difference between shell structures and the
shells defined in mechanics.

In mechanics, the shell designates the 2D governing equations obtained
from equations for a 3D body when using some kinematical assumptions.
The most often used assumption is either the Kirchhoff hypothesis or
the Reissner hypothesis, and each of them implies a different structure
of governing equations. The first hypothesis is preferred in theoretical
works, while the second one is used in computational mechanics, and also
in this book. When the shell equations are treated by the finite element
method, which is the most popular and convenient method for engineering
analysis, we then obtain shell elements. Mostly due to the presence of the
rotational degrees of freedom, the shell elements involve specific problems
not encountered in displacement-type elements.

This book is concerned with finite elements for Reissner shells and its
subject is defined by the following keywords:

1. Computational mechanics of non-linear shells,
2. Shell equations: Reissner kinematics, finite rotations, finite strains,
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3. Shell finite elements: four-node, enhanced or mixed or mixed /enhanced,
4. Drilling rotation: drill rotation constraint or Allman’s shape functions,
5. Normal strain: recovered or parameterized,

6. Constitutive equations: incremental, plane stress or 3D.

The basic information on linear shell elements may be found in some
textbooks on finite elements, but this book contains several advanced top-
ics related to non-linear shells such as, e.g., the parametrization of finite
rotations, the methods of inclusion of the drilling rotation, various meth-
ods of treating the normal strain, and the mixed/enhanced finite elements.
Some of these topics have been the subject of our research for years and
all the described methods have been implemented in our own elements
and tested.

A wide range of applications of shell elements implies that they should
be versatile, i.e. account for finite rotations and strains, admit the incor-
poration of various constitutive laws, and enable convenient linking with
other elements. This is a serious challenge which requires various aspects
of the element’s formulation to be well advanced.

We must be aware that the use of the Reissner hypothesis has not
only positive but also negative consequences. The positive ones are that
the shell elements admit large thickness/size ratios, adequately represent
bending modes, and can be based on C° approximations. The negative
consequences are related to the normal strain and the drilling rotation.

1. Normal strain. The standard Reissner (or Kirchhoff) hypothesis yields
the normal strain component equal to zero which provides an unre-
alistic constraint on bending deformation so that the 3D constitutive
laws cannot be directly used. For this reason, the normal strain must
be either recovered from a suitable auxiliary condition or the shell
kinematics must be enhanced by additional stretch parameters.

2. Drilling rotation. The shell strains obtained from the Green strain by
using the Reissner hypothesis do not depend on the drilling rotation
which is the rotation about the vector normal to the shell surface.
The drilling rotation is needed to use three parameters for increments
of rotations and conveniently link the shell elements with 3D beam
and shell elements. For this reason, we derive shell equations from
the 3D mixed equations which incorporate the drilling rotation as an
independent variable.

The current state of the shell equations and shell elements has been
achieved gradually through the efforts of many researchers which yielded
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thousands of works on the subject. This book benefitted from many of
them, although not all of them have been cited here.

1.2 Notation

General rules of notation

1. Small bold letters - vectors, e.g. v.

2. Capital bold letters - second-rank tensors, e.g. A.

3. Open-face letters - fourth-rank tensors, e.g. C.

4. Arrays of components of vectors and tensors are denoted by the same
letters as vectors and tensors. Sometimes, sans serif fonts are used,
e.g. v, A.

5. Superscript asterisk (*) - forward-rotated objects, e.g. A*,

6. Subscript asterisk (.) - backward-rotated objects, e.g. A,

7. 47 X7 “®” - scalar product, cross product, tensorial product,

8. Symmetric part - sym T = %(T + TT). Besides, T3 =symT,

9. Skew-symmetric part - skew T = %(T —T7T). Besides, T, = skew T,

10. Components of tensors - A;; = A - (t; ® t;) = (At;) - t;,
11. Gradient of a scalar A and gradient of a vector {v;} w.r.t. coordinates
Sk,
[aA}zaA [a”i}z Dvy Dv Dy ik=12,3
oSk 957 | 7 oSk 957 957 957 | ’ » 49
0A Ovi Ovy Ovs
95° 953 953 9s3
(1.1)

List of symbols

1. h - initial shell thickness,

2. ¢ € [-h/2,+h/2] - thickness coordinate,

3. y - position vector in the non-deformed (initial) configuration,

4. x - position vector in the deformed (current) configuration,

5. x: x = x(y) - deformation function,

6. F = 0x/0y - deformation gradient,

7. Q,R € SO(3) - orthogonal (rotation) tensors,

8. Qp € SO(3) - rotation constant over the shell thickness,

9. C = FTF - Cauchy Green tensor,

10. ¢ = skew(Q!F) - Rotation Constraint (RC),
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11. E = (C —1I) - Green strain,
12. nZ mP - shell stress and couple resultant vectors,
13. &4, Kq - strain vectors of zeroth and first order,
14. E,v,G - Young’s modulus, Poisson’s ratio, shear modulus,
15. A, p - Lamé coeflicients.
Reference bases
1. {ix} - global reference ortho-normal basis, k = 1,2, 3,

2. {g,} - local natural basis at the middle surface for the initial configu-

ration, a = 1, 2,

3. {ti} - local ortho-normal basis at the middle surface for the initial
configuration,
4. {ag} - local ortho-normal forward-rotated basis at the middle surface
for the deformed configuration.
Abbreviations
1. AD - Automatic Differentiation
2. AMB - Angular Momentum Balance
3. BC - Boundary Conditions
4. BVP - Boundary Value Problem
5. CL - Constitutive Law
6. DK - Discrete Kirchhoff (elements)
7. dof - degree of freedom
8. FE - Finite Element
9. FD - Finite Difference
10. HR - Hellinger-Reissner (functional)
11. HW - Hu-Washizu (functional)
12. LMB - linear momentum balance
13. PE - Potential Energy
14. PS - Pian—Sumihara (element)
15. RBF - Residual Bending Flexibility (correction)
16. RC - Rotation Constraint
17. RI - Reduced Integration
18. VW - Virtual Work
19. ZNS - Zero Normal Stress (condition)
20. 1D, 2D, 3D - one-dimensional, two-dimensional, three-dimensional
21. 1-F, 2-F, 3-F, 4-F - one-field, two-field, three-field, four-field
22. 2nd PK - second Piola—Kirchhoff (stress)
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Operations on tensors and their
representations

In this chapter, the transformations of tensor representations between var-
ious bases are described; they are needed in the derivation of the shell FEs.

Short introductions to the subject of operations on tensors and their
representations are typically provided in books on continuum mechanics
and on the FE method. A comprehensive introduction to vector and tensor
algebra and analysis can be found, e.g., in [33, 34], where other references
are also listed.

2.1 Cartesian bases

Product of vector and tensor in a Cartesian basis. Let {iz}, k¥ =1,2,3, be
an ortho-normal (Cartesian) basis. A vector v and a 2nd rank tensor A
can be represented in the basis as follows:

v = v i, A:Ajkij@)ik, (2.1)

where the components are v, = v-i;, and A, =1i;-(Aig). Operations
on vectors and tensors have direct counterparts in operations on their
components

Av = (Ajpi; @ i) (v i) = (Ajw) iy,

when using (i; ® i) i; = (ix - i;)ij = 0iij. Denote the vector resulting
from the above multiplication by v and decompose it as follows:

V = U i. (2.2)

From the equality of terms for 1ij,is,i3 in the above two formulas, we
obtain three equations which we can write in a matrix form as follows:
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o1 Ay A Az | | or
Uy | = | A9y Agg Ags vo | . (23)
U3 Az Azz Azz | | v3

This equation contains only components and can be written concisely as
v=Av, (2.4)

where v =[vg], V=[vx], and A = [Axl].

Remark. In general, we should always distinguish an object (vector or
tensor) from an array of its components. However, it is common that
they are both denoted by the same letter, typically a bold one. Although,
undeniably, it is an abuse of notation, it is acceptable when the meaning
of the symbol (or relation) is clear. Hence, often, instead of two forms,
v=Av and v=Av, only the first one is used.

Transformation of vector and tensor components between Cartesian bases. Con-
sider two ortho-normal (Cartesian) bases: the global {ix} and the local
{tr}, k =1,2,3. Assume that t; = Riy, where R € SO(3) is a
rotation tensor which describes the angular position of {t;} relative to
{ix}. Transformations of components of vectors and second-rank tensors
between these bases are performed as described below.

Vectors. An arbitrary vector v can be represented in these two bases
as follows
vV = v i = U ty, (2.5)

where the components are vy =v-ip and 9 =v-t;. Because
t, = ];{i]€ = (Rmnim ® in) ik = Rmkim; (2.6)

thus, eq. (2.5) yields
Uk ik = Uk Bong im, (2.7)

which implies the relation between components
U = RimUm or v=Rv, (2.8)

where v = [vg], Vv = [x], and the rotation matrix R = [R,x]. To
verify this equation, we write each side of eq. (2.7) separately,
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Uiy = viip + vaio,
U Rk im, = 01(R11 11 + Ro1d2) + U2(Ri2i1 + Razia)
= (271R11 + @Qng) i + (771R21 —+ T)QRQQ) is.

Then, from equality of terms for i; and 1is, we obtain
vy Ri1 Rig | |01
= T, 2.9
|:7)2:| [RQI R22:| |:UQ:| (29)
which is the second form of eq. (2.8). The components of v in the local
{tr} are computed from eq. (2.8), i.e.

v=Rtv=RTv. (2.10)

Second-rank tensors. An arbitrary second-rank tensor T can be rep-
resented in the two considered bases as follows:

A:Ajklj@)lk :Ajktj ® tg, (211)
where the components are Aj; =1i; - (Aiy) and Aj; =t;- (Atg). By
eq. (2.6), tj = Ry iy, and ty = Ryii,, and hence

Ajktj @ty = A]kijRnkim ® ip.
Using this formula, and by the change of summation indices, eq. (2.11)
provides Ajr = ApnRjmBRy,, or, in terms of the earlier introduced
rotation matrix R = [R,],

A =RART, (2.12)

where A = [A;] and A = [Aj;] are matrices of components. If the
components of A and R in {ix} are given, then we can compute
the components of A in the local basis {t;} as follows:

A =RTAR. (2.13)

This formula can be checked in a similar manner as the one for vectors
but, due to a large number of terms, a symbolic manipulator is helpful.

Forward- and backward-rotated objects in Cartesian bases. Instead of trans-
forming components from one Cartesian basis to another, as described
earlier, we can operate on forward- or backward-rotated objects and use
only one basis, i.e. the reference basis {iy}. Then, the use of the same
symbol for an object and an array of its components typically does not
cause errors. Below, we identify two situations in which the use of rotated
objects is particularly useful.
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1. Define the forward-rotated basis {tx}, such that t; =Rig, and
R € SO(3). Consider the vector v and the second-rank tensor A, and
define their backward-rotated counterparts,

vi=RTv, A,=RTAR. (2.14)

Let us calculate components of the original vector and tensor in the
forward-rotated basis:

vty =v-(Riy) = RTV) i = v, - if, (2.15)

t; - (Aty) = (Rij) - (ARig) = i; - (RTAR) =i, - (Aig).  (2.16)

We see that that they are equal to components of the backward-rotated
objects in the reference basis.

This property can be applied, e.g., to strain E, which is computed
in the global {ix} but we need its components in the local {t;}. By
eq. (2.16), we can use the components of the backward-rotated E, =
RTER in the global {i}.

2. Define the forward-rotated basis {ax}, such that a; = Qt; and
Q € SO(3). Consider the vector v and the 2nd rank tensor A and
define their forward-rotated counterparts,

vi=Qu, A*=QAQ". (2.17)

Note that
v-tr=v-(Qlay) = (Qv) -a, =v*-ay, (2.18)

t, - (Tt) =(Q"ay) (AQ"a) =a,- (QAQTa) = a, - (A*a), (2.19)

i.e. they are equal to the components of the forward-rotated objects in the
forward-rotated basis. This property enables the use of co-rotational local
bases in the finite rotation problems.

Remark. Note that components of tensors can be arranged as vectors
of tensorial components which is particularly useful when transforming
a constitutive matrix from one basis to another, e.g. for orthotropic ma-
terials. For such vectors, the rotate-forward operation, R.(-)R”, can
be replaced by the operator T. For symmetric tensors, we have to use
two operators; the respective formulas can be derived as a special case
of a transformation between a non-orthogonal and a Cartesian basis, see
egs. (2.38) and (2.39).
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2.2 Normal bases

In shells, the normal basis is defined as the one in which the normal vector
ts is perpendicular to the tangent vectors. Various tangent vectors are
used.

Transformation of contravariant in-plane components of vector and tensor. Com-
ponents of vectors and tensors in the ortho-normal basis {t;} are ob-
tained from contravariant components in the natural (non-orthogonal)
basis {g;}, assuming that the normal vectors are identical, i.e. t3 = gs.
In other words, the vectors t, and g, (a=1,2) belong to the same
local tangent plane, see Fig. 2.1.

t3=93

9,

t, 9

Fig. 2.1 Cartesian basis {t;} and natural basis {g,} share the normal vector.

The transformation procedure is slightly complicated because the compo-
nents of a vector v in the non-orthogonal {g,} cannot be obtained by
orthogonal projections because vy # v-g; and vy # v-g,, see Fig. 2.2.
However, by the orthogonal projections, we can obtain the components
in {t,}, which we subsequently use to obtain the components in the
non-orthogonal {g,}.

Vectors. A transformation formula for the components of a vector v is
obtained in the following way. First, we calculate the components in {t,},
ie. v2 = v-t, Next, we transform them to the skew co-basis {g},

using eq. (10.52)2 rewritten as follows:
t1 = Jug + Ji28°, to = Jor g + Jo g’

where J,3 are components of the 2 x 2 Jacobian matrix of the local
mapping &7 +— S%, seeeq. (11.13). Finally, we identify the contravariant
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Fig.2.2 Components of v in a natural basis {g,, } cannot be obtained by orthogonal
projections.

components v* =v-g® of the vector v =v%g,. The transformations
are performed as follows,
o] = vty = v (Jug'+J12g?) = Ju(v-gh) + Jia(v-g?) = Jip vt + J12 07,

U‘Qg =v-tg=v- (J21g1+J22g2) = JQl(V'g1)+J22(V'g2) =Jn 1)1+J22 V2.

[Zg] =J [5;] (2.20)

The matrix form is

Second rank tensors. The transformation formulas for the 2nd rank ten-
sor A can be obtained similarly as for the vector. First, we calculate the
components Agﬁ =t (Atg) in {t;}. Next, we transform them to the
skew co-basis {g“}, using eq. (10.52)2 rewritten as

t1=Jig + Jizg%, to = Jo1 g' + Joo g%,

where J,g are components of the Jacobian matrix, J. Finally, we
identify contravariant components A%° = g®.(AgP®) of the tensor
A=A%g gs- The transformations are performed as follows:

AT =t (Aty) = (Jug' + J12g?) - [A (Jug! + Ji2g?)]
=Jh AN+ T3 A 4 T Jip AP + i AP

A5y =t (Ato) = (Jorg' + Jog?) - [A (Jo1g' + Jrog?)]
= J3 AY £ J2 A% Jpedoy AV 4 Jandyy A%
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ATy =ty (Ate) = (Jigh + Ji2g?) - [A (Jor g + Jo g°)]
= Ji1Jor AM + Jiadag A% 4 Ji1Jog AV 4 J1adoy AH

A5 =t (Aty) = (a1 g + Jog?) - [A (Jug + Ji2g?)]
= Ji1Jn Al + J19J99 A?? + J12J91 Al? + J11J29 AL

We can rewrite the above formulas in the vector-matrix form as
AS =T AS, (2.21)

where

I It Judiz JiiJie
J3 I3 Jndaa Jada
Jindor  Jiadae  Jiidee  Jizdor |

Jindor  Jiedoe Jiodor Jiidae

A 4
A A
S - 22 § -
Av - AfQ ) Av - A12
A3 A

If AY and AS are rewritten as 2 x 2 matrices then, instead of using
the transformation operator T, we can write

AS =JASJT. (2.22)

The equivalence of A and Af can be verified by comparing their
corresponding components, i.e. (1,1) < (1), (2,2) < (2), (1,2) < (3)
and (2,1) < (4).

Transformation of covariant in-plane components of vector and tensor. Compo-
nents of vectors and tensors in the ortho-normal basis {t;} are obtained
from the covariant components in the co-basis {g'}, assuming that the
normal vectors are identical, i.e. t3 = g®. Again, the components in {g’}

cannot be obtained by orthogonal projections.

Vectors. The transformation formula for the vector v is obtained in the
following steps. First, we calculate the components vg =v-t, in {t;}.

Next, we transform them to the skew co-basis {g,}, using eq. (10.44),
rewritten as follows:
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ti=J5 e+ o g to=J5 g+ Jo g

where Jigl are components of the 2 x 2 Jacobian matrix, J~!, defined
in eq. (10.49). Finally, we identify the covariant components v, =v-g,
of the vector v =wv,g% The transformations are performed as follows:
vP = vty = v (J g ') = It (vegh )+ ot (veg?) = Tt okt e,
vy = vty = v-(J gl +n'g?) = It (vgh)+J5t (v-g?) = TRt vitJy va.

In matrix form, we have

[Ui} _gyr [vl] . (2.23)

Ug ()

Second-rank tensors. The transformation formulas for the second-rank
tensor A can be obtained similarly as for a vector. Now we shall identify
the covariant components A, = g, (A gg) of the tensor A = A,3g"®
g’. By analogy to eq. (2.22), we obtain

A =T HT AT (2.24)

By analogy to eq. (2.21), we can rewrite eq. (2.24) in the vector-matrix
form
A =T Ay, (2.25)
where
O T S C ¥ S T TR TR T
e | URP Un) Jodn i Jn
J1_11J1_21 J2_11J2_21 Jl_l1j2_21 J2_11J1_21 ’
Jiu iy Jardee Ja i i Jn

Agl A

A A
AS - 22 , A - 22
v AL T An
A3 A2

Note that T* can be obtained from T by replacing J,s with J_o},

in which the order of indices af3 is reversed. Hence, T* = T, as can
be readily checked. The equivalence of A® and Af can be verified by
comparing their corresponding components, i.e. (1,1) < (1), (2,2) < (2),
(1,2) < (3), and (2,1) < (4).
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Check: Invariance of scalar product. We can check the correctness of the
tensorial formulas of egs. (2.22) and (2.24) by calculating a scalar product
of two tensors,

AS=JA8JT, B =0 HTB.J L

Such a product appears, e.g., in the strain energy, W = %a’ -e. Using
eq. (2.22) and (2.24), we obtain

A%.B® = tr[A(B)T] = tr(JALITI "B I ') = tr(A* Bf) = AS-B,.
The same can be repeated for the vectors of tensorial components of
egs. (2.21) and (2.25), i.e.

AY=TAj, B)=T By

in which the 4 x 4 operators T and T* appear. The scalar product of
the vectors is

A5 -BJ = A5 (TTT" Bye) = AS - By,

using TTT* = TTT-T =1. We see that the scalar product is invariant
for both ways of calculation, as required.

Transformation of transverse («3 and 3«) components. The transverse com-
ponents in the ortho-normal basis {t;} can be obtained from the com-
ponents either in the basis {g;} or in the co-basis {g'}. We assume
that the normal vectors are identical, i.e. t3 = g5 = g®. The derivation
is analogous to the one for the in-plane components.

Contravariant components. The transformations are as follows:
Afy =t1- (Ats) = (Jug' + Ji2g?) - (A g°) = Jig AP + Jip A%,
Afy =ty (Ats) = (Jarg' + Jo2g®) - (A g%) = Joy A + Jpy A%
and
Af) =t3- (Aty) =g° (A [Jug' + Jiog?)] = Ju1 A¥ + J1p A%,
Afy =t3- (Aty) =g°  [A (Jarg' + Joag?)] = Jo1 A% + Jpp A%,

where the contravariant components are A% =g®.(Ag®) and A3 =
g3 (Ag®). We can rewrite the above formulas in the vector-matrix form

as follows: S " s a1
A A A A
] al] []-elie] e
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Covariant components. The transformations are
Aig:a =t (Atg) = (Jﬂl g+ Jil 82) - (A g3) = Jﬂl Az + Jil Ass,
A§3 =ty (Aty) = (J1_21 g+ J2_21 8) - (A g3) = J1_21 Az + Jz_z1 Ass
and
A =t (At) =g” - (A [Jy'g! + 0y %)) = I Asn + Ty Ase,
A3 =ty (Atg) =g° [A (i3 ' + 3y’ &°)] = Jiy! At + 3y’ Ao,

where the covariant components are A,z = g, - (Ags) and Az, =
g3 (A g,). We can rewrite the above formulas in the vector-matrix form
as follows:

Aigs] -T [AB] {Ag ] -7 {Am]
—J , - . 9.27
[A% Ao AS, As2 (2:27)

Symmetric second-rank tensors. Now we consider the case when A® and
A, for the in-plane (o) components are symmetric tensors. The tenso-
rial eq. (2.22) and (2.24) remain valid, but we may simplify the formulas
involving the 4 x 4 operators T and T* as follows.

Contravariant components. For a symmetric AS, when A% = A2
we may simplify eq. (2.21) by adding the third and fourth column of T,
and by omitting the row for A, which is identical as the row for Af).
Then,

T=| J3 J3, 2.J21 J22 , (2.28)
Judor Jiedao JiiJoo + Ji2don
3 an
A= |, age |
s a2

This form is useful in three applications in which vectors of the contravari-
ant components appear:

1. in the strain energy W = %0"6, for the stresses o = [o!!, 022, o127
2. in the Assumed Stress methods, for the stresses o = [o!1, 022, o12]T

3. in the Assumed Strain methods, for the strains e = [g!!, £22, 212]T.

)
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Covariant components. Re-defined operator. For a symmetric Ag, when
Aoy = Aje, we can add the third and fourth columns and retain only
A7y, because A5 = A7,. Then, in eq. (2.25) we have

(T (Jh)? 21, Jor
T = | (J')?  (J3')? 2J15 Joy' : (2.29)
IR TRt Tt + It
A7 An
A= A5, A= |Ap
AT, Aro

However, the above 3 x 3 operator T* is deficient because it is not equal
to T-T for T ofeq. (2.28). Recall that this property holds for the 4 x 4
operators and is necessary to maintain invariance of the scalar product.
Unfortunately, it was destroyed while accounting for the symmetry of the
tensors. To remedy the problem, we do not use T* of eq. (2.29), but we
define
R I A S
5 =T" =| (Jp; )? (J221)2 J121J221 ;o (2.30)
20 Tt 205 Tt T gt It T

where T is specified in eq. (2.28). Using components of J instead of
J~!, we can obtain another, equivalent, form

1 J3 J3 —J21J22
—2J19J20 —2J11Jo1 Jiidoo + Ji2Jan

where detJ = Jy1Jog — Ji2Jo1.

Note that eq. (2.29), but with T** of eq. (2.30) or (2.31) used instead
of T*, can be applied to the strain energy, W = %a - g, for the vector

of covariant strain components € = [g11, €22, 2c12]7.

Check: Invariance of strain energy. For the symmetric tensors, the tenso-
rial formulas are identical as for non-symmetric ones for which we already
checked the invariance of the scalar product. Using the formulas with the
3 x 3 operators T and T, we have

S S Kok
o, =T oy, ey, =T gy,



Normal bases 17

where the vector of contravariant stresses o5 = [011, 022, 612]7 and the
vector of covariant strains e,¢ = [e11, €22, 2¢12]T. The strain energy can
be expressed as W = %crf -5, where the scalar product of the vectors

1S

11

oS &5

WoAES o'f, . (TTT** Evg) = ag “Eye =0 €11+ 02299 + 2012615,

An identical invariant form is obtained by tensorial operations.

Transformation of second-rank tensors between two Cartesian bases. Now we
assume that g; = g® =t3, and that {g,} isan ortho-normal basis, so
gt = g,. We obtain the components in the ortho-normal basis {t;} by
simplification of the earlier derived general formulas. Then, the Jacobian
matrix is simply a proper orthogonal matrix, i.e.

J:[Z“Z}:R, c=cosa, s=sina, (2.32)

where « is the angle of rotation about t3. Note that J~' =R” and
detJ = 1.

Non-symmetric tensors. For the in-plane (af) components, the trans-
formation rules of egs. (2.22) and (2.24) become identical,

A =RA’RT, A°=RA.R". (2.33)

Also, the 4 x 4 operators become identical, i.e.

[ TR Jh JinJiz Judie 2 s —sc —sc

T = I3 I3y Jndrn Jadwn| |88 & sc osc
Jindor  Jiedoe Judae Jieda sc —sc 2 —s?|’
L J1dor Jiedee Ji2dor JiiJao sc —sc —s? 2
[ ) Ity IR s 2 s —sc —sc

- [i5 BE RERE [ T
Jl’llJlgl J2*11J2*21 J1*11J2*21 J2’11J1*21 sc —sc —s? 2
LJ11J12 Jor Jag Jog 1o Ji1 Jao

so T* =T, and the transformation rules of egs. (2.21) and (2.25) become
identical,
AY=TAS, B =TB,. (2.34)
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For the transverse (a3 and 3a) components, we have J = J T = R,
and the transformation rules of egs. (2.26) and (2.27) become identical,

AS A13 AS A31
) emlle] [3g]-r[ie] ew
Al _ g [Aws A5 _ g [As
[ Agg] —R[ el [ -r{ A (2.36)

Symmetric tensors. For the in-plane (o) components, the operators T
of eq. (2.28) and T** of eq. (2.31) assume the forms

J121 J122 2J11J12 C2 52 —2sc
T = J221 J222 2J21J22 = 82 62 2sc s
Jiidor Jiedee (Jiidae + JizJor) sc —sc ?—s?
1 I3 J3 —Jo1J22
S Gt 32 JZ JZ —JuJiz
—2J12J20 —2J11J21 Ji1J2a2 + Ji2Jan
C2 52 —S8C
= | s? c? sc = T*T,
2s¢  —2s¢  c*— §?

and egs. (2.21) and (2.25) become
AY=TAS, B =T 7B,
The scalar product of them is invariant, i.e.
A -B) = AL -[(TTT™T) By = A® - Be.

We can check that detT = 1, but T~ ! # TT, ie. T is not an
orthogonal matrix. Besides, T~ !(a) = T(—a).

For the symmetric transverse components (a3 = 3a), egs. (2.26) and
(2.27) yield

) omlaa) 4] -m[d]
=R , 3 =R . 2.37
I:Agg A23 Agz A32 ( )
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Combining the above formulas for in-plane (a3) components and the
transverse («3) components, yields the following transformation operators
for a symmetric tensor:

- for “contravariant” components,

-Afl- (2 s 0] —2s¢ 0 01 TAMNT
A3 s2 ¢ 0] 2sc 0 ol | A22
Ay 0 0 1 0 0 0] |Aa33
AfQ " |sc—sc 0] —s* 0 0 A2 | (2.38)
Ay 0 0 0 0 ¢ —s| A3
| A3 ] L0 0 0 0 s c] [ A%
- for “covariant” components,
(ARl [ & 82 0 —sc 0 0] [Au]
Az, s ¢ 0 sc 0 0 |Ax
A% | _ 0 0 1 0 0 0l | Ass
Aiqz T 1 2s¢ —2s¢ 0l —s%2 0 0 Ay (2.39)
Afg 0 0 0 0 C —8 A13
L A§3 . L O 0 O 0 S cl L A23 |

Note that the terms “contravariant” and “covariant” components are used
above only to maintain their relation to the non-orthogonal bases and to
indicate that applications of these formulas are similar to those of the
subsection Symmetric second-rank tensors.

2.3 Gradients and derivatives

Representation of a gradient of vector. The gradient of vector a = alj
w.r.t. the vector b = b¥i; is the second-rank tensor, which in the basis
{ix}, assumes the form

da dal
ob  Obk
The matrix of its components is

G= @i, k=123 (2.40)

dal  dal  Bal
o I obl ob? ob3
a 2 2 2
-~ — | 9 ol 0
o= |- 1% % B 2.1
9a®  9a®  9ad?
obl ob? ob3
Note that, accepting the standard abuse of notation, we can also use the
same letter G to denote the tensor and the array of its components.
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Derivatives of shape functions w.r.t. Cartesian coordinates. The shape func-

tions are functions of natural coordinates §,n € [—1,+1] but, using a

chain rule, we can calculate their derivatives w.r.t. the Cartesian coordi-

nates x,y. Then, we obtain

ON1(&n) ONy 06 | ONp9n 9¢ 9n7 roNg
or :[35 oz on 8z]:[8$ 8x] [8{] (242)

ON1(&m) ON; 9§ | ONrOn 9§ On ONg
oy o9& 9y on Oy Jdy Oy On

The derivatives ON;/0¢ and ONj;/On can be explicitly calculated,
while for the matrix

96 0On
. oxr Oz
A=15 ay ] (2.43)
dy Oy
we shall find its relation to the Jacobian matrix and its inverse defined as
% 1[5 %
J= [ ”] 7= [ K ”] : (2.44)
0 0 ? a ox
a—g 8—% det J _8% %
We can verify that
A C
T — —_—
where
. 060x 0&0y  dE . Ondx 0Ondy dn
ow 0t Toyoe de dron Coyon dn

L 060w ogdy _de

 Ox0n  Oyon dn
Hence, A =J~T, and the derivatives of shape functions w.r.t. Cartesian
coordinates can be calculated by the formula

* — T _ on ¢
ON1(&:n) =) [81\&] ~ detJ [_8:0 oz ] [8]\71] (2.46)
Jy on On O an

Finally, we note that we can use as {x,y} and J, the Cartesian
coordinates and the Jacobian matrices introduced in Sect. 10.3:

1. for the reference Cartesian coordinates {y!,7%}, J is the upper 2 x 2
matrix of Jg of eq. (10.38), or

2. for the local Cartesian coordinates {S!,S%}, J is the upper 2 x 2
matrix of Jr of eq. (10.39). An alternative form of this matrix is
given in eq. (11.13).
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3

Rotations for 3D Cauchy continuum

In this chapter we consider the classical configuration space of the non-
polar Cauchy continuum, defined as

C={x: B— R%, (3.1)

where x is the deformation function defined over the reference configu-
ration of the body B. The rotations are calculated from the deformation
gradient, F = Vyx , and are not independent variables.

3.1 Polar decomposition of deformation gradient

In the non-polar Cauchy media, the rotations associated with deformation
can be obtained by the polar decomposition of the deformation gradient,
which appears in two forms: right and left. The right polar decomposition
is given by the formula

F =RU, (3.2)

where U = (FTF)% is the right stretching tensor (symmetric and pos-
itive definite) and R = FU™! € SO(3) is a rotation tensor. The left
polar decomposition is

F = VR, (3.3)

where V = (FFT)% is the left stretching tensor, also symmetric and
positive definite. Then the rotation tensor is calculated as R = V~!F ¢

SO(3).
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Uniqueness of polar decomposition. The proof of uniqueness of the decom-
position (3.2) follows the standard lines, and is given, e.g., in [115], p. 77
or [159], p. 93.

Properties of U. The properties of U result from the properties of
C = FTF. First, C is symmetric as (FTF)T = FI(FT)T = FTF.
Symmetry of U can be shown directly by using the Cayley—Hamilton
theorem, see [236], eq. (2.7). Another way is to note that C> is an
isotropic function, i.e.

1 1
QC2Q" = (QCQ’)z, (3.4)
for an arbitrary Q € SO(3), thus, by Serrin’s theorem, it can be repre-
sented as C% =aol +a:C + ayC2. Hence, U = C% is symmetric as
a polynomial of symmetric tensors.

Next, C is positive definite, which can be shown by considering a
line element, dx = FdX, where detF # 0 and dX # 0. A square of
a length of the line element is positive, i.e.

dx - dx = (FdX) - (FdX) = dX - (FTF dX) > 0, (3.5)

where the last form is a definition of positive definiteness of F'F = C.

By the definition of a square root function in spectral representations, also
1

U = C2 is positive definite.

Algorithm for calculation of U for given C. The eigenvalues of C are real
and positive and its eigenvectors are pairwise orthogonal. Denote these
eigenvalues as )\12 and the eigenvectors as v; (i =1,2,3), and arrange
them as matrices as follows:

A =diag [\, A3, \3], Q = [vi|valvs],

where A is a diagonal matrix and Q is an orthogonal matrix. Then
C is represented as

C=Q7AQ, (3.6)
where the position of Q and QT can be interchanged. The standard
steps to calculate U = C3 are shown in Table 3.1. Note that U is not
diagonal but is symmetric and positive definite. The algorithm to find a
square root of a symmetric positive definite 3 x 3 matrix is described, e.g.,
in [75]. Note that for U = QTA2Q, weobtain F=RU =RQ7A:Q,
which is a relation for the deformation gradient in which the stretches and
the orthogonal tensors are separated.
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Table 3.1 Calculation of square root of C.

1. calculate eigenvectors of C: Q

2. rotate forward C: QCcQT =4

3. calculate square root of A: Az = diag [\//\?, \//\73, \/)\7%]
4. rotate backward AZ: QTAzQ=C:z =U.

Properties of R. Orthogonality of R is shown as
R'R= (U HYFIFU'=U VU ' =L (3.7)

From this condition we obtain det(R'R) = (detR)? =1, i.e. a relation
for the square of the determinant. To establish the sign of detR, we
note that detR = det(FU™!) = (detF)/(det U). Positive definiteness
of U implies that the principal stretches X; > 0 and, hence, detU =
A1A2A3 > 0. Besides, we must take detF > 0 to exclude annihilation
of line elements and negative volumes, see [159], pp. 85 and 87. Hence,

(det F)/(detU) > 0 and, therefore, detR = +1.

3.2 Rotation Constraint equation

Instead of calculating R as FU™!, we can find a tensor Q € SO(3),
by solving the RC equation
¢ = skew(Q'F) = 0. (3.8)

This it permitted because the equations Q'F =U and skew(Q'F) =
0, are equivalent, which is shown below.

1. skew(Q'F)=0 = Q'F=TU.

From skew(Q'F) =0 we have Q'F =F'Q = (Q'F)”, ie. Q'F
is symmetric. Using this symmetry, we have
Q'F)’=(Q'FQ'F)=(Q'F)(QF)=F'QQF=U" (39
It remains to show that QTF # —U. Because U? = C is positive
definite, so also is (Q'F)2. By the definition of a square root function
in a spectral representation, also QTF = [(QTF)Q]% is positive definite,
similarly as U obtained from C. This implies that eigenvalues of Q'F
are positive, similarly as principal stretches );, and that QTF = +U.
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Remark. We can also compare signs of Q'F and U by examining
signs of their scalar invariants, but the results are not conclusive because of
the first invariant. Both the third invariants are positive, as det(Q'F) =
(det QT)(det F) = det F > 0 and also det U = A A3 > 0, as principal
stretches A; > 0. Also, the second invariants are positive, as

tr(Q F)? = tr(FTF) =F -F > 0, (3.10)

using eq. (3.9), and trU? = A\ Ao+ AaA3+A3A; >0 as )\; > 0. For the
first invariants, we have trU =X + X3+ A3 >0 as A; >0, but there
is a problem with tr(QTF). For instance, for the 2D case, when

cosw —sinw F— Fi1 Fis
sinw cosw |’ | Fa Py’

Q= (3.11)

we obtain tr(Q'F) = Q-F = cosw(F; +Fa) +sinw(Fa; —F12). Noting
that detF = F11Fb — Fi2F5; > 0, and even assuming small rotations,
w ~ 0, for which tr(QTF) ~ (Fi1 + Fa2) + w(Fa; — Fyo), it is still
difficult to determine the sign of this invariant.

2. Q'F=U = skew(Q'F)=0.
From the symmetry condition, U = U7?, we obtain (QTF) = (QTF)7,
which can be rewritten as skew(QTF) = 0.

This ends the proof that the conditions skew(Q'F) =0 and Q'F =
U are fully equivalent. O

Finally, we note that the RC equation provides a link between the
deformation gradient and the rotations, and can be used to derive mixed
formulations including rotations, see Sect. 4.

Relaxed stretching tensors.  Using the product Q’F, which was a basis
of the RC equation, we can define two relaxed right stretching tensors:

1. the symmetric relazed right stretching tensor
U = sym(QTF). (3.12)
If skew(Q'F) =0, then sym(Q'F)= U, as in the proof above.
2. the non-symmetric relazed right stretching tensor
U, = Q'F. (3.13)

If skew(Q'F) =0, then QTF =sym(Q”F)=TU. The tensor U,
is used in the two-field formulation with unconstrained equations, see
Sect. 4.6.
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3.3 Interpretation of rotation Q

The rotation Q provided by the RC equation can also be physically
interpreted in the range of large rotations, if we parameterize F in
terms of rotations and stretches of a pair of initially ortho-normal vectors.

Fig. 3.1 Deformation of a pair of vectors t; and ts.

Consider a 2D (planar) body, and denote by t; and t2 two
ortho-normal vectors associated with the non-deformed configuration, see
Fig. 3.1. Under deformation, each of these vectors is rotated and stretched,

t7 =Ft; = \Qt1,  t5 = Fty = \Qybo, (3.14)

where A1, Ay > 0 are scalar stretch parameters and Q;, Q, are two
rotation tensors, each depending on one rotation angle f3,, o = 1,2.
The length of t; and to is preserved if A; = Ao =1 and the angle
between them remains unchanged for 31 = #3. Note that we can define
the deformation gradient as F = A\ Q; (t;1 ®t1)+A2Qy (t2®t2) because
products of it with t; and to yield expressions of eq. (3.14).

For the representations

F=F,5t,®tg,
Qa(ﬁa) = Ca (tl ® t1 + t2 ® t2) + Sa (t2 X tl - t1 X t2)7 (3'15)

where s, =sinf, and ¢, = cosf,, from eq. (3.14) we obtain

Fii=XMc, Fia=X(=s2), Fu=>As1, Fn=>XNc, (3.16)
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which are algebraic and nonlinear formulas for F,3 in terms of four new
parameters {1, g, (1,02}

Next, we shall find a relation between the rotation angles ([, and
the angle w of the rotation Q wusing the RC equation. For Q(w) =
cosw (t1 @t +t2@t2) +sinw (L2 @t —t; @t2), the RC equation becomes

(Fp1 — Fi9) cosw — (F11 + Fa) sinw = 0. (3.17)
Using the components of the deformation gradients of eq. (3.16), we obtain
[A1s1 — Aa(—s2)] cosw — (A1c1 + Aacg) sinw = 0. (3.18)

Assuming cosw # 0, and (A1 + Aaca) # 0, we obtain

 A1s1+ Aasa s1+ 82

A1c1 + Aace c+e’
where the last form was obtained for small stretches, A, ~ 1. Using
trigonometric identities,

tan w

(3.19)

tanw & tan b _5/82. (3.20)

Hence,
1
wz§(ﬁ1+ﬂg)—|—kw, k=0,...,K, (3.21)
i.e. the angle w yielded by the RC is an average of rotations of vectors

t1 and to. This result, obtained for large rotations, provides a clear
physical interpretation of Q.

For rigid body rotation, the length of vectors t; and to is constant,
and their rotation angles are identical, i.e. \j = Ao =1, and (1 = F2 = .
Then, eq. (3.14) becomes

Ft; = Q(8) t1, Fty = Q(0) t2 (3.22)

and the deformation gradient F = Q(3) (t1 ® t1 + t2 ® t2) = Q(H)I =
Q(f). Hence, eq. (3.21) becomes

w=pF+km, (3.23)

i.e. the angle w yielded by the RC is equal to the angle 3 of the rigid
body rotation.

Summarizing the above two cases, we see that, in general, Q cannot
be interpreted as a rigid rotation. This is also true for the rotation R
yielded by the polar decomposition of F, because R = Q.
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3.4 Rate form of RC equation

The rate form of the RC equation has the advantage that it can be equiv-
alently expressed in terms of the angular velocity and the spatial velocity
gradient.

Differentiation w.r.t. time of the RC equation (3.8) yields
skew(Q'F + QTF) = 0. (3.24)

From the definitions of the spatial (left) angular velocity, @* = QQT,
and the spatial velocity gradient, Vv = FF~! we obtain

Q=&"Q, F=VvF, (3.25)
for which, eq. (3.24) becomes
skew (QTAF) =0,  where A=-&* +Vv. (3.26)

Next, we apply the rotation-forward operation, Q(-) QT and rewrite
eq. (3.26) as
AV - VAT =0, (3.27)

where V = QUQ? = FQT is the left stretching tensor, symmetric
and positive definite. The split of A into a symmetric part and a skew-
symmetric part yields A = A; + A,, where A; = symVv and
A, = —&" +skewVv. Then eq. (3.26) becomes

(A,V—VA,) + (A, V-VAD) =o0. (3.28)
Note that the first part,
A,V — VA, =2skew(A;V) =0, (3.29)

because a skew part of a symmetric tensor is equal to zero. Hence, only
the second part of eq. (3.28) remains,

A,V +VA, =0, (3.30)

in which A, is skew-symmetric, and V is symmetric and positive
definite. By Lemma 3.1 in [214], this equation is satisfied only if A, = 0,
which yields

w* — skewVv = 0. (3.31)

This relation is equivalent to the rate form of the RC equation of eq. (3.24).
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3.5 Rotations calculated from the RC equation

Assume that F is given, and find the rotations from the RC equation.

The solution of the RC of eq. (3.8) is trivial for a rigid rotation, when
F = Q, asthen skew(Q'F) = skew(QTQ) = skewI = 0, i.e. the RC
equation is an identity.

For large rotations, the RC of eq. (3.8) yields a system of non-linear
equations for {i1,9,13}, where ¢; = (¢); and 1 is the rotation
vector, e.g. the canonical vector of eq. (8.79). Methods of solution of these
nonlinear equations for a 2D problem are discussed in Sect. 12.1.

_ If we assume that rotations are small, then Q ~ I+ 1,~b, where
1 =1 x I €s0(3). Then the RC equation becomes

¢ = skew(QTF) = skew [(I + @Z)TF} = skewF + skew(¢TF) = 0. (3.32)

These are three equations which can be rewritten as

—F3 —F3 (Fi1+Fy) | [ Fig — Fy
Fy —(Fi1 + Fs3) Fa3 o | = — | Fiz3 — F31 |,
(Fao + F33) —Fi9 —Fi3 )3 Fy3 — F3o
(3.33)

where Fj; = (F);;. Note that for F =1, the determinant of the matrix
is equal to 8 and the r.h.s. vector is equal to zero. Hence, a unique solution
exists and is equal to zero.

A unique solution does not exist, e.g., when (i) the off-diagonal com-
ponents are equal to zero, i.e. Fo,3 = F3, =0 and Fjo = Fo; =0, and
(ii) at least one of the following conditions for the diagonal components is
satisfied: F11 == —F22 or F11 == —F33 or F22 = —F33.
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3D formulations with rotations

In this chapter, the formulations including rotations as an independent
(primary) variable are derived for a 3D continuum. The derived functionals
amount to various forms of the potential energy modified by the Rotation
Constraint; their extensions to the Hu—Washizu and Hellinger—Reissner
functionals are provided in Sect. 12. Some of these 3D formulations are
used in subsequent chapters as a basis for derivation of shell equations.

Extended configuration space. The classical configuration space of the non-
polar Cauchy continuum is defined as

C={x: B— R, (4.1)

where x is the deformation function defined over the reference configu-
ration of the body B. In the present section, we consider the extended
configuration space, defined in terms of the deformation function x and
rotations R € SO(3). We do not account for gradients of rotations,
similarly as in the pseudo-Cosserat continuum, see [59, 128, 238]. The
rotations are generated by the (left) skew-symmetric tensor 60 = dRR”
(in the sense explained for the weak form AMB equation), and are treated
in two different ways:

e remain unconstrained, as in the Cosserat-type continuum. Then the
extended configuration space is defined as

Coxt = {(x,R) : B — R>x S0(3)}. (4.2)

Note that x does not belong to the classical configuration space. This
approach to rotations is quite popular in shells, which can be treated
as pseudo-Cosserat surfaces, see e.g. [244, 52, 200] and the papers cited
therein.



Governing equations 31

e are constrained, either by the polar decomposition of F equation
(3.2) or the RC equation (3.8). Then the extended configuration space
is defined as

Coxt = {(x,R): B— R*xS0(3) | x€cC}, (4.3)

where C is the classical configuration space. Note that x is required
to belong to C, i.e. it is identical as for the classical non-polar Cauchy
continuum, see [128, 238, 74, 175, 13]. This approach is used in [252,
253, 254], to define the second-order kinematics of shells.

The basic formulation of this chapter is given for the nominal stress from
which the formulations for other types of stress are derived. The formu-
lations based on the Biot stress, see [191, 42, 249], and the formulations
based on the second Piola—Kirchhoff stress, see [99, 214], are presented.
Several variational principles are also summarized in [9].

Four-field (4-F) formulation exploits the polar decomposition equation,
while the three-field (3-F) formulations are based on the RC equation.
Two-field (2-F) formulations are obtained by regularization of the 3-F
functionals, except the one for unconstrained rotations.

Finally, we note that both approaches, i.e. with constrained and uncon-
strained rotations, can be applied to shells. The 3-F and 2-F formulations
are used in subsequent chapters as the basis for derivation of shell equa-
tions.

4.1 Governing equations

Balance equations and boundary conditions. The local balance equations
and the boundary conditions are

1. linear momentum balance (LMB):
DivP + ppb=0 in B, (4.4)

where P is the nominal stress tensor (its transpose is the first Piola—
Kirchhoff stress), pr is the mass density for the reference (initial)
configuration, and b is the body force.

2. angular momentum balance (AMB):

FxP=0 o skew(PFT)=0 in B, (4.5)

where F = Gradx and detF > 0.
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3. boundary conditions (BC):
x=Xx on 0B and Pn=p on 0,B, (4.6)

where 0,B and 0,B denote disjoint parts of the boundary 0B
on which the deformation and traction boundary conditions are spec-
ified. The outward normal vector is denoted by n and p is the
external load (surface traction) which we assume as not depending on
deformation.

Weak form of basic equations.  The weak form of eqs. (4.4)—(4.6) is obtained
by calculating their scalar products with the respective admissible fields
and integrating over the volume B or the surface traction BC area 0,B
of the initial configuration.

LMB. For eq. (4.4), we calculate the volume integral of its scalar product
with the kinematically admissible variation of deformation &y, i.e. such
that dx =0 on 0,B,

/ (DivP + prb) - dx dV = 0. (4.7)
B

Using the formula for the divergence of a product of two tensors, e.g. [33]
eq. (5.5.19), we obtain

DivP - §x = Div(PTéx) — P - Vix. (4.8)

For the first r.h.s. term, we use the divergence theorem, e.g. [33] eq. (5.8.11),

/ Div(PTéx)dV = | (PTéx) -ndA= | (Pn)-dxdA.  (4.9)
B OB oB

For the second term, we note that Véx = §F. Then the weak form of
the LMB is

/ (P-6F — prb-6x) dV — / (Pn) - ox dA. (4.10)
B oB

AMB. For eq. (4.5), we calculate a volume integral of its scalar product
with a skew-symmetric (left) tensor 48,

/ skew(PFT) .60 dV = 0. (4.11)
B
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If 66 generates rotations, i.e. {60 : R = @R}, which we can assume
for the extended configuration space but not for the classical one, the weak
form AMB becomes

/ skew(PF1) - (RTOR)dV = 0. (4.12)
B

BCD. For the displacement BC, eq. (4.6), we calculate a surface integral
of a scalar product with §(Pn),

/ (x —x)-6(Pn)dA =0. (4.13)
B

BCT. For the traction BC, eq. (4.6), we calculate a surface integral of a
scalar product with a kinematically admissible variation &,

/ (Pn—p) - dxdA = 0. (4.14)
0-B

Remark. Note that, compared to the classical 1-F formulation in terms
of x only, the weak form AMB equation is different while the other
equations are the same. To explain the expression that Y, generates
rotations, we transform R = @R by using () = ( )dt, where the
superimposed dot denotes the time-derivative. This yields a differential
equation, R — @R =0, to which we append the initial condition R(t=
0) = Ry. From this equation we can calculate (generate) R for an

assumed 6; for details see Sect. 9.4.

Virtual work of stress, strain energy, constitutive law. Below, the VW of the
nominal stress P is transformed to four equivalent forms. Next, the
corresponding strain energy functionals are defined and the respective
constitutive laws are derived.

a. Strain energy W(U). The VW of the nominal stress P -JF can be
expressed as
P - 0F = sym(RTP) - §U, (4.15)

where R and U are obtained from the polar decomposition equa-
tion F = RU. Taking a variation of this equation, we have J0F =
SR(RTR)U + R6U, where JRRT = 60, and 00 = —d07, ie. is
skew-symmetric. Then
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P.-6F =P - (06F) + P - (RSU) = (PFT) . 60 + sym(RTP) - 6U,

and the first term vanishes as a scalar product of a symmetric PFT
(which is a consequence of the AMB: skew(PFT) = 0) and a skew-
symmetric 6.

The strain deduced from the r.h.s. of eq. (4.15) as the work conjugate
to sym(RTP), is the right stretch strain,

H = (F'F)Y/2 - (171)'/2, (4.16)

where I is consistent with F, see eq. (5.17).

Assume that the strain energy density per unit non-deformed volume,
W, is a function of U.  W(U) satisfies the material objectivity
(frame indifference) requirement, because U is a polynomial of C, i.e.
U=C: = apl + a;C + axC?, as discussed below eq. (3.2). A variation
of the strain energy is

SW(U) = dyW(U) - §U. (4.17)

The term sym(RYP) - U can be treated as 6 and, hence, from
eqs. (4.15) and (4.17), we obtain the constitutive law

sym(RTP) = 9y W(U). (4.18)

This CL is used in the 4-F formulation for the nominal stress.

b. Strain energy W(C). The VW of the nominal stress P -JdF can be
expressed as
P.0F =1S.4C, (4.19)

where S is the second Piola-Kirchhoff stress tensor and C = FTF is the
right Cauchy—Green deformation tensor. The above formula is obtained
by using P =FS for which the AMB, skew(PF’) = skew(FSF’) =0,
implies S = S?. Equation (4.19) is obtained by the following transfor-
mations:

(FS)-0F =S (F'6F) =S -sym(F'6F) =S - 6(3F'F) = 1S . 5C.

The strain deduced from the r.h.s. of eq. (4.19) as the work conjugate
to S, is the Green strain,

E = }(F'F - I"]). (4.20)
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This strain can be obtained from the change of the square of the length
of an infinitesimal line element, dx = (0x/dy)dy = Fdy,

dx-dx —dy -dy = (Fdy) - (Fdy) — (Idy) - (Idy) = 2dy - (Edy). (4.21)

Note that I is consistent with F, see eq. (5.17).

Assume that the strain energy density per unit non-deformed volume,
W, is a function of C. To satisfy the frame indifference requirement,
W must remain the same for the observer transformation x™ = Ox+c,
where O € SO(3), ([239] p. 44). The observer transformation yields
F™ = OF and the right Cauchy-Green tensor is invariant, i.e. C* =
(FHTFT = FTOTOF = F'F = C. If W is a function of C, then
W(CT) = W(C), and this requirement is satisfied. A variation of the
strain energy is as follows

SW(C) = dcW(C) - 6C. (4.22)

The term %S -0C can be treated as 6V and, hence, from egs. (4.19)
and (4.22), we obtain the constitutive law

S = 209 W(C). (4.23)

This CL is used in the formulations for the second Piola—Kirchhoff stress.

c. Strain energy W(QTF). The VW of the nominal stress P-§F can be
expressed as
P.0F = (Q'P)-§(Q'F), (4.24)

where Q € SO(3), and (Q'F) is non-symmetric.
Proof. First,
P - 0F = tr(QQTPJFT) = tr(QTPSFTQ) = (Q'P) - (QT4F).
Next, we use QY6F = §(QTF) — 6Q”F. Then,
(Q'P)- (Q"OF) = (Q'P)-6(Q'F) - (Q"P) - (6Q"F),
where the 2nd component,

(QTP) - (6QTF) = tr(QTPFT5Q) = tr(/QQTPFT) = 60 - (PFT) =0,
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as 0QQT =40 is skew-symmetric and PF’ is symmetric as a conse-
quence of the AMB: skew(PFT) = 0. This ends the proof. O

The strain deduced from the r.h.s. of eq. (4.24), as the work conjugate
to (QTP), is the non-symmetric relaxzed right stretch strain

H, =Q'F -1, (4.25)

where I is consistent with F, see eq. (5.17).

Assume that the strain energy density per unit non-deformed volume,
W, is a function of QTF. Note that if skew(Q'F) — 0, then Q'F —
U and W(QTF) — W(U) which satisfies the material objectivity
(frame indifference) requirement, as discussed earlier. A variation of the
strain energy is

IW(Q'F) = 0grpW(Q'F) - 6(Q"F). (4.26)

The term  (QTP) - 6(QTF) can be treated as §W and, hence, from
eqs. (4.24) and (4.26), we obtain the constitutive law

(Q"P) = 0grpW(QTF). (4.27)

We note that the above CL is applicable only to the unconstrained for-
mulation, with rotations restricted neither by the polar decomposition
equation nor by the RC equation.

d. Strain energy W(sym(Q’F)). The sum of the VW of the nominal stress
and the weak form of the RC equation can be expressed as

P - OF + dskew(QTP) - skew(Q'F)
= sym(QTP) - ssym(Q'F) + d[skew(QTP) - skew(QTF)], (4.28)

where we applied eq. (4.24) to the first component and the split into
symmetric and skew-symmetric parts,

(QTP) - 6(QTF) = sym(Q’P) - symd(QTF) + skew(Q' P) - skewd(Q”F).

Besides, commuting of the operations of taking a symmetric (or skew) part
and taking a variation, i.e. symd(-) = dsym(-) and skewd(-) = dskew(-),
is accounted for.
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The strain deduced from the first term on the r.h.s. of eq. (4.28), as
the work conjugate to sym(QTP), is the symmetric relaxed right stretch

strain, .
H = sym(QTF) — sym(I71), (4.29)
where I is consistent with F, see eq. (5.17).

Assume that the strain energy density per unit non-deformed volume,
W, is a function of sym(QTF). Note that if skew(QTF) — 0, then
sym(QTF) — U and W(sym(Q'F)) — W(U), which satisfies the
material objectivity (frame indifference) requirement, as discussed earlier.
The variation of the strain energy is

sW(0) = 9;W(T0) - 6T, (4.30)

where U = sym(Q”F) is the relazed right stretch tensor. The first term
of eq. (4.28), sym(Q'P) - ssym(QTF), can be treated as 0¥ and,

hence, from this first term and eq. (4.30), we obtain the constitutive law
sym(QTP) = 80W(I~J). (4.31)

This CL is used in the 3-F formulation for the nominal stress.
Using the Biot stress TZ = sym(QTP) of eq. (4.50), we can rewrite
eq. (4.31) as follows:
T? = 9;W(0). (4.32)

This CL is used in the formulations for the Biot stress.

4.2 4-F formulation for nominal stress

In this section, we describe a four-field formulation including rotations
derived from the balance equations in terms of the nominal stress, see
[74, 10], which has the following features:

e the rotations Q are constrained by the polar decomposition equation

(3.2),
e the strain energy and the CL are defined for the right stretch strain of

eq. (3.12).

To the set of governing equations (4.4)—(4.6), we append the following
equations:

1. Polar decomposition equation:

F-RU =0, (4.33)
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2. Constitutive law of eq. (4.18):

AW(U)
au

sym(RTP) = (4.34)

which all furnish a mixed formulation in terms of four fields {x,R,U,P}.

Weak form of basic equations. A weak form of the governing equations,
(4.4)—(4.6), is given by egs. (4.10) and (4.12)—(4.14). For the polar de-
composition equation, (4.33), we calculate a volume integral of a scalar
product of this equation with P,

/ (F — RU)-6PdV = 0. (4.35)
B

VW equation. Adding the above weak form (scalar) equations, we obtain
the VW equation

/ {P-SF+§[P-(F—RU)}dV — §Fu = 0, (4.36)
B

where
OFexs = 0Fy 4+ 0F, + 6 Fy, (4.37)

5F 4/ prb-0xdV,  OF, 4/ (Pn —p)-oxdA,
B 0-B

OF, = /a B(X —x) - 6(Pn)dA.

X

Proof. The integrand of eq. (4.36) is obtained as follows. Adding the
scalar equations (4.10) and (4.12)—(4.14), we obtain

P -6F + 0P - (F — RU) + skew(PFT) - (/RTR), (4.38)
which can be transformed to the following equivalent form
P-0F+46[P-(F—-RU)|, (4.39)

as follows. Note that the first terms of both equations are identical. The
second term of eq. (4.39) can be rewritten as

S[P-(F—RU)] = 6P-(F—RU)+P.6F—P-(JRU)—P-(RSU), (4.40)
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where the first term is equal to the second term of eq. (4.38). The second
and fourth terms cancel out because

P - (ROU) = tr(P6URT) = tr(RTPSU) = (RTP) - §U
= sym(RTP) . 0U = P - §F,

where the last form was obtained on use of eq. (4.15). The third term is
equal to the third term of eq. (4.39) because

P (SRU) =P (JRR'F) = tr(PFTRIR")
= (PFT) . (6RRT) = —skew(PFT) . (RT6R),

which ends the proof. O

Four-field potential. On use of egs. (4.15) and (4.18), we have P -JF =
sym(RTP) - 6U = 9yW(U) - 6U. Thus, from eq. (4.36) we can deduce
the four-field functional

Ff(¢RUP)= [ W(U)+ P (F-RU AV - Fuy, (141)
B

where P is a Lagrange multiplier for the polar decomposition equation

(4.33). Besides, the functional of external forces

Foxt = Fy+ Fy + Fy, (4.42)

where the functionals for the body force, the (deformation independent)
external loads and the displacement boundary conditions are defined as

= [ piboxave B= [ pexda B= [P e-nda
B 9,B 0xB

Remark. In this formulation, the right stretch U is not a function of
X but an independent tensorial variable. It must be parameterized in
a way ensuring that it is symmetric and positive definite; the latter can
be achieved by expressing U in terms of its principal values, taken as
squares of some parameters, and a rotation tensor. We see that U intro-
duces six additional variables in a complicated form, and that’s why other
simpler formulations were developed; they are presented in the following
sections.
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4.3 3-F formulation for nominal stress
In this section, we describe a three-field formulation including rotations,
in terms of {x,Q,T,}, which has the following features:

e the rotations Q are constrained by the Rotation Constraint (RC),

eq. (3.8),
e the strain energy and the CL are defined for the relaxed right stretch,
eq. (3.12).

To the set of governing equations (4.4)—(4.6), we append the following
equations:

1. Rotation Constraint:
¢ = skew(Q'F) =0, (4.43)
2. Constitutive Law of eq. (4.31):
oW(U)
ou
which furnish a formulation in terms of three fields {x,Q,P}. Com-

paring with the four-field formulation of the previous section, the right
stretch tensor U is not present.

sym(QTP) = ) U =sym(QTF), (4.44)

Strain energy and constitutive law. If Q =R, where R € SO(3) satisfies
the polar decomposition equation, then, by eq. (4.15), dW = P - JF =
sym(RTP) - 6U, i.e. the tensor sym(R'P) is work-conjugate to U.
Let us assume the existence of the strain energy W in terms of the
relazed stretch strain U = sym(QTF). Using U in place of U in
eq. (4.34), we obtain the constitutive law (4.18).

Weak form of basic equations. A weak form of the governing equations
(4.4)-(4.6), yields egs. (4.10) and (4.12)—(4.14). For the RC, eq. (4.43),
we calculate a volume integral of a scalar product of this equation with a
skew-symmetric tensor dskew(QP),

/ skew(QTF) - dskew(QTP)dV = 0. (4.45)
B

The reason for using here a variation of skew(Q?P) will become obvious
in the sequel.
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VW equation. Adding the scalar eq. (4.10), (4.13)—(4.14) and (4.45), we
obtain

/ [P - 0F + dskew(Q'P) - skew(Q"F)| dV — §Fuy = 0, (4.46)
B

where 0Fs is defined in eq. (4.37). The integrand can be further
transformed to the form given by eq. (4.28), i.e.

/B {sym(Q"P) - sym§(Q"F) + 5[skew(Q' P) - skew(Q'F)]} dV
—0Fpt = 0. (4.47)

Note that the AMB, eq. (4.5), was exploited in the derivation of eq. (4.28),
and earlier of eq. (4.24), but its weak form of eq. (4.12) is not present in
the integrand of eq. (4.46).

Three-field potential. On the basis of eq. (4.47), by using the CL of
eq. (4.32), we can define the three-field potential

FF(x.Q.P) = /B W(sym(QTF)) + skew(QTP) - skew(QTF)] dV— Fins,

(4.48)
where Fuy is defined in eq. (4.42). This also proves that the use of
Sskew(QTP) in eq. (4.45) was indeed correct.

Remark 1. The right stretch U can also be eliminated from the four-
field formulation in another way. Note that we can rewrite the Lagrange
term of the functional of eq. (4.41) as P-(F—-RU) = (RTP)-(RTF-U),
and further split it into a symmetric part and a skew part,

(R'P) - (R"F — U) = sym(R"P) - [sym(R’F) — U]
+ skew(RTP) - skew(RTF). (4.49)
If we assume that U = sym(R'F), i.e. adopting the relazed right
stretch of eq. (3.12), then the first term of eq. (4.49) vanishes, and

FF(x,R,U,P) of eq. (4.41) reduces to the three-field functional of
eq. (4.48), with R in place of Q.
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Remark 2. 1If we use in eq. (4.47) the CL sym(Q'P) = ;W of
eq. (4.31), then the nominal stress P  remains only in the term
skew(QTP). Hence, we can define a skew-symmetric tensor T, =
skew(QTP) with only three components and abandon using P with
nine components. That is the basic motivation behind using the Biot stress
in the next section.

4.4 3-F and 2-F formulations for Biot stress

In this section, we describe a three-field formulation in terms of {x, Q, T4},
developed in [42, 191]. This formulation can be obtained from the three-
field formulation for the nominal stress tensor, which is described in the
previous section, just by introducing the definition of the Biot stress. A
two-field formulation, which is valid only for an isotropic material, is also
presented.

Biot stress. Define the tensor T = Q'P, where Q € SO(3), and
split it into the symmetric and skew-symmetric parts, T = Tf + T4,
where

T8 = symT = sym(QTP), T, = skewT = skew(QTP).  (4.50)

The symmetric part TSB is called the Biot stress, or the Biot—Lure stress,
or the Jaumann stress. Having Tf , Ty, and Q, we can uniquely
calculate P.

VW equation.  Introducing the definitions of TZ and T, of eq. (4.50)
into eq. (4.47), we obtain the VW in the form

/ {T? - sym§(Q"F) + 0[Ty - skew(Q'F)]} dV — 0Fexy =0,  (4.51)
B

where 0Fe is defined in eq. (4.37), but with P replaced by QT.
Three-field potential. For the symmetric T2 we can use the CL, eq. (4.32),

ie. TB = OgW. On the basis of this CL and eq. (4.51), we can define
the three-field potential

FB(x,Q,T,) = /B W(sym(Q'F)) + T, - skew(Q'F)] dV — Fuy,

(4.52)
in which T, is the Lagrange multiplier for the RC equation. Besides,
Fext is defined in eq. (4.42), but with P replaced by QT.
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FEuler—Lagrange equations. Because of this new variable, T,, we have to
check whether the Euler-Lagrange equations for F yield the governing
equations (4.4)—(4.6) and (4.43). Using eq. (4.30) and (4.32), we obtain
the following variations of the strain energy (4.52):
SW(sym(Q'F)) = T -6, U = T - (Q"0F) = (QTY) - oF,
SoW(sym(QTF)) = TE . 50U = TZ . (0QTF) = 66 - skew(QTPFT),
where 6Q =66 Q. The variations of the RC term are

ox[Ta - skew(QTF)] x(QT,) - F] = (QT,) - 6F,
61, [Ty - skew(QTF)] = 6T, - skew(Q'F), (4.53)
60[T, - skew(QTF)] = (6QT,) - F = tr(60QT,FT)
= —60 - skew(QTFT).

0
o

Hence, the first variation of FY of eq. (4.48) is

SFP(x, Q. T,) = /

[A . 6F + 0T, - skew(QTF) — 60 - skew(AFT)| v
B

— §Fu, (4.54)

where A = Q(TZ +T,) = QT = P. We sce that 0F is identical
as a sum of eqs. (4.10), (4.12)—(4.14) and (4.45), which now is rewritten
as  [p skew(QTF) - 0T,dV = 0. Hence, the Euler Lagrange equation
are identical to eqs. (4.4)—(4.6) and (4.43), and hence FJf is a correct
potential for the formulation including rotations.

Remark. Another form of elimination of U from the four-field func-
tional of eq. (4.41), is to use the Legendre transformation

W(U)-TE .U =-w,(T5), (4.55)

where W, is the complementary energy density, which requires the
constitutive relation to be invertible, dW,/dT? = U. This approach is
described in [9], eq. (3.36).

AMB for isotropic material. For an isotropic material, we can show that the

AMB equation is satisfied when the skew-symmetric stress vanishes, i.e.
T, = 0. Rewrite the AMB eq. (4.5), as

QTF! —FTTQ’ = 0. (4.56)
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If the RC is satisfied, then we have F = QF'Q and Q'F =U. Using
them in the AMB, we obtain Q(TU — UTT)Q? = 0 and the split
T=TF+T, yields

T,U+UT, = TPU - UTS. (4.57)

For an isotropic material, TSB and U are a work-conjugate pair, so
they are co-axial and commute. Hence, the r.h.s. of eq. (4.57) vanishes and
the AMB is reduced to

T,U+UT, =0. (4.58)

Note that U is symmetric and positive definite, while T, is skew-
symmetric, hence the assumptions of Lemma 3.1 in [214] are satisfied.
Using this lemma, eq. (4.58) is satisfied only when T, = 0, which
completes the proof. O

When the RC is not satisfied or the material is not isotropic, then
T, # 0 and must remain in the functional.

Two-field functional for isotropic material. ~ To obtain a two-field functional
which does not depend on T2, we regularize Ff of eq. (4.52) in T,
as follows

N _ 1
F?;B(Xv Q?Ta) - F?,B(Xa Q7 TCL) - % /B Ta : Ta dV, (459)

where 7 € (0,00) is the regularization parameter. In the volume integral
in F33, which is affected by the regularization, the integrand is

W(sym(QTF)) + T, - skew(QTF) — ;YTQ T, (4.60)

A wvariation of ﬁ’gB w.r.t. T, yields the Euler-Lagrange equation:
vyskew(QTF)~T, =0, for 6T, inB. From this equation, we calculate
T, and use it in eq. (4.60), which becomes

W(sym(QTF)) + %skew(QTF) - skew(QTF), (4.61)

in which the second term is the RC equation skew(QF) =0 imposed
by the penalty method. Then, the two-field functional, not depending on
T,, is defined as

FQB(X,Q)i/

[W(sym(QTF)) n % skew(QTF) - skew(QTF)| dV —Fig.
B

(4.62)
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The corresponding VW equation is

/ [TF - 6sym(Q"F) + 7 skew(Q'F) - dskew(Q'F)] dV — §Foxy = 0.
B

(4.63)
This equation can be used only for isotropic material.

4.5 3-F and 2-F formulations for second Piola-Kirchhoff stress

In this section, we assume that the strain energy W is a function of
the right Cauchy—Green tensor C, and we obtain the formulations with
rotations in terms of the second Piola—Kirchhoff stress S. The governing
equations for such a formulation are obtained by using P = FS in
eqs. (4.4)—(4.6), and by appending the RC of eq. (4.43). From the outset,
we assume that S = ST i.e. that the LMB of eq. (4.5) is satisfied, as in
[214]. The CL for S is given by eq. (4.23).

Weak form of basic equations. We modify the VW of eq. (4.47) as follows:
(i) we use P =FS in the term
[skew(Q'P) - skew(Q' F)] = §[skew(Q”FS) - skew(QTF)],

(ii) we use the strain energy W(C) in terms of the right Cauchy—Green
tensor C,

GUW(U) -symd(QTF) = dcW(C) - symd(FTF),
where egs. (4.19) and (4.22) were used. This yields the VW equation,

/ {0cW(C) - symS(FTF) + [T, - skew(Q'F)]} dV —0Fex; = 0, (4.64)
B

where T, = skew(QTFS) is used to change the variables, i.e. instead of
S with six components, we use T, with only three components. §Feyt
is defined in eq. (4.37), but with P replaced by FS.

Three-field potential. From eq. (4.64), we can deduce the three-field poten-
tial
F{™(x,Q,Ta) = / [W(ETF) + Tq - skew(Q'F)] dV — Fuxt, (4.65)
B

where T, isthe Lagrange multiplier for the RC equation. Besides, Fext
is defined in eq. (4.42) but with P replaced by FS.
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FEuler—Lagrange equations. Because of this new variable, T,, we have
to check whether the Euler-Lagrange equations for F32PK of eq. (4.65)
yield the governing equations (4.4)—(4.6) and (4.43).

By using eqgs. (4.19) and (4.23), we obtain a variation of the strain
energy 0, W(FTF) = (FS)-6F. The variations of the RC term are given
by eq. (4.53). Hence,

5F32PK(X7 Q? TCL) =
/ [A - OF + 0T, - skew(QTF) — 60 - skew(QT,FT)| dV — §F.y,(4.66)
B

where A =FS+ QT, and 00 =35QQT. The term A -6F can be
transformed further. Using the formula for the divergence of a product of
two tensors, see [33] eq. (5.5.19), and OF = Vdéu, we obtain

DivA - Véu = Div(AT6u) — A - Véu.

The second term contributes to the equilibrium equation, while the first
term is transformed on use of the divergence theorem, see [33] eq. (5.8.11),
as follows

/ Div(ATéu)dV = / (AT6u) -ndA = / (An) - SudA.
B 0B 0B

We see that this term contributes to the traction BC. Finally, the follow-
ing Euler-Lagrange equations are obtained

DivA +prb=0 in B,
skew(QT,F') =0 in B, (4.67)
skew(QTF) =0 in B,
An=p on J,B.

These equations will be equal to the governing equations (4.4), (4.6) and
(4.43) when T, = 0, as then the second of the above equations is
trivially satisfied and A = FS = P. The proof that T, =0 is given
below.

Proof. Eq.(4.67)2 is post-multiplied by Q, and transformed as follows:

2skew(QT,F1)Q = QT ., F'Q - FTIQ'Q = QT.F'Q + FT,. (4.68)
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From eq. (4.67)3, we have FTQ = Q’F and, on the left polar decom-
position F =VQ, where V is the left stretching tensor, we obtain

QT.Q'VQ+VQT, = T;VQ+VQQ'T;Q = (T;V+VT}) Q, (4.69)

where T = QT,Q” is the forward-rotated T,. Hence, eq. (4.67)y
yields
TV + VT =0. (4.70)

Because T, is skew-symmetric and V is symmetric and positive
definite, the assumptions of Lemma 3.1 in [214] are satisfied. With this
lemma, the above equation is satisfied only when T = 0. Hence, T,

QTT:Q =0, which ends the proof. O

Two-field functional. = We can regularize the functional (4.65) in T, as
follows:

- 1
F78(x,Q,Ta) = §PK(X7Q7T(1)_27/BT¢1'TadV, (4.71)

where v € (0,00) is the regularization parameter. It can be shown that
the correct Euler—Lagrange equations of F:,?PK are obtained not only
when ~ — oo, but for any value of . A variation of F’??PK w.r.t. Ty
yields the following Euler-Lagrange equation for 6T, in B,

skew(QTF) — iTa =0. (4.72)

From this equation we calculate T, = vyskew(Q'F), and use it in
eq. (4.71). Then we can define a two-field functional

B0 Q) = [ [WETE) 4 Jakew(@F) skew(@TE)] dV P,

(4.73)
with the penalty term for the RC equation. We have to check that the
Euler—Lagrange equations for FQQPK yield the governing equations (4.4),
(4.6) and (4.43); the proof is given in [214], egs. (22)—(25). This functional
is typically used in numerical implementations.

Remark. In this formulation, the rotations Q appear only in the RC,
but not in the other governing equations. Hence, we can first solve the
problem for x and determine Q afterwards, which can be done in two
ways, using either the RC equation or the polar decomposition of F, as
discussed earlier. This method cannot be used in the Reissner-type shells,
where @Q appears also in the governing equations.
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4.6 2-F formulation with unconstrained rotations
In this section, we describe a two-field formulation in terms of {x, Q},
which has the following features:

e neither the polar decomposition equation (3.2), nor the RC equation
(3.8) are used to constrain rotations Q.

e the strain energy and the CL are defined for the non-symmetric relazed
right stretch eq. (3.12).

To the set of governing equations, eqs. (4.4)—(4.6), we only append the
constitutive law, eq. (4.27),

(Q"P) = 9urpW(Q'F), (4.74)

where QTF  is non-symmetric.

VWequation. Adding weak forms of the governing equations, i.e. egs. (4.10),
and (4.13)—(4.14), and applying eq. (4.24), we obtain

[ (@"P)-5@QTF) AV ~ 5 =0, (4.75)
B

where 0Fu is defined in eq. (4.37). Note that the AMB, eq. (4.12),
was exploited in derivation of eq. (4.24) and, hence, it does not appear
explicitly in eq. (4.75).

Two-field potential. Using eq. (4.74), we obtain
(Q"P)-6(Q"F) = dgrpW(Q'F) - 6(QTF).

Hence, on the basis of this equation and eq. (4.75), we can define a two-
field potential

F(x. Q) = /B W(QTF) AV — Fux. (4.76)

where Fey is defined in eq. (4.42).

Remark. Note that Fj(x,Q) can be additionally constrained by the
RC equation, skew(Q?F) =0, by using the penalty method. Then,

F5*(x, Q) = /B W(QTF)—i—%skew(QTF)-skeW(QT F)dV — Foy, (4.77)

where v € (0,00) is the penalty parameter. Note that the argument of
W is different to that in eq. (4.62).
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Basic geometric definitions for shells

In this chapter, the basic geometric definitions needed to develop the shell
FEs are provided. The shell can be intuitively but imprecisely defined as a
3D body, which has one dimension much smaller than the other two. More
precisely, the shell is a surface in a 3D space equipped with a thickness,
which is much smaller than the size of the surface. This implies a specific
geometrical description of shells.

5.1 Coordinates and position vector

Normal coordinates for shells. For the initial configuration of a shell, we use
the normal coordinates, see Fig. 5.1, the characteristic feature of which
is that one coordinate is normal to the reference surface. The coordinates
involved are defined as follows:

1. The reference shell surface is parameterized by the coordinates 9¢
( = 1,2). This surface is selected arbitrarily, but most often the
middle surface is used for this purpose; this is not suitable, e.g., for
composites with non-symmetric stacking sequence of layers. The mid-
dle surface is equidistant from the top and bottom surfaces bounding
the shell. Various types of coordinates can be used as 9“.

2. The direction normal to the reference surface is parameterized by the
coordinate ¢ € [—h/2,4+h/2], where h is the initial shell thickness.
We can also use the natural coordinate &3 € [—1,+1], which is more
convenient in numerical integration over the thickness. The relation
between these coordinates is ¢ = (h/2) &3.
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director

s ./~ reference surface

Fig. 5.1 Normal coordinates at a shell cross-section for initial configuration.

Selection of coordinates ¥*. Various types of coordinates can be used as
9.

1. In the FE method, the natural coordinates & € [—1,+1] are used
as ¥*. The corresponding tangent natural vectors g; and g, are
skew, i.e. neither unit nor perpendicular. The natural coordinates are
arguments of the shape functions for finite elements, see Chap. 10.

2. In analytical derivations, the orthonormal coordinates S% can be
used as 9%, see Chap. 6. They are associated with the orthogonal
and unit vectors t; and to, in the plane tangent to the reference
surface. Using them, we do not have to distinguish between co-variant
and contra-variant components of vectors and tensors, and derivations
are simplified.

Position vectors for shells. The position vector in the initial configuration
is split as follows:

Y(ﬁa7 C) = yO(’ﬂa) +¢ t3(§a)7 a=1,2, (51)

where 7y, is the position of the reference surface and tz 1is the vec-
tor normal to this surface, called the director, see Fig. 5.2. Besides,
y(9%,¢ = const.) defines the lamina while y(9¥* = const.,() defines
the fiber of a shell.

We also assume that the normal coordinates are convected, which
means that a position of a selected point is identified by the same pair
(9%,¢) in the initial configuration and in each deformed configuration.
The position vector in the deformed configuration is split as follows:



Coordinates and position vector 51

x(9%,¢) = x0(9%) + d(9, ), (5.2)

where xg is the current position of the reference surface and d is the
out-of-plane vector defined by kinematical assumptions. Note that d is
also called the deformed or current director. For the Reissner hypothesis,
d is not normal to the current reference surface, see Sect. 6, but it is
normal for the Kirchhoff hypothesis, see Sect. 6.3.4.

Various formalisms in shell description. Typically, the displacement and ro-
tation vectors are represented in the reference ortho-normal basis {i},
to enable linking of finite elements of various spatial orientation. Different
formalisms are obtained as a result of the following two choices:

1. Various bases can be used to represent the position vectors y and x.

a) The local Cartesian basis {t{,} at the element center. Then, first,
the displacement and rotation components must be transformed
from the reference basis to this local basis and, later, the tangent
stiffness matrix and the residual vector generated in this local basis
must be transformed back to the reference basis {iy}.

b) The reference Cartesian basis {ix}. Then, to apply various shell
assumptions (and techniques related to the FE method), we must
transform strain components to the local Cartesian basis {t;}.

2. Various coordinates can be used to parameterize the position vectors

y and x and, as a consequence, as intermediate variables for differ-

entiation in the deformation gradient:

a) For natural coordinates {£%,(}, the current position vector x =
x(€*(y),¢(y)), and the deformation gradient is as follows:

(0%
iajzai®ai+aj®%, (5.3)
dy 0>~ dy  O¢ Oy
this form is used, e.g., in Sect. 10.4.

b) For orthonormal coordinates {S¢,(}, the current position vector

x =x(5%y),((y)), and the deformation gradient is as follows:

 Jy 0S5« dy  o¢C Oy’

(5.4)

this form is used, e.g., in Chap. 6.
Besides, the natural coordinate £3 € [—1,+1] can be used instead of
¢ €[-h/2,+h/2].
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5.2 Basic geometric definitions

Fig.5.2 Local bases {g,,ts} and {g,,ts} for initial configuration.

Tangent basis varying over thickness. For the initial (non-deformed) con-
figuration, the position vector y = y(¥°,() 1is given by eq. (5.1). The
vectors tangent to the reference surface at arbitrary lamina (¢ are ob-
tained by differentiation of eq. (5.1),

0
ga(() = angg) =8y T <t3,a7 o= 1> 2> (55)

where g, = Jy,/09“. These vectors are neither unit nor mutually or-
thogonal, i.e.

8,(0)  8a(C) =14 2(t34 - 8o + (*t30 t30 # 1 (no sum. over a),
81(0) - 82(¢) = C(bs1 - 8o +t32-81) + (Pbz1 -tz # 0,
but still g, is normal to t3 because
8 t3 =284 t3+(t3a-t3=0,

where g, -tz = 0 by definition, and t3,-t3 = 0, as a result of
differentiation of ts-ts3 =1 w.r.t. 9. Hence, g, is parallel to g,,
and tangent to the reference surface.
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Co-basis to tangent basis varying over thickness. The co-basis {g“,t3} is
also designated as the basis dual (or reciprocal) to {g,,ts}. The vectors
g® are defined as

g" - g3 =03, g% -t3=0. (5.6)

This definition provides three equations for g! and three for g2, from
which they can be directly determined. Alternatively, we can construct
the co-basis as follows.

The conditions g'-g, =0 and g!-t3 =0 imply that g' is normal
to &, and ts3. Similarly, g2 is normal to g, and t3. Hence, we
can construct

g =8 xts, g’ =tsx g, (5.7)

where g, = 8,/ll&,]| are auxiliary unit vectors. The so-defined g“
have a proper direction, but their length is incorrect, i.e. g!-g, #1 and
g? - g, # 1. Hence, we define, g' = Ag! and g? = Bg? and from
the conditions g'-g, =1 and g°>-g, =1, weobtain A=1/(g'-g;)
and B =1/(g?-g,). Finally, the vectors of the co-basis are as follows:

o X t ts X 8
gl—_B27%% g2— 3781 (5.8)

(8 x t3) - &1’ (t3 % &1) - &
and they belong to the plane spanned by g,.
From gz(¢) = dy/09% of eq. (5.5) and g° - g3 = 03, we can
deduce the following definition of a vector of the co-basis:
o9«

80 = 5y (59)

Shifter (translation) tensor Z. The tangent vectors of eq. (5.5) can be alter-
natively expressed as

ga(C) =8y T+ Ct3,a = (GO - CB) &a = Z(C) ga» (510)

where Gy =g, ®g* is the metric tensor and B = —t3, ® g* is the
curvature tensor, both for the reference surface and symmetric. Hence, the
shifter tensor, Z(() = Go— (B, maps the vectors g, at the reference
surface onto the vectors g, at an arbitrary lamina (, accounting for
the curvature of the reference surface. For a flat geometry, i.e. when the
curvature B = 0, we have Z({) = Gy i.e. the dependence on (
vanishes.
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The shifter tensor for the co-basis vectors g% can be found by making

use of the condition g,(¢)- g*(¢() =1 (no summation over «). Using
the shifter tensor Z for g, and an auxiliary (unknown) tensor A for
g“, we have to satisfy the condition (Zg,)-(Ag®) =1 or transforming
further, (ATZg,)-g* =1. As g,-g* =1, hence ATZg, 6 =g,
must hold. Therefore, a symmetric A = Z~! is a shifter for the co-basis
vectors, i.e.

g°(0)=27(¢) g™ (5.11)

The inverse Z~({) can be easily found in terms of components of Gy
and B,

(Z):; = [Gn — (B G2 — CBIQ:| ’

sym. Gog — (B2

Goo — (B —Gi2+ CBm] (5.12)

AT
@) = [ sym. G11 — (Bu
where 1% = detZ = det Go - C(GllBQQ + GQQBH - 2G12312) + <2 det B.
The inverse of the shifter can be rewritten as

Z7'(¢) = p [(det Go)Gy ' — ¢(det B) B™]
i [tr(Go — CB)I — (Go — (B)], (5.13)

where the last form does not use the inverse of Gg and B. It is
obtained from the Cayley—Hamilton formula, which, e.g., for B is as
follows:

B>-I1B+LI=0, (5.14)

where I} =trB=2H and I = }(trB — trB?) = det B = K. Besides,
H = %trB is the mean curvature and K = detB is the Gaussian
curvature. Multiplying eq. (5.14) by B~!, we obtain IL,B~! = I1-B,
which provides the last form of eq. (5.13). In a similar way, we modify
the term for Gy.

For a flat geometry, i.e. when the curvature B = 0, we obtain u =
det Go, and Z7'(¢) = G,

Deformation gradient and identity tensor. Assume the initial position vec-
tor of the shell as in eq. (5.1). For the current position vector x =
x(94(y),¢(y)), the deformation gradient can be written as

L Ox _Ox 00T X e 3
—(‘3y—819°‘® 8y+8§®8y_x’o‘®g +x¢® t°, (5.15)
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where 09%/0y(¢) = &* by eq. (5.9) and 9¢/dy = t3 =t3 by eq. (5.1).
Note that
Fg,=xa, Ft3 =x,. (5.16)

The identity tensor is defined as the second-rank tensor obtained from
the deformation gradient for the current position vector x assumed as
equal to the initial position vector y, i.e.

I=F|_, =808 +t30¢". (5.17)

This definition guarantees that the approximations of I and F over (
are consistent, and that the approximated F =1 for a rigid body motion.
A similar reasoning can be applied to the rotation tensor Q € SO(3),
see the application in eqgs. (6.13) and (6.15).

To express eq. (5.11) in the basis on the reference surface, we use
g(¢) =Z7(¢) g and then the simplicity of the above forms of F and
I disappears.

Restriction on curvature of a shell. Let us estimate the contribution of the
term related to the shell curvature to the norm of the tangent vector.
Using eq. (5.5), we obtain

18all = llga + Ctaall < llgall + ICts.all, (5.18)

1 1 .
where [|g,]| = (84 - 84)2: |lt3.al = (t3.a - t34)2. We may safely omit
the second term, related to curvature, when

h
5 [taall < llgall (5.19)

For a cylindrical surface, this restriction becomes

h
<1 2
o5 <1 (5.20)

see the example of Sect. 5.3 and eq. (5.36). If eq. (5.19) holds, then the
(-dependent part of the shifter Z({) can be omitted, i.e. we use (B = 0,
which implies

Z(()~Go, Z M) ~Gy',  p=detZ=detGy. (5.21)

Further simplifications are obtained for the orthonormal coordinates S¢,
see the next paragraph.
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Remark. The above restriction on the curvature of the reference surface
is not used in the shell FEs derived in this work. It is used only in some
analytical derivations, e.g. in Chap. 6.

Note, however, that there are FEs in use where this restriction is ap-
plied for efficiency. The curved shell structures can be analyzed by such
elements provided that the discretization error is minimized by using a
sufficiently large number of elements and by a suitable choice of their
shapes and positions.

Simplifications for orthonormal coordinates S¢. The orthonormal coordi-
nates S% are often used as ¥* in analytical derivations, see e.g.
Chap. 6. These coordinates are associated with the tangent orthonormal
vectors t,, which are used instead of g,.

For the reference surface, ¢ = 0, we denote g, = to, where t,
are unit and orthogonal by the definition of coordinates S%. Defining
t% = g%(()[¢=¢, we obtain from eq. (5.8)

1 to X t3 2 t3 X t1
= - = t17 t = -
(tg X tg) -t (t3 X tl) -to
i.e. the basis and the co-basis on the reference surface are identical. Hence,
we do not distinguish between co-variant and contra-variant components

of vectors and tensors, and derivations are simplified.

= to, (5.22)

For the orthonormal coordinates, the metric tensor Gg = I, and
det Go = 1. The shifter tensor and its inverse of eq. (5.12) become simpler,

1= (B —(Bi2 —1 11— (B2 (B2
(Z)” - sSy1m. 1-— CBQQ ’ (Z>” —H Sy1ml. 1-— CBII
(5.23)
or
Z(¢()=p ' (I-C¢KB') =p ' I-¢(2HI - B)], (5.24)

where p=detZ =1—((2H)+ (%K. For the restriction on curvature of
eq. (5.19), we obtain padetGo=1, p'=1, and Z' ()= G,' =
Gy =1. As a consequence, some expressions are significantly simplified.

Remark. Geometry of the four-node finite element is approximated by
the bilinear shape functions, so it is either flat (planar) or a hyperbolic
paraboloid (h-p) surface. For a planar element, H =0, and K = 0,
i.e. it consists of only parabolic points. For the h-p element, H is a
complicated function and K < 0, i.e. it consists of hyperbolic points
only.
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5.3 Example: Geometrical description of cylinder

Consider a cylindrical shell shown in Fig. 5.3. Its middle surface can be
parameterized in a standard manner by cylindrical coordinates: the radius
R, the angle # (measured in the {ij,i3z}-plane, and starting from 1i;)
and the generator coordinate, t. The reference Cartesian basis is denoted

by {ix}.

Fig. 5.3 Local basis {t;} for a cylinder.

A position vector of an arbitrary point on the surface is given by y =
Yrig, where y; = Rcosf, yo = —t, y3 = Rsinf. The length of a
circumferential arc on the cylinder is

0
51:/ VY2, +y2, do = 0R. (5.25)
0 1,0 3,0

Next, we introduce the arc-length surface coordinates: one along a circum-
ference, S'=60R, and the other along a generator, S? =t. Then, the
components of the position vector are

Sl 1

.S
y1 = Rcos B Yo = —52, y3 = Rsin B (5.26)

and their non-zero derivatives are dy;/0S' = —sin(S'/R), 0y2/0S5% =
—1, 0Oy3/0S* = cos(S'/R). Hence, the tangent vectors of the local basis
associated with the arc-length coordinates are

oy .St St Jy
= —sIn —17 + cos —-13,

= — t = — =
081 R R 27 sz

t —iQ, (5.27)
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i.e. t; and to areunit and orthogonal. Components of the metric tensor,
Gy =t,®t,, are

Gi1=t1-t1 = 1, Gia=t1 -ty = 0, Goo = tg - tg = 1. (5.28)

For the arc-length coordinates, a unit length of tangent vectors is a general
property, see [230] p. 6, while their orthogonality is implied here by a
specific choice of S' and S?. The unit vector normal to the surface
can be obtained as

1 Sl

t3 = t1 X to = cos —1i; + sin —is, 5.29

3 =11 Xt B h ik (5.29)
and its derivatives are

1 St St 1

t31 = = | —sin —i —ig | = =t tz3o = 0. 5.30

3,1 R ( sin Rll 4+ cos R 13) R 1, 3,2 ( )

Hence, the curvature tensor is B = —t3, ® t, = —%tl ® t1, at its

components in the basis {t,} are

1

Bi1 = —t31-t1 = B Big = —t31-t2 =0, By = —t32-t3 = 0.

(5.31)

Then, the mean curvature H = trB = —1/(2R) and the Gaussian

curvature K = detB = 0.

Let us construct a shell-like body by equipping the cylindrical surface
with the thickness h. Then the position vector is y(¢) = y, + (ts,
where ( € [-h/2,+h/2]. For an arbitrary (, the basis vectors defined
by eq. (5.5) are

WO= (1450 8O-t (5.3

where the mid-surface tangent vectors of eq. (5.27) and the derivatives of
eq. (5.30) are used. We see that the basis vector t;(¢) has a direction
of t1, but its length varies with (, see Fig. 5.4. This has a obvious
consequence that, e.g. for a displacement vector wu constant over (,
the component u;(¢) = u-t(¢) varies with ¢. This also implies a
nontrivial form of the shifter tensor of eq. (5.10), which becomes

Z(¢) = (1 + é) t1 ®t1 +to ® to. (5.33)
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—> T,(+h/2)

H0-t,

t,(-h/2)

Fig. 5.4 Tangent vector t; at characteristic values of coordinate .

We can easily check that t1(¢) = Z(¢)t; and t2(¢) = Z(¢) t2, indeed.
Besides, up =detZ =1+ (¢/R).

Now, we can examine the basis vector t,(¢) = to+(tsq, and estimate
a contribution of the second term resulting from the shell curvature. Thus,

Itall = lIta + Ctsall < lltall + ICts.al, (5.34)

1 1
where [[t1f] = (61-t1)2 =1, |ltof = (b2-62)2 =1, and [t3.] =
1 .
(t31-t31)2 = 1/R, [t32]l = (t32-t32)2 =0. For (=% we obtain

N|=

“ h “
t1| <1+ — ta|| = 1. .
rll <1+ 57, e (5.35)
The second term of |[t1] is negligible when
h
— <1 5.36
sp <L (5.36)

which illustrates the restriction of eq. (5.19).

The vector t2(¢) given by eq. (5.32) is a unit vector and, hence, we
can easily obtain the co-basis, i.e.

-1

BO-(1+3) u  BO-u (537
and check that t1-t; =1, t2-to=1, t'-t2=0, and t2-t; =0,
indeed. The inverse of the shifter is

1
Z7'(¢) = (1 + é) t1 @t +t2®to, (5.38)

and, using eq. (5.33), we can check that indeed Z71(¢)Z(¢) =1.
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Shells with Reissner kinematics and
drilling rotation

In this chapter, we derive shell equations with drilling rotation from the
3D mixed functionals with rotations of Sect. 4.4. The shell equations are
based on the classical Reissner hypothesis and on the assumption regard-
ing rotations. Various types of strain and stress tensors are used. To obtain
equations of relative simplicity, we use the orthonormal coordinates, see
Sect. 5.1 and the restriction on curvature of eq. (5.19).

6.1 Kinematics

Kinematical assumptions. The 3D mixed functionals with the rotations of
Sect. 4.4 depend on the deformation vector x and the rotation tensor Q.
For shells, we make assumptions regarding their dependence on the thick-
ness coordinate, (, which are arbitrary, but must be properly balanced.
The Reissner kinematics of first order is based on two assumptions:

A1. The rotations are constant over the shell thickness,

where Qg € SO(3) is unrestricted in magnitude (finite).
A2. The current position vector is expressed by the classical Reissner
hypothesis,
x(¢) =~ x¢ + C a3, (6.2)

where az = Qgts is the current director, defined as the forward-
rotated initial director t3. The same Qg € SO(3) is used here as
in Al.
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Initial Deformed

t3 tz a3 a,

=» (u,Q,) =
t

Yo X,

Fig. 6.1 The pairs (position, basis) for characteristic configurations.

Hence, the initial and current configurations of a shell are characterized
by two pairs, (yo,{tx}) and (xo,{ax}), similarly as the Cosserat
surface, see Fig. 6.1. The difference is, however, that here the rotations
are linked with displacements by the RC, while in the Cosserat theory
they are separate fields. Note that:

1. In the classical Reissner kinematics, only A2 is applied to the standard
3D potential energy, which is a simplistic way of introducing rotations.
Then, only two-parameter rotations can be used, excluding the drilling
rotation.

2. When we apply A1 and A2 to the mixed 3D functional with rota-
tions, then, the three-parameter rotations can be used and the drilling
rotation is naturally retained in shell equations.

Forward-rotated basis and co-rotational basis. In the sequel, we use the
forward-rotated vectors

ag = Qotk, k= 1, 2, 3, (6.3)

which form the forward-rotated basis {aj}. Because the vectors ti
are unit and orthogonal, hence the forward-rotated vectors a; form
the ortho-normal basis {aj} associated with the deformed configura-
tion. This basis is not tangent to the deformed mid-surface, unless the
transverse shear strains are equal to zero. Note the difference between
the forward-rotated vector and the convected vector which is obtained by
using the deformation gradient

Fot, =V, (QO tk) (64)
~—— ~——
convected forward-rotated

and the left polar decomposition formula of eq. (3.3).
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The forward-rotated basis is also called the “co-rotational” basis. The
basis {ax} islocal and associated with a point on the reference surface,
so it is different from the co-rotational bases used, e.g., in [228, 60, 64],
which are associated (bound) with the finite element and move with it.

Deformation gradient. The deformation function x : x = x(y) maps the
reference configuration of the shell onto the current (deformed) one. For
the orthonormal coordinates {S%,(}, wehave x = x(5%(y),((y)), and
the deformation gradient can be written as

Jox _ ox 05t ox 0
F(()—g— 55 ® 3y T3¢ oy (6.5)

where 9S%/dy =t* and 0¢/dy =t =t3, see Chap. 5 for basic geo-
metrical definitions for a shell. For the local restriction on shell geometry,
specified by eq. (5.19), we have t3,~0 and t* = t,.

For x(¢) of eq. (6.2) and the Taylor expansion w.r.t. ( at ¢ =0,
we obtain

F(¢) = Fo + ¢(F ¢)o, (6.6)
where the particular parts are
Fy = X0,a @ty t+ag®ts, (F7§)0 = az,Qty = ((.Da X a3) Rtq- (67)

The derivative of the forward-rotated director ag is obtained in the
following way:

a3.a = (Qot3),a = Qpats + Quts.a = 2483 = @q X a3, (6.8)

where the skew-symmetric tensor {2, and its axial vector @, are as

follows: _ 0 T
Qa = Qa + QonaQO s (;Ja = Wy —+ Qowg,

2, = QO,an ) 2,a3 = w, X ag, (6.9)
Qg = Qg,a(Qg)T ) anS = wg X as.

Here Q8 is a rotation tensor describing the position of ts,i.e.t3 = Q8 is.
Note that t3, = Fé“atk, where I :fa is the second Christoffel symbol. For
the locally restricted shell geometry, we have Q&a ~0 and 2, =~ £2,,
hence a3 = (Qqt3).a =~ Qpat3 = 2,83 = W, X a3.
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Product Q”F. For the approximation of F(¢) by eq. (6.6) and Q(C)
by eq. (6.1), the product QTF is

Q') F(¢) = Qi Fo + CQf (F ¢ )o, (6.10)

where, using eq. (6.7),

QgFO = (Q5X07a) Rty + t3 ® t3, Qg(F,C)O = [(qu—)a) X tg] Q ty.
(6.11)
For the restricted shell geometry, we obtain a simpler form

Qf (F o~ [(Qfwa) x t3] @ ta = Qf Qqots @ ta- (6.12)

Identity tensor. By the definition of eq. (5.17), the identity tensor is consis-

tent with the deformation gradient so we can use the above-derived forms
of F(¢), and write I(¢) =1Io+ ((I¢)o, where

Io = Foly—g = Y0.a @ ta +t3 @t3 =t @ ty,
(17C)0 = (F,C)0|33:t3 = t3,a ® ta, (613)

where we used eq. (6.7) and t, = y(,. For the locally restricted shell
geometry, see eq. (5.19), we have t3, ~ 0, which implies (I¢)o ~ 0.
Hence, the product

(O 1(C) =L o + ¢ [IT (Te)o + (Te)g To] + CP(I0)d (Le)o = IfTg = Io.
(6.14)

A similar reasoning as that for F can be also applied to the rotation
tensor Qg € SO(3). Note that the rotation tensor can be represented
as Qg = a ® tg, for which we obtain a; = Qgt;, as required. We
can define the identity tensor as consistent with Qg by assuming that
the forward-rotated basis {a;} is equal to the initial basis {t;}, which
yields

I(C) = QO’ai:ti =ttty +t3Rt3 =1. (615)
Hence, the product of eq. (6.10) is reduced to
QUOFQ) )y oy =BT+ A~ BTy =Ty, (6.16)

obtained for the locally restricted shell geometry, eq. (5.19), for which
(174)0 ~ 0.
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Variation of deformation gradient. The variation of the deformation gradient
F can be expressed as 0F(() = 0Fo + (J(F ¢)o, where

0F) = 0X0,0 @ty + a3 @t3, O(F ) =daga @ty = dwa X (a3] @ tq.
(6.17)
The particular terms are as follows:

0w X Cas] = dwy X Caz + wq X (dag, (6.18)

daz = 6Quts = (0Q,Ql)az = 60 a3 = 60 x a3, 60 =5Q,QL, (6.19)

where 80 = 00 <1 is a (left) skew-symmetric tensor and 66 is its axial
vector. Besides,
0wa =60 o + 60 X W,, (6.20)

which is proven below. Summarizing, JF({) is expressed by a variation

of displacements, dxg = dug, and by a variation of the axial vector 6.

Proof.  Let us calculate the vector product of both sides of eq. (6.20)
with a;,
0w X a; =004 x a;+ (60 X w,) X a;. (6.21)

Applying the Lagrange identity for the triple cross-product of vectors, e.g.
[33] p. 66, eq. (4.9.10), we can modify the last term

(00 X wy) X a; = —(Wqo X ;) X 00 — (a; X 60) X W, (6.22)
and obtain
dwa X a; =00 4 X a; — (W X a;) X 00 — (a; X §0) X @,. (6.23)
By using a;, =W, xa; and da; =060 x a;, we have
W X a; —ba; X Wy =00 o X a; —a; 4 X 00, (6.24)
which can be simplified to

5(‘-‘_Ja X ai) = ((50 X ai) (625)

o

Finally, we obtain
5(&1'704) = (5&1)’0(, (6.26)

i.e. the condition that the operations of taking a variation and differenti-
ation commute, which is generally true and ends the proof. O
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6.2 Rotation Constraint for shells

In this section, we derive shell counterparts of the RC equation, € =
skew(QTF) = 0. We expand it into the Taylor series w.r.t. ¢ at ¢ =0
and, using eq. (6.11), we obtain

€(¢) =& +¢(€¢)o = 0. (6.27)
This equation implies two RC equations:
&y = SkeW(QgFo) = skew [(ng07a) ® ta} =0
(€)o = skew[QF (F ¢ )o] = skew [(Qf aza) ® ta] =0, (6.29)

which are analyzed separately below.

A. The zeroth order RC equation, €y =0 ofeq. (6.28), provides three
scalar equations,

X[)’l sag — X072 ca] = 0, XO,a a3z = O, (630)
where the first equation is the RC for the drilling rotation.

To show this, we decompose the rotation tensor as follows: Qg =
Q;Q,,, where Q,, isa rotation around an axis tangent to the middle
surface, while Q, denotes a rotation around the normal vector t3. In
the auxiliary basis {aj*}, where a" = Q,,t;, we have

Q (wg) = coswy(al’ ® a* + a3’ ® ay')
+sinwg(ay' @ al* —al" ® ay') + a3’ ® ag". (6.31)
Using a; = Q,Q,,ti = Qga*, we have
a; = Qual" = coswgal’ + sinwgay’,
as = Quaj’ = —sinwgal" + coswgay'. (6.32)
Then, the first of eq. (6.30) becomes
X0,1 - (coswgal’ —sinwgal") —xg2 - (coswgal’ +sinwgajy’) =0 (6.33)
and we can extract the drilling rotation

X()71 -ayt — X072 -al’
tanwy = 2 L

. 6.34
Xp,1 - al’ +xg2 - ajy’ (6.34)
Note that the second equation of eq. (6.30) is related to transverse shear
strains and, enforcing it, we obtain zero transverse shear strain, see
eq. (6.74). Alternatively, we can neglect it and retain the transverse shear
strains.
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B. The first order RC equation, (€¢)o = 0 of eq. (6.29), provides
three scalar equations,

ag’l sy — 33’2 Al = 0, a37a -ag = 0 (635)
and, from the first one, we can extract the drilling rotation as follows:

ag-ay’ —agz-ay

(6.36)

tanwg = - pret
ag1-aj)’ +ago-a)

For a3q =~ Qq,t3, the second of eq. (6.35) becomes

az - a3 = (QO,at:’)) caz = (Qng’atg) -ty = 0 (637)

and both of the last two forms will be used in the sequel.

Remark.  We note that eqs. (6.34) and (6.36) provide two formulas for
the drilling rotation which, in general, can be contradictory. From the
viewpoint of the kinematics described in the current section, it is difficult
to judge which of these equations should be used. This issue was addressed
in [252]. We shall use the first of eq. (6.30), while the first of eq. (6.35)
is neglected.

6.3 Shell strains

In this section we derive shell counterparts of several types of the 3D
strains. We assume that the local geometry of a shell is restricted by
eq. (5.19).

6.3.1 Non-symmetric relaxed right stretch strain

The non-symmetric relaxed right stretch strain is defined by eq. (4.25),
and for the defined shell kinematics, H,(¢) = QI F(¢) — IJ1(¢), where
QIF(¢) is defined by eq. (6.10) and IZI(¢) by eq. (6.16). Then we
obtain H,(¢) = e+ (K, where

€ =€y R tgy, K=KqQ tg. (6.38)
The shell strain vectors are defined as
Eq = ngo,a —tq, Ko = (Qg@a) X t3 =~ anS,om (6'39)

where the last form of k. is for the restricted shell geometry, when
tg,a ~ 0.
Components of the shell strain tensors in the basis {t;} are as follows:
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- Oth order strains,
€11 = Xp,1 - a1 — 1, €99 = Xp2-az — 1, g3z = 0, (6.40)

€12 = Xq,1 - a2, €21 = Xp2 - A1, €a3 = X0,q * A3, €3a = 0,

- 1st order strains,
K11 = ag,1 - ai, K22 = agz2 - a, k33 = 0, (6.41)

1
K12 = ag - az, K21 = agz2 - aj, Ka3 = 583, - a3, K3a = 0,

where g;; =€ (t; ®t;) and kj; =K (t; ®t;). An alternative form of
components of Kk is obtained for ajz, ~ Qg ,t3, i.e. for the restriction
regarding the local geometry.

The in-plane shear components, 12 and ¢&9;, are non-symmetric
but we can enforce the drill RC in order to symmetrize them. Besides, we
can use the symmetrized transverse shear strains

523 = 5§a = %(8043 + 5304) = %X070¢ - asg,
ki3 = Ko = 3(Ka3 + K3a) = 3834 - a3. (6.42)

Then the transverse shear (a3) components of the RC are abandoned;
see the consequences of enforcing them specified by eq. (6.74) and the
discussion therein.

Objectivity of strains. Superpose a rigid body motion on the current po-
sition vector x as follows: xt = ¢, + Q,x, where c, denotes a
rigid translation, and Q, € SO(3) is a rigid rotation. For the Reissner
hypothesis of eq. (6.2), we obtain

x"(¢) = ¢ + Q. (x0 + Caz) = x{ + (af, (6.43)

where x[)F =c +Q,x0 and a;f = Q,as. Note that ai})F = Q,a3 =
Q,Qut3 = Qartg, where Qg = Q,Q,. We see that the rigid rotation
affects xo and Q, and that the xT({) obeys the Reissner hypothesis.

Below, we check the strain vectors, eq. (6.39), for a superposed rigid
motion, i.e. for the position vector and rotations indicated by “4”. First,
we evaluate the components

T T T
XS:a = QT‘XO,OH QS_ X(—{a = El]- QT‘XO,Oé = QO X0,a5 (644)
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a;, = (Qa3)a=Qaza, Qf'al,=Qi Qaz.=Qfasa,
(6.45)
as Cro =0 and Q,,=0. Then, the strain vectors of eq. (6.39) are

;r Qo XOa —ta = QOTXO,a —ta =€aq
; QO a3a an?%@é = Ka;, (646)

i.e. they are invariant w.r.t. the superposed rigid motion. Thus, also the
strain tensors of eq. (6.38) are invariant.

6.3.2 Symmetric relaxed right stretch strain

The symmetric relazed right stretch strain is defined by eq. (4.29) and for
the defined shell kinematics, H(¢) = sym[QE F(¢)] —sym[I3I1(¢)], where
QIF(¢) is defined by eq. (6.10) and IZT(¢) by eq. (6.16). Note that H
is the symmetric part of the earlier-defined non-symmetric H,(¢) and,
hence, H(() =€+ (K, where

€ =sym(eq @ to), K =sym(Kkq ® tq). (6.47)

The strain vectors e, and kK, are defined in eq. (6.39). Components
of the shell strain tensors in the basis {t;} are as follows:

- Oth order strains,
€11 = Xp,1 - a1 — 1, €22 = Xp2 - a2 — 1, £33 =0, (6.48)

1 1
€12 = €21 = 3 (XO,l -ag +Xp,2 - al) , €a3 = €3a = 3X0,a * A3,

- 1st order strains,
K11 = ag1 - ai, K92 = agz2 - az, k33 = 0, (6.49)

1 1
K12 = K21 = 5 (a3,1 -az +ag2-a), Ka3 = K3a = 583, * a3,

where €;; =¢e-(t;®t;) and k;; = k-(t;®t;). Comparing with the non-
symmetric strain components of egs. (6.40)—(6.41) with the symmetriza-
tion of eq. (6.42), the difference is that the in-plane shear components are
equal, i.e. €19 = €91.
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6.3.3 Green strain

The Green strain tensor defined in eq. (4.20) is E = 3(FTF —I"I). We
shall use the approximations

F(() = Fo + (Fy, I(¢) = Ip + (14, (6.50)

where Fo and F; = (F¢)o are defined in eq. (6.7), while Iy and
I = (I¢)o ineq. (6.13). Note that I is defined consistently with F,
see eq. (5.17). For these approximations, the products are

FH(F() = F{Fo+ ( (F{F, + F{Fo) + C*F1Fy,
(6.51)
IO I(¢) = Ty + ¢ (ITT, + I L) + C*I{ 14,

where the approximations of both products over ( are analogous. Then
the Green strain can be expressed as the second order polynomial of (,

E(() =€+ (r+ Cu, (6.52)
where the shell strains are defined as
e=i(FlFy-TL), k=1 (F{Fi+F{F,-I[L -1{I)), (6.53)
p=3 (F{F1-I(L).
Components of the shell strain tensors in the basis {t;} are:

- Oth order strains,

1 1
€11 = 5(X0,1 - X010 —t1-t1), €22 = 5(X02-X02 —t2-t2), e33=0,
(6.54)
1 1
€12 = €21 = 5X0,1 - X0,25 €03 = €30 = 5(X0,a - a3 — ta - t3),
- 1st order strains,
1 1
K11 = 5 (X0,1-a31 —t1-t31), K22 =5 (X02-a32 —ta-t32), k33=0,
1
K12 = K21 = 5 (X0,1 - @32 + X2 -a31 —t1-t32 —ta-t31), (6.55)
1
Ka3 = K3a = 5(@3,q - a3 — t34 - t3),
- 2nd order strains,

1 1
p11 = 5(az1-az1—t31-t31), 22 = 5(az2-azp—t32-t32), p33 =0,

fi12 = po1 = 3 (ag1 - az2 +as2-az1 —ta1 -tz —ta2-t31), (6.56)

a3 = H3a = 0,
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where Tj; = T - (t; ® t;) for the second rank tensor T. Obviously,
ti-ti =1, ta-to =1, and t,-t3 =0, but the above forms are better
suited to obtaining shell strain components in the natural co-basis. We
note that for the locally restricted shell geometry, eq. (5.19), we should
use t3, ~ 0 in the first and second order strains, which then become
much simpler.

The quadratic term (?p in eq. (6.52) is usually omitted in FEs and
then the Green strain is linear in (, similarly as the relazed right stretch
strains, H,, and H.

Covariant components of Green strain. Components of the Green strain in
the ortho-normal basis {t;} of egs. (6.54)—(6.56) depend on the deriva-
tives of the current position vector x¢ w.r.t. the local ortho-normal
coordinates S“.

These derivatives are not directly available and must be computed
from derivatives w.r.t. the natural coordinates {&,n}. Hence, to calculate
eq. (6.54)—(6.56), we first determine the covariant components of the Green
strain in the co-basis {gF}. By the chain rule

15) 0 15) 0
X0,1 = Xo¢ 8751 + Xo, 6757‘71’ X0,2 = X0 ¢ 8752 + o, 87;”72’ (6.57)

which can be rewritten as
-1 -1 —1 -1
x01 = Jiy Xog + Iy Xog,  Xo2 = Jpp Xog + oy X0, (6.58)

where J(;l are components of the inverse of the Jacobian J of
eq.(10.41). We can transform t, similarly because t, =yy,, ie.it
also is a derivative w.r.t. S%, see eq. (10.44). Hence, we have

t; = Jﬂl g + Jil 82, to = szl g + J{QI g2, (6.59)

where the vectors of the natural basis, g, =yo, and g, =y,. Using
the above relations, we can express the components of egs. (6.54)—(6.56)
in terms of the covariant strain components.

Membrane strain components. On use of the above expressions for deriva-
tives, the components of the membrane shell strain of eq. (6.54) become

2e11 = Xp,1 - Xo,1 — b1 -t1 = (Jﬁ1)2 (2e¢¢) + (J2_11)2 (2eny) + 2=]1_11<]2_11 (2e¢p),
299 = X2 - X0,2 — b2 - bo = (J1')? (22¢e) + (J33")? (2en) + 2715 I35 (22¢y),
2e12 = Xo,1 - Xo2 = Ji1' J15 (2e¢e) + Jog' Jas' (2e0m)

+ (i o + a1 i) (2een),
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and €91 = €12, or, in the matrix form,

€11 Eee
€22 | = T Emm | > (6.60)
€12 E¢n

where the operator T* is defined in eq. (2.29). The covariant compo-
nents of the membrane strain are defined as

2e¢¢ = X6 - X0,¢ — 81" 815 2emm = Xom - X0 — 82 * 82, (6.61)
2e¢ny = X0, - X0y — 81 82

Note that g; and g, are derivatives of y, w.r.t. ¢ and 7. In the
FE method, x¢ and Yy, are approximated by shape functions in terms
of & and 7, so the above components can be directly computed.

Bending and twisting strain components. The transformation formulas
for the derivatives of the directors t3 and a3 are similar to these
derived earlier for the derivatives of xg, i.e.

ts1 = J tae + Jor tan, tso = Jo' tae + Joy tanm, (6.62)
and
_ 71 —1 _ 71 —1
az1 =Jiy aze+Jy a3y, a2 =Jp azet+ Jy Az, (6.63)

Hence, for the bending and twisting strain components of eq. (6.55), we
can write in matrix form

K11 Ree
K22 = T>k H,m s (6.64)
K12 Ken

where the covariant components of the bending-twisting strain are defined
as follows:

Kee = X0 A3e — Yo 3¢ K = X0, 83 ~ Yo - b3,

1

(6.65)
Keg = kne = 5 (Xog - 3 + X0 - 836 — Yo - t3n — Yo, - t3e) -
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Transverse shear zeroth and first order strains. For the transverse shear
strain components of egs. (6.54) and (6.55) we obtain, in a similar manner,

€13 | _ -7 | €3 R13 | _ -7 | Fes (6.66)

€23 ez |’ K23 K3 |’ '
see also eq. (2.27). The covariant transverse shear components are defined
as follows:

€¢3 = €3¢ = %(X()’g-ag*gl'tg), En3 = €3 = %(xo,n~a3—g2-t3), (6.67)

ks = ks = 5(a3ea3—tagts), fiygz = hizy = 5(asy az—ta, ts), (6.68)
where g, -t3 =0, as ts is perpendicular to the tangent plane spanned
by g4

Green strain in the forward-rotated basis. We can derive in-plane components
of the Green strain in the forward-rotated basis {a;}, where a; = Qqt;
The derivative of the current position vector in the forward-rotated basis
is
X0,0 = (XO,a . al) a; + (Xoﬂ . ag) as + (X07a . ag) as (669)

and the scalar products of derivatives are

Xo,1 - X0,1 = (X1 - a1)” + (Xo1 - a2)® + (X0 - a3)?,

X0,2 - X0.2 = (X0,2 - a1)? + (X022 - a2)? + (0,2 - a3)?, (6.70)

X0,1 - X0,2 = (Xo,l -aj) (X0,2 -ap) + (X0,1 -a) (Xo,z -ag)

+ (x0,1 - a3) (x0,2 - a3).

Using them, the in-plane components of eq. (6.54) become

€11 = % [(XO,I -a1)’ + (x0,1 - 82)2 + (%0,1 ~a3)’ — 1] ’
€22 = % [(X0,2 cap)® + (%02 - as)” + (x0,2 - as)” — 1] ’ (6.71)
12 = 3 [(%0,1 - a1) (x02-a1) + (%0, - a2) (x0.2 - a2)

+ (x0,1 - a3) (X0,2 - a3)]

and €21 = €12. Note that the terms xo,-a3 are equal to the transverse
shear components, i.e. Xg o - a3 = 2643 = 2634 by eq. (6.54) and, hence,

(x01-a3)® =43y, (Xo2-a3)® =4eky, (xo01-a3) (x02-a3) = 4dez €32
(6.72)
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If the transverse shear strains are small, then these terms can be neglected,
and we obtain

enr = 5 [(x01 ca1)? + (%01 - a2)? — 1],
E99 = % [(X(),g . 31)2 + (X072 . a2)2 — 1] s (6.73)
€12 = €21 = 5 [(X0,1 - a1) (X022 - a1) + (Xo,1 - a2) (02 - a2)].

Comparing with the in-plane components of the shell strains of egs. (6.40)
and (6.48), we see that they all contain the product (x¢. -ag), and
depend on the drilling rotation through a; and as.

Remark. Comparing transverse shear components for various shell strains
of egs. (6.42), (6.48)—(6.49) and (6.54)—(6.56), we see that e,3 and ka3
are identical. Regarding the normal strains of a shell, we note that, for all
types of strains, they are equal to zero, i.e. €33 = 0 and k33 =0, see
egs. (6.40), (6.48), (6.54), and (6.55). These zero values are unrealistic
for most cases of deformation and more accurate values must be either re-
covered using some auxiliary conditions or obtained via the enhancement
of kinematics.

6.3.4 Transverse shear strains satisfying RC. Kirchhoff kinematics

The shell forms of the RC are given by egs. (6.30) and (6.35). Below,
we specify the strains taking into account the a3-components of the RC
equations.

Consider the second equations of egs. (6.30) and (6.37), i.e. Xg a3 =0
and (Qqts) -as =0. If these relations are used in the transverse shear
components, which are identical for all the derived shell strains, then

€03 = €30 = 3X0,0 - a3 =0, Ka3 = K3a = 5(Qqats) -a3 =10, (6.74)

i.e. the transverse shear strains of the zeroth and the first order are equal
to zero. The zero shear strains are characteristic for the Kirchhoff-type
kinematics which is described below. We note that

1. the conditions (6.74) also affect the strain vectors of eq. (6.39), because
they imply that their normal components are equal to zero, i.e.

Eq -ty = X0,o0 - A3 = 0, Kqo -t = (QO,at3) caz = O, (675)

where we used K, = angya ~ QOTQOth. Hence, the strain vectors
belong to the tangent plane {t;,t2} and, instead of strain vectors,
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we can use their projections on the tangent plane {ti,t2}, defined
as follows:

ea =(ea-tp) ts, KL =(ka tg)tsg, B=12 (6.76)

2. For €43 = €34 = 0, the quadratic terms of eq. (6.72) are equal to
zero and the components in the forward-rotated basis of eq. (6.74) are
exact.

Kirchhoff kinematics. This kinematics was defined in [124], and is chrono-
logically earlier than the Reissner kinematics. It dominated the shell lit-
erature when the computer era had not yet been in full bloom, and a
simplicity of equations was essential to obtain any solution. Many the-
oretically vital results were obtained then; for an account we refer to
[156, 78, 153, 127, 129, 171, 173, 174]. Still this kinematics is used in more
mathematically-oriented papers, e.g. in the so-called asymptotic theories
of shells, see [240, 134].

In the Kirchhoff hypothesis, the current position vector is defined by
x(¢) = %o + C a3, az =n, (6.77)

where mn is a unit vector normal to the deformed mid-surface. The
current director ag must remain normal to the deformed surface so this
hypothesis is more restrictive than the Reissner hypothesis and implies
zero shear strains.

The Kirchhoff kinematics is less popular in FE implementations than
the Reissner kinematics for the following reasons:

1. the transverse shear strains are assumed equal to zero, which is not
correct in some important practical applications such as layered com-
posites.

2. the corresponding shell equations contain second derivatives, which
require the C! approximation functions. This reduces the radius of
convergence of the Newton method, and the stable time step in explicit
dynamics, see [23].

However, in use still are very good elements based on the so-called Kirch-
hoff constraint, i.e. the condition that the transverse shear strain is zero.
Such a condition is applied at some selected (discrete) points to mod-
ify the Hermitian shape functions which yields very good bending parts
of two-node beam and four-node shell elements. The Discrete Kirchhoff
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(DK) beam element is derived in Sect. 13.1.2, other DK elements are
characterized in Sect. 13.2.4.

Finally, we note that having an element with the Reissner kinemat-
ics, we can obtain the Kirchhoff kinematics by enforcing the equations
for the (a3)-components of the shell RC of eq. (6.30), i.e. the condition
= 0.

X0, * a3

6.3.5 Rotation as an intermediate variable symmetrizing strain

Symmetry of strains is important because it allows us to use standard
constitutive equations. This question is undertaken in the early works of E.
Reissner, cited in [205, 204] and later in [191, 42]. In [191], the rotation
is chosen so that the Q'F product becomes symmetric. Besides, the
symmetric part of the first Piola-Kirchhoff PT is used, and the inverse
constitutive equation QTF = OW,(symP)/dsymP, where W, is the
complementary energy.

The above idea was adapted for shells in [262]. The rotation is decom-
posed as Qg = Q2Q;Q,, where Q; and Q, are rotations around
the tangent vectors and Q, is a rotation around the normal vector of
the local basis. Then,

€y = QgXO,a = Qgéaa n, = E‘)FHZ = ngla, (6'78)

where &, = QTQlx¢, and 1, = QTQIn} are the vectors back-
rotated by Q,Q; and mn}, is the stress resultant obtained for the stress
vector of PT.

The stretch and stress tensors are defined as follows: U = Qgéa®ta =
QdeJ and N =Q;n,®t, = QdTN. The rotation Q, is required to
yield a symmetric U, when applied to non-symmetric U, ie.

Q,: U=QITU. (6.79)

In other words, the angle of rotation wy of Qg (wg,t3) is determined
from the condition Ujs = Us;. The membrane strain is defined as H =
(QYe, — to) ® ta.

A different procedure is used for the bending/twisting strain and the
couple stress resultants. First, the vectors are back-rotated by Qg , i.e.
Ko = ng%a and m, = Qz;rha Then the tensors kK = K, ® t, and
M =m, ®t, are non-symmetric. Hence, only their symmetric parts are
used in the virtual work, i.e.
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N -0H + M-k ~ (QIN) - 6H + symM - symér, (6.80)

and we see that the method is approximate. Note that wq is an inter-

mediate variable depending on U, i.e. wy(U), and cannot be used as a
degree of freedom.

6.3.6 In-plane deformation with drilling rotation

Consider an in-plane deformation of a shell for which the drilling rotation
wg about the normal vector t3 is non-zero, while the rotations about
the tangent vector Q,, =I. Then Q, of eq. (6.31) becomes

Qo= Qulwg) =c(t1 @t +ta®t2)+5 (L2 @t —t1 ®t2) +t3Dt3, (6.81)

where s =sinw; and ¢ =coswy. Note that the normal vector tg is
the eigenvector of Qu(wg) associated with the eigenvalue +1. Hence,
az = Qpts = Qu(wy) t3 =tz and the normal vector t3 is unaltered by
the drill rotation. But the tangent vectors t, are rotated about ts by
the angle wy, and a, = Quty = Qg(wq)ts yields

a; =cty + sto, as = —sty] +cto. (6.82)

We see that the strains which depend on a, are affected by the drilling
rotation! This includes the right stretch strains of egs. (6.40) and (6.48)
and the Green strain in the forward-rotated basis of eq. (6.74). On the
other hand, the components of the Green strain in the initial basis {t;},
eqs. (6.54)—(6.56), are not affected by the drill rotation.

Let us consider the strain components in the initial basis {t;} and
compare the strains based on the products (FIF) and (Q'F). For
eq. (6.81), the parts of F of eq. (6.7) become

Fy = X0,0 ® to + t3 ® t3, (Fg)o =t34 Rty (683)

and we see that they do not depend on the drilling rotation, wg. The
same is true for the Green strain, E = %(FTF —1I), depending on the
product FTF.

On the other hand, the strains using the product (QTF) naturally
contain the drilling rotation. For eq. (6.81), the components of (QTF)
become

Q{Fo = (Q}%0,0) @ta +t3®t3, Q) (F o= (QIQua + 20) t30tq
(6.84)
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and they depend on wy. If we apply the drill RC of eq. (6.30) to such
formulations, then, simply, the drilling rotation already existing within
the formulation is constrained.

Below, we determine the drill RC and the strains for the displacement

vector u = uijt; + usts.

Drill RC.  In terms of the component displacements and the drilling
rotation, eq. (6.30) becomes

—(ug2 +ur1 +2)s+ (ug1 —ui2)c=0. (6.85)

Linearization w.r.t. wg at wyg =0 gives coswg~1 and sinwy ~ wy,
and for small strains, w; ;1 ~0 and wug2 ~ 0, we obtain the well-known
expression for the infinitesimal drill rotation wg = %(ug,l — U 2).

Symmetric relaxed right stretch strain. The components of this strain of
eq. (6.48) are

enn = (1+u1)ctuis—1, g0 =—u125+ (1 +ug2)c—1,

€12 = €91 = % [(UQ’Q — U1’1) S+ (U271 + ul,g) C] (6.86)
and they depend on the drill rotation wy. Linearization w.r.t. wy at
wg=0 gives coswg~1 and sinwyg~ wg and then

€11 = U1,1 + U2,1 Wy, €22 = —U12Wq + U2 2,

12 = €21 = 5 [(ug2 — u1,1) wg + (u21 + u12)] . (6.87)

For an infinitesimal rotation, wg~ 0, we obtain e11 = u1,1, €22 = u22,
1
and €12 = €91 = 5(u2,1 +u12).

Green strain. The components of the Green strain of eq. (6.54) are
en =3 [14+ua)’+us; —1],  en=3[ul,+(1+u2)?—1],

€12 = €91 = % (1 +wrp)ur2 +uz1 (1 + ug2)] (6.88)

and they do not depend on wy. By neglecting of the quadratic terms,
we obtain the linearized formulas €11 = u1,1, €22 = u22, €12 = €21 =
%(ul,g + ug21), which are identical to the linearized components of the
symmetric relazed right stretch strain of eq. (6.87) for wy ~ 0.
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6.3.7 Forward-rotated shell strains variations

The forward-rotated symmetric relazed right stretch strain is defined as
H* = Q,HQ!, where H =sym(Q!F) -1 Hence,

H' = QyHQ] =sym(FQf) — L. (6.89)

The forward-rotated shell strains, which are counterparts of H*, are
defined as

" = QueQy =sym[(Quea) ® (Quta)] = sym (e, @ aa), (6.90)
K" = Qk Qf = sym[(Qura) ® (Quta)] = sym (kj ®aq), (6.91)
where
€5 = Qpea = Qp(Q) X0,0 — ta) = X0,0 — aa, (6.92)
K= Qpka = QyQE@a —t34) = @a — Qotsa- (6.93)
For a shallow shell K}, = w,, because w,~w, and t3,~0.

The forward-rotated variation of the zeroth order strain de = sym(de;®
t;) is defined as
(5)* = Qe Qf = Qyd(Qfe"Qy) Qf = b¢”, (6.94)

where the last form defines the co-rotational variation of the rotated strain,
which has a form of the Green—-McInnis—Naghdi objective rate, see [97].
The above definition yields

(o]

s = sym [(Qydea) ® (Quta)] = sym(se’, @ an), (6.95)

where the co-rotational variation of the strain vector can be expressed as

Sel = Qudea = Q) [5(QF )] (6.96)

Relations of the results of particular operations to the vector e, are as
follows:

1. rotate-back €,,

(Qoes) = Qi x00 —ta  (=€a),
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2. calculate a variation,

5(Qfer) = 0Qf %00 + Qf0x00 (= eq), (6.97)

3. rotate-forward,

Qo [6(QFel)] = (X0 X 60) + 0x00 (= Qudes = G€5).

In the last form, we used Q05Q0T =607, in accord with the definition
of 06 in eq. (6.19). We proceed similarly for the first-order strain, and,
finally, we have

el = 0X0a + (Koo X 08), KL =0@a + (@a x 00),  (6.98)

where both expressions depend on the axial vector 9§60 but not on the
rotation tensor.

Example. We compare the strain vectors e; and €] for a planar
deformation.

Let us first specify the strain e; in the basis {t;,t3}, see Fig. 6.2.
The displacement vector is decomposed as u = ut; + wts. For the arc-
length coordinate S7, the derivative of the initial position vector is
Yo, = t1. For x¢9 =y,+u, the derivative of the current position vector
is

X0,1 = (1 —|—u’1)t1 + w1 ts. (699)

The rotation tensor can be expressed as
Qp=cosf [t1 ®t] + t3 R t3]—sinf [t ® t3 — t3 @ t1]+t2®t2, (6.100)

where (3 is the angle of rotation. Then the strain vector €, = QgX()J -t
is

g1 =[(14+wui)cosfB+wysinB—1] t; + [—(1 +u,1)sin B+ w cos f] ts.

(6.101)

Next, we specify the strain e} in the basis {a;,az} for the same

deformation. The displacement vector is decomposed as u = ua; + was.

The derivative of the initial position vector is yp; = t1 = Qpa; =
cos fa; — sin fag, where the rotation tensor

Q= COSB [a1®a1 +as ®a3] —SinB [a1®a3—a3®a1]+a2®a2 (6.102)
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and [ is an angle of rotation. For xg =y, +u, we get a derivative of
the current position vector,
x01 = (cos B+ 1) al + (sin 3+ w1) a. (6.103)
The forward-rotated strain vector, €] =xg1 —ai, is
e} = (cosf—1+11)a; + (—sinfB+w,)a. (6.104)

Comparing eqgs. (6.101) and (6.104), we note that expressions for e] are
simpler than for ;.

Fig. 6.2 Geometrical interpretation of strain vectors e; and e7.

6.4 Virtual work equation for shell

In this section, the shell VW equation is derived from the 3D VW equa-
tions of Chap. 4, for the kinematics defined in Sect. 6.1. The shell stress
and couple resultants are defined as integrals over the thickness.

6.4.1 Virtual work of Biot stress

The 3D VW of the Biot stress is given by the first term in eq. (4.51). The
corresponding VW for a shell is defined as the integral of this term over
the shell thickness,

+5
52i/} TB . symé(QTF) pudc. (6.105)
-3

For symé(Q'F) = dsym(QTF) = 6H = de + (dk, using of eq. (6.47),
where the strain vectors are given by eq. (6.39), the integrand is
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T8 . symé(QTF) = TD . sym(deq @ to) + CTE - sym(dkq @ ta). (6.106)

The stress tensor T = QTP of eq. (4.50), can be expressed as T =
f; ® t;, where f; is the stress vector corresponding to the vector t; of
the local Cartesian basis. The shell stress and couple resultant vectors are
defined as

+4 +4
n; = / JEOpde mi= / S Qudc, (6.107)

and we can introduce the following shell stress and couple resultant ten-
Sors,
N=n;®t,, M=m,; t,. (6108)

Integrating eq. (6.106) over the thickness, we obtain the shell form of
the VW for the Biot stress of eq. (6.105) in the following form:

6% =NB.je + MP . 6k, (6.109)

where the strain tensors e and &k are given by eq. (6.47) and are
symmetric.

The 3D strain energy W(fj) depends on the symmetric relazed right
stretch tensor U = sym(QYF) and the CL for the Biot stress is obtained
by TP = OgW, see eq. (4.32). For the Reissner kinematics of first
order, U is a linear polynomial of the thickness coordinate (, i.e.
U(¢) = (U)o +¢(Ug)o, seeeq. (6.10). The shell strain energy is defined
as an integral of the 3D strain energy over the shell thickness, i.e. Y =

h B - -
[F2WIO(0)] pdC. Hence, ¥ =X ((U)O, (U,C)()), and the CLs for the

shell stress and couple resultants are defined as

NP , MB = —— (6.110)

VW of stress for forward-rotated stress and couple resultants and shell strains.
Define the forward-rotated stress and couple resultants as

N7 = QoN/ Qg = sym[(Qoni) @ (Qots)] = sym (nf @ a;),  (6.111)

MP* = QuMPQY = sym[(Qumy) ® (Qut:)] = sym (m] ®a;), (6.112)

where
ny = Qn;,  m; =Qym;. (6.113)
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Note that these vectors become the shell counterparts of the nominal stress
P when Q=Q; isusedin T = Q'pP.

The forward-rotated shell membrane strain is defined in eq. (6.90),
while the forward-rotated variation of this strain in eq. (6.94) and it is

[¢]
equal to the co-rotational variation of the rotated strain §e*. Using the
above forward-rotated tensors, the first term of the shell VW of eq. (6.109)
becomes

NE . 5e = tr(NP §e7) = tr(Q,NPQY Qu0e7QY) = N* - 5e*. (6.114)

Similar relations can be obtained for the bending/twisting strain and,
hence, the shell VW can be expressed in terms of the forward-rotated

tensors as o o
6% = NP 5e* + MB*. 5k*. (6.115)

For the 3D elasticity, it can be shown that the structure of a constitutive
equation and a constitutive operator for the forward-rotated Biot stress
are analogous to that for the Biot stress, but for U replaced by U* =
QUQT =V, see [251]. This result is also valid for shells and, hence,
for the expansion U*(¢) = (U*)g + C(ﬁz)o and the shell strain energy

¥ = X((U*)o, (ﬁj‘c)o), we obtain
Bx* 82 Bx 82

s = aE— M = ———, (6.116)
9(U*)o (U)o

which is the counterpart of eq. (6.110).

6.4.2 Virtual work of second Piola—Kirchhoff stress

The 3D VW of the second Piola—Kirchhoff stress is given by the first
term in eq. (4.64), which can be expressed as S - %5sym(QTF). The
corresponding VW for a shell is defined as the integral of this term over
the shell thickness

0x = / Lsymd(FTF) pdc, (6.117)

w\r

where  isymd(F'F) = §isym(F'F)

= 6E = 6e + (6 + (%6p, by
eq. (6.52). Then, the integrand of eq. (6.117

) is
S 1symé(F'F) =S -de+(S -6k +(*S-dp. (6.118)
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The second Piola—Kirchhoff stress tensor can be expressed as S =s; ® t;,
where s; is the stress vector corresponding to the vector t; of the local
Cartesian basis. The shell stress and couple resultant vectors are defined
as

+4 +4 +4
n= [ s@pde m= [ es@ude k= [ @sonac

3
(6.119)
and we can introduce the shell stress and couple resultant tensors, N =
n®t;, M=m;®t;, and K=k;®t;. Integrating eq. (6.118) over
the thickness, we obtain the following shell form of the VW equation:

NI
[Ny

0 =N-0e+M-dr+ K- ipu, (6.120)

where the strain tensors e, Kk and p are given by eq. (6.52).

Below, we derive the shell strain energy and define the CL for the
shell stress and couple resultant tensors N, M, and K. The 3D
strain energy W(C) depends on the right Cauchy—Green tensor C =
F'F, and the CL for the second Piola—Kirchhoff stress is obtained as
S =20cW(C), see eq. (4.23). For the Reissner kinematics, C is a
quadratic polynomial of the thickness coordinate ¢, i.e. C({) = (C)o +
C(C)o+ 3C%(Cee)os see eq. (6.51). The shell strain energy is defined
as an integral of the 3D strain energy over the shell thickness, i.e. X =

JEW(C(0) nd¢. Hence, ¥ = $((C)o, (Coo, (Cecdo), and the

CL2S for the shell stress and couple resultants are defined as follows:

oxY ox ox
N=—" M=-——" K=-—". 6.121
5(Cho 5(Cs 6Ce0 o1
Finally, we note that the VW of the forward-rotated stress and couple
resultants and shell strains can be obtained in a similar manner as for the
formulation based on the Biot stress.

6.4.3 Variation of RC term

The RC terms are identical for the formulations based on the Biot stress
and the second Piola—Kirchhoff stress. We consider two forms of the RC
term.

1. The term &[T, skew(QTF)] ofeq. (4.51) or (4.64). Using skew(Q'F)
= C+((€)o ofeq. (6.27) and by the integration over the thickness,
we obtain
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+4
(SFRc = / 0 [Ta : skew(QTF)] ,ud( =4 [Na : Q:O + Ma : (QC)O] .

[N

(6.122)
For €, and (C€¢)g reduced to the first equations of egs. (6.30) and
(6.35), we obtain

dFrc = 0 [Ni2 Cia + Mz Di2] = 6 [N12 Chal, (6.123)
where Nz = (Ng)12, Mi2 = (Mg)12, and
Cio = % (XO,l cag — X2 al) s Dqo = az1-azx —agz-a. (6124)

2. The term 7 skew(QTF) - dskew(QTF) of eq. (4.63) or (4.73), where
v € (0,00). On use of skew(QTF) =+ ((¢)o of eq. (6.27) and
by the integration over the thickness, we obtain

+5
6Frc =7 / skew(QTF) - dskew(QF) pudc

[Ny

3

h
— oo+ I3 @o-steen] . (6125)

which, for €y and (€¢)g reduced to the first equations of egs. (6.30)
and (6.35), can be rewritten as

h3
0FRrc =~ ¥ |:h Ci20C19 + E Do 5D12:| ~ vh C12 6C1s. (6.126)

In both forms, the term with Djs is neglected for the reasons given in
the Remark in Sect. 6.2.

6.4.4 Virtual work of body forces and external forces

For the Reissner kinematics of Sect. 6.1, the position vector in the de-
formed configuration is defined as x({) = xo + Caz. Its variation is as
follows:

0x = 0% + ( das, (6.127)
where daz = 60 x az. In the above, 00 is the axial vector of a left
skew-symmetric tensor 66 = 60 x I such that 0Qp = 50 Q-

i. The VW of the body force is defined as 0F}, = fB prb - 0xdV. For
the shell, we assume that b is constant over the thickness and integrate
over the thickness with p~ 1, which yields

yh
5F, i/ * prb-dxpd¢ = prhb - 6xo. (6.128)

[Ny
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ii. The VW of external forces acting on the top and bottom surface
bounding the shell is defined as 0.4 = [¢, p*-6xTdST+ [ p~-0x~dS™.
The subscript  “+” indicates the top surface, at ¢ = +h/2, and “—”
indicates the bottom surface, at ¢ = —h/2. The orientation of these
surfaces is approximately defined by =a3, where a3z = Qgts. Besides,
p denotes the external force corresponding to as. Using dx of
eq. (6.127) and (¢ = £h/2, the definition yields

0A =q-0x9+mgs- 40, (6.129)

where the external forces and moments for the shell are defined as follows
A . . . h . .

a=p"+p7, g = Jag x (pT—p7). (6.130)

Note that the projection of mj3 on ag is equal to zero.

iii. The VW of external forces p, acting upon the lateral boundaries of
h
the shell can be defined as §A, = fj; p,-0xpd¢. The lateral boundary

of a non-deformed shell is a surface g?enerated by t3 along a boundary
curve 0S. If a denotes a unit vector, tangent to the deformed 05,
then the vector normal to the lateral boundary is v = a x ag, where aj
generates the lateral surface for the deformed shell. Using eq. (6.127), the
VW can be written as

SA, =@, - 5%0 + 1y - 66, (6.131)

where the external load and external moment for the shell are

+4 +4
4 = / by udC, T = / Cay x Py pdc. (6.132)

h
2

[Ny

6.4.5 Virtual work equation for shell

Finally, the VW equation for a shell, comprising the contribution of the
stress and couple resultants, the RC and the external loads, becomes

STy, = / (65 +0Fpc —0Fy—6A) dS— [ 64,d0,5,  (6.133)
S 058
where S denotes the middle surface of the shell and 9,5 is a trac-

tion part of the middle surface boundary. The particular components of
eq. (6.133) are defined as follows:
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1. The VW of the stress and couple resultants, §X, is given by eq. (6.109)
for the Biot stress, and by eq. (6.120) for the second Piola—Kirchhoff
stress,

2. The variation of the RC term, O0Frc, is given for the three-field
shell formulation by eq. (6.123), while for the two-field formulation by
eq. (6.126),

3. The VW of the body force, §Fj,, is given by eq. (6.128),

4. The VW of the external forces acting on the lower and upper bounding
surfaces, A, is given by eq. (6.129),

5. The VW of the external forces acting upon the lateral boundaries,
dA,, 1is given by eq. (6.131).

6.5 Local shell equations

In this section, the local shell equations are obtained from the shell VW
equation for the Biot stress. In several aspects, the derivation is similar
to the derivation of the Euler—Lagrange equations for the 3-F potential in
Sect. 4.4.

First, we consider the first two terms of the VW equation of eq. (6.133),

60X+ 0Frc = NP .5e + MP -6k + 6 [N, - €+ M, - (€c)o], (6.134)
where egs. (6.109) and (6.122) were used. They can be transformed to

0X4+0Frc = N-(0eq®tq)+M-(dka®ts) + 0Ng-Co+0Mg- (€ ¢ )o, (6.135)

where N and M are defined in eq. (6.108). The transformation which
was used to obtain the latter form is similar to that of eq. (4.28), plus
P - 6F = (QTP) - (QT6F), to have a full analogy. This form is more
convenient as it does not contain symmetric tensors, so we can use vectors
instead of tensors. Below, we separately transform the first two terms and
the last two terms on the r.h.s. of eq. (6.135).

First two terms.  First, we consider the case when the RC equations are
not satisfied and the strain vectors e, and kK, are defined by eq. (6.39).
The first two terms of eq. (6.135) can be transformed as follows:

N (deq @ ty) =ng - dey =1y, - 5(Q3X0,a)7 (6.136)

M. (ko @ ty) =my - 0Ky = my, - [6(Q0Twa) X t3]
= (t3 X my) - 6(Q) @a), (6.137)
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where the stress and couple resultant vectors are defined in eq. (6.107).
The last form of eq. (6.137) was obtained by using the identity a-(bxc) =
b - (c x a), which is valid for arbitrary vectors a,b,c. Note that

toxma = [ b x CEa(C) (6.138)

SIS

can also serve as a definition of the shell couple resultant vector, alternative
to eq. (6.107).

Furthermore, we transform egs. (6.136) and (6.137) using the forward-
rotated stress and couple resultant vectors of eq. (6.113). First, we trans-
form the respective terms according to the scheme a-db = (QgQOa)-éb =
(Qoa) - (Qpdb), where a and b are vectors. Then we introduce the
forward-rotated vectors, which yields

n, - 6(Qlx0.0) = 0 - [Qud(QLx0.0)] = 0, - (6%0.0 — 660 X X0.4), (6.139)

(t?) X ma) : 5(nga) = (a3 X m:;) ’ [QO‘S(QgQa)]
= (azg xm}) - (0wy — 00 X @W,)
= (a3 x m’) - 36 4, (6.140)

where n} and m} aredefinedineq. (6.113), and eq. (6.97) was applied
to [Qud(Qlx00)] and [Qyd(QLwa)]. The last form of eq. (6.140) is
obtained by using the identity of eq. (6.20). We note that a3 x m} =
(Qpt3) x (Qumy) = Qp(ts x my), i.e. it is the forward-rotated shell
couple resultant vector. Hence,

55 + 6Fre =1l - (0x0.0 — 00 X X00) + (a3 x M%) - 60,4, (6.141)

Special case: RC equations satisfied. If the RC equations are satisfied,
then the strain vectors €, and Kk, can be replaced by their projections
ey and Kk of eq. (6.76). Then the first two terms of the r.h.s. of
eq. (6.135) can be transformed as follows:

N - (de) @ ty) = n, - de), = 0y, - 0eq, (6.142)

M- (6kd @ to) = m, - 0KkS, =M, - dKq, (6.143)

where the projections of n, and m, of eq. (6.107) on the tangent
plane {t;,to} are defined as
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nd, = (ng - tg) tg,  mg = (m,-tg) tps (6.144)

Hence, we can use the projections of stress and couple resultant vectors
instead of the projections of strain vectors, and in the final eq. (6.141),
the asterisk denotes the forward-rotated projections, i.e. n}, = Qyn?,, and

m;, = Qymy,.
Last two terms. The last two terms of eq. (6.135) can be written as

0N, - €y = skew(éna X ta) . skew[(ngoﬁ) X tg] ~ dN19 Ci2, (6.145)
SM,, - (€ )0 = skew(dm, @ t,) - skew[(Qf @p) @ tg] ~ IMya D1a, (6.146)

where Nijo = (Ng)12, Mijs = (My)12, and Ci2 and Dis are given
by eq. (6.124). Dj2 is neglected by the reasons given in the Remark in
Sect. 6.2.

Local shell equations. To obtain the local shell equations, we have to
perform several additional transformations.

A. First, we transform the first term of eq. (6.141), ie. A = fS n;, -
(6X0.0 — 60 X X04)dS. On use of the divergence theorem, Div(T'v) =
T - Gradv + (DivT) - v, ([33], eq. (5.5.19)), where T is the second-rank

tensor and v is a vector, we obtain
n’ - 0x0, = N* - Graddxg = Div(N*T6xq) — (DivIN*) - dxq,  (6.147)

where Grad () =(:)a®a,, N*=n}®a,, and DivN*=n} ,®a,.
The integral of its first component is

/ Div(N*Tox0)dS = [ (N*Téxg)-vdS = [ (N*v)-dx0ddS, (6.148)
S oS oS
by the Gauss’ integral identity ([33], eq. (5.8.11), p. 164), where 05
denotes the boundary curve on the mid-surface, and v is a vector tangent
to the mid-surface and normal to this curve. Besides, for the second part
of A, by the cyclic permutation of vectors, see [33], eq. (4.9.8), p. 66,
we obtain

—n}, - (00 X X0q) = —00 - (X0, X N,). (6.149)

Collecting the above formulas, we have

A= _/n;a.axo ds_/(xo,axn;)-aader/ (07, @ 2] - 6% dOS.
S S oS
(6.150)
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B. The second term of eq. (6.141), ie. B = [((az x m}) - 60 ,dS, is
treated similarly as |, g1y, 0% dS, and provides

B—- / (a3 xm7) w00 AS+ | {[(as x m?) @ au]v}- 60 dOS. (6.151)
S oS

Finally, collecting all the terms, we obtain

[~ @ o) 00~ g % i)+ (o )+ i 3013
+/S§ (x0,1 - a2 —Xg2-a;) 6N12dS
+ /as[(nz ® aq)V] - 0xo + {[(ag x m}) ® a,Jv} 40 dOS =0, (6.152)

from which we obtain the following local equations:

n,,+hprb+q4=0 in S,

(ag x m}) o + X0 X 0y, +1m3 =0 inS, (6.153)
XO,l sag — X072 -a] = 0 n S,
(n} ®a,)v =0, (a3 x m}) @ as]v =0 on 0S.

These are the LMB and AMB equations, the drill RC equation in the form
of eq. (6.30), and the natural BC for a shell with the Reissner kinematics
of first order, respectively. These equations involve n} and m}, which
are the forward-rotated vectors of eq. (6.113).

The AMB equation (6.153)2 contains only two scalar equations,
because its projection on the director as is equal to zero. The proof is
given below.

Proof.  The projections of selected terms of eq. (6.153)2 are as follows:
(ag x my}) o - a3 = (az o X mM}) - az + (ag x m;a) -az = (a3 o X my) - as,
(6.154)
(

h
mg-a3=_ [agx (pT —p7)| a3 =0, 6.155)

2
by which, the projection of the whole eq. (6.153) is

(ag,qa x my) - ag + (x0.o X n3,) - az = 0. (6.156)
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Using the definitions of egs. (6.107) and (6.113), we have

+2 +4
wi= [ CQf©nde mi= [ CoQut@pde (6157

SIS

Inserting the above formula into eq. (6.156) and considering the integrands
only, we obtain

[(x0 4 ¢a3) o X (Qofa)] - a3 = 0. (6.158)

This equation can be rewritten in a different form. Note that (x¢ +
Caz).a = x(()a, by eq. (6.2), and that Quf, = p,. The latter results
from the definition T = QTP, see Sect. 4.4, aswellas T =f; ® t;
and P =p;® t;, from which we obtain f; = QTpi, where the stress
vectors f; and p; correspond to the vector t; of the mid-surface
ortho-normal basis. Then eq. (6.158) can be rewritten as

%(€),a X Pal - a3 =0. (6.159)

Now we recall the AMB equation, (4.5), F x P = 0, which can be
rewritten as x; x p; = 0, (i = 1,2,3). From this equation we obtain
Xo X P, = —X3XP3 = —az X Ppg, because x3=x,=a3, for x({) of
eq. (6.2). Then, eq. (6.159) becomes —(agxp3)-az =0, i.e.isidentically
equal to zero, which ends the proof that a projection of eq. (6.153)2 on
ag is equal to zero. O

Remark. We can count the number of scalar equations in the system of
equations (6.153). The first equation contains three scalar equations, while
the second one only two, because its projection on the director agz is
equal to zero, as shown above. Equation (6.153)3 is the RC for the drilling
rotation, wy, i.e. eq. (6.30), and it provides the sixth equation.

Summarizing, we have six scalar equations which, using the CL and
kinematical relations for strains, can be written in terms of x¢ and Q.
If these equations are written in an incremental form, then we can assume
that the increment of the angle of rotation is smaller than =, so the
rotation tensor Q, can be parameterized using three parameters, see
Chap. 8. The current position of the mid-surface xg also provides three
parameters, and hence, the number of equations is equal to the number
of unknowns.
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Local shell equations for shell resultants for second Piola—Kirchhoff stress. For
the 3D continuum, when we express the governing equations (4.4)—(4.6) in
terms of the second Piola—Kirchhoff stress S, they become more compli-
cated, because they depend not only on S but also on the deformation
gradient F, through P = FS. A similar situation is in the case of shells
when we introduce the shell stress and couple resultants corresponding to
S. Then the local shell equations also depend on the particular parts of
F, and are complicated. For this reason, they are not provided here.

6.6 Enhanced shell kinematics

A majority of the shell FEs used nowadays are based on the Reissner
kinematics of the first order. However, a lot of research is being carried
out to extend the range of applicability of shell elements, and this can be
done only by enhancing the shell kinematics. This requires additional kine-
matical parameters which, unfortunately, render the equations to become
very complicated and the FE approximations more difficult to control. As
a consequence, very few of the extensions have proven manageable and
remain as a permanent part of shell FEs.

Having this in mind, we separately present the most important en-
hancements and their geometrical meaning, as it is not difficult to com-
bine these assumptions together. Then, however, the equations for the
combined assumptions are not a simple sum of the equations for partic-
ular cases, but contain terms coupling various parameters. The judicious
handling of these very complicated equations is necessary.

6.6.1 Two normal stretches

The Reissner kinematics with two additional normal stretches is based on
the following assumptions:

A1. The position vector in the deformed configuration is a quadratic poly-
nomial of the thickness coordinate

Q=%+ AQas,  MO=Cot A, (6.160)

where the scalars A9 and A} are the normal stretch parameters,
i.e. the normal components of the right stretching tensor, see Fig. 6.3.
Comparing with eq. (6.2) for the Reissner kinematics of first order, we
see that A(¢) is used in place of (.
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At G0
a3

Fig. 6.3 Normal stretch.

A2. The rotations have the same form as for the Reissner kinematics of
the first order, see eq. (6.1),

Q(¢) = Qo (6.161)

The two-parameter scalar-valued function multiplying the director is used
in [48, 49] for the Kirchhoff shell and, subsequently, a general form of this
function is used for the Reissner kinematics in [147]. An alternative form
of Reissner kinematics with two stretches is given in [254], eq. (50).

Note that for two normal stretch parameters, the order of approxima-
tion of the normal strain is the same as when recovered from the zero
normal stress (ZNS) condition. The normal stretches Ao and \; are
needed for the following purposes:

1. to account for the thickness changes in stretching and for the shift of
the initial middle surface in bending,

2. to avoid recovery of the normal strains from either the zero normal
stress (ZNS) condition or the incompressibility condition, which are
discussed in Sect. 7.2.

Finally, we note that the simplest way of handling the stretches in FEs is to
treat them as the local elemental parameters. Then they are discontinues
at the element’s boundaries, but the boundary conditions for them are
not required.

6.6.2 In-plane twist rotation

The in-plane twist rotation is performed about the shell director but is
different from the drilling rotation, see Fig. 6.4.

The Reissner kinematics with the in-plane twist rotation is based on
the following assumptions:
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Fig. 6.4 Drilling and in-plane twist rotations.

A1. The position vector in the deformed configuration has the same form
as for the classical Reissner hypothesis of eq. (6.2), i.e.

x(¢) = xo + Cas. (6.162)

A2. The rotations are assumed as

Q(¢) = Q4(¢) Qo; (6.163)

where Q,(¢) is the in-plane twist rotation tensor which is superim-
posed on Qg used by the first-order kinematics, eq. (6.1).

We can split Qy = Q;Q,,, where Qg is the drilling rotation tensor
and Q,, isthe rotation around an axis tangent to the middle surface and
both are constant over the shell thickness. Then we can rewrite eq. (6.163)
as

Q(¢) = Qi(€) Qo = Qi) Qu Qi (6.164)

where Q,(¢) and Q, are performed about the same forward-rotated
director a3’ = Q,,t3. The normal rotation angle w(({) is approximated
linearly,

w(¢) = wag + C wy, (6.165)

where wy is the drilling rotation and w; is the in-plane twist rotation,
see Fig. 6.4. We assume that w; is small and use a linearized form of

Q:(<)-

The Reissner kinematics with the in-plane twist rotation was proposed
in [252]. It was shown, using the first order RC equation, that the in-plane
twist parameter can be expressed as

az1-az —agg-aj

(6.166)

Wt = 5
Xp,1 - a1 + Xp,2 - a2



94 Shells with Reissner kinematics and drilling rotation

i.e. in terms of vectors available within the first-order kinematics, and can
be treated as the internal kinematical parameter. The consequences of this
enhanced kinematics are as follows:

1. The moment normal to the middle surface is a variationally consistent
external load, which means that the in-plane bending can be induced
either by an in-plane force or by a twisting moment normal to the
mid-surface.

2. The new first-order strain, p, can be expressed in terms of the known
bending and stretching strain vectors.

3. The presence of the twist correction should eliminate the in-plane twist
rigid body mode in some elements, see [98], p. 333.

Finally, we note that treating the in-plane twist rotation as an internal
parameter, we enrich the shell kinematics without increasing the number
of dofs of a discrete model.

6.6.3 Warping parameters for cross-section

To account for the bubble-like warping of a cross-section, we have to en-
hance the position vector and the rotations simultaneously. The accord-
ingly enhanced Reissner kinematics is based on the following assumptions:

A1. The current position vector is assumed as a quadratic polynomial of
the thickness coordinate

x(¢) = xo + Ca3z + B(()(dia1 +daz),  B(() = 1—%@2, (6.167)

where d; and dy are the scalar warping coefficients, and B(() is
a bubble function, such that B(0) =1 and B(%h/2) =0.
A2. The rotations are assumed as

Q(¢) = Qi1(¢) Qo, (6.168)

where Qg was used in the first-order kinematics, eq. (6.1). The
(-dependent rotation tensor Q; is assumed in a linearized form

Qi ()= I+¢y" xI,  ¢" =yia;+9jay, (6.169)
where 1)}, are rotation coefficients.

Note that (¢) = (" is equal to zero at ¢ =0, and has opposite
directions at ¢ = +h/2, see Fig. 6.5. We see that only the tangent
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B0 d, a,

Fig. 6.5 Bubble-like warping of cross-section. Warping parameter ds and tangent
rotation ] =1 a; are linked.

rotations correspond to the warping coefficients d,. For this reason, the
normal vector 1§ az is omitted in eq. (6.169).

Note that the higher-order terms in eq. (6.167) are imposed hierarchi-
cally on the first order kinematics because a, = Qgt, are the forward-
rotated vectors. Similarly, Q;(¢) is imposed hierarchically on Qg in
eq. (6.168). This kinematics in a similar but slightly different form was
addressed in [253, 254].

6.6.4 Shift of the reference surface

The shift of the position of the reference surface is used in layered com-
posites with non-symmetric stacking sequence of layers.

The total thickness of the laminate is designated by H, the normal
coordinate z € [0, H], and the reference surface is located at z = z.
The coordinates of the interfaces of layers are shown in Fig. 6.6a. The
initial position vector is defined as

y(Q) =yo+(z—20)t3, 220 €[0,H], (6.170)

where zy is the position of the reference surface. The value of 2y is
calculated as an average of positions of the neutral axes for unidirectional
bending in two directions. For symmetric stacking sequence of layers, it co-
incides with the middle surface, but for non-symmetric ones, it is shifted.
Note that 2y is a geometric parameter but depends on particular prop-
erties of the laminate and affects its effective (integral) properties.

The Reissner kinematic with the shift parameter is based on the fol-
lowing assumptions:
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Fig. 6.6 Shift of the reference surface from the middle position. a) Coordinates of
interfaces of layers. b) Shift s of the neutral axis. ¢) Parts of strain F11(z).

A1. The position vector in the deformed configuration is
x(()=x0+ (2 —20)as, 2z €[0,H]. (6.171)

Comparing with eq. (6.2) for the first-order Reissner kinematics, we
see that (z — zg) is used in place of (.

A2. The rotations are identical as for the Reissner kinematics of first
order, eq. (6.1),

Q(¢) = Qo (6.172)

The shift of the reference surface from the middle position means that
the split of the in-plane strains into the stretching and bending parts is
different, see Fig. 6.6.



7

Shell-type constitutive equations

In this chapter we assume that the constitutive equation for a 3D body is
given and we derive various forms of constitutive equation for shells. The
elastic materials, compressible and incompressible, are considered.

The shell-type constitutive equations are discussed as follows: for the
3D shells in Sect. 7.1, while for the shells for which the normal strain is
recovered in Sect. 7.2. The correction factors for the transverse shear are
derived in Sect. 7.3.

7.1 Constitutive equations for 3D shells

Introduction. The 3D shells, by definition, have a non-zero normal strain
and two formulations belong to this class:

1. the so-called “solid-shells”, which have nodes on the top and bottom
surfaces bounding the shell and use the translational degrees of free-
dom but not rotations. The “solid-shell” element, which is a counter-
part of the four-node shell element, has eight nodes and three dofs per
node, see [100, 199, 241]. The normal strain k33 must be enhanced
and properly approximated, see [31].

2. the shells based on Reissner kinematics with two additional normal
stretch parameters, see Sect. 6.6.1. The normal stretch parameters
enhance the shell kinematics but require additional equilibrium equa-
tions. They can be treated as elemental variables and eliminated at
the element’s level.

The 3D shells are not within the scope of this book but the constitu-
tive equations for them have relatively simple forms and, hence, they are
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instructive. The constitutive equations for 3D shells can assume the fol-
lowing forms:

1. The 8D constitutive equations, written for 3D stresses and strains, can
be used without any modification, see Sect. 7.1.1. They are particularly
useful for non-linear complicated constitutive laws, e.g. for plasticity.

2. The shell-type constitutive equations, which are written for shell stress
and couple resultants. They can be formulated either in the incremen-
tal form, see Sect. 7.1.2, or in the general form, see Sect. 7.1.3. They
are particularly useful for linear constitutive laws, especially when they
can be integrated over the thickness either analytically as for the linear
SVK material or numerically as for layered composites.

7.1.1 Incremental 3D constitutive equations

Assume that the strain E is a polynomial of the normal coordinate
¢ € [+h/2,—h/2], ie. E({), and all components of E are non-zero.
Let S designate the stress which is work-conjugate to E. The VW of
the stress S is

5wz/ SE-S dV. (7.1)
Vv

To define the tangent matrix, we calculate the directional derivative of
oW which yields

ASW = / [0E- (CAE)+S - ASE] dV, (7.2)
14

where C = 0S/OE denotes the 3D constitutive operator. Note that

1. To calculate the integral over the volume V we have to integrate over
the thickness h and over the reference surface A, see Sect. 10.5.

2. The stress S is updated by using the incremental constitutive equa-
tion

AS = C AE (7.3)

at Gauss points. This form is general and applies to arbitrary non-
linear materials.

In this approach, the modifications related to shells are minimal:

1. For shells based on the Reissner kinematics, the strain E(() = e+ (K
is used,
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2. The shell stress and couple resultants can be obtained in the post-
processing phase but are not required to obtain the solution. The shell
stress and couple resultants are defined as the following integrals:

Ni= [ S ude, im0, (7.4)
h

where ¢* denotes the i-th power of ¢, = detZ, and Z is
the shifter tensor, see eq. (5.10). The same Gauss points over the
thickness are used as in the integration of AdW.

7.1.2 Incremental constitutive equations for shell resultants

Below, we derive the shell resultants and the constitutive (stiffness) ma-
trices assuming that strain E is represented as the polynomial of the
normal coordinate (,

E(z)=Eg+(E;+..+(*E;, (7.5)

where the number of terms L is arbitrary. This form encompasses the
first-order as well as the second-order kinematics of a shell as special cases.
Separating the integration over the thickness from the integration over the
reference surface and using eq. (7.5), the VW of stress S of eq. (7.1)

becomes
Ny

N
5W:/ [6Eo,6E1, ..., 6E;] | . | dA, (7.6)
A :

Ny

where A is the area of the reference surface. The shell stress resultants
for the stress S are defined as

Nii/ ¢'S(¢) pdc, i=0,..,L. (7.7)
h

The shell form of ASW(¢) is defined as AdL = [, ASW(¢) pdd,
and, upon integration of eq. (7.2) over the thickness and by using eq. (7.5),
we obtain
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Co C ... Cg AE

Cl CQ CL—H AEI
A(SE:/ [0Eg, 0E;,...,0E[] . . .
A

CrCpry1... Coyp| [AEL

ASE
ASE,
+ [No,Nyp,...,Ny] | . dA, (7.8)
ASE;
where the shell constitutive operators are defined as
Ci i/ ¢"C(¢) pdz,  k=0,..,2L, (7.9)
h

where k indicates the power of the thickness coordinate (.
The stress and couple resultants are updated by the incremental con-
stitutive equations

AN, CoC; .. Cs AE,
AN, CiCy .. Cr | | AR
. =. .7 .. . (7.10)
ANL (CL CL+1 CL+L AEL

This form is effective if we calculate the shell constitutive operators Cy
only once, as for linear materials.

For strain linear over shell thickness. For shells based on the Reissner kine-
matics, we use a linear representation of strain

E(()=Eo+(E; =¢e+(k (7.11)

and the shell stress and couple resultants are
Not [SOudc=N, M= [CSOpdc=M. (1)

h h

The shell form of the VW of stress, eq. (7.8), becomes

A(SE:/A {[55,5@ [8 gj [ﬁl‘j + N, M] [ﬁgﬂ} dA,  (7.13)

where the shell constitutive operators are
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G [COnac €= [ ce@uic €= [ e udc

(7.14)
In general, the integrals in the definitions of N, M, and Cj are
evaluated numerically, although for simple materials analytical integration
is also possible.
The stress and couple resultants can be updated using the incremental
constitutive equations

AN . Co Cl Ae
|:AM:| o [(Cl (CQ:| [AK,:| ’ (7'15)
If cross-sectional properties are symmetric w.r.t. ( =0, then C; =0 and

the constitutive equations are uncoupled, which means that AN depends
only on Ae, and AM only on Ak, i.e.

m-aE o

Finally, we recall that this formulation requires non-zero normal compo-
nents of € and kK, so it is suitable only for 3D shells.

7.1.3 General form of constitutive equations for shell resultants

In this section, the constitutive equations are derived in a general (non-
incremental) form and the shell stress and couple resultants are used.
The shell strain energy is obtained by the analytical integration over the
thickness and two types of material are considered: (A) the linear SVK
material and (B) the incompressible material.

A. Linear SVK material

The first-order isotropic elastic St.Venant-Kirchhoff (SVK) material is
linear and is applicable only to small strain problems. The standard form
of the strain energy function for the SVK material is

W(E) = I\ (trE)? + G trE?, (7.17)

where E is a symmetric strain, and A,G are Lamé constants. The
energy is defined per unit volume of the initial (non-deformed) configura-
tion. The constitutive equations are S = dW(E)/dE and, for the SVK
material, we obtain the Hooke’s law
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S = Atr(E)I+2GE, (7.18)

where the identities d(trE)/dE =1 and d(trE)%/dE = 2E were used.

The form of the strain energy of eq. (7.17) is only valid for a symmetric
E Dbecause, for a non-symmetric E, it yields Si3 = 2G E3;. For non-
symmetric E, we should replace trE? by tr(EET).

Strain energy for shell. Assume that the strain is expressed as a linear
polynomial of the thickness coordinate (, i.e. E = e+ (k, where €
and k are symmetric shell strains. For this derivation, we assume that
all components of these strain are non-zero. Then

trE = tre + (tre, (trE)? = (tre)? + 2¢(tre)(tre) + C(tre)?, (7.19)

E? = €2+ ((en+ke) + (K2, trE? = tre? + 2¢tr(ek) +Ctre?. (7.20)

Substituting these expressions into the strain energy (7.17) and integrating
over the thickness, we obtain

Y= [ TWEQ) pd¢ =h W(e) + — W(k), (7.21)

which is the shell strain energy per unit area of the reference surface in
the initial configuration. Note that the couplings (tre)(trk) and tr(ek)
dropped out because the integral of terms depending linearly on ( is
Zero.

Shell constitutive equations. A kinematically admissible variation of the
shell strain energy is

ox o0X

The stress and couple resultants are defined as

3
L 0x b dW(e) M = oX _ h® dW(k)

N=Z= - —
Oe de ’ ok 12 dr

(7.23)

and then the variation of the shell strain energy can be concisely written

as
52 =N-0e+M- k. (7.24)
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Because, the derivatives dW(e)/de and dW(k)/dk have analogous
forms as dW(E)/dE, hence, the constitutive equations for the stress
resultants and the couple resultants are

h3

N =h [A(tre)I +2Ge], M = T A (tre)I +2G K] . (7.25)

Note that the distribution of the shear stresses over the thickness is

parabolic and the constitutive equations for the components N,3 and
M,3 have to be corrected, see Sect. 7.3.

B. Incompressible Mooney-Rivlin material

Consider a class of second-order hyper-elastic materials which undergo
an isochoric (or volume-preserving) deformation. Because the relation
between the initial volume dV  and the current volume dv is
dv = detF dV, the incompressibility of the material is defined by the
condition

detF = 1, (7.26)

where F is the deformation gradient. This definition implies that the
third invariant of the right Cauchy—Green tensor C is equal to one,
I3(C) = det C = (det F)2 = 1. Thus, the strain energy of incompressible
materials depends only on the two first principal invariants of C,

I;(C) = trC, I,(C) = 5 [(trC)* — trC?] . (7.27)

Below, we define two classical incompressible materials:

1. The so-called neo-Hookean material is defined by the following strain
energy function:

W(I(C)) = e1 [(C) — 3], (7.28)
where ¢; is a material constant. This energy function depends only
on the first invariant of C.

2. The Mooney-Rivlin is the material is defined by the following strain
energy function,

W(Ia(c)) =0 [Il(c) - 3] +c2 [IZ(C) - 3] ’ a=1,2, (7'29)

where c¢q, co are material constants. This energy function depends
on the two first invariants of C.
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For more details on incompressible materials, see [81, 159, 93, 116].

For membranes, the strain energy for the incompressible material can
also be expressed in terms of principal stretches. Then the incompress-
ibility condition is applied to the Ogden’s form of the strain energy of
eq. (7.93).

Formulation for right stretching tensor U. The incompressibility condition
can also be formulated in terms of the third invariant of the right stretching

tensor U,
I3(U) =detU = 1. (7.30)

This form is obtained from the polar decomposition F = QU, for which
det F = det(RU) = (det R)(det U) = det U =1, (7.31)

as detR =1 for R e SO(3). Hence, for the incompressible material,
the strain energy depends on the two first principal invariants of U, i.e.
W = W(I[1(U), I5(U)), where the principal invariants of U are

I;(U) = tr'U, IL,(U) = 1 [(ttU)? — t2U?]. (7.32)

The constitutive equation for the symmetric Biot stress tensor is

. 9W(U) WL (U), I>(U))

T8 = I= I. .
s U +p U +p (7.33)
Using the chain rule, we obtain
OV OWaL oW Il
W _ VoL W ol (7.34)

9U ~ oI, 0U ' 0L, 0U’
where 0I1/0U =1 and 0I/0U = 11 — U. Thus, the constitutive
equation can be rewritten as a linear polynomial of U, i.e. TSB = Bl +
61U, where [y and (i are scalar coefficients depending on the
invariants.
The invariants of C in eq. (7.29) can be written as functions of the
invariants of U,

L(C) = }(U) -2L(U),  Bk(C)=I(U)-2L(U)L(U), (7.35)

where, for I3(U) = 1, the second one is reduced to I5(C) = I3(U) —
2I,(U). Thus, the Mooney—Rivlin strain energy of eq. (7.29) is, in terms
of the invariants of U, as follows:
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W(I(U)) = ¢1 [I$(U) = 215(U) — 3] + ¢2 [I3(U) — 211 (U) — 3] . (7.36)

Assume that the right stretching tensor is a linear polynomial of the
thickness coordinate ( of the shell, i.e. U = e + (k, where e and
k are the symmetric shell strains. Then the invariants of U can be
expressed as

L(U) = L(e) +¢h(k),  D(U) = Ie) + CA+ C*y(k), (7.37)

L(U) = % [I3(e) + (B(e,k) + 2Bk, e) + (*I3(K)] | (7.38)

where the auxiliary scalars are
A = I(e) I; (k) — tr(ek), (7.39)
B(a,b) = 6 [Iz(a) I;(b) + tr(a’b) — I;(a) tr(ab)] , (7.40)

for the second rank tensors a and b. Note the presence of the coupling
terms in A and B(a,b), which render that the second and third
invariant of U are not expressible in terms of the invariants of e and
k. For the squares of invariants of U, which are also present in eq. (122),
we have

I}(U) = I{(e) + 2¢1i(e) Ii(k) + ¢I7 (k), (7.41)
I3(U) = I3(e) + (*A* + ¢'I3(k) + 2¢Io(e) A
+ 2¢%I(e) Ir (k) + 2¢% I (k) A, (7.42)
where
A% = I} (e) I} (k) — 211 (e) I1 (k) tr(ek) + [tr(ek)]®. (7.43)

Note that for the assumed approximations of U, the strain energy is
the second order polynomial of ( for the neo-Hookean material and the
fourth order polynomial for the Mooney—Rivlin material.

Strain energy for shell. Let us define the shell strain energy density per
unit area of the middle surface in the initial configuration, as the integral
of the strain energy over the thickness, i.e.

o
SL0) = [ T W(L(U) pdc. (7.44)

SIS
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The integration over the thickness renders that the terms of W(I,(U))
multiplied by even powers of ( are equal to zero and the shell energy
splits as follows:

E =1 21 + co E‘Q’ (745)
where
51 =h|[I(e) —2I(e) — 3] + i‘; [I7(k) — 2L>(k)] , (7.46)
- h3 h
Sy =h[Ii(e) —2I(e) — 3] + 5 [A% + Ly(e) (k)] + %Ig(k). (7.47)

In the neo-Hookean component X4, the terms dependingon e and k
are separated, leading to uncoupled constitutive equations. On the other
hand, the component Y, contains coupling terms such as I;(e)I;(k),
Iy(e)I2(k), tr(ek), and some products and powers of them.

Shell constitutive equations. For symmetric e, de, k, and dk, the
variation of the shell strain energy may be written as

6X(e, k) = NB . ge + MP . 5k, (7.48)
where the stress and couple resultants are defined as

NE - 4 N

= = = = 4
S de’ s dk (7.49)

To facilitate further differentiation, we calculate the following derivatives:

otr(ek) 9 [tr(ek)]® OA%
otr(ek) 9 [tr(ek)]® OA%
N e, T 2tr(ek) e, K 2A D(e), (7.51)

where the auxiliary tensor is defined as
D(A) =1(A)a =L(A)I-A. (7.52)
The derivatives of the shell strain energy are

051 105, h3
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0% _h? 105, K3 h®
where the term which couples the contribution of e and k is defined
as follows:

m(a,b) = AD(b) + iI(b) D(a). (7.55)

Using the above equations, the following coupled constitutive equations
for the shell are obtained:

B h3
N8 = ¢, [2he] + c22 [h (I(e) D(e) - T) + Tom(k, e)} , (7.56)
3 3 5
M5 = ¢, [2}1124 + 092 [%ﬂ(e, k) + Z—Olg(k) D(k)] . (7.57)

Note that these constitutive equations for the hyper-elastic incompress-
ible material have been obtained without any simplifications of the strain
energy and have quite a complicated form. In numerical implementations,
the incremental forms are much more convenient.

7.2 Reduced shell constitutive equations

The reduced shell constitutive equations are obtained by using the normal
strain recovered from an auxiliary condition. This recovery is performed
because the standard Reissner hypothesis yields the normal strains e33
and k33 equal to zero, as we can see in

1. Egs. (6.40)—(6.41) for the non-symmetric relazed right stretch strain,
2. Eqgs. (6.48)-(6.49) for the symmetric relaxed right stretch strain, and
3. Egs. (6.54)—(6.55) for the Green strain.

The zero values of the normal strains are non-physical and inaccurate,
which can be easily shown for membranes, see eq. (7.73) and Fig. 7.1.

For the Kirchhoff shells, the components of strain are usually evaluated
as follows:

EaB ™~ hlﬁ(aﬂ) = O(?]), 33 ~ hlﬁgg = 0(779), £33 = O(V’I?). (7.58)

where 7 is the maximum eigenvalue of the Green in-plane strains and v
is the Poisson’s ratio. The small parameter 6 is defined in [171], p. 111,
eq. (6.3.4). We note that a special methodology, proposed in [119, 120] and
later successfully developed in [129, 173, 174], must be used to construct
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consistent approximations to the strain energy. Obviously, 33 is not
negligible compared to the other strain components.

To improve accuracy, we can calculate the normal strains from auxil-
iary conditions, such as (a) the zero normal stress (ZNS) condition, see
Sect. 7.2.1, or (b) the incompressibility condition, see Sect. 7.2.2. This
approach using the recovery is classical and most often used despite several
difficulties involved such as:

1. the auxiliary conditions are not always fully physically justified, e.g.
the ZNS condition in case of the multi-layer shells,

2. the reduced constitutive laws are often difficult to derive for some con-
stitutive equations and are very complicated. For the ZNS condition,
this problem can be alleviated by using the incremental form of the
constitutive equations, see Sect. 7.2.1.

3. the reduced constitutive equations can be more difficult to solve than
the original 3D equations, e.g. for the Jy plasticity, where the 2D yield
surface is not spherical and the radial return algorithm cannot be
applied.

The recovery of the normal strain renders that the constitutive equations
are more accurate but also more complicated.
7.2.1 Reduced constitutive equations for ZNS condition

For thin membranes, we can use the plane stress conditions
531 (2) = 0, 532(2) = 0, 533(2) = O, (7.59)

where S3;1 and S3o are transverse shear stresses and Sz is the
normal stress, all in the local Cartesian basis {tx}. However, for the
Reissner shells, only the condition for the normal stress is acceptable,

S33(2) =0, (7.60)

while the transverse shear strains must remain unconstrained. This ZNS
condition was used for the Kirchhoff shells in the classical works [153, 171,
172].

A. Incremental formulation in stresses

In the 3D formulation of Sect. 7.1.1, the incremental constitutive equation
(7.3) is written for stresses as AS = CAE and can be rewritten as
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AS’U (va (Cv?) AE’U
- , 7.61
[AS?)J [(Ciiv C'33} [AE?)J (7.61)

where (+), denotes a vector of tangent components arranged in the
order {11,22,12}. Besides, dimC,, =3 x 3, dimC,3 =3 x 1, and
dimCs, = 1 x 3. This equation involves only the tangent components
and the normal components 33, while the transverse shear components
were omitted for simplicity.

From the condition of a zero increment of the normal stress, i.e. AS33 =
0, and the last (scalar) equation of eq. (7.61), we can calculate the normal
strain increment

1

for which the first (matrix) equation of eq. (7.61) becomes

AS, = C,o, AE, + C3AFE33 = Cc* AE,, (763)
where the constitutive matrix is defined as
1
C*" = Cpy — =—C,3Cs,. (7.64)
C33

The above-reduced incremental constitutive equation (7.63) and the re-
duced constitutive matrix C* are for tangent components and both
account for the increment of normal strain, i.e. the change of thickness.
The normal strain is updated as

Ejy = Ei3' + AEss, (7.65)

where AFE33 is given by eq. (7.62), and Eégl is the value for the
previous iteration.

Remark. Note that this incremental procedure is quite general and can be
applied to any non-linear hyper-elastic materials, e.g. to the compressible
neo-Hookean materials, which are generalizations of the incompressible
neo-Hookean material of eq. (7.28). For instance, in [212], the strain energy
function has the form

W = %(m J)?—GlnJ + %(trC - 3), (7.66)

compressible part

where J =detF. For F =1, we obtain W =0 and the constitutive
operator is reduced to the one for the SVK material. A simpler form of the
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compressible part is obtained when the first term is replaced by the first
term of its series expansion at J =1, ie. (InJ)? = (J—1)2+0(J —-1)3;
other forms of this part are listed in [116], p. 160.

Remark. A very simple scheme of treating the normal strain was used
for shells in [101]. The nonlinear governing equations are solved itera-
tively and the normal strain is evaluated for the last available solution,
so its value lags one iteration behind. This certainly somehow impairs the
convergence rate, but it is acceptable as long as the iterations converge.

B. Incremental formulation in stress resultants and couple resultants

For the constitutive equations of Sect. 7.1.2, we use the recovery procedure
for the shell stress and couple resultants, which is analogous to that for
stresses. Note that the condition Ss3(z) =0 implies, by eq. (7.12), the
zero values of shell resultants, i.e. N33 =0 and Ms3 =0. We use these
conditions in the incremental form

ANs3 =0,  AMs3 = 0. (7.67)

We assume that the shell constitutive equations are decoupled, as in
eq. (7.16), and consider them separately.

For the first of eq. (7.16), AN = Cy Ae, we use the condition AN3z3 =
0, and the results are analogous to these for stresses, if we replace

E— £, ASgg — AN33, AE33 — A€33, C— (Co, C* — (Ca
(7.68)
For the second of eq. (7.16), i.,e. AM = Cy Ak, we use the condition
AMss = 0, and the results are analogous to these for stresses, if we
replace

E— K, ASgg — AM33, AE33 — Aligg, C— (CQ, C* — C;
(7.69)
For the recovered Aegz3 and Akszsz, the normal strain of a shell is
linearly approximated in z,

AE33(Z) = Aesz + z Akss. (7.70)

The example of the 2D beam indicates that the recovery of both normal
strains is beneficial, although each one for a different deformation, see
Table 7.1.
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C. Constitutive equations for SVK material using ZNS condition

For the linear SVK material, the procedure of the previous section is re-
duced to the classical procedure using the general form of the ZNS condi-
tion. In terms of components, the SVK strain-energy function of eq. (7.17)
has the following form:

W(E) = g (E11 + Eoo + Es3)
+ G (B}, +2E}, + B3, + E33 + 2E75 + 2E3;)  (7.71)
and the constitutive equations are
S11 = A (B11+ B+ FE33)+2G By, Sz = A (E11+ B2+ E33)+2G Eas,
S33 = A (Eq1 + Eg + Es3) + 2G Ess, (7.72)

S12 = 4G E, S13 = 4G Ei3, Sa3 = 4G Eag.

For simplicity, in the sequel we neglect the transverse shear strain compo-
nents. From the ZNS condition S33 =0 and for Ss3 of eq. (7.72), we
can calculate the normal strain

. A v
Es3 = —co (B + E22), co

e T T (7.73)

where ¢p is plotted for v € [0, %] in Fig. 7.1. We see that 0 < ¢y <1,
and always is greater than v, which is shown as a straight line in this
figure. Note that v is used in the estimation e33 = O(vn) of eq. (7.58).

Co
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0.6

0.4

0.2

0.0 Vv
0.0 0.1 0.2 0.3 0.4 0.5

Fig. 7.1 Coefficient ¢y for v € [0, 1].
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Using eq. (7.73), the strain energy (7.71) becomes

1 1
WH(Ey) = 561(1*7%1 + E3,) + c2 En By + 563 Ey, (7.74)
where
L LAC0+G) B 20N Ev . 2E
Y7 126 12 P aree  1—w2 T T4y
(7.75)

This form of strain energy depends only on the tangent components
{11, 22,12}.

The reduced constitutive equations S,(e,) = OW*(E,)/0E, and the
reduced constitutive matrix C,, = 9S,(E,)/JE, are as follows:

St c1 E11 + c2 Eg c1co 0
So | = [ F11+c1 By |, Coo=]cc1 0]. (7.76)
S12 c3 B2 0 0 c3

The inverse of the constitutive matrix is

c;! Zl ZQ 8 4= TG
v 2 a1 y 1= 5
0 0 ds G(3)\ +2G)
—A 1
dy= ——"——  dy=—. 7.77
> T 2G(3A+2G)’ VT (7.77)

The eigenvalues of the constitutive matrix are

. 2G
eigv Cyyy = {)\+2G(3>\+2G)’ 4G, QG}
E 2F E
{1—1/7 1+v’ 1+V}' (7.78)

For v €[0,1], the smallest eigenvalue of C,, is E/(1+v)=2G.

Finally, we note that the strain energy of eq. (7.74) can be expressed
using the constitutive matrix C,, as follows:

W (B,) = %E (CouEy). (7.79)
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For in-plane strain linear over shell thickness. For shells, we use the in-plane
strains which are linear in the normal coordinate, i.e. E,({) = &, + (Ky.
Using the strains of this form in eq. (7.73), we obtain the normal strain
of the shell as a linear polynomial of ¢,

E33(C) = €33 + (Kaa, (7.80)

where e33 = co (611 +€22) and k33 = ¢ (k11 + K22). Hence, we obtain
a linear approximation of the normal strain when the in-plane strains are
linear in (.

Using E,(¢) = e,+(K,, and integrating the strain energy of eq. (7.74)
over the thickness, we obtain the shell strain energy as a sum of the mem-
brane energy and the bending energy

+3 h3
X= WHE(Q)) pdC =h Wi(ew) + 5 Wi(kw). (7.81)

We can rewrite eq. (7.76) as S, = C,, E, and use it in the definition
of eq. (7.12) to obtain the constitutive equations for the shell stress and
couple resultants

+& +5 h3
N, = / Su(Q) ndC=hCresy My = [ 7 (8,(0) pdC = T5Cuute.
; (7.82)

SIS

D. Effects of normal strain recovery for 2D beam

Consider a straight 2D beam in the {t;,ts}-plane, where {t;} (j =1,3)
is the local ortho-normal basis associated with the initial configuration.
For the standard Reissner hypothesis, x(() = xo + (Qyt3, we can split
the non-symmetric relazed right stretch strain, H, = QgF —1I, oas
follows: H,,(¢) = € 4+ (k, where the components in {t;} are

€11 = Xp,1 - a1 — 1, 213 = Xo,1 - a3, g3z = 0, (7.83)

K11 = w1, k13 =0, k33 =0,

where a; = Qgt;. The 3D formulation is reduced to a 2D formulation
by setting the 21 and 23 components of stress and strain to zero
and recovering €99 from the condition o099 = 0. Then, for the SVK
material, we obtain the following beam-type constitutive equations:
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Ni1 = Ch(er1 +ves3), Nsz=Ch(veir +e33),

1—
N13 = k’ChTy(QEK),), (7.84)

3 3

h h
My = CE (K11 + vKs3) , M3z = CE (vk11 + K33),

where C = E/(1—v?), E isthe Young’s modulus, v is the Poisson’s
ratio, and k is the shear correction factor. Note that only the components
{11, 33,13} are involved.

The normal strains e33 and k33 are equal to zero in eq. (7.83),

but we can recover them as follows. The condition N33 = 0 yields
€33 = —rey;. Similarly, k33 can be recovered using the condition
mg3 = 0, which yields k33 = —r k11. Due to the recovery, the normal

strain is linearly approximated over (,

Hy33(C) = e33 + (hgz = —v(e11 + CRit). (7.85)

Using the recovered normal strains, the constitutive relations of eq. (7.84)
become
h3 h3
N11 = Ch (1 - 1/2) €11 = Eh{;‘u, N11 = CE (1 - V2) K11 = EEFLU.

(7.86)
Comparing these forms with Ni; of eq. (7.84) for e33 =0 and My
of eq. (7.84) for k33 =0, we see that, in both cases, the strain recovery
renders that the stiffness is reduced by the factor (1 — 1/2).

Numerical test. The slender cantilever test is described in Sect. 15.3.1,
Fig. 15.13. The cantilever is modeled by 100 two-node beam elements and
loaded by either the stretching force P, = 1 or the bending moment
M, =1, or by the transverse force P, = 1.

The linear solutions are presented in Table 7.1, where the tip’s displace-
ment and rotation are reported. We see that for P, = 1, the recovery
of £33 is beneficial, while the recovery of k33 has no effect. On the
other hand, for M, =1 and P, =1, the situation is opposite and
only the recovery of k33 is beneficial. Without the recovery of k33, the
solutions are too stiff and the error is 9%, as v = 0.3.
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Table 7.1 Slender cantilever. Effect of recovery of normal strains for different loads.

Recovered strains P, = 1 M, =1 P, =1

uz X 10* uy X 107 w x 103 uy  w x 102
none 0.91 5.46  1.0920 3.6402 5.46
€33 1.00 5.46  1.0920 3.6402 5.46
K33 0.91 6.00  1.2000 4.0002 6.00
Ref. 1.00 6.00  1.2000 4.0000 6.00

7.2.2 Reduced constitutive equations for incompressibility condition

The incompressibility condition, eq. (7.26) or (7.30), can be exploited in
two ways:

1. It can be appended to the potential energy, i.e. II (x,p) = II(x) +
fv p (det Gradx — 1) dV, where the pressure p serves as the La-
grange multiplier. Note that unless p is included as a variable, the
calculated stress is determined up to the pressure, see [239], pp. 70-72.
This method is generally applicable, see [218] and the literature cited
therein.

2. It can be treated as an auxiliary equation to recover the normal strain
for shells made of an incompressible material. This application is of
interest in this section and two formulations are presented below:

a) For membranes, the description is given in terms of principal
stretches and we assume that all strains are constant over the thick-
ness, see Sect. 7.2.2A,

b) For arbitrary shells, we assume that all components, except the
normal one, are linear polynomials of (. Hence, the recovered
Uss is a rational function of (, and the question arises of how
many terms in the expansion should be retained, see Sect. 7.2.2B.

A. Membranes. Description in principal stretches

The principal directions of the right stretching tensor U are defined as
follows:

Q € S0(3) : QuUQT =T, (7.87)
where U = diag{\1, A2, A3} and X; (i = 1,2,3) are the principal
stretches. For isotropic materials, the Biot stress TSB is coaxial with U
and, hence, also QTEZQT = TF holds, where TP = diag{ty,to,t3}
and t; are the principal values of the Biot stress. Note that Q can
vary during deformation.
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For membranes, the stretches )\; are constant over the thickness.
Besides, the transverse shear stresses and strains are equal to zero, so one
principal direction is normal to the membrane; we designate it as A3. As
a consequence a one-parameter rotation @Q describes the orientation of
the tangent principal axes.

To find the principal directions in the tangent plane, we note that the
Cauchy-Green tensor C = FTF = U? has the same principal directions
as U, but has a simpler form. Hence, instead of eq. (7.87), we use the
equation C= QCQ”, where

o . [C11 Cra . |cosf —sin@ L [C11 Cra
© [012 (322} ’ B [Sin@ cos 0 ] ’ c= [Cm 022:| (7.88)

and 6 is the angle defining the first principal direction. From the condi-
tion Ci2 =0, wefind 60(Chg) and, next, C11(Cqp) and Ca(Cap),
where «,( =1,2. Besides, we have the relations to stretches

M =Ci(Cap)s A= Ca(Cap), (7.89)

which are used to calculate the derivatives needed in constitutive equa-
tions, see eq. (7.100).

For incompressible materials, we can use the incompressibility condi-
tion of eq. (7.30) written in terms of the principal stretches, detU =
A1A2A3 =1, to calculate the normal stretch

A3 = (/\1)\2)71, (7.90)

and, next, to obtain the reduced strain energy.

Ogden’s strain energy. The Ogden form of the strain energy is an isotropic
function of principal stretches

W) =S EE e a4y -3, i=1,2,3, (7.91)

Ay
T
where p, and o, are the material constants, see [158, 159]. The
number of terms r is selected to characterize a particular material, e.g.
for rubber r = 3 is used. The principal values of the Biot stress are
obtained as
W)

ty = ) . j=1,2,3. 7.92
; v i,j=1,2, (7.92)
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For incompressible materials, we can use A3 of eq. (7.90), and then the
reduced strain energy depends only on two stretches

W)= ZT A9 42+ (MA) ™™ —3],  a=12 (7.93)

r

and the principal values of the Biot stress are

. . OW(Ng) B
ta = 67)\&, Oé,/B = 1,2 (794)

Strain energy depending on invariants of U. Assume that the strain energy
is a function of the principal invariants of U which, in turn, are expressed
by stretches M\,

W(I;(U)) = WL (U)),  i=1,2,3, (7.95)

where the principal invariants of U are as follows:

Il(ﬂ) = A+ A2+ A3, IQ(U) = A2+ A3 + Az, Ig(U) = M A2)3.

(7.96)
The constitutive equation for the principal values of the Biot stress is
calculated as

- OW(I;(U)) oW al; i
T an o on Y

=1,2,3. (7.97)

Using A3 of eq. (7.90) in the two first invariants, we obtain
L) =A+A+ M) B(0) = Ao+ (M)t +(Ag) 7 (7.98)

The strain energy becomes a function of A; and Xg, ie. W(I;(U)) =

~ A

W(I:(U)), a=1,2, and the constitutive equation is calculated as

L OWUIE0) oW oy
T O OFONS

o, B=1,2. (7.99)

Remark. The above formulas are simple, but the computational proce-
dure for rubber-like membranes is not trivial because the relation between
the stretches and strain components is complicated. For instance, the con-
stitutive equation for the Ogden energy is
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IVO) _ OW) O OW(A,) DX

e ;- . . —1,2

’ 9Eap O\ 8Eaﬂ+ O0Aa 6Eaﬁ’ o, B,y y 2y
(7.100)

where the derivatives 0A1/0FE,3 and 0Ay/OE,3 are computed by
using eq. (7.89) and are complex. The computational procedure for the
formulation in terms the second Piola—Kirchhoff stress and Green strain
is given in [86].

Incompressibility condition for small strains. For small strains, we can obtain
an alternative expression for the incompressibility condition. Consider the
following linear Taylor expansions at A1 = Ao = A3 =1,

det U = MAodz = 1 +d) +do +dAs + O(dA2,dN2,dN2),  (7.101)

tr(U — 1) = A\ + Ao+ A3—3 = d\; +dAa+dA3+0(dN3, d)N3, d)N3). (7.102)

Hence,
detU—-1=1tr(U -1) =trH, (7.103)

with the second-order accuracy. Thus, for small strains, the incompress-
ibility condition det U =1 can be replaced by the condition trH = 0.

B. Arbitrary shells

Consider the incompressibility condition of eq. (7.30), which is expressed
in terms of the right stretching tensor. Let us write this condition as

det U = U31D31 — U32D32 + U33D33 = 1, (7.104)
where the minors are

D3y = UaUsz — U13Usza, D3o = Un1Usg — Ui3Usa, D3z = U Uz — Udy.

(7.105)
The normal component Uss appears in this equation only once and can
be calculated as

1
Usz = D—(l — Us1 D31 + UsaD3a), (7.106)
33

where the r.h.s. depends on all components of U except the normal one.

We denote the U  without the 33 component by U*, and assume
that it is a linear polynomial of (¢, i.e. U* = e* 4+ (k*. Then Uss
is a rational function of (¢ with a polynomial of the third order in the
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nominator, and a polynomial of the second order in the denominator.
Hence, unless the denominators are equal to zero, Uss(¢) is infinitely
times differentiable and we can perform the Taylor series expansion of it
around the middle surface, retaining as many terms as necessary,

Uss(¢) = (Usz)o + (Uss.c)g ¢ + 3 (Uss.cc)g 2+ 0(¢?), (7.107)

where we can denote (Us3)o = e33 and (Usz¢), = k33 to keep the
notation consistent. The so-recovered es3 and k33 can be used in U.

A rigorous analysis of the question of how many terms of the expan-
sion should be retained is difficult, see [202], because we must define, in
advance, the class of deformation and geometry which is analyzed. Some
insight provides the example given below in which we determine accuracy
of the linear expansion of the normal strain.

Example. Inversion of a spherical cap. The example of an inversion of a
spherical cap is solved analytically in [232]. The current position vec-
tor is assumed as x(¢) = x9p+ A({)n, where n is a unit vector normal
to the deformed middle surface and A(¢) is the extension function. The
deformed configuration also has a spherical shape, so A(¢) is obtained
analytically, see eq. (6.4) therein. The obtained normal strain has the fol-
lowing form:
h £\2

LA _ (1+57) (7.108)

):7 YRR
A /3
(e 3k

ess(€

where & = —(C+h/2)/h, £€€[-1,0] and 75 is the in-plane stretch of
the reference surface. We see that €33 is a complicated function of £, but
a constant approximation of it is sufficient for the following limit cases:

1. Thin and/or flat shells. For h/R — 0, we have e33(£) — 1/53.

2. Large stretches. For 7 — oo, we have e33(€) — 0, i.e. the normal
strain vanishes. In reality, for the inflated structures made of rubber-
like materials, n < 10.

A~

The relative error of a linear expansion of e33(§) at the middle surface
(€ = —0.5) is given in Table 7.2. We see that, when the 1% error at the
external surface is acceptable, the linear approximation of €33 can be
used for a range of values of 7 and h/R.
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Table 7.2 Relative error [in %] for linear expansion of normal strain e33.

7 h/R

02] 0.d] 0.05] 0.01] _ 0.001
0.5] 14.95] 4.98] 1.53] 0.070] 0.00080
1.0 857 2.42| 0.67| 0.030] 0.00030
1.5|  3.54| 0.83| 0.20] 0.008] 0.00008
2.0 2.37] 051 0.12| 0.005| 0.00005
5.0/ 1.61] 0.32| 0.07| 0.003| 0.00003
10.0|  1.57| 0.31| 0.07| 0.003] 0.00003

7.3 Shear correction factor

The value of the shear correction factor k& can be determined in several
ways, see [259, 260]. Below, for the assumption that the distribution of
the in-plane stresses is linear across thickness, we find that the transverse
shear is parabolic and determine the value of the shear correction factor.

3D equilibrium equations and traction boundary conditions. The 3D equilib-
rium equations in a local Cartesian basis {t;} at the reference surface
of a shell are as follows:

Oafat+0383=0,  0aza+0333=0, (7.109)

where o045 (4,5 =1,2,3) is the stress (symmetric). We assume that the
body force b; = 0. The indices a,3 = 1,2 correspond to the tangent
(in-plane) directions and the index 3 to the normal direction of the basis
{ti}, see Fig. 7.2.

A CIJ:[+ In-plane stress
~_Top °
surface
h/2 J A t; ¢
Middle a
Y sudace S +
h/2 Aq -
Bottom a
- surface >

0
GUB(C) =0, + ( G:B

Fig. 7.2 The external loads and distribution of in-plane stress.

The transverse shear stress o33 and the transverse normal stress o33
have to satisfy the traction boundary conditions at surfaces bounding the
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shell,

+ J—
U3ﬁ‘g:+g T3 U3ﬁ‘g:_% 75 (7.110)
+ —

= = A11
033!4:+g q, 033‘@‘:—% q, (7.111)
where ’7’; and 7, are the tangent components while ¢© and ¢~
are the normal components of the external load on the top and bottom
surfaces, respectively.

Distribution of transverse shear stress. We assume that the in-plane stresses

are linear over the thickness, i.e. 0,3(¢) = 035 + Caéﬂ, where ( €

[—h/2,4+h/2]. Using the equilibrium equations (7.109), we determine the

distribution of the transverse shear stress o33 over the thickness.
Integrating eq. (7.109); w.r.t. ¢ (or 3), we have

CZ
035(¢) = C = (0ap0 = 5 0apar (7.112)
By the boundary condition at the bottom boundary, O'3ﬁ| (= = 7-[; , we
2
obtain
B h h2 g2
935(¢) = 75 — (2 + C> Tagat <8 - 2) T o (7.113)

There is no another constant to account for the condition at the top bound-
ary (¢ = +h/2, but it is satisfied, as shown below. The integral of
eq. (7.109); over the thickness yields the relation

+3
/ TapadC + (1§ —75) = hogg o + (15 —75) = 0. (7.114)

[Ny

On the other hand, for the top boundary, eq. (7.113) yields

o33 (+h/2) =145 — hagﬁ,a (7.115)

and, by eq. (7.114), the r.h.s. of this equation is equal to Tg. Hence,

o33(¢) of eq. (7.113) satisfies both the boundary conditions.

We can rewrite eq. (7.113) in several equivalent forms. By using ogﬁ o
calculated from eq. (7.114), we rewrite eq. (7.113) as

2 2
o33(¢) = % <1 - 2h<> 5 + % <1 + 2h€> T;[ + (Z - g) aclk@a (7.116)
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or, using the natural coordinate ¢ = 2(/h € [—1,+1],

2
035(C) = S1(C) 75 +S2(C) 74 + %sg(g) T pa (7.117)

where the component functions are

(1+¢), Ss(Q)=1-¢,  (7.118)

N | =

S0=50-0. ()=

see Fig. 7.3. For the zero boundary conditions, 7‘5 =715 =0, we obtain
a very simple formula

_ h2 _
o35(C) = g(l — () 0hpa (7.119)

Concluding, for the in-plane stress linearly distributed over the thickness,
the distribution of the transverse shear stress is parabolic in (.

S1 - -~ 82

0

-1 0 4 1

Fig. 7.3 Component functions for transverse shear stress.

Transverse shear stress in terms of shell resultants. We can express o3 of
eq. (7.117) in terms of the stress and couple resultants.

For the membrane stress o,3(¢) = Ugﬂ + Caiﬁ, the in-plane stress
and couple resultants are

+4 0 +4 W
Nog = [ oadc =hots  Mag= [ 7 Coup(O)dC = ;b
i ’ (7.120)

We calculate aéﬁ = (12/h®) M,p from the last formula and use it in the
transverse shear stress of eq. (7.117),
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03ﬁ(5)::‘51(5)75'+—55(E)7§'+-é%;SE(C)A4@5¢V (7.121)

For this form of o33, the transverse shear stress and couple resultants
are

. T3 h N B
N3g = /_h o35(¢) d¢ = 5(75 + 75 )+ Mog.a (7.122)

. +% h2 N B
szlh@WOM:m%%) (7.123)

For the zero tangent loads, %/g = AE = 0, these resultants are reduced to
N3g = Mug,q, M3g =0, (7.124)

where the first equation is a well-known formula linking the bending mo-
ment and the transverse shear resultant. By using it in the transverse
shear stress of eq. (7.121), we obtain

3 _

739(0) = 5y 55(O) Mapa = 5-S5(0) Nag,  (7125)

which depends on the transverse shear resultant. The last form is identical
to eq. (20.5)2 of [153], p. 573.

Remark. Note that for the zero tangent loads, we have M3z = 0 in
eq. (7.124) and, hence, by the inverse constitutive equation, the first-order
shell strain x33 = 0. Then we can omit the term with 33 in the shell
strain energy.

Shear correction factor. We can use the parabolic transverse shear stress to
derive the shear correction factor. Note that, for the Reissner kinematics,
the transverse shear strain is linear in ¢ and cannot match the parabolic
shear stress of eq. (7.125).

For the SVK material, the complementary energy density is
1+v
2F
— é(au + 099 + 0'33)27 (7.126)

where FE is Young’s modulus and v is the Poisson’s ratio. For simplicity,
we separate the term for the transverse shear stress,

We = (011 + 039 + 033 + 205, + 203 + 203,)
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1
TV =12 (7.127)

W =

For the transverse shear stress of eq. (7.125), the shell (integral) counter-
part of Wg’ % becomes

h

= W ac= 1 SN

E 5h° %6

(7.128)

SIS

Then the inverse constitutive equations for the transverse shear strain is

L ox¥ 6201 +v)

from which we can obtain the constitutive equation for the transverse
shear stress resultant

Ngg = hz—jg/g =kGh €38, (7.130)

5
62(1+v)
where G = E/[2(1+4v)] is the shear modulus and k =5/6 is the shear
correction factor. This factor accounts for the parabolic distribution of
o3g corresponding to the linear distribution of 0,3 over the thickness,
and was obtained in [190]. Equation (7.130) corresponds to eq. (20.12)y
of [153], p. 574.

Finally, we note that the shear correction factor can also be derived
for the shearing moment M3z but it is rarely used, as usually the strain
energy of k3 is omitted in shell elements, as the second order quantity.

Summarizing, three results were obtained for shells in this section:

1. the formula for distributions of ¢33 over the shell thickness, eq. (7.116)
or (7.117),

2. the motivation for omitting the first-order shell strain x33 in the
strain energy, see eq. (7.124), and the remark which follows,

3. the shear correction factor for constitutive equation for Nsg, eq. (7.130).
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8

Parametrization of finite rotations

In this chapter, we describe the basic questions related to properties and
parametrization of rotations; the subject of the algorithmic treatment of
rotations is addressed separately in Chap. 9.

The topic of finite rotations is very important in practice and often
undertaken in the works on rigid-body dynamics, see [197, 79] and on
multi-body dynamics of rigid and flexible bodies, see [258, 4, 44, 77, 76, 9.
There are also mathematical works on rotations, such as, e.g., [231, 45, 2].
This subject is also covered in the works on the Cosserat continuum and
on structures with rotational degrees of freedom, such as shells and 3D
beams; these works are cited in Chap. 4.

The rotations are described by a proper orthogonal tensor and its basic
properties are presented in Sect. 8.1. However, in numerical implementa-
tions, we have to use some rotational parameters; several of them are in use
and their properties are very different. We describe a wide, although not
complete, selection of parametrizations in Sect. 8.2; some of them provide
a theoretical background but are not used in computation of structures.
For more details, see [5, 8, 107].

8.1 Basic properties of rotations

In this section, we provide elementary information related to rotations,
such as the definition of the rotation tensor, and two basic problems: the
rotation of a vector about an axis and the rotation of a Cartesian triad of
vectors. Basic properties of orthogonal tensors and skew-symmetric ten-
sors are provided.
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8.1.1 Rotation tensor

Let us denote by R the rotation tensor belonging to the special orthog-
onal group defined as follows

SO3):={R: R* - R® islincear | RTR=1 and detR = +1}.

(8.1)
The orthogonality condition RTR =T renders that preserved are (i)
the angle between two rotated vectors a, b, because (Ra)-(Rb) =
a-(RTRb) = a-b, and (ii) the length of a rotated vector, because

(Ra) - (Ra) = /a- (R"Ra) = va-a.

Example. The orthogonality condition R'R =T itself does not suffice
to define the rotation as the transformation representing a reflection also
satisfies this condition. Consider two orthogonal matrices

. |cosw —sinw . |cosw sinw
= [ e
sinw cosw sinw —cosw
For the vector a = [1,1]7 and w =m, we obtain
b=Rja=[-1,-1, c¢=Rya=[-1,1]T, (8.3)

which are shown in Fig. 8.1. Note that R; rotates a about point “0”,
while Ry reflects it across the line 0Y. We can check that det Ry = +1,
while detRgy = —1.

Fig. 8.1 Rotation of vector a yields vector b; reflection yields vector c.
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Consider the right-handed triad of ortho-normal vectors, such that
[t1 X ta] - t3 > 0. The rotation tensor R € SO(3) applied to each
vector of this triad yields a triad of the same handedness, i.e. [(Rt1) x
(Rt2)]- (Rt3) > 0, see Sect. 8.1.3. The parallelepipeds spanned by these
triads have identical volumes, i.e. [(Rt;) x (Rt2)] - (Rt3) = [t1 X to] - t3.

8.1.2 Rotation of vector about axis

Consider an arbitrary vector v and rotate it about an axis A-B to
the position v', see Fig. 8.2. Associate with the axis of rotation A-B,
a unit vector e and define two auxiliary vectors

e xXv

e el = ey X e, (8.4)

- le x v|’
which are perpendicular to e and ortho-normal. The angle w between
the planes e—v and e—v is called the rotation angle and it is assumed
positive when it is in accord with the handedness of {ej,e2}.

rsin o

Fig. 8.2 Rotation of vector v around axis e.

A position of the rotated vector v’ can be obtained from the following
formula: L
v =v+ Av, Av =PQ + QP', (8.5)

where

—

.
PQ= —e;r (1 —cosw), QP =eyr sinw, r=|v|sina,

and « is an angle between e and v. After elementary algebraic
transformations, we obtain
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v =v+sinw(ex v)+ (1 —cosw)le x (e x v)]. (8.6)

Let us introduce a tensor S =e x1I € s0(3), where so(3) is a linear
space of skew-symmetric tensors such that

s0(3):={S: R®* = R® islincar | ST = —8}. (8.7)

Some useful properties of S are given in Table 8.1. Note that e is
the axial vector of S, i.e. Se = 0. (To emphasize this, we can use
the tilde and define: S = €.) S can be expressed by an arbitrary
pair of ortho-normal vectors of this plane (see Property 2 below), e.g.
S=ey®e; —e; ®ey, where e; and ey are the vectors of eq. (8.4).
Then, the cross-products in eq. (8.6) can be expressed as

e X v=Sv, e x (e xv)=8%, (8.8)
and eq. (8.6) can be rewritten as a linear mapping v = Rv, where
R =1+ sinwS + (1 — cosw)S>. (8.9)

Several properties of R are listed in Table 8.2. The meaning of particular
terms of R becomes clear if we consider components of Av = Rv — v,
see Fig. 8.3.

(1-cos w) S*v

Fig. 8.3 Tangent and normal components of increment Av = Rv — v.

Property 1. The coefficients of R of eq. (8.9) are identical for w +
k2w, where k issome integer, due to periodicity of the sine and cosine
functions. In particular, for 0+ k2w, R = I. Hence, we can restrict
the range of the rotation angle to —7 < w < +m. The number of turns
indicated by the integer k often is meaningless, e.g., in free rigid body
motion, where only a position has significance. But for rotational springs,
the number of turns is important as it changes the internal force.
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Property 2. 1t can be seen that R of eq. (8.9) is an isotropic function
of S. Let us calculate

QRQT = QQT +sinwQSQT + (1 — cosw)QS*QT, (8.10)

where Q € SO(3). Noting that QS?Q” = QS(QTQ)SQ” = (QSQ’)?,
we obtain QR(S)Q’” = R(QSQT), which is a definition of an isotropic
function, see [239] p. 23, eq. (8.7). If we denote the rotate-forward oper-
ation as  (1)* = Q () QT, then

I'=Q(e; ®€;,)Q" =€ ®e],
S*=Q(e2®e; —e1 ®e)Q" =ef ®e} —ef el (8.11)
(S*)? = —(ef ®e] +e;@eb),

where e* = Qe and e}, = Qe,. By these equations, the components
of R are identical in all bases {e*,e}}. In particular, if Q is chosen
as a rotation about e, then {ej,ez} can be replaced by any co-planar
orthonormal pair {e},e}}.

Property 3. The relation between R and the set {w,e} is 1-to-2,
because two sets, {w,e} and {—w,—e}, yield the same R ofeq. (8.9)
and, as shown in Fig. 8.4, are physically equivalent, i.e. for both, the
vector v is rotated into the vector v'. When calculating w and
e from a given R, we must choose either the sign of w or the sense
of e. This can be deduced as follows. From eq. (8.9), we can calculate
sinwS = %(R—RT), and because S = exI, the corresponding vectorial
equation is

1 1
sinwe = B {I X Q(R_ RT)] , (8.12)

where the right-hand side vector is known. Hence, only the product
sinwe is defined by this equation and whether we use {sinw,e} or
{—sinw,—e} is a matter of choice.

Skew-symmetric tensor and its axial vector. Designate the skew-symmetric
tensor by Vv € s0(3), i.e. using a tilde, and its axial vector by v. They
are linked by the relations

v=vxI, v=11xv), (8.13)

where the cross-product of a vector and a tensor is defined as in [33] p. 74.
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Table 8.1 Properties of S € so(3).
dyadic representation: S=exI=e;®e; —e1 ® ea, e,ex le
skew-symmetricity: ST = —8S
powers: odd 82" = (—1)"S,
ie.S, S3=-8, §°=8, S"=-8§,...
even 87" = (—1)"*T28% n=0,1,...
ie. 8%, 8*=_-87% S8°=87 S%=_-872 ...
where S2 = SS = —(e1®e1t+er®e) =ee—1
norms: ISllz=vVS-S=+v2, |IS]2=1
scalar invariants: trS =0, tr8?=-2, detS=0
principal invariants:  1;(S) =0, I2(S) =1, I3(S) =0
eigenpair in R x R*: {0,e}, ie. (S—0I)e=0
zero products: Se=0, Se®e)=0, S-(e®e)=0, S%=0
relation to rotations: S = ;11— (R—-R"), 8*= m(R +RT —21)
Table 8.2 Properties of R € SO(3).
dyadic representation: R=I+sinw S+ (1—cosw) S?
exponential representation: R = exp(wS) = I+ wS + w’S* + ...
orthogonality: RT=R!
norms: IRz =vR-R=+3, |R|2=1
scalar invariants: trR =1+ 2cosw, trR*>=142cos2w, detR=1

principal invariants:
eigenpair in R x R:
products:

invariance of length:

invariance of angle:

L(R)= L(R)=1+2cosw, I3(R)=1
{1,e}, ie. (R—1I)e=0

Re=e, R(e®e)=e®e

[Rx]l2 = [[x[l2,  x - vector

x -y = (Rx) - (Ry),

X,y - vectors
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Fig. 8.4 Rotations {w,e} and {—w,—e} are physically equivalent.

These relations are quite simple in terms of components. Skew-symmetry

of v (i.e.v=—v!) implies that its representation must have the form
0 —a —b

(\Nf)” = | a 0 —c]. (814)
b ¢ 0

Note that {0,v} are the eigenpair of v, see Table 8.1, and because
det v =0, the set of eigenequations (vV—0I)v = vv =0 is undetermined
and one solution must be chosen.

Designate the components of the vector v as (v); = [v1,v2,v3]"
If we choose a = vz, then the remaining two equations yield b = —uvy
and c¢=w1, so,in terms of the components of v, we obtain

0 —v3 9 v% — 02 vy V3V
(V)ij = V3 0 —v |, (\72)ij = | vive vi—v? wzve |,
—vy V] 0 V1V3 VU3 032, —v?
(8.15)
where v? = v? + 03 +v3. Note that the components of v can be

obtained by extraction of the appropriate components from the skew-
symmetric  (V);j,

(V)i = [(¥)s2, (W13, (@) (8.16)
which corresponds to eq. (8.13)s.

Eigenvalues of R.  Let us find the eigenpairs {\,z} of R, such that
(R — M)z = 0. This equation is homogeneous, and has a nontrivial
solution z if and only if det(R — AI) = 0. Consider a matrix of
components of R in the basis {e1,e2,e}. We can select the following
basis vectors:

e; =[1,0,0]",  ex=1[0,1,0]", e=[0,0,1]",
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for which R of eq. (8.9) has the following representation:

cosw —sinw 0

R=|sinw cosw 0]. (8.17)
0 0 1
Then
cosw — A —sinw 0
R- )= sinw cosw—A 0 , (8.18)
0 0 1-A

and det(R — AI) =0 yields the characteristic equation
M oA+ AN-1=0, A=1+2cosw. (8.19)
We note that A; = 41 is a root of this equation, and rewrite it as
A= [N +X1-A)+1)]=0. (8.20)

For the quadratic equation in brackets, A = (1—A)? —4 = —4sin?w < 0,
and hence it has complex roots, 23 = cosw £ ¢sinw. The associated
eigenvectors are

z, = [0,0,1]7, 7o = [—i,1,0]7, z3 = [i,1,0], (8.21)

where only z; is real.

Note that for {A;,z;}, the eigenequation (R — AI)z =0 becomes
Rz, = z;. Hence, the vector z; is unaffected by the rotation R and
therefore it defines the axis of rotation, i.e. z; = e. We can also check
the property Re = e using egs. (8.9) and (8.8). Hence, {+1,e} is
the real eigenpair of the rotation tensor.

Remark. To ensure a noticeable effect of any R # I, we must use at
least two non-parallel vectors. The traditional choice is to use an ortho-
normal triad of vectors, although a dyad of vectors plus the assumption
that the third vector is ortho-normal to these two vectors would suffice,
as shown in Sect. 8.2.1. The triads are used not only in analytic geometry
of space, when a transformation of coordinates is considered, but also in
mechanics of rigid bodies and shells.
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8.1.3 Rotation of a triad of vectors

Consider two Cartesian triads (of ortho-normal vectors) {ti} and {aj},
k=1,2,3, shown in Fig. 8.5. Assume that the latter triad is obtained
by a rotation of the first triad, i.e. a = Rtg. Hence, both triads have
the same handedness. The Cartesian reference basis is denoted by {iy}.

Fig. 8.5 Ortho-normal triads of vectors.

For these triads, we can calculate nine scalar products (a;-t;), @,j =
1,2,3, which can be interpreted in three ways, either (i) as coordinates
of the vectors a; in the basis {t;} or (ii) as coordinates of the vectors
t; in the basis {a;}, or (iii) as direction cosines of angles between the
vectors a; and t;.

Let us define the rotation tensor as the following tensorial product:
R =a; ®ty. (8.22)

We can easily check that Rt; = a;, as we earlier assumed. Besides,
R;; = (Rt;) -t; = a; - t;, i.e. the components of R in the basis {t;}
are scalar products of a; and t;. Let us check that the so-defined R
is proper orthogonal.

1. The orthogonality can be easily checked,
R'R = (ti &® ai)(ak & tk> = (az- . ak)(ti X tk) =t ®t, =L (8.23)

2. The determinant property, detR = +1, is much more complicated
to prove. We shall use the fact that both {t;} and {a;} are right-
handed. Then we can write t3 =t; X to and ag = aj; X as, so the
representation of rotation tensor is

(a1 . tl) (a1 . tg) ai - (t1 X tg)
R = (ag . tl) (ag . tg) asg - (tl X tg) . (8.24)
(a1 X ag) -t (a1 X 8.2) - to (a1 X a2) . (tl X tg)
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Next we use the results of Sect. 8.2.1, where it is shown that if (a) the
first two rows of R are ortho-normal and (b) the third row of R is
a vector product of the first two rows, then det R = +1. Hence, for

a
R=|b]|, (8.25)
C

where the rows are a = [a1,a2,a3], b = [b1,be,b3], and c =
[c1,c2,c3], we have to check that

c=axb= [(agbg — agbg), (a3b1 — albg), (albg — agbl)]. (8.26)

Let us check this for the first term ¢; = (a2bs — agbs), which can be
transformed as follows:

Cc1 = (a1 'tg) [ag . (tl X tQ)] — [a1 . (t1 X tg)] (ag-tg)
= (a1 ®ag) - [t2 ® (t1 X ta) — (t1 X to) @ ta], (8.27)

where in brackets we have a skew-symmetric tensor to®ts—ts®to =
—t; x I. Hence,

cl1 = (a1 & ag) . (—tl X I) = skew(a1 & 3.2) . (—tl X I) (828)
or, in terms of the axial vectors,
Ccl1 = 2%(&2 X al) : (—tl) = (a1 X ag) -1y, (829)

which is identical as the 31-component of R of eq. (8.24). Similar
results can be derived for ¢y and c¢3, thus we conclude that the third
row of R 1is a vector product of the first two rows and detR = +1
indeed.

Euler’s theorem. If two triads are given, then we can always calculate R
using eq. (8.24) and, as it is a proper orthogonal matrix, we can determine
the vector +e, which defines the axis of rotation, as in Sect. 8.1.2. This
fact is stated as Euler’s theorem: If two ortho-normal triads of vectors are
given in space, one can always specify a line such that {t;} goes into
{a;} by a rotation about this line.
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Numerical example. Consider two ortho-normal triads, {t;} and {a;}
shown in Fig. 8.5. Their components in the reference basis {iy} are
orthogonal matrices, which we denote as R; and R,, respectively. For
the known Ry, R, € SO(3), we would like to determine the matrix R,
such that
R, = \I}J R;. (8.30)
unknown

The matrix R can be obtained in two ways:

1. using orthogonality of Ry, ie. R;, = R7. Then, by right post-
multiplication by R}, we have

R =R,R;! =R,R], (8.31)

2. not using orthogonality of R;. Then, we have to solve the matrix
equation corresponding to eq. (8.30). To obtain this matrix equation,
we assume a general form of the unknown matrix R, with nine un-
known components R;;, (4,7 = 1,2,3). They are arranged as a
vector x = [R11, Ri2, Ri3, ..., R31, R32, R33]". Performing the multi-
plication in eq. (8.30) and next writing each equation separately, and
extracting x, we obtain a set of nine linear equations

Ax =D, (8.32)

where A is non-singular for any R; and R,, so the set can be
uniquely solved. Re-arranging x, we obtain R and, as we checked,
it is proper orthogonal.

Obviously, the first way, using the orthogonality of Ry, is much more
effective.

Numerical example. Assume that positions of two Cartesian dyads of vec-
tors are known, see Fig. 8.6. These dyads are denoted by {ti,t2} and
{a1,a2} and belong to the plane i; —is. Our objective is to calculate
the angle w characterizing the difference in the position of these frames,
such that

w: a;=R(w) tyg, R € SO(1), kE=1,2, (8.33)
for the following parametrization of w:

w=\2+T, where 7 =107%. (8.34)
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Fig. 8.6 Position of two Cartesian dyads of vectors.

(Note that we can use a similar perturbed form for the canonical rotation
tensor, see eq. (8.89).) The rotational parameter 1) is determined from
the minimization problem

min e(1)), (8.35)

where

2
e() =Y ex®),  en(¥) =[ap — R(Y) te] - [ap — R(¥) tr], (8.36)

k=1

i.e. e(y) 1is the sum of squares of errors. The Newton method is used to
solve this problem with the tangent operator and the residual given by
egs. (9.94)—(9.96).

The calculations are performed for a range of values of angles wy,
where wq is the angle characterizing the assumed difference in the posi-
tion of the two frames. The number of iterations N in which the conver-
gence is obtained is shown in Table 8.3 and we see that up to wg = 175°,
less than 10 iterations are required.

Table 8.3 Rate of convergence for various positions of two Cartesian dyads of
vectors.

wo [deg] | 10 20 40 60 70 80 100 120 140 160 170 175 180
N [iterations]] 4 4 4 5 5 5 6 6 7 7 8 9 20

8.2 Parametrization of rotations

If two ortho-normal triads {t;} and {a;} are given, then the rotation
tensor can be easily found by using eq. (8.22). However, in real physical
problems, we have a different and much more complicated situation: we
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must assume some form of R to be used in governing equations. This
form must ensure that R is proper orthogonal.

The most obvious form is to use nine components of the rotation ten-
sor R, but it has two drawbacks: (i) a large number of components
must be manipulated and stored, (ii) the orthogonality conditions must
be additionally enforced. For components of R written as

R = (8.37)

o T

where the rows are a = [aj, a2, a3], b = [b1,b2,b3], and ¢ = [c1, ¢, 3],
we have to enforce the following conditions:

a-a=1, b-b=1, c-c=1, (8.38)
a-b=0, a-c=0, b-c=0, (8.39)
detR=(axb)-c=+1. (8.40)

Identical relations are obtained if a, b and c¢ denote the columns
of R. As there is no easy way to account for these conditions, other
ways of dealing with them have been developed. Basically, we have three
possibilities:

e to neglect the orthogonality conditions when the governing equation is
solved and later fit in an orthogonal matrix. This way is tested for free
body dynamics, e.g. in [90] p. 115, but its accuracy is doubtful.

e to devise such an algorithm that the calculated R is orthogonal,
see [105], where the generalized mid-point method is applied to the
equation generating rotations R(t) = R(t), where R(0) =1 and
{b is a skew-symmetric tensor.

e to use a certain specific parametrization of R, which either accounts

for the orthogonality conditions or allows us to correct the set of pa-
rameters in a simple way. Several types of parametrization of rotations
have already been proposed; they are surveyed in [231, 224].
We discuss them in the next sections, while here, we only note that
the number of orthogonality conditions (constraints) which must be
enforced increases with the number of rotational parameters, see Ta-
ble 8.4.
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Table 8.4 Number of orthogonality constraints for various parametrizations.

no of rotation parameters 9 6 5 4 3
no of additional constraints 7 3 2 1 0

8.2.1 Six parameters

For the (right-handed) ortho-normal triad {t;}, the vector t3 can
be expressed in terms of t; and ty as t3 = t; X to. Therefore, for
ag = Rtg, we obtain ag = R(tl X tg) = (Rtl) X (Rtg) = aj X ag, i.e.
as can be calculated using a; and as. We see that we do not need
to use a triad as it suffices to describe the rotation of the dyad {ti,ta}
and calculate as afterwards. Hence, instead of eq. (8.22), we can use the
following form of the rotation tensor:

R=a,®t; +a®to, (8.41)

for which Rt, =a, and R,; = (Rt,)-t; = (ay-t;) are six direction
cosines of angles between a, and t;. The same can be shown for the
representation of R in {t;},

R = (8.42)

X T o

where the rows are a = [ay, az,as3], b = [b1,b2,bs], and x = [z, z2,x3].
Assume that a and b are ortho-normal, i.e.

a-a=1, b-b=1, a-b=0. (8.43)

The remaining conditions of eqgs. (8.38)—(8.40), i.e. the orthogonality of
rows of R and detR = 41 can be written as follows:

a-x=0
b-x=0p. (8.44)
(axb)-x=1

This set of three equations has the solution x = a x b, where x is
a unit vector, as x-x = 1. Hence, the representation of the rotation
matrix is

a al as as
R=| b |= by b bs . (8.45)
axb (agbg — a3b2) (agbl — albg) (albg — CLle)
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where six components of a and b serve as rotational parameters. Still,
however, a and b must be ortho-normal, i.e. we have to enforce three
conditions of eq. (8.43).

The relation between the rotation matrix and the six parameters is
non-singular as {a,b} — R is realized by the vector product a x b,
while R — {a,b} is obtained by a selection of the first two rows of R.

Example. We can calculate the angle between two given dyads {ti,ts}
and {aj,as} in 3D space, where a, = Rt,, which is of interest in
crystallography, where dyads are associated with some specific material
directions. For R,j =a,-tj, eq. (8.45) becomes

(al . tl) (a1 . t2) .
R = (ag . tl) (a2 . t2) N N (8.46)
(a1 -t1)(az - t2) — (a1 - t2)(az - t1)

where only the components obtained from the dyads are specified. Then,
we calculate

trR = (a1 . tl) + (a2 . tQ) + (a1 . tl)(az . tg) — (al . tg)(ag . tl) (847)

and the rotation angle w = arccos 3(trR — 1) € [0, 7].

8.2.2 Five parameters

The number of independent parameters which are used in eq. (8.45) to
describe a position of the dyad {t;,t2}, can be reduced to five by using
the constraint equations (8.43) in several ways.

For instance, from the condition a-a = 1, we can calculate a1 =
V/1—a3 —a3 and insert it in eq. (8.45). However, this parametrization
will not be generally applicable because of the square-root problem for the
Newton scheme, see the description of this problem for eq. (8.71).

Another way is to take the orthogonality condition a-b =0, calcu-

late a; = —(a2bz + asbs)/b1, and next use it in eq. (8.45). However,
this formula is singular for b = 0 and then we have to use either
ag = —(a1by +asbs) /by or ag = —(a1by + azbe)/bs instead; one of them

certainly is non-singular because b% + b3 + b% = 1. Hence, in the case of
singularity, we have to replace the parametrization in terms of {ag,as,b}
by either {ai,as,b} or {aj,a2,b}, which complicates a solution al-
gorithm. We note that two constrains, a-a=1 and b-b =1, still
remain and must be enforced.
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The above difficulties are avoided if we use the five-parameter repre-
sentation based on the concept of the stereographic projection, [231].

Stereographic projection. This projection establishes a one-to-one corre-
spondence between the points of a sphere (except the north pole) and the
points of the plane passing through the equator; the historical note on it is
given in [230], p. 175. Here, we consider a 2D form of the projection, with
a circle instead of a sphere. The circle has the center at point O(0,0),
and the radius 1. A line passing through the north pole, P(1,0), and
an arbitrary point on the circle, X(z1,z2), intersects OY-axis at point
Y (0,y2), which is called a stereographic projection of X, see Fig. 8.7.
By simple geometric calculations,

T2

= , 8.48
Yy2=1_ 1 ( )
which is singular at x; = 1, for X coinciding with P. The inverse
relation is as follows
2
-1 2
Il = y% s Tro = 2y2 s (8.49)
y; +1 yp +1

and 2% + 23 = 1, indeed. Note that (x1,z2) and (0,y2,) are
coordinates of points X and Y in the orthonormal basis {ei,es}, such
that e; locates the north pole.

1

)
[ Y
<
A

N

Fig. 8.7 Stereographic projection.
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Five-parameter representation based on stereographic projection. Let us define
a vector composed of the first two rows of the six-parameter representa-

tion, x = [a/Vv/2, b/v/2], such that

M={xecE: x-x=1, x-(Jjx)=0, i=1,2}, (8.50)
where
[ 0 oI
T T [

We see that the set M is on a unit sphere S® in ES. The properties of
eq. (8.50) can be rewritten in terms of a and b as follows

x-x=(a-a)/2+(b-b)/2=1, (8.52)

x-(Jix)=(a-a—b-b)/2=0, x-(J2x)=a-b=0. (8.53)

By the first of eq. (8.53), a and b have the same length and, from
eq. (8.52), x-x=a-a=1, and b-b=1. Besides, a and b are
orthogonal by the second of eq. (8.53). Hence, the properties of eq. (8.50)
are an alternative form of eq. (8.43).

Using the concept of the stereographic projection, we project the set
M onto the hyperplane A in FE°. The hyperplane is perpendicular to
e1, which locates the north pole, and cannot be in M. We assume that
A is spanned by one of two bases of five orthonormal vectors, either by
{ro,...,r¢} where r; are of dimension 6, or by {vi,...,v5} where v;
are of dimension 5. The relation between the two bases is set up by the
tensor
V:Vj®1‘j+1, 7=1,.,5, (854)

where v; = Vrj 1,7 =1,..,5. Ontheother hand, r;11 = (rj1®v;) v; =
VTVi. Note that VIV = Is and vvT = Is. Besides, r; = e;.

Denote an orthogonal (not stereographic !) projection of x € ES onto
A as x9, and define the unit vector ez = xa/||x2||, see Fig. 8.7.
Multiplying eq. (8.48) by e and noting that yse; =y € E° and
x9 = ||x2||, we obtain
T2€2 X2

= = ) 8.5
Y 1—$1 1—x-e1 ( )

We can also find x for a given y by using x = xie; +x0es with x
and w2 specified in eq. (8.49),
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y—1 9 y—1 9
o Yy-bo Iyl y _&ey=Deit2y
y-y+1 (y-y+1) |yl l+y-y

where ex =y/|lyll, y2 =yl =¥ -y were used. Note that egs. (8.55)
and (8.56) are always non-singular. In the denominator of eq. (8.55),
x-e1 # 1 because we assumed that the north pole cannot be in M, while
in the denominator of eq. (8.56), y-y # —1 because y-y > 0.

For x specified by eq. (8.56), we can check conditions (8.50), i.e.

4(c+ 1) + 2
(4y -y +dey-er+c’er-e) :((c+)2)2:1’
(8.57)

x-(J;x) =4y -(J;y)+2cly-(Jie1)+er-(Jiy)]+cter-(J;e) =0, (8.58)

where ¢ =y -y—1. We see that the first condition, which is the equation
of the unit sphere, is satisfied, but the next two, eq. (8.58), remain as
constraints.

X X =

(c+2)?

Five-parameter representation in terms of components. Let us now write egs.
(8.55) and (8.56) in terms of components. Components of eq. (8.55) in the
basis {vi,...,v5} are as follows:

{(x-v1),...,(x-vs5)}7

{(y'vl)v"'v(}"vf))}T: 1_x.
X-€er

: (8.59)

where x3-vyp = x-vi is used. Components of eq.(8.56) in the basis
{r1,...,rg}, are
[(X ’ rl)a (X ’ 1‘2), ) (X ’ rﬁ)]T

= T3y y [ ¥ = D0 07 +2((y - r1), (7 x2)s s (v 7o) ] (8:60)

We define the following 5D and 6D vectors of components

Yy = [(y'Vl),...,(y-Vg))]T, r, = [(I‘Z ~v1),...,(ri -V5)]T, (861)

X = [(X'I‘l),...,(X'I‘G)]T, V; = KVZ 'I'l),...,(Vi ~r6)]T, (862)

e; =[(e1-r1),....(e1 -16)]T =[1,0,0,0,0,0] . (8.63)

Using v; and r;, we can form either a 5x 6 matrix V = [vq,...,vs]"

i.e. with rows formed by v; of dimension 6, or a 6 x 5 matrix V7 =
[r1,...,re]T, i.e. with rows formed by r; of dimension 5. Because,



144 Parametrization of finite rotations

(Vrip1) -rjp1 =vi-rjpq, weseethat V isa matrix of components of
V, which can be used to rewrite some terms of egs. (8.59) and (8.60),

6
(v = 3 m) (Vi 1) = vix, (Vi) (- v)]T = Vi, (8.64)
k=1
5
(y-r) =Y (v vi)(ri-vi) =1y, [(y-11),, (y-16)]" = V'y. (8.65)

i
I

Then, egs. (8.59) and (8.60) can be rewritten in terms of the vectors and
matrices of components as follows:

Vx (yl'y —1)e; +2VTy
= —, = : 8.66
Y=z el'x x 1+yTly (8.66)

Comparing the 5- and six-parameter representations, we see that the num-
ber of parameters and orthogonality constraints is reduced by one, as x
is replaced by y, and eq. (8.43) is replaced by eq. (8.58). However, the
new parameters and constraint equations are more complicated and do
not have such a clear interpretation as the previous ones.

Finally, we note that new formulas obtained by using the stereographic
projection, are also more complicated than these derived at the beginning
of the section.

8.2.3 Four parameters: Euler parameters (quaternions)

The set {w,e} introduced in Sect. 8.1 can be replaced by the so-called
Euler parameters (or quaternions), [2, 224], which are defined as

qo = cos(w/2), q = sin(w/2)e. (8.67)
The rotation tensor, eq. (8.9), in terms of {qo,q} is expressed as
R = (2¢3 — DI+ 2goq x I+2q®q, (8.68)
or by using the skew-symmetric q = sin(w/2) S, as
R =1+ 2¢q+ 2G> (8.69)

and both these forms are never singular. The parameters {go,q} must
satisfy the constraint equation, qg 4+ q-q =1, which is equivalent to
e-e =1 and, in this sense, they form a unit quaternion. The constraint
equation must be appended either to eq. (8.68) or (8.69), e.g.
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{ R = (2¢32 — 1)I +2goq x I + 2q ® q, (8.70)

@B+a-q=1.

If we eliminate the constraint equation by calculating ¢y = /1 —q-q
and inserting it into the first equation, then the expression for R contains
the square root, which can cause a failure of the Newton method, typically
used to solve the equilibrium equations (see the example below).

FEzample. Consider a simple equation with a square root:
y=v1-22=0, lz| <1, (8.71)

The Newton solution scheme can be written as

{ (dy/dz); Az = —y;, (8.72)
Tip1 = x; + Aw,

where y; =4/1—2? and (dy/dz); = —z;/4/1 —2?. This scheme fails
if |z;| > 1 appears in iterations, because then the argument of the square
root is negative. In fact, for eq. (8.71) such a situation will always occur
because egs. (8.72) are equivalent to one equation: x;11 = 1/z;. Hence,
|x;| <1 yields |z;41] > 1, for which the argument of the square root is
negative.

Note that the relation between a quaternion and the rotation tensor
is 2-to-1, because {qo,q} and {—qo,—q} represent the same rotation
similarly as {w,e} and {—w,—e}.

The matrix of components of the rotation tensor, eq. (8.68), for q =
[q1,q2,3]", becomes

B+ —35 ag-— asdo 0103+ dado
R)ij =2 | e+ G+6-35 @G- (J1Q(i . (8.73)
Q93 — @290 23+ 00 G+ a5— 5

If R is given, then we can calculate

1 N 1
g = -VirR +1, q=—

5 i (R —RT). (8.74)

Note that the formula for skew-symmetric q is singular for g9 =0, i.e.
for ttR=—1 or w = arccos §(trR—1) = arccos(—1) = 7. The rotation
axis and angle can be extracted from the quaternion q as follows:
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w = 2arccos qo, 0<w< +m,
P , or (8.75)
va-q w = 2arcsin./q - q, 0<w< +m.

Note that the arguments of the arccos and arcsin functions must be smaller
than 1,ie. ¢q¢ <1 and .,/q-q < 1. To avoid arguments out of the
domain due to round off errors, we can use the minimum function

w = 2arcsin (min (/q-q, 1)), 0<w< 4. (8.76)

Only w > 0 isyielded by this equation, while the sign of q is transferred
to e.

Remark 1. Note that the w extracted from the quaternion is < 4+,
which means that for rotations exceeding this value, the rotation vector
is shortened, similarly as by the operation of eq. (8.82). Recall that this
operation is correct for the rotation tensor R, but not for the tangent
operator T(v) of Sect. 9.1, which is not periodic, see eq. (9.23). Hence,
we can use the operation of extraction of w from a quaternion only to
the rotations < 4.

Remark 2. Using the rotation tensor in the form of eq. (8.68), the rotated
(current) shell director can be expressed as

az = Qotg = (2(]8 — 1) ts + 2qoq X t3 + 2((] . tg) q, (877)

where only operations on scalars and vectors are performed. As we shall
see in Sect. 8.3.2, the quaternions can be conveniently used to compose
(accumulate) rotations.

8.2.4 Three parameters: rotation pseudo-vectors

The rotation pseudo-vectors are used to parameterize the rotation tensor
of eq. (8.9) obtained for the rotation of a vector around an axis. Several
rotation pseudo-vectors were proposed in the literature; they all have the
direction of the axis of rotation e, but differ in length. The two most
often used vectors are presented in detail below.

The rotation pseudo-vectors have only three components, and directly
generate R € SO(3). Hence, there is no need to reduce the number of
parameters or to additionally impose the orthogonality constraints.
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The basic relations for the rotation vector are

b=pxI,  p=1axP), |wl= Ve s

° T Tl

where the tilde denotes the associated skew-symmetric tensor and the
cross-product of a vector and a tensor is defined as in [33] p. 74. In terms
of components, the relation between the rotation vector and the associated
skew-symmetric tensor can be specified as in eq. (8.15).

(8.78)

A. Canonical rotation vector

This vector is defined as
P =we, (8.79)

for which we have

P = wS, P? = W?8?, P =3P =u

The rotation tensor, eq. (8.9), can be rewritten in terms of 1) as follows

R=I+c 9+’ Y]l = -y >0, (8.80)
where the scalar coefficients are
. sin [9]] . 1 —cos |4
= , g = ——r——. (8.81)
4]l 4|2

The representation (8.80) can be obtained from the exponential represen-
tation of the rotation tensor, R =exp(y)) =1+ + - -+ %1&” + e
by using the expressions for the odd and even powers of S of Table 8.1.

The representation (8.80) is a periodic function of |||, which can
be shown by transforming it to the form of eq. (8.9) by using w = |9
Because w > 0, we can restrict its range to w < 27w. As a consequence,
we can shorten the rotation vector for |4 > 27 using the following
transformation:

2
k = Integer Part <H¢H> , P* = <1 — k:ﬂ> . (8.82)
2m 4l
We can check that R(%*) = R(¢). Note that this operation is correct
for the rotation tensor R but not for the tangent operator T(v) of
Sect. 9.1, which is not periodic, see eq. (9.23). Hence, we cannot shorten

the rotation vectors, e.g., for shells.

The representation (8.80) is never singular but the coefficients must be
considered for three characteristic values of ||%]|:
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||l =0, at which ¢; and ¢z are numerically indeterminate. We
have to extend their domain and define ¢; and co at |[¢|| =0 as
the limit values, see the details below. Then, R(¢ =0) =1

|l = kr, (K = 1,2,...), at which ¢ =0 and c¢2 # 0 and
then R=1I+cy9? and is symmetric ! For these values, we cannot
uniquely recover ¢ from R, see eq. (8.93).

||| = 2kr, (k=1,2,...),at which ¢; =0 and ¢z =0 and then
R=1I

In numerical calculations, we encounter two problems:

1.

Only ¢; converges correctly, while ¢ does not, see Table 8.5, due to
round-off errors. Then we use the identity 1—cos |[1|| = 2sin?(||1[|/2)

1o bt i (/2]
il—cosd) zl[sin P 2] 883
2= R T2 (el ) (8.83)

which ensures a correct numerical behavior for a wider range of values
of |||l — 0, see Table 8.5, with the results of calculations in double
precision.

Table 8.5 Values yielded by two expressions of ¢y for |[¢| = 107"

n 5 6 7 8 9 10
“ﬁfjijlﬂw“ 0.50000 0.50004 0.49960 0.00000 0.00000  0.00000

2
3 [Epdel2 ]| 050000 0.50000  0.50000  0.50000 050000  0.50000

At exactly ||| =0, both coefficients are indeterminate,

_ sin g 0 1 [sin(HwH/2)r 0

I4blI=0

(I#1/2)

— Co _

1l |0 O ~ 2

9

(8.84)
which indicates that the point ||| = 0 does not belong to their
domains. However, for ||| — 0, limits of the coefficients are finite,
ie.

lim ¢ =1, lim ¢ = 3, (8.85)
[4b]|—0 [h]|—0
so we can define ¢; and ¢y at |[@]| =0 as the limit values. Then
R(¢ = 0) = 1. Nonetheless, we still have the problem of derivatives
of R at |[4| =0. Simple remedies can be used to alleviate this
problem; they are explained below.
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Methods of avoiding numerical indeterminacy. Instead of ¢; of eq. (8.81),
we consider the expression

. sinva?
c= 7

where 1z is a scalar. Because calculations of the tangent operator
involve the first and second derivative, we calculate

de  cosV 22 sin Va2 d%e 2cosVx? 2sinva? sinva?

(8.86)

dz x o2 da? Z (22)3/2  (22)1/2

and they need to be considered. Their limits for x — 0 are

) . de . d? 1
o=t Mg =% Mgesy 68
and the derivatives exist. However, numerically evaluating the deriva-
tives at = = 0, we obtain indeterminate expressions. Two remedies
to this problem are as follows:
a) Perturbation. We can use the perturbed value 2?4+ 7 instead
of V22 and consider

¢, = VI HT (8.88)

instead of ¢. Then, for = =0, we obtain

siny/7  de, _0 d?c, _cosy/T siny/T

C e =
plao VT ode |,y dz? T 73/2 7

=0

and for 7 — 0 they yield the limits of eq. (8.87). The first deriva-
tive provides a correct limit regardless of the value of 7, but
the value of 7 must be selected properly because of ¢, and
its second derivative. Evaluating them for 7 = 0, we find that
they are indeterminate, which indicates that the value of pertur-
bation cannot be too small. The perturbation value 7 =10"% is
suitable for calculations in double precision and it yields a good
approximation of the limits of eq. (8.87).

Similar considerations can be performed for ¢y of eq. (8.83),
and they provide similar conclusions. We can check that the mod-
ified form of ¢y of eq. (8.83) is still needed to obtain a correct
value of the second derivative.
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Note that, for the canonical rotation vector ), the perturbation
is applied as follows:

Il = V- 4. (8.89)

Taylor expansion. Another way to avoid problems at = =0 is to
use a truncated Taylor series expansion at = =0, e.g.

_ sinx 1, 1 4

Cl — T ~1-— ECC + mf s
1[sin(z/2)1> 1 1 , 1 ,
2735 { @) | T2 wu” Tt

where x = ||||. The above three-term expansions preserve a good
accuracy of both coefficients and their first and second derivatives
for the range up to |z| = 1, see Fig. 8.8. In this figure, the
three-term expansions are indicated by letter “e”, and we see that
the curves for them coincide with the original curves.

T 0.6
r | 7 P —
L d cle/dx - : | 0.4 o)
o crelae - 03 e
d c2e/dx: -
~~~~~~~~ - 02 [ : 92 c2/dx
T d®c2e/dxi=-="="=
S 0.1 —
~~~~~~~~~~ 0 T i
M=~ t:'::»r..'_‘: -0.1 -
________ T 0.2
1 0.5 0 0.5 1 -1 0.5 0.5 1

Fig. 8.8 Approximations of coefficients ¢; and ¢y and their derivatives.

Matrix

of components. The matrix of components of the rotation tensor

of eq. (8.80), for ¢; given by eq. (8.81) and c¢o by eq. (8.83), is as
follows:
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Y+ (5 +93)e 201t sin®(¥/2)  wgs 2eh1¢p3sin(4h/2) 4 s
P2 P

2 b b2
(R);; = | 2obesin®(W/2) | wes  $3+(WFH0R)e  20pyasin®(y/2) _ wrs
i N v 42 o |
219 sin®(Y/2) _ yos 2ovssin?(¥/2) | s Y3+ (i+yd)e
o2 b b2 v 2
(8.90)

where 1 = {¢17¢2a¢3}7 s = siny, ¢ = cosy, and ||¢|| =1 =

¥? + 3 +13. Note that trR = 1+ 2cosy. For instance, for the
rotation around the axis 0-3, we have [i1,19,%3] = [0,0,13] and ¢ =
\/1/733 , so the matrix becomes

¥3 (.
%3,20 _%zs 0 é cos 1 —\/i’)gsmw 0
(R)jj = | Y5 %5 of = | % sing  Bcosy 0. (8.91)
¥ ¥ 2 P32 Y3
2
0 03 0 0 %2
Note that this matrix cannot be reduced to
cosy —siny 0 cosz —sinys 0
siny cos®¥ 0], but can be reduced to sintg  costs O
0 01 0 01

Ezxtraction of rotation vector from rotation matriz. Given the rotation
tensor R, we can extract the skew-symmetric tensor as follows:

1
(R—RT), where  w = arccos §(trR—1) € [0,7]. (8.92)

If trR =3, then w=0 and R=1 but, by the first of eq. (8.85), the
expression for 1 is not singular and we obtain ¥ =0. If trR = -1
then we have w =, (sinw)/w =0, (1 —cosw)/w?=2/72%, and, from

eq. (8.80), we obtain
~ 2
d)zi\/%(R—I), (8.93)

i.e. two solutions for one R. Hence, the relation R — ) is 1-to-2. The
canonical rotation vector 1 = [tb1,19,13]7 is obtained by extraction of
proper components of .

Using eq. (8.92), we must control that the argument of arccos is
in the range [—1,1]. Besides, the w extracted from R is < 7,
which means that for rotations exceeding this value, the rotation vector
is shortened as by the operation of eq. (8.82).
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Ezxtraction of rotation wvector from quaternion. Given the quaternion
{qo,q}, seeeq. (8.67), we can extract e and w from the quaternion
using egs. (8.75) and (8.76). The canonical rotation vector is calculated

as
P =we. (8.94)

Quaternion for given rotation vector. From a canonical rotation vector,
we can obtain

w=9y[>0, e=v¢/[¢|=vp/w (8.95)
and then we can calculate the quaternion as follows:
i 2
qo = cos(w/2), q =sin(w/2)e = mn(:}/) . (8.96)
B. Semi-tangential rotation vector
This vector is defined as follows:
P =te, t = tan(w/2), (8.97)

for which we have

=18, P =08 Yey=jpyp=t
This vector is attributed to B.O. Rodrigues (1795-1851), [79]. Compo-
nents of the semi-tangential vector are also called the Cayley parameters.

The semi-tangential vector is undetermined at w = (2k + 1)m for
some integer k, at which tan(w/2) has asymptotes. By using ¢ of
eq. (8.97) and the trigonometric identities

2t 1 —¢2

Sinw:m, Cosw:m,

(8.98)
the rotation tensor of eq. (8.9) can be represented in terms of 1 as

R=T+ (¢+9%), lwl=ve-w=0 (899

2
1+ [|lp]?

This representation never is singular because the denominator 1+|4||? #
0 for |[%]|> > 0. An alternative form of eq. (8.99), called the Cayley
form, is
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R=(I+¢)I-9)" (8.100)
To verify this formula, we must post-multiply egs. (8.99) and (8.100) by
(I — 1) and then use 1* = —||4||>v, which directly leads to the

identity of both forms.

The representation (8.99) does not contain trigonometric functions and
is not a periodic function of ||#)||, which can be shown by transforming
it to the form

R =1+ ¢S+ 82 B = r (8.101)
c c =—-7: = —— .
1 257, 1= T 2= T

where C1 and Cop are plotted in Flg 8.9 as functions of t = ||7’b||

Hence, we cannot shorten the rotation vector as we could for the canonical
parametrization, see eq. (8.82).

c2

Fig. 8.9 Semi-tangential parametrization. Coefficients ¢; and c¢o.

Remark. We note that even if ¢ grows large, the rotation angle
w remains restricted because the mapping ¢ — w = 2arctant :
(—o0,+00) — (—m,+m) and the points =7 are asymptotic. To es-
tablish how the rotation tensor behaves for a growing ¢, we rewrite
eq. (8.99) as R=I+ Z; (tS+128?). For t— +oo, we have

142

2 22
_— _—
1+ t2 ’ 14 ¢2

and, hence, R —I1+28%2 = —-1+2e®e, where the formula for S? of
Table 8.1 was used. In the basis {e, e1,e2},
+1 0 0
t—+0: R—| 0 -1 0 |, detR — +1, trR — —1.
0 0 —1
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Matriz of components. The matrix of components of the rotation tensor

of eq. (8.99) is
_1 _2(93493)  2(Pre—ys) 2(Y1vp3+ab2) ]

1+¢2 1+,¢,2 1+,¢)2
2 : 2(yp241p2 2 —
(R)ij = (wiﬁ;%) 1— (1{1‘553) (wiﬁp?wl) 7 (8.102)

2(p193—1p2) 22t t1) g _ 23 +¢3)
L 1442 1442

14+2
where 1/) = [¢1,¢27¢3]T and H¢H = 1/} =V ’l/]% =+ w% + 1/132) Note that
trR = (3 —4?)/(1 +¢?) = 4/(1 +¢?) — 1. For instance, for the rotation

around the axis 0-3, we have [11,%9,93] = [0,0,%3] and 1 = /93, so

the matrix becomes

1— 293 —2i3 0
1442 1+zé2 )
(R)ij = 2o 1- % ol - (8.103)
0 0 1

Extraction of rotation vector from rotation matriz. Given a rotation ten-
sor R, we can calculate the skew-symmetric tensor as

1
1+ trR
where we used (1 + [|4]?)/4 = 1/(1+trR), and the form of R of

eq. (8.99). Equation (8.104) is singular for trR = —1, but this value
is not attained for ¢ € [0,400] and only limy .trR = —1. The

rotation angle can be calculated from w = 2arctan 4/ %12) pe [0, 7].

P = (R —RT), (8.104)

Ezxtraction of rotation wvector from quaternion. Given the quaternion
{qo0,a} (see eq. (8.67)), note that

sin?(w
tan(w/2) = W lall = va-aq= £4/sin?(w/2). (8.105)

We can extract the semi-tangential rotation vector as follows:

tan(f2)-L - TV g
Y=g T @) wyamee)
:Cos(lw/Q)q:q/qo_ (8.106)
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Quaternion for given rotation vector. For the semi-tangential rotation
vector, eq. (8.97), we can calculate

[]> =9 - = ¢°. (8.107)

Because tan(w/2) = sin(w/2)/cos(w/2) and sin?(w/2)+cos?(w/2) = 1,
we can obtain
1 ) V2
, sin(w/2) = :
V1+t2 V1+t2

Besides, e = 1/||¥|| = v/Vt2. Then we can calculate the quaternion
as follows:

cos(w/2) =

(8.108)

1 2
quCOS(W/2): ma qiSil’l(a}/Q)e: I/—t:tZ\;/;—Q:qu)
(8.109)

and it depends only on 1 and t2.

Example. Extraction of rotation vectors from rotation matrix. In this example,
we test the extraction formulas for the parametrizations based on rotation
vectors. Given is the rotation matrix

cosa —sina 0
(R)ij = | sina cosa 0 (8.110)
0 0 1

and the angle « is an independent parameter. We calculate the skew-
symmetric 1 and the angle w. Next, the rotation vector 1 and the
axis e are obtained.

a. For the canonical vector, by eq. (8.92), we obtain

3 = arccos 1 (trR — 1) = arccos(cos a), (8.111)

T 0-10 . Bsina
(R-R")=A |1 0 0f, A= — , (8.112)
00 0 sin 3

W= ,/%{p-{p = |A|. (8.113)

b. For the semi-tangential vector, by eq. (8.104) we obtain
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0 —1
——R-RT)=4|1 0
0 0

. sin o
A= ——
1+ cosa

w = 2arctan |/ —Str 2 = 2arctan | A. (8.115)

The angle of rotation is plotted in Fig. 8.10a, and we see that the curves
coincide and w € [0,7]. For all parametrizations, the rotation vector
and the rotation axis are as follows:

_ ¥
el
and their third components are shown in Figs. 8.10b and c¢. Note that the
component 13 is different for each parametrization, while the component

es3 1is identical for all parametrizations and has the sign of 3.

(8.114)

o O O

P =1[0,0,A]T, e [0,0,sign(A)]" (8.116)

Example. Extraction of canonical rotation vector from quaternion. In this ex-
ample, we test the extraction formulas for the canonical parametrization,
assuming that a quaternion {qp,q} is given. Note that in the previous
example, the rotation matrix was given.

Assume that e = [0,0,1]7 and that « is an independent parameter,
so the quaternion of eq. (8.67) becomes

qo = cos(a/2), q = sin(a/2) e. (8.117)

(Note that for this data, using eq. (8.69), we obtain the same rotation ma-
trix (8.110) as in the previous example.) To extract the canonical rotation
vector from the given quaternion, we use eq. (8.94). The rotation angle
w is calculated as

lall = 1/sin?(a/2), w = ||9p|| = 2arcsin y/sin?(a/2) € [0, 7] (8.118)

and w is shown in Fig. 8.11a. The rotation vector and the rotation axis
are as follows:

P = ||||1£!|\|q =[0,0, AT, e= H:gn = [0,0,sign(A)]7, (8.119)
e 2 arcsin m)sin(aﬂ) (8.120)

and their third components are shown in Figs. 8.11b and c.

Comparing Figs. 8.10a and 8.11a, we see that there is no difference in
the recovered w. The difference is in



omega

Parametrization of rotations

-6.28319 -3.14159

0

3.14159 6.28319

alpha

b) 1 T T
6.28319 6.28319 + canohical —— -
' semi"ng i
i
© +' H
= 1 1
3.14159 2 314150 i 7
[
o &
15}
g
0 o 0
o
s
IS
-3.14159 314159 4 ¢
H 1
i +
beta 1 |
canonical + i |
-6.28319 seml‘tang x o 6.2831 ! +
-6.28319 -3.14159 0 3.14159  6.28319 -6.28319  -3.14159 0 3.14159  6.28319
alpha alpha
c) . ‘
canonicat——
2 semitang +
g,
c
o
8
°
s oo
o
12}
x
©
-1
2

Fig. 8.10 Example. Extraction of rotation vectors from rotation matrix.

omega

T T
6.28319 ) 6.28319 PSI 3 m—
3.1415! ™ 3.14159
D
Q
8
0 3 0
>
[=4
k<)
T
314159 ° 31415
-6.28319 omega . -6.2831
-6.28319 -3.14159 0 3.14159 6.28319 -6.28319  -3.14159 0 3.14159  6.28319
alpha alpha
c) ‘
€3
2
&
-1
c
o
s
o
s o0
o
(2]
<
©
-1
2

-6.28319 -3.14159

0 3.14159 6.28319
alpha

157

Fig. 8.11 Example. Extraction of canonical rotation vector from quaternion.
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1. the rotation vector 1 (compare Figs. 8.10b and 8.11b). The rotation
matrix yields a jump of % at w4+ 2km for some integer k, while
there is no such jump if we use a quaternion and

2. the axis of rotation e (compare Figs. 8.10c and 8.11¢). For the
rotation matrix, e changes the sign at 0 + kw, while for the
quaternion at 0+ 2km, i.e. with the period twice as long.

Hence, using the quaternions, we avoid abrupt changes of the recovered
¥ and e.

An example of such jumps is shown in Fig. 8.12 where the canonical
rotation vector is obtained either from a quaternion or from a rotation
matrix, where, for the latter, the jumps occur. These plots are for the ex-
ample of unstable rotations of a rigid body about the axis of intermediate
moment of inertia (Example 6.1 of [221]) using our modified form of the
conserving algorithm ALGO-C1.

from quaternion —
from rot matrix ——X==-

0

rotation vector, component 1

time

Fig. 8.12 Rotation vector obtained either from quaternion or from rotation matrix.
Note vertical jumps of the line obtained from rotation matrix !
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8.2.4.1 Transformation of rotation vector to another basis

Here we show that rotation vectors can be transformed from one basis to
another as ordinary vectors. For the sake of simplicity, the proof is for the
semi-tangential vector but the same is true for the canonical vector.

Consider two Cartesian bases; the global basis {e;} and the local
basis {t;}, with the position of the latter described by Rgy € SO(3),
i.e. t; = Rpe;. We assume that a semi-tangential rotation vector is given
in {e;}, so ¥ =1e;, and we wish to transform it to {t;}. An ordinary
vector v transforms from {e;} to {t;} asfollows: v* =RIv and,
as shown below, this rule is also valid for the semi-tangential ). The
proof amounts to showing that

R(¢¥*) =RIR(¥)Ry, where  ¢* =REp, (8.121)

i.e. that the rotation tensor for 1* and the back-rotated rotation tensor
for 1) are identical. This relation can be easily verified numerically.

First, we establish the transformation rule for 1. For a given 1,
we calculate the rotation tensor on use of eq. (8.99) and transform this
tensor from {e;} to {t;} using R*=RIRRy. Next, we extract the
skew-symmetric tensor 9* € so(3) from R* using eq. (8.104), i.e.

- 1

= (R*-R7 8.122
P 1 thlnR*( ), ( )

and, finally, we calculate the rotation vector * = %(I X {p*) As a
result, %™ 1is a function of 1 which defines the transformation rule for
the semi-tangential vector.

_ Below, we inspect the above-obtained expression for the skew-symmetric
*  (instead of its axial vector "), and show that

¢* =Pf, (8.123)

where ﬂ;R = Rg{p Ry € s0(3) is obtained by a standard transformation
rule for tensors. Using eq. (8.99), we obtain

R* = R{RRo = I+ 4 [ + (7)), (8.124)

where A=2/(1+1t?), and 2= - = %{b 4. Hence, R* —R*T =
2447, and eq. (8.122) becomes
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~ 2A

* R
S 8.125
Ve T rer Y (8.125)

To prove that * = 9%, we show that the fraction in front of ®f is
equal to 1. Note that

trR* =3 — Ay PR =3 — A4 - 9, (8.126)

using the property that the trace of a tensor is the first invariant, i.e.
~ ~ ~ ~ ~2 ~ ~
P pf = —tr(PpF)? = —tr(RJP?*Ro) = —trip” =1p -1p. Then

4 N 4o -
24 - 24 -
1+ trR* =4 — ey 8
24 - 24+ Y
and we obtain
24 241
- = % - +Y ¢:1, (8.127)
1+trR 24 - 8
which ends the proof. O

Because the skew-symmetric 1 transforms as an ordinary tensor, we
can conclude that its axial vector 1 transforms as an ordinary vector.

8.2.5 Three parameters: Euler angles

The parametrization based on Euler angles is classical and has been used
in many problems of mechanics; e.g. to describe rotations of a shell director
in the shell theories with two rotational parameters, see Sect. 8.2.6.

Elementary rotation. The elementary rotation is defined as a rotation about
a chosen vector of an ortho-normal basis. For instance, the elementary
rotation about the axis t3 by the angle w3 is defined as follows:
e =t3 and w = ws and denoted as R(ws,t3). For convenience,
we choose e; = t; and ey = t3. Then the skew-symmetric tensor,
eq. (8.7), and the rotation tensor, eq. (8.9), are expressed as

S=t,®t; —t] ® to, (8.128)
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R(ws,t3) = cosws(t; @ t1 +t2 ® t2) +sinws(ta @ t; — t1 ® t2) + t3 @ ta,

(8.129)
or, in terms of components in {ty},
0 —10 cosws —sinws 0
(S)ij=1]+1 0 0], (R)ijj = | +sinws cosws 0. (8.130)
0 0 O 0 0 1

The sign of w3 is positive for the “shortest” rotation of t; to to.
The elementary rotations about the axes t; to to are defined in an
analogous way, permuting the indices.

Because each elementary rotation introduces one rotation angle, the
rotation matrix can be obtained as a multiplication of three elementary
rotations; the most popular are the Euler angles (3—1-3 Euler angles), and
Brayant or Cardan angles (1-2-3 Euler angles). A form of the resulting
rotation matrix depends on the sequence in which the elementary rotations
are performed and in this sense it is not invariant. A systematic list of 24
sequences of rotations is given, e.g., in [122] and further comments are
provided in [90] p. 113.

This type of parametrization of rotations is well suited for motion con-
strained by hinges such as, e.g., of a gyroscope in gimbals. In the absence
of physical hinges, the choice of the axes of rotations is arbitrary and
not related to properties of the motion. For such problems, this type of
parametrization is not considered as optimal, and for free rigid body rota-
tion, it leads to singularities of the equation of motion, even for physically
sound conditions (see [231], p. 427). Such difficulties can be overcome to
a certain extent by an update of rotations.

Rotation tensor R. for Euler angles. Consider the following (left) sequence
of the elementary rotations

R = Rg(—wg,tg) RQ((UQ,tIQ) Rl(—wl,tl), (8.131)

where wj, we, and w3 are three Euler angles. The rotated bases,
designated by the prime and the double prime, are used in this definition
and they are

t, = Ri(—wi,t1)ty,  t, = Ro(wa,ty)t,, k=1,23 (8.132)

In order to perform the elementary rotations about the axes of the initial
basis {tr}, we can use the right sequence of rotations, see Sect. 8.3.1,
which yields
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R = Rl(*wl, tl) R;(WQ, tg) Rg(*w;g, tg). (8133)

We can check that the resulting matrix of components for these two se-
quences of rotations is identical. In terms of components in {t;}, for the
right sequence, we have

1 0 0 c2 059 cz s30
(R)ij =10 Cc1 S1 0 10 —S83 C3 0 s (8.134)
0—51 C1 —52062 0 01

where s; =sinw; and ¢; = cosw;. After multiplication, we obtain

C2C3 €283 52
(R)ij = —C38182 — C183 C1C3 — 815983 (€251 (8135)
—C1C352 + 5153 —C3S1 — C15253 C1C2

and it can be checked that indeed (R”);;(R);; = d;; and det(R);; = 1.

Extraction of Euler angles from rotation matrix. The values of sine and cosine
functions s; and c¢; can be extracted from R;; in the following way:

1. Note that Rqi1 = coc3 and Rig = 983, SO R%l + R%Q = c%.
Besides, Ri3 = s3. Therefore,

Co = 4/ R%l + R%Q, so = Rq3. (8.136)

2. Upon inserting the above relations into the first row of R, we have
03\/R%1 + R%Q = Ry1 and 53\/R%1 + R%z = Ri9, from which, if
V R} + R3, #0, we can calculate

S | S - (8.137)

; 3 .
Vv RY + R Vv RY + R

3. Similarly, for the last column of R, we have Sl\/R%l + R%Z = Ro3
and ¢/ R} + R?, = Rs3, from which we calculate

Fs o = T (8.138)

Cl == ) 1
VR + Ri, vV Ri + Ri,

In the update scheme, we can directly use s; and ¢;, without the
recovery of angles.
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Having s; and ¢; ofegs. (8.136)—(8.138), we can uniquely determine
the Euler angles w1, we, and ws in [—m,+n]|. For instance, for wy,

we can use
wy = Sign(ay) ag € [—m, +7], (8.139)

where a7 = arcsins; € [—7/2,+7/2] and ay = arccoscy; € [0, +7],
see Fig. 8.13. Similar formulas can be used for ws and ws.

al, a2
a) B
o2

/2

ol

Angle

/2 T 3n/2 /2n

/2

Angle

/2 © 32 /2n

Fig. 8.13 Euler angles. a) oy € [—7/2,4+7/2], a2 € [0,+7]. b) wy € [-7, +7].

Non-uniqueness of Euler angles for ws = +7/2. Note that eq. (8.137) and
(8.138) are derived for the assumption that /R, + R, # 0, which is
equivalent to ¢y # 0, by eq. (8.136). Hence, we have to consider the
case cg =0 separately; we proceed similarly as in [231].

Note that ¢z = coswp =0 for wy = +7/2, if |ws| < 7w For
we = +7m/2, we have sy =1 and then

0 0 -1
(R)ij = | sin(w1 —ws) cos(wr —ws) O |, (8.140)
cos(w; —ws) —sin(w; —ws) 0
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where we used c¢3s1 —c183 = sin(w; —w3) and c3c;+ 5381 = cos(wy —ws).
This form of R implies four equations:

sin(w; — ws) = Ra1, sin(wy — w3) = — Raa, (8.141)
cos(w1 — w3) = Rao, cos(wy — ws) = Ra;. (8.142)

The above pairs of equations are not contradictory, which can be checked
by considering the representation

0 0 -1
(R)ijz Ro1 Ros 0 | . (8.143)
R31 R3s 0

The orthogonality conditions, eq. (8.1), yield
Ro1Roo + R31R32 = 0, R%l + Rgl =1, R§2 + R§2 =1 (8.144)

and for Rs; and Roo specified as above, these conditions yield Rgzo =
—Rs1 and Rz = Rgo, i.e. the same relation between entries of R as
in eq. (8.140). Thus, instead of egs. (8.141) and (8.142), it suffices to
consider

Sin(wl — W3) = R21, COS(wl - w;g) = R22. (8145)

From these two equations we can find the difference of angles (w1 — ws)
but w; and w3 cannot be not uniquely determined. A similar reasoning
for the case wo = —m/2, yields

sin(wy + w3) = —Rax, cos(wy + w3) = Raa, (8.146)

from which we can find the sum of angles (w; +ws) but not w; and
ws, separately. Hence, we conclude that we cannot uniquely extract the
rotation angles from R for we = £7/2. Finally, we note that in the
incremental formulations, we can use the Euler angles for the step only
and limit the step size to remain below this value.

8.2.6 Two parameters: constrained rotations of shell director

Consider the case when a rotation of the shell director tg is constrained
in such a way that the drilling rotation (around t3) is excluded. This
case is important for shells based on Reissner kinematics which have five
dofs/node.
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A. Canonical rotation vector

The constrained rotation can be parameterized using the rotation vector
1, and requiring that the axis of rotation e is perpendicular to the
shell director, i.e. e-t3 =0, see Fig. 8.14.

t, o ’

Fig. 8.14 Constrained rotation: the axis of rotation is perpendicular to the director.

For the constrained rotation we have 3 = ¥ -t3 = we -ty = 0,
so 1 = [11,19,0]T. Hence, only two components of the rotation vector
remain nonzero in the basis {t;}. The rotation tensor of eq. (8.9) can
be rewritten as

R =coswI+sinw(e xI)+ (1 —cosw)e®e, (8.147)

where S=é=exI and S2=e®e—1I, see Table 8.1. The position
of the rotated shell director is given as

az = Rty = coswts +sinw(e x t3), (8.148)

where the term (e ® €)ts3 = 0, because e-t3 = 0. For the canonical
rotation vector, % =we, we obtain

sin || ||
Il

To grasp the geometrical meaning of this equation, we can take /||| =
to, for which az = cos||®| ts + sin||ep| t;, see Fig. 8.15a, where
w = ]l

Note that ||¢ x t3]| = [|¢]|, e.g. by the identity (4.9.11) of [33].
Then, eq. (8.149) becomes

ag = cos [P t3 +

(1 X t3). (8.149)

sin || X ts]]
9 x t3]]

in which we have only one argument, 1 xts. We stress that this simple
form can be obtained only for two-parameter rotations!

ag = cos |[Yp x t3) ts + (¢ x t3), (8.150)
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a) b)
At
tS Iy sine a3 ;.At* >
3
(O]
cos® t3 ® aS

y t, y t,

Fig. 8.15 Rotated director for two-parameter rotations.
a) Components of asz, b) Increment At; and its projection Ats.

Director update scheme. Denote 1 x t3 = Ats. Note that Ats is
not the full increment of the director, At3, but only its projection on
the t; —te plane, see Fig. 8.15b. In the basis {t;}, only two first
components of Ats are nonzero. For the so-defined Ats, eq. (8.150)
can be used as the director update formula

sin || Ats||
| Ats]]
where ||9p X t3|| = ||Ats]] and k and k41 are the iteration indices.

Besides, by w = ||[¢| = ||Ats]|, eq. (8.147) can be used to define the
increment of rotation tensor,

th Tl = cos || Ats]| th + Atg, (8.151)

AR = cos || At I+ sin || Ats| (e x I) + (1 — cos | Ats|)e @ e, (8.152)

where At
e= ¥ =t x S
]| | Ats|
Hence, t1§+1 and AR are expressed in terms of Ats and the known

tk. The current rotation is computed by the left rule as R**! = ARRF.

Equations (8.151) and (8.152) are used in [211], see BOX 2 therein.
In this paper, the directors are updated at nodes and then are interpo-
lated within an element, which implies that at the Gauss points we have
[t5F1]| # 1. But no loss of accuracy due to this feature was noted in the
computed examples, see Example 4.1 therein.

Rotation tensor for given t3 and a5. The vectors 1 and t3 are perpendic-
ular and the resulting vector a3 = Rt3 is perpendicular to . Hence,
for t3 and a3 known, we have
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t3 - a3 = cosw, t3 x a3 =sinwe, (8.153)

where w is the angle of rotation. To avoid the problem with signs, we
choose the axis of rotation as follows:
o= 3%23 (8.154)
[t3 % as]|
The rotation tensor R for this constrained problem can be found from
eq. (8.147) by noting that the particular terms are now as follows:

sinw(e xI)=(tz3 xag) xI, (1—-cosw)e®e=A(t3x a3)® (t3 x a3),
(8.155)
where

1 —cosw B 1 —cosw 1 —cosw 1 1

T [ts xas)? | sinfw  l—coslw l+cosw 1+ (t3-as)

(8.156)

Inserting the above formulas into eq. (8.147), we obtain
1

1+ (t3-as3)

which is singular for (t3-a3) = —1, ie. for ag = —t3 or w = 7.

Such an expression for the constrained rotation is obtained, e.g., in [213],

eq. (2.15).

R = (tg . a3)I + (t3 X a3) x T+ <t3 X ag) ® (tg x a3), (8.157)

Components of R in basis {t;}. Denote ¢; = ag-t; and specify
particular terms of eq. (8.157) as follows:
ts X ag = t3 X (¢it;) = c1t3 X t1 + caty X to = c1ta — oty
(t3 x a3) ® (t3 x a3) = c3t1 @ t1 + 3ty Dty — crea(t; D to + ta @ t1).
Besides, noting that for 1 =;t; we have
P = hxT =ty (b3 Dty —ta@tg) + o (b1 Dtz —t3Dt1) +1)3(b2 @t _t(l ®t2))’
8.158

we can write

(tg ><a3) xI = (—Cztl—f-cltz) xI = —Cg(tg@tg—tg@t;g)—l-cl (t1®t3—t3®t1).

(8.159)
Hence,
c3 + AC% —ci1co 1 1
(R)” = [ ci1c2 c3 + AC% co |, A= , (8160)
1 + C3
—C1 —C9 C3

where in the last column of the matrix we have the components of as in
the basis {t;}.
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Example. Numerical solution for rotation around known axis. Let us assume
that the vectors a and b = Ra are known. For simplicity, we take
the axis of rotation e =t3, and a and b which belong to the plane
spanned by t; and ty. The governing equation can be written as

r=Ra—b=0, R = R(w, t3), (8.161)

where r is a residual. This equation constitutes a set of two nonlinear
equations for one unknown, w. Note that, due to periodicity of the
sine and cosine functions, each of the equations has multiple solutions;
of interest are only those which satisfy both equations. The analytical
solution of this problem is

w = arccos(a - b) + 2k, (8.162)

but we want to obtain it by using the Newton method combined with the
penalty method. In terms of components, we have

a = a1ty + asto, b = b1ty + boto, (8163)

S=ty®t; —t; @ to, S? =1, R = coswl +sinwS. (8.164)

The Newton scheme can be written as
Dg - Aw = —g, w=w+ Aw, (8.165)

where the differential of r is Dr-Aw = (DR - Aw)a. For

dR dR
DR - Aw = — Aw, — = —sinwl + cosw$, (8.166)
dw dw
we have
Dr - Aw = (—sinwI+ coswS)a Aw = SRa Aw, (8.167)

where the identity S? = —I and the definition of R are used to obtain
the last form. Note that SR defines the tangent plane at R and
SRa = Sa, where a = Ra is the updated (rotated) a.

We use the penalty method with o = 10719 and the strategy of
choosing the sequence in which the equations are solved, which is based
on a comparison of residuals. To establish the convergence of this method,
the vector a is taken at 360 uniformly spaced initial locations, differing
from b by the angle from 0° to 360°.
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For b = [0,1]T and the tolerance 7 = 107! the convergence is
attained on average in about 2.45 iteration per one starting point, with
the maximum of seven iterations. Such a fast convergence confirms that
the method has been properly implemented. The same strategy but with
a =0 yields divergence for several starting points.

B. Euler angles

A survey of the literature indicates that the Euler angles dominate in the
class of two-parameter rotations. Then the rotation tensor is assumed as
a composition of two elementary rotations, each defined as in eq. (8.129).

Fig. 8.16 Rotation of shell director: a) in [186], b) in [262].

a. In [186], the following formula is used to describe a position of the
rotated shell director

asg = R2(7T/2 — wg,té) Rl(wl,tl) t2 = Rl(wl,tl) R;(TF/Q — (.UQ,tg) tQ,
(8.168)
where tg = Rj(w1,t1)ts and the angles w; and we are shown in
Fig. 8.16a. In the basis {t;}, the components are

1 0 0 Co S9 0 0
Ri=1|0c¢ —s1], R;=|-s2 c2 0], to= 1], (8.169)
0 S1 C1 0 01 0

where s1 = sinwy, ¢; = coswy, s2 = sin(7/2—wsq), ¢ = cos(n7/2—w2). On
use of the trigonometric identities sin(w/2—wq) = cosws and cos(m/2—
w9) = sinwe, and by a multiplication, we obtain
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S9 Co 0 co
RlR; = —C1C2 €182 —S1 |, as = C182 | , (8.170)
—S81C9 S1S82 C1 5189

where so =sinwe and c¢o = cosws.

b. Alternatively, the director can be related to the normal vector ts,
see, e.g., in [262],

az = Ro(wi, t7) Ry(wa, t2) t3 = Ry (wa, ta) R (w1, t1) ta, (8.171)

where i:,1 = Rj(w2,t2) t;. In the basis {t;}, the components are

C2 0 —S82 1 0 0 0
R1 = 01 0 s R; =10 cl1 —S81 1, ts = 0f. (8.172)
S92 0 C2 0 S1 C1 1

Here s; =sinwj, ¢ =coswi, and S9 = sinwsy, ¢y = cosws, Wwhere
w1 and wo are defined in Fig. 8.16b. Then

C2 —8182 —C182 —C152
Rle = 0 C1 —S81 y az — —S1 . (8173)
S2 S§1€2 (C1€2 C1C2

8.3 Composition of rotations

In this section, we consider the composition of rotation tensors and the left
and right sequences of rotations are introduced. Then the corresponding
formulas are derived for rotational parameters, i.e. the quaternions and
the semi-tangential rotation vector. For the canonical rotation vector, the
procedure based on quaternions is described instead.

8.3.1 Composition of rotation tensors

Composition of orthogonal tensors yields an orthogonal tensor. If R;,R; €
SO(3), then Rs3=RsR; € SO(3). The proof is immediate:

RIR3; = (RoR1)T(RoR1) = RT(RIRy)R; = RTIR, =1, (8.174)

det Rg = det(RQRl) = (det RQ)(det Rl) = +1, (8175)

where, for the determinant of a product of tensors, we used eq. (4.9.98) of
[33].
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Left and right sequence of rotations. Let us rotate a vector from the position
“0” to the position “1”, vi = Ryv, and then from the position “1” to the
position “2”, vo = Rivy, where R;,R35 € SO(3). The final position
is vy = Rivi = R{(R;1v) = (R¥Ry)v. Hence, we can define the
total rotation tensor as a multiplicative left composition of the component
rotation tensors, i.e.

R, = R} R;. (8.176)

This composition is not commutative, i.e. R3 Ry # R R3, except for the
case of rotations performed around the same axis when R; and Rj
have the same eigenpair {+1,e}.

To have the right composition rule, we define another rotation tensor
Rs, such that it yields the same total rotation when applied to Ry from
the right, i.e.

Ry € 80(3) ‘ R; R:i =R; Rs. (8.177)

This implies
Ry = RT R} Ry, (8.178)

i.e. Ry is obtained by a back-rotation of RJ, and their properties are
linked as follows:

1. The eigenvalues of Ry and R3 are identical while their eigenvectors
satisfy the relation A = RTA*.
For the eigenpair {p, A*} of Rj, satisfying the equation RZA* =
pA*, and the back-rotated eigenvector, A =RITA*, we check that

RoA = (RYRSR.)(RYA) = RY(R3AT) = RY (4A") = i,

i.e. {u, A} is the eigenpair of Ra.

2. The angles of rotation w3 and wy corresponding to R3 and Ra
are equal.
Note that trRe = tr(RTR5Rq) = tr(R1RTR3) = trR% and, hence,
coswj = $(trR3 — 1) and coswy = £(trRy — 1) are equal.

Analogy with polar decomposition of deformation gradient. The left and
right composition rules introduced above for rotations are also used in
continuum mechanics in conjunction with the polar decomposition of the
deformation gradient

F=VR=RU, (8.179)

where F is the deformation gradient and V, U are the left and right
stretching tensors. Equation (8.179) implies U = RTVR, ie U is



172 Parametrization of finite rotations

obtained by a back-rotation of V. Hence, the properties of V and U
are linked identically as the properties of R and RS.

Components of R in co-rotational basis. Consider two bases, the reference
basis {t;} and the co-rotational basis {a;}, where a; = R;t;. For
the representations

Ry = Ry;jt; ®t;, R; = Rgij a; ®aj, (8.180)
eq. (8.178) implies

Ry = R{ RyRy = R{(R;zj a; ®a;) Ry
= Ry; (RTa; @ RTa)) = R5; t; @t (8.181)

Hence, Rgjj = Rj;;, ie. the components of Ry in {t;} and the
components of RJ in the co-rotational basis {a;} are equal. Therefore,
Ry can be considered as R3 parallel transported from the co-rotational
basis to the reference basis.

In incrementally formulated problems, R, is given and the total
rotation Ry is sought. Then either R;ij or Rg;; can be used as the
unknown.

Rotation of a shell director. Let us consider a rotation of the shell director,
which we can write as a3 = R3ts. Using t3 = Rjiz and eq. (8.178),
we can write

R5t3 = (R; Ry RY)(Ryi3) = Ry Ryis. (8.182)

Hence, either the representation of R5 in {t;} or the representations
of Ry and Ry in {ix} can be used.

8.3.2 Composition of Euler parameters (quaternions)

The Euler parameters {qo,q} defined in eq. (8.67) are a very convenient
tool for composing rotations. Consider a composition of two rotation ten-
sors, R; =RoRj, and for each of them use the representation (8.68):

R = (2¢5 — )T +2goq x I+ 2q ® q,
Ry = (2p5 — 1)I + 2pop x I+ 2p © p, (8.183)
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in which Ry is represented by the quaternion {qp,q} and Rs by
the quaternion {pg,p}. The total rotation must have a form analogous
to (8.68):

R; = (2rf — DI+ 2ror xI42r®r. (8.184)

To satisfy R; = RoRy for the representations (8.183) and (8.184), the
quaternion corresponding to R; is obtained as

{ro,r} = {po, p} o {q0,a}, (8.185)

where the composition of two quaternions is defined as follows:

{po.p} o {90,a} ={podo —P-q, pPod+ P+ P x q}. (8.186)

This formula is non-singular and contains only simple scalar and vector
operations. Note that in the cross-product, the vectors p and q appear
in the same order as the associated rotation tensors in R; = RoRj.

Remark. If we compose rotation matrices many times, then the prod-
uct loses orthogonality and its re-orthogonalization is complicated. The
advantage of quaternions is that they can be easily re-normalized

ro =10/\/T5 + 1T, r=r/\/rg+r-r, (8.187)

which yields a unit quaternion.

8.3.3 Composition of rotation pseudo-vectors

Below, we derive the composition formula for the semi-tangential vector
and for the canonical vector.

Composition of semi-tangential vectors. The rule of composition of the semi-
tangential vectors is derived below from the rule for quaternions. The
quaternion parameters involved in the composition (8.185) are defined as:

(
)

qo = cos(w1/2), q = sin(wy1/2) ¢y,
po = cos(wa/2), p = sin(w2/2) co, (8.188)
ro = cos(ws/2), r = sin(ws/2) c3,

where c¢j, c2, and c3 are the unit axes of rotation (corresponding
with e of eq. (8.67)). If the first two of the above definitions are used
in eq. (8.186), then we obtain
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ro = c1c2 — S152(c1 - €2), r = 251C1 + ¢152C2 + s152(C2 X €1),

where s; = sin(w;/2) and ¢ = cos(wi/2), (i = 1,2,3). By the
definitions of the semi-tangential rotation vectors, 1, = t;c;, where
t; = tan(w;/2), the above equations can be rewritten as

ro = cica [1 —tita(cy - c2)] = cica [1 — 1y - 1],
r = cicg[ticy + tacy + tita(cr X €2)] = ciep [Py + Py + Py X Py].

We can easily obtain a semi-tangential vector from the quaternion and,
therefore by eq. (8.188), 13 = tan(ws/2)cs = r/ro. Using the above
expressions for 79 and r, we obtain the formula for the left composition
of semi-tangential rotation vectors

1
3 = m(¢1+’¢2+¢2 X 1) (8.189)
Note that in the cross-product, the vectors 1, and 1), appear in the
same order as the rotation tensors in the product R; = RsR;. The
rotation tensor R for the semi-tangential vector is given by eq. (8.99).

Remark 1. Formula (8.189) is singular for ), -, =1, for which the
denominator is equal to zero. For instance, for two equal co-axial rotations,
w, this condition becomes tan?(w/2) = 1, from which we calculate
w = £7/2, at which the singularity occurs. Because of the singularity,
the semi-tangential rotation vectors are less convenient in compounding
rotations than quaternions, but can still be used for parametrization of
increments. Besides, due to its simplicity, eq. (8.189) is useful in analytical
derivations; see below, and Sect. 9.1.

Remark 2. For 15 of eq. (8.189), the relation

R(t3) = R(2) R(¢1) (8.190)

is satisfied. If we take 5 = 1| + 15, 1i.e. only a part of eq. (8.189)
instead of the full formula, then, in general,

R(1 +1y) # R(,) R(¢1), (8.191)

i.e. a rotation tensor for the sum of two rotation vectors is not equal to a
product of the rotation tensors for each vector taken separately.
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Composition of canonical vectors. For the canonical vectors, the procedure
analogous to the one used for the semi-tangential vectors yields very com-
plicated formulas. Hence, instead of a single formula, we can use the pro-
cedure outlined below:

1. the canonical vectors 1); and 1), are converted to quaternions
{90,9} and {po,p}, respectively, as follows:

wi =[], qo = cos(wi1/2), = [sin(w1/2)/w1] ¥,

q
wy = [[ghofl,  po=cos(wz/2),  p = [sin(ws/2)/wa] s,
2. the quaternions are composed using eq. (8.185), which yields the total
quaternion {rg,r},

3. the total canonical rotation vector b5 is extracted from the total
quaternion {rg,r} using

_ 2arcsin [|r||

3 = (8.192)

[l

The above formula was obtained by noting that the final quaternion de-
pends on the final canonical vector as follows:

ro = cos(|[hs]|/2),  r=sin([[¢p5]]/2) e,

which is in accord with eq. (8.67). Hence, |r|| = sin(||13]//2) and we
can calculate

15l = 2arcsin el ez =r/[r], 5= |l¢hs]lcs,
which can be rewritten as eq. (8.192).

Coazial vectors of the same sense. Let us convert two coaxial canonical
vectors of the same sense 1); and %, to quaternions

wi = [[Ypy]l, g0 =cos(wi/2),  q=sin(w1/2)e, (8.193)
wy = [[Yholl,  po=cos(wz/2),  p=sin(wz/2)e. (8.194)
The composition formula of eq. (8.186) yields
0 = pogo — P - 9 = cos(w1/2) cos(wz/2) — sin(w1/2) sin(wz/2)
= cos|(w1 + w2)/2],

r =poq+ qp + P X q = [cos(wz/2) sin(w; /2) + cos(w1/2) sin(ws/2)] e
= sin[(w1 + w2)/2] e,
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using trigonometric identities. Because, w; + ws = ||9p;| + [|5]], and
for coaxial vectors of the same sense |[¢,] + |92l = ||¥v1 + 5[, the
obtained quaternion {rp,r} is identical to the quaternion for a sum of
vectors 1), + 1p,. This implies

R(9) R(¥1) = R( + 1), (8.195)

i.e. the additive composition of coaxial rotation vectors of the same sense
is exact.

Composition of tangent rotation and drilling rotation. Let us examine the com-
position formula (8.189) for t; being tangent to the reference surface,
and 1, mnormal to this surface. The local ortho-normal basis {t;} on
the shell reference surface is used.

Semi-tangential rotation vector. Assume the semi-tangential vectors as
P, =At1+Bty and ¢, = Ct3. Because -9, =0 and ¥, x¢; =
CAty — CBty, eq. (8.189) yields the composed rotation

3 = (A —CB)t; + (B + CA)ty + Cts, (8.196)

i.e. the normal component C' also contributes to the tangent components
(A—CB) and (B+ CA). For given 3 = 1t1 + ata + P3t3, we
can readily find the inverse relations

A:¢1+¢21/)3 B:%—wﬂbs

C = 3. 8.197

We see that for semi-tangential rotation vectors, the relation between the
components {4, B,C} and {11,12,13} arenonlinear but non-singular.

Canonical rotation vector. Assume the canonical rotation vectors in the
form v, =at;+bty and 1, = cts. We can define the corresponding
semi-tangential vectors:

W, itan<||¢1||> o )y gt 1 B, (3208)

> )Tl = Tl
Ll san(ial/2)
‘”2‘““1( > )H%II_ [ V2=Cte (8199

where



Composition of rotations 177

. tan (||s,/2) . tan (|[1h,]/2) . tan (|5]1/2)
A= —-""-7 7 B=——"=""p (C=——"="1 ¢
o ol sl ¢

(8.200)

Then, using the formula for composition of semi-tangential rotation vec-
tors, eq. (8.189), we find 1p; in a form given by eq. (8.196). Using the
semi-tangential 15, we can calculate the resulting canonical rotation
vector as follows:

Py =we, w = 2arctan 4/ %E:s -3, e= HZ?)H (8.201)
3

We see that the formula for the canonical vector will be much more com-
plicated than for the semi-tangential one and for this reason, it is not given
here explicitly.

8.3.4 Composition of Euler angles

The parametrization in terms of Euler angles consists of a sequence of
three elementary rotations around known vectors of a Cartesian basis,
hence it inherently utilizes a composition of rotations. We can use either
the left sequence of eq. (8.131) or the right sequence of eq. (8.133), where
in the latter, the elementary rotations are performed around the vectors
of the initial Cartesian basis.
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Algorithmic schemes for finite rotations

This chapter presents the topics related to the algorithmic treatment of
finite rotations. Mostly static (time-independent) problems are considered,
although angular velocity and acceleration also are defined in Sect. 9.4.

We assume that the Newton method is used to solve the non-linear
equilibrium equations. To generate the tangent matrix and the residual
vector, the total rotation and the increment of rotation are needed.

1. For the total rotation, we use either the rotations matrices or quater-
nions. Both are used in the most general Scheme 2, when the total
rotation is composed of the part which is a result of the update and
the part which is parameterized.

2. For increments of rotations, we use the rotation vector to avoid addi-
tional orthogonality constraints.

The respective formulas are provided for the parametrization by the
canonical rotation vector and by the semi-tangential vector. For both,
it is essential use the formulae which are free of numerical indeterminacy;
this applies not only to the rotation tensor but also to its first and second
differentials.

Besides, the formulae to convert the parameters used for the increment
to those used for the total rotation are required; we show that the afore-
mentioned rotation vectors and quaternions can be conveniently matched
together. Note that the rotation vector and its increment can belong to
different tangent planes to SO(3), which is a matter of choice and can
affect the effectiveness and stability of computations.

Several update schemes of rotational parameters can be considered
but not all of them perform equally well. This cannot be fully predicted
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theoretically and a numerical verification is always needed. The answer to
the question which type of update is optimal, multiplicative or additive,
is quite convoluted, see [30].

Note that the situation in dynamics is more complicated, due to the
presence of the angular velocity and acceleration. The time-stepping (e.g.
Newmark) scheme must be extended to incorporate the rotational dofs,
which can be done in various ways. This is illustrated by the examples for
the rigid-body dynamics in Sect. 9.4 but the dynamics of shells remains
beyond the scope of this work.

9.1 Increments of rotation vectors in two tangent planes

In this section, we consider the tangent spaces at two different rotations,
R, and Rpg, and establish the relation between the infinitesimal rota-
tion vectors belonging to these spaces, using either a left or right compo-
sition rule. The tangent operators T and their inverses are given for the
semi-tangential and canonical rotation vectors. Finally, the differentials
xT, which are needed in the second variation of the rotation tensor, are
obtained.

Tangent plane. The set of all infinitesimal rotations @ superposed onto
the finite rotation R is referred to as the plane tangent to SO(3) at
R, and denoted by TSO(3) = {#R | for @ € so(3)}. The plane
tangent at R = I is called the initial tangent plane and denoted by
TrSO(3) = {0 | for 8 € so(3)}.

The definitions are analogous for the right composition rule; the tan-
gent plane at R is defined as TpSO(3) = {R @ | for ©® € 50(3)}, and
the initial tangent plane as 77SO(3) = {@ | for @ € so(3)}.

9.1.1 Operator T

Generally, in this section we use the notation similar to that of [44], with
the exception of the tangent operator T, which we associate with the
left composition. In [44], the operator for the right composition rule is
designated by T, see eq. (38) therein, while we denote it by TZ. Our
T is identical to I' of [9], eq. (8.31), and T of [40], eq. (68). The
operator T used in [219] and [221], eq. (88), is equivalent to our T 7.
Note that, in these papers, the tangent operators are given only for the
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canonical rotation vector, while we also provide the operators for the semi-
tangential parametrization.

A. Left composition rule

R:(e6e) Ri(¥)

Re «— Rs «— Ra

~_

R(e) = R(y+€6a)

Fig. 9.1 Scheme of increments of rotations for the left composition rule.

We adopt the left composition rule and express Rp = Rj(¢) R4, where
1 is the rotation vector, see Fig. 9.1. The perturbed rotation R¢ can
be related either to R4 orto Rp,

Rc = R(¥,) Ry, R¢ = Ry(ef5) R, (9.1)

where . =1 +el4 and € is ascalar parameter. Note that, using the
notation established in mechanics, we can also designate 6,4 as Ad.
Besides, 84 and 6p are infinitesimal rotation vectors, and

Y. Ra= ({ﬁ + 69,4) R € Tg,SO(3), OpRp € TrsSO@3), (9:2)

i.e. the perturbations €04 and €Op belong to different tangent planes,
see Fig. 9.2.
Because both relations (9.1) must yield the same R, we obtain

Ry(e0p) R = R(¢.) Ry, (9.3)
which, using Rp = Ri(¥) R4, reduces to
R;(c0) = R(¢) R (). (94)

This is a non-linear equation of 68,4 and 6pg, and to find the relation
between 64 and 6p, we have to

1. select a specific parametrization of R,

2. convert the tensorial equation to the vectorial form, and

3. locally linearize it using the scheme defined below to obtain the tangent
operator.
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Fig. 9.2 Geometrical interpretation of SO(3) and increments of rotation. 8,4 and
05 are not parallel!

Scheme of calculation of operator T. Assume that the L.h.s. of an equation,
such as, e.g., eq. (9.8), depends on 6p while the r.h.s. depends on 6 4.
Hence, the equation can be rewritten as 1(@p) = r(04), where 1 and
r are, in general, non-linear functions. The differentials of both sides of
the considered equation must be equal,

D1-05 = Dr-6.4. (9.5)

Hence, we calculate two directional derivatives and obtain two tangent
operators,

TZZ DI-BB:Tl 93, TT: DI"GB:TTGA, (96)

where T; is the left tangent operator, while T, is the right tangent
operator. By using them, from eq. (9.5), we obtain

0p =T 604, where T=T,'T,. (9.7)

The directional derivative is calculated in a standard manner, i.e. we dif-
ferentiate the perturbed expression with respect to the perturbation pa-
rameter € and evaluate it for €= 0.

Remark. The hand derivation of tangent operators is, in general, quite
tedious work and prone to errors. The same operators can be obtained
in a relatively easier way using a symbolic manipulation program, such
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as Mathematica or Maple. Using such programs, we can differentiate
a vectorial expression w.r.t. a scalar variable and evaluate it for € = 0,
so they are well suited to calculate the directional derivative. Then, it
remains to recast the obtained expressions into a concise tensorial form
and extract the tangent operator.

Semi-tangential parametrization. Assume that 64, 0p, ¥ and 1, are
semi-tangential rotation vectors. For the semi-tangential parametrization,
we can apply the composition formula (8.189), use the identity RY () =
Ri(—) ineq. (9.4), and write its vectorial counterpart as follows:

_ 1

This is an equation non-linear in 6,4 which we can linearize by using
the scheme explained in eq. (9.7). Then

(Y=t — b x Y. (9-8)

eOp

. 00
65 =T () 6.4, T:ﬁ, (9.9)
where the tangent operator is
1 -
T(y) = m(l + ). (9.10)

The operator T has the following properties:

1. It is non-singular for arbitrary b, as detT = 1/(1 + ||%]?)2.

2. If ¢ =0, then T(¢) =1 Then weobtain O = 04, asexpected.

3. If 9 and 0, are coaxial,ie. 84 = a1, where « isan arbitrary
scalar, then

1

O0p = T("rb) 04 = aT("/’) P = mam

(9.11)
i.e. T(¢) only shortens 64. In the proof, we used Py = 0.

4. For ||| — oo, T(¢p) — 0. Hence, we cannot use very long rotation
vectors, the norms of which are big numbers.

5. T(¢) is not a periodic function of |[|3||. To show this, we use
¥ = ||¥]| € ineq. (9.10), where € =S, to obtain

1 Il

g I+ e’ 9.12
TP T T+ wlP (9-12)

T(¢)
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where & does not depend on ||%]|. For example, for e = [0,0,1]%,
we obtain the following representation:

Lot
1—|it2 11+t2

M= |me w2 0 |, (9.13)
0 0 1+¢2

where its components are not periodical functions of t = ||¢||. (Note
that the coefficients in this matrix are equal to ¢; and «c¢o of
eq. (8.101) divided by 2t.) In consequence, we cannot use the short-
ened rotation vector.

6. The inverse operator is as follows:

T ') =1-p+ 9. (9.14)

Note that the derivation of T is relatively simple for semi-tangential
vectors due to the vectorial form of eq. (9.8).

Finally, our T of eq. (9.10) is different from the T operator of [76],
eq. (4.32), in which the additional multiplier 2 appears. Both operators
are correct and their various forms result from different definitions.

Canonical parametrization. Assume that 64, 6p, 1, and 1, are
canonical rotation vectors. For the canonical parametrization, we do not
have a vectorial composition formula, such as for the semi-tangential
parametrization. Therefore, in order to use eq. (8.189), we shall first intro-
duce auxiliary semi-tangential vectors as functions of the canonical vectors

P =tan(|)l/2) 7w e = tan([v]/2)

WH W I

€Op
€O’
marked by a horizontal overbar. Using these auxiliary vectors and exploit-

ing RT(¥) = Ri(—1) ineq. (9.4), we can write its vectorial counterpart
as

05 = tan(||e0p]|/2) — 2 (9.15)

By = g [P0 (9.16)

Analogously, as in eq. (9.9), the operator T is defined as

05 = T(v)0,, T=208 (9.17)
96,1
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To obtain the operator T, we use the earlier-described scheme of
eq. (9.7), which yields

T()=cl+(l—c)e®@e+ e, (9.18)

where e =1/||¢| and the scalar coefficients ¢; and cp are the same
as in the rotation tensor of egs. (8.81) and (8.83). Another, equivalent
form of this operator is obtained by using 2 = [|[|2S? = ||¢?(e®e—T),
and is as follows:

T(¢) =1+ cotp + c31b?, (9.19)

where c3 = (1 —¢;)/||®]|>. The operator T has the following proper-
ties:

1. If 4 — 0, then T(v¢) — I, i.e. the operator tends to the identity
operator.

2. At ||¢]| =0, the coefficients of T are numerically indeterminate.
This problem also appeared for the rotation tensor, see eq. (8.85), and
was already solved for ¢; and c¢3. For c¢3, the problem can be
solved in the same way, by defining it for ||¢|| =0 as the limit value,
i.e.

lim c¢3 = 1 (9.20)

lpl—o 6
We have to consider the first derivative of ¢3, which is used in
the tangent operator. Again, we can use either the perturbation,
|| = Vb -+ 7, where 7 = 1078, or the truncated Taylor se-

ries expansion at = =0, e.g.

1—(sinz/z) 1 1, |-
G- T 120" Thoa”
where x = ||¢||. The above three-term expansion preserves a good

accuracy of ¢z and its first derivative for the range exceeding |z| = 1.
In consequence, we have T(¢ =0) =1

3. T(v) is singular at ||¢| = 2kw, (k = 1,2,...), at which the
determinant det T = 2(1—cos ||9||)/||1||? is equal to zero. At ||| =
0, detT is indeterminate although hm||1,b||a0 det T = 1.

4. If v and 6,4 are coaxial,i.e. 04 = a1p, where « is an arbitrary
scalar, then

05 = T(¥) 04 = aT(W)2p = 0.4, (9.21)
i.e. T(2) acts as the identity operator. In the proof, we used ¥ = 0
and e(e-v) = 1.
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5. T(¢) 1is not a periodic function of |[|3||. To show this, we use
¥ = ||Y]| € ineq. (9.18), where € =S, to obtain

T@) =11+ (1—c1) e® e+ et &, (9.22)

where e and € do not depend on ||#||. For example, for e =
[0,0,1]7, we obtain the following representation:

sinw _ sin?(w/2) 0
TG
(T)ij — suzw(/u;éQ) smTw ol (923)
0 0 1

and we see that its components are not periodical functions of w =
lY]]. In consequence, we cannot use the shortened canonical rotation
vector ¥* of eq. (8.82) because T(v) # T(y").
6. T(¢) is singular for ||3p| — oo. Note that for w = ||| — oo,
eq. (9.22) yields
T(¢Y) —e®e, (9.24)
where det(e ® e) =0, so the representation of T(v) is singular.

Hence, it is not advisable to use very long rotation vectors as their
norms are big numbers.

7. T(v)) can be represented as the following series:

1~ 1- ~
T() =1+ b+ —Pp* + ... " 2
which can be truncated for small .
8. The inverse operator is
T () = sl + cap @9 — J3b, (9.26)
where
L w2 Ll

T a2 T el

In terms of components of ¥ = [w1,¢2,w3]T, the operator T is as
follows:

o1+ AVt —cotps + Aihs cotho + Aprips
(T)ij = coths + Aothy c1+ A’(ﬁ% —coth1 + Aoifs | (927)
—cothy + Apsihy cotpy + Arpziho o1 + A3

where A= (1—c))/|¥]? = (1 — 1)/ (W2 + %3 + ¢2).
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Rq(¥) R:(eO%)

RA _— RB _— Rc

N

R(ye) = R(y+ebh)

Fig. 9.3 Scheme of increments of rotations for the right composition rule.

B. Right composition rule

We adopt the right composition rule and express Rp = R4 Rj(¢), where
1 is the rotation vector, see Fig. 9.3. The perturbed rotation R¢ can
be related either to R or to Rp,

Re =RAR(®,), Rc = R Ry(eOp), (9.28)

where 1, =1+ €04 and e is ascalar parameter. Besides, 64 and
®p are infinitesimal rotation vectors, and

RA9, = Ry (12) + eéA) € Tr,S0(3), Rpe@p € Tr,SO(3), (9.29)

i.e. the perturbations €@, and @p belong to different tangent planes.
Because both relations (9.28) must yield the same R, we obtain

RpR2(e@p) =RAR(®,), (9.30)
which, using Rp = Ra R4(%), is reduced to
R, (cO1) = R (%) R(3,). (9.31)

To find the relation between 84 and @p from this non-linear equation,
we have to use the same steps as for the left composition rule, outlined
below eq. (9.4).

Semi-tangential parametrization. Assume that 64, @p, ¥, and . are
semi-tangential rotation vectors. For the semi-tangential parametrization,
we use RT () = Ri(—%), apply the composition formula (8.189), and
directly write a vectorial counterpart of eq. (9.31) as follows:

1

Op=—
CET 1y,

[1/]6 - 'l/J - 11b X 'lnbe] : (932)



Increments of rotation vectors in two tangent planes 187

Comparing with eq. (9.8), we note that ., and % in the cross-product
are interchanged. To obtain the relation between 6,4 and @pg, we use
the earlier-described scheme of eq. (9.7), which yields

Op =T" () 0.4, (9.33)

where T was defined in eq. (9.10). Finally, we note that transposition
of T changes the sign of the skew-symmetric 1 so this term needs
special attention.

Canonical parametrization. Assume that 60,4, ©p, 1, and 1, are
canonical rotation vectors. For the canonical parametrization, we do not
have a vectorial composition formula as for the semi-tangential one. There-
fore, in order to use eq. (8.189), we shall first introduce auxiliary semi-
tangential vectors as functions of the canonical vectors

¥ = tan(||¢)|/2) — = tan(||y[|/2)

||¢|y IW’ I

€Op
le®@ ]I’
marked by a horizontal overbar. On use of the auxiliary vectors, and

RT(¥) = Ri(—), we can write a vectorial counterpart of eq. (9.31), as
follows:

eOp = tan(||e@p|/2) —=— (9.34)

Op = 1+¢ wﬁ PP xap]. (9.35)

Comparing with eq. (9.16), we note that 2. and 1 in the cross-product
are interchanged. To obtain the relation between 6,4 and @p, we use
the earlier-described scheme of eq. (9.7), which yields

Op =T () 04, (9.36)

where T was defined in eq. (9.18).
Remark. Note that the multiplicative right update of rotations and the

relation of eq. (9.36) are used, e.g., in the energy and momentum conserv-
ing algorithm for rigid-body dynamics, see Sect. 9.4.3.
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Numerical verification of T. To verify correctness of the form of T, in
particular of the sign in front of the skew-symmetric term, we can numer-
ically calculate the value of ®p in two different ways. Let us assume,
e.g., that ¢ =[0,0,1]7, 04 =[1,0,0]7 and e=10"%. Then

1. Using T, we obtain e@p =T eh, ~ [8.41, —4.59, 0]7 x 1077.
2. For . =1 + €04 = [1078,0,1]7, we calculate €@p using the
vectorial eq. (9.35) and, next, by the approximation

6@3 NHE@BH 6@3 _6@3
le® 5] 2 le®sll 2"

€Op = tan(||cO5]/2) (9.37)

we obtain (e@p) ~ 2 (e@p) ~ [8.41, —4.59, 0]T x 1077.
Hence, both methods yield the same value. If we change the sign at
the skew-symmetric term in T, then we obtain: e®p = T 0y ~
[8.41, +4.59, O]T x 1072, with a plus at the second component.
9.1.2 Differential YT

In calculations of the second variation of the rotation tensor in Sect. 9.2.4,
we will need the directional derivative of the tangent operator T, which

is defined as
XT = DT (v) - 0%, (9.38)

where the direction 0% is defined in eq. (9.73).

A. For the semi-tangential parametrization, and the operator T of
eq. (9.10), we obtain

XT(2p,0%) = =242 (0T - o) T+ p) + a1 07T, (9.39)

where a; =1/(141-1). For ¢ — 0, yT — 0T €s0(3).

B. For the canonical rotation vector, and the operator T of eq. (9.18),
we obtain

XT(,07) =a1(e- 0TI +a (0T Re+e®0T)
+az(e-0M)(e®e)+tas(e-0T)p +as0", (9.40)

where e =v/||Y]], w=|v| =+ -1, and the scalar coefficients are
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ar = by — by, ag = bz — by,
ag = 3by — by — 2bs3, ag = —bgby + by, as = 3ba,
sinw cos w 1 sin(w/2)]?
by = —5- = ==, b= |——2=| . (941
oW w’gw’4[<w/2>} (941)

We see that the coefficients b; (i =1,...,4) are numerically indeter-
minate at w=0. For ¢ — 0, xT — 16" € s0(3).

Remark.  The derivation of formula (9.40) is cumbersome, see [44], but
its correctness can be verified easier. For instance, we can assume (); =
{0,0,1} and (67); ={0,0,7}, where 7 is a small value chosen in the
way established for the finite difference operators, see [65]. Then we can
calculate DT - 0" in two ways: first, using eq. (9.40) and next, by an
approximate difference formula DT -0 ~ T(3p + 01) — T(3).

A summary of the tangent operators is provided in Table 9.1 where the
variations of the rotation tensor in which they are used are indicated.

Table 9.1 Tangent operators and variations of rotation tensor.

Tangent operator  Semi-tangential Canonical Used in variations
parametrization  parametrization of rotation

T(y) eq. (9.10) eq. (9.18) first, second

XT(,0") eq. (9.39) eq. (9.40) second

9.2 Variation of rotation tensor

In this section we derive the formulae for the variation of the rotation ten-
sor assuming the additive and multiplicative (left and right) compositions
of the semi-tangential and canonical rotation vectors. Then we can relate
the obtained variation to each other using the tangent operators derived
in the preceding section.

The notation used below is the same as in the preceding section, see
Figs. 9.1 and 9.3.
9.2.1 Variation of rotation tensor for additive composition

For the additive composition of the rotation parameters, ¥, =Y +€04 €
T1SO(3), we define the variation as the following directional derivative:
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d

3, R() = DR() 04 = 1 [R($,))ewo, (942)

where € is a scalar perturbation parameter. Note that we can also
denote 6,4 = 01, following the established convention in mechanics.
Because the function R(%) is different for each parametrization, the
variation must be derived separately for the semi-tangential and canonical
parametrization.

The above directional derivative can be calculated using a symbolic
manipulation program, such as Mathematica or Maple, but then we
obtain long and complicated formulas. On the other hand, concise forms
can be derived using the multiplicative composition of rotation tensors, as
we show below.

9.2.2 Variation of rotation tensor for multiplicative composition

We derive the formulae for the variation of the rotation tensor w.r.t.
the rotation vectors (semi-tangential and canonical), at two characteristic
points: (A) at Rp =1 (or for Ry =I) and (B) at arbitrary Rp.

A. Variation of rotation tensor Ry =1

Define the variation of Rp w.r.t. the skew-symmetric 05 € s0(3), as
the directional derivative of Ry in the direction 6p,

. S d
51[)RB = DRp-0p = 1 [RQ(GGB)]E:(), (9.43)

€
where € is a scalar perturbation parameter.

Semi-tangential rotation vector. For the skew-symmetric 0p € so(3)
associated with the semi-tangential rotation vector of eq. (8.97), we obtain

05, Rp =203, (9.44)
where the form of Rp for the semi-tangential vector was used. The proof

is as follows. For efp, eq. (8.99) becomes

R(ehp) =1+ (eéB + 62é23> . |lebs|? = L0505 > 0.

(9.45)
Denoting the nominator by N = 2 <€é B+ 62923> and the denominator

2
1+ [le5]?

by D=1+ %6293 . 93, we calculate the derivative



Variation of rotation tensor 191

d ~ 1 /dN dD
— 0p)|=—|—D—-—N A4
de [RB(E B)] D? <de de > ’ (9.46)

where % =2 (éB +26é23>, and % = e0p-05. For e= 0, we
obtain

dN ~ dD
Meo=o W=t 5] = [R]-0

and eq. (9.46) yields the r.h.s. of eq. (9.44). O

Canonical rotation vector. For the skew-symmetric 6p € so(3) associ-
ated with the canonical rotation vector of eq. (8.79), we obtain

59~BRB = 0p. (9.47)

The proof is immediate, as for Rp we may use the exponential repre-
sentation, i.e. Rp. = exp(eOp) =1+ €0p + ... + %(603)” +.... Then

d 0 0 1 N _\n—1 0
&[GXP(ﬁGB)] = I+€03++m(603) =+ ... OB, (948)
and, by setting € =0, we obtain the r.h.s. of eq. (9.47). O

B. Variation of arbitrary rotation tensor R p

To calculate the variation of an arbitrary rotation Rp, we use the
composition rules for the rotation tensors of egs. (8.176) and (8.177) with
R; = R(v), and the variations of the rotation tensor Rp = I of
eqs. (9.44) and (9.47).

Left (or spatial) variation. For the left composition rule, the perturbed
rotation is defined as Rpg. = Rg(eéB)RB, where 0p € so(3). The
variation of Rp w.r.t. 0 B is defined as the derivative of Rp in the
direction @ B,

. ~ d
59~BRB = DRp-0p = q

< [Ro(cB5) Ripleo = - [Ro(e)]e—o R

(9.49)
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Right (Lagrangian, or material) variation. For the right composition
rule, the perturbed rotation is defined as Rp. = RBRg(e(:) B), where
éB € s0(3). The variation of Rp w.r.t. (:)B is defined as the derivative
of Rp in the direction (:)B,
) ~ d ~ d ~
b6, R = DR-Op = &[RBRg(e@B)]EZO = RB&[RQ(E@B)]ezo.
(9.50)
In the above two definitions, we should use the directional derivative
of Ray given for the semi-tangential vector by eq. (9.44) and for the
canonical vector by eq. (9.47).

9.2.3 Relations between variations for various composition rules

In this section, we establish the relations between variations for the ad-
ditive composition and the multiplicative composition of the canonical
rotational parameters. For the semi-tangential vector, the procedure is
analogous and the results are in eq. (9.60).

The composition equations for the rotation tensors, egs. (8.176) and
(8.177), can be rewritten together as
R; =R; R; =R Ros. (9.51)

Let us define R; =R(¢ +€04), Ri=R(¢), Rj=Ry(ehp), and
Ry = Ry(e®@p), where 04, Op, and @p are the infinitesimal rotation
vectors, shown in Figs. 9.1 and 9.3. Then eq. (9.51) becomes

R (4 + ¢0.1) = Ro(cB5) R(3p) = R() Ra(cO) . (9.52)
ad(fifcive multiplicative, left ~ multiplicative, right

where the additive and multiplicative compositions of rotational parame-
ters were used.

Below, we calculate three variations (directional derivatives) of eq.
(9.52): (1) in the direction 64 € TrSO(3), (2) in the direction @R €
TrSO(3), and (3) in the direction ROp € TRSO(3). The relations are
derived for the canonical rotation vector.

Variation in direction 6, 1750(3).  We can calculate the derivative of
eq. (9.52) in the direction 6,4 in a standard manner and the derivatives
of particular parts are as follows:



Variation of rotation tensor 193

a) For the additive composition, R(1+€64), we obtain the derivative
of eq. (9.42).

b) For the left multiplicative composition, Ra(efp) R(v),

by, [Ro(ebs) R(w)] = L [Ra(edp)R(p)| . (959)

a 76 e=0

in which we must express 05 as a function of the perturbation 04.

Note that 6p = T(1)) 64, where the tangent operator T is defined in

egs. (9.10) and (9.18) and we can write eOp = [T (1) €f4] x I to obtain
0, [Ra(Bp) R(¥)| = {[T(¥) 04] x I} R(¥). (9.54)

skew-symm.

¢) For the right multiplicative composition, R(t) Ra(e@p), we obtain
_ d _
%, [RW)Ro(cOp)| = = [RW)Ro(cBp)| . (959)

in which we must express e@p as a function of the perturbation €0 4.
Note that @p = TT(+h) @4, by egs. (9.33) and (9.36), and we can write
€@p = [TT () e64] x T to obtain

%, |[RV)R:(cOp) | =R(¥) {17 ()04 xT}.  (9:50)

g

skew-symm.

Writing the above results together, we have the relation linking the
variations for various compositions of rotations

55, R(1) = {[T() 4] x [} R()) = R() {[T7 () 0a] x I} . (9.57)
N——

additive left, multiplicative right, multiplicative

Note that this relation allows us to express the variation for the additive
composition of eq. (9.42) in the concise forms of variations for multiplica-
tive compositions to avoid long and complicated formulas.

Remark 1. Note that writing the above relation in the short form as

55 R =6; R=065 R, (9.58)
A B B

~—— —— N——

additive left right

we must remember that it holds only if 6p = T(¢)04 and Op =
T () 6.4.
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Remark 2. The forms of the variations for the multiplicative rules spec-
ified above are not suitable for numerical implementations. However, if
these variations are multiplied by a vector, e.g. the shell director t3, then
04 can be separated. For instance, for the variation of a shell director,
we can perform the following transformations:

day = 05, Rts = R() {[T7 () 6] x T}t = R(y) {[T" () 0.4] x ta}
= —R(¥) {t3 < [T" () 6]} = —~R(¢) (t3 x DT (¢) 64, (9.59)

3 X 3 matrix vector

where, in the final form, we have a product of the matrix and 6 4.

Variations for the semi-tangential rotation vector. For the semi-tangential ro-
tation vector, the procedure is analogous and eq. (9.57) linking the varia-
tions for various compositions of rotations, becomes

35, R() = {2T () 4] x I} R(¢p) = R(¥p) {[2T" () 0.4] x I}. (9.60)
N——

—~~ —~~

additive left, multiplicative right, multiplicative

Note the multiplier 2; it appeared earlier in eq. (9.44), as compared to
eq. (9.47).

Variation in direction 6zR € TrSO(3). We calculate a derivative of
eq. (9.52) in the direction @R € TRSO(3) in a standard manner and
obtain the following derivatives of each side:

a) For the additive composition, R(tp+€64), we must express 64 as
a function of the perturbation @p. Note that 64 = T ()05 and
we can write

R() = *[R( + T'c0p)] 0, (9.61)

b) For the left multiplicative composition, Ra(e8z)R(v), we obtain
eq. (9.49), i.e.
d ~
95, R = &[RQ(GOB)]GZO R, (9.62)
where the directional derivative of Ry is given either by eq. (9.44) or by
eq. (9.47), but with 1 replaced by 6p.

Hence, the variation for the additive composition and the left multi-
plicative composition are mutually related as follows:
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56~BR('¢) =al0pR(VY), (9.63)
—— S——
additive left

where a =2 for the semi-tangential vector and a =1 for the canonical
vector. Note that we could have also calculated a variation for the right
multiplicative composition R(t) Ry(e@p), using Op = TTT '6p,
but it is not used in subsequent calculations.

Variation in directon ROp ¢ TrSO(3). We calculate a derivative of
eq. (9.52) in the direction ROp € TrSO(3) in a standard manner,
and obtain the following derivatives of each side.

a) For the additive composition, R(9+e€64), we must express 0, as
a function of the perturbation ®pg. Note that 64 = T_T(z,b) @p and
we can write

S5, RY) = TR+ T 7Op)] . (9.64)

b) For the right multiplicative composition, R(1) Ra(e@p), we obtain
eq. (9.50), i.e.

d .
55, R =R —[Ra(cOp)]—n. (9.65)

where the directional derivative of Ra is given either by eq. (9.44) or by
eq. (9.47) but with 1 replaced by @p.

Hence, the variation for the additive composition and the right multi-
plicative composition are mutually related as follows:

05, R(¥) = aR(¢) O3, (9.66)
—_— T
additive right

where a =2 for the semi-tangential vector and a =1 for the canonical
vector. Note that we could also calculate a variation for the left multiplica-
tive composition Ra(ef@p)R(1p), using Oz = TT '@p, but it is not
used in calculations.

Remark. By using 0p = T(¢)04 and Op = TT ()04, eq. (9.57)
yields, } 3
0z = RORT, 0 = ROp, (9.67)
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where ®@p and Op are the axial vectors of (:)B and éB, respectively.
We see that Op is the forward-rotated © B, hence their properties
are linked, as discussed in Sect. 8.3.1. In particular, if we assume two
Cartesian bases, the reference basis {i;} and the rotated basis {t;},
where t; = R1i;, and the representations,

6= @ij i ® ij, 0= éij t; ® ty, (968)

then eq. (9.67) implies

e = RT(éij t;® tj) R = éij (RTtZ‘ & Rth) = éij i, ®1ij. (9.69)

Hence, éij = HNZ-];, i.e. the components of © in the basis {ii} and the
components of € in the basis {t;} are identical. In other words, @
can be considered as 6 parallel transported from the rotated basis to

the reference basis.

Example. Consider the case when the rotation and the variations are per-
formed around the axis t3 of the basis {t;}. Assume the following
representations of two canonical rotation vectors 1 = [0,0,3]7 and
64 = [0,0,05]", which yield

cos 3 —sins 0 0-10

R(¢3) = | +sings costy 0|, Or=0s5|+1 00].
0 01 0 00

For the additive variation, on use of eq. (9.42), we can calculate,

53, R$) = DR(a) - B4 = 5 [R(Wa+ o = 5% 6 (970)

where

dR. —sinys —cosys 0
d—% = costs —sinys 0

0 00
For the left variation of R, we only perform a multiplication, which
yields
5 [ —sinvs —coss 0]
55 R=6,R=20; costs —sinz 0 | . (9.71)
B 0 00

Similarly for the right variation of R,

B [ —sins —coseps 0]
(5@BR =R6O,4 =104 Coswtg3 —sinwgg . (9.72)
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Note that 6éBR = 6e~BR, indeed. This shows that the difference between
the left and right variation vanishes for the rotation and the variations
around one axis. Then the tangent operator T(t) acts as the identity
operator, see eq. (9.21).

Example. In this example, we calculate the variations of the rotation ten-
sor in a slightly different way; directly using the composition formula of
eq. (8.189) and the rotation tensor of eq. (8.99) for the semi-tangential
parametrization.

Assume that 1,04 € T;SO(3), and their axial vectors are: ) =
9,5, —1]7 and 04 = [-0.8,-0.1,0.4]7. The variations are defined as
follows:

1. for the additive composition, we use 4 =¥ + €04, and calculate

d

" de

—0.0388889 0.0296296 0.0685185
d5 ,R(¥)

[R(’[/)A)]GZO = | 0.0388889 0.0537037 0.0148148
0.0444444 0.0351852 —0.00925926

2. for the left composition, we use Yp = 1—'1/)%93(1# +elp +elp x ),

and calculate

d

T de

—0.0388889 0.0296296 0.0685185
65, R(¥)

[R(¥5)]e=0 = | 0.0388889 0.0537037 0.0148148
0.0444444 0.0351852 —0.00925926

where @5 = T(¥) 64 = [0.0101852, —0.0268519,0.0324074]".  We
checked that d; R = (20p) R(¢) yields exactly the same matrix.

3. for the right composition, we use ¥ g = ”p%@('l,b—ke@jg—e@g xX),
— ¢ B

and calculate

d —0.0388889 0.0296296  0.0685185
05 . R() = —[R(2Pp)]e=o = | 0.0388889 0.0537037 0.0148148
B de 0.0444444 0.0351852 —0.00925926

where @p = T" () 04 = [-0.025,0.025, —0.025]". We check that
dg,R = R(¥) (20p) yields exactly the same matrix.

The above results confirm that, as derived in eq. (9.58), the variations are
equal indeed.

Now, we calculate the rotation matrices R for 1, and p
obtained by taking e =1, i.e. for the finite increment of rotation vectors.
Note that for @ = 0 we obtain ¥4 = ¥ g, because then ¥, = 04
and T=1 so Op=04 and vp =0p, for which we finally obtain
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P =04 = Y ,. However, for 1 # 0, a difference between 1, and
Y p exists so the rotation matrices are different, i.e.

0.473707  0.880682 —0.000431
R(,) = | 0.854767 —0.459886 —0.240579
| —0.212072  0.113595 —0.970630 |

0.477253  0.878746 —0.005914 ]
R(vp) = | 0.851921 —0.464315 —0.242162 | .
| —0.215545 0.110533 —0.970218 |

For both multiplicative composition rules, we obtain the same R(vp),
which is in agreement with eq. (8.177).

9.2.4 Second variation of rotation tensor

Definition of second variation. To define the second variation, we must ex-
tend the notation used earlier.

For instance, for the additive composition of rotational parameters, we
used ¥, =Y +e04 € T1SO(3) to define the first variation in eq. (9.42).
Now, we need two perturbed vectors

Y~ =1+ € T1SO(3), T = +e0T € T;SO(3),  (9.73)

so we use two superscripts, “~” and “4”, and omit the subscript “e”,
to simplify the notation. (Note that we could also denote 6~ = d1p and
0" = A+, wusing the notation typical in mechanics.) We define two

variations of some function f as the following directional derivatives:

. d _ . d
o = g fwreo)| xf = T f W+ o)

o (9.74)
e=0

(19}

where “§” and “y” are associated with the directions 6~ and 6T,
respectively. The second variation is defined as the directional derivative
of the first variation,

X(65) = 5+ 67) (9.75)

e=0
Analogous expressions will be used for multiplicative composition of rota-

tions.

Below, the second variations are derived for the canonical rotation
vector; for the semi-tangential vector, the procedure is analogous and the
obtained results are provided in egs. (9.87) and (9.88).
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A. Second variation of rotation tensor for additive composition

For the additive composition of the rotation parameters (in the notation
introduced above), the first variation is defined as

) ~_ d _
SR = DR($) -0 = R )], (9.76)
while the second variation is defined as
~ d
xR = D[/R] - 0" = &[5R(¢+)]6:g. (9.77)

The above directional derivatives can be calculated using automatic dif-
ferentiation of a symbolic manipulation program. The concise forms can
be also derived using the multiplicative composition of rotation tensors,
as shown below.

B. Second variation of rotation tensor for multiplicative composition

Recall eq. (9.57) linking the variations for the additive composition and
the multiplicative (left and right) compositions of canonical rotation pa-
rameters, which can be rewritten as follows:

IR, ={[T(y)07] x T R(y) =R() {{T" () 07] xI},  (9.78)

additive o

left, multiplicative right, multiplicative

where the tangent operator T is defined in eq. (9.17). Below, we only
consider the canonical parametrization for which T has the form given
in eq. (9.18).

Left multiplicative rule. The second differential of R is defined as the
directional derivative of the respective first variation of eq. (9.78) in di-
rection 67,

Y(6R) = di (T + %) 0] x IR +07) . (9.79)
€ e=0

The derivative of a cross-product of a vector a and a tensor A with
respect to the scalar e is (a x A)I —a xA+axA and, hence,

XOR) = {(xTO ) xI}R + {(TO7) x I} R. (9.80)

Using xR = [(TO") x I] R, this becomes
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X(6R)={[(xT O ) xI] + [(TO6")xI[(T") xI]} R, (9.81)

where R is factored out of the braces.

The second component can be directly evaluated. Regarding the first
component, the differential yT is defined in eq. (9.40) and we can
calculate the product

XT(¥,07)0" =a1(e-07)0 +ax(e-07)0" +ax(67-07)e
+az(e-0M)(e-0 )e+as(e- 07O +a5(07 x07), (9.82)

which is a vector, so the term (YT O ) x I is the associated skew-
symmetric tensor. We see that only two terms (third and fourth) are
symmetric with respect to 8~ and 67T.

Right multiplicative rule. The second differential of R is defined as the
directional derivative of the respective first variation of eq. (9.78) in the
direction 67T,

Y(OR) = di{R(zp L) [TT(p+ 0" 0 T} . (9.83)
€ e=0

Then we obtain
X(OR) = xR[(TT07) xI] + R[(xTTO7) x 1], (9.84)
which, using YR = R[(T70T) x I], becomes
XOR) =R {[((xT"67) x 1] + [(TT6") x IJ[(TT67) x 1]}, (9.8

where R pre-multiplies the term in braces, and in the last term the
position of 8% and 6~ is interchanged, comparing to eq. (9.81) for
the left composition.

The second component can be directly evaluated. In the first compo-
nent, the differential xT is defined in eq. (9.40), and its transposition
changes the sign of skew-symmetric terms at a4 and as. Then the
product becomes

XTT(4,01)0" =a1(e-07)0 +ax(e-07)0" +az (67 -07)e
+az(e-0)e-07)e—as(e-07)hO —as (67 x07), (9.86)

where only the third and fourth terms are symmetric with respect to 6~
and 0%,
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Second variations for semi-tangential rotation vector. The second differential
of R is defined as the directional derivative of the respective first vari-
ation of eq. (9.60) in direction @7. Then, for the left composition of
rotations, we obtain

X(6R) ={2[(xTO7) xI] + 4[(T67) xIJ[(T6") xI]} R,  (9.87)
while for the right composition of rotations, we obtain
XOR) =R {2[(xTT07) x I + 4[(TT0") x [(TT67) x 1)} . (9.88)

Note that the multipliers 2 and 4 have appeared in these formulas, in
comparison with egs. (9.81) and (9.85).

Special case: co-axial rotation vectors. Consider the case when 1),0%,0~
are co-axial vectors, i.e. the rotations are performed about one axis, e.
Let 9 =1e, 6 =ae, and 0" = e, where ,a,5 denote the
angles of rotation. Then, by the property of eq. (9.21), we have

T(¢) 0™ = ae, T(¢) 0" = pe, XxT O =afAe, (9.89)

where A = (—2by + a3 + az + by + b3) = —[2(cosw — 1) + w]/w?, and
w = ||| = /2. Theplot of A is presented in Fig. 9.4. For w — oo,
A tends to zero.

0.5

-0.5

-1.0

-1.5

2.0
Fig. 9.4 Coefficient A as a function of w.
The first differential of R of eq. (9.78) becomes

SR = {[T(¢) 67 ] x I} R(¥) = a (e x I) R(zp), (9.90)

while the second differential of eq. (9.81) becomes
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XO0R)=af (AexI + e®e—I)R. (9.91)

Next, we can use the relations S = exI and SZ=e®e—1
from Table 8.1, and the rotation tensor in the form of eq. (8.9), R =
I+sS+(1—c)S? where s = sinw and ¢ = cosw. Then the
differentials of the rotation tensors are as follows:

SR=aSR(¥) =alS+5S*+(1—-¢)S*| =a(cS+sS8?),  (9.92)
XOR)=aB (AS + S*) R=afB[(Ac—3s)S+ (As+c)S*]. (9.93)

For simplicity assume that the rotations are performed around the
reference axis i3, i.e. e =i3. Then

S=i®i1—i1®i, S*=-(11®i+i2®i),

see Table 8.1, and representations of the tensors are

R=I+sS+(1—c)S%= [z _CS] (9.94)
SR = a(cS+58%) = [_CS :Z] (9.95)

XOR)=aB[(Ac—s)S+ (As+c)S?

B —(As+c) —(Ac—3s)
—aﬁ[ (Ac—s) —(As—i—c)]' (9:96)

Finally, we note that for the co-axial rotation vectors, the difference be-
tween the left and right composition rules vanishes.

9.3 Algorithmic schemes for finite rotations

In this section we consider algorithmic schemes of treating finite rota-
tions for a static (time-independent) problem and assume that the Newton
method is used to solve the non-linear equilibrium equations.

The tangent matrix and residual for the Newton method can be ob-
tained from any of the three forms of variations which were presented
earlier as follows:

1. For the canonical parametrization: the first variation in eq. (9.57) and
the second variation in egs. (9.77), (9.81), and (9.85).
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2. For the semi-tangential parametrization: the first variation in eq. (9.60)
and the second variation in egs. (9.77), (9.87), and (9.88).

The tangent matrix and residual obtained for these three forms are fully
equivalent.

v Ay
T > >
A=l Re Rec

TRref # 0 » AB
Ra=Rrer R8s Re

»
»

0=0
Tr Ae:
R=I Ra=Rs Rec

&

Last iteration

Fig. 9.5 Three schemes of treating finite rotations.

In the algorithmic treatment of rotations, we have to make several
choices, regarding (a) the rotation vector used for the increment of ro-
tations (e.g. canonical or semi-tangential vector), (b) parameters used to
store nodal rotations (e.g. quaternions or rotation matrices), and (c) an
approximation of nodal rotation parameters over the element.

To select the best algorithmic procedure, we have to consider the the-
oretical properties of each combination of choices, implement them, and
subject them to rigorous testing. This is not only laborious but also re-
quires accounting for certain limitations. For instance, in testing of ro-
tations, we must avoid too complex examples to be able to run them
automatically without the user’s intervention. Non-linear solutions can be
very complex and possess extremum and turning points, as well as bifurca-
tion points. To obtain some solutions, not only is an arc-length procedure
required, but also additional advanced capabilities, enabling localization
of bifurcation points and branch switching. Such capabilities require the
user’s assistance and, for this reason, are not currently available in com-
mercial FE codes. When testing schemes for rotations we should avoid
examples which require them.

Below, we describe three algorithmic schemes of treating finite rota-
tions, formulated in various tangent planes to SO(3):
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Scheme 1 is formulated in the initial tangent plane at R4 =1, i.e. in
Ty, and corresponds to the Total Lagrangian description. The global
rotation vector 1 is used and updated throughout the whole solution
process.

Scheme 2 is formulated in the tangent plane at Rg = Rye, i.e. in
Tr,., where Ry is the last converged solution. This scheme cor-
responds to the Updated Lagrangian description. The rotation vector
0 is used and updated for each step (increment).

Scheme 3 is formulated in the tangent plane at R4 = Rp, ie.in Tg,
where Rp is the last available solution, in general, non-converged.
This scheme corresponds to the Eulerian description. The rotation
vector 6 = 0 throughout the whole solution process.

All these schemes are presented in Fig. 9.5 and the increment of a rotation
vector is used in all of them for an iteration of the Newton method. Note
that the rotation vector involves only three parameters and, hence, there
is no need to append orthogonality constraints, which is convenient. The
increment of a rotation vector can also belong to various tangent planes, so
we use either Ay or A@#. Additional questions must also be considered,
such as

1. how to update the rotation vector ¥ wused by Scheme 1 and 6 used
by Scheme 2. We can use either a multiplicative update scheme or an
additive update scheme.

In the multiplicative update, we can use either the rotation matrices
or quaternions. The quaternions give the advantage that they can be
easily renormalized, so they always yield orthogonal rotation matrices.
It is complicated to recover the orthogonality for the rotation matrices.

2. How to update the rotation matrix R 4, which is used by Schemes 2
and 3. If instead of the rotation matrices, we use quaternions, then
the update can be achieved via the composition of quaternions given
by eq. (8.185).

For both updates, the increment of the rotation vector must be converted
to a quaternion and composed with the known quaternion; either for the
previous step (in Scheme 2) or for the previous iteration (in Scheme 3).

9.3.1 Scheme 1: formulation in T;SO(3)

In this scheme we use as the rotational unknown, the rotation vector
related to Ry =1, ie. ¢ € T;SO(3), where 7T is the initial tangent
plane, see Fig. 9.5. The total rotation is represented by Rp = R(%).
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The additive update procedure for the rotation vector and its increment
belonging to the initial tangent plane, i.e. ¥, A € T;SO(3), is presented
in Table 9.2.

Table 9.2 Scheme 1. Additive update. 9, Agp € TrSO(3).

Initialize: ¥ =0 «— total
Step
Newton loop
Form equilibrium equations using v, solve for A
Update 1 = + Ay — total (additive)
End of Newton loop

The multiplicative update of rotations is exact, see Sect. 8.3, but the
additive update of Scheme 1 also yields very accurate results for shells,
even in examples involving finite rotations. This can be explained as fol-
lows:

1. The additive update is exact if 1 and A are parallel and have
the same sense, i.e.

Re = R(A¢) R(Y) = R(y + Ay), (9.97)
left

see the proof of eq. (8.195). Such, or almost such, rotations and their
increments are characteristic for the most common one-parameter ex-
ternal loads, i.e. with the magnitude varied by one parameter.

2. Even if the formula 1 + A is not exact, still the operation (v +
AY) — R is exact.

3. In problems involving large strains and non-linear materials, the ro-
tations are not the only source of non-linearity and, hence, we do not
have to be too exact when updating rotational parameters, as long as
the Newton scheme converges.

However, we must be aware that there are limits of this scheme and, e.g.
in the twisted ring example of Sect. 9.3.5, it yields a wrong solution at the
rotations close to 27.

9.3.2 Scheme 2: formulation in Tz _.SO(3)

In this scheme, we use as the rotational unknown, the rotation vector 6
(or ©) related to Ry = R4 where Ry s the last converged solution.

ref
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Hence, @R, (or R4 O) € Ty SO(3), where Ty, is the reference
tangent plane, see Fig. 9.5.

The total rotation R isrelated to the known rotation Rp with the
help of the rotation for the step by either the left or the right composition
rule as follows:

Rc =R(A0) R() Rz, Re=Rp R(O)R(AO).  (9.98)
——— —_——
left, for step right, for step

The notation used above is similar to that in egs. (9.1) and (9.28).

For this formulation, we use two schemes based on quaternions which
are presented below; the multiplicative update in Table 9.3 and the multi-
plicative/additive update in Table 9.4. They have the following features:

1. In both schemes, the total quaternion is used. In the first scheme, the
total quaternion X is updated in each iteration,

Rp =R(A60) R(O) Ry, Rp=R4R(O) R(AO), (9.99)
X X

while in the second scheme, the total quaternion X,, is updated when
the Newton iterations have converged,

Rp=R(40) R(6) Ra, Rp=Ra R(6) R(46). (9.100)
X, X

In both schemes, the updates of the total quaternion are multiplicative,
via a composition of quaternions, as in eq. (8.185). The calculations
for the step are different in each scheme.

2. In the multiplicative scheme, the increment of the rotation vector AG
is converted to the quaternion Aq using eq. (8.96). The previous
quaternion for the step q and the quaternion for the increment Aq
are composed as in eq. (8.185) and then the rotation vector for the
step @ is extracted from q by using eq. (8.94).

3. In the multiplicative/additive scheme, the increment of rotation vector
A® is added to the rotation vector for the step @, converted to
the quaternion for the step ¢, and composed with the quaternion
X,, for the previous converged solution. Note that X, is updated
only when the Newton iterations for the step have converged.
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4. In both schemes, the rotation vector for the step, @ belongs to

the tangent plane at the converged rotation for the previous incre-
ment, R%,,6 € TR%HSO(S). However, the increments A belong
in the multiplicative scheme to T Ri HSO(B), which is the tangent
plane at the last available rotation, not necessarily converged, and to
TR%HSO(S) in the multiplicative/additive scheme.

. After the computations shown in Tables 9.3 and 9.4, the total rota-

tion vector x is extracted from the total quaternion X by using
eq. (8.94).

Note that the presented update schemes are extended is Sect. 9.4.3 for the
rigid body dynamics, see Tables 9.6 and 9.8.

Table 9.3 Scheme 2. Multiplicative updates. R;HA(:) € TR:HSO(S).

Initialize X «— total
Step
©® =0, initialize q
Newton loop
Form equilibrium equations using (X, @), solve for A@
Update
AO — Aq — X =X o Aq —  total (multiplicative)
—q=qoAq— 6O «— for increment (multiplicative)
End of Newton loop

Table 9.4 Scheme 2. Multiplicative/additive updates. RY, A@ € TRZHSO(?’)'

Initialize X, «—  total
Step
=0

Newton loop
Form equilibrium equations using (X, @), solve for A@

Update
© =0+ A6 «— for increment (additive)
®—-q—-X=X,0q —  total (multiplicative)

End of Newton loop

Update
X, =X «— total




208 Algorithmic schemes for finite rotations

9.3.3 Scheme 3: formulation in T;SO(3)

In this scheme we use as the rotational unknown, the rotation vector 6
related to Rp, where Rp is the last available solution, in general,
non-converged. Hence, ORp (or Rp @) € Tr,SO(3), where Tg, is
the current tangent plane, see Fig. 9.5.

We use the left composition rule and we assume 1 = 0 in the
scheme of Fig. 9.1, for which R;(¢») =1 and Rp = Rj4. Hence,
R(e64) = Ra(efp) and both forms of the perturbed rotation of eq. (9.1)
become identical,

Rc = Rs(e0)Rp, (9.101)

where we denoted @ instead of @p, and €@ Rp € Tr,SO(3). Similarly,
for the right composition of eq. (9.28), see Fig. 9.3, which yields

Re = Rp Ry(e@), (9.102)

where we denoted @ instead of @p, and Rpe® € T,SO(3).
For this formulation, we use the multiplicative update scheme which is
presented in Table 9.5, and has the following features:

1. Only one quaternion is used in this scheme. The quaternion X is
used for the total rotation and is updated in every iteration,
Rp =R(A0) R(0) Ry, Rp=R4 R(O) R(AO®). (9.103)
—— —— —_———— ——
AX X X AX
The previous quaternion X, and the quaternion for the iteration,
AX, are composed multiplicatively, as in eq. (8.185).
2. The increment A@  belongs to Tg: +1SO(3), which is the tangent
plane at the last available rotation, not necessarily converged. The
increment A@ is converted to the quaternion AX using eq. (8.96).

Table 9.5 Scheme 3. Multiplicative update. R/, ,;A@O € Tk +1SO(3).

Initialize X — total
Step
Newton loop
Form equilibrium equations using (X, ® = 0), solve for A@
Update
A — AX - X =X o0 AX —  total (multiplicative)
End of Newton loop
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9.3.4 Symmetry of tangent operator for structures with rotational dofs

The question of symmetry of the tangent operator (stiffness matrix) for
the Newton method is very important in numerical implementations and,
for structures with rotational dofs, was considered, e.g., in [220, 44, 206,
40, 148|.

Consider a conservative system, e.g. a shell or a beam made of a hyper-
elastic material and deformation-independent loads, for which the poten-
tial energy exists. The potential energy of the whole body is Il = fv ndV,
where 7 is the potential energy density. In general, m depends on dis-
placements and rotations but, for the sake of simplicity, the displacements
are disregarded below.

Below, the notation is the same as in Sect. 9.1, where we considered
increments of rotation vectors in two tangent planes. The variations are
defined as in Sect. 9.2, see egs. (9.74) and (9.75). If we designate 8~ = Jvp
and 67 = A in these equations, then this notation becomes suitable
for incremental formulations.

Consider the potential energy density 7(R) at some R € SO(3).
The first and second differentials of the potential energy are

_or
- OR

om om

o -0R, x(0m) = x <> -OR + R X(0R). (9.104)

OR

The second differential x(d7) yields the tangent operator (stiffness ma-
trix), therefore its symmetry is of interest and is examined below.

1. For the first component of x(d7) of eq. (9.104), we have

x(%)-dR: <[a§;] XR)-(SR— ([8§gR]T6R)-XR, (9.105)

where the first differentials of the rotation tensor, e.g. for the left com-
position rule and the canonical parametrization, by eq. (9.78) are

SR = (T6") xR, xR = (T6") x R. (9.106)

The last form of eq. (9.105) is obtained by the identity (K8) from [33],
p- 62, and the term in brackets is a fourth-rank tensor. Symmetry of
this term implies symmetry of the whole component w.r.t. 8~ and 6.
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2. In the second component of x(d7) of eq. (9.104), we have a scalar
product of 97/0R and the second differential of the rotation tensor,
X(0R). At the equilibrium configuration 907/0R = 0, so the whole
component vanishes, but otherwise its contribution is non-trivial. The
second differential x(6R), e.g. for the left composition rule and the
canonical parametrization, is defined by eq. (9.81).

We see that the second differential of 7 has a complicated form and
non-symmetric components and it is not easy to resolve the question of
symmetry of the corresponding tangent matrix by inspection of the above
formulas. Hence, it is advisable to verify numerically whether the tangent
matrix of a newly developed finite element is symmetric.

9.3.5 Example: twisted ring by 3D beam element

The twisted ring example is highly non-linear and demanding, due to the
presence of finite rotations. It is described in detail and computed using
the shell elements in Sect. 15.3.15. Here, we use our two-node 3D beam
element; it is relatively simple and, therefore, convenient to test various
schemes of treating finite rotations. Below, the results obtained for the
canonical rotation vector are presented.

The ring is twisted by a moment applied at one point and fixed at the
opposite point, both on the same axis. The whole ring is computed using
the arc-length method for the initial M™f = 50. Below, we report the
rotation 7, and the displacement w, obtained by the schemes of the
preceding sections at point A of Fig. 15.42.

Two solutions by Scheme 1 are shown in Fig. 9.6 for the mesh with
124 and 1000 elements. The curves coincide in the almost whole range
for both meshes, but differ when the rotation r, approaches 2w. It
seems that at this value the curves for the displacement and the rotation
have vertical asymptotes, which are not physically correct. Note that the
curves for the 1000-element mesh are closer to them than the curves for
the 124-element mesh. Other examples of erroneous behavior of Scheme 1
at rotations equal to 27 are given in [107].

The solutions from the two schemes, Schemes 1 and 2, are shown in
Fig. 9.7, and are obtained for the 124-element mesh. Scheme 1 yields
rotations for up to 7, = 27 but Scheme 2 allows to perform several
turns and we plotted the rotation for up to 7, ~ 30. Note that in
Scheme 2 we do not use the total rotation vector 1) but, to visualize the
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Fig. 9.6 Twisted ring: vertical asymptote at r, = 2 for Scheme 1.
E=21-10° v=03, w=1, h=1/3, r=20.
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rotations, we summed up the increments A, and the result is plotted
in Fig. 9.7. The displacements wu, for both schemes coincide and the
same closed curve is obtained for multiple turns.

9.4 Angular velocity and acceleration

9.4.1 Basic definitions

In this section, we present basic notions and relations pertaining to rota-
tions in dynamics, i.e. involving time derivatives of rotational tensors and
parameters. Very important is the difference between the angular velocity
and acceleration and the time derivatives of rotation vectors.

Instantaneous angular motion. Consider instantaneous angular motion of a
rigid body about a fixed point, 0, shown in Fig. 9.8.

Fig. 9.8 Instantaneous angular motion about an axis ej,st-

The position vector p, of an arbitrary point P in the initial configu-
ration is mapped smoothly into a new vector p: p(t) = R(t) pg, where
R € SO(3) and time ¢ € [0,tmax]. By differentiation of both sides of
this relation w.r.t. time ¢, we obtain

p(t) = R(t) py = R(t) R'(t) p(t), (9.107)

where (-) =d(-)/dt denotes the time derivative and p(t) is the velocity
of point P. Note that p, was eliminated so all terms are at one time
instant, .

Eulerian (spatial, or left) angular velocity. The Eulerian (spatial, or left) an-
gular velocity tensor and its axial vector are defined as

" =RR" €50(3), w'=1iTxa). (9.108)
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Note that @* is a skew-symmetric tensor, which can be shown as follows:
From the time differentiation of the orthogonality condition RR =1,
we obtain  RRT + RR” = 0, which, by eq. (9.108), is equivalent to

@* = —(@*)T, which is the definition of skew-symmetry.

Using @*, eq. (9.107) can be rewritten in two characteristic ways:

1. p=w*xp, from which we see that the velocity p is perpendicular
to the angular velocity vector w* and to the position vector p, see
Fig. 9.8b.

2. R— @*R = 0, obtained by using p(t) = R(t)p,. Given the &*,
this is the ODE generating rotations R, for the initial condition
R(t =0) = Ry.

Direction of w*. The direction of the angular velocity vector w* can be
established as follows. Denote the instantaneous axis of rotation by ejst,
and the rotation angle by Aw. Then we can write a simple geometrical
formula,

Ap = (A¢ einst) X P, (9109)
see Fig. 9.8a. Dividing by At, and taking the limit At — 0, we obtain

p = (¢ einst) X p, (9110)

where p = limay—o(Ap/At) and ) = lima,_(A¢/At). By compar-
ison with the earlier derived formula, p = w*x p, we see that

w* = v epngt, (9.111)

i.e. w* has direction of the instantaneous axis ej.s, see Fig. 9.8b. We
stress that ej,st 1S instantaneous, i.e. is valid only for an infinitesimal
At, and is usually different from the axis of rotation e for a finite time
period !

Remark. The above relations are typical for the rigid-body mechanics,
but can be also used for shells. We can just replace the position vector p
by the current director as, to obtain the relation a3 = w*x ag, see
the study on shell intersections in [207].
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Lagrangian (material, or right) angular velocity. The Lagrangian (material, or
right) angular velocity tensor and its axial vector are defined as

@=R'Reso0(3), w=IiIx). (9.112)

They can be obtained by back-rotation of the left angular velocity, i.e.
@ =RT&*R, w=R"w" (9.113)
Using the above relation, the equation generating rotations becomes
R-&'R=R - (R&RT)R=R - R& =0, (9.114)
where @ multiplies R from the right.

Angular acceleration. The angular acceleration vectors are defined as time
derivatives of the left and right velocity vectors

al = o, a, = W, (9.115)
where a’ is the Eulerian (spatial, or left) angular acceleration and a,
is the Lagrangian (material, or right) angular acceleration.

To find the relation between these accelerations and time derivatives
of the rotation tensor, we have to introduce skew-symmetric tensors asso-
ciated with the accelerations and use the time-differentiated eqgs. (9.108)
and (9.112). More useful, however, are vectorial formulas obtained for
particular parametrizations of rotations.

9.4.2 Angular velocity and acceleration for parametrizations

Below, we derive the relations between the earlier-defined angular velocity
and acceleration vectors and the time derivatives of the rotation vector
for the semi-tangential and canonical parametrization.

A. Left angular velocity

a. For the semi-tangential parametrization, we rewrite the variation for
the left composition rule of eq. (9.60) as follows:

95, R(¥) = {2T(¢) 0] x I} R() (9.116)
———

additive left, multiplicative
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in which the variation on both sides are calculated in the direction
04 € T;SO(3). We can link the variations to the time derivatives by
using JR =Rt and 64 = 1 dt, from which the above equation

becomes . _
R(¢) = {[2T(¢) ¥] x I} R(v). (9.117)
By the post-multiplication by R”, we obtain
R(y) R () = 2 T(3) 9] x I, (9.118)
\—{—/
—W*

where @* = w* x 1 is the skew-symmetric tensor of the left angular
velocity of eq. (9.108). Hence, in terms of the axial vectors, we have

w* =T() P (P + v x 1), (9.119)

B 2
1+

where T of eq. (9.10) was used.
b. For the canonical parametrization, we begin from eq. (9.57):

OR(¢) = {[T(¢) 04] x I} R(ep), (9.120)
~—— ~
additive left, multiplicative

and, in the same way as for the semi-tangential parametrization, we
obtain

W=TW)Y =c1P+ A+ coahp X 1, (9.121)
where A= (1—¢)(-)/(3p-v), and T of eq. (9.18) was used.

Note that egs. (9.119) and (9.121) link the left angular velocity vector

w* and the time derivative of the rotation vector .

B. Right angular velocity

a. For the semi-tangential parametrization, we rewrite the variation for
the right composition rule of eq. (9.60) as follows:

55, R(¥) = R(y) {[2T7 () 0] x 1}. (9.122)
——
additive right, multiplicative

Using dR=Ré&t and 604 =1 dt, we obtain

R(¥) = R(®) { 2T7 ()| x T} (9.123)
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By the left multiplication by R”, we obtain

R7(y) R(y) = [2T7 ()] x I, (9.124)
=W

where @ = w x I is the skew-symmetric tensor of the right angular
velocity of eq. (9.112). Hence, for the axial vectors we have

2z
L9

where T of eq. (9.10) was used.
b. For the canonical parametrization, we rewrite the variation for the right
composition rule of eq. (9.57) as

w=2T"(¢h) P = (h — 3 x 1), (9.125)

SR() = R($) {[T7(1)0.] x 1} (9.126)
——
additive right, multiplicative

and, in the same way as for the semi-tangential parametrization, we
obtain

w=TH ) p=crp+ AP — 29 x ¢, (9.127)
where A= (1—¢))(¢p-)/(¢-1), and T of eq. (9.18) was used.

Note that egs. (9.125) and (9.127) link the right angular velocity vector

w* and the time derivative of the rotation vector 1.

Remark 1. Recall the properties of T for the canonical rotation vector
of Sect. 9.1, where we found that if 1 and 6,4 are coaxial, then
T(1)) acts as the identity operator. (For the semi-tangential vector, T(t))
shortens 64.) The same property holds if we replace T by T7, and
04 by . If 1 and v, are coaxial, then eps = e, i.e. the
instantaneous axis of rotation e, coincides with the axis of rotation e
for a finite time period. Hence, for the angular motion about a fixed axis,
we have w = 1/)

Remark 2. Let us rewrite eq. (9.121), linking the left angular velocity
w* and the time derivative of the canonical rotation vector 1, in the
form

P — T ) w* =0. (9.128)
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If w* is known, then this is the ODE which generates 1), given the
initial condition (¢t = 0) = 1py. This equation is an analogue of the
equation generating rotations R € SO(3),

R-&'R=0, (9.129)

where the skew-symmetric @* € so(3) is known. Note that w* of
eq. (9.128) is the axial vector of @* of eq. (9.129).

Update of angular velocity. Consider the right angular velocities at two time
instants, ¢, and t,4+1, which, by eq. (9.112), are defined as

‘:JnJrl = RZ—HRnJrla ‘bn = RTRn (9130)

n

Using the incremental rotation AR, we have

: =
Roi1 =RuAR,  Roi = R.AR 4+ R,AR (9.131)
and, using them in eq. (9.130);, we obtain

Oni1 = ART @, AR + AW, (9.132)

=~
where AW = ART AR € so(3) is the (right) angular velocity tensor
for the incremental rotation. In terms of the axial vectors, we can write

wni1 = ART w, + Aw, (9.133)

in which AR and Aw are associated with the increment.
The above formula can be simplified for small increments of the rotation

~ A~ L
vector and its time derivatives. For AR ~ I+ A, we have AR = A¢p
and Aw = (I — Aep)Aep, which yield

Gnpp1 ~ (I — AP)(@n + Ah) = @p + At (9.134)

Generally, the update of the angular velocity should be consistent with
the time-stepping algorithm.
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C. Angular acceleration, left and right

a. For the semi-tangential parametrization, egs. (9.119) and (9.125) link
the angular velocity vectors w* and w and the time derivative of
the rotation vector 4. By time differentiation of them, we obtain

a; =" =2T() P +2T(¥) P, a,=w=2T" ()P +2T" (v) P.
(9.135)
For T given by eq. (9.10), we obtain

~ 1 z
et (9.136)

where a; = —2(v-%)/(1 4 -4)%. Note that T is analogous to
XT of eq. (9.39).

b. For the canonical parametrization, egs. (9.121) and (9.127) link the
angular velocity vectors w*® and w and the time derivative of the
rotation vector ). By time differentiation of them, we obtain

a; = =TW)Y+TW) e,  aw=w=T ()¢ +T(y) .
(9.137)
For T given by eq. (9.18), we obtain

T(y) =a1(P-e)I+a(Ppeten ) .
+az (P -e)(e®@e)+as(¢Y-e)p+as (¢ xI), (9.138)

where the scalar coefficients are defined by eq. (9.41). Note that T is
analogous to T of eq. (9.40). For o — 0: TT () — —1(¢p xI)
and w— 1, as P x P =0.

Finally, we note that using the above-derived relations between the angular
velocities and accelerations and the time derivatives of rotation vectors,
we can formulate various algorithms of dynamics in terms of {1, Wb, 'c,b},
as in [250].

9.4.3 Examples of updates for rigid body motion

The updates of rotational parameters can be conveniently presented for
the equations of angular motion of a rigid body, which are relatively sim-
ple. We base on the algorithm ALGO-C1 of [221], which conserves the
angular momentum and the kinetic energy and develop our algorithms as
modifications of ALGO-C1.
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In the formulation presented below, the right composition rule of rota-
tions is used, i.e. Apy1 = A, exp©®, where A€ SO(3) is the rotation
tensor and @ is the canonical rotation vector for the time step. This vec-
tor belongs to the tangent plane at the converged rotation for the previous
time step, i.e. A2 ;0 € TA9L+1SO(3)’ where A%, = AS™. Hence, we

use the formulation in Tg _SO(3) of Sect. 9.3.

ref

The notation used below is similar to that in [221]. Hence, W is
the material (right) angular velocity vector (equal to w of eq. (9.112))
and A =W is the angular acceleration (equal to a of eq. (9.115)).
The spatial angular momentum is = (t) = A(t)JW(¢) and the kinetic
energy of the angular motion is Ej(t) = $W(t) - [JW(t)], both relative
to the center of mass, where J is the material (time-independent) inertia
tensor.

The basic idea underlying the ALGO-C1 algorithm follows that pro-
posed earlier for the dynamics with translational dofs in [270]. The second
Newton law for the angular motion, dm/dt = m, where m is the ex-
ternal torque, is integrated w.r.t. time in the interval [t,,t,+1], which
yields

tn+1
S / m(t) dt. (9.139)
tn

This eliminates acceleration from the governing equations; still, however,
it can be recovered using angular velocities. Finally, the equation of motion
is

An+1 JW,H_:[ — An an - hmn+a = 07 (9140)
where h =t,41 —t,, and « € [0,1]. The Newmark algorithm for the
rotational parameters used in [221] is as follows:

O = hW,, + h? K; — ﬁ) A, + ﬂAnH] ., Be [0, ;] . (9.141)

W1 =W, +h[(1—7)A, +~vAn11], v € 1[0,1], (9.142)

and involves {@,W,W}. Note that {©@,0,0} are used, e.g., in
[44, 250]. In [146], the latter set of variables is treated as more correct, but
our experience indicates that its use diminishes the radius of convergence
of the Newton method and the time steps must be smaller.

The motion is free when either the integral in eq. (9.139) is equal to
zero or My, = 0 ineq. (9.140) and then m,41 = m,, i.e.theangular
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momentum is preserved. It is shown in [221] that the kinetic energy Fj
is conserved for any v = 20.

The algorithms which are defined below have the following features:

1. In all presented algorithms, the converged results for the step are com-
bined in the same way with the results for previous time steps. It is
done via a composition of two quaternions: the total quaternion X,
and the quaternion for time step q. Hence, the difference between
the algorithms is confined to the computations within the time step.

2. The canonical rotation vector for the time step @ belongs to the
tangent plane at the converged rotation for the previous time step,
ie. AY. 0 ¢ TA2+1SO(3). However, its increments A@ can belong
either to the same plane or to  T: +1SO(S), which is the tangent
plane at the last available rotation, not necessarily converged. This
constitutes the difference between Algorithm 1 and Algorithms 2 and
3.

3. The update of the angular velocity is as follows:

Wil — Wi+ % e+ _ @“)] , (9.143)
where i and i+1 designated iterations. In Algorithm 1 of Table 9.6,
O0+D s recovered from the updated quaternion q for the time step,
while in the algorithms of Tables 9.7 and 9.8, O+ s obtained by
the additive update. Hence, © used in the update of angular velocity
belongs to the initial tangent plane, i.e. AgH@ € TA2+ISO(3)7 in all
algorithms.

4. After the computations shown in Tables 9.6, 9.7 and 9.8, the total
rotation vector x is extracted from the total quaternion X and
the angular acceleration A is computed from the angular velocity W.

Algorithm 1. Multiplicative updates. In this algorithm A@ belongs to the
plane tangent at AfL 11, which is the last available solution, not neces-
sarily converged. This is basically the ALGO-C1 algorithm of [221].

We assume that the external torque m is independent of ©&. Then
the tangent operator is

K(Ani1,0) = Anys %JT(@)—(JW,LH) : (9.144)

where the operator T, which is used here, is defined as in [221], i.e. it
is equal to our T~7, where our T is given in eq. (9.18). To derive



Angular velocity and acceleration 221

the above form of K, the directional derivative of rotation A% 41 I8
calculated as

d 5i s i -
T Ay, exp @' exp(eAO)|—g = A}, ABO, (9.145)
:Ail+1

where Al A@ € TA;HSO(S), i.e. the increment belongs to a different

tangent plane than the total rotation vector @.

On the other hand, the directional derivative of angular velocity,
W1 = (v/Bh)®O" + (), where (-), denotes the terms for t,,
is calculated as follows:

d v o > AYY-
1l g (@ + 4B = .46, (9.146)

where A%, A0 € TAQHSO(?)), i.e. it belongs to the same tangent plane
as A% ,@. The transformation to the plane T,:SO(3) is

A@ =T A6 . (9.147)
A ~—~
GTAi ETAO

n+1 n+1

The multiplicative updates of rotational parameters for the algorithm
in TRSO(3) are presented in Table 9.6. Note that two quaternions are
used: X is the total quaternion, while q is the quaternion for the time
step.

Algorithms 2 and 3. Multiplicative/additive updates. In these algorithms, A©
belongs to the plane tangent at Ag 11, which is the last converged solu-
tion for the previous time step, i.e. A2, = AL"™. These algorithms are
our modifications of ALGO-CI1.

We assume that the external moment m is independent of &. Then
the tangent operator is

K(Api1,0) = Apyy — (W, )T o) |. (9.148)

7
6"

This form of K is obtained when we use the inverse relation

A0 =T a0 (9.149)
~~ ~~
GTAO GTAi

n+1 n+1
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Table 9.6 Multiplicative updates of Algorithm 1. Quaternions.

Initialize

X — total
Time step
W «—  predict for step
W -6 —q «— for step
X=Xoq— A —  total (multiplicative)

Newton loop
Form governing equations using K(A,®) of eq. (9.144)
Solve for A@

Update
A@ — Aq—q=qoAq — O «— for step (multiplicative)
Aq—X=XoAq— A — total (multiplicative)
e —- W «—  for step

End of Newton loop

to transform A@ = AO x I in the directional derivative of rotation
A} of eq. (9.145), but when we leave the derivative of the angular
velocity in eq. (9.146) unchanged. Here, A% ,A@O € TAO_HSO(?)).

The multiplicative/additive updates of rotational parameters are pre-
sented in two versions: Algorithm 2 uses the rotation matrices, see Ta-
ble 9.7, while Algorithm 3 uses two quaternions, the total quaternion X
and the quaternion for the time step q, see Table 9.8.

The rotation matrix A, in Table 9.7 and the total quaternion X in
Table 9.8 are not updated until the Newton iterations for the time step
have converged. The additive update of @ affects T and either the
rotation matrix A® or the quaternion q for the time step.

In both schemes, after the convergence of the Newton method, the
total rotation vector x is recovered from the quaternion X, which is
essential to obtain x without jumps.

Example. Unstable rotations. In this example, unstable rotations about the
axis of intermediate moment of inertia are simulated, see [221], and we
compare different update schemes of rotation parameters.

The motion consists of three phases: (1) unstable rotations about the
axis of intermediate moment of inertia, (2) small disturbance acts for a
duration of one time step, and (3) free unstable motion. In the third phase,
the kinetic energy and the angular momentum should be preserved. The
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Table 9.7 Multiplicative/additive updates of Algorithm 2. Rotation matrices.

Initialize
X, A — total
Time step
W «—  predict for step
W -0 — A0 —  for step
A=A, — total (multiplicative)

Newton loop
Form governing equations using K(A,©®) of eq. (9.148)
Solve for A®

Update
® =06+ A6 — for step (additive)
e — AW — for step
A=A,AD «—  total (multiplicative)
e -W — for step

End of Newton loop

Update
®—-q—-X=Xoq —  total (multiplicative)
A, =A «— total

external torque m is defined as

Clel OStStZ
m=< Crey t,<t<t,+h, t,+h=2, Cy=20, hCy;=0.2,
0 t>t,+h

the moment of inertia J = diag[5,10,1], and the initial conditions
x(0) =0, W(0) =0, (A(0) = 0). The parameters for the New-
mark algorithm are 3 =1/2, v =1. The time step h = 0.1 is used
to show large convergence radius of the algorithms used; nonetheless, it is
too large to yield good accuracy of results.

The results for the multiplicative update (A1) and the multiplica-
tive/additive updates (Al and A2) are compared in Fig. 9.9 for ¢pax
=10 sec. The results for A2 and A3 are identical. We see that all algo-
rithms yield exactly the same solution and conserve the kinetic energy
and the angular momentum during free motion. For a longer simulation,
up to tmax =1000 sec, the results were also identical.
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Table 9.8 Multiplicative/additive updates of Algorithm 3. Quaternions.

Initialize
X «—  total
Time step
AY% «—  predict for step
W — O —q? — forstep (q¥ - intermediate)
X=X,0q®” =4 —  total (multiplicative)

Newton loop
Form governing equations using K(A, @) of eq. (9.148)
Solve for A@

Update
0 =0+ A6 —  for step (additive)
O —-q¥ - X, 0q” - A— total (multiplicative) (X-not updated)
e -W «—  for step

End of Newton loop

Update
O —-q—X,=X,0q «— total (multiplicative)

The total number of iterations in the whole simulation is given in Ta-
ble 9.9, and we see that the differences are minor, up to about 1.2% for
the longer run.

Table 9.9 Number of iterations for particular updates. Unstable rotations. h = 0.1.

Algorithm Updates Table Number of iterations in

10 sec 1000 sec
Al multiplicative 9.6 359 41020
A2 A3 multiplicative/additive 9.7, 9.8 344 41485
(A1/A2) x 100% 104.4 98.9

Example. Fast spinning top. In this example, the motion of a symmetrical
top in a uniform gravitational field is simulated, see [221] for more details.
The top is not rotating freely so the energy and angular momentum are
not to be conserved, but still we can compare the performance of the
developed algorithms. The external torque is rendered by gravitation and
is defined as follows:

my o =—-—Mgl(Ayiqe€3) X e3, (9.150)
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where Aniq = Apexp(a®). Besides, M is mass, ¢ is the gravita-
tional acceleration, [ is the distance from the center of mass to the fixed
contact point, which is in the origin of the global frame {e;}. The basis
vector e3 ={0,0,1}.

The data is as follows: Mg =20, [ =1, J = diag[5,5,1] and the
initial conditions are x(0) = [0.3, 0, 0]7, W(0) = [0, 0, 50]%, A(0) =0,
where x is the canonical rotation vector parameterizing A. At t =0,
A(0) = expx(0). Besides, a=1/2.

The torque m,i, depends on @ and contributes to the tangent
operator in the following way:

KB(AnJrl, @) = K(AnJrla @) - tha(@)a

Kma(g) = —Mgla 53 AnJra 53, (9151)
where K(A,41,®) is defined either by eq. (9.144) or by (9.148).

The results for the multiplicative update (A1) and the multiplica-
tive/additive updates (A2 and A3) are compared in Fig. 9.10 for ¢y =10
sec. The results for A2 and A3 are identical. For h = 0.04, all algorithms
give identical results, and needed the same number of iterations (1000 it-
erations).

Finally, we can conclude, that for the incremental formulation with the
iterative (Newton) solution within the time step, the additive update of
rotation vectors provides the same accuracy and a similar effectiveness as
the multiplicative update.



Part IV
FOUR-NODE SHELL ELEMENTS
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Basic relations for four-node shell
elements

In this chapter we describe the basic relations for four-node shell elements
related to the FE approximations, numerical integration, and derivation of
the tangent matrix and residual vector. The literature on four-node shell
elements is vast, see, e.g., [123, 101, 162, 117, 118, 192, 235, 209, 85, 213,
165, 73, 217, 106, 242, 41, 108, 32, 68, 201, 243, 53|, and many others.

The finite element method has achieved remarkable sophistication, but
also great complexity, see the classical textbooks on FEs, such as [36, 98,
125, 61, 62, 16, 268, 58] and the new ones [160] and [161]. The requirements
which new shell elements have to satisfy, are better defined and more
demanding than they were some years ago.

10.1 Bilinear isoparametric approximations

Bilinear shape functions. Consider a bilinear function,

f(&m) = a0 + a1 + azn + asén, (10.1)

where §,n € [—1,+1] are the natural coordinates. Note that the domain
is a bi-unit square, spanned by the corner nodes of coordinates {7,717} =
{£1,+1}, see Fig. 10.1.

The coefficients a; can be expressed in terms of values of f at corner
nodes, using the conditions (i) f =1 at one of the corner nodes, say I,
and (ii) f = 0 at all other nodes. This yields a set of four equations,
from which we can determine a; for a selected I. The f, with so-
determined a;, is denoted as Ny, and designated as the shape function.
Repeating this procedure for all corner nodes, we obtain
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MEn=[0-90-n,  NaEn =1+ -0)

Ny(em) = S +O+n),  Nalem) = 11—+ (102)

or, in concise form,

Nien) = 0+ &€ (L bnm),  1=1234  (103)

where (£7,m7) = (£1,£1) are coordinates of node I in the bi-unit
domain. Note that Ny is a hyperbolic paraboloid (saddle) surface of &, 1.

Vector of shape functions. Let us define the following vector of shape func-
tions

N(fﬂ?) = {Nl(fvn)v NQ(S)”)7 Nd(&a”)? N4(5777)]7 (104)

where N; are defined in eq. (10.2). This vector can be re-arranged as
follows:

N(Em) = § (s +&€+nn+hén), (10.5

where the auxiliary vectors are defined as

s=[1,1,1,1], E=[-1,1,1,-1],
n = [_15 _1) 17 1]7 h = [15 _17 17 _1]7 (106)

and the subsequent entries correspond to the consecutive nodes. It is easy
to check that the vectors s, €, 1, h are mutually orthogonal. The vector
s is the translation vector, while the vectors & and 7 define £ and
1 positions of consecutive nodes. The hourglass vector h multiplies the
bilinear term &n.

Isoparametric approximations for shell elements. In an isoparametric shell
FE, the initial position vector y,, the displacement vector u and
the rotation vector ), all for the reference surface, are approximated by
the same shape functions Nj(£%) as follows:

nel nel

Yo(€) =Y Ni(€%)yor,  u(€®) =) Ni(€)uy,
=1 =1

nel

YE) =D Ni(€) Y,  a=12 (10.7)
I=1
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where (-); denotes a value at node I, and mnel is the number of
nodes on an element; for four-node elements mnel = 4. In the sequel, the
natural coordinates are designated in two ways,

r= {3 ={gn Y, 8 Ene -1, +1], (10.8)
where a=1,2 and k=1,23.

10.2 Geometry and bases of shell element

The initial geometry of a four-node shell element is defined by (i) positions
of four corner nodes and (ii) bilinear shape functions. Using them, we can
define the initial position of the reference surface and construct the local
vector normal to this surface. The shell as a 3D body is generated by
assuming some thickness in this normal direction.

Parametrization of reference surface. The position vector y,, which de-
fines the reference surface in the initial configuration, see Fig. 10.1, is
parameterized in terms of the natural coordinates §,n € [—1,+1] in the
following way:

4
Yo(&m) =D Ni(&n) yor, (10.9)
I=1

where y,; is a position vector of node I, and N;(§,n) are shape
functions of eq. (10.3). Alternatively, we can write this expression for
each component k separately,

4
yOk’(‘San) = ZNI(fan> YokI, k= 17 2737 (1010)
I=1

where yor =y ik and yorr = Yo7 -ik- We can use the vector of shape
functions of eq. (10.4), to avoid the summation sign,

3/0k(§777) - N<£7 77) Yokr, (1011)

where yopr = [Yok1, Yok2, Yoks, Yoka] 1is the vector of kth components of
the position vectors of all nodes.

The parametrization of the reference surface defined by eq. (10.10)
spans either a planar element or a warped element when one of the nodes
is shifted out of the plane spanned by the other three nodes. The latter case
is illustrated by an example below. More information on warped elements
is provided in Sect. 14.
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4 3 (-1,+1) (+1,+1)
1 (Em) ’ °
. Jien 00| 8
I<‘2 1 2
'1 2

(-1-1) (+1.-1)

Fig. 10.1 Physical and reference (parent) bi-unit domain of a four-node element.

Example. Consider a square 2 x 2 element, with nodes 1, 2, 4 located
in the X0Y plane, and node 3 elevated in the z-direction by w, see
Fig. 10.2a.

""'

A7 7/

LT 7FALT )

e/

Ll
.. ) 0.5

\ e

1

Fig. 10.2 a) The hyperbolic paraboloidal surface spanned by four nodes.
b) Two coordinate systems.

Denote the components of the position vector as follows: o1 = =,
Yo2 =Y, Yoz = z. The Cartesian coordinates (z,y,z) of corner nodes
are assumed to be p; = (0,0,0), p2 = (2,0,0), p3 = (2,2,w), and

ps = (0,2,0). Grouping the z, y, and z components of all nodes as
follows::

Iy = [0727270]7 yr = [0707272]7 2 = [0,0,’U),O],
and using eq. (10.10) for each component, we obtain

z:%ﬂ+@ﬂ+n)

From the first two equations, we have ¢ =2 —1 and n=y—1, and
the third equation can be expressed solely in Cartesian coordinates,

r=1+¢§  y=1+n,
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2= Zay. (10.12)
4
This is an equation of a hyperbolic paraboloidal (h-p) surface, shown in
Fig. 10.2a, having a saddle point at node 1. To obtain this equation in a
classical form, we introduce the coordinates r,s, rotated by 45° w.r.t.
[z,y] coordinates, see Fig. 10.2b. Then

HEE 1Nt 1019

where s = sina, ¢ = cosa and o = —45° Using this relation in
eq. (10.12), we obtain

2= %(72 — s?), (10.14)

which has the standard form of the h-p surface equation, see [150] p. 545.
If we cut this surface using the vertical planes r=const. or s=const.,
then we obtain parabolas with either minimum or maximum at node 1.
If we cut this surface using horizontal planes z = const., we then obtain
hyperbolas, with the asymptotes intersecting at node 1.

Remark 1. For planar (2D) four-node elements, if all angles are smaller
than 7, then there exists a one-to-one mapping between the element
and a bi-unit square spanned on the nodes {&,n}r = {£1,£1}, see [9§]
p. 116. This is also true for planar shell elements, but for warped ones, the
question of the inverse mapping becomes complicated. In fact, using the
FE method and a numerical integration, we do not need this information,
and the Jacobian matrix and its inverse at integration points suffice.

Remark 2. The four-node quadrilateral shell element can also be de-
fined in another way by additionally using the normal vectors at nodes.
These vectors must be either computed, e.g. using normals of all elements
connected to the node, or be provided as input data, which can be cumber-
some. Another possibility is to use a CAD program, in which we can define
typical shapes of regular surfaces and directly obtain a normal vector at
a selected point.

Natural tangent vectors. The natural vectors tangent to the reference sur-
face are defined as

e = ST gy (e = OED, (10.15



Geometry and bases of shell element 235

In general, these vectors are neither unit nor mutually orthogonal. For the
bilinear approximation and y, in the form of eq. (10.9), we obtain

4
8.(&m) = Niaye, a=12 (10.16)
I=1

where the derivatives of the shape functions are Njp; = ié 1(L4+nrn)
and Npo= %(1 + &€ nr. Using the vector of shape functions N(&,7)
of eq. (10.11), we have

(ga)k(‘San> = N,Cv Yokrs (1017)

where N7 = 1 (€4+hn) and Ny = {(n+h¢). We see that the
tangent vectors vary over the element; g; is constant in ¢ and linear
in n, while g, is the opposite way round. At the element’s center,
£ =n =0, the vectors g, are equal to 1/2 of vectors connecting the
opposite middle-edge points.

Normal vector. The vector normal to the reference surface is defined as a
cross-product of the natural tangent vectors

g3(&,m) = &1(&,m) % ga(&,m). (10.18)

Note that g3 is perpendicular to the tangent vectors g,, but is not
of unit length. This vector is not associated with the coordinate &3 €
[—1,4+1]; see eq. (10.30).

Local Cartesian basis. For an irregular geometry of an element, the basis
{g,,83} is normal but skew, which is not convenient, e.g., to define the
constitutive relations for non-isotropic materials. Hence, a local Cartesian
basis is introduced as described below.

Designate the local Cartesian basis by {tx} (kK =1,2,3). Define the
normal vector as _
-

Igsll’
where g5 is defined by eq. (10.18). The tangent vectors of the local
Cartesian basis can be constructed in several ways; we define them in
terms of the auxiliary normalized natural vectors

~ . 8

g, = HgO‘H, (10.20)
(o3

designated by a tilde. Below three types of bases used in shell elements

are presented.

ts (10.19)
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Basis 1. One vector is parallel to the vector of the natural basis
t1 =g, to = t3 X tq, (10.21)

where t; is identical as g;, see Fig. 10.3a. This basis was used, e.g.,
in DYNA3D, see [89], eq. (35).

t;

Fig. 10.3 Ortho-normal frames at a Gauss point. a) Basis 1 and b) Basis 2.

Basis 2. Vectors are equally distant from vectors of the natural basis
1 - ~
t1 = —(t1 — t2), to = —(t1 + to), 10.22
1 (t1 — t2) 2 \@( 1+ t2) (10.22)
where the auxiliary vectors are
;. 8118 i :
t, = — =, to = t3 X ty. (10.23)
181 + &l
This is the most popular basis, see in [98] p. 386 or [50] p. 111 and is
shown in Fig. 10.3b.

For this basis, we can show that the average of t; and ts and the
average of g; and g, are parallel, but have different lengths, i.e.

1 - - N
%(tl +t2) = ﬁtl = a%(& + 82),

where a=1/(v2||g; + &)

Besides, the term “equally distant” means that the angle between g;
and t; isequal to the angle between g, and to. This can be checked
in the following way:



Geometry and bases of shell element 237

t1-8 =a{(g +8) 8 —[ts x (8 +82) &}
=a{g & — [t3 X & &1},

to 8y =a{(g +8) 8 +[ts X (8 +8) 8}
=a{g 8y + [t3 X &1] - 82}

These two scalar products are equal, as g;-8; = 85°8y = 1 by eq. (10.20).

Finally, we note that for 2D problems formulated in the {g;, g, }-plane,
we can obtain the components of to as follows::

to =t3 x t1 = [0,0,1]7 x [t1, ta, 0] = —[t2, t1, O],

where the components of t; = [t1,%2,0]7 are known.

Basis 2. Version 2.  Vectors equally distant from vectors of natural basis

t1 = cos(—3/2) t1 +sin(—F/2) ta, to = —sin(—F/2)t; + cos(—3/2) ta,
(10.24)
where

(t1-8) I

(8 = arctan t1 =g, ty = t3 X tq. (10.25)

(t2-go)’

Derivation. To obtain the same angle between g; and t; and be-
tween g, and ti, we generate an orthonormal basis and then rotate it
around the normal vector t3. We shall use Basis 1 of eq. (10.21) as the
orthonormal basis to start from and denote its vectors as follows:

tlzgla E2:t3><1~31.

The angle between ty and g,, is denoted by [ and we assume that
|B| < /2. To determine (3, we can use the following formulas:

t; - . i ti -
sinﬁ:@, COSﬂZw, tan 3 = sin /3 — (~1 g2)’
[F=] F=] cosf (t2-g)
from which we obtain _
i -
(B = arctan (~1 g2).
(t2 - 82)

Then we rotate the frame {ti,t2} by the angle —3/2 around the
normal vector t3. For the rotation tensor defined as
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R = cos(—3/2)(t1 ® t1 + to @ t2) +sin(—3/2) (b2 @ t1 — t1 ® t2) + t3 D t3,

from t; = Rt; and t, = Rty, we obtain eq. (10.24).

Note that we can obtain sin(—/3/2) and cos(—(3/2) in another way,
without the use of the arctan function. Then, first we calculate

sin 8 =t - gy, cos B =1t - &5
and then, using the half-angle formulas, we obtain
sin(—8/2) = sy/5(1 — cos B), cos(—3/2) = +1/5(1 + cos ),
where s = sign(—sin ).

Basis 3. Vectors related to the reference basis.

. 0
. t3 X 11 1
If (tg . 11) < (1 — ’7’) then to = . = t3 , (1026)
It > all B+ |, |
. [ty ]
. t3 X 19 1
otherwise t9 = — = —t1 |, (10.27)
[t > ioll  /BF+13 |
and
ti =ty X tg, (10.28)
where t3 = [t1,to,3]7 denotes the components of the normal vector

in the reference (global) basis {ix} and 7 is a small parameter. The
advantage of this basis is that it provides easy identification of directions
for complicated curved structures.

The second formula, eq. (10.27), is used when t3 and i; are almost
or exactly parallel and the cross-product t3 x1i; is not well conditioned.
Consider the result of the above definitions for two limit cases.

1. If t3||i1, then to = t3 X i2Hi3 and t1 =1t X tg”ig.
2. If t3Hi2, then t9 = t3 x 11” —1i3 and t; =tg X t3Hi1.

Both these cases are shown in Fig. 10.4. Another basis related to the
reference basis {i;} is defined in [71] p. 242.
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Case 1 Case 2

tIli,

i3 /k
. ) _ t 1, t il i,
i /kdz tl i, t i, ‘/l\‘

tz” 'is

Fig. 10.4 Basis 3. T'wo limit cases of its position.

Normal vector associated with ¢3.  Note that the vector g5 of eq. (10.18)
is not associated with the coordinate &3 € [~1,+1] and below we derive
the proper vector.

The position vector of a shell lamina ¢ = const. relative to the middle
surfaceis (y—yg) = (ts3, where ¢ € [—h/2,+h/2]. We can parameterize
¢ interms of €3 € [—-1,+1], as (= (h/2)¢&3, and define the normal
vector as a derivative w.r.t. £3, i.e.

L dly—yo) _ R

= = = —t3. 10.29
This vector stretches from the middle surface to the top surface of a shell,
see Fig. 10.5.

Fig. 10.5 Associated pairs: (£3,g5) and (¢, t3).
Note that the vector gz is different from g3 of eq. (10.18) and is
associated with &3 because

gy = Cts. (10.30)

Hence, we can use either (£3,g3) or ((,t3), but certainly not (£3,g5).
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Remark. In some works, the normal vector is approximated as

4

t3(£777) = ZNI(€777) nr,

=1
where mnj is the normal unit vector at node I defined as

ay X b[
n— ————
lar x byl

(10.31)

and a; and bj; are the vectors connecting node [ with the adjacent
corners, see Fig. 10.6. When the element is planar, then this definition is
equivalent to eq. (10.19). However, when the element is warped, vectors
n; are not parallel and t3 is neither unit nor perpendicular to the local

tangent vectors g,.

Fig. 10.6 Normal corner vectors for a planar element and a warped element.

10.3 Jacobian matrices

Bases for initial configuration. Consider three bases:
1. {ix} - the reference (global) Cartesian basis, k =1,2,3,

2. {gy} - the local natural basis at the reference surface for the initial
configuration with the tangent vectors defined by eq. (10.15) and the

normal vector by eq. (10.29).

3. {ti} - the local Cartesian basis at the reference surface for the initial
configuration with the normal vector defined by eq. (10.19) and the
tangent vectors generated in one of the three ways described earlier.

For simplicity, we denote S® = (.

The coordinates associated with these bases are designated as 3/*

respectively. Note that the zero of the natural coordinates &¢

) §k7 Sk?
is at the
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element’s center, while the zero of the Cartesian coordinates S¢ is at
any considered Gauss point g at which we define the local bases.

The initial position vector y relative to the position vector of the
Gauss point, y,, can be expressed in the following three ways:

Y =¥y = —yg)ic = (" — ) g = 5"t (10.32)

This equation links the above-defined bases and coordinates on the tangent
plane spanned at a Gauss point.

Bases: {ik} {tk} {gk}

Coordinates: vy R gk o &

\iﬁ/

Fig. 10.7 Mappings and Jacobian matrices for the initial configuration.

Jacobian matrices for initial configuration. Let us define the following three
types of mappings of coordinates and the Jacobian matrices, see Fig. 10.7:

. [oy

k1. .

'y JG_[agk}’
k

Sl o R = [ggl], (10.33)
oS!

k . -

5&—)5 . JL—|:8€k:|,

where the components of gradients are the matrices arranged as in
eq. (2.41).

To obtain the equation linking the above gradients, we use the chain
rule of differentiation

oy* B dy* 98™

gl 8™ ol
where k,I,m=1,2,3.

which yields Jg =RJy, (10.34)
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Rotation matriz. R. The angular position of the local basis {t;} rela-
tive to the reference {i} is described by the rotation tensor R = t;®1i; €
SO(3). This definition implies that Ri; = tg, i.e. t; is a forward-
rotated ix. The components of R are

Rj, =1i; - (Rig) = i; -ty (10.35)
and, in matrix form,
ip - tq] 17 - to| i1 - t3
[Rjp] = |i2-t1]i2-to| iz -t3 | = [t1[t2]t3], (10.36)
iz - ty| i3-to| i3 - t3

where the columns contain components of t; in {ix}. The vectors of
these components we denote as ty.

We can show that the Jacobian matrix of the mapping of coordinates

Sti— y¥ is equal to the angular position matrix [Rjx], ie.
oyF

By eq. (10.32), (y/ — yg)ij = S¥ty,, from which we obtain (37 — ) =
Sk (ty - i;), and the differentiation of both sides w.r.t. S¥  yields
Oy? J0S* =1i; - t), where the r.h.s. is identical as the r.h.s. of eq. (10.35),
which ends the proof. O

Global Jacobian matriz Jg. For the mapping of coordinates &F — 3
of eq. (10.33), the Jacobian matrix is defined as

oyt oyl oyt

5 i ocl 92 g3

. Y o2 2 o2

Jo= |30 | = |3 % % | -kilele, (10.39)
oy oy oy?
96T 0¢2 oe3

where the columns contain components of g; in {ix}. We designate this
Jacobian as “global” because the global (reference) Cartesian coordinates

y' are differentiated.
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Local Jacobian matrices Jy. For the mapping of coordinates &F — S
of eq. (10.33), we define the Jacobian matrix

98! 98! 0
os'1 | X, .
- — 952
S 5 11| RE———

where the last form is obtained for

083 083 05° 083 0(&3h/2) h
e =V a—n—O, - =0, 98~ og 2 (10.40)

We designate this Jacobian as “local”, because the local Cartesian coor-
dinates S* are differentiated.

9, 9,

g1 g1 a

[

t " S1 t, S1

v

Fig. 10.8 Local bases and coordinates. a) for four-node element, b) for 9-node
element with curved boundaries.

Consider only this part of the local mapping &% +— S (a, 3 = 1,2)
which is related to the tangent plane, see Fig. 10.8. To obtain a Jacobian
matrix for this part, we extract the upper 2 x 2 part of J;, and denote
itas J,

981 98t
. [0S« 9eT oe g-t1 8-t
J == W - BSQ 852 == 5 (1041)
3 DT 0% g -ta gyt
where columns contain components of gz in {ta}.

The last form of J is obtained as follows. By eq. (10.32), S* =
(y —y,) - tk, in which y and t; are functions of &%, and the
differentiation yields
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85’0& ata at GP

where gg = Jy/ &% by eq. (10.15). The last form is valid only for the
Gauss point, when (y — yg) = 0, and the second term drops out so
we obtain eq. (10.41). The Jacobian at the element center is denoted as

Je= Tl o-

Relation between g, and t,. The coordinate gradients imply relations
linking the bases with which these coordinates are associated. The natural
basis vectors g, can be decomposed in the ortho-normal {t,} as follows:

8o = (84 - t1) t1 + (8, - t2) t2, (10.43)
in which (g, -tg) are componentsof J ofeq. (10.41). Hence, we can
rewrite

[gl] =J7 [tl} and [tl] =J 7T [gl} : (10.44)
82 to to g2
Inverse Jacobian. An inverse of a 2 x 2 matrix A is given by a simple
formula,
_la b 41 d —b
A[c d}’ A detA[—c ] (10.45)

providing det A = ad — bc # 0. Applying this formula to the Jacobian
matrix J of eq. (10.41), we obtain

_ 1 gty —gy-t
J 1= 2 2 10.4
det J [—gl-tz g -t1]’ (1046)

where detJ = (g; - t1)(gy - t2) — (g - t2)(g - t1).

Another form of the inverse of Jacobian can be obtained with the help
of the co-basis {g®,ts}. The co-basis vectors g* are defined as follows:

(e’

g¥: g-gg=9d5 and g"-t3=0 (10.47)
and by analogy with eq. (5.8), they can be calculated as

t t

(g X t3) - g’ (t3 X g1) -8

In terms of the co-basis vectors g, the inverse of Jacobian is
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ti-g' ta-g!
J-1_ L 2| (10.49)
1 2"

where columns of J~! contain components of tg in {g®}.

Check. We can check that the inverse matrices of egs. (10.46) and
(10.49) are identical. Let us transform the 12-component of the matrix
of eq. (10.49) as follows:

1_ t2 - (g2 X t3) _ 82 - (t3 X t2) _ 8t
(82 xt3) 81 (81 x8) -tz  detd

to - g y (1050)

where we used g; X gy = t3 detJ, see eq. (10.106) for details. Hence,
the obtained expression is identical to the 12-component of eq. (10.46).
For the other components of J~!, we can proceed similarly.

Relation between g* and t,. As previously in the derivation of eq. (10.44),
we can use the fact that the coordinate gradients imply relations linking
the bases with which these coordinates are associated. The co-basis vectors
g® can be decomposed in the ortho-normal {t,} as follows:

g% = (8" t1)t1 + (8% - t2) to, (10.51)

in which (g®-tg) are components of the inverse Jacobian matrix J~!
of eq. (10.49). Hence, we can rewrite

[22] =7 [m and [tﬂ =J [i:] (10.52)

Co-basis definition expressed by Jacobian matrices. The condition defining
the co-basis g“-gg = (5% can be rewritten as

(ti-g%)(gs-ti) =05, i=1,2, (10.53)
where g% = (g% -t;)t; and gz = (gg-tr)tx (i,k=1,2), and we can
calculate

g% g5 = (8" ti)(gg-t) ti -t = (ti-g8%)(gg - ). (10.54)

We note that gg-t; = 0S/0&8 by eq. (10.42) and, hence, on the basis
of eq. (10.53), we can define the gradient
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0&”
= t; - g, 10.55
557 g (10.55)
On the other hand, by eq. (10.49), g“-t;, = [Jfl]ai and, hence,
¢l 1
L _[te e [F Gl L e
J = ) o T | hee pe | T | - (10.56)

Therefore, eq. (10.53) can be rewritten simply as J~'J = I, where I
is the identity matrix.

Example. Note that the procedure of calculation of J~! allows us to
avoid expressing explicitly the natural coordinates &¢ in terms of the
ortho-normal coordinates S¢. This is an advantage because such rela-
tions can be quite complicated. For instance, for Basis 1 attached at
the element center, these relations are as follows:

g & =1t (S' — S?tan 3), g, 2 =t15%tan B + 252,
(10.57)
where (3 < 7/2 is the angle between t2 and g, and tang =

(t1-85)/(t2-g5). Then
J—l _ gigll %gi _ 1/@ 0
o6, 06 | | —tan /g 1/(cos 3/gz2)

052 052
where goo =8, 8, and cosf = (t2-gs)/\/g22.

, (10.58)

Local Jacobian and its inverse for the vector of shape functions. We can ap-
proximate the relative vector (y —y,), see eq. (10.32), using a vector of
shape functions N(&',€2) of eq. (10.5), and write

5% =~ [(s8%) + (£5%) € + (nS%) n + (hS) &n] (10.59)

=

where S = (y;—y,)ta = [ST, 5%, S5, ST is the vector of projections

of nodal relative position vectors on t,. Differentiating eq. (10.59) w.r.t.

the natural coordinates, we obtain
0S*

e = L€+ (s ),

T =15+ (S*)¢) (100

and, hence, the Jacobian matrix of eq. (10.41) is
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(10.61)

N I o

5 [ [(€S") + (bS") 1] i[<nsl>+<hs1>g]]
[(¢8%) + (bS?)n] §[(S?) + (hS*)€] |

Note that column 1 varies linearly with 7, while column 2 varies linearly
with &.

An inverse of the Jacobian can be obtained by eq. (10.45) and it is as
follows:

1 [ 3 [S*) + (mS*)¢] 5 [(nSh) + (hSY) 1062)
detd | 3[(€8)+ (8% n]  j[(ESH)+mSHn] T
where
detJ = J(&,n) = Jo + Ji& + Jan, (10.63)

and its components are

Jo = <0 [(€8Y) (n9%) - (1") (€57)]

7= 15 [(681) (882) - (b8 (€8]
T = 2 [(08") (18?) — (18") (bS]

The bilinear term Jj2&n is not present in the expansion eq. (10.63)

because
Jig = % [(hS!) (hS?) — (hS') (hS?)] = 0.

It can be checked for parallelograms that only Jy # 0, while J; = Jo = 0.

Example. Jacobian matrices for basic shapes of element. The Jacobian ma-
trix contains information about the initial shape of the element. In
Fig. 10.9, we show several basic shapes of a planar four-node element.
The Jacobian matrix and its determinant for these shapes are as follows:

a) square 2 X 2: J = (1) (1)] , detJ =1,
[5/2 0

b) rectangle: J= 0 1l detJ =5/2,
[5/2 0

c¢) parallelogram: J = BREE detJ =5/2,
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d) trapezoid: J = -5/2§+77 (1)] , detJ =5/2+n,
e) trapezoid: J = E?igg (1)} : detJ = (5+1n)/2,
: g [G+m/2 1+n)/4 _
f) irregular: J = (1492 (5+§)/4] ,detd = (6 +&+n)/2.

a) b) c)

45°

45° 45° 45°

f 11

le—>!

1

Fig. 10.9 Typical shapes of four-node elements.
Elements c), d), e), f) are obtained from the rectangle of size 5 x 2.

We see that J is a diagonal matrix only for the square and the rectangle.
For the square, the rectangle, and the parallelogram, J is constant over
the element.

For trapezoids and irregular elements, J is non-diagonal and non-
constant and linearly depends on &,n. Note that for non-rectangular
shapes, especially when the element aspect ratio is far from 1, the accuracy
of four-node elements substantially decreases, see tests of Sects. 15.2.4 and
15.2.6.
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10.4 Deformation gradient, F”F and Q”F products

Using various bases in FE computations. To enable linking of finite elements
of various spatial orientation, the displacement vector u and the rotation
vector 1 are represented in the reference Cartesian basis {i}. However,
in computations on the level of an element, we have a choice and one of
the following two bases can be used:

1. the reference Cartesian basis {ix}. In order to perform the local
operations, we have to transform strain components and components
of the QTF product to the local basis {t;} at a Gauss point.

2. the elemental Cartesian basis {t{} at the element center. Then, first,
the displacement and rotation components must be transformed from
the reference basis {ix} to this basis. In order to perform the local
operations, we transform the strain components and components of the
QTF product to the local basis {t;} at a Gauss point. Afterwards,
the tangent stiffness matrix at the residual vector must be transformed
to the reference basis {ix}.

The use of this basis requires additional transformations but, contrary
to expectations, can significantly improve the efficiency of a four-node
element if zero values are accounted for in the implementation.

Note that the use of the elemental basis {t{} is indispensable in the
case of warped four-node elements if the substitute flat element and
the warpage correction are used, see Sect. 14.3 for details.

Local operations for shell element. The shell assumptions and several tech-
niques related to the formulation of a finite element require a local defini-
tion of directions, e.g.

the Reissner hypothesis,

imposition of the zero normal stress (ZNS) condition,

modifications of transverse shear strains (using the ANS method),
formulation of the drilling RC equation,

integration of the strain energy, when it is separated into the integra-
tion in the normal (fiber) direction and the integration in the tangent
(lamina) direction.

Hence, no matter whether the basis {i;} or {t{} is used on the ele-
ment’s level, we have to transform the strain components and components
of the QTF product to the local basis {t;} at a Gauss point. Note that
instead of transforming components from one basis to another, we can
operate on the backward-rotated objects, as described in Sect. 2.
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Remarks on use of a skew basis at element’s center. The skew basis at the ele-
ment center, {g%,t$}, is used in mixed elements based on the Hellinger—
Reissner functional and the Hu-Washizu functional, see Sect. 11.5. Rep-
resentations of stress are assumed in this basis, while representations of
strain for the Hu-Washizu functional are assumed either in this basis or
in its co-basis. These representations are next transformed to the local
orthonormal basis at the element center {tf}.

The formulas for a transformation between a non-orthogonal basis and
a Cartesian basis are derived in Sect. 2. In the case of the in-plane (/)
components, for non-symmetric tensors we use egs. (2.21) and (2.25), while
for symmetric tensors we use eq. (2.29) with T* replaced by T**
of eq. (2.30) or eq. (2.31). For the transverse (a3) components, we use
egs. (2.26) and (2.27).

Deformation gradient, F'F and Q”F products. Below, we derive matrices
of components for the deformation gradient F, the Cauchy—Green de-
formation tensor C = FTF, and the QTF product. They are derived
for the reference basis {ir} and, subsequently, the latter two matrices
are transformed to the local bases {t;}. As mentioned earlier, instead of
the reference basis {ir}, the elemental basis {t{} can be used as well.
Two ways of derivation are presented below in which the position vectors
are treated as functions of either (A) the natural coordinates, or (B) the
local Cartesian coordinates.

(A) Natural coordinates. For the coordinates {£“,(}, we take (= %53,
express ( € [—h/2,+h/2] in terms of &3 € [-1,+1], and use the
natural coordinates {¢*} (k=1,2,3).

Then the position vector in the initial configuration of eq. (5.1) is as
follows:

h
y(€") = yo(€*) + 553 t3(€%),  a=12, (10.64)

and the current position vector is x = x(¢¥(y)). The deformation gra-
dient of eq. (5.15) can be written simply as

ox  IOx _ Otk
F=_—=—0& =, 10.65
oy ~ 0" * oy (10:65)
with &F serving as intermediate variables. Let us use the components of
y and x in the reference basis {ix}. Then y =y™i, and x =z
(m,l =1,2,3) and we differentiate only the components,

il7
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ox O dy  Oy™
— = —1 — = ——i,. 10.66
86"5 3§k 1, 85’“ 8£k 1 ( )
Hence, the inverse derivative is
oek ok
= =i, 10.67
oy oy (10.67)
and the deformation gradient becomes
ox _ oek o ogk o
F:aigk@)@:aifkaymll@lmzﬂmll@lma (10.68)
where ol oek
%S
Fp = ———. 10.69
Let us introduce the matrices of components
ozt oy™
F = [Fi.], Je = —|, Joa= =1, 10.70
= o) = |G 1)

where Jg is the global Jacobian of eq. (10.33). Then the deformation
gradient matrix can be computed as

F=Ja"J " (10.71)

Now we can compute the components of the Cauchy—Green tensor
C = FTF and of the QgF product, and transform them to the local
orthonormal basis {tx}. This can be done, as derived in Sect. 2, by the
transformation of components (- )jpcal = RT (+)global R, see eq. (2.13).
Note that R is the rotation matrix of eq. (10.33).

1. Components of the Cauchy-Green deformation tensor C = FI'F,
C.=RT'CR=F'F, (10.72)
2. Components of the QTF product, i.e. Q'F,
(Q'F), =RT (Q'F)R = (QR)TF, (10.73)

where

F=FR=J3"J;'R=J3"J; ", (10.74)
with the last form obtained on use of eq. (10.34).
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(B) Orthonormal local coordinates. We can express ¢ € [—h/2,+h/2] in
terms of €3 € [~1,+1] as (= (h/2)&3, and define S3 = ¢3. Then we
can use the Cartesian coordinates {S*} (k=1,2,3) instead of {S%,(}.

The position vector in the initial configuration of eq. (5.1) is now as
follows:

(%) = yo(5%) + 253 t3(5%), a=1,2, (10.75)

and the current position vector is x = x(S¥(y)). The deformation
gradient of eq. (5.15) can be written simply as

. ox 0x oSk
Fe o =35 ® oy (10.76)

with S*¥ being intermediate variables. Let us use the components of y
and x in the reference basis {iz}. Then y =y™i, and x =2'i
and we can differentiate the components

ox ort . Oy oy™ .

95k = a5k gk = gar (10.77)
Hence, the inverse derivative is
oSk oSk

and the deformation gradient becomes

ox _ 0S¥ ol oS*
F = = i .m = Fm. .ma 10.
8Sk® By 8Sk8ymll®l mi ®1 (10.79)

where l By
ox' 0S
m= - 10.80
Let us define the following matrices of components
ozt ay™
F = me - | = , R=|2- , 10.81
[Fim] Vx [&gk] [&gk] (10.81)

where R is the rotation matrix of eq. (10.33). Then the deformation
gradient matrix can be computed as

F = Vx RT. (10.82)
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Now we can compute the components of the Cauchy—Green tensor
C = FT'F and of the QEF product and transform them to the local
orthonormal basis {t;}. This can be done, as derived in Sect. 2, by the
transformation of components (-)p, = RT (-)a R, see eq. (2.13).

1. Components of the Cauchy-Green deformation tensor C = FT F,
C.=RTCR = (Vx)TVx, (10.83)
2. Components of the QTF product, i.e. QTF,
(Q'F)., =RT(Q'F)R = (QR)T Vx. (10.84)

Note that, formally, Vx plays the same role as F in case (A).

The formulation based on the coordinates S¥ makes sense when the
derivatives of shape functions are expressed in terms of ortho-normal 5S¢,
as, e.g., for the one-integration point element. Besides, it is an analogue
of the formulation used in the analytical studies in Sect. 6.

Increment of Green strain. Version 1. For x = x,, + Au, where n refers
to the last known configuration and A to the increment from the last
known configuration to the current one, the deformation gradient can be
multiplicatively decomposed as follows:

P ox  0Ox 0xy,

= _—=_"_"_""—=AFF,,. 10.85
dy 0x, Oy ( )
Then, the Green strain can be rewritten as
E=JF'F-1I) =] [FL (AFTAF)F, - 1], (10.86)
where
. Ox
AF = Fa Vyux =1+ V,(Au) (10.87)

and V,(-) = 9(-)/0x, denotes the gradient w.r.t. the known position
vector. We can linearize the AFTAF product w.r.t. Au, which yields

(AFTAF) =1+ V,(Au) + VL (Au) + VI (Au)V,(Au)
neglected
~ 1+ 2Ae, (10.88)

where Ae = symV,,(Au) is the infinitesimal strain increment. Hence,
the Green strain can be expressed as
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E=3[F. (I+24e)F, —I] =E, +F] AcF,, (10.89)

where E, = %(FZFn —1I), and the increment of the Green strain can
be obtained as the pull-back of the infinitesimal strain increment, AE =
E-E,=F. AcF,.

Increment of Green strain. Version2. The increment of the Green strain can
be defined as AE = E,,,; — E,, and expressed as

AE

L(FL L Fo —FIF,). (10.90)

The deformation gradients at " and t"*' can be expressed by the
mid-point deformation gradient F, /5 = 0%,41/2/0y as follows:

. O0Xpq1 OXpt1 OXpy1y2 [ OXpy1 ]
F,i1 = = = F, , 10.91
H 0X OXpp12 Oy o) S +1/2 ( )

. 0%y, Ox,  OXpi1/2 O0Xp11/2 -
F, = 20 _ - Fo1 /. 10.92
OX ~ Oxuis Oy o] Fens oo

Then, the increment of the Green strain can be written as
AE =F] , PYACE JSPS (10.93)

where the part which is pushed-forward to the mid-point position is

2Ae = [ 0% 1 ]T [ X1 ] - [ O r[ 0% ] . (10.94)

8Xn+1/2 aXn+1/2 8Xn+1/2 8Xn+1/2
We note that
" a(x,, +1A A
Oxnir _ Ongrj + 344) _py) 04u (10.95)
8Xn+1/2 axn+1/2 8Xn+1/2
and 5 1
n n ) A
Oxn _ O0iijp =340 _ 4 %7‘9 v (10.96)
aXn+1/2 8Xn+1/2 aXn+1/2
Using the above relations in eq. (10.94), we obtain
dA dAu "
Ae=1 “ +< u ) . (10.97)
8Xn+1/2 8Xn+1/2

Formula (10.93) is used in finite strain plasticity, e.g., in [97, 250].
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Rate of Green strain. Differentiation of the Green strain E = 3(F'F —I)
w.r.t. time t, yields

E =FTF + FTF = FT(F TFT + FFH)F
=FT(Vvl + Vv)F = 2FTdF, (10.98)

where the spatial velocity gradient Vv = FF~!, and the rate of de-
formation d = 1(Vv? + Vv). Using this formula, we can obtain an
interpretation of the above two forms of increment of the Green strain.
Writing eq. (10.98) at time instant ¢ and multiplying by At, we
obtain
AE =Fl AeF,, (10.99)

where AE = E,At and Ae = d,At by the forward Euler finite-
difference scheme, which is first-order accurate. This equation corresponds
to eq. (10.89).
Writing eq. (10.98) at time instant ¢"*'/2  and multiplying by At,
we obtain
AE =F, ;s AeFp iy, (10.100)

where AE = EnH/QAt and Ae = d, 1At Dby the central finite-
difference scheme, which is second-order accurate. This equation corre-
sponds to eq. (10.93).

10.5 Numerical integration of shell elements

Infinitesimal volume and area of shell element. Below we consider the formu-
las suitable for (i) the ortho-normal coordinates S* and (ii) the natural
coordinates ¢*. The latter are actually used in our computations.

(i) Ortho-normal coordinates S*. The differential of the position vector y
can be written as

dy = t; dS" + t2dS? + t3dS3, (10.101)

where dS® = ( € [-h/2, +h/2]. An infinitesimal volume of the rectan-
gular parallelepiped spanned by vectors (dy); = t;dS* (no summation)
is as follows:

dV = (t; dS? x t3dS?)-(t3dS3) = (t; x to)-t3 dS*dS2dS® = dS1dS?dS?,
(10.102)
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as ti; x to = t3. The infinitesimal area of a rectangle spanned by the
tangent vectors (dy), (o =1,2) is

dA = (t;dST x t2dS?) - t3 = dS*dS2 (10.103)

(i) Natural coordinates ¢*. The differential of the position vector y can
be written as
9y

h h
de' + 55 487 + 35 A6 = g1 + g2 A€+ 5567, (10104)

KN ayo
dy = 9e!

where g, = Jy,/06%, €3 =2¢/h, and ¢F € [~1,+1]. An infinitesimal
volume of the parallelepiped spanned by the component vectors is

AV = (g d¢' x gpd¢?) - (tggdf?’) = 2o * )t dehagag

2
(10.105)
Note that

g1 X gy = Jts, J = (g1 t1)(ge-t2) — (82 - t1)(gy - t2), (10.106)

for g, decomposed in {t;} as g, = (g, t1)t1+ (g, t2)t2 and
t1 X to = t3. Besides, J =detJ, where J is the Jacobian matrix of
eq. (10.41). Using the above relation (g; X gy)-t3=Jts-t3=J and

dv = g J detdetages. (10.107)

We note that (h/2)J = (h/2) detJ = detJ, for Jp of eq. (10.39).
Besides, J; = RTJg, by eq. (10.34), and hence detJ; = detJg, as
det R = 1. The infinitesimal area of the parallelogram spanned by vectors
(dy)a (a=1,2) is

dA = (g, d¢" x g, d€?) - t3 = (g x &) t3d¢'dg® = J dg'dg?. (10.108)

Remark. In the above derivations, we assumed that the element’s ge-
ometry is approximately flat, see the restriction of eq. (5.19). To account
for curvature, the infinitesimal parallelepiped should be spanned by the
vectors g,(¢) of eq. (5.5) and integrated over the thickness.
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~ 9

Fig. 10.10 Sign of the Jacobian determinant depends on « or /.

Example. We show that the sign of the Jacobian determinant J is a
function of the angle between t; and g;, denoted as « in Fig. 10.10.
We assume that the basis {t;} is constructed as Basis 2, see eq. (10.22).

The natural basis vectors g, can be expressed as g, = &, |8l
where g, are unit vectors given in {t,} as follows:

g, =cosa t; —sina to, gy = —sina t; +cosa ta.

Then the Jacobian determinant becomes

J = (g1 t1)(gyt2) — (82 t1)(g - t2)
= |lg1||ll&2ll(cos® a — sin® @) = ||g, ||| [|(1 — 2sin® @). (10.109)

Because ||g;]//lg2]l > 0, the sign of J depends on the angle «;, i.e.

J >0, for |sinal <1/v2, or |a|<45°,
J =0, for |sinal==+1/v2, or |a| =45°, (10.110)
J <0, for |sinal>1/v2, or |a| > 45°.

We can rewrite these conditions in terms of the angle between g; and
g,, defined as [ =90° — 2, see Fig. 10.10, as follows:

J >0, for 0° < @ < 180°,
J=0, for =0° or (B =180°, (10.111)
J <0, for > 180°.

We see that J is singular when g; and g, are co-linear and is
negative if they are inclined at the angle greater than 180°.

Finally, we note that the Jacobian determinant J is computed at the
Gauss points and it should be positive to avoid negative volumes which
are non-physical.



258 Basic relations for four-node shell elements

Remark. Note that the condition requiring that the internal angles
between adjacent edges of a four-node element be within the range

[45°,135°] is motivated by accuracy concerns, as it is more restrictive
than necessary to avoid J < 0. For instance, if node 3 is placed on the
line linking node 2 and 4, then the angle at node 3 is 180°, far beyond the
above range. Still, J > 0 everywhere except at node 3, where J =0.

Volume and area of shell element. Below we consider the formulas for inte-
gration suitable for the natural coordinates .

The volume of a shell element is defined as an integral,

V= / dv = /H/H/+1 — J detdeags, (10.112)

where we used dV of eq. (10.107). If the thickness h is constant in
the element, then we obtain V = hA, where the shell element area is

defined as
+1 41
Ai/ dA:/ / J detag?, (10.113)
A -1 J-1

where dA is defined in eq. (10.108). For a four-node element and the
bilinear approximation, detJ = Jo + J1 &' + J2 €2, see eq. (10.63), and
the area A = 4J,.

Equation (10.112) is general, can be applied to elements of arbitrary
shape, also to the warped ones, while a simpler expression can be found
for a flat four-node element. We can divide the four-node elements into
two triangles, e.g., by the diagonal 1-3, and calculate its area as follows:

A= % (Y32 X Y12 — ¥34 X Y14) - t3, (10.114)
where t3 is a unit normal vector and yg; =yx — ¥, i.e. the vector
connecting nodes K and L (K,L € {1,2,3,4}). Then yg; = S%; ta,
where S%; = S% —S¢ and S = (yr —y.) - ta, where y, is the
position of the element center. Finally, the area can be expressed as

A= 13 (83158 — S5 S) (10.115)
= | [(e8hns?) — (e8)(ns")] (10.116)

To prove the correctness of the last form, we have to perform multi-
plications and introduce the differences of coordinates S%;, which
yields eq. (10.115). Comparing eq. (10.116) with the definition of .Jy
of eq. (10.63), we obtain A = 4.J,.
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Integration over the element volume. The volume of the shell element is
mapped onto a unit cube and a numerical integration is performed as
follows:

/de /H/H/+1 (3) Jd§d£d£3 %Ifwn 39

(10.117)
where dV is defined in eq. (10.107), F(&F) = § £(€¥) h(€¥) J(£2), and
wy, denotes the weighing factor for the integration point n.

We can separately specify the integration rule for the reference lamina
(I) and for the fiber (f), see Fig. 5.2, as follows:

Nl,  Ni,
/ Fdv = Zwl wa F(&r, D). (10.118)
=1  f=1

The order in which the above summations are performed can have a sig-
nificant effect on the speed of the FE code and the effect can be contrary
to our expectations; this issue is discussed in [89]. Note that, generally, it
is better to write two integration loops instead of one, as usually it makes
a difference to the compiler’s optimizer.

Integration of strain energy over thickness. For the Reissner kinematics, the
deformation gradient F is a linear function of the normal coordinate

€ [-h/2,+h/2]. Hence, the strain E and the strain energy density
function W are polynomials of (,

N 1 N
Z —E! W) = Wa (", (10.119)
n=0

where E(™  denotes the nth derivative w.r.t ¢ at the middle surface,
¢ = 0. The shell-type strain energy is defined as Wy, = [ +: //22 (¢)dc¢,
and involves the integration through-the-thickness.

In Table 10.1 are (1) the analytically integrated Wy, and (2) the
minimum number of integration points to obtain exact Wi, for two
types of numerical quadratures, Gauss and Newton—Cotes (NC). Various
forms of strain are assumed. Note that W; depends on all derivatives
of the strain, while W5 only on EM.
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Table 10.1 Integration of SVK strain energy over ( for various forms of strain.
MNIP=minimum no. of integration points

Form of strain Coefficients of strain energy analytically integr. MNIP

E(¢) W(Q) Wn Gauss NC

E© Wo(E©®) W, 1 1

E®+ M Wo(EQ), Wi(E@ ED), AW + W, 2 3
Wg(E(l))

EQ+ (EV + CE@ Wy(E?), Mi(EQ,EY), MW+ 2wWs+ 2w, 3 5
WS(E(O)7E<1),E<2>),
Wg(E(l),E(Q)), W4(E(2>)

Numerical integration of four-node shell elements over thickness. In the four-
node shell element, we use a 2 x 2 Gauss rule for integration over the
reference lamina. (The analytical integration over the lamina is used, e.g.,
in the so-called one-integration point element.) The integration over the
fiber is performed either analytically or one of the following 1D integration
rules is used:

1. the 2-point Gauss rule. The locations of sampling points for the interval
¢ € [-1,41] and weighing factors for the 2-point Gauss rule are given
in Table 10.2.

Table 10.2 2-point Gauss integration rule.

m 1 2
Em  —1/V3 1/V3
Wi 1 1

2. the 5-point Simpson rule. In the Simpson method, the interval is di-
vided into an even number of intervals and within each pair of intervals
the function is approximated by a parabola. The method is exact for
polynomials of degree at most 3. The locations of sampling points for
the interval ¢ € [—-1,41] and weighing factors for the 5-point Simp-
son rule are given in Table 10.3. In the context of shells, the Simpson
rule has the advantage that the sampling points are also located at the
ends of the interval, &, = +1, i.e. at the most external laminas.
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Table 10.3 5-point Simpson integration rule.

m 1 2 3 4 5
&n -1 -1/2 0 1/2 1
we 1/6  4/6  3/6 4/6 1/6

10.6 Newton method and tangent operator

Newton method. Consider the potential energy functional defined as
F(z) = / W(z)dV — Fuy, (10.120)
Vv

where W(z) is the strain energy expressed by z = {u,v¢} and Fey is
a functional of external forces. The below-described procedure is analogous
for other governing functionals.

We write the stationarity condition of F' as

0F = DF(z) -z = iF(Z—i—t(5z)

=0 10.121
= , (10.121)

t=0

where DF(z) -6z is the directional derivative of F at 2z in the
direction ¢z, t is a scalar parameter, and z denotes the known (last
computed) solution. This is the virtual work (VW) equation.

We designate G = 6F and rewrite the VW equation as G(z) = 0.
It can be linearized and solved iteratively, e.g., using the Newton scheme
defined as follows:

DG(z) - Az = —G(z)
, (10.122)
7z =7+ Az
where d
DG(z) - Az = —G(z +t Az) (10.123)
de t=0

is the directional derivative of G at z in the direction Az. This
derivative provides the tangent operator K.

Tangent operator for the linear material. Consider the strain energy
W(z) = %e-(Ce), where C = Jo/de is the tangent constitutive
matrix. For simplicity, we omit the integral and Fuy in eq. (10.120).

Then F(z) =W(z) and its variation is G = JF = W = o - Je,
where the constitutive equation o = 9WW/0e = Ce. The directional
derivative is calculated as
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DG(z) - Az = (?)f Az = Ao - de + o - A(de). (10.124)

The first component of eq. (10.124) can be transformed using the consti-
tutive relation in the incremental form Ao = C Ae, where B = 0e/0z
is the kinematical strain-displacement matrix, to obtain

Ao -6e = (C Ae) - e = (CB Az) - (Bdz) =6z - (BTCB Az). (10.125)
The second component of eq. (10.124) can be rewritten as
o-A(de) = A(o™ - de) = Ad(o™ - €), (10.126)

provided that, in differentiation, o is treated as independent of z, which
is indicated by the asterisk, i.e. o*. Note that the scalar (o*-¢€) is
differentiated in the last form of this equation. Then the second component
becomes

0?(e-o*)

Ad(o™ €)=z - [ 52

Az] . (10.127)

Finally,
0*(e-o*)

DG(zZ) - Az =6z-(KAz), K =B'CB + o
Z

(10.128)

where K is the tangent stiffness operator.

Computation of tangent matrix. The major part of computation of the tan-
gent matrix is the computation of derivatives and for non-linear functions
these derivatives are more complicated than the function itself. There are
three ways to compute the tangent matrix:

1. Analytic, i.e. by hand or using one of the symbolic manipulators such as
Mathematica, Maple, and others, which can be used for manipulating
equations and obtaining expressions for partial derivatives. This way
is exact but laborious.

2. Numerical, i.e. by finite difference (FD) approximations and either two-
sided or one-sided differences can be used. This yields an inefficient
code, which can be also inaccurate.

3. Automatic (or algorithmic) differentiation of the computer program.
The automatic differentiation (AD) programs can deal with constructs
such as branches and loops and derivatives are correct up to the ma-
chine precision. The AD has strong theoretical foundations and is a
mature computational technology, which can be used with confidence,
see, e.g., [185, 82, 84, 83].

Below, we discuss these three ways of generating the tangent matrix.
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1. Stiffness tangent matrix derived analytically. Again, consider the VW equa-
tion in the simplified form, i.e. G(z) = 0W = o - de, where o = W /0e.
We can split
Oe ,
0e = [01€,...,0NE], d;e = o 0q;, i=1,...,N, (10.129)
Zq

where z; € z; denotes a nodal variable of a discrete FE model and,
for simplicity, we take, only one of its components, i.e. Gi(z) = o - ;€.
We shall calculate a derivative of this component w.r.t. one component,
zj € Zj,

8Gi(Z]) 0
0z 0z (0-0ie) =0, (B;dz)+o-(Bi;dz),  (10.130)
where
Oo Oe Oe 0B; D%e
. Oe azj CB]’ 0z; 7 32‘]' 0z; 32‘]' ( 0-13 )

and C = 0o /0e is the constitutive tangent operator. Note that

1. If components of o and e are written as matrices, then B; and
B;; arealso matrices but C must be a 4D matrix. Using the identity
T, - Ty = tr(TITy), we can rewrite eq. (10.130) as

0G;(z1)
82’]'

= tr (B} CB, + B, o) dz. (10.132)

This form is not used in computations because of the inconvenient
form of C.

2. If components of o and e are written as vectors, then B; and
B;; are also vectors, while C can be written as a 2D matrix; this
is the so-called Voigt’s notation. Then we can rewrite eq. (10.130) as
follows:

0G;(zy)
aZj

= (B;z;) - (CBj)+ (B, ;6z)- 0. (10.133)

For all components taken into account, we have 4,5 =1,....,N and
the vectors B; can be arranged as a matrix B = [By,...,By|. Then

déB
dz

9G(zr) . {aai(z)

=sBTCB
0z sz :|i,j1,...,N * <

)Tcr, (10.134)
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where 0B = [B1dz1,...,Bydzy] and

Bii16z1 ... Binydz
B\T 1,1021 1,N 021
(dgz > = . . (10.135)

BN71 521\[ BN7N (5ZN

Equation (10.134) is used to generate the tangent stiffness matrix
which is defined as follows:

T
Ki/ B’CB + <6B> o
A

0z
where the displacement matrix and the initial stress matrix are defined
as

av, (10.136)

T . oBY\
B'CBdV, K, = S5, ) ¢ dv. (10137)
A

Z

Ko+ Kp = /
A
Here, Ky is the infinitesimal (linear) stiffness matrix, while K,
and K, are the parts which appear for non-linear strains and/or
non-linear constitutive relations, see the classical textbooks on FEs.

2. Stiffness tangent matrix derived by finite difference method. The stiffness
matrix can be approximated by a secant operator obtained using the Finite
Difference (FD) method. This is a very inefficient method which can be
accelerated by deriving B analytically and using it to compute the initial
stress matrix K, by the FD method. This is obtained as follows:

1.

First, the analytical formula for B is derived and compared with the

FD approximation

e(zi+71)—e(zi+71)
27 ’

BI'P = z € 27, (10.138)

where 7 = 1078 for double precision and BT is the ith column
of BFP. This verification should be done for z; # 0.

. The so-verified analytical B is used to compute the initial stress

matrix K, by the FD method,

JFD _ Bl(zi+ 7)o —Bl(zi— 7)o
! 27 ’
where (K,)IP is the ith column of (K,)¥P. If components of o

are written as a vector, then B is a matrix and, in the nominator,
we obtain a difference of two vectors.

(Ko

(10.139)
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Remark. Note that the use of the analytically derived B is very impor-
tant for efficiency. Otherwise we have to compute the second derivative of

strain because . -
dB d?
K, = (dz> o= (dzj> o. (10.140)

Computation of the second derivative is time-consuming for multidimen-
sional z because, first, a second-order hyper-surface must be spanned.
For instance, for each strain component &g;, we have to span

N N—-1 N N
€kl = Qg —|—Zai 2 + Z Z Qi 2§ Zj +Zau 21-2, (10141)
i=1 =1

i=1 j=1+i

where the base functions are polynomials of up to the second order. The
number of coefficients ag, a;, a;j,a; which have to be calculated is

2 2
D = \1/ +\J\£/—|— (N*=N)/2 + \]\L = (N*+4+3N +2)/2,
constant linear |ixed quadratic  pure quadratic
(10.142)
and for N =8 (four-node element x 2 dofs/node ), we obtain p = 45.
The semi-analytical method is more efficient but even this method can be
used only when the efficiency of the FE is not important.

Finally, we note that the formulas given above may also be used to
verify the correctness of B and K, derived either analytically or by
an automatic differentiation program.

3. Stiffness tangent matrix by automatic differentiation. Even for a single shell
element, we have to use many independent variables, e.g. in case of shell
elements with six dofs/node, we use 24 variables in the four-node element
and 54 in the 9-node element. This means that the functional F must be
differentiated w.r.t. this number of variables, which produces thousands
of formulas.

In consequence, the process of derivation of this matrix and coding is
time-consuming and error prone. Controlling and modifications of a code
become difficult because of its size. For this reason, the programs in which
we can write operations in a very compact way and perform automatically
differentiation are very useful.

In the automatic differentiation (AD) programs, there are several op-
tions which can be used to calculate the residual vector and the stiffness
tangent matrix. The simplest possibility is
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1. Apply the FE approximations and integrate the functional F, which
yields an algebraic function F'(z;) of the set of nodal variables zj,

F 5 Pz (10.143)
2. The residual vector and the stiffness tangent matrix are calculated as
derivatives of F'(zy) w.r.t. nodal variables
dF d
- (z1) . dr

K=— 10.144
dZ[ ’ dZ[ ( )

These operations of differentiation can be coded in a few lines, and the
form of results depends on the features of a particular AD program.

We develop finite elements using two programs: FEAP [183] and Ace-
Gen [181] and they are combined in the following way. In AceGen, we
derive the algebraic function F(z;) and we code the automatic differ-
entiation operations of eq. (10.144), to obtain the tangent matrix and the
residual for an element. The resulting subroutine is in Fortran and is in-
cluded into FEAP to build an executable program which is the subject of
tests.

e AceGen is a fully reliable system enabling automatic derivation of for-
mulae for numerical procedures developed by J. Korelc!. It is written
as an add-on package for Mathematica and uses the symbolic language
of Mathematica. The approach implemented in AceGen combines sev-
eral techniques such as: (1) symbolic and algebraic capabilities of Math-
ematica, (2) automatic differentiation (forward and backward mode),
(3) automatic code generation, (4) simultaneous optimization of ex-
pressions, and many other techniques. For details, see [130, 131] and
the manuals.

e FFEAP is aresearch finite element environment developed by R.L. Tay-
lor?, and its source is distributed by the University of California at
Berkeley. FEAP has an open architecture which allows us to con-
nect user subroutines through a pre-defined interface, see [268]. This
program is used in many universities as an excellent environment for
developing new finite elements.

! Prof. Joze Korelc, University of Ljubljana, Ravnikova 4, SI-1000, Ljubljana, Slovenia.
E-mail: AceProducts@fgg.uni-lj.si (http://www.fgg.uni-lj.si/Symech/).

2 Prof. Robert L. Taylor, Department of Civil Engineering, University of
California at Berkeley, Berkeley, CA 94720. E-mail: rlt@ce.berkeley.edu
(http://www.ce.berkeley.edu/ rlt/feap/).
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Example: forward and backward automatic differentiation. Automatic differen-
tiation can be performed in two ways, designated as forward and backward.
The basic idea is well illustrated by the simple example used, e.g., in the
manual of AceGen which shows two ways of differentiation of a compos-
ite function, f3(z;, f1(z), f2(z, f1(zi))), depending on the variables z;,
1=1,.,n

The forward differentiation of the function f3 yields the following
formulas:

0 0 .
v1 = fi(z), 32 = 32, 1=1,...,n,
0 ) ofs 0 .
v2 = fa(zi,v1), o= = 3]2 + afjf oo i=1,..,n,
o df: df3 O Of3 O .
v3 = f3(zi,v1,02), G2 = aﬁf + Tﬁ oo + 8—1’2872, i=1,..,n,
(10.145)

where wv1,v9,v3 are the intermediate variables generated during differ-
entiation.

The backward differentiation looks like

v3 = f3(zi,v1,02), T3 =GB =1,

vg = fa(zi,v1), 7 = G = Sl

v1 = f1(2i), o1 = 98 = Iy 4 Sl

% %:?)vag—}—dhvg%—g’;vl, i=1,..,n.

(10.146)
The backward differentiation yields more effective algorithms for large n,
although is more time consuming.
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Plane four-node elements (without
drilling rotation)

In this chapter, we describe techniques used to derive plane (2D) four-
node elements with translational degrees of freedom, but without drilling
rotations. Such elements are relatively simple so can be used to test the
concepts which are later incorporated into either the 3D or shell elements.

The 2D elements can be directly used as a membrane part of the shell
elements without drilling rotations, i.e. either in the shell elements with
five dofs/node or in the “solid-shell” elements (without rotational dofs).
However, the 2D elements are flat so for the warped shell elements, the
formulation must be generalized as described in Sect. 14.

11.1 Basic equations

Consider the classical configuration space of the non-polar Cauchy con-
tinuum defined as C = {x: B — R3}, where x is the deformation
function defined on the reference configuration of the body B.

Basic functionals. The following functionals are used in this chapter:

1. The three-field Hu-Washizu (HW) functional.
A. For linear elastic materials, we can use the classical form of the
HW functional

FHW(u,a,s);/B{W(s)—l—a-[E(Vu)—s]}dV— Fo,  (111)

where W(g) is the strain energy expressed by the independent strain
e and the stress o plays the role of the Lagrange multiplier of the
relation involving the independent strain & and the Green strain
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E(u), which is a function of the displacement wu. At the solution,
we have € = E(Vu) and o =S, where S is the second Piola—
Kirchhoff stress tensor. Fiy is the potential of the body force, the
external loads, and the displacement boundary conditions.

B. For non-linear materials, the constitutive operator C(g) =
0’>W(e)/(0e)?> depends on strain € and we can use it only with
increments. We write the displacements, stress, and strain in the in-
cremental form

u' =u'"! + Au, o' =01+ Ao, eh=e"1 4 Ae, (11.2)

where i, ¢ — 1 are iteration indices and the increment A(:) =
(:)* — (-)*"!. Inserting these formulas into eq. (11.1), we obtain an
incremental HW functional

Fiw(Au, Acr, Ae) = /B (W(e + Ae)
+ (o +Ao) - [E(V(u+ Au)) — (e + Ae)|} AV — Fox, (11.3)

where the index (i — 1) was omitted for clarity.
2. The two-field Hellinger—Reissner (HR) functional. A. For linear elastic
materials, we can use the classical form of the HR functional

Fur(u,0) = / [~i0 - (C'o)+ 0o -E(u)] dV — Fuq.  (11.4)
B

This functional is obtained as follows. For the linear elastic material,

the strain energy is W = %s - (Ce) = %s -0, where C is the

constitutive operator. Then, using € = C'o, we obtain

W-o-e=-30-e=-1c-(Co).

By using this expression in the HW functional of eq. (11.1), we obtain
the classical form of the HR functional of eq. (11.4).

B. For non-linear materials, the constitutive operator C(e) =
0’W(e)/(0e)? depends on strain € and we can use it only with
increments. We write the displacements, stress, and strain in the in-
cremental form

u' =u""! 4 Au, o' =01+ Ao, el =714 Ae, (11.5)
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where i, i —1 are iteration indices and the increment A(-) = (-)? —
(:\)7!. The strain increment is expressed by an inverse constitutive
equation

Ae = (CTH™ Ae, C71= C(e7)). (11.6)

Inserting these formulas into the Hu-Washizu functional of eq. (11.1),
we obtain an incremental HR functional

Fin(4u,40) = [ {W (e + ¢ 140)
B
—(0+A0) - [e+ C Ao —E(u+ Au)|} dV — Fox, (11.7)

where the index (i — 1) was omitted for clarity. This functional
depends on two fields, similarly as in the classical HR functional of
eq. (11.4). The values from the previous (i — 1)th iteration, i.e. u, o
and e, must be stored as history variables.

3. The potential energy (PE) functional.

FpE<u) :/BW(u)dV— Fex‘m (118)

where W(u) is the strain energy expressed by displacements u. This
functional is obtained from eq. (11.1) assuming that e = E(u), for
which the term with stress vanishes. Then W(e) = W(E(u)) = W(u).

These three functionals form the basis of the elements developed in the
next sections.

Strain energy and constitutive equation. Assume that the strain energy den-
sity W, defined per unit non-deformed volume, is a function of the
right Cauchy-Green deformation tensor C = F'F, where F is the
deformation gradient, so that the objectivity requirement is satisfied. The
constitutive law for the second Piola—Kirchhoff stress S is as follows:

S = 29 W(C). (11.9)

The work conjugate to S is the Green strain E = £(C —I). The con-
stitutive tangent operator is defined as C = 9S/9E = 8°W(E)/(0E)?.

The two-dimensional (2D) incremental constitutive equations and the
constitutive operator can be obtained by applying the plane stress condi-
tion to the incremental constitutive equation written for 3D strains and
stresses, see Sect. 7.2.1.
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Natural basis at the element’s center. The position vector in the initial con-
figuration is approximated as

~

y(&n) =Y Ni&n) yr, (11.10)

I=1

where Ny(&,m) are the bilinear shape functions of eq. (10.3) and §&,n €
[—1,+1] are natural coordinates.

Fig. 11.1 Natural basis at the element’s center {gf} and the reference basis {i}.

The vectors of the natural basis are defined as in eq. (10.15),

a 5 . a )
g1(6m) = ygfy gr(6m) = ygfﬂ (11.11)

and the vectors of the natural basis at the element’s center, ie. {gf}
(k=1,2), are defined as
81 = Siley—0r 85 = 8aley—o- (11.12)

In general, g{ and g§ are neither unit nor orthogonal, see Fig. 11.1.
The co-basis vectors gF are defined as in eq. (10.47), by the relation
g8 =0 (1=12)

In the reference Cartesian basis {ix}, we have y = xi; + yiz, and
the global Jacobian matrix is

Jdxr Oz . .
5F 7 -1 -1
7= [85 Bn] _ [g1 1 82 1]7 (11.13)

dy 0 . .
5% 50 g -ia gl

where g, g, are the vectors of the natural basis of eq. (11.11).
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11.2 Displacement element Q4

The basic four-node element derived from the PE functional for displace-
ments approximated by bilinear shape functions, is designated as Q4. The
displacements preserve inter-element continuity, i.e. are compatible, and
the neighboring elements are congruent (conform). However, accuracy of
Q4 is so poor that is of no practical importance.

Compatible displacements, deformation gradient and Green strain. The posi-
tion vector in the initial configuration and the compatible displacements
for the four-node quadrilateral are approximated as

S
S

y(ﬁﬂ?) = ZNl(faﬁ) Y uc(§7n) = ZNI(gan) uy, (1114)

I=1 I=1

where Nj(&,m) = 1(14+&€) (1+nrn) are the bilinear shape functions,
&,n € [—1,41] arenatural coordinates and I designates the corner nodes.
The deformation gradient is defined as
Iy +u°) 9 -1
o= T2 O _p gt 11.15

9€ oy T (11.15)
where F¢ = 0(y +u®)/0§, J = 0y/0§ is the Jacobian matrix and
€ = [¢,n]T. Then the compatible Green strain in the global frame is

EC={(FTF -1)=1[J T (F{Fe)I7" -1]. (11.16)

The vectors and matrices of components used above are expressed in the
global reference basis {i}.

Global and local forms of deformation gradient and Green strain. Below, vectors
and matrices of components are considered and the index “G” indicates
that the components are in the global reference basis, while “L” indicates
that they are in the local Cartesian basis at the element’s center. Define
the local position vectors and the local displacements as follows:

YL = RgCYG7 ui = Rgc uCGa (1117)

where Ry, € SO(3) defines the position of the local frame in the global
reference frame. Then,
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L Oyg  ORocyr) Oy _
JG— 85 = 85 —ROC 85 _ROCJL7
Oy +ug) _p Olyr+u)
o€ T oE

and the deformation gradient can be expressed as

e Olyg+ug) 0§

- =Ro.F$ RL., 11.18
where 5 .
F§ = (YL(;SF uL) (11.19)

is the local form of the deformation gradient. In a similar manner, the
Green strain can be expressed as

EG = 3[FEFG —1) = § [R. (FD)" FL Roe — 1) = R{. B} Roe, (1120)
where
i =3[P FL 1] (11.21)

is the local form of the Green strain. The local F¢ and E¢ can be
used to derive the local tangent matrix and the residual vector, which is
more convenient. Afterwards, the matrix and the vector must be rotated
to the global basis.

Approximation of strains in Q4. The bilinear approximations of displace-
ment components can be written as

U(fa’?) = U0+§U1+77U2+f"7u37 v(§777) = U0+fvl+77v2+§77 3, (1122)

where &,n € [—1,+1] and the coefficients w; and v; (i =0,1,2,3)
are functions of the nodal displacement components.

Consider a bi-unit (2 x 2) square element, for which the position vector
components are z = ¢ and y = n, and the Jacobian matrix is the
identity matrix. Then we have the following approximations:

e the displacement gradient,

Vu = |4 ta| Z [t nus uztus] (11.23)
Ve Uy vl +nvz v2 +Eu3



274 Plane four-node elements (without drilling rotation)

e the linear strain,

uy +nus 3[(u2 4+ v1) + Euz + nus)

e =symVu =
Y Sym. vy + & v3

(11.24)

We see that €17 and €92 are incomplete linear polynomials of ¢ and
n, while the shear strain e12 is a complete linear polynomial.

Despite the completeness of €12, the Q4 element performs poorly in
tests involving shear strains. When &1 is calculated (sampled) only at
the element center and this value is used to approximate the whole field
within the element, i.e.

e12(€,m) = (e12)e, (11.25)

then the element still has a correct rank and the results are improved,
see numerical results for the AS12 element in [256]. This feature leads to
the concept of the “one-integration point” elements. The accuracy of the
AS12 element is worse than of the elements discussed in the next sections.

al ha al \ N
\ J/ \ \ J

Fig. 11.2 Pure bending: a) exact deformation, b) deformation of Q4 element.

Another observation made in [248] is that the quadratic terms are
missing in eq. (11.22), so pure bending of the element cannot be properly
represented, see Fig. 11.2.

11.3 Solution of FE equations for problems with additional
variables

Improved formulations of four-node element. A lot of research has been de-
voted to improving the formulation of a four-node element and two direc-
tions were taken:

1. approximations of strains were enhanced, leading to the enhanced
strain methods, see Sect. 11.4. The stress was eliminated from these
formulations.
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2. Mixed HR and HW functionals were applied instead of the PE func-
tional, leading to the mized methods, see Sect. 11.5. The stress was
retained in these formulations.

Both these directions are combined by the mixed/enhanced methods.

Set of equations for problems with additional variables. For the considered
classes of methods, the governing functional F depends on two sets
of variables: the nodal displacements u; and the elemental multipliers q.

For kinematically non-linear problems, the stationarity condition of
F(us,q) yields a system of equilibrium equations for an element,

ouy

aq O (11.26)

ry, =0, r,

The linearized (Newton) form of these equations is as follows:

K L Aur | Iy
[LT qu} {Aq} o [rq} 7 (11.27)
where
or or or
K=" L=—""% =19 11.2
ouy’ oq’ " 9q ( 8)

To eliminate Aq at the element level, we calculate it from the second
of eq. (11.27) as follows:

Aq=-K_(ry+L" Auy) (11.29)

and, next, we use it in the first equation, which yields
K" Au; = —r¥, (11.30)

where
* e -1y T * e —1
K :K—LquL , r :ru—Lqu ry. (11.31)

*

Subsequently, K* and r* are aggregated for all elements and the
global set of equations is solved for Au;. Then we update the nodal
displacements u; = uy+ Au;. The elemental multipliers q are treated
as described below.
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Remark. Note that the system of equations (11.27) written for all ele-
ments is solvable if the matrix K, for each element and the matrix
K* for all elements additionally modified by boundary conditions, are
invertible. Note that eigenvalues of the non-reduced tangent matrix of
eq. (11.27) are different from those of matrix K* of eq. (11.30).

Schemes of update of multipliers. Several update schemes of the vector of
multipliers can be developed and each requires specific storage and im-
plementation. We have implemented and tested two update schemes; in
both, the update q = q+ Aq is local, i.e. it is performed in each element
separately.

Scheme U1. In this scheme, the storage space is minimal, as we store only
one vector q. For the iteration i, we use eq. (11.29) in the following
form:

(Aq)' = K (rg+L7Auf™"), g =g '+ (4Aq), (11.32)

where Ky, r, and L are calculated for (uif_l,qifl). This update
is performed just after the local matrices have been generated and the
updated q' is stored. Note that so-updated multipliers are not used
until the next iteration, i +1, and q’ is obtained for Au?l, so the
difference is of two iterations!

We tested that this scheme performs better (less often causes diver-
gence) if the update is performed only in the first iteration of each step.
(For the convergent solution of the previous step, Auil_1 ~ 0, and then
we can omit the last term in the above equation.)

Scheme U2. This scheme is more exact than the previous one because it
uses the last increment Au"l, but requires more storage. It is equivalent
to the one globally treating q, in the same way as uj, instead of
eliminating it at the element’s level. The advantage of the scheme U2 over
such a global treatment is that to invert Kg,, we can use a specialized
solver and retain an effective band-profile solver for the global equations.
Let us rewrite eq. (11.29) as follows:

Aq=-K,'r, + KL Auy, (11.33)
N—_—— T
=V =
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where v and A are updated and stored. Hence, we have to store
vectors q and v of dimension nM, and a matrix A of dimension nM
X nst, where nM is a number of additional modes and nst is a number
of dofs/element (nst = 8 for four-node element with two dofs/node). The
update is performed before the local matrices are generated, as follows:

1. retrieve v and A,
2. calculate

(Aq)'=—v + A Au]', g =q '+ (Aq), (11.34)

for the last available Au}‘l,
3. generate the local elemental matrices and vectors.

As a by-product of step 3, we obtain the updated v and A, which we
store for the next step.

The convergence rate for both these schemes is compared in [256, 257,
for the slender cantilever example of Sect.15.3.1. The scheme Ul per-
forms reasonably well only for the enhanced strain elements; the use of
scheme U2 appears to be crucial for mixed elements.

Remark. Finally, we mention that the matrix K, is symmetric and
sparse and we can use these properties to effectively compute its inverse.
Besides, we note that to find q;, we can use another approach and
directly solve the set of equations r, =0 for fixed wu;. This can be a
useful approach, e.g., in dynamics and an explicit time-integration scheme.

11.4 Enhanced strain elements based on potential energy

The class of the enhanced strain methods is based on the technique of
adding additional terms either to displacements, or strains, or the dis-
placement gradient, with the purpose of improving the element’s perfor-
mance.

In all the methods described below, the multipliers q are associated
with the element (not with the nodes) and are eliminated (condensed out)
on the element level. They are discontinuous across the element bound-
aries.
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11.4.1 1D4 element

The incompatible displacements (ID) method was proposed in [248] to
improve the behavior of the Q4 element in pure bending, see Fig. 11.2.
Later, it was discovered that the ID element does not pass the patch test
for distorted meshes and a correction was proposed in [234]. From today’s
perspective, the idea of the ID method was ingenious and the whole class
of the enhanced strain methods stems from it.

In the ID method, the assumed incompatible displacements are added
to the compatible ones as follows:

u(é,n) = u’(&n) + u™En) (11.35)
enhanced  compatible incompatible

Original formulation. In the original paper, the incompatible displacements
are assumed in the following form:

uinc(g’ ,,7) - il uinc(é-’ 77) + i2 Q}inc(f, 77)’ (1136)
a1 Pi(§) + a3 P2(n)

u™(&m) | |

v™(€,m) a2 P1(§) + a1 P2(n)
and the quadratic (bubble) modes Pi(§) =1—¢2 and Pa(n) =1—n?
Four multipliers ¢; are used, see Fig. 11.3. The incompatible displace-
ments are assumed in the Cartesian basis {ix}, similarly to the compat-
ible displacements.

where

. (11.37)

Fig. 11.3 Incompatible modes P; and Ps.

The effect of introducing the incompatible displacements can be shown
as follows. Consider a bi-unit (2 x 2) square element, for which the position
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vector components are x =§¢ and y =n and the Jacobian matrix is
the identity matrix. Then, for the incompatible displacements, we obtain

e the “incompatible” displacement gradient,

) uinc uinc
vige oine € g4
e the “incompatible” linear strain,
1
€inc - Symvuinc - _9 |: QI§ §(QQ§ + CB"?)] ) (1139)
Sym. qam

Note that e3¢ and &l of (11.39) enhance the compatible €17 and &9
of eq. (11.24), so these components become complete linear polynomials.
The role of the shear component &% is different; it rather de-enhances
the compatible €12, in which the ¢ and 7 terms were already present.
Nonetheless, this de-enhancement is beneficial and significantly improves
accuracy in tests involving the in-plane shear. It is more effective than the

sampling of €15 at the element’s center of eq. (11.25).

Modified formulation. Element ID4. We can define the incompatible displace-
ments in the natural basis at the element’s center {gf} of Fig. 11.1,

u(€,m) = gf (€, n) + g5 v ™ (¢, m), (11.40)

which can be rewritten as

uinc uinc
[vgm} =J. [Uim} , (11.41)

where J. is the Jacobian matrix of eq. (11.13) at the element’s center,
and w8, v¢  are the components in the Cartesian basis {ix}. The
last form is obtained by using g§ = (gf - i1)i1 + (gf - i2)iz and g§ =

(g5 -11)i1 + (g5 - i2)i2, by separation of terms multiplied by i; and is.

The discrete Fpr functional depends on two sets of variables: the
nodal displacements u; and the elemental multipliers q of the incom-
patible displacement modes. The obtained set of FE equations is given
by eq. (11.27) and to update the stress multipliers, the scheme U2 of
eq. (11.34) should be used.
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Variational basis of the ID method. We can write the PE functional of
eq. (11.8) for the enhanced displacements,

Fpp(u™) = / WU dv — Fu, (11.42)
B

on use of egs. (11.35) and (11.40), which furnishes a general formula. The
original ID method was developed for small strains and the SVK material,
for which the strain energy can be written as

v v

W(umh) =1 / (e¢ + e C (€€ + ") dV, (11.43)
B

where € = g,(uf), € = g,(u Here, (), denotes a vector of

tensorial components. The obtained set of FE equations has the structure

given by eq. (11.27), where

inc)

Ki/BTCBdV, Li/BT(CGdV, qui/GTCGdV,
B B B

(11.44)
ry, = —Pp, r, =0.
The tangent operators are defined as
B = 0e¢/0u;, G = 09e"/dq, (11.45)

where B is for compatible strains, while G for incompatible strains.
Besides, p is the vector of external loads.

The stress for the linear material is obtained in the ID method as
follows:
o = OW () /9 = C (e + €l™). (11.46)
Sufficient condition to pass the patch test. The incompatible modes are
quadratic functions and yield the incompatible strains which are linear,
see eq. (11.39). Hence, these modes should not be activated in the patch
test, in which the strains are constant. This leads to the requirement that
the formulation of the ID element should yield q = 0 in this test and,
generally, for any nodal displacements wu; generating constant strains.

It can be shown that to obtain q = 0 in the constant strain patch
test, it suffices to satisfy the condition

/ Gdv =0, (11.47)
B
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by the reasoning of [234], which we outline below. From the second of
eq. (11.27), we can calculate

q=-K_ L u,. (11.48)

To obtain q = 0, we may require the condition L7u; = 0 to be
satisfied. By the definition of L of eq. (11.44),

Liu; = / GT(CBu;)dv = / Gladv, (11.49)
B B

where o = C(Buj) is the stress, as Bu; is the strain in a kine-
matically linear problem. In the patch test, the nodal displacements yield
a constant strain and, hence, for a constant C, also the stress o is
constant and can be taken away from under the integral, which yields the
condition of eq. (11.47). This condition is enough to yield LTu; = 0,
q= —K;qlLTuI =0, and to pass the constant strain patch test.

The original version of the ID method of [248], based on eq. (11.36),
did not pass the patch test for elements of distorted initial geometry (non-
parallelograms) and was subsequently corrected in [234] by using the Jaco-
bian matrix at the element’s center and the modified Jacobian inverse, see
eq. (11.50). In the modified version of the ID method of eq. (11.41), only
the second of these corrections is necessary because the J. is present as
a natural consequence of the use of {gf}.

Modification of the Jacobian inverse. The Jacobian inverse J~! varies over
the element area. To eliminate the dependence of it on &,7, we may define

(I Hr =gt (‘3) ) (11.50)

where j = detJ, and the subscript ¢ indicates the value at the element’s
center. The 2 x 2-point Gauss integration of (J~1)* yields

4
/(J‘1>*dA— D @G =437 e, (11.51)
A

g=1

which is exactly the result of the 1-point integration of J~'. Here, g is
the index of integration points.
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Displacement gradient for incompatible displacements. The displacement gra-
dient can be split into a compatible and incompatible part,

~[o(uE+u™)] dul -y ou"]
o [P ] )

The incompatible (underlined) part is evaluated at the Gauss point g
by using the incompatible displacements of eq. (11.41) and the modified
inverse Jacobian of eq. (11.50),

auinc 8uinc

vare =g, | % 0| 3 <jc) : (11.53)
o€ oy g
g9
where ‘ '
8 mc 8 mc
g on | ) Q1§ gsn
o & q2§ qan

The deformation gradient, F = I+ Vu, is the sum of the compatible
deformation gradient Fg and the incompatible displacement gradient

F,= F, + Vuy°. (11.54)

Recall that in the back-rotated C, of eq. (10.72) and (QIF). of
eq. (10.73), we use the product F = FRg of eq. (10.74), which is now
calculated as follows:

F, =F,Ro; = FSRg, + Vu™ Ry, (11.55)

In the above equation, we still use Rpgg, at the Gauss point because,
as we have verified, if it is replaced by Rg. for the element’s center,
then the patch test is not satisfied. The compatible term Fg Roi can be
transformed as shown in eq. (10.74).

The functional Fpg depends on two sets of variables: the nodal
displacements u; and the elemental multipliers of incompatible modes
q. The obtained set of FE equations is given by eq. (11.27) and to update
the stress and strain multipliers, the scheme U2 of eq. (11.34) should be
used.

The finite element for the incompatible displacement gradient of eq.
(11.53) is designated as ID4. It is invariant, has a correct rank, and passes
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the patch test. Its accuracy and robustness is much better than that of
the Q4 element; in linear tests it performs identically as the EAS4 and
EADG4 elements.

Note that we can also use only two modes, ¢2 and ¢3, and enhance
only the shear strain, see eq. (11.39). Such an element (designated as ID2)
is particularly useful for shells, for which it performs in a very stable way
in nonlinear tests.

11.4.2 EAS4 element

Introduction. The Enhanced Assumed Strain (EAS) method was intro-
duced in [216] and it embodies the following modifications of the ID
method:

1. Not displacements but strains are enhanced. The enhancing modes
are directly introduced on the level of strains without resorting to
displacements.

2. The HW functional is used instead of the PE functional. This change
strengthens the variational background and shows the importance of
orthogonality of the assumed strain to stress. The crucial result per-
taining to the ID method, see eq. (11.47), is fully adopted.

Within the EAS method, the strain for the compatible displacements
E¢ = E(u°) is enhanced additively by the strain °™ as follows

e(&n) = E°(&n) + e™(&n). (11.56)
N——— N—_—— N——

enhanced  compatible enhancing

Variational basis of the EAS method. We take the three-field HW functional
of eq. (11.1), and use eq. (11.56), which yields

F(u,o,e™h) :/ [W(EC—I—senh)—o-senh] AV — Fu.  (11.57)
B

We wish to eliminate the stress o from this functional, thus we require
the enhancing strain to be orthogonal to the stress, i.e.

/ o -t dV =0, (11.58)
B

for which the term with o in eq. (11.57) vanishes and F becomes the
two-field potential energy functional of eq. (11.8) in the following form:
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Fo(u, e™) = / W(ES + &™) dV — Foy. (11.59)
B

We note that the orthogonality condition plays an important role in the
above derivation, because (1) it allows us to reduce the number of inde-
pendent fields, (2) it establishes the relation with the elements explicitly
using the assumed stress, and (3) it defines the admissible strain enhance-
ments, as such for which the integral (11.58) vanishes for the assumed
stress.

Kinematically linear problems. For small strains, i.e. when €¢ is a linear
function of wu® we proceed as follows. A quadratic Taylor’s expansion
of the strain energy at some g, =€} is as follows

Wie,) =W + ol - Ae, + %Aef C* Aey, (11.60)

where the symbols with “+” are evaluated at €}, and (-), denotes
a vector of tensorial components. Besides, o, = 0W/Je, is the stress
and C,, = 0*W/0e? is the constitutive matrix. For kinematically linear
problems, we have &f =0, Wt =0, o/ =0, Ae, =¢,, for which we
obtain W(e,) = 3 &, (Cyyey). Hence, the strain energy of eq. (11.59)
becomes

W(e§ + &™) = £ (e +&5™)7 Coo (€5 +£5™), (11.61)

which can be compared with eq. (11.43) for the ID method. We see that
€™ plays an analogous role as " in the ID method.

Enhancing strain. The enhancing strain is constructed as follows:
e = J Te, I, (11.62)

which is the transformation rule for covariant components e¢ of a second-
rank tensor, from the natural basis at the element’s center {gf} to the
reference Cartesian basis. We note that the modification of [234], where
the Jacobian matrix at the element’s center is used to enable passing
the patch test by the ID element, is naturally present in eq. (11.62), as
a consequence of the use of the basis at element’s center. At the Gauss
integration point g, we write

_ _ ] ) +q4m
gemh _ 3T o -1 <Jc>7 o = { VIRNEES (1163
g ¢ e\, T lsétan @n (11.63)
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where e¢ is a matrix of the assumed strain, and j = detJ. Note
that (jo/jg) is added, and that the 2 x 2-point Gauss integration of it
yields 4j., which is the result of the 1-point integration of j. This
modification can be compared with that of eq. (11.50) for J_!. The
matrix &¢ involves four parameters ¢;, and two modes {&, n}.

The discrete Fpgr functional depends on two sets of variables: the
nodal displacements u; and the elemental multipliers q of the assumed
strain modes. The obtained set of FE equations is given by eq. (11.27) and
to update the stress multipliers, the scheme U2 of eq. (11.34) should be
used.

The finite element for the assumed strains of eq. (11.62) is designated
as EAS4 and, currently, it is a standard in the class of four-node EAS
elements. It is invariant, has the correct rank, and passes the patch test.
Its accuracy and robustness is much better than that of the Q4 element.

Remark 1. Other representations. Several other forms of €; were tested
in the literature. The representation with seven parameters (EAST), ob-
tained from EAS4 by adding the bilinear term &n to each component,
also gained some popularity, but it turned out that it does not satisfy
the compatibility condition. The same is true about the five-parameter
representation (EAS5), obtained from EAS4 by adding the bilinear term
&n to the shear component only. The EAS2 representation, which uses
two parameters for the shear strain enhancement, is particularly stable
in non-linear shell applications, but the response is slightly stiffer, which
renders that more elements must be used.

Remark 2. Enhancement of Cauchy—Green tensor. In eq. (11.15), the
deformation gradient for compatible displacements is written down as
F¢ = F¢ J=1,  for which the Cauchy Green tensor becomes C°¢ =
(FO)TFC = J_T(FgTFg) J~! and involves the transformation J~7(-)J~!.
The same transformation, but with J replaced by J., 1is used in
eq. (11.62). Hence, when we use the Green strain, we can interpret the
EAS method as the enhancement of the Cauchy—Green tensor.

Analytical verification of orthogonality condition for constant stress. Assume
that the stress o is constant over the element domain. Then, in
eq. (11.64), [po-e™ dV = o [e™dV, and the orthogonality
condition is reduced to
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/ e v =0, (11.64)
B

which is analogous to eq. (11.47) for the ID method and suffices to pass
the patch test. On use of the 2 x 2-point Gauss integration, the integral
of the enhancing strain becomes

4 . 4
/ e AV =) I ey I, (j) Jo=JT D eeg | 3o
B g=1 Jg g=1
(11.65)
where eq. (11.62) was used and ¢ is a Gauss point. To satisfy eq. (11.64),
it suffices that

4
D e =0. (11.66)
g=1
We can check that this condition is satisfied for the EAS4 element, because
4
Z[ n s q3£9+q“”g} =0 (11.67)
=1 q3 gg +qanyg g2 1g ’

for &4,mg = il/\/g. This element passes the patch test of Sect. 15.2.3.

Verification of orthogonality condition for non-constant stress. The orthogo-
nality condition is checked for the non-constant five- and seven-parameter
stress representations in [256], Appendix B. The stress is assumed as
o =J. 0% J', which is the transformation rule of the contra-variant
tensor components from the {gf} basis at the element center to the ref-
erence Cartesian basis. The enhancing strain &®™ is taken in the form
given by eq. (11.62). Then, the orthogonality condition becomes

+1 p+1
/ o-eMdV =h / / tr[(Je 0 INT I e ITY] jdedn.
B —1 -1

(11.68)
Evaluating this integral for various forms of o¢ and e¢, we can test the
orthogonality of the involved fields. As ¢, we take the five-parameter
stress of eq. (11.125), or the seven-parameter stress of eq. (12.96), and we
use €¢ of eq. (11.62), both assumed either in the natural coordinates
{&,m} or in the skew coordinates of eq. (11.81).

We have verified, using a symbolic manipulator, that the orthogonality
condition is not satisfied for these representations for irregular elements
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but is satisfied for parallelograms. Hence, for irregular elements, the PE
functional (11.59) is not fully equivalent to the HW functional (11.57),
but only approximates it.

Verification of compatibility of enhancing strains. The compatibility condition
for 2D strains is as follows,
82Emm 82€yy 625:p
=24 11.69
Oy? + Ox? Ox dy ( )
It was evaluated for the following specifications of the assumed strain and
its derivatives:

1. The enhancing strain in the reference basis is obtained from the as-
sumed representation e¢ using eq. (11.62).

2. The first and the second derivatives w.r.t. z,y are expressed by the
derivatives w.r.t. £,n as specified in egs. (11.132) and (11.133).

This condition is satisfied in the case of the EAS4 and EAS2 enhancement,
only for parallelograms. Because the strain enhancement is added to the
compatible strain, eq. (11.56), the total strain has the same property.

The compatibility condition is not satisfied by the EAS5 and EAS7
representations, even for parallelograms, which is caused by the term &n
in £12. The use of them is therefore not advisable.

Couplings of u; and q inmatrix K. For kinematically nonlinear prob-
lems, the tangent matrix K of eq. (11.28) can be a function of multipliers
q. This is a consequence of couplings of the compatible strain ¢ and
the enhancing strain €™ in the strain energy.

Consider the SVK strain energy, W(e) = 3 (tre)? + ptre®, where
A and p are Lamé constants. For € = e®+ ™", we obtain

tre = tre® + tre®™?,

(tre)? = (tre®)? + 2(tre®) (tre®™!) + (tre®™h)2,

62 — (60)2 + (Ecsenh + E:enhE’.C) + (Eenh)27

tr(e)? = tr(e%)? + 2tr(e°e®™™) + tr(e*™)2
Hence, W(e) # W(e) +W(e*™), i.e. the contribution of €¢ and e°™!
to the strain energy is not additive, due to the coupling (underlined) terms.

Due to these terms, the tangent matrix K = 9°)//0u;du; can be a
function of multipliers q and this depends on the type of strain used.
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a) The compatible strain €¢ is a linear function of u; for (i) a kinemat-
ically linear problem when e = 1(Vu+V7u) and (ii) for a nonlinear
problem when we use the right stretch strain  H = sym[Q” (I + Vu)].
Then the coupling terms do not affect K.

b) The compatible strain ¢ is a quadratic function of u; for the Green
strain. E = 1(Vu+V7Tu+V7uVu). Then K for the coupling terms
is non-zero and depends on q.

Summarizing, we obtain additional couplings of u; and q in matrix
K for the Green strain but neither for the infinitesimal strain nor for the
right stretch strain.

11.4.3 EADG4 element

The method of Enhanced Assumed Displacement Gradient (EADG) was
proposed in [208] and, in fact, its basic concept is deeper rooted in the ID
method than the concept of the EAS method which was published two
years earlier.

Within the EADG method, the gradient of compatible displacements

C

u¢ is additively enhanced by the enhancing matrix H as follows:
F(¢n) =1+ Vu'(¢,n)+ H(En) . (11.70)
—— —— ——
enhanced compatible enhancing

Construction of H. 1In eq. (11.53) for the ID method, the incompatible
displacements were differentiated to calculate the matrix

auinc auinc

d’ o | _ g [Q1€ qsn]
) inc F) inc *
el o 92§ qan

In the EADG method, we directly assume the form of this matrix, desig-
nated as G¢, without resorting to the concept of incompatible displace-
ments and without differentiation. Equation (11.53) of the ID method is
rewritten for the EADG method as follows:

R A G S (11.71)
Jg 72§ qan

where the factor (—2) was omitted in G® and g is a Gauss point.
Other representations can also be used in G¢ so the EADG and EAS
methods are equally versatile.
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Variational basis of the EADG method. The EADG method is based on the
three-field HW functional, although involving not strains but the defor-
mation gradient

F(u,F,P)i/B{ WETF)+P - [I+Vu)—F] } dV — For, (11.72)

where P is the nominal stress, F is an independent field, and Fey
is a potential of the body force, the external loads, and the displacement
boundary conditions. Note that P serves as a Lagrange multiplier for
the relation (I 4+ Vu) — F.

Using eq. (11.70), we obtain

F(u,H,P) = /

{ WA+ Vu+H)T(I+Vu+H)]-P -H } AV — Fo,
B

(11.73)
in which we do not have F but the enhancing H. If the assumed H
is orthogonal to the stress, i.e. fBP -H dV = 0, then the last term
of the above functional vanishes and we obtain a two-field enhanced PE

functional
Fpp(u, H) = / WI+Vu+H)T I+ Vu+H)] AV — Fo, (11.74)
B

which does not depend on the stress P.

The discrete Fpgr functional depends on two types of variables: the
nodal displacements wu; and the elemental multipliers q of assumed
displacement gradient modes. The obtained set of FE equations is given
by eq. (11.27), and the scheme U2 of eq. (11.34) should be used to update
the stress multipliers.

The finite element for the representation of eq. (11.71) is designated as
EADG4 and, currently, it is a standard in the class of four-node EADG
elements. It is invariant, has a correct rank, and passes the patch test. Its
accuracy and robustness are much better than those of the Q4 element.
In linear tests, it performs identically as ID4 and EAS4 elements, but
is superior to them in the case of elements with a drilling rotation, see
Sect. 12.

Remark 1. Relation to EAS method. The EADG and ID method use the
J.(-)J;!  transformation, see eqs. (11.53) and (11.71), while the EAS
method is based on the J;T(-)J.! transformation, see eq. (11.62).

C
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These transformations are identical only when J. = J;T, e.g. when
J. € SO(3). Hence, in general, these methods are different although based
on the same concept and perform similarly in some tests. The variational
foundations of the assumed strain methods are revised in [215].

Remark 2. Spatial formulation. Using the deformation function, x : x =
x(y), the approximation of eq. (11.70) can be rewritten as F = Vx+H.
Defining the spatial enhanced displacement gradient h=H Vx !, we
obtain F = (I+h) Vy, in which the enhanced deformation gradient (I+
ﬁ) is superposed multiplicatively on the standard deformation gradient
Vx. This form of F and the variational problem in the spatial setting,
ie. P-0F =7 [V(Su)F!], where 7 is the Kirchhoff stress, are used
in [208].

Finally, we note that some enhanced strain elements can experience
problems in the range of large compressive strains. This problem was de-
tected in [63] and studied in [264], where a single square element was
compressed by two equal forces and the solution was obtained for the
compressible neo-Hookean material. At the first zero eigenvalue, the non-
symmetric bifurcation point was obtained. This test can also be performed
for a block of elements, as in [263] where the eigenvector at the bifurca-
tion point is checked for the presence of hourglassing. This topic is also
addressed in [154].

11.5 Mixed Hellinger-Reissner and Hu-Washizu elements

Definition of mixed formulations. To improve the performance of early ele-
ments, several non-standard formulations were tested, including the mixed
formulation in [168], and the hybrid mixed formulation in [121]. A lot
of work has been done since these pioneering papers to improve mixed
methods; the elements and their theoretical foundations.

Various definitions exist of the mized formulation in the literature; we
adopt the one referring to the features of the governing functional:

1. the governing functional must depend on several types of variables,
2. some of the variables must be Lagrange multipliers. Hence, the gov-
erning functional attains a saddle point, not a minimum, at a solution.

This definition implies that the Hellinger—Reissner (HR) functional and
the Hu—Washizu (HW) functional are mixed, but the potential energy
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(PE) functional is not. For shells, the formulations with rotations of Sect. 4
are mixed but the use of the Reissner hypothesis does not yield a mixed
formulation, although it introduces the rotational dofs. Note that the for-
mulation remains mixed, even if the multipliers are eliminated by a local
regularization of the functional.

Compared with the standard elements, the mixed elements have the
following features:

1. the inter-element continuity of certain fields is relaxed,

2. the level of non-linearity for finite strains is reduced,

3. the non-zero eigenvalues of the non-reduced tangent matrix of eq.
(11.27) for mixed elements are either positive or negative because the
discrete HR and HW functionals have a saddle point at (u = 0,q = 0).
The number of negative eigenvalues is identical to the number of stress
parameters, i.e. five in Fig. 11.4.

40
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Fig. 11.4 Eigenvalues of non-reduced matrix of mixed elements.

The mixed finite elements show (i) a slightly higher accuracy of displace-
ments and stresses for coarse distorted meshes, (ii) a better convergence
rate in non-linear problems than elements based on other formulations.
They can be cast in a similar form to the standard elements by eliminat-
ing the additional variables on the element level.

In this section, we describe 2D mixed elements based on the HR and
the HW functionals. We also provide comments on the mixed/enhanced
elements.

Skew coordinates. To define the representation of stress (and strain) in
mixed elements, we use the skew coordinates instead of the natural coor-
dinates as proposed in [256, 257]. This modification improves the accuracy
of mixed elements.
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Fig. 11.5 Bases at element’s center. a) Natural coordinates {&,n}. b) Natural
basis {gr} and skew coordinates {zg,ys}. c¢) Oblique basis {s{}, which is
not used here!

The skew coordinates relative to the natural basis at the element’s
center {g}} aredesignated by {zg,ys}. They can be defined in relation
to the Cartesian coordinates {x,y} associated with the reference basis
{ir} as follows:

The position vector of a particle in the initial configuration can be
expressed in the reference Cartesian basis, see Fig. 11.5A, as y = xi; +
yio, where z,y are approximated by the bilinear shape functions of
¢,n of eq. (11.10). Consider the position vector relative to the element’s
center, i.e. y =y —y,., and write it relative to these two bases as follows

y=2ii+yiy =258 +ysgs. (11.75)

Taking the scalar product of this equation with the vectors i; and i,
we obtain two equations which can be written in the following form:

_ i <.
m :Jc[“}, L e (11.76)
Y Ys gi-ip g§-ia

where J. is the Jacobian of eq. (11.13) at the element’s center. Then
the skew coordinates are calculated as

[“} =J;! [”;f] . (11.77)

Yys

This relation implies

Jxg Oxg

-1 _ oz Yy
I = lays ays]' (11.78)

o 0y

For the position vector of eq. (11.10) rewritten as
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x aog + a1é + asn + agfn}
_ : 11.79
[y} [bo+b1§+b2?7+b3€"7 ( )
where the coefficients a;,b; are functions of the positions of nodes, we
have
z] . [z —ag a1§ + azn + aszén
T = = , 11.80
HE et i esade (11.80)

where ag,by are coordinates of the element’s center. Using this relation
in eq. (11.77), the skew coordinates become the following functions of the
natural coordinates:

rg §+A§77]
= , 11.81
{ys] [n+B€n ( )
where b b b b
. a3zbz — azb3 . a1b3 —aszby
A: _—— B e - - .
ai1by — (J,le7 a1bs — az2b;

The coefficients A and B can be expressed using the determinant of
the Jacobian J of eq. (11.13). This Jacobian, using eq. (11.79), becomes

J- gl'?l g2'?1 _
g1 12 go-l2

a1 + asn az + asé

: (11.82)
by +b3n  ba + b€

where g, g, are defined in eq. (11.11). Note that this Jacobian is
not associated with the element’s center, differently from the Jacobian
of eq. (11.76). We can expand the determinant of this Jacobian as follows:

det J =Jct+ (j,E)c§+ (j,n)cna (11’83)

where j. = aiby —agbi, (jg¢)e =aibs—azby, and (j,)ec = asbs — azbs.
Hence, an alternative form of the coefficients is

A= Unle g Ude (11.84)
Jc Je

For the elements of a parallelogram shape, (j¢)e = (44)c =0, so A=
B =0 and, by eq. (11.81), the skew coordinates {zg,ys} are equal to
the natural coordinates {&,n}.

Remark 1. It is a common error that the natural coordinates are treated
as being associated with the natural basis at the element’s center. To prove
that it is incorrect, it suffices to define the position vector not as y =
x5 gi{+ys g5, which is the correct form, but using the natural coordinates,
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Fig. 11.6 “Fictitious” parallelogram yielded by the use of natural coordinates.

ie. as y = &g +ngs. For the latter form and &,n € [—1,+1], we
obtain a “fictitious” parallelogram element as shown in Fig. 11.6 by the
dotted line. The difference between the two forms of ¥y vanishes for
parallelograms, as then the skew and natural coordinates are identical.

Remark 2. In literature, the idea to replace a trapezoidal element by an
“equivalent” parallelogram element, identical with the “fictitious” paral-
lelogram of Fig. 11.6, is put forward. Note, however, that the “equivalent”
element does not pass the patch test!

Remark 3. Note that we can also define another basis at the element’s
center, the so-called oblique basis, as follows:

c
c - g1

. g5
s1 = —
B leg )

s§ = , (11.85)
g5l

where sf are unit vectors, co-linear with the natural basis, see Fig. 11.5C.
The oblique basis and the corresponding oblique coordinates are described
in [151] where they are used to skew membranes and plates. They were
also applied in several elements, e.g., in [184]. The advantage of using the
oblique stresses is that the bi-harmonic equation retains a simple form.
Therefore, the Airy stress function can be easily found and the homoge-
nous equilibrium equation and the strain compatibility equation are sat-
isfied. The disadvantage is that the oblique stresses are different from the
real stresses, for which the constitutive equation is written, see [151], p. 25.
The oblique basis and the associated coordinates are not used in our work.
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Inf-sup (LBB) condition. In mixed formulations, the full (non-reduced) tan-
gent matrix of eq. (11.27) is not positive definite, which can cause problems
with the well-posedness of the equations, i.e. with solvability and stability.
The requirement to safely solve the system of equations is called the inf-
sup condition and there is a vast mathematical literature related to it, see
e.g. [11, 12, 38, 37, 193]. This condition depends on the FE discretization
and, hence, analytical expressions are difficult and beyond the scope of
this work.

On the other hand, we can much easier check a numerical counterpart of
this condition, called the LBB condition, where the LBB is the acronym
for the names Ladyzhenskaya—Babuska—Brezzi. Below, we consider the
problem which is kinematically and materially linear, using a procedure
similar to that presented in [38].

For the purely displacement formulation, the FE equilibrium equations
have the form
Kou = p, (11.86)

where K is the tangent matrix, u is the vector of nodal values of dis-
placements, and p is the vector of external nodal loads. Equation (11.86)
is well-posed if the following condition of positive definiteness (ellipticity)
is satisfied

38 >0 u’ Kou > 3 ||ul? (11.87)

for an arbitrary non-zero vector u and some norm || -| for the space
of u. Usually, the energy norm is used, i.e. ||ul|? = u!Kou, and then
8 = 1. Below, we consider the mixed formulations and procedures for
obtaining their reduced displacement form.

Inf-sup (LBB) for two-field mixed formulation. For a mixed two-field formu-
lation, the equilibrium equations have the form

E O RC -

where q is the vector of additional variables, e.g. the stress parameters
for the HR functional. The matrix of eq. (11.88) is symmetric, but indef-
inite i.e. has positive and negative eigenvalues. The sub-matrix K is
symmetric and positive definite, L can be rectangular.

To obtain the reduced displacement form of the mixed equations, we
calculate q = K 'LTu from the second equation of the system (11.88)
and use it in the first equation,
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K*u=p,  where K*=LK'L” (11.89)
This equation is well-posed if
38 >0 ul K*u > 3 ||ul?, (11.90)

for an arbitrary non-zero vector u. We can use the energy norm, [ul|? =
u’Kou, where Kg is the matrix of the purely displacement eq. (11.86),
so the above condition becomes

33> 0 ul K*u > gul Kou. (11.91)
Thus, we have to find
u’ K*u
=inf —— 11.92
f=inf 7 Kou ( )

and check whether [ > 0. The fraction on the r.h.s. is the Rayleigh
quotient, hence 3 is the smallest eigenvalue of the generalized eigenvalue
problem

K'u=+vKjpu. (11.93)

A more general form of eq. (11.92) is obtained if we note that u’ K* u =
u" LK 'LTu and use the following equivalence:

(qT LT u)2

—_— 11.94
qTKq ) ( )

W' LK 'LT u=sup
q
the proof of which is given below. Then we obtain the inf-sup condition

for the system (11.88),

(qT LT u)2
(@" Kq) (u" Kou)

B = inf sup > 0. (11.95)
" oq

The advantage of this condition is that it does not contain inverse matrices,
i.e. we don’t have to solve the problem to see if it is solvable.

Proof of equivalence, eq. (11.94). ([12], Sect. 7) The crucial fact is that
K is symmetric and positive definite, so there exists a symmetric and
positive definite K2 such that KY2K'? = K. Let us denote w =
K'%q, so q=K ?w. By substituting q”, we have
(qT LT 11)2 (WT K71/2 LT u)?

SUp —————— = su
qp q"Kq wp wlw

(11.96)
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and we shall prove that

(w? K-121,T u)?
wl'w

uw/ LK 'LTu =sup , (11.97)
W

instead of eq. (11.94). The proof is divided into two parts.
(i) The Schwartz inequality, (a”’b)? < (a”a) (b?b), with vectors a =w
and b=K 2L u, yields
WIKV2L"u)? < (wi'w) (W' LKV2K 2L u),  (11.98)

T

and dividing both sides by w'w =q7 Kq # 0, we obtain

(WT K—1/2 .7 u>2
T

sup <u'"LK'LTu. (11.99)

w W- W

(i) Selecting w = K~/2LTu and using it in the r.h.s. of eq. (11.97),
we obtain

(WT K71/2 LT u)Q
sup 7
W W+ W
(uT L K71/2 K71/2 LT u)2
u LK /2K 2 LTy
The inequalities (11.100) and (11.99) imply eq. (11.97) and, in turn, the
equivalence of eq. (11.94). O

—u'LK'LTu  (11.100)

Inf-sup (LBB) for three-field mixed formulation. For a mixed three-field for-
mulation, the equilibrium equations have the form

0 L1 0 u
L? 0 K12 ql =
0 KLKxn| [a

(11.101)

o oT

where q; and q, are vectors of additional variables. For instance, for
the HW functional, q; is the vector of stress parameters and q, is the
vector of strain parameters. The matrix in eq. (11.101) is symmetric but
indefinite i.e. has positive and negative eigenvalues. The sub-matrix Koo
is symmetric and positive definite, K12 and Lj can be rectangular. The
above set is solved as a sequence of two problems, each for two fields only.
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Problem 1. The first problem is intermediate, i.e. needed to solve Problem
2, and is defined by the set of equations

0 K12 q1:| [—L{u]
= , 11.102
{Kripz K2J [‘12 0 ( )

which is analogous to eq. (11.88) for two-field mixed formulation. (Note
that for u, we use the energy norm ||ul|? = u’Kqu, while for q;, we
shall use the Euclidean norm ||q;||> = g7 q;.) To solve this set, first, from
the second equation, we calculate qo = —K2_21K1T2q1, which is possible
because Kaqo is invertible. Next we use q5 in the first equation to
obtain

Kq, =Liu,  where K=K;Ky Kb, (11.103)

This equation is solvable if K is positive definite, i.e.

361 >0 qf Kq; > 61 [lay %, (11.104)
or, for the Euclidean norm ||q,||? = q{q17
T T
361 >0 qa; Kq, > fiq;qi, (11.105)

for any non-zero vector q;. Thus, we have to find

Q{K%

,61 = inf

! T (11.106)
1oqiqg

and check that (; > 0. The fraction on the r.h.s. is the Rayleigh quotient,
so (1 is the smallest eigenvalue of the standard eigenvalue problem

Kq; =74, (11.107)

which can be used to verify numerically the well-posedness of Problem 1.
On use of the equivalence of eq. (11.94)

- - (af Ki,q;)?
‘ﬁr Kq, = qr{ K12K221Krip2 q; = sup ~2 12 0l

: (11.108)
@ a4 Kaoaq,

so the inf-sup condition for Problem 1 is analogous to eq. (11.95),

TyeT 2
K
(1 = inf sup (95 Kiz 1)

> 0. (11.109)
@ q (g K2oqy) (alfq;)



Mixed Hellinger-Reissner and Hu-Washizu elements 299

This condition does not require calculation of the inverse K;ZI and can
be written in an alternative form,

Va, 3ap (@l KL q1)? > 61 (@) Ko qp)(afq)  for some G >0,
(11.110)

allowing us to deduce that q; cannot belong to the null space of K75,
i.e. KL, must have the rank equal to the number of columns and that
Ki2qgy cannot be orthogonal to the space of q;’s.

Problem 2. Using q, = —K;)K%q; in the second of the full set of
equation (11.101), the first two equations form the set

[LO{ _LI%] [Oﬂ = [g} , (11.111)

which is analogous to eq. (11.88) for two-field mixed formulation. The
matrix K is symmetric and, if eq. (11.109) is satisfied for Problem 1,
then it is also positive definite. From the second equation of (11.111), we
can calculate: q; = K~'L¥u, and use it in the first equation to obtain
the reduced displacement form of the mixed equations

K*u=p,  where K*=L K'LT (11.112)
This equation is solvable if K* 1is positive definite, i.e.
3By > 0 u! K*u > j3s||ul?, (11.113)

for an arbitrary non-zero vector u. We can use the energy norm ||ul|? =
u’Kou, where K is the matrix of the purely displacement eq. (11.86),
so the above condition becomes

B2 > 0 ul K*u > B u’Kou. (11.114)
Thus, we have to find
. u'K*u

and check whether (2 > 0. The fraction on the r.h.s. is the Rayleigh
quotient, so (2 is the smallest eigenvalue of the generalized eigenvalue

problem
K'u=vKjyu. (11.116)

If we write u” K*u = u” LiK 'L u and use the equivalence eq. (11.94),
we obtain the inf-sup form of eq. (11.115),
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TTT 1)2
Liu
f2 = inf sup — qu L 7),
u g (a7 Kaq) (u'Kou)
Note that K depends on the inverse K2_217 which we eliminate as

follows. The property [supx F(x)]™' = infx F~1(x) holds for a scalar
continuous function F(x) > 0. We take

. . (qu1T2Q1)2
X =dqo, F(qy) = —F%———
2 ( 2) qu22q2

where F(qy) >0 by eq. (11.109). Then the inverse of eq. (11.108) is

> 0. (11.117)

, (11.118)

1 . q; Koz qy
TRa S TRT a2
a Kaq; @ (q; Kjpqp)
and we use it in eq. (11.117), obtaining the inf-sup condition for the
three-field mixed problem,

(11.119)

By = inf sup inf (a3 K22 qp) (qf L] u)?
u q; Q2 (QQT Kripz Ch)2 (uT Ko u)

This condition can be written in an alternative form as

Vu3dq Vo, (a3 K ay)(af Li w)? > 6 (a5 Kir q;)® (" Kou)
(11.121)
for some (2 >0 and we see that it does not imply that q; # 0 cannot
belong to the null space of K7, and, thus, does not guarantee that
eq. (11.109) is fulfilled. Hence, both the conditions of eqs. (11.109) and
(11.120) are required.

> 0. (11.120)

Summary. To ensure the solvability of the mixed problem the following
conditions should be verified:

e For the two-field problem of eq. (11.88), we have to verify either (i) the
inf-sup condition of eq. (11.95) or (ii) that the smallest eigenvalue for
the eigenvalue problem of eq. (11.93) is greater than zero, and for the
mesh size going to zero, it is still greater than zero.

e For the three-field problem of eq. (11.101), we have to verify either (i)
the inf-sup conditions of eqgs. (11.109) and (11.120), or (ii) that the
smallest eigenvalues for the eigenvalue problems of eqs. (11.107) and
(11.116) are greater than zero.

Moreover, we have to check that the constants in the inf-sup conditions, or
the smallest eigenvalues, do not tend to zero for the diminishing element
size.
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Numerical inf-sup test. Two meshes were used; a regular mesh and a dis-
torted mesh, of 2x 2, 4x4, and 8x8 elements, see Fig. 11.7. Besides,
two values of the Poisson ratio were used: v = 0.3 for a compressible
material and v =0.4999 for a nearly incompressible material.

For the HR5-S element, we solve the eigenvalue problem of eq. (11.93).
For the HW14-SS, we solve the eigenvalue problem of eq. (11.116) and,
instead of solving eq. (11.109), the pivots are controlled when calculating

the inverse of
11.122
[KlTQ Koo ( )

and they are non-zero, which indicates that Problem 1 is solvable.

The smallest eigenvalues + for the HW14-SS element are shown
in Fig. 11.8, where N = 2,4,8 is the number of subdivisions in one
direction. The curves indicate that the discrete form of the inf-sup test
is passed, thus the condition (11.114) is met. Note that identical curves
were obtained for the HR5-S element.

For the regular meshes, the obtained curves are horizontal, similarly as
for the 9/3 element shown in [17], Fig. 1, and for the MINT element shown
in [46], Fig. 6. Both these elements have the property that there exists
an analytical proof that they pass the inf-sup test and the corresponding
numerical test is also passed. Hence, it is likely that the analytical inf-sup
condition can also be verified for the HW14-SS element.

Fig. 11.7 Inf-sup test. Regular and distorted mesh of 8 x 8 elements.

11.5.1 Assumed stress HR elements: PS and HR5-S

In the class of the elements based on the HR functional, the PS element
of [170] is standard. Currently, however, several other elements exist in
the literature which perform slightly better for coarse distorted meshes;
among them, the HR5-S element of [256]. Both these elements use the
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Fig. 11.8 Inf-sup test. Results for HW14-SS element. E =1, v = 0.3 or 0.4999

same five-parameter representation of stress but in the PS element it is
written using the natural coordinates, while in the HR5-S element the
skew coordinates are used.

The early works on the HR elements, up to 1981, are reviewed in [223],
while the more recent ones are reviewed in [256].

Assumed representation of stress. We use the contra-variant stress compo-
kl

nents o™ in the natural basis at the element’s center {gf}, i.e.
o=clglogl,  kil=12 (11.123)
Kl

The components ¢ are assumed and we denote the respective matrix
as of. These components are transformed to the reference basis using

ot =7, 0% JT, (11.124)

where J. is the Jacobian matrix evaluated at the element’s center of
eq. (11.76).

The five-parameter representation of stress was already used by Pian
in 1964 in [168] in Cartesian coordinates and later in [170] in the natural
coordinates
- |antan g (11.125)

0'£ .
sym. g3+ q§

This representation is symmetric, and includes the modes {1, £, n} mul-
tiplied by five parameters g;.
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In [256], the above five-parameter representation of stress was written
in the skew coordinates, i.e.

obo |t @yYys :|:[QI+Q277+Q2B§77 a5

symm. g3+ qaTs sym. 3+ ué+quAln|’

(11.126)

where A and B are defined below eq. (11.81). The bilinear (underlined)

terms are non-zero only for irregular trapezoidal shapes, while they vanish
for parallelograms. Still only five parameters ¢; are used!

Verification of equilibrium equation for the assumed stress. For a single ele-
ment, we can check whether the assumed representations of stresses sat-
isfy the homogenous equilibrium equations. This property is not used in
the construction of our elements, but it can be logically linked with their
performance for characteristic shapes of the elements.

Note that in several papers, including [169, 170, 265], the satisfaction
of the homogenous equilibrium equations is pivotal as they are appended
to the HR functional via the Lagrange multiplier method. Then, however,
the problem becomes more complicated, as the question of a suitable form
of the Lagrange multiplier field arises (typically the incompatible displace-
ment modes are exploited for this purpose). We stress that we do not use
this approach.

We can check the equilibrium equations for some characteristic shapes
of an element using a symbolic algebra. The homogenous equilibrium equa-
tions in the reference Cartesian coordinates, for a symmetric stress, are as

follows
Oxx ao'xy 80’19 aO'yy

ox oy ox oy

They are checked for the following specification of the stress components
and their derivatives:

=0,

= 0. (11.127)

1. The stresses in the reference basis are obtained from the assumed rep-
resentation ¢ using the transformation formula (11.124),

€€ €M
o= [Ziz Ziﬂ =Je [Zén Znn] I =J.0° 30 (11.128)

2. When the matrix ¢ is assumed in terms of the skew coordinates
Ts,Ys, then, to enable numerical integration of the element, zg,yg
are treated as functions of the natural coordinates &,7. Hence, we
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can either use the chain rule of differentiation or directly express the
derivatives w.r.t. z,y in terms of derivatives w.r.t. £,n as follows:

z | _ p-T | 9€
R o
oy on

where o € [044, 04y, 0447 is an arbitrary stress component in the
form of eq. (11.126). Note that here J is used, not J..

The results of a verification of the equilibrium equation for the assumed
stress are presented in Table 11.1, where “+” indicates that the equations
are satisfied for an irregular shape of an element.

We see that, for the skew coordinates (HR5-S element), the equilibrium
equations are satisfied point-wise, even for an irregular element. For the
natural coordinates (PS element), they are satisfied point-wise only for
parallelograms, while for irregular elements, only at the element’s center.

Table 11.1 Verification of equilibrium equation for the assumed stress.

0% assumed in At arbitrary point At center Integral of eq. (11.127)
skew coordinates + + +
natural coordinates —(*) + —(*)

(*) satisfied only for parallelograms.

Verification of compatibility of the strains for assumed stresses. The compati-
bility condition for 2D strains is as follows:

0%cpn n 825yy _ 825@
Oy Ox? 0x Oy’

and we evaluate it for the strains calculated using the inverse constitutive
matrix for the assumed stresses. We emphasize that we do not check the
compatibility condition for the compatible strain but for the strains cor-
responding to (induced by) the assumed stress. They are obtained in the
following steps:

(11.130)

1. The stresses in the reference basis are obtained as in eq. (11.128).
2. The strains corresponding to the assumed stresses are obtained from
the inverse constitutive equation

e, =Cla?, (11.131)
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where (), denotes a vector of components of a tensor (-), arranged
in the order {zz,yy, zy}.

. The skew coordinates xg,ys are treated as functions of the natural
coordinates &,7. Hence, we can either use the chain rule of differen-
tiation or directly express the first derivatives of strains w.r.t. z,y in
terms of derivatives w.r.t. £,n as follows:

x| _ y-T 3
[8&] =J [8&]’ (11.132)
9y on

where € € {€42,6yy, €2y} s an arbitrary strain component. For the
first derivatives of an arbitrary strain component, v € {9¢/dx, de/dy},
we similarly calculate the second derivatives,

[l 9y
[gj] —J7 [gj] : (11.133)
dy an
where
oy _ 8725 0% oy _ 0% % (11.134)
Or | 0z2’ Oyox |’ Oy | 0xzdy oy’ )

and they contain all the second derivatives needed in eq. (11.130).
Note that J is used here not J..

The results of the verification of the compatibility condition are presented
in Table 11.2, where “+” indicates that the equations are satisfied for an
irregular shape of an element.

We see that, for the skew coordinates (HR5-S element), the compatibil-

ity condition is satisfied, even for irregular elements, while for the natural
coordinates (PS element), the compatibility condition is satisfied only for
parallelograms.

Table 11.2 Verification of the compatibility condition for the assumed stress.

¢ assumed in At arbitrary point At center Integral of eq. (11.130)
skew coordinates + + +
natural coordinates —(*) —(*) —(*)

(*) satisfied only for parallelograms.
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Remark. We have earlier shown that the natural coordinates cannot be
treated as being associated with the natural basis at the element’s center,
as this leads to the “fictitious” parallelogram element shown in Fig. 11.6.
The above tests of the homogenous equilibrium equation and of the com-
patibility of strains equation provide another argument that it is more
rational to assume the representation of stress in terms of the skew coor-
dinates than in the natural coordinates.

We do not exploit this property in the elements’ formulation in any par-
ticular way. Nonetheless, the numerical results indicate that the accuracy
of elements depends on the coordinates used for the stress representation.

Assumed stress elements: PS and HR5-S. The assumed stress elements are
developed from the two-field HR functionals in the basic non-enhanced
form of egs. (11.4) and (11.7). In these functionals, u is the compatible
field while o is the assumed field of the form

o =J. 0% I, (11.135)

which is the transformation rule for the contra-variant components of a
tensor of eq. (11.124). Besides, in ¢ we use the 5-parameter stress of
eq. (11.125) for the PS elements, or of eq. (11.126) for the HR5-S element.
The increment of the assumed stress has the analogous form, where Ao
has the structure of ¢ of eq. (11.125), but the multipliers ¢; are replaced
by Ag;.

In the HR functionals, we use the reduced constitutive operator for the
plane stress condition C* of eq. (7.64).

The PS element is a standard in the class of mixed HR elements, but
the HR5-S element performs slightly better for coarse distorted meshes.
Its formulation is very simple and it yields results similar to these by the
56-A,B,C elements of [265] and the QE2 element of [177], which are more
complicated and use more parameters.

Remark. The discrete HR functional depends on two sets of variables:
the nodal displacements u; and the elemental stress multipliers q. The
obtained set of FE equations is given by eq. (11.27) and the scheme U2
of eq. (11.34) should be used to update the stress multipliers. Consider
the non-reduced tangent matrix of eq. (11.27). At (u = 0,q = 0), the
sub-matrix K is equal to zero and we obtain
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0 L
[Iﬂj1<qq]’ (11.136)

for which the linear element is very efficient.

Remark. Assumed stress/enhanced strain elements. The HR element can
also be developed for the seven-parameter representation of stresses, but
this element is too stiff, no matter in which coordinates the stresses are
written. Hence, the HR functional must be enhanced and two additional
EAS or EADG modes were used in the HR9 element in [256]. The HR9
element performs identically as the HR5-S element, but is less efficient.
However, it still can be used in 2D and shell elements with drilling rota-
tions, for which this type of enhancement is beneficial, see Sect. 12.

11.5.2 Assumed stress and strain HW14-SS element

The main difference between the HR elements and the HW elements is that

strains are retained in the latter and we have to select their representation.
Generally, the strain representation analogous to that used for stress

is too poor. A better one is implied by the inverse constitutive equation

en cre2 0| |1+ @qem (c1q1 + c2q3) + c1q2m + c2qu€
€2 | = |c2c1 O @B+ @l | = | (coq1 + c193) + cagan + 14§ |
€12 00c3 q5 345

(11.137)

where the five-parameter representation of stress of eq. (11.125) and a
typical structure of the inverse constitutive matrix are used. This suggests
that a seven-parameter representation of strain should be used; constant
representation for e12 and linear representations for e17 and e99.
However, if €12 is additionally enhanced by two modes, then the accuracy
for coarse distorted meshes improves. Further improvement is obtained if
this representation of strain is assumed in terms of the skew coordinates
of eq. (11.81).

Assumed representation of strain. The covariant components of strain are
assumed in the co-basis {gF}, i.e.

e=cngr g (11.138)

The matrix of components e,5 can be designated as e¢ and transformed
to the ortho-normal reference basis by using
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et =31 e I (11.139)

The scalar product of the assumed representations of stress and strain,
eqs. (11.124) and (11.139) is invariant, which implies invariance of the
derived elements.

The assumed nine-parameter representation of strain is

e¢ = |:Q6+CI7Z/S+QS~TS Q12+Q139€S+‘J14ys] , (11.140)

sym. Q9+ q10Ts + q11Ys

where each component is a linear polynomial of xg and yg. We see
that this representation consists of two parts,

- [QG +arys Qo ] N {qu TS5 Q13 T3 +q14ys] (11.141)
¢ Sym.  g¢s +qoxs sym. Q12 Ys ’

where the first part is analogous to the five-parameter representation of
eq. (11.126) used for stress, while the second part is analogous to the four-
parameter representation of the EAS method, see eq. (11.62), but written
in the skew coordinates.

Compatibility of assumed strains. The compatibility condition for 2D strains
is given by eq. (11.130). Note that, for the HR element, we verified the
compatibility of the strains calculated for assumed stresses, while here we
verify the compatibility of the assumed strain. Hence, we can skip point
1 of the previously defined procedure. Results of the test of the compati-
bility condition for the strain of eq. (11.140) are presented in Table 11.3,
where “4” indicates that the condition is satisfied for an element of an
arbitrary irregular shape.

Table 11.3 Verification of the compatibility condition for the assumed strain.

g¢ assumed in At arbitrary point At center
skew coordinates + +
natural coordinates —(*) —(*)

(*) satisfied only for parallelograms.

We see that for the representation in the skew coordinates, the compat-
ibility condition is satisfied point-wise, even for irregular elements. When
the strain is written in natural coordinates, then this equation is only
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satisfied for parallelograms. This provides the argument that it is more
rational to assume the representation of strain in the skew coordinates
than in the natural coordinates.

Element HW14-SS. The assumed stress/assumed strain element is devel-
oped from the three-field HW functionals in the basic non-enhanced form
of egs. (11.1) and (11.3). The compatible displacement u® is defined in
eq. (11.14). The independent stress o and the independent strain e
are constructed as the assumed fields. The assumed fields are constructed
as follows:

1. The assumed stress is constructed similarly as for the HR5-S element,
o =J.0%J7, (11.142)

using the transformation rule of eq. (11.124) and the five-parameter
representation of ¢ of eq. (11.126). Recall that for this represen-
tation, the equilibrium equations are satisfied point-wise, even for an
irregular element, see Table 11.1.

2. The assumed strain is constructed as

e =TT e I, (11.143)

using the transformation rule of eq. (11.139) for the covariant compo-
nents of a tensor. The nine-parameter strain representation of ¢ is
given by eq. (11.140) and it satisfies the compatibility condition.

We designate this element as HW14-SS because it has 14 modes and both
the stress and strain representations are assumed in skew coordinates.

In numerical tests, the HW14-SS element performs identically as the
HR5-S element, i.e. is slightly more accurate and less sensitive to mesh
distortion than the PS element and the enhanced strain elements (ID4,
EAS4, EADG4).

The HW14-SS element uses a smaller number of modes than other
HW elements described in the literature, such as the QE2 element of [177]
with 16 modes, and the elements with 22 modes B-QE4 of [178] and
B(z,y)-QE4 and B(¢,1)-QE4  of [176], but its accuracy is identical.

Remark 1. If we use less parameters for the assumed strain, e.g., seven
instead of nine, then it is beneficial to use the covariant instead of con-
travariant representation of strain. The results for the element based on
the nine-parameter representation of strain are not altered by this change.
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Remark 2. Assumed stress and strain/enhanced strain elements. The
HW element can also be developed for the seven-parameter representa-
tion of stresses and the nine-parameter representation of strain, but must
be enhanced; two additional EADG modes are used in the HW18 element
in [257]. This element performs identically to the HR14-SS element, but is
less efficient. However, it can still be used in 2D+drill and shell elements,
for which the EAGD enhancement is particularly beneficial, see Sect. 12.

Remark 3. The discrete HW functional depends on two sets of variables:
the nodal displacements u; and the elemental stress and strain multi-
pliers q. The obtained set of FE equations is given by eq. (11.27) and
to update the stress and strain multipliers, the scheme U2 of eq. (11.34)
should be used. Consider the non-reduced tangent matrix of eq. (11.27).
Several sub-matrices of it are equal to zero at (u = 0,q = 0), and we
obtain

KL1 L2 OLI 0

K L
[LTK } = Li K1T1 Kpo| — |LT oT Ki |, (11.144)
a L2 K12 K22 0 K12 K22

where 1 designates the ¢; parameters for stress, and 2 designates the g;
parameters for strain. The presence of zero sub-matrices can be used to
obtain a very efficient linear version of this element.

11.6 Modification of FF product

We can modify the FTF product in the Green strain in the way which
preserves a correct rank of the elements and improves their coarse mesh
accuracy. The deformation gradient F is expanded in the Taylor se-
ries w.r.t. the natural coordinates at the element’s center, and the FIF
product is approximated as follows:

F'F ~ FIF, + A + AT, (11.145)

where

A=FL |e(Pe)e + n(F)e + (e + 3P0t 5P F )]

2
(11.146)
In other words, the Taylor expansion is combined with a selection of mean-
ingful terms in the product. A correct rank of the reduced tangent matrix
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K* in eq. (11.30) is yielded by the first three (underlined) linear and bi-
linear terms of A, while the last two quadratic terms of A are needed
to pass the patch test.

The concept of expansion was proposed in [135] and was later used in
several papers, including [132], but the terms selected in these works are
different from these in eq. (11.145).

1. The under-integrated and gamma-stabilized elements were developed
in [135] and the following expansion was used:

e, =B(Enu,  Bn) =B+ E{(Bg)e+n(By)e (11.147)

where B is the strain-displacement matrix, see eq. (2.5a) therein.
This formula corresponds to the first two of the three underlined terms
in eq. (11.146).

2. In [132], the following terms of the Taylor series were selected,

T(f) = f(f,ﬁ)c + n(fﬂz)c + fn(f,ﬁn)c

+é [E3(Feee)e + 13 (Fomm)e + 3E20(Feen)e + 30*E(Fame)e] » (11.148)

and applied to the “stabilizing” strain and the “enhancing” strain
field, see eqgs. (23) and (24) therein. We see that the expansions of
egs. (11.148) and (11.145) are different in the higher-order terms.

Another difference is that small strains are used in both of the cited papers,
so the term F 4+ F?  was modified, while we modify the product FIF
as we use the Green strain.

A full set of tests for the EADG4, HR5-S, and HW14-S elements is
given in [257]. For the mixed elements, HWI14-S and HR5-S, the
expansion was applied to F, as given by eq. (11.145), while for the
EADGA4 element, we expanded the whole enhanced deformation gradient,
F + H, where H is defined by eq. (11.71). The modification of the
FTF product was proved to be beneficial in the case of coarse distorted
meshes.
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Plane four-node elements with drilling
rotation

The drilling rotation, as a degree of freedom, is particularly important
for shell elements, but the 2D elements with drilling rotations are much
simpler and, hence, very useful in developing and testing specific ways of
incorporating the drilling rotation terms. We designate the 2D elements
with drilling rotations as “2D-drill”.

The drilling rotation is defined as the rotation vector normal to the
tangent plane of the element. However, for 2D elements, the normal di-
rection is defined by one vector t3, normal to the plane of element, so
it suffices to consider the angle of drilling rotation, w. The nodal drilling
rotations of a 2D+drill element are shown in Fig. 12.1.

Fig. 12.1 Nodal drilling rotation angles w; (I = 1,2,3,4) of plane four-node
element.

The drilling rotation can be incorporated into the 2D+-drill elements,
and shell elements as well, in two ways:

1. Using the so-called Allman shape functions which approximate the
element’s displacements in terms of nodal displacements wu; and
nodal drilling rotations wj. The classical approach based on Allman
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shape functions uses the potential energy functional and is valid only
for small drilling rotations. The generalized version, valid for finite
rotations, is described in Sect. 12.7.

2. Using bilinear shape functions and the drill RC equation, which is
extracted from the RC equation, skew(Q'F) = 0, as discussed in
detail in Sect. 3. This equation can be implemented in a finite element
in several ways, see Sect. 12.3. Some of them use the weak forms,
and correspond to the 3D mixed functionals incorporating rotations of
Sect. 4. The drill RC for shells was derived in Sect. 6.2. The 2D-+drill

elements based on bilinear shape functions are described in Sect. 12.6.

Chronologically, the approach based on the Allman shape functions was
first, but tests indicate that the elements based on the drill RC equation
perform slightly better.

Crucial for a good performance of 2D+drill elements is the use of
EADG enhancement, which also affects the RC equation and, for this
reason, is more suitable than the EAS enhancement. The EADG method
was discussed in Sect. 11.4.3; its extension to formulations with rotations
is given in Sect. 12.4.

All the four-node elements described in sequel are developed for finite
(unrestricted) drilling rotations.
12.1 Basic relations for drill RC equation

Drill RC for shells. In the RC of eq. (3.8), we neglect the terms which do
not depend on the drilling rotation. Then, only the components 12 and 21
of this equation remain and we denote [skew(QTF)] 19 = Tw, Where

Tw = %(XOJ Ay — XU}Q . al) (121)

or, in terms of tangent displacement components w,v and the drilling
rotation w,

2r, = —(vao +u1 +2) sinw+ (v —uz2) cosw. (12.2)

In this way, the tensorial RC, skew(QTF) =0, is reduced to the scalar
drill RC, 7, = 0.
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Three forms of drill RC for 2D problem. We can obtain an alternative but
equivalent form of the drill RC equation considering a 2D problem, for
which we have

_ | Fu Fro _ [cosw —sinw
F= I:Fgl F22:| ’ Q= [sinw cosw} ’ (12.3)

where w 1is the drilling rotation angle, and we obtain
skew(QTF) = [0 _Tw] : (12.4)
r, 0

where r, = %(A sinw+ Bcosw), A=Fy1+Fyp=u1+uz2+2, and
B = Fi3 — Fo; = uj2 —ug,;. Hence, the RC equation, skew(QTF) = 0,
is reduced to one scalar equation,

ro = 3(Asinw + Bcosw) = 0. (12.5)
Using this equation, we can formulate the constraint for the drilling rota-

tion in one of the following forms:

1. For rotations |w| < 7/2, we can divide eq. (12.5) by cosw to obtain

B
* = —arctan —. 12.
w arctan — (12.6)
Hence, the first form of the drill RC is defined as
c=w-—w"=0. (12.7)

2. For large rotations, the constraint can be written for an increment.
For w = w, + Aw*, using trigonometric identities, we obtain

sinw = s, cos Aw* + ¢, sin Aw”, cosw = ¢, cos Aw* — s, sin Aw*,

where s, = sinw, and ¢, = cosw,. For |Aw*| < 7/2, we can
divide by cos Aw* and, from eq. (12.5), we obtain

As, + Be,
Aw* = — _— 12.
w arctan Acy B, (12.8)
Hence, the second form of the drill RC is defined as
¢ =Aw — Aw* = 0. (12.9)

3. We can directly use eq. (12.5) for large rotations and define the third
form of the drill RC as follows:

c=r,=1(Asinw+ Bcosw) =0, (12.10)

where A and B depend on u. This form of the drill constraint
can be linearized using symbolic differentiation.
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Rotational invariance of drill RC equation for 2D problems. Consider compo-
nents of displacement and rotation tensors in the reference Cartesian basis
{ix}.

Let a 2D body be located in the {ij,is}-plane and its deformation,
except for the thickness change, also takes place in this plane. The orien-
tation of the local ortho-normal basis {t;} is defined by the rotation
tensor R, i.e.ty = Ri;. The normal vector ts3 coincides with i3. For

Q and F, we use the representations of eq. (12.3) and, additionally, we
define

(12.11)

. |cosa —sina
- |sina  cosa

Define the following back-rotated matrices:
Q. =RTQR, F.=R'FR, (Q'F), =RT(QTF)R, (12.12)

where (-), designates a back-rotated object. We can check that
QIF. = (Q'F), and that

skew(QIF,) = skew(Q’F), = skew(Q'F). (12.13)

As a consequence, in the local basis {tx}, we can use the drill RC
equation in terms of components in the global basis {ix}.

Remark. The above property does not hold for 3D problems, for which
F, Q, and R are 3 x 3 matrices. We checked this for the canonical
parametrization of the rotation tensor. For 3D problems, only the property
QIF. = (Q'F), holds and, hence, only

skew(QIF,) = skew(Q'F), (12.14)

can be used in the implementation of the element.

Calculation of drilling rotation for given displacement. Calculation of the drill-
ing rotation for the given displacement u is a post-processing operation,
but is not trivial because the equation involved is non-linear w.r.t. drilling
rotation angle.

Assume that the displacement u is given and we wish to calculate
the drilling rotation, w. The above-defined three forms of the drill RC
can be used as follows:

MI1. Equation (12.6) is used, so the rotation is restricted, i.e. w < |m/2|.
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M2. Equation (12.8) is used with the update formula w = w, + Aw,
where w, is known. Besides, A and B depend on the known u.
No iterations are needed. The increment is restricted, i.e. Aw < |7/2],
but the total rotation w is not.

M3. Equation (12.10) is used with the Newton method,

Aw = =14 /T w, w = wy + Aw. (12.15)

Iterations are needed. Formally, Aw is not restricted but the radius
of convergence of the Newton method is.

Summarizing, M2 and M3 are incremental and can be used to obtain
arbitrarily large drilling rotations.

Example. Drilling rotation for rigid body rotation. The above defined methods
can be compared for a rigid rotation of a body, for which

F

L Ox [cosa —sma} ’ (12.16)

~ Jy |sina  cosa

where « is the angle of a rigid rotation. Then, A = Fi1 + F5 = 2cosa
and B = Fj9 — Fy; = —2sina  (see the definitions following eq. (12.4)),
and we can calculate w for increasing values of « using the methods
defined above. The solutions are shown in Fig. 12.2. The solutions by
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Fig. 12.2 Drilling rotation calculated by three formulas. A« = 10°.

M2 and M3 coincide; they are unrestricted and w = «, as required. The
solution by M1 is restricted, i.e. w < |m/2]|.
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The solutions were obtained for Aa = 10°, but larger steps were also
tested. M2 performs correctly for up to Aa = 89°, due to the restricted
domain of arctan, while M3 for up to Aa = 69°; for larger steps, it
converges to some shifted (incorrect) values.

Note that even Aa = 69° is above the capabilities of current algo-
rithms, e.g. the energy and momentum conserving algorithm ALGO-C1
for rotational rigid body dynamics can perform similar steps, but then the
accuracy is poor, see Sect. 9.4.3.

12.2 Difficulties in approximation of drill RC

Approximation of drilling rotation. The drilling rotation is approximated by
the bilinear shape functions Ny(&,n) of eq. (10.3) as follows:

W~

w(&mn) =Y Ni(&n) wr, (12.17)

I=1

where wj are the drilling rotations at the corner nodes, see Fig. 12.1,
and the natural coordinates ¢,n € [—1,+1]. Hence, the drilling rotation
is analogously approximated as displacements, see eq. (10.7).

Difficulties in approximation of the drill RC equation. For the equal-order bi-
linear the approximations of displacements and the drilling rotation, the
drill RC equation of the four-node element is incorrectly approximated.

To illustrate the problem, we consider a 2 x 2 square element with the
center located at the origin of the Cartesian coordinate system. Then the
Cartesian coordinates are equal to the natural coordinates, i.e. x = £ and
y =mn, and the Jacobian matrix is an identity matrix.

The bilinear approximation functions for displacements and drilling
rotations can be written as

u(&n) :UO+U1§+U27I+U3§777 U(fﬂ?) :U0+U15+U277+U3€777

w(&m) =wo +w1§+wen+wsdn, (12.18)

where w;, v;, w; (i = 0,...,3) are functions of nodal values of the
respective components. We consider the linearized form of the drill RC of
eq. (12.10), i.e.

c=w+ -(uy—ve) =0, (12.19)
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where w, = u;2 and wv¢ = ug;. Using the above approximation
functions, grouping the terms, we obtain

{wo + %(uz — 1}1)] + <w1 + ;u3> §+ <w2 - ;113) n+ws€n = 0. (12.20)

The constant and linear terms do link the displacement and rotational
parameters, indeed, but the bilinear (underlined) term contains only the
rotational parameter ws. This last term may lead to wrong solutions in
certain situations for the reason explained below.

Let us rewrite the constraint in the form ¢(&,n) = co+c1§+con+wsn.
If we use the penalty method, then the weak form of this constraint is

1 i ik 2 2 2 2 2 2 2
5 / / C(é, 77) dgd?’/ = 260 + g(cl + 62) + §CU3, (1221)
-1 —1

i.e. wg does not vanish upon integration. As a consequence, the penalty
method enforces the condition ws =0 which, generally, is incorrect and
can yield an over-stiffened solution.

To alleviate this problem, we remove the bilinear term from eq. (12.20),
and use the equation which is only linear in £ and 7, i.e.

1 1 1
|:u)0 + §(u2 - Ul):| + <w1 + 2U3> &+ <w2 — 21)3) n=0. (12.22)
In a symbolic derivation of an element, the bilinear term can be removed

in one of the following ways:

1. Using the linear expansion of eq. (12.20) at the element’s center,

c(&,n) = cc+ f(C,g)c + n(c,n)a (12.23)

where the subscript ¢ denotes the element’s center, see also eq. (12.28).
2. Evaluating this equation at the mid-points of the element’s edges,

&mn) =(0,£1),  (&n) = (£1,0), (12.24)

where either & or n is zero, so the bilinear term in eq. (12.20) is
always zero.

The lack of an equation for w3 means that the tangent matrix for the
drill RC has one spurious zero eigenvalue; the associated eigenvector 6o
is shown in Fig. 12.9b. The simplest way of treating this deficiency is
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to apply eq. (12.143), which provides the stabilization matrix K5 of
eq. (12.144), so we have

K., + Kb (12.25)

ww 7
where K, is the rank-deficient matrix obtained by differentiating twice

the drill RC term modified as given either in eq. (12.23) or in eq. (12.24).

Expansionof Q”F product. The linear expansion of ¢(&,7) of eq. (12.23)
can be obtained in the following way. First, we expand Q and F at the
element’s center,

Q) =Q.+6Qe+1Q,..  F(&n) =F.+EF cc+nF e, (12.26)

where ()¢ = ()¢l and ()ye = ()pl,. Then, we calculate the Q'F
product, in which we retain only the constant and linear terms,

QT (& F(En) ~ QIF + & (QIF e + QFe) + 1 (QUF 5 + Q) F.)
(12.27)
while bilinear and quadratic terms are omitted. Finally,

c(é,m) = [skew(QTF)],, (12.28)

i.e. we calculate the skew-symmetric part of the matrix and, provided that
the matrix is given in the local Cartesian basis, we use the 12 component.

Enhancement resulting from bi-quadratic approximations of displacements. An-
other way of addressing the problem with the bilinear term in eq. (12.20) is
to enhance displacements in such a way that ws islinked with enhancing
parameters.

The enhancing modes can be selected upon analysis of bi-quadratic ap-
proximations of displacements of the nine-node Lagrangian element shown
in Fig. 12.3. For the bi-quadratic approximations, the vector of shape
functions is defined as

N = {P1Q1, P3Q1, P3Q3, P1Q3, P2Q1, P3Q2, P2Q3, P1Q2, P2Q2}, (12.29)

where each component is a product of P; and Q;, i,j € {1,2,3},
defined as

Pli%(ga_é.)a P2i1_§27 P3:%(£2+§)a
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n
4 7 3
8 9 6
&
1 5 2

Fig. 12.3 Numeration of nodes on a nine-node Lagrangian element.

Q1= 5(n* —n), Q2=1—17, Q3 = 1(n* +n).
Using N for each displacement component separately, we have
w =g +ur &+ up )+ uz €+ ug £ 4 us 0’ + ue €0+ ur €0+ us €47,
v =g+ 01 €+ v21 + 03 €+ g €+ vs1” + v €0+ vr €2+ vs 277,
where wu;, v; (i =0,...,8) are functions of nodal values of respective
displacement components.

For simplicity, we consider a 2 x 2 square element with the center
located at the origin of the Cartesian coordinate system. Then the bilinear
term of the drill RC of eq. (12.19) yields the equation

uy — vg +wsg = 0. (12.30)

Using this equation, the ¢n  mode of drilling rotation is linked with
the &2n and €n? modes of displacements. These modes are not avail-
able in a four-node bilinear element, but can be included as the EADG
enhancement.

Let us assume the incompatible displacements in the form
u = g5 &, 0" =g &, (12.31)

where ¢s,q¢ are unknown multipliers. Then

p) inc ) inc
qe o | e T | _ [ €
2 inc inc ?
B & g61” 246 €N

where we have the £n term on the diagonal. This matrix should be added
to G¢ in eq. (11.71) for the EADG enhancement.

We implemented the element based on the potential energy, the EADG4
enhancement, and the above-defined enhancement, but the displacements
and rotations in Cook’s membrane example of Sect. 15.2.7 were excessive.
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12.3 Implementation of drill RC in finite elements

Overview. The drilling rotations are included in shell elements with the
purpose of having three rotational degrees of freedom at each node and
to facilitate linking the elements of various spatial orientation. Several
methods can be applied to develop the finite element with the drilling
rotation.

1. Basic method. The basic method amounts to appending the drill RCs
evaluated at some points to the elemental set of equations. The method
is simple but the tangent matrix is non-symmetric.

2. Methods of constrained optimization. The methods of constrained opti-
mization, see [136, 72, 29|, yield a symmetric tangent matrix, but are
more complicated than the basic method. The optimization problem is
defined as follows:

min F(u) subject to c¢(u,Q) =0, (12.32)
(u.Q)

where F' is the governing functional and c¢(u,Q) = 0 is the set of
constraints related to the drill RC equation. Note that

1. various functional can be used as F', including the potential energy
Fpg, the HR functional Fygr, and the HW functional Fgw of
Sect. 11.1. However, for each functional, an optimal finite element must
be developed separately.

2. Several forms of the constraint can be formulated for the drill RC
equation, including strong and weak (integral) forms,

3. Several methods can be used to solve this problem of constrained op-
timization; in our elements we use either the penalty method or the
Perturbed Lagrange method.

Below, for simplicity, we consider the potential energy Fpg(u) = [z W(u)
dV — Fo. The extended functional which is constructed for the above-
constrained optimization problem includes the part related to the drill RC
equation, which can be written in two forms:

A. Strong form.  Let us write the constraint related to drill RC equation as
¢ =0. We can evaluate c¢(§,n) at four selected points within an element
and form a vector, ¢ = {¢1,c2,c3,c4}, which is used by the strong forms
discussed below.
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The penalty method is based on the following extended functional,
Fpg(u, Q) = Fpr(u) + gc - C, (12.33)

where ~ > 0 is the penalty parameter. Minimization is performed w.r.t.
the nodal values of (u,Q). The definition of ~ depends on material
coefficients and the element’s volume, to preserve the same degree of pe-
nalization for various volumes.

The perturbed Lagrange method is based on the following extended
functional

1
Fpp(u,Q,A) = Fpp(u) + A -c+ AR (12.34)

where A = {1, A2, A3, A4} is a vector of Lagrange multipliers, with each
multiplier for ¢ =0 written at a point within an element. Minimization
is performed w.r.t. nodal values of (u, Q) and the elemental vector .

B. Weak (integral) form.  The part related to the drill RC can also be formu-
lated in an integral form, resembling the form of the strain energy, which
is an integral over the element volume, [pW(u) dV. Let the drill RC
have the form ¢(§,n) = 0.

The penalty method is based on the following extended functional:

Fpe(,Q) = Fesw) + [ 7 av, (12.35)
B
where v > 0 is the penalty parameter. Minimization is performed w.r.t.
the nodal values of (u,Q). The volume of the element is automatically
accounted for by the integral formulation, so it suffices to relate ~ to
material coefficients.

The perturbed Lagrange method is based on the following extended
functional:

(1, Q. A) = Fp(u) + /

1
e+ /\2> dv, 12.36
B < 2y ( )

where A is the Lagrange multiplier which must be approximated (as-
sumed) over the element. Minimization is performed w.r.t. the nodal values
of (u,Q) and the elemental parameters of .

The weak forms correspond to the variational formulations of Sect. 4,
and were used in implementation of our elements.
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12.3.1 Selected methods to include the drill RC

Below we discuss selected methods used to include the drilling rotations
in FE equations, such as the basic method, the penalty method, and the
Perturbed Lagrange method.

1. Basic method

The basic method consists of two steps:

1. The drill RC equation is expanded as specified by eq. (12.23), and
evaluated at four selected points within an element, which yields the
equation r, = 0, where 1, = {74,1,7w2,Tw3,Twa}. The linearized
(Newton) form of this equation is

K, .,Au; + K,  ,Awr = —Ty, (12.37)

where u; = {uj,uz,us,uy} and w; = {w;,ws,ws,ws} are vectors
of displacements and drilling rotations at nodes, and the matrices are

or,, or,
Ku}u = —.
ou I

The drill RC equation can be used in one of the forms specified in
egs. (12.7), (12.9), and (12.10); in computations, we used the last one.
2. Equation (12.37) is appended to the set of FE equations for a purely
displacement problem, K Au; = —r, where
- OFpg(ury) K = or

Ko, = —2
ww 8(4)[7

)

our’

[Ewu ;](W} [ﬁfﬂ - [rj (12.38)

This is a set of equations for an element. By aggregation of such sets for
all elements, we obtain the global tangent matrix, which must be non-
singular to provide a unique solution. The increments of displacements
and drilling rotations at nodes are computed together.

ouy
This yields

Note that the matrix in eq. (12.38) is non-symmetric, which is a disad-
vantage, as symmetric solvers are faster. If a non-symmetric solver is used
for other reasons, then this formulation also is suitable.

Consider stability of the basic formulation. We assume that the bound-
ary conditions are accounted for in the set (12.38). From the first equation
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of (12.38), we calculate Au; = —K~'r and using it in the second equa-
tion, we obtain

Awr = K (r, — K, K 'r). (12.39)

Let us write this equation at u;y =0 and wj; = 0. Then, the residuals
r, =0, r, =0, and r= —p, where p is a vector of external loads
for translational dofs, and we obtain

Awr = — (K K, K1) p. (12.40)

Hence, to uniquely compute the solution, K and K,, must be invert-
ible. Note that

1. elimination of w3 from eq. (12.20) means that K., becomes
singular and must be stabilized, as given by eq. (12.25).

2. The drill RC cannot be evaluated at mid-side edge points, as then K,
has complex eigenvalues, see the example below. The Gauss points or
the corner nodes are good locations.

Example. Consider the single trapezoidal element of Fig. 15.1b, obtained
for d=0.5 and E =105 v =0.3, h=0.1. The standard element
Q4 and the basic method for the drill RC were used.

The eigenvalues of K, obtained for various locations of the evalu-
ation points are shown in Table 12.1 and we see that they differ and do
not depend on the element’s shape, a specific property of K,! For the
mid-side nodes, we obtain two complex eigenvalues!

Table 12.1 Basic method. Eigenvalues of K,,.

Drill RC evaluated at  Eigenvalues (truncated)
trapezoidal element

Gauss points 2 1.15 1.15 0.66
corner nodes 2 2 2 2
mid-side nodes 2 1+ 1-2 0
square element

Gauss points 2 1.15 1.15  0.66
corner nodes 2 2 2 2
mid-side nodes 2 1+4 1-4 0

Besides, we consider stretching the element in a vertical direction. Two
parallel and equal forces are applied at the top nodes, while the bound-
ary conditions eliminating rigid body modes are applied to displacements
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at the bottom nodes. The calculated drilling rotations are shown in Ta-
ble 12.2, and we see that they are different for various location of the
evaluation points. These differences vanish for a square element, d = 0.

Table 12.2 Basic method. Drilling rotations for stretched element.

Drill RC evaluated at Drilling rotation at nodes
trapezoidal element

Gauss points 0.310 0.210 0.581 0.771
corner nodes 0.280 0.195 0.574 0.756
square element

Gauss points 0 0 0 0
corner nodes 0 0 0 0

2. Penalty method

The penalty method is a classical method of solving problems of con-
strained optimization, [72, 29]. Generally, it is defined as a sequence of
unconstrained optimization problems, which are solved for selected in-
creasing values of the penalty parameter, [72] eq. (12.1.4). However, for
efficiency reasons, the shortcut method is used in practice and not a se-
quence of problems, but a single unconstrained optimization problem is
solved for a largish value of the penalty parameter. Hence, some errors
are inevitable and we try to minimize them by selecting a suitable value
of the penalty parameter; this issue is discussed in Sect. 12.3.2.

The penalty method can be used with the drill RC term in one of the
previously mentioned two forms:

1. the strong form of eq. (12.33), for which we can consider several lo-
cations to evaluate the drill RC, similarly as for the basic method.
For the penalty method, however, the matrix K, has no complex
eigenvalues, for any of the considered locations.

2. the weak form of eq. (12.35), for which the drill RC is evaluated at
Gauss points. Because of the integral form, the weak form automati-
cally accounts for the element volume, so it suffices to relate the penalty
coefficient + to material coefficients.

Note that if the strong form is evaluated at Gauss points, then the only
difference between these two forms are the determinants of the Jacobian
used in the weak form.



326 Plane four-node elements with drilling rotation

The scalar drill RC equation can be used in one of the three forms
specified in egs. (12.7), (12.9), and (12.10); in computations we used the
last one.

The weak form is discussed in detail below.

Relation of weak form of eq. (12.35) to variational formulation of Sect. 4. Recall
the formulation based on the second Piola-Kirchhoff stress and the 3-F
functional of eq. (4.65). This functional was regularized in T,, which is
the Lagrange multiplier for the RC equation (3.8). Then, using the Euler—
Lagrange equation for 6T,, ie. T, = yskew(Q'F), we obtained the
2-F functional of eq. (4.73), which we repeat it here as

P (x, Q) = /B WETF) + Fro(x, Q)] AV + Fexs, (12.41)

where the penalty term for the RC equation is
Frex: Q) = %skew(QTF) - skew(QTF). (12.42)

If we restrict our considerations to a 2D problem, then the RC equation
is reduced to the drill RC equation. For Q and F of eq. (12.3), we
obtain skew(QTF) of eq. (12.4), for which

i
Fro(x, Q) = 5278 (12.43)
Comparing this expression for Frce with the drill term in the weak
form, eq. (12.35), which is (y/2)72, we see that the difference between
them is the multiplier 2, which is a result of two identical (except for the
sign) terms of the skew-symmetric matrix. Hence, functional (12.41) fully

corresponds to the weak form of eq. (12.35).

Linearized equations. The standard procedure of consistent linearization
of the functionals for the penalty method yields the following linearized
(Newton) equations:

K 0 K Kuw Au | [rtom,
QO 0}+’Y[KW KWD{AW}— { -~ } (12.44)

where
. OIRrc . or,

r, = =
u 811[ ) uu 811]’

Ko = oo

8&)[,
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. OFRrc . Org, . Or,
r, = ww — wu —

8(.«)]

8w1 ’ 8u1‘

The tangent matrix is symmetric, unlike the one for the basic method
of eq. (12.38). The above-defined vectors and matrices do not depend on
the penalty parameter -; its value is selected as described in the next

section.

Elimination of w3 from eq. (12.20) means that K., becomes singular
and must be stabilized, as given by eq. (12.25), to ensure its invertibility.

Let us write eq. (12.44) at u;y =0 and w; =0. Then the residuals

r, =0, r, =0, and r= —p, where p isa vector of external loads
for translational dofs, and we obtain
KO Ko Kuo Au[ _ | P
([ 0 0] + v |:Kwu wa]> [Awl =lol- (12.45)

We assume that the boundary conditions are accounted for in this set
and consider the stability requirements for the following two particular
solution processes.

A. From the second equation of the set (12.45), we calculate

Awr = —K K, Auy (12.46)
and use it in the first equation, which yields

(K +1K;) Aus = p, (12.47)

where Ki; = K, — KWK;:)KW. Hence, the stability requires invert-
ibility of K, and K+ ~Kj.

B. Much more complicated stability conditions are obtained if we change
the order in which Aw; and Au; are calculated. Then, from the first
equation of the set (12.44), we calculate

Aur = K (p — 7Ky, Awy), (12.48)
where K, =K+ vK,,, and using it in the second equation, we obtain

Awr = -K K. K. 'p, (12.49)
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where K., = K, — 7KL, K} "Kuw. To obtain a stable formulation,
we need the invertibility of K, and K., so we have to satisfy two
conditions,

det Ky (y) # 0, det Kyi(y) # 0. (12.50)

They are too complicated to determine analytically which values of v are
not admissible.

Neither one of the solution processes A and B is applicable to a gen-
eral problem, involving many elements and boundary conditions for dis-
placements and drilling rotations. Then we have to consider the whole set
(12.44) and invertibility of the global tangent matrix is required.

Remark on the Augmented Lagrange method. We have also implemented
the Augmented Lagrange (AuL) method as an extension of the penalty
method, requiring only minor modifications of the code. The update for-
mula for the Lagrange multiplier of [179] was applied and several approx-
imations of the Lagrange multiplier were tested. In linear tests, the AuL
method performs identically to the penalty method, but in nonlinear tests,
e.g. in the pinched hemisphere with a hole of Sect. 15.3.8, the performance
was worse than that of the penalty method.

Example. Single element. Consider a single element of Fig. 15.1b, with
E =105 v = 0.3, h = 0.1. The non-enhanced element Q4 and the
penalty method for the drill RC were used.

The matrix Kj of eq. (12.47) was calculated for two element shapes,
trapezoid (d = 0.5) and square (d = 0), and the boundary conditions
were either applied or not applied. In all these cases, K; = 0. Hence,
the correct solution,

Au; = K 'p, Awp = —K;ul)KwAuI, (12.51)

is obtained for any value of ~ > 0; this is a feature of the so-called ezact
penalty method. A similar result is obtained for the formulation with the
drilling rotation being a local variable, discontinuous across the element’s
boundaries.

The determinants of matrices K, and K, for selected values of
are given in Table 12.3. We see that they are all non-zero, as required.
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Table 12.3 Determinants of K, and K., for the penalty method.

Multiplier det K det K
trapezoidal element

1 10%2 1076

G /1000 1023 104

G 1038 10!
1000 G 10°¢ 1028

3. Perturbed Lagrange method

The Perturbed Lagrange method belongs to the class of the Lagrange—
Newton methods of the constrained optimization, see [136, 72, 29|, to
which the popular SQP (Sequential Quadratic Programming) method also
belongs. For this class, the Newton method is used to find the stationary
point of the Lagrange function w.r.t. the basic variables and the Lagrange
multipliers.

In the Perturbed Lagrange method, a small perturbation term is de-
fined in terms of the Lagrange multipliers and added to the standard
Lagrange function. In computational contact mechanics, which involves
inequality constraints, this method was used, e.g., in [157, 222]. For con-
tact problems, the role of the perturbation component is to fill in the zero
sub-matrix when the gap is open, see [261], egs. (5.58) and (9.75).

The Perturbed Lagrange method can also be applied to the drill RC
problem and it enables us to treat the Lagrange multipliers as local vari-
ables and to eliminate them on the element’s level. Besides, we can use
a simple symmetric solver on the element’s level because there is no zero
diagonal blocks.

The Perturbed Lagrange method can be used with the drill RC term
in two forms: either the strong form of eq. (12.34) or the weak form of
eq. (12.36). For both, we can use the scalar drill RC equation in one of the
three forms specified in egs. (12.7), (12.9), and (12.10); in computations
we use the last one.

Relation of weak form of eq. (12.36) to variational formulation of Sect. 4. Recall
the formulation based on the second Piola-Kirchhoff stress, and the three-
field functional of eq. (4.65). This functional was regularized in T, where
T, is the Lagrange multiplier for the RC equation (3.8), which yielded
the 3-F functional of eq. (4.71), which we repeat here in the following
form:
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N;PK(Xv Q7 Ta) = /B [W(FTF) + FRC(Xv Q7 Ta)] dv — Fex‘m (1252)

where
1
F%{DIG(Xa Qa Ta) = Ta : SkeW(QTF) - 27Ta . Ta (12'53)
Y

and v € (0,00) is the regularization parameter. If we restrict our con-
siderations to a 2D problem, then the RC equation is reduced to the drill
RC equation. For Q and F of eq. (12.3), from skew(Q’F) we obtain
Tw, asineq. (12.4). Besides, the Lagrange multiplier is assumed to be in
the following form:
. |0 =T

T, = [T 0 ] . (12.54)
see eq. (12.56) for more details. For these representations, we obtain
T, -skew(Q'F) = 2Tr, and T, T, =2T? and eq. (12.53) becomes

1
FPP{)(ITA(Xa Q) Ta) =2 <T Tw — 27T2> . (1255)

Comparing this expression with the drill term in the weak form eq. (12.36),
which is Ac+ (1/27)A2, we see that the difference between them is the
multiplier 2, which is a result of two identical (except for the sign) terms of
the skew-symmetric matrices. Hence, functional (12.41) fully corresponds
to the weak form of eq. (12.36).

Approximation of FFF{%. Various approximations of the functional Frc of
eq. (12.55) can be considered for a four-node element, and we selected the
following ones:

1. the Lagrange multiplier is assumed as a contravariant matrix in the
basis {gf} and is transformed to the local orthonormal basis {t}
as follows:

_ 0 Tu(&m) |0 T
T, =Jre T 0 ]J%C_[_T 0], (12.56)

where T,(&,m) is the assumed representation of the Lagrange multi-
plier, and T = (detJpr.) Tu(§,m), asthe Jr.() ch operation on a
skew-symmetric matrix yields a skew-symmetric matrix. This T was
used in eq. (12.54). The Jacobian is local, as both bases are located
at the element’s center.
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2. A linear approximation of the assumed representation of the Lagrange
multiplier,

To(€m) = + a1 + g, (12.57)

where qg, q1, g2 are local multipliers eliminated on the element’s level.

3. A linear expansion of the drill rotation constraint, c¢ = 0, at the
element center of eq. (12.28), for which the bilinear term of the drill
RC of eq. (12.20) is eliminated.

Linearized equations. The standard procedure of consistent linearization
of the functionals for the Perturbed Lagrange method yields the following
linearized (Newton) equations:

K Ko Kur Auy I g )
KI K., Kur Awr| == ro |, (12.58)

where the vectors and matrices obtained from Flggj of eq. (12.55) are as
follows:

. 8FRC . aru . 8ru . aru
= Kyu = K, = - v
auI ) uu 811] ) uw 8(4)] ’ uT BTa )
. OFgrc . Ory, . Or, . Or,
= Koo = v g, =T K= e
ry E ) ww Bwr , wu duy , wT oT, )
. OFRC . 8I'T . aI'T . aI‘T
rr KTw =

oT, owr’ v ™= 9u;’ = 9T,

Note that K,, = 0. The total matrix is symmetric because K = KT,

Koo =K%, Krr =Kk, aswellas K., =K!  Kp,=K.;, and
_ T

KTO.) — KUJT

Let us write the set of eq. (12.58) for u;y =0 and w; = 0. Then the
residuals r, =0, r, =0, r =0, and r= —p, where p isa vector
of external loads for translational dofs. For the applied approximations of
displacements and drilling rotations, we obtain

K 0 Kur Auy P
0 0 K. ||Aw]|=]0]. (12.59)
Ko Klp —%KTT AT, 0

In the standard Lagrange multiplier method, the perturbation term is
neglected in eq. (12.55) and, then in the above matrix, the perturbation
matrix Koppr is a zero matrix.
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Because, the bilinear terms are omitted in the representations of
egs. (12.57) and (12.23), the element has one spurious zero eigenvalue
and can be stabilized, as given by eq. (12.25). Then, eq. (12.59) becomes

K 0 K.r Aug o)
0 Kb K. Awr| =101, (12.60)
Kir Klp —%KTT AT, 0

where the matrix K52 is provided by stabilization, and the number of
zero eigenvalues is three, as required.

Stability of solution for local Lagrange multiplier. Assume that the parameters
q; of the Lagrange multiplier T, are local variables, which are discon-
tinues across the element boundaries and are eliminated on the element
level. Then, first we calculate AT, from the third equation of (12.60),

AT, = yK ok (KL Aup + K Awy), (12.61)

which is feasible because the perturbation matrix —(1/v)Kpr is non-
singular. Then, we use this AT, in the other two equations of eq. (12.60),
which yields

(5o Bs] =[] oem
where
K Ko | . KuTKiFil“Kz;T KuTK;“ilngT
[Kwu Koo | - [KwTK;%“KZT KwTKE%KgT"‘K%b] '

Note the similarity of this set of equations to eq. (12.45) obtained for the
penalty method. Stability requires invertibility of the whole above tangent
matrix.

The local Lagrange multipliers are used in our elements based on the
Perturbed Lagrange method.

12.3.2 Selection of regularization parameter for drill RC

Introduction. The regularization parameter ~ is used by the two meth-
ods discussed earlier, the penalty method and the Perturbed Lagrange
method. The value of ~ affects the solution and should ensure satisfac-
tion of the following requirements:
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1. Displacements yielded by the element with drill rotations should be
identical to those yielded by an analogous element without drill rota-
tions; this requirement is incorporated in the definition of the extended
configuration space, see eq. (4.3).

2. For coarse meshes, displacements for the formulations with and with-
out drill rotations are similar but not identical; the former are slightly
stiffer. However, in the mesh limit, i.e. for the element’s size tending
to zero, the displacements should converge to the displacements of an
element without drill rotations.

3. Drill rotations should converge in the mesh limit from the same side as
the displacements, i.e. either from below for the fully integrated (FI)
elements or from above for the reduced integrated (RI) elements.

Extreme values of 7 can cause the following problems:

1. Too large values of ~ can yield an ill-conditioned tangent ma-
trix; this is a characteristic deficiency of the penalty method. The ill-
conditioning is typically cured by using, instead of the penalty method,
the Augmented Lagrangian method, in which the Lagrange multiplier
is updated iteratively, and smaller values of ~ can be used. This
approach is beneficial for non-linear problems which are solved itera-
tively, but not for the linear ones which are solved without iterations.

Though + cannot be too large, it should still ensure a correct trans-
fer of drilling rotations, see the numerical example “Bending of slender
cantilever by end drilling rotation” of Sect. 12.8.2. This is an impor-
tant issue but often forgotten when attention is focused on avoiding
over-stiffening (locking).

2. Too small values of ~ cause the tangent matrix K to be rank
deficient. In particular, v = 0 yields four spurious zero eigenvalues
for a four-node bilinear element.

Numerical examples of Sect. 12.8.2 show that a wide range of values of
~v exists for which solutions are almost constant and accurate.

Selection of the penalty value in contact mechanics. The methods of con-
strained optimization are widely used and tested in contact mechanics,
[261, 133]. The penalty method is a basic method in this area and is used
in the shortened form consisting of a single unconstrained optimization
problem. Hence, selection of an optimal value of the penalty parameter
requires an error analysis, which takes into account the roundoff errors and
the perturbation errors due to the penalty method, see [69, 70, 157, 155].
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Typically, such an analysis is limited to linear constrains such that one
equation constrains displacements at some points. Note that the drill RC is
more complicated, as it is a nonlinear equation involving several variables
of a different type, including tangent displacements and drill rotations.

Currently, the Augmented Lagrangian method is very popular in con-
tact mechanics and in this method the question of an optimal penalty
value is less acute because smaller values of the penalty can be used, see
e.g. [222].

Upper bound on the penalty parameter ~ for drillRC. The theoretical consid-
erations, which provide the bounding value of the penalty parameter -,

are given in [99], where equations of linear elasticity with a non-symmetric
stress tensor are considered. For the formulation based on the potential
energy, the variational problem is written in the form

B,(u,¥;v,w) = f({v,w}), V{v,w}eUl, (12.63)

where u is the displacement vector and {p a skew symmetric tensor
for an infinitesimal drilling rotation. The corresponding trial fields are
denoted as v and w. Besides,

B, (u,;v,w) = / (sym Vv) - [C (sym Vu)] df?
02
—i—/ (skew Vv — w) - y(skew Vu — 1p) 2 (12.64)
2
is the symmetric bilinear form and

f{v,w}) = /Qv -fd (12.65)

is continuous. Besides, C is the (rank 4) constitutive tensor.

Well-posedness of a discrete variational problem depends, among the
other things, on the U-ellipticity of B,. It requires that a constant
n > 0 exists such that

By(uiv,w) = p{v.wl,  ¥{v,w}eU, (12.66)

where
H{v,wHlo = VT + lwllfy,  V{v,w}eU,

Ivli2 = /Q VPR, YveV,  |lwl = /Q lw|?d2, Vwew.
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Note that U =V x W, where V and W are the spaces relevant to
the BVP. By using the estimation of the minimum eigenvalue of C for
an isotropic material,

e-(Ce)

min = 2@, 12.67
e=eT, e#0 ”EH2 ( )

and Korn’s inequality,
lsym V|| > e |V, (12.68)

where the constant ¢ = 1/2 for the Dirichlet problem, we obtain
G
By(v,wiv,0) > S VV[2 + (G ) [skew T + Tjwl®.  (12.69)

Any 0 < v < G is appropriate but the second term in the estimate
vanishes for v = G, so we obtain

By(v,w;v,w) >

G
ol (Vv + [lwl?) (12.70)
which is in accord with eq. (12.66). The value v =G was subsequently
numerically tested in [102].

Numerical tests of our elements of Sect. 12.8.2 confirm that, generally,
the value v = G is a good choice. However, in several situations, a
modification of this value is beneficial.

Selection of value of the penalty parameter ~ for drill RC. The shell finite ele-
ments are very complicated as they (i) involve a large number of variables,
(ii) are non-linear, which means that problems are solved iteratively and
the number of terms is very large, and (iii) are generated using a complex
methodology which cannot easily be accounted for in theoretical consid-
erations.

For this reason, theoretical predictions of the value of ~ provide only
a general guidance, while a reliable and practically meaningful value of
~ must be the result of proper testing. To avoid repeating the process
of selection of ~ for each BVP, a set of suitable benchmark tests must
be used. These problems are solved for a range of values of ~ and for
each, the segment in which the solution is accurate and almost constant
is identified. The final single value of ~ should be problem-independent,
so we must choose the value which is correct for all benchmark tests. In
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this task, plots of the obtained displacements and drilling rotations vs.
are particularly useful.

Generally, the value of ~ should account for the element’s volume
and the material characteristics.

1. In the weak formulation, eq. (12.35), the element volume is accounted
for by integration, so the penalty number does not have to include
it. But for the strong formulation of eq. (12.33), it must be explicitly
included in ~.

2. The material characteristics are accounted for by linking -~ to one of
the eigenvalues of the constitutive matrix. For instance, for the SVK
material and the plane stress conditions, the eigenvalues of the consti-
tutive matrix C are given by eq. (7.78) and the smallest eigenvalue
is FE/(1+v)=2G. Hence, it is reasonable to relate the value of ~
to the shear modulus G.

Hence, in the weak formulation, we use the definition
v =e€G, (12.71)

where € is a scaling factor. In the numerical tests in Sect. 12.8.2, we
select the value of e.

Method of calculating ~ for shells of [189]. In this work, the stiffness matrix
for a single shell element is divided into parts related to displacements u
and rotation parameters 1t as follows:

K.. K
K=|_" W] (12.72)
[KW Ky

and only diagonal sub-matrices K, and Ky, are considered. They
consist of the classical part (C) and the part for the drill RC (D),

K. = K§, + 7K}, Ky =Ky, + 7K, (12.73)

uu?

Each of the sub-matrices is considered separately and maximum absolute
values of their diagonal terms are compared

max |diag K¢, max |diag Kf@ |

(12.74)

max |diag K2 |’ max |diag K%p |

The penalty parameter is defined as
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1

7= 100 min(yy, Yy )s (12.75)

where the value 1/100 was selected by numerical experiments. The value
of ~ is calculated only once per analysis, at the beginning, for the linear
stiffness matrix.

This method relies on the fact that the diagonal terms of K,, and
Ky are much larger than the off-diagonal ones, which allows us to avoid
costly eigenvalue analyses.

12.4 EADG method for formulations with rotations

The Enhanced Assumed Displacement Gradient (EADG) method for 2D
elements was discussed in Sect. 11.4.3; below it is extended to the
2D+-drill elements.

Consider the two-field (2-F) functionals with rotations of Sect. 4 and
denote them as Fz(x, Q). Let us rewrite eq. (11.70), defining the EADG
method, as

F=Vx+ H, (12.76)

where Vx =1+ Vu®. In the EADG method, we add two independent
fields to Fy(x,Q): the nominal stress P and the field F, and construct
the following 4-F functional

Fi(x,Q, F,P) = 5(Q,F) + /B P.(Vx —F)dv, (12.77)

where P is a Lagrange multiplier for the formula linking Vx and the
independent F. Note that now F5(Q,F) involves the independent F.
By using eq. (12.76), this functional becomes

Fi(x.Q, H.P) = F3(x, Q. H) + /B P.H AV, (12.78)

in which we have the enhancing H. If the enhancing H is orthogonal
to the stress, ie. [P -H dV =0, then the last term of eq. (12.78)
vanishes and we obtain the 3-F functional

F(x, Q, H), (12.79)

which does not depend on P and is used in the element’s implementation.
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In this way we can obtain the 3-F enhanced functionals for particular
forms of Fy(x,Q). For instance, for the functionals FF¥(x,Q) of
eq. (4.73) and F5*(x,Q) of eq. (4.77), we obtain

PR (x, H, Q) =
/B {W [(vx +H) (Vx + ﬁ)] + Fre(x, H, Q)} AV — Fg,  (12.80)
Fy*(x, H,Q) =

/B W[QT(Vx+ )| + Frox B,Q)} 4V - Fog,  (12.81)

where the RC term has the penalty form
Fro(x H, Q) = Jskew[Q" (Vx + H)] - skewQT (Vx + H)J.  (12.82)

The RC term is also enhanced by H, which is not possible within the
EAS method. These functionals were used in [255].

Modification of the EADG method motivated by the EAS method. The EAS
method has a certain advantage over the EADG method in non-linear
2D problems; i.e. is slightly faster and converges better. The enhancement
of F is needed in the drill RC equation, so it should be retained in its
original form, but we can simplify the Cauchy—-Green deformation tensor
C to a form which is similar to that implied by the EAS method.

1. For the EAS method, see eq. (11.62), the enhanced Cauchy—Green
tensor is

C=FF+GE iz | @& @CTam| — qygq
s+ qn  gen

where, for simplicity, we omitted the Jacobians.

2. In the EADG method, the enhancing modes are added to the defor-
mation gradient, see eq. (12.76), and the Cauchy—Green deformation
tensor is

C=F'Fr+F"H+H'F+H'H (12.84)

Let us use the EADG4 enhancement of eq. (11.71) in which, for sim-
plicity, we omit the Jacobians. Then, we have

H— [ffh "7%] [Fn F12]
§qa na2 |’ Fo1 Fy

(12.85)
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and the last three components of eq. (12.84) involve the enhancement
and are

FTE — [7”15 7‘377], HIF — [7“15 7“45]7 ATH — [T5§2 7“777%’
ra€ 21 r3n 121 sym. 767

where the coefficients ; (i = 1,...,7) do not depend on £ and 7.
The structure of these three components can be compared with the
structure of G¢ for the EAS method of eq. (12.83):

a) the sum

- = 2r& €+ mam
FTA+ H'F = ! 12.86
+ {7“35 +ran 2rom ( )

has a similar structure as the G¢ enhancement of the EAS
method, i.e. the diagonal terms are linear (and incomplete) in ei-
ther € or i, while the off-diagonal terms are sums of linear terms
in € and 7.

b) the component HTH contains terms of a higher order than those
in eq. (12.83) for the EAS method and, hence, this term can be
safely omitted from eq. (12.84).

The above modifications make the element slightly faster, and slightly

stiffer, but the difference is small. For instance, in Cook’s tapered

panel example of Sect. 15.2.7, the difference in the displacement and

drill rotation of the tip is < 0.2%.

Finally, note that we can also consider the following simplification:

FrH+EFrHLE = | 208 @BETan) )
g3§+aqam  2qom

and then similarity to the G¢ enhancement of the EAS method is
even closer. However, this version does not work well in the twisted
ring example of Sect. 15.3.15.

12.5 Mixed HW and HR functionals with rotations

HW functionals with rotations. Consider the classical form of the 3-F Hu—
Washizu (HW) functional of eq. (11.1). To obtain the HW functional
with rotations, the Lagrange multiplier method is applied to eq. (11.1),
which yields the five-field functional
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Faws(1,Q, 0,6, To) =
/ {W(e)+ - [E(Vu) — €]+ T, -skew(Q'F)} dV — Fuy, (12.88)

where T, = skew(QTFS) is the Lagrange multiplier for the RC equa-
tion. Two functionals derived from eq. (12.88) are particularly useful.

A. the 4-F functional, obtained by regularization of eq. (12.88) in T4,
and elimination of T,

FHW4 u,o, &, Q)
/ {W(e) + o - [E(Vu) — e} + Fie(Vu, Q)] dV — Fuy, (12.89)

where the RC term has the penalty (P) form of egs. (12.42) and (12.43).
B. the 5-F functional obtained by regularization of eq. (12.88) in T4,

Faws(0,Q, 0,6, T,) =
/ {W(e)+ o - [E(Vu) —e] + K PL(Vu,Q, T,) )} dV — Fext, (12.90)
B

where the RC term has the perturbed Lagrange (PL) form of egs. (12.53)
and (12.55).

HR functionals with rotations. Let us take the above HW functionals with
rotations and apply the same procedure which was used to obtain the
Hellinger-Reissner functionals of egs. (11.4) and (11.7). Then we obtain
the HR functionals with rotations applicable to linear elastic materials.

A. From the 4-F functional of eq. (12.89), we obtain
Furs(u,Q, o) =
/ [—i0-(C'o) + o -E(Vu) + Fie(Vu, Q)] dV — Fuy, (12.91)
B
where the penalty (P) form of the RC is given by eqs. (12.42) and

(12.43).
B. From the 5-F functional of eq. (12.90), we obtain

FHRA(U) Q7 g, Ta) =
/ (30 (C'o) + 0 E(Vu) + Fa(Vu, Q, T,)] dV — Fuy, (12.92)
B

where the perturbed Lagrange (PL) form of the RC term is given by
egs. (12.53) and (12.55).
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For non-linear materials, we use the incremental forms of the above
HW and HR functionals, obtained for the increments of displacements,
stress and strain of eq. (11.5).

EADG method for HW and HR functionals. In Sect. 12.4, we described the
EADG method for the 3D potential energy functionals with rotations
derived in Sect. 4; for the HW and HR functionals with rotations, the
procedure is simpler.

For the HW and HR functionals, the EADG method can be incorpo-
rated without using additional independent fields P and F and the
term [P - (Vx —F) dV, which was used in eq. (12.77). This is be-
cause we already have the independent fields o and e and the term
Jgo-(E(Vu)—e) dV, which can be used instead. Hence, it suffices to re-
place Vu by Vu+H in E(Vu), which is in accord with eq. (12.76).
We note that the orthogonality of stress and the enhancing field is not
required.

The EADG enhancement is applied to the HW functionals with rota-
tions of egs. (12.89) and (12.90), and the HR functionals with rotations
of egs. (12.91) and (12.92).

12.6 2D+drill elements for bilinear shape functions

The characteristics of each 2D+drill four-node element (with the drilling
rotation), which are presented below, consists of three parts:

1. the designation of the plane (2D) four-node element (without the
drilling rotation) of Sect. 11, which is being extended by inclusion
of the drilling rotation,

2. the specification of the mixed functional on which the element is based,

3. the description of the treatment of the functional for the drill RC,
Frc. The weak (integral) forms of the drill RC was used; the penalty
method is implemented as specified in Table 12.4, while the Perturbed
Lagrange method as specified in Table 12.5.

12.6.1 EADG4 elements based on potential energy

The elements characterized below have two features: (i) they extend the
EADGH4 element without the drilling rotation of Sect. 11.4.3 and (ii) are
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Table 12.4 Implementation of the penalty method (P) for drill RC.

1. weak (integral) form of drill RC, as in eq. (12.35), functional Frc of eq. (12.42),
2. expansion of QTF product of eq. (12.27), for which drill RC is given by eq. (12.28),

3. stabilization of spurious mode of eq. (12.25).

Table 12.5 Implementation of the Perturbed Lagrange method (PL) for drill RC.

1. weak (integral) form of drill RC, as in eq. (12.36), functional Fgrc of eq. (12.53),
Lagrange multiplier tensor of eq. (12.56) and representation of eq. (12.57).

2. expansion of QTF product of eq. (12.27), for which drill RC is given by eq. (12.28),

3. stabilization of spurious mode of eq. (12.25).

based on the potential energy functional with rotations of eq. (4.73). Two
elements were selected:

1. Element EADG4+P, which has the following features:
a) the penalty method is implemented as specified in Table 12.4,
b) it uses four additional parameters, the multipliers of the EADG
modes.
2. Element EADG4+PL, which has the following features:
a) the Perturbed Lagrange method is implemented as specified in Ta-
ble 12.5,
b) it uses seven additional parameters: four multipliers of the EADG
modes and three parameters of the Lagrange multiplier.

As show the numerical tests, these 2D-+drill elements perform very well
for coarse distorted meshes, despite a small number of parameters. In non-
linear tests, the second (PL) element has a larger radius of convergence.

12.6.2 Assumed stress HR5-S elements

The elements characterized below are based on the HR functionals with
rotations of egs. (12.91) and (12.92). Their 2D counterparts were described
in Sect. 11.5.1. The same five-parameter representation of eq. (11.126) is
used for stress. No enhancement is applied.
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1. Element HR5-S+P which has the following features:
a) the penalty method is implemented as specified in Table 12.4,
b) it uses five additional parameters, which are multipliers of the stress
modes.
2. Element HR5-S4+PL which has the following features:
a) the Perturbed Lagrange method is implemented as specified in Ta-
ble 12.5,
b) it uses eight additional parameters: five multipliers of the stress
modes and three parameters of the Lagrange multiplier.

As show the numerical tests, these 2D+drill elements are worse for coarse
distorted meshes than, e.g., the EADG4 element. They show a substantial
decrease of accuracy, comparing to their 2D counterparts.

12.6.3 Assumed stress/enhanced strain HR7-S elements

A poor performance of the 2D-+drill HR elements based on the five-
parameter representation of stresses caused that we considered the seven-
parameter representation of stresses and the strain enhancement. No such
2D elements are described in Sect. 11.5 because they perform identically
to the HR5-S element but use more modes, so are less effective.

The assumed stress/enhanced strain elements are based on the HR
functionals of egs. (12.91) and (12.92) additionally enhanced, by replacing
Vu by Vu-+H, asdescribed in Sect. 12.5. In these functionals, u, Q
are the compatible fields, while o, €, T, H are the assumed fields.
Besides,

1. the assumed stress and the increment of the assumed stress are con-
structed as follows:

o =J. 0% J7, Ao =T, Aot IT, (12.93)

which is the transformation rule for the contravariant components of
a tensor of eq. (11.124), and o¢ contains the seven-parameter rep-
resentation in terms of the skew coordinates
gb = |1 Ta2Ys @5+ 4qTs T aqrys | (12.94)
Sym. g3+ qasxs

Besides, Aof® has a structure of o¢, with the multipliers ¢;
replaced by Ag;.
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2. The EADG enhancement of eq. (11.71) is used in the form

nd . _ -c . 0 ngs
H:JCG’»*Jl(j), Gf:[ ] 12.95
g g vc jg §QQ 0 ( )

where the EADG2 representation involves two parameters.

Two elements were developed:

1. Element HR7+EADG2+P which has the following features:
a) the penalty method is implemented as specified in Table 12.4,
b) it uses nine additional parameters: seven multipliers of stress modes
and two multipliers of the EADG enhancement.
2. Element HR74+EADG2+4PL which has the following features:
a) the Perturbed Lagrange method is implemented as specified in Ta-
ble 12.5,
b) it uses 12 additional parameters; nine parameters identical as in the
previous element, and three parameters of the Lagrange multiplier.

As show the numerical tests, the above elements perform very well for
coarse distorted meshes, better than the EADG4 element. In non-linear
tests, the second (PL) element has a much larger radius of convergence.

Remark. Note that we can also consider a different seven-parameter rep-
resentation

- |+t QRYyst+grs g5 —qrxs — g6 Ys (12.96)

0'£ y
sym. Q3+ qaxs+qrys

where some parameters are repeated in the diagonal and off-diagonal
terms. This representation was used in several earlier papers on mixed (or
hybrid) methods; (i) in Cartesian coordinates in [223] and (ii) in oblique
coordinates in [184]. More recently, it was also used in [265, 177], but in
different forms; the relation between these forms was established in [256],
egs. (38) and (41).

Both these seven-parameter representations are equally good for the
2D elements, but for the 2D+drill elements, the representation (12.96) is
slightly worse and, for this reason, is not used here.

12.6.4 Assumed stress and strain HW14-SS elements

The elements characterized below are based on the non-enhanced HW
functionals with rotations of eq. (12.89) or eq. (12.90). Their 2D coun-
terparts were described in Sect. 11.5.2.
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1. Element HW14-SS+P which has the following features:
a) the penalty method is implemented as specified in Table 12.4,
b) it uses 14 additional parameters: five multipliers of the stress
modes of eq. (11.126), and nine multipliers of the strain modes
of eq. (11.140).
2. Element HW14-SS+PL which has the following features:
a) the Perturbed Lagrange method is implemented as specified in Ta-
ble 12.5.
b) it uses 17 additional parameters: fourteen parameters identical as
in the previous element, and three parameters of the Lagrange
multiplier.

As show the numerical tests, these 2D-+drill elements are worse for coarse
distorted meshes than, e.g., the EADG4 element. They show a substantial
decrease of accuracy compared to their 2D counterparts.

12.6.5 Assumed stress and strain/enhanced strain HW18-SS elements

A poor performance of the 2D+drill HW elements based on five-parameter
representation of stress caused that we considered the seven-parameter
representation of stresses and the strain enhancement. No 2D elements of
this type are described in Sect. 11.5 because they perform identically to
the HW14-S element but are less effective, as they use more modes.

The assumed stress and strain/enhanced strain elements characterized
below are based on the HW functionals with rotations of eqs. (12.89)
or (12.90) additionally enhanced, by replacing Vu by Vu+ H, as
described in Sect. 12.5. In these functionals, u, Q are the compatible

fields, while o, e, T,, H are the assumed fields. Besides,

1. the assumed stress and the increment of the assumed stress are con-
structed as follows:

o=J.0°3, Ac®=1J.Act T, (12.97)

which is the transformation rule for the contravariant components of
a tensor of eq. (11.124) and o¢ contains the seven-parameter rep-
resentation in terms of the skew coordinates

PR +q2Ys g5+ 4q6Ts +qrys . (12.98)
sym. g3+ qaxs

Besides, Ac® has a structure of o¢ but with g; replaced by Ag;.
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2. The assumed strain is constructed as
e"=J3T e I, (12.99)

using the transformation rule of eq. (11.139) for the covariant compo-
nents of a tensor. The nine-parameter strain representation of e is
given by eq. (11.140), i.e.

= |8t PYsTqors  quat g5+ qi6Ys

c 12.100
¢ Sym. qu1 +q127s + q13Ys ( )

3. The gradient of displacements is enhanced as follows:
Vu = Vu® 4 H, (12.101)

where Vu® is the gradient of compatible displacements and H s
the assumed enhancing field constructed as follows using the EADG
method:

H,=J, G, J " <*7> ., G= [ 0 s q"} . (12.102)
Jg rsqis 0

where ¢ indicates the Gauss point.

Two elements were developed:

1. Element HW18-SSH+EADG2+P which has the following features:

a) the penalty method is implemented as specified in Table 12.4,

b) it uses 18 additional parameters: seven multipliers of the stress
modes, nine multipliers of the strain modes, and two parameters
of the EADG2 enhancement.

2. Element HW18-SS+EADG2+PL which has the following fea-
tures:

a) the Perturbed Lagrange method is implemented as specified in Ta-
ble 12.5.

b) it uses 21 additional parameters: 18 parameters identical as in the
previous element, and three parameters of the Lagrange multiplier.

As show the numerical results of linear tests, e.g. of Table 12.6, the above
elements with drilling rotation

1. perform identically to the HR7-S+EADG?2 elements with the drilling
rotation. Thus, the equivalence of linear HR and HW 2D elements
established in [257] is maintained by the present 2D-+drill formulation.

2. Perform very well for coarse distorted meshes, better than the EADG4
element.
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12.7 2D+drill elements for Allman shape functions

Historical note. The Allman shape functions were first successfully applied
to 2D triangles in [1, 27] and later extrapolated to 2D quadrilaterals in
[55], where a procedure of transforming an eight-node serendipity element
to a four-node element with nodal drilling rotations was proposed. This
procedure is commonly used in Allman-type quadrilaterals, although it
needs to be modified for large drilling rotations.

At first, the Allman shape functions were treated as a way to im-
prove accuracy of low-order elements. Soon their ability to incorporate
the drilling rotation was appreciated; this was before the role of the RC
equation was recognized. The Allman shape functions can be applied in
two types of four-node elements:

1. 2D+drill elements. In [144] Table 1, it is stressed that such elements
are eight times faster than, e.g., eight-node elements without drilling
dofs, with only slightly less accuracy in small strain problems.

2. Shell elements, where the presence of the drilling rotation in the mem-
brane part is an advantage, as it allows us to use a three-parameter
representation of rotations and to treat all rotational dofs in the same
way.

An overview of the works on four-node quadrilaterals based on the
Allman shape functions is given in [255] and it includes such papers as [117,
113, 235, 144, 109, 112, 87, 203]. This overview provided the motivation
for the formulation which generalizes the Allman shape functions to handle
large rotations and uses the EADG enhancement.

12.7.1 Aliman-type shape functions
The Allman-type shape functions for a quadrilateral element are obtained
by the procedure, which has two characteristic features:

1. the hierarchical shape functions are used for displacements of an eight-
node 2D element,

2. the hierarchical mid-side displacements are expressed by corner drilling
rotations,

which means that the element displacements become functions of corner
displacements and corner drilling rotations, i.e.

u(fﬂ% 11[) = u(fﬂlv ll],(d[), I= 1723334' (12103)
8-node, 2D 4-node, 2D+drill
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Hierarchical shape functions for displacements of 2D quadrilateral. The dis-
placements of the eight-node 2D quadrilateral of Fig. 12.4 can be ap-
proximated as follows:

8

4
u(gvn) = ZNI(£77]) usr + Z NH(Ea 77) AuH? (12104)
I=1

H=5

where Nj(&,m) are the standard bilinear shape functions of eq. (10.3),
and Npg(&,m) are the hierarchical shape functions, defined as

N5(§777):%(1_€2)(1_77)7 N7(§777):%(1_§2)(1+77)7
No(&m) = 3(1L=n")(1+&),  Ns(&n) = 3(1—n*)(1—¢€). (12.105)

Note that wuj are the nodal displacement vectors, while Augy are the
hierarchical displacement vectors at mid-points of the element boundaries,
see Fig. 12.7.

n
4 7 3
8 6 &
1 5 2

Fig. 12.4 Numeration of nodes of eight-node element.

The shape functions for a selected mid-side node of the hierarchical
eight-node element and the Lagrange nine-node element are shown in
Fig. 12.5. More details on the differences between these two families of
shape functions can be found, e.g., in [268] Chap. 8.

To express the hierarchical displacement Aupg in eq. (12.104) in
terms of nodal drilling rotations wjy, we consider a single boundary of a
quadrilateral element and treat it as a beam. Note that

1. In the classical Allman formula, only one component of Aupy is
linked with the nodal drilling rotations, this one which is normal to
the beam. Hence, this formula is valid only for small drilling rotations.

2. For large drilling rotations, the form of the Allman approximations
involving two components of Aug must be used and was derived in
[255]. Another possibility is to use the incremental formulation, but
this precludes the straightforward use of automatic differentiation.
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Fig. 125 A shape function for a mid-side node of: a) hierarchical eight-node ele-
ment, b) Lagrangian nine-node element.

Classical Allman shape functions. To determine the mid-side hierarchical
displacement Au; in eq. (12.104), we select one boundary of a quadri-
lateral, e.g. defined by nodes 1-5-2, and further consider a planar beam
along it, see Fig. 12.6.

-, t, (O
AN
1 5 2 S
U V)

Fig. 12.6 Classical Allman shape functions: small rotation of a selected boundary.

When the rotation w is small, then the normal displacement compo-
nent wy is much bigger than the tangent component wu; and we may
write

u ~ wto, (12.106)

where w = wo is the normal displacement and ty is a vector normal
to the boundary, and a director of the beam.
Let us define the shape functions for the beam,

Mi(§) = 5(1-¢€), Ma(&) =35(1+8), Mo(&)=1-¢€, (12.107)

where M;(§) and M(§) are linear functions and Mjy(§) is a bubble
function. The rotation and the normal displacement are approximated as
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w(&) = Mi(§) w1 + Ma(§) wa,
w(§) = My (&) wi + Ma(&) wa + Mo(€) Aw, (12.108)

where Mp(§) multiplies the hierarchical mid-side displacement Aw.
Note that wi, ws and wi, wo are the nodal values, while Aw
is unknown. However, Aw can be linked with the nodal rotations as
follows.

To calculate the hierarchical mid-side displacement Aw, we use the
condition related to the transverse shear strain e19 of the beam,

(e12,6)l¢—g = 0, (12.109)

i.e. we set to zero the first derivative of the shear strain at the mid-point
of the edge.

The transverse shear strain of the beam undergoing small rotations is
defined as
€12 =—w+t+wq, (12.110)

where ()31 = 9/0S', and S is the arc-length coordinate in the
direction t;. Hence, ()1 =(1/L)( )¢, where L is the length of the
boundary. For the approximations of eq. (12.108), the transverse shear
strain becomes

e12(§,m) = %(wz —wy —4AwE) + My (&) wi + Ma(§) we,  (12.111)

from which, using the condition (12.109), we obtain

L
Aw = o (wo — wy). (12.112)
This is the classical formula for the hierarchical mid-side normal displace-
ment. Then we can write the vector of hierarchical mid-side displacement
for all boundaries as follows:
L
Auy = —% (wg —wy)nyx, H=567,8, (12.113)
where J=H —4, K=mod(H,4)+1, and Lk is the length of the
boundary JK. Here, njg is the vector normal to the initial element
boundary. This formula can be directly used in eq. (12.104), which then
depends only on nodal displacements and on nodal drilling rotations.
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Fig. 12.7 Allman shape functions for large rotations of a selected boundary.

Allman-type shape functions for finite drilling rotation. To determine the mid-
side hierarchical displacement Au; in eq. (12.104), we select one bound-
ary of a quadrilateral, e.g. defined by nodes 1-5-2, and consider a planar
beam along it, see Fig. 12.7.

When the rotation w islarge we have to account for both components
of the displacement vectors,

u=1ut] + usgts. (12.114)

To calculate the hierarchical mid-side displacement Au, we can use
two conditions related to the transverse shear strain e12 of the beam,

(512,§)|€:0 = 0, (812755)‘520 = O, (12.115)

i.e. we set to zero the first and the second derivatives of the shear strain
at the mid-point of the edge. These conditions were proposed in [255].

The transverse shear strain of a beam undergoing large rotations is
defined as
£12 = X1 - ag, (12.116)

where x is the current position vector and the current director is
as = Qto, where Q is the drilling rotation tensor. For small rota-
tions and t;; =tg; ~ 0, eq. (12.116) yields the transverse shear strain
of eq. (12.110). However, in the derivation which follows, the magnitude
of rotations is not restricted.

For this reason, instead of the approximation of the normal displace-
ment component w we approximate the whole displacement vector

u(§) :Ml(f) up +M2(§) UQ—i-Mo(f) Au, (12.117)
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where Au is the hierarchical mid-side displacement vector. The drilling
rotation w(§) is approximated as in eq. (12.108).

We apply these approximations to particular terms of the transverse
shear strain of eq. (12.116), and then separate the constant terms, indi-
cated by “0”, and the terms depending on &, in the following way:

1. The derivative of the current position vector is x; = (y +u); =
t; +u, thus for the assumed shape functions, we obtain

u; = %U_’g %u£ + Au( f) (12.118)
where uf)g = 1(up —uy) is the constant part of ug and L is the
side length.

2. The forward rotated director is expressed as as = Qyte = cta — sty,
where the drilling rotation tensor Q = ¢ (t1 ®t;+t2®t2)+s (t2® t1—
t;®t2), s=sinw and ¢ = cosw. For the assumed shape functions
w(€) =wo+Ewe and we obtain

s =sin(wg+&wg) = spcos(§we) + cosin(§wy),

~—

c=cos(wo+Ewg) =cocos(Ewe) — sosin(§wg

)

where sy = sinwg, c¢p = coswy, for wy = w(§ = 0), and the
derivative = 1(ws —w1). Hence,

ag = cty — sty = cos(fwge)a) —sin(wg)al, (12.119)
where ag =coto —spt; and a(l) = 5oty +cotr.
Next, egs. (12.118) and (12.119) are inserted into eq. (12.116).

Using the conditions (12.115), we obtain the following components of
Au:

L 2 L 2
(Au‘a?) = gc% <t1 + Lu%) 'ag, (Au-ag) =-7 we <t1 + Lu%) -a‘f,
(12.120)
and the hierarchical mid-side displacement vector can be expressed as

Au = (Au-af) af + (Au-a)) aj. (12.121)
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Mid-side displacement vector for small strains. If we assume that strains are
small, i.e. (i) e12~ 0 and (ii) 11 ~ 0, then we have

2 2 2 (i) 2 (i)
b+ puk =y +u)a= Fy+ul)e= F500 —x) X Fileal X af,
(12.122)
where u” = M;j(€)u; + M2(€) uz. Due to assumption (i), the rotated

vector a! is used instead of the vector which passes through nodes, while

by (ii), the current and initial element lengths are equal, i.e. L. ~ L.

Because ai-a=1 and al-a3 =0, eq. (12.120) is reduced to

L
(Au-a?) ~ 0, (Au-ad) ~ — T we (12.123)

and the vector of hierarchical displacements of eq. (12.121) is

L L
Au = —q e a) = ~3 (wo — w1) ay. (12.124)
Assuming, additionally, that the rotations are small, i.e. wg =~ 0, we have
co~1 and sy~ 0 and so ag = cpty — spt1 = to, 1i.e. the vector
normal to the current boundary aj is replaced by the vector normal to
the initial element boundary tJ. Thus, for small rotations, eq. (12.124)
yields the classical formula
L L
Au=——we ad = -3 (w2 —wy) . (12.125)
In numerical calculations we use eq. (12.124) in the form valid for all
boundaries,
. Lk _

AUH = —78 (CUK —CUJ) njg, H — 576777 87 (12126)
where J =H —4, K = mod(H,4)+ 1, and Ljx is the length of
the boundary JK. This formula can be directly used in eq. (12.104),
which then depends only on corner displacements and on corner drilling
rotations.

Remark 1. Note that njg is the vector normal to the current element
boundary, not to the initial one, as in eq. (12.113). Hence, njx is a
function of nodal displacements, but we freeze this dependence and do not
differentiate ny i w.r.t. nodal displacements. The fact that ny g is
updated is similar to the co-rotational formulation.
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Remark 2. The proposed generalization of the classical procedure leads
to a new form of Allman shape functions, involving two components of
the mid-side displacement. This new form becomes particularly simple for
small strains/large rotations. Using this new form, we can exploit the Total
Lagrangian description and automatic differentiation. For small rotations,
the new form is reduced to the classical one.

Pure bending of Allman quadrilateral. Let us consider the question of whether
the Allman shape functions are able to reproduce the analytical solution
for the problem of pure bending of a square membrane. We assume that
the membrane is 2 x 2 and the boundaries are parallel to the global basis
{ix} (k=1,2), see Fig. 12.8.

n
A
N3y
2 3
I .
Iy a
1 2
L ALY

Fig. 12.8 Pure bending of the Allman quadrilateral.

First, we consider the analytical solution for pure bending of a square
membrane

u(€n) = A&y, w(En) =B(1-¢), (12.127)

where A and B are scalar coefficients, see [98] p. 244, Fig. 4.7.2. For the
analytical solution, we obtain

e the displacement gradient
Llug uy| | An o AL
Vu = L’,& U,n} = [—2B§ NE (12.128)
e the linear strain

Ug %(v7§+u7n)} _ [ An 3(A-2B)¢
s

e =symVu = {
sym. (2
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Next, we consider the Allman element. For pure bending, the rotations
of corner nodes are as follows:
w| = w, Wy = —w, w3 = —w, Wy = w (12.130)
and the differences of rotations are
w9 —w = —2w, w3 —wo =0, w4 — w3z = 2w, w1 —wyg = 0.

From eq. (12.126) we obtain Aug = 0 and Aug = 0, ie. the mid-
side displacements for the sides which remain straight in pure bending are
equal to zero. Thus, we consider only the sides which change the curvature,

for which njo = —iQ, nsy = i2, and L12 = L34 =2 and
L 2 . I .
Aus = —% (w2 —w1) (M)12 = —2 (-2w) (—2) = —gwiz, (12.131)
L 2 1
Auy = —% (i — wy) (N)3s = =2 (W) iz = —S wiy, (12.132)

i.e. their mid-side displacements are equal, in accordance with our in-
tuition. Substituting these expressions into eq. (12.104), we obtain the
following form of the hierarchical part of displacements

8

Z NH(fﬂ?) ALIH = N5(£7 77) AU5 + N7(£777) AU7 = UA i2a (12133)
H=5

where v4(€) = —3(1 - )w = —FMy(§)w is the displacement compo-
nent in the iy direction which depends on the bubble function My(§) and
the drilling rotation w. Hence, eq. (12.104) can be separately written for
each component as follows:

u(ém) = uo +Eur +nus + Enus, (12.134)

v(ﬁ,n)=vo+§v1+nv2+£nv3—%(1—52)% (12.135)

where the contribution of v4(¢) is underlined. For the above approxi-
mations, we obtain

e the displacement gradient

o |ue u u1 + nus uz + Eus
Vu | & = 12.136
! [U,s U,n} [Ul+77“3+§w vg + &z | ( )
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e the linear strain

ue  3(vg+uy) _ |wtnus €12
sym. U,n Sym. V2 + 51}3 ’
(12.137)

e =symVu =

where 2e19 = (ug +v1) +{uz +nus +Ew.

The v4 appears only in ve and €12. Besides, the 11 and 22 compo-
nents of Vu and € are incomplete linear polynomials of £ and 7.

Remark. We can compare egs. (12.136) and (12.137) for the Allman
shape functions with egs. (12.128) and (12.129) for the analytical solu-
tion. Concerning the displacement gradient (Vu)i2, we see that the {w
term introduced by v# is necessary to reproduce the analytical solution.
The effect of this term is similar to that of the EADG2 enhancement for
the Q4 element,

Gt = [ 0 QQ”] . (12.138)

On the other hand, the strain representation is sufficient to reproduce
the analytical solution, even without using the Allman shape functions.
Nonetheless, the &w term introduced into ;2 by the component v*
positively de-enhances it, similarly to the EADG2 enhancement. The close
relation between the Allman shape functions and the EADG2 enhance-
ment is also confirmed by numerical tests.

12.7.2 EADG2x enhancement of Allman quadrilateral

The study of a 2D beam under the in-plane shear load of Sect. 7.2.1,
Table 7.1, provides a rational background for using specific enhancing
strain modes for the Allman quadrilateral. The strain recovery can be
interpreted as a form of strain enhancement in which we add two modes,
{1,¢}, to the normal strain F33 and where {e33,r33} are multipliers,
see eq. (7.85). Only the recovery of k33 and the (-mode are important for
bending, which is the observation crucial for selecting proper enhancing
modes for the Allman element.

The Allman element (standard, without enhancement) identically per-
forms in the above numerical test as the beam without the k33 recovery.
Hence, we can enhance the Allman element using the EADG method, see
Sect. 11.4.3, and the following two modes,



2D+drill elements for Allman shape functions 357

Gt — [5(()11 anQ] , (12.139)

designated as EADG2x. In consequence, the strain components &7 and
€99 are enhanced, as shown below.

For simplicity, we consider a square 2 x 2 element, with the center
located at the origin of the Cartesian coordinate system. Then the Carte-
sian coordinates are equal to the natural coordinates, i.e. x = £ and
y = n, and the Jacobian matrix is an identity matrix. Then, for the
EADG method, eq. (11.71) is reduced to H = G¢. For eq. (11.70), the
linear strain can be split into two parts

E=1F+F —2D) =1 Vu+ (Vo] + L EH+HY),  (12.140)

where the strain enhancement

(H+HT) = Fgl n?}z} . (12.141)

D[

We see that the strain components €17 and €99 are indeed enhanced.

12.7.3 Special techniques for Aliman quadrilateral

Even if we use the classical Allman shape functions and do not use the
EADG2x enhancement, we still need to implement the two techniques
which are described below.

Stabilization of spurious modes. A characteristic feature of Allman quadri-
laterals are additional zero eigenvalues.

Fig. 12.9 Spurious modes ©; and @, for Allman’s quadrilateral.
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If the formulation is based on the potential energy functional, then
the two spurious modes shown in Fig. 12.9 are obtained. These modes
can be eliminated using the penalty method and, e.g., the stabilization
functions of [144],

4
_ 1 .
P =10°%gV @%, O = 1 Z(wl —We), We= %(uxy — Uyz)es
I=1
(12.142)
1
Py = 103GV @%, Oy = Z(W1 —w + w3 — w4), (12.143)

where wjy are the nodal rotations and V is the element volume.
Note that w,. is identical to that obtained from the linearized drill
RC equation at the element’s center. It seems, however, that the form
of ©; should rather be ©; = (i 231:1 (.U[) — We.

The tangent matrix yielded by P, is as follows:

1-1 1-1

[ 1 1-1 1
K§}3b=§10 Gv T, - (12.144)

—— -1 1 -1 1

multiplier

Its eigenvalues are {4,0,0,0} x multiplier, i.e. only one eigenvalue is
non-zero.

. If the formulation is based on the functional incorporating the drill

RC equation, then only one spurious mode is obtained. It is identical
to O and is eliminated by eq. (12.143). It suffices to enforce the drill
RC at one point to obtain the correct rank and the center of element
is a natural choice.

Note that eq. (12.143) can be rewritten as © = 1h - w;, where
h=[1,-1,1,—1] is the hourglass mode. After implementation of this
function, the number of zero eigenvalues is three for our elements.

Adaptation of procedure of [Jetteur, Frey, 1986]. The Allman quadrilaterals
have problems with passing the membrane patch test for the boundary
conditions b2 and b3 described in Sect. 15.2.3. This problem can be
circumvented by the procedure of [117]. Below, this procedure is gener-
alized to also work for non-linear strains.

In [117], the part of membrane strains computed from the drilling ro-

tation w is modified as follows:

Ew)=¢€e(w)— = [ e(w) dA, (12.145)
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where &(w) is the strain obtained from the hierarchical displacements

8

u(wr) = > Nu(én) Aug (12.146)
H=5

of eq. (12.104) and A is the element area. We see that, in eq. (12.145),
the average value of e(w) for the element is subtracted from e(w), with
the purpose of minimizing the effect of e(w) on the constant strains
which are checked in the patch test. Consider two cases:

e For linear strains, € =symVu, and eq. (12.145) can be replaced by

E]W[: <B]—2AB[ dA> wr, (12.147)

where B = 0e(wy)/0wr, see [235], eq. (5.1)—(5.6).

e For non-linear strains, e(wjy) is complicated and therefore we re-
place eq. (12.145) by the formula for the gradient of the displacements
depending on wy, i.e.

Va(wr) = Va(w) —% /A Vu(w;) dA, (12.148)

where the integral is evaluated by a 2 x 2 Gaussian quadrature. This
formula enabled our Allman elements to pass the patch tests for the
boundary conditions b2 and b3, see Table 15.4.

This procedure slightly changes some of the eigenvalues but does not
change the number of zero eigenvalues.

12.7.4 Allman+EADG2x elements

The Allman+EADG2x element is based on the Green strain and is valid
for large drilling rotations. It uses the EADG2x enhancement and was
developed using the techniques of Sect. 12.7.3. The drill RC was enforced
at the element’s center.

The extended functionals with drilling rotations are used to formulate
two elements:

1. Element Allman+EADG2x+P which has the following features:
a) the penalty method is implemented as specified in Table 12.4,
b) it uses two additional parameters, which are multipliers of the en-
hancing modes.
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2. Element Allman+EADG2x+PL which has the following features:
a) the Perturbed Lagrange method is implemented as specified in Ta-
ble 12.5. Only one parameter is used in the representation of the
Lagrange multiplier of eq. (12.57), i.e. Ty (&,1) = qo, so eq. (12.56)
becomes

T, :JLC{ 0 q‘)} iz (12.149)
—q 0
b) it uses three additional parameters: two multipliers of the enhanc-
ing modes, and one parameter of the Lagrange multiplier.

These elements have a correct rank and pass the patch test for all types of
boundary conditions. As indicated by the numerical results of Table 12.6,
these elements have the following features: (i) their rotations converge
from above, while displacements converge from below, (ii) they perform
quite well for coarse distorted meshes but they are not top performers.

Finally, we note that the Allman-type 2D-+drill elements can be used
as the membrane part of the four-node shell element with six dofs/node.
Typically, they are used in “flat” shell elements, e.g. in [3, 57], due to
the lack of Allman shape functions for initially warped elements. For the
latter elements, the curvature (warping) correction must be applied, as in
[117, 235]; this topic is addressed in Sect. 14.

12.8 Numerical tests

Below are presented the most indicative numerical tests related to the
implementation of the drilling rotation; other tests can be found in [43,
57, 56, 266, 102].

12.8.1 Comparison of various elements

All the tested 2D-+drill elements have a correct rank and pass the patch
test for all types of boundary conditions for the drilling rotation of Ta-
ble 15.4.

Cook’s membrane. The performance of 2D and 2D+drill elements is com-
pared in Cook’s membrane test, which is very demanding, see Sect. 15.2.7.
Two meshes are used in computations; a coarse 2 x 2-element mesh and
a fine 32 x 32-element mesh. The regularizing parameter v = G. The ver-
tical displacements and the drilling rotation at point A, see Fig. 15.9, are
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given in Table 12.6. The results for the penalty (P) method and the Per-
turbed Lagrange (PL) method are identical, which is indicated as P=PL.

We see that the best coarse mesh performance in the class of the
2D+drill elements is provided by the elements HR7-S+EADG2 and HW18-
SS+EADG2. Among the elements using a small number of additional
parameters, the EADG4 element is better than the HR5-S element; the
converse is true for their 2D counterparts.

Table 12.6 Cook’s membrane. Linear test. v = G.

Formulation  Element Mesh 2 x 2 Mesh 32 x 32

Uy w Uy w
2D Q4 11.845 - 23.818 -
2D+-drill Q4 (P=PL) 11.173  0.316 23.790  0.876
2D EADG4 21.050 - 23.940 -
2D-+drill EADG4 (P=PL) 20.940  0.879 23.936  0.891
2D HR5-S 21.353 - 23.940 -
2D+-drill HR5-S (P=PL) 18.495 0.634 23.911 0.881
2D HR7-S+EADG2 21.353 - 23.940 -
2D-+drill HR7-S+EADG2 (P=PL) 21.263  0.899 23.936  0.890
2D HW14-SS 21.353 - 23.940 -
2D+-drill HW14-SS (P=PL) 18.490 0.634 23.911 0.881
2D HW18-SS 21.353 - 23.940 -
2D-+drill HW18-SS+EADG2 (P=PL) 21.237 0.895 23.936  0.891
2D+drill Allman+EADG2x (P=PL) 20.253  1.109 23.930  0.899
Ref. 23.81 23.81

12.8.2 Selection of the value of regularization parameter

Below, we establish the effect of the value of the regularization parameter
in order to select the most suitable value for it.

In the tests we use the four-node EADG4 element with the drill RC
part, in which we use the Perturbed Lagrange method with the local
multipliers, implemented as described in Table 12.5, and eliminated on
the element’s level.

Straight cantilever beam. This test is described in Sect. 15.2.6. Here the
in-plane shear load is considered and four meshes are tested, of either 6 x 1
or 12 x 2 elements, and of either rectangular or trapezoidal elements.
The vertical displacements and the drilling rotation at the end of can-
tilever are shown for ~ € [10°,10'%] in Fig. 12.10 and we note a deterio-
ration of accuracy for trapezoidal elements. For the 12 x 2 element mesh,
the dependence on the regularization parameter - varies. Three selected
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values of this parameter, G, G/10, G/100, are marked in this figure by
vertical lines. We see that = G/100 yields a slightly better accuracy
than -~ = G/10, and clearly better than v = G.

Perturbed Lagrange
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' 6x1 rectan
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Fig. 12.10 Straight cantilever beam. Effect of « for various shapes of elements.
a) vertical displacement at point A, b) drilling rotation at point A.

Cook’s membrane. In this test, elements are skew and tapered and the
shear deformation dominates, see Sect. 15.2.7. Three meshes are used in
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computations: 2 X 2, 4 x 4, and the fine 32 x 32-element mesh which is
used for reference.

The vertical displacement and drill rotations are shown for -~ €
[10710.101°] in Fig. 12.11. Three selected values of ~ are marked
in this figure by vertical lines G, G/10 and G/100. For the displacement,
the conclusion is similar to that of the previous example, i.e. v = G/100
yields the best accuracy. For the drilling rotation, the plots are too com-
plicated to be the basis for any conclusion.
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Fig. 12.11 Cook’s membrane. Effect of v for various meshes.
a) Vertical displacement at point A, b) drilling rotation at point A.
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Bending of slender cantilever by end drilling rotations. This test checks whether
the drilling rotation is correctly linked with displacements and transferred

between elements. The drilling rotation w* =1.2x 1073 is prescribed at

two tip nodes of a slender cantilever, see Fig. 12.12. The mesh consists of

1 x 100 elements, and the elements are 1 x 1 squares. The geometry and

data are defined in Sect. 15.3.1.

The vertical displacements are monitored at the tip nodes where the
drilling rotations are applied and they are identical for both nodes. The
reference value is the Timoshenko beam solution u, = 0.06. The depen-
dence on v € [10°,10%] is shown in Fig. 12.13.

Three selected values of ~ are shown in this figure by vertical lines
G, G/10 and G/100. The best accuracy yields - = G. An identical
conclusion is obtained for the horizontal displacement.

;
W I 113,

0 X Ve

Fig. 12.12 Slender cantilever loaded by end rotations. 100 of 1 x 1 elements.
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Fig. 12.13 Bending of cantilever by end drilling rotation. Effect of ~.

Conclusion. These three tests indicate that if elements are rectangular,
then the value v = G should be used, while for the elements of distorted
irregular shape the reduced value v = G/100 seems to be optimal.
Finally, we note that the reduced value of ~ 1is also beneficial for the
warped elements described in Sect. 14.
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Modification of transverse shear stiffness
of shell element

In order to improve the performance of a four-node shell element in bend-
ing, the transverse shear energy and stiffness must be treated in a special
way. The two main problems are the transverse shear locking (TSL) and
the poor performance of very thin elements. These problems also appear
for beams, which are simpler and more suitable for analytical studies.

13.1 Treatment of transverse shear stiffness of beams

To identify the problems related to the transverse shear, it suffices to con-
sider the linear kinematics and small rotations of the Timoshenko beam.

Timoshenko beam equations. For the Timoshenko beam, the membrane,
transverse shear, and bending strain components are as follows:

Exe = Uz z, 2. =wy, —0 =1, Kze = —0 4, (13.1)

where wu is a tangent displacement, w is the normal displacement, and
0 is the rotation angle of the middle line of the beam. The strain energy
is

L
W= / W + W, + W) da, (13.2)
0

where

1
2
Besides, k= 5/6 is the shear correction coefficient and L is the beam

length. For a rectangular cross-section of the beam of height h and width
b, the areais A = bh, and the moment of inertia is I = bh3/12.

1 1
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Transverse shear strain for large rotation beam. Consider a straight (not
curved) beam in the 13-plane (XZ-plane). The transverse shear strain
of a beam in the ortho-normal basis {ty} (k=1,3) is as follows:

€13 — %XO@ - as. (13.3)

The form of this strain is identical for the Green strain and the symmetric
right stretch strain. The rotation tensor is

Q= C(t1®t1+t3®t3)—|—8 (tg@tl—t1®t3), s=sinf, c¢=cosf, (134)

where 6 is the rotation angle about the axis ts. Then a3 = Qt3z =
ct3—sty. Besides, x0, = (yo+Uo) s =ta+u,, where u=ut;+wts.
For a straight beam, t;, =t3, =0, and eq. (13.3) becomes

2613 =Xz 83 =—8 —Ug S+ WyC. (13.5)

For small rotations, 6 ~ 0, we have s~ 6 and c= 1 and neglecting
the second order term wu 0, we obtain the linearized transverse shear
strain of eq. (13.1).

13.1.1 Reduced integration of transverse shear energy

Transverse shear locking. The transverse shear locking (TSL) is a patho-
logical phenomenon plaguing elements based on the Reissner hypothesis
and low-order approximations. It manifests itself in two ways:

1. an artificial over-stiffening of an FE model is observed for coarse
meshes. The solution is too small, compared to the analytical solu-
tion, see Fig. 13.1. In other words, the solution is “locked”.

Analytical solution

-

Numerical solution

Displacement

o

0 1h

Fig. 13.1 Locking of numerical solution.
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2. The rate of the mesh convergence deteriorates and a much denser mesh
is necessary to obtain an accurate solution. In the mesh limit, however,
the solution is correct.

The TSL is caused by two factors:

1. improper approximation of the transverse shear strain, due to non-
matching approximations of particular terms and

2. high values of the (transverse shear stiffness/bending stiffness) ratio
for very small thickness h. This ratio is proportional to 12/h%, so
the thickness is a critical parameter.

We stress that the TSL is not caused by finite computer representations
and arithmetic and its presence can be shown in an analytical way, e.g.
considering pure bending of a beam element. The first papers on the sub-
ject were [226, 227].

Transverse shear locking of two-node beam. Assume that the element’s cen-
ter is located at x = 0, see Fig. 13.2. Then z = (I/2)&, where
¢ e€]-1,41], 1 is the element’s length, and we differentiate as follows:

(a=0e () =20 (13

A

Fig. 13.2 Two-node beam element.

To derive a two-node beam element, we use the approximations

2
Ni(&wr, 0§ =D Ni(€)6r, (13.7)

I=1 I=1

w(§) =

]

where (-); designates the nodal values and the linear shape functions
are

M= 5E-1, N6 = (e +1). (13.9)
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For these approximations, the components of €,,(§) of eq. (13.1) are as
follows:

6O = 11—+ L1+ 0 wal) = ~(ws—wr),  (13.9)

L
ie. 0(§) is a linear function, while w4 (§) is a constant function. We
see that approximations of these two components do not match up, which
has negative consequences.

For pure cylindrical bending of the two-node beam element, see Fig. 13.3,
the nodal displacements wy = w; and the nodal rotations 6; = —6 and
0o = 6. Hence, 0(¢)=¢(6 and w, =0, so we obtain

2e5.(8) = €0, (13.10)

which is a linear function of £. The analytical value of ¢,,(§) for pure
bending is zero and is obtained from the above formula only at one point,
& =0, i.e. at the element’s center. This observation is exploited by the
reduced integration technique described in the sequel.

Fig. 13.3 Pure cylindrical bending of two-node beam element.

Remark on transverse shear locking of three-node beam element. Note
that the TSL also appears for the three-node beam element based on
quadratic shape functions. However, the TSL does not appear for pure
bending, but for the transverse loads shown in Fig. 13.4. Two points,
¢ = +1/+/3, at which the approximated ¢,,(¢) yields analytical values
can be found as a solution of a quadratic equation, see [94].

Reduced integration (SRI and URI) of transverse shear energy. To avoid the
TSL, we can use the numerical Gauss integration based on the points at
which &, is correct.

For instance, for a two-node beam, we may use the one-point integra-
tion rule using the point ¢ = 0, while, for the three-node beam, we may
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Fig. 13.4 Bending of three-node beam element by force P and distributed load g.

use the two-point integration rule exploiting the points, ¢ = 41/+/3.
Fortunately, in both cases, the under-integration does not yield spurious
zero eigenvalues of the tangent matrix.

Two forms of the reduced integration are in use. Within the Selective
Reduced Integration (SRI) technique, only the transverse shear strain en-
ergy is under-integrated. However, for a two-node beam, we can uniformly
under-integrate all terms of the strain energy and the element’s rank still
remains correct. Such a technique is called the Uniform Reduced Inte-
gration (URI). If the reduced integration technique yields spurious zero
eigenvalues of the tangent matrix, then it must be additionally stabilized.

The SRI technique works very well for beams; the accuracy of the SRI
integration and the full integration is compared in [103], Tables I and II,
for the example of a cantilever beam loaded by a transverse force.

Why poor approximation of transverse shear strain locks the solution. Consider
only the transverse shear and bending strain components in the beam
strain energy of eq. (13.2), which can be rewritten as follows:

1/2
2W/EI :/ (K2, + aes,) da, o= k2GA

ity 13.11
e EI (13.11)

For a rectangular cross-section, when A =bh and I = bh3/12,

24kG 12k 1
o = =

Eh2 — (1+v)h2

If the thickness h — 0, then o — oo, and the component a¢e?, =

Tz
a(ez-—0)? can be interpreted as the penalty term enforcing the condition

€zz = 0. This condition is physically correct for h — 0.

The problem appears when ¢,, is not properly approximated within
an element because then, not &,, = 0, but some other condition is
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enforced. This can be shown for pure bending, for which 2¢,,(§) = £6,
see eq. (13.10). Then, the transverse shear term is

1/2 ) l 1 ) l )
€, dx = / e5,dE = — 07, 13.12
/_l/g 2 —1 12 ( )

and, eq. (13.11) becomes

1/2

2W/EI:/ K2, dx+ai(9—o)2. (13.13)
12 12

We see that for « — oo, the condition 6 =0 is enforced, which is non-
physical and causes an over-stiffened response (locking) of the two-node
beam element.

13.1.2 Residual Bending Flexibility (RBF) correction

Introduction. Low-order elements, such as a two-node Timoshenko beam
element and a four-node Reissner shell element, seriously lock for the
sinusoidal bending shown in Fig. 13.5a, because this form of deformation
cannot be properly represented by linear (or bilinear) shape functions. To
remedy this problem, we can use the corrected value of the transverse
shear stiffness defined as follows:

(GA)" = crer G4, (13.14)

where cgrpr is a scalar coefficient determined by the method of the
Residual Bending Flexibility (RBF'), which is described below. Note that

1. the RBF correction does not affect the cylindrical (pure) bending
shown in Fig. 13.5b, for which the transverse shear strain is zero. This
type of bending is improved by the reduced integration of the trans-
verse shear energy or proper sampling of the transverse shear strain.

2. The RBF correction is beneficial for extremely thin elements when the
elemental aspect ratio (I/h) is very large. For this case, we also can
use the scaling down of [103], discussed in the sequel.

The RBF correction was proposed for beams in [198] and adapted for
shells in [138].
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0,=6 0,=6 0,=—6 6,=6

A ~wy A w

1 2 1 2

Fig. 13.5 Bending of beam: a) Sinusoidal bending. b) Cylindrical (pure) bending.

RBF correction for beam. For two-node Timoshenko beams, the RBF cor-
rection amounts to using, in computations, the corrected value of a trans-
verse shear stiffness

1 2\ 7!

where the second term, [2/(12EI), is designated as the residual bending
flezibility (RBF) and [ is the element’s length. For a rectangular cross-
section when A = bh and [ = bh3/12, we can define the corrected
shear modulus

* 2 2 \ 1
GA) h*EG (1 l ) (13.16)

A T RE+RG \G ' hE
The RBF term does not vanish since [ # 0, and dominates for [/h >

VE/G = \/2(1 +v). 1If the RBF term strongly dominates, i.e. when
l/h> +\/E/G, then we can neglect 1/(GA) ineq. (13.15), which yields

L

. 12EI . (h\?
(GA)* =~ = and G~ <l> E. (13.17)

These formulas are well suited for elements of large (I/h) aspect ratios.

Derivation of the RBF correction for a beam. The derivation below is for a
small strain/small rotation beam, but the obtained corrected transverse
shear stiffness is subsequently tested also on non-linear problems.

We drive a two-node Discrete Kirchhoff (DK) beam element with the
normal displacement approximated by a cubic polynomial

w(é) =ao+aé+arf®+azc®,  £e[-1,41]. (13.18)

Using the boundary conditions: w(—1) = wi, w(+1) = wa, we(—1) =
(we)1, and wge(+1) = (wg)2, we can determine the coefficients a;
(1=0,1,2,3) and rewrite eq. (13.18) as
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w(§) = Ni(§) wr + Na(§) wz + N3(&) (we)r + Na(€) (we)2,  (13.19)

where the Hermitian shape functions are

N3(§) = i(l —E=8+8), M= %(—1 — e+ 2463, (13.20)

see Fig. 13.6.

B Q5 0.5 1 a

Fig. 13.6 Hermitian shape functions Ni, N, N3, and Ny.

The Kirchhoff constraint, e13 = 0, yields the relation 60 = w,.
Applying this constraint to discrete points, namely to the boundary nodes,
and using w, = (2/l)wge, we obtain (wg); = (1/2)0; and (wg)2 =
(1/2) 0. Hence, the normal displacement becomes

w(§) = Ni(§) wi + No(&) wa + é [N3(€) 01 + Ny(€) 69] (13.21)

where 67 and 60 are the nodal rotations. This form of w 1is used in the
sequel, as it conforms with the boundary conditions for the cases shown
in Fig. 13.5. Note that we can separate the terms for the cylindrical and
sinusoidal bending as follows:

L IN5(©) 01+ Na(©) 8] = L1(1— ) (0 — 00) + (£ + %) (61 + ),
———— —_——

cylindrical sinusoidal
(13.22)
and if 67 = £6,, then only one type of bending remains.

Let us now define components of the strain energy of the DK beam
element:
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1. the bending energy

1 4
W, = 1 ET k2 d¢, K==W, (13.23)
-1
where the bending strain x = -0, ~ —w_,, for the Kirchhoff con-
straint.
2. the transverse shear energy

It EI 2
W,y = - GA~* d == 13.24
V=7 /_ 1 VA =GR (13.24)
where the transverse shear strain v = —(EI/GA)k, is recovered
from the equilibrium equation @ = —M,, in which we used M =

Elx and Q= GA~.

Using these energies, we can define the ratio of the shear energy to the

total energy
e M
WK/ _I_ W’y

For the sinusoidal bending of Fig. 13.5b, we have w(§) = %5(52 -1)6
and the above formulas yield

(13.25)

6E1
W,Q - T92, W»y -

72(EI)?
GAI3

12E1

— T (13.2
12ET + GAI?’ (13.26)

0%, crBr =c=
where crprp does not depend on the rotation 6 ! Note that these
formulas are for the beam element based on cubic displacements (13.18),
but we shall apply the coefficient cgpr to the two-node Timoshenko
beam element, which is based on linear displacements and rotation.

Sinusoidal bending of very slender beam. Consider the sinusoidal bending of
a very slender beam element, for which h/l < 1. Then, for the DK beam
element based on cubic displacements, the bending energy dominates in
eq. (13.26), ie. W, >W,, so

6F1
W=W,+ Wy =W, = TGQ’ (13.27)
where W, is neglected. On the other hand, for a two-node Timoshenko
element with linear approximations of # and w, the sinusoidal bending
yields
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GAl
2
i.e. only the transverse shear energy is non-zero. These two energies are
equal if GA = 12FI/I?, so we define (GA)* = 12EI/I> which has
the form of eq. (13.14). For this corrected transverse shear stiffness, the
two-node Timoshenko element with linear approximation of w yields
almost identical nodal rotations as the DK beam element based on a cubic
approximation of w.

W =W+ Wy =W, = 0%, (13.28)

13.1.3 Scaling down of transverse shear stiffness

For extremely thin beam and shell elements, we obtain very inaccurate
solutions. This is attributed to disparity between the orders of bending
and shear terms, which means that, due to the finite computer precision,
the bending stiffness is annihilated.

Then, either the RBF correction or the method of scaling down the
transverse shear stiffness proposed in [103] can be applied. The most im-
portant difference between these two methods is that the scaling down
does not pertain to any particular form of deformation, while the RBF
method does.

In the method of scaling down the transverse shear stiffness, the anni-
hilation of the bending stiffness is prevented by the following strategy:

1. We find the maximum aspect ratio of an element, (I/h)max, for which
the accuracy is still correct. This value is determined by a numerical
experiment and 10%/16 for beams and 10°/8 for plates was found
in the cited work.

2. For the aspect ratios which are larger than the maximum aspect ratio,
i.e. for [/h > (I/h)max, we scale down the transverse shear stiffness

(GA) =5 GA,  s= (7)2 </ll>2 . (13.29)

max

The scaling factor s is plotted in Fig. 13.7 and we see that it tends
to zero for [/h — oco. Then the strain energy of a beam is

1/2
2W = [EIk}, + (GA)* <2, da. (13.30)
—1/2
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Fig. 13.7 Scaling factor for (I/h)max = 10*/16.

Alternatively, we can scale down the ratio of the shear stiffness to the
bending stiffness « of eq. (13.11),

ot =5 a, (13.31)

so the strain energy of eq. (13.11) becomes

12
2W/EI = / (K2, +a*e2,) da. (13.32)
—1/2
Both above forms of the strain energy are equivalent. Note that the above
scaling down is in accord with eq. (13.27) for sinusoidal bending of a very
slender beam.

Scaling down parameter s. The scaling down parameter s of eq. (13.29)
can be obtained by the simple reasoning presented below. The estima-
tion of energy components of a two-node Timoshenko beam element is as
follows:

1. the bending energy

1LER [t 1 Eh3 (6 — 6,)?
e = = —— Nt 13.
212/07“51; 212 1 (13.33)
2. the shear energy
1 l
W, = 2kGh/ (w, — 0)* d¢
0
1 _ 2

where 6, = (61 + 6>) is the rotation at the element’s center.
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The order of the bending stiffness S, and the shear stiffness S, is as
follows:

oW, k3 . oW,
SH == aaa ~ 77 S»y == aea ~ hl, o = ].,2, (1335)
and their ratio is )
Sk h
— == . 13.36
Sy <l> ( )

We see that, for the aspect ratio (I/h) — oo, the ratio (S./Sy) — 0.
Because S, is much smaller than S, the bending stiffness is annihi-
lated due to finite computer precision. The effect of disparity between the
bending and shear term is alleviated if we scale down as in eq. (13.29).

13.1.4 Numerical tests for beams

Test 1. Transverse shear locking of cantilever. One boundary of a cantilever
is fixed while at the other one a vertical force P = 1 is applied. The
data is as follows: E =3 x 10 v =03, L =100, h=3, b=1.
The two-node Timoshenko beam element is integrated using either one-
or two-point Gauss integration of the transverse shear energy.

The mesh convergence for the linear test is shown in Fig. 13.8, where
the normalizing value is 4.9416 x 1072. We see that the element with
the two-point integration converges very slowly while the element using
one-point integration converges quickly. The difference is significant, as
four elements with one-point integration provide better accuracy than
100 elements with two-point integration.

Test 2. Eigenvalues. Effect of the RBF correction. Two types of two-node Tim-
oshenko beam elements are checked:

1. the element designated as “Linear” is based on linear shape functions.
The bending and membrane energy is integrated using either one point
at the element’s center or two Gauss points, while the shear strain
energy is integrated at the element center,

2. the element designated as “Allman” is based on Allman-type shape
functions so the displacement vector is approximated as follows:

u = ul — éu —&%)(0g — 01) m, (13.37)
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Fig. 13.8 Cantilever loaded by vertical force. Effect of integration rule for trans-
verse shear.

where u} is approximated by linear shape functions, 61,60, are

nodal rotations, and n is a vector normal to the element. (For more
details on Allman shape functions, see Sect. 12.7.) The bending and
membrane energy is integrated using two Gauss points, while the shear
strain energy is integrated by one Gauss point, at the element’s center.

We see in Table 13.1 that both elements have identical eigenvalues and
the second eigenvalue, which is associated with the transverse shear, is
decreased about 33 times by the RBF correction.

Table 13.1 Non-zero eigenvalues of two-node beam elements based on Green strain.
E=10% v=03, h=01, I=1, b=1.

Shape functions Non-zero eigenvalues

no transverse shear stiffness

Linear 0.2000E+-06 0.1667E+03
Allman 0.2000E+-06 0.1667E403
with transverse shear

Linear 0.2000E406  0.8013E+405 0.1667E+03
Allman 0.2000E4-06  0.8013E+405 0.1667E403
transverse shear with RBF correction

Linear 0.2000E406  0.2424E+04 0.1667TE+03
Allman 0.2000E4-06  0.2424E+4+04 0.1667E403

Test 3. Sinusoidal bending of simply supported beam. The beam is simply
supported and loaded by two end moments M7 = My = 1, which gener-
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ate the sinusoidal bending of Fig. 13.5a. The results for the Timoshenko
beam element (“Linear”) with/without the RBF correction are shown in
Table 13.2. We see that, for a single element, the solution obtained with-
out the RBF correction is severely locked, but the RBF correction is a
perfect remedy. Note that h/l € [0.0001,0.01] and the coefficient crpr
assumes values greatly differing from 1!

For comparison, also the solution for three-node beam element is pro-
vided. This element is based on parabolic shape functions and uses the
two-point Gauss URI. The Assumed Strain (AS) method of [94] for the
membrane and transverse shear strains, with two sampling points and the
three-point Gauss integration yields exactly the same results.

Table 13.2 Sinusoidal bending by two-node beam element. Effect of RBF correc-
tion. E =211x10'", v =0.3, h=0.0002, [ =2, b=2.

Rotation at node 1

No of elements 1 2 10 100
no RBF 7.3934E-08 1.7773 2.3460 2.3694
RBF 2.3697 2.3697 2.3697 2.3697
three-node beam 2.3697 2.3697 2.3697 2.3697
h/l of element 0.0001 0.005 0.001 0.01
CRBF 3.119E-08 1.247E-7  3.119E-06  3.119E-04

Test 4. Linear and non-linear cantilever beam. The data is the same as in
Test 1. Two finite-rotation two-node Timoshenko beam elements, based
on either “Linear” or “Allman” shape functions, and either with or without
the RBF correction are used. In the linear test, the load P =1, whilein
the nonlinear one, the initial load increment AP = 10 and the arc-length
method is used.

The mesh convergence for the linear test is shown in Fig. 13.9a, where
the normalizing value is 4.9416 x 1072, and the exact solution is ob-
tained, even for one element. In the non-linear test, see Fig. 13.9b, the
reference solution is obtained for 10 elements for which the effect of the
RBF correction vanishes. For the mesh of two elements based on “Linear”
shape functions and without the RBF correction, the solution is almost
exact, while the correction yields a slightly too soft solution. For the same
mesh, the solutions for the element based on the “Allman” shape functions
are correct only up to a certain load but for the 10-element mesh they are
close to the reference solution in the whole range.
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Fig. 13.9 Cantilever loaded by vertical force. Effect of the RBF correction.
a) Linear test. Mesh convergence. b) Nonlinear test.

Test 5. Extremely thin cantilever beam. The purpose of this test is to compare
the scaling down of the transverse shear stiffness of eq. (13.29) with the
RBF correction for the extreme thinness in a linear example involving the
transverse shear. The value (I/h)max = 10%/16 was used for the scaling
down.

One boundary of a cantilever is fixed, while at the other one, a vertical
force P is applied. The data is as follows: E =10° v =0.3, L = 100,
b =1, theload P = 1. The two-node Timoshenko beam element
based on one-point Gauss integration is used and 100 elements are applied.
Hence, the length of a single element is [ = 1, while the thickness is
varied, h =10", n € [0,—8§].

The results are given in Table 13.3, where the normal displacement
w and the rotation 6 at the beam’s tip are presented. We see that,
for the not modified element, the accuracy is acceptable only for up to
(I/h) = 10~%, while for the RBF correction and the scaling of eq. (13.29),
the accuracy is good even for (I/h) = 1078, We note a 5% error appearing
for both these methods for h = 107°.

13.1.5 Curvature correction

Two-node beam elements are typically defined by node positions and are
straight. If they are used for curved beams or arches and coarse meshes,
then the accuracy can be improved if we account for curvature. The cur-
vature can be defined by specifying either normal vectors at nodes or the
height of the arch, which is assumed as circular.
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Table 13.3 Thin limit of two-node beam. Modifications of transverse shear.

h standard RBF correction shear scaling, eq. (13.29)
n w 0 w 0 w 0
0 4.0002E4-00  6.0000E-02  4.0003E4-00 6.0000E-02  3.9999E+00 6.0000E-02
-1 3.9999E+03 6.0000E+01  4.0000E4-03 6.0000E+01  3.9999E4-03 6.0000E+401
-2 3.9999E+06 6.0000E+04  4.0000E+06 6.0000E4+04  3.9999E4-06 6.0000E+04
-3 4.0003E4-09 6.0006E+07  4.0000E409 6.0000E+07  3.9999E4-09 6.0000E+07
4 4.0239E+12 6.0230E+10 4.0000E+12 6.0000E+10  3.9999E412 6.0000E+10
-5 2.1911E+14 6.7033E+12  4.2253E415 6.3521E413  4.2259E+415 6.3531E413
-6 1.8068E+16 1.2498E+15 4.0000E+418 6.0000E+416  3.9999E+18 6.0000E4-16
-7 2.2518E+17 5.4043E+16 4.0000E+21 6.0000E+19  3.9999E+21 6.0000E+19
-8 —6.9175E+18 -9.2234E+18 4.0000E+24 6.0000E+22  3.9999E+24 6.0000E+22

Consider a 2D circular arch 1-3-2 bent by two opposite horizontal forces
P, see Fig. 13.10a. If a straight (not curved) two-node element linking
nodes 1 and 2 is used, then the forces P do not cause bending in this
element, which is incorrect, comparing to the arch. This can be corrected,
e.g., by the method of rigid links, which introduces two rigid links 1-A
and 2-B, and shifts the straight two-node element to the position defined
by points A and B. Then, the forces P cause bending in this element,
similarly as in the arch.

a) b)

c
s

L Shifted element iqid li
Rigid link Rigid link AB r\
/ 3 S " A
*\A T B ZJ Aﬁl rW tc\{
Z[ P |/ \I P, > >

1
/2

Straight element

Fig. 13.10 Curvature correction for arch. a) Straight element and rigid links.
b) Transformation for rotation.

The displacements and rotation for node A are defined as
Auyg = Aug, Aw s = Awy, ABa = APy + Z Auy, (13.38)

where only the rotation at node A is corrected and it depends on the
rotation at node 1, the horizontal displacement Awu; at node 1, and the
offset Z, see Fig. 13.10b.

The offset Z corresponds to the length of the rigid links. Its magnitude
is arbitrary and must be somehow selected. We have tested two values:
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Fig. 13.11 Curvature correction. Center of gravity of arch.

e / =H, where H is the height of arch, see Fig. 13.11, and
e / =y, where y. is the vertical coordinate of the center of gravity
of an arch of a constant thickness in the local frame {t{,t5},

Yye=d— (r—H), d = rcos(a/d), (13.39)

where « = oy + ag = arccos(t} - t§) + arccos(t3 - t§). This definition
of « involves normal vectors at nodes 1, 2, and at the center, and
can also be applied to shapes which are not exactly circular.

Note that the curvature correction must be performed in the local or-
thonormal basis at the element’s center {t{}. Besides, the curvature
correction slightly impairs a convergence rate of the Newton method, com-
paring to that for the uncorrected element, but accuracy is improved.

Numerical example. The circular arch is shown in Fig. 13.12. The left
boundary is fixed, while at the right one, the horizontal force P is
applied and the vertical displacement is constrained to zero. The RBF
correction and the curvature correction are tested, using the two-node
finite-rotation Timoshenko beam element with one-point integration.

Fig. 13.12 Circular arch. E =3 x 105, v =0.3, r =300, a = 90°, h=3.

The mesh convergence in a linear test is shown in Fig. 13.13a, where
the normalizing reference value of the horizontal displacement is 3.3422.
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Fig. 13.13 Circular arch. Effect of the RBF and curvature corrections.
a) Linear test: mesh convergence. b) Nonlinear test.
c¢) Comparison of two elements “Linear” and “Allman” with/without corrections.
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The best accuracy is obtained for both corrections combined together and
when the offset Z = y.. For the one-element mesh, the obtained result is
not as exact as it was for a straight cantilever, but still the improvement is
impressive; one corrected element provides an accuracy comparable with
that for 25 uncorrected elements.

The results of a nonlinear test are shown for 5- and 20-element meshes
in Fig. 13.13b. The offset Z = y. is used and its values are as follows: for
20 elements Z = 0.17346 ~ 0.06h, while for five elements Z = 2.7687 ~
0.92h, i.e. is of the order of the thickness. The load increment is AP = 10.

For five elements, the RBF correction has a stronger effect than the
curvature correction but both corrections combined together produce the
best result. The RBF correction itself halves the difference between the
solutions for 20 and five elements without the RBF. The solution for 20
elements is used for reference, as then the effect of both corrections is
negligible.

Finally, we compare the two earlier presented finite-rotation two-node
Timoshenko elements, “Linear” and “Allman”, the eigenvalues of which
are given in Table 13.1. The mesh of five elements is used and solutions are
obtained for two cases: (1) no corrections, and (2) with both corrections
applied. The reference solution is obtained for a 20-element mesh, and is
identical for both elements. Comparing the curves in Fig. 13.13c, we see
that the “Allman” element performs better than the “Linear” element,
and that the corrections improve the accuracy of both.

13.2 Treatment of transverse shear stiffness of shells

The problems caused by the transverse shear strains, such as the transverse
shear locking and a poor performance of very thin elements, also appear
for shells, for which we can generalize the techniques developed and tested
for beams in Sect. 13.1.

Transverse shear strain for shell. For the Reissner kinematics, the transverse
shear strain components in the ortho-normal basis {t,} are

a3 = E3a = %Xo,a - as, (13.40)

where the differentiation is performed w.r.t. S¢. The above form of the
transverse shear strains is identical for the Green strain and the symmetric
right stretch strain.
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13.2.1 Selective Reduced Integration

The first remedy which was invented to circumvent the transverse shear
locking (TSL) in a four-node plate element was the Selective Reduced
Integration (SRI) proposed in [103]. The bending energy was integrated
using the 2 x 2-point Gauss scheme, while the transverse shear energy was
integrated by the reduced one-point scheme. Note that the plate element
has only three dofs/node, i.e. the normal displacement w, and two
tangent rotations 6,.

However, differently from two-node Timoshenko beams, the under-
integration of the transverse shear energy of a plate yields two spurious
zero eigenvalues. The associated zero-energy modes are as follows: (i) the
hourglass mode w = &y and 6, = 0, and (ii) the in-plane twisting
mode ) = —n, 0 = ¢ and w =0, see [103], Fig. 10. According
to this paper, the first mode can be removed by 2 x 2 integration of the
(Ow/0x4)? term in the transverse shear energy, while the second mode
vanishes for a mesh with the rigid body modes removed.

Note that two schemes of integration of the transverse shear strain en-
ergy make the SRI complicated and inconvenient for materially nonlinear
problems. This provided the motivation for further work, resulting in the
ANS technique described in the next section.

For four-node shell elements, the under-integration of the transverse
shear energy causes rank deficiency (two spurious zero eigenvalues), simi-
larly as for plate elements, and, for this reason, is not currently used.

13.2.2 Assumed Natural Strain method

Overview. In the Assumed Natural Strain (ANS) method each strain com-
ponent is treated separately; it is sampled at selected points and approx-
imated over the element domain.

For example, the transverse shear strain e13(£,n) is sampled at two
points (£ = 0,7 = £1) and approximated by a function which is con-
stant in the &-direction and linear in the 7-direction. This means that
in unidirectional bending in the £(-plane, the rectangular four-node shell
element performs identically as the two-node beam element.

The constant approximation in the £-direction corresponds to the re-
duced one-point integration in the {-direction but, when we use the ANS
method, we can apply the standard 2 x 2-point Gauss integration to all
terms, including the transverse shear strain energy.
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The ANS method was gradually developed in several works, including
[138, 104, 139, 18, 19]. The works preceding [18] are well characterized
in [141], pp. 401-3. The controversy existed over the optimal position of
points in the direction in which the strain is linearly approximated and
two values were in use: +1/v/3 and +1. Currently, the latter one is
considered as better.

Note that the assumed strain method is also used in nine-node shell ele-
ments for which more sophisticated sampling and approximation schemes
are used to eliminate the transverse shear and membrane locking, see
Sect. 14.4.

Covariant components of transverse shear strains. In eq. (13.40), for the
transverse shear strain, the differentiation is performed w.r.t. 5S¢, but
the position vector xg is approximated in terms of the natural coordi-
nates &,nm € [—1,+1]. Hence, we have to express the derivatives w.r.t.
S by the derivatives w.r.t. £, .

Let us form the vector of components of the transverse shear strain of
eq. (13.40),
1
€ 5X0.1-a
N (13.41)
€23 5X0,2 " a3

where the differentiation is performed w.r.t. % and the position vector
xo is approximated as xo(&,7) = 327, N1(€,7) xo7. Then we transform

%01 - a3 _24: 3N 1%07 - a3 _ZA‘: Nia
1 Nio

ST (13.42)
5X a, *1N X a
540,243 =1 L 24V1,2801 * 43 =1

where the auxiliary scalar s; = %Xo[ -a3. To calculate the derivatives of
shape functions, we can use eq. (2.46),

[N“] =37 {N“] , (13.43)
Nia

with the Jacobian inverse J~! defined by eq. (10.56). Then

4 4
Nr1 T Nrg =T
Z{N :|S[—J IZ_;|:NIJ] S]—J

= 1,2

lX .a
2R0ETT 0 (13.44)

1
X0, - a3

and the differentiation is performed w.r.t. £, 7. Hence, eq. (13.41) can be
rewritten as
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¢
=TT (13.45)
€23 €33

5% = %xo’g - ag, 533 = %XOW - asg. (13.46)

where

Note that eq. (13.45) transforms the covariant («3) components of a ten-
sor into Cartesian components, similarly as in eq. (2.27). The covariant
components 633 are interpolated within the ANS method in a specific
way which is described below.

The ANS method. The Assumed Natural Strain (ANS) method consists of
the following steps:

1. The covariant components 533 of eq. (13.46) are evaluated (sam-
pled) at the mid-side points of element edges, at two points for each
component, see Fig. 13.14. The sampled values are denoted as 5%,
M =5,6,7,8.

3 £
€1 €23
ul
4 7 3 4 7 3
7
813 8 6
8 6 ¢ 8] &2 €36 ¢
5
813
1 5 2 1 5 2

Fig. 13.14 Location of sampling points to evaluate &5, and &5;.

3

2. The components €, are approximated over the element domain as
follows:

els€n) =5 (A=) e+ (1 +n)ely], (13.47)

e (&m =5 [(1—©)els + (1 + ) ehy] (13.48)

where the sampled values 5% are used. These approximations

are constant in the direction in which the derivative is calculated in
eq. (13.46) and linear in the other direction, which means that the
ANS method is orientation-dependent.



Treatment of transverse shear stiffness of shells 387

3. At the Gauss integration points, the transverse shear strain e,3 is
evaluated by eq. (13.45),

¢
[?3] ;7 [623] , (13.49)
23 9

23

where the Jacobian is local (L) and evaluated at the element center
(c). Note that the Jacobian is not approximated by the ANS method !
We have also tested the version with the Jacobian matrix not taken at
the center but at the Gauss Points, i.e. using Jr not Jr.. It also
passes the bending patch test and the difference of both solutions in
other tests is negligible.

The ANS method effectively removes the transverse shear locking and is
used in four-node shell elements as a standard.

Test 1. Unidirectional bending in {¢-plane. Consider a 1 x 1 square element
shown in Fig. 13.15. Nodes 1 and 4 are fixed, while at nodes 2 and 3 we
apply: (i) the displacement vector u = [0,0,0.1]7, and (ii) the rotation
vector 1 = [0, 0.01, 0.01]7. The rotations are small so the forward-
rotated normal vector can be computed as az = t3 + ¥ X t3.

The transverse shear 533 is equal to zero, while the distribution of

E§3 obtained for bilinear approximations is shown in Fig. 13.15. In the
ANS method, 553 is sampled at points 5 and 7, and approximated by
eq. (13.47). Hence, for the unidirectional bending in the £(-plane, we

obtain 5§3(£ ,m) which is constant in both directions!

77
A A VA,

AT T T T T T
AT T T T
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Fig. 13.15 Transverse shear 5§3 for unidirectional bending.
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Fig. 13.16 Tip deflection for pure bending. a) Thin limit. b) Mesh convergence.

Test 2. Pure bending of slender cantilever. In this example, we compare re-
sults obtained by the same shell element either with or without the ANS
procedure.

The data for the cantilever is defined in Sect. 15.3.1 and the cantilever
is shown in Fig. 15.13. The mesh of m x 1 four-node shell elements is
used.

The bending moment M = 0.1 is applied, for which the analytical
displacement at the cantilever’s tip is w = ML?/(2EI) = —6, where
I = bh3/12. Two numerical tests were performed using the four-node
shell element:

1. Test of thin limit, in which thickness h was changed, see Fig. 13.16a.
100 elements were used and the moment M was scaled by h%, to
make results independent of thickness. When the ANS procedure is
not applied, then the response is too stiff, due to the TSL.

2. Test of mesh convergence with the number of elements m changed.
The results are shown in Fig. 13.16b. We see slow convergence when
the ANS procedure is not applied, caused by the TSL.

13.2.3 RBF correction for shells

The motivation for using the RBF correction to four-node shell elements
is analogous as for two-node beam elements, see Sect. 13.1.2. Note that
for the shell element, we can have a two-directional sinusoidal bending, see
Fig. 13.17, which can be rendered by bending moments applied to nodes.
The way in which the RBF correction can be applied to four-node shell
elements is described in [138], p. 178 and some additional suggestions are
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Fig. 13.17 Sinusoidal bending of four-node shell element.

given in [140], p. 104. Usefulness of the RBF correction for higher-order
hierarchical p elements is acknowledged in [142], p. 184.

In our implementation of the RBF correction for a four-node bilinear
element and an isotropic elastic SVK material, we use the corrected shear
modulus G* of eq. (13.16) separately for each direction, i.e.

1B\ 1 BN\
==+ == ==+ 13.
Gi-(s+ms) « G-(g+um) @0
where [; and Iy are the lengths of vectors connecting opposite mid-

side points. The most straightforward implementation is to express the
transverse shear strain energy for a single element as follows:

+1 41
W, = 2h / / (G €13+ G5 €35) Jdédn, (13.51)
-1 J-1

where h, 7, and G5 are constant over the element. Then the
element passes the bending patch test and performs well for bending but,
unfortunately, yields erroneous results for twist. This can be observed,
e.g., in the linear test of a slender cantilever modelled by one layer of
four-node elements, see Sect. 15.3.1. For h = 0.01 and twisting by a pair
of end forces, the rotation r, of the tip is too large by about 38%, see
the example in the sequel. That is why a more sophisticated approach is
needed.

To avoid an excessive twist, it was proposed in [140], p. 104 to apply
the full RBF correction to the average values of the (sampled) transverse
shear strains, while 4% of the correction to the remaining parts of them.
This idea is reconsidered below.

Note that the RBF correction is implemented on top of the ANS
method which we use for the transverse shear strain, see Sect. 13.2.2.
(Note that the version of the ANS method which we use is different from
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that used in [138].) The approximations (13.47) and (13.48) of the ANS
method can be rewritten as follows

513(§ n) = (513 + 513) +1 3 (513 5?3) = ¥ + nefy, (13.52)
523(§ n) =3 (55 +e33) + & & (85 — %) = &85 + £ e, (13.53)

where, in the final forms, we distinguish the average values “ave” and the
differences “d” of the sampled strain components. Then the transverse
shear strains of eq. (13.49) are

€13 |+ e
= JLCT ave d (1354)
€23 e53° + e
where L
B Jin Jio
Jl=1_ (13.55)
Jo1 Jao

is evaluated at the element center i.e. is constant in & and 7. Hence,
the 13-component is a linear function of ¢ and 7,

e13 = (J1eW + Ja1e35) + Joegs €+ Jiiels
=&y +elsg +agn, (13.56)
where the parts “ave” and “d” are separated and “d” is additionally split
into parts “d1” and “d2” multiplied by ¢ and 7 respectively. The

definitions of the £,3 terms are obvious. As we shall see below, separation
of these parts in the strain energy requires additional simplifications.

The Jacobian determinant for a four-node bilinear element is J(§,n) =
Jo+ Ji&+ Jam, see eq. (10.63). Both 13 and J are linear functions
of ¢ and 7 and the integration yields

+1 p41
/ / E13 Jdédn =

_ave 8 —ave
Ao + 5 [ + @B Jo + 5 [eteelin +eam)], (357

where the “ave” and “d” terms in the last bracket are coupled. Two ways
of treating of this coupling can be used.
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1. The first way is in the spirit of the suggestion of [140], p. 104. The
separation of the “ave” and “d” terms can be achieved by using a
simplified form of &2,

ely & (E15) + (613)2 € + (593) (13.58)

obtained by omitting the linear terms. The bilinear term is also omitted
as it yields zero in integration. For the simplified &2,

+1 +1
/ / Sty Jdedn ~ 5 (302 + @)+ 2] (1359

in which the terms “ave” and “d” of the sampled strains are separated.
(Note that the same result of integration is obtained for the full form
of €2, and J(&,n) ~ Jo.) Finally, the integrand of the strain energy
(13.51) is modified as follows:

Tl R G (BN + G (B2 €2 4 G (B82)2 02, (13.60)

where the additionally corrected shear modulus is defined as

; ‘(1+ l2> 1 : ¢ (13.61)
_= 5 a: 5 .
le™\G " mE e+ (1—c) (11 /12)?

where ¢ is a corrective coefficient, designated as e in [138]. Besides,
(I1/l2) 1is the element aspect ratio, as the average size of an element in
each direction is [} = %(—xl +ro+a3—1x4) and lp = %(—yl — Yo+
ys +9y4), where x;y and y; are coordinates of nodes I =1,2,3,4
in the local Cartesian basis at the element’s center, {t{}. Too small
values of ¢ can cause problems with the conditioning of the stiffness
matrix; the value 0.04 is selected in [138].
Similar expressions can be obtained for eo3,

Gy e55 ~ G5 (855°)% + G5, (893)° € + G5, (€93)* (13.62)

where the additionally corrected shear modulus is defined as

G3 ;(1 2 )1 b= ¢ (13.63)
227 \G " "nE) c+(1=c)(ly/1)* '

2. In our treatment of the coupling, the full RBF correction is applied to
the average values but a fraction of it is applied to the whole remaining
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part, not to the differences of the transverse shear strains, as in the
previous method. Then we modify the integrand of the strain energy
(13.51) as follows:

Pely = G (615) + Gl [efs — (635)7] (13.64)
G ess ~ G5 (855°) + G, [e35 — (655°)°] | (13.65)

where G5, and G35, are defined in egs. (13.61) and (13.63).

This formula was implemented for shell elements based on the po-
tential energy; the modifications necessary for the mixed functionals
are described below. This method works very well as we can see in the
example presented in the sequel.

RBF correction for mixed formulations of shells. For the Hellinger—Reissner
functional and the Hu—Washizu functional, the modifications related to
the RBF correction are as follows:

Hellinger—Reissner functional. Normally, the stress corresponding to the
assumed strain is calculated as of3 = 2G {3, while with the RBF
correction, we compute

Tas = 2G5 (€a3)™° + 2G5, [eas — (£a3)™],  a=1,2,  (13.66)

where (£%5)*™¢ is the average value of the assumed strain.
Hu-Washizu functional. The strain energy corresponding to the assumed
strain is calculated as in eq. (13.65), i.e.

W(et) = Gi [(28)™ P + Giae {(e80)* — [E8)™ T}, a=1,2,
(13.67)
while the other parts are not modified.

Linear example: Twisted cantilever. Consider the slender initially flat can-
tilever of Sect. 15.3.1, see Fig. 15.13, twisted by a pair of vertical trans-
verse forces P, = +1. One layer of four-node shell elements is used and
the shell thickness, h = 0.01.

The displacements and rotations at the tip node obtained by a lin-
ear analysis are presented in Table 13.4. Comparing the results obtained
without the RBF correction for the 100X 1-element mesh and the 100x9-
element mesh, we see that the RBF correction is not needed for the twist.
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Because we use the RBF correction to improve the sinusoidal bending,
we have to select such a value of ¢ for which the results of twist are un-
affected. The value ¢ =0 yields almost exact results, but, unfortunately,
then the problem with conditioning of the stiffness matrix appears. This
problem disappears for ¢ = 0.01; a slightly higher value ¢ = 0.04 is
suggested in [138].

For reference, we use the solution obtained by the shell element with
six dofs/node of FEAP, described in [235]. This is the Discrete Kirchhoff
Quadrilateral (DKQ) element, with linear kinematics (small strains and
rotations), based on the Allman shape functions and with the bending
part of [20].

Table 13.4 Effect of the RBF correction for characteristic values of ¢. Twist of
slender cantilever by forces P, = +1. Shell element EADG4-PL-Warped.

Mesh RBF Displacement Rotations
correction uz /102 74/102 Ty
100 x 1 no 3.8897 7.7788  -3.9001
100 x 9 no 3.8922 7.7828  -3.8987
100 x 1 yes, ¢=0 (*) 3.8896 7.7787  -3.9001
yes, ¢=0.005 (*) 3.8973 7.7933  -3.8995
yes, ¢c=0.01 3.9050 7.8082 -3.8986
yes, ¢=0.04 3.9508 7.8980 -3.8899
yes, ¢c=0.1 4.0419 8.0784 -3.8633
100 x 1, FEAP 3.8929 7.785 -3.9000

(*) Conditioning problem: D-max/D-min ~ 1010

13.2.4 Miscellaneous topics

EAS method for transverse shear strains. Recall that eq. (13.45) specifies a
transformation of the covariant transverse shear strains to the local ortho-

normal basis ¢
9 £
BlogT|TB (13.68)
€23 633

Within the EAS method, we can assume the following representation for
the enhanced transverse shear components

enh .
+
G Sartena (j?>. (13.69)
€93 ngs+&nqa| \J
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Such a representation was used in [201], egs. (97) and (98). The role of
(je/J) is identical to that for the membrane enhancement. The enhance-
ment is added to the compatible part of the transverse shear strains treated
by the ANS method.

Discrete Kirchhoff (DK) elements. If the transverse shear is negligible, then
we can exploit this fact using the Kirchhoff constraint, e,3 = 0, at
selected discrete points to modify the shape functions. This leads to the
so-called Discrete Kirchhoff (DK) family of elements; beams, plates, and
shells. This concept is considered in [246, 247].

1. The two-node Discrete Kirchhoff Beam (DKB) is based on a cu-
bic approximation of normal displacement w, see eq. (13.18), and
a quadratic approximation of rotation 6. First, the Hermitian-type
shape functions are obtained for w which are expressed by values of
w and wg at nodes and, next, two DK constraints are applied at
these nodes, which yields eq. (13.21). Additionally, one DK constraint
is applied at the element center to accommodate the quadratic term
of the rotation.

2. The four-node Discrete Kirchhoff Quadrilateral (DKQ) for plates was
proposed in [20]. The approach to plates is a natural extension of the
concept for the DK beam and was used as the bending part of several
shell elements in [117, 113, 235].

3. Several Discrete Kirchhoff Triangle (DKT) plate and shell elements
can also be found in the literature.

The DK elements are based on polynomials of relatively high order and
perform very well in bending, including sinusoidal bending, and twisting.
However, they neglect the transverse shear energy and can be used only
for thin shells.

Kirchhoff limit for transverse shear constrained to zero. The formulation based
on the Reissner hypothesis can be constrained by enforcing the RC
skeW(QTF) = 0 for the a3 components only, which means that the trans-
verse shear strain e,3 = 0.

As an example, we analyze the cantilever shown in Fig. 15.13; the data
is defined in Sect. 15.3.1, but the thickness h = 10", where n € [—3,+3].
The mesh consists of 100 two-node Timoshenko beam elements. The 13-
component of skew(QTF) = 0 is enforced using the penalty method
with v =2Gh x 103,
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The original and constrained Reissner solutions are shown in Ta-
ble 13.5. The tip displacement w is affected by the constraint and
indeed forced to attain the Kirchhoff limit 4 x 107" for h > 107%.
Note that w of the original element is bigger than w of the constrained
element!

The tip rotation 6 is in accordance with the Kirchhoff solution 6 x
1072737 for the whole range of h, except for the very thin beam of
h =103, for which the solution is destroyed by the penalty method.

Table 13.5 Effect of 13-component of skew(Q”F) =0 on Timoshenko beam.

Thickness  Solution Displacement  Rotation
n type w 0
+3 original 3.1600E-07 6.0000E-11
constrained 4.1298E-09 6.0000E-11
+2 original 7.1199E-06 6.0000E-08
constrained 4.0012E-06 6.0000E-08
+1 original 4.0311E-03 6.0000E-05
constrained 3.9999E-03 6.0000E-05
0 original 4.0002E4-00 6.0000E—02
constrained 3.9999E+-00 6.0000E-02
-1 original 3.9999E+03 6.0000E+01
constrained 3.9999E+03 6.0000E+-01
-2 original 3.9999E+06 6.0000E+04
constrained 4.0009E+06 6.0050E+-04
-3 original 4.0003E4-09 6.0006 E4-07
constrained 5.3823E4-08 1.1540E+07

Kirchhoff limit 4 x 10~3" 6 x 1072-3n
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Warped four-node shell element

In this chapter, we describe various modifications of the four-node shell
elements related to the warped element’s geometry.

14.1 Definition of warpage

For curved structures, it is often impossible to locate all nodes of a four-
node shell element in one plane, and then the initial geometry of the
element is warped. The warpage of the four-node element can be defined
in several ways, see Fig. 14.1, and can be automatically detected for given
positions of nodes by introducing the local elemental basis.

a) b) c)

Fig. 14.1 Various warpage parameters of four-node element. a) w is the out-of-
planeness of node 4, b) Z is the distance of node from the mean plane, ¢) d is
the minimal distance between diagonals.

Even a moderate warpage can drastically change the solution which, for
some load cases, is much more flexible while for others is much stiffer than
for a flat element. For instance, for the load cases of Fig. 15.7, the ratio
of flat/warped solution is between 1/100 and 7, as shown in Table 14.1.
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Both solutions were obtained for the test of Sect. 15.2.5 using a 50 x 50-
element mesh. For this reason, warped four-node elements require a special
treatment while, for flat elements, we can use the formulations described
in earlier sections.

Table 14.1 Ratio of flat/warped displacements at corner 3. Z = 1. Mesh 50 x 50
elements.

Load case 1 2 3 4 5 6
Component uy Ul U U2 u3z  ug
Flat/warped ratio 1/10 1/100 1/60 1/10 1 7

The reference surface of a warped four-node shell element is a saddle
(h-p) surface, see Fig. 14.2a. To understand how it deforms, we can replace
it by a patch of four triangular elements, see Fig. 14.2b. This is also a
method to treat warpage (with one additional node introduced) when it
is too large to be dealt with by a four-node element.

a) b)

2 2

Fig. 14.2 Warped four-node element can be replaced by four triangles.

Relative warpage parameters. The size of warpage can be related to other
geometrical parameters of the element:
1. to the thickness of the element
Z
b= — 14.1
4 (14.1
2. to the in-plane size of the element, in one of the following ways:

a)

: (14.2)
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where w is the out-of-planeness of node 4 of Fig. 14.1a. Besides,
love = iz a I is the average length of the element’s side and
Irr = ||l¥oa — Yogll is the length of the side. M, A and B are
defined in eq. (14.7).

A
4 i (14.3)

where Z is the distance of the node from the mean plane, shown

in Fig. 14.1b, and A, is the element’s area,
c)

U= L,

[[d1s X daall

where d is the minimal distance between diagonals dj3,dos of

Fig. 14.1c.
Finally, we note that the scalar product of the corner normal vectors
shown in Fig. 10.6 and the normal vector at the element’s center can be
used to check warping of the element. For instance, in [180], if the angle
subtended between these normals exceeds 10 degrees, then a warning
is issued and a mesh refinement is recommended. For the element of
size 1 x 1, this limit corresponds to Z ~ 0.125.

(14.4)

p

Fig. 14.3 Four-node warped element. a) Warped element and mean plane.
b) Substitute flat element.

Mean plane of warped element. Consider the warped shell element in the
initial configuration. For this element we can define an auxiliary plane,
designated as the mean plane, see Fig. 14.3. The mean plane is defined by



Definition of warpage 399

the normal vector and a point through which it passes. For this purpose
we use the element’s center,

o1
c=13 (Yo1 +¥Yo2 + Y03 + Yo4) 5 (14.5)

but the mean plane can also pass through two opposite nodes, see [188],
Fig. 4. The orientation of this plane can be defined by the orthogonal
matrix

R, = [t7]t5 ]3], (14.6)

where tf (k = 1,2,3) are components of vectors of the element’s
Cartesian basis located at the element’s center. It can be constructed
as described in Sect. 10.2, but the tangent natural vectors can also be
obtained using the positions of a mid-side points M,

Your = 3(Yoa +Yon), where (14.7)

oo ulZ
W N |
= w o™

and Yy, Yop are the initial position vectors of the nodes. The tangent
natural vectors are defined as

1

. o1
g1 = 5(}’06 - YOS)a g2 = 5(}’07 - YO5)a (14-8)

and the vector normal to the mean plane is

. 8

= =0 where 83 =g X L. (14.9)
=

Using the natural vectors g, we can construct the Cartesian basis
located at the element’s center {t{} as Basis 2 of Sect. 10.2.

Calculation of warpage parameter. Having the orthogonal matrix R, and
the position vector ¢ of the element’s center, we can obtain the local
positions of the nodes as follows:

v =RI(yo;—¢), I=1,234. (14.10)

The third components of vectors yOLI contain the distance d; of node
I from the mean plane. Nodes of the four-node element are equidistant
from the mean plane, i.e.
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[dy, da, ds, ds] = Zh, (14.11)

where Z = |d;| is the warpage parameter, see Fig. 14.3a, and h =
{1,—1,1,—1} is the hourglass vector of eq. (10.6). Z = 0 indicates a
flat element, while Z >0 a warped element.

To decide whether Z > 0 is small or large, we have to use the earlier
defined relative warpage parameters @ and/or ¥, and some empirical
threshold values. For very small values of @ and ¥, the warping
correction is not necessary, while for very large values, the computations
are terminated and the mesh must be corrected. For small and average
values, we use one of the two formulations described below.

Two formulations of warped elements. Below are presented two formulations
of four-node elements which can be used when nodes are not co-planar.

1. The warped element with certain modifications of formulation is dis-
cussed in Sect. 14.2.

2. The substitute flat shell element with the warpage correction is dis-
cussed in Sect. 14.3. For the elements which were originally developed
as flat, the logic is reversed and the warpage correction is an add-on
feature.

Note that the accuracy of the warped elements must be evaluated on a
suitable set of benchmarks involving warpage. Very often only the twisted
beam example of Sect. 15.3.5 is used for this purpose; in our opinion the
one element test of Sect. 15.2.5 with six load cases is more indicative.

14.2 Warped element with modifications

In this section, we consider a four-node warped element, for which warpage
is not neglected, but its formulation is modified. Numerical results for the
modifications discussed below are given for the warped single element test
in Table 15.5 of Sect. 15.2.5.

Green strain. Designate the Green strain in the global reference basis as
EC. Prior to the numerical integration, this strain must be rotated to a
local basis. To reduce the over-stiffening, it should be rotated to the local
basis at a Gauss point,

E; =RT E¢ R, (14.12)
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using eq.(2.13) and R = [t;|to|t3], where t; (k = 1,2,3) are
components of the vectors of the Cartesian basis at the Gauss point. Note
that for a flat element, we can also transform the strain to the local basis
at the element’s center,

E;..=R! Eq R, (14.13)

using R, = [t{|t5|t5] for the element’s center. Both forms of transfor-
mation yield a correct number of zero eigenvalues (6), but the element for
the latter transformation is much stiffer.

In-plane shear strain. Consider the deformation gradient at the reference
surface, Fg = F|<:0 enhanced additively by the matrix H of the
EADG method, see eq. (11.70). Then, the membrane part of the Green
strain is

1 - -
6 =3 (Fo + )T (Fo+H) - 1|, (14.14)

and is transformed to the local Cartesian basis using e; = R’ e¢ R.
Denote the 12-component of F{F; as A = (F{Fg)12. We tested the
following four approximations of A(&,n), where &,n € [—1,1]:

1. it was sampled at Gauss Points (standard treatment),
2. it was sampled at the center,

A&,n) ~ Ale_g =0 (14.15)

3. it was calculated as an average of the values sampled at the midsides,

1
A& ) ~ (A|5:o,n:—1 + Aleo o + Ale—oy=1 + A’&Z—l,n:()) :
(14.16)
4. it was calculated as an average of the values sampled at the corners,

1
Algm) = 1 (A|§:—1,n:—1 T Alemypmq + Alemy o + A|§:—1,n:1> :
(14.17)

Note that the elements with these approximations have the correct rank
and pass the membrane patch test.

For the last three approximations, the solution significantly improves,
which is well seen in the warped element test of Sect. 15.2.5 and Table 15.5,
see load cases 3 and 6. The above approximations were also tested in
the non-linear twisted beam example of Sect. 15.3.5 and yielded identical
results, which is a result of a small warpage.
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DrillRC. Designate as €g, the € = skew(Q?F) in the global reference
basis. We can verify that when € isrotated to the local basis at a Gauss
point,

¢, =RT ¢¢ R, (14.18)

then the number of zero eigenvalues is correct (6), even for the drill RC
enforced at all four Gauss points. The above transformation is identical
as the one for the strain in eq. (14.12). Due to this transformation of
€a, the response for the load cases 2, 3, and 5 in the one-element test of
Sect. 15.2.5 becomes less stiff and can be controlled by the regularization
parameter.

Regularization parameter for drill RC. The regularizing parameter for the
drill RC can be scaled down to reduce the overstiffening due to warpage.
The results for the load cases 2, 3 and 5 in the warped single element test
of Sect. 15.2.5 are sensitive to the value of this parameter.

In [203] eq. (28), the regularizing parameter ~ is multiplied by a
coefficient depending on the element warpage in the following way:

Cwarp = 51+ (1 — s1) exp (—s2 53), (14.19)
where
s h—Q s d
1= Aeu 3 = h,

Here, h is the shell thickness, A, is the element’s area, and d is the
shortest distance between the diagonals, see Fig. 14.1c. Besides, sg is
a (positive) scalar to be determined numerically.

The dependence of cwarp on sp is linear, while on sy and s3 it
is exponential. For d =0, we obtain cyep =1, and for d — oo we
have cwarp — s1. We note that cyarp <1, when s; <1.

Membrane over-stiffening of warped shell element. In the case of a warped
(h-p) geometry, even simple loads such as these shown in Fig. 15.7, cause
complicated states of deformation. We cannot render pure bending, so it
is impossible to detect membrane locking in a similar way as for curved
nine-node shell elements, see Sect. 14.4.

For all load cases of the test in Sect. 15.2.5, except load case 3, the
accuracy of a single warped element (and cyarp = 1) is worse than that of
a flat element and it is always too stiff, see Table 15.5.

For the load cases 2, 3, and 5, the membrane response dominates and
the change of bending or transverse shear stiffness does not affect these



Substitute flat element and warpage correction 403

solutions much. For these cases, the solution can be improved by reducing
the value of the regularizing parameter for the drill RC (cwarp < 1).
Besides, by sampling in-plane shear strain at the element’s center, we
can improve the results for load case 6. This indicates membrane over-
stiffening of a warped four-node shell element.

Note, however, that the accuracy for load case 1 cannot be improved
in this way, which indicates that other causes of over-stiffening are also
present in the element.

Remarks. The warped element has a correct number of zero eigenvalues
and passes patch tests. However, in some planar tests, e.g. Cook’s mem-
brane of Sect. 15.2.7, it is less accurate than the flat element. Therefore,
it should be used only for Z > 0.

14.3 Substitute flat element and warpage correction

Below, we discuss the approach in which the warped element is replaced by
a flat substitute element. The stiffness matrix and the residual vector are
generated for this flat element and, next, the so-called warpage correction
is applied to them. Several forms of warpage correction operators were
proposed in the literature, but not one is generally accepted.

Note that the warpage corrections used in explicit dynamics are differ-
ent to these used in statics, see [22, 267].

Substitute flat element. The substitute flat element is defined by projec-
tions of nodes of the warped element onto the mean plane. The projected
nodes are denoted as 1', 2, 3" and 4" in Fig. 14.3. The orientation of
the flat element is defined by the orthogonal matrix R., while its local
position is defined by first two components of vectors yOLI. The vertical
coordinate of the flat element in the local elemental basis is zero.

The stiffness matrix and the residual vector are computed for the flat
substitute element and then modified by the so-called warpage operator
defined below.

Remark. The curvature correction in the shell element can be also used
for another reason; to account for shapes which are not represented by low-
order approximations, such as cylindrical or spherical shapes. An example
is shown in Fig. 14.8, which shows that using various positions of the
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element’s nodes on a cylindrical surface, we can obtain either a flat element
or a warped element but not a cylindrical element.

Warpage operator T. Consider the generalized displacements q = {u, v},
where u are displacements and ) are rotation vectors. Assume that
the relation between the nodal generalized displacements q for the flat
(f) substitute element and the warped (w) element, is provided by some
operator T, defined as follows:

T: q;=Tq, A (Z—0= T-]I), (14.20)

i.e. it becomes an identity operator when warpage vanishes. To obtain the
alternative formula, we can use the Virtual Work equation for nodal forces
f, of the warped element,

Sqy, £, = 6q; T-1 £, = 0q; £y, (14.21)
where the last form is obtained for
f, =TT f;. (14.22)

This relation for nodal forces can also be used to derive the transposed
operator T7T.
The equilibrium equation for the flat element can be written as

sa} (KfAaqy) = —éqj ry, (14.23)

where Ky is the tangent matrix and r; is the residual vector, both
for the flat element. Using eq. (14.20), the equilibrium equation can be
transformed to

5q£ (KwAq,,) = —5(15 Tw, (14.24)

where the tangent matrix K, and the residual vector r, for the
warped element are defined as

K, =T'K;T, r,=Tr,. (14.25)

Note that these transformations are performed at the level of the element.
Several forms of the transformation operator are derived in the litera-
ture, and the methods used for this purpose either

1. use the equilibrium equations and some simplifying assumptions or
2. use the rigid links concept, similar to that used for beams in Sect. 13.1.5.

These methods are described below.
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Correction methods based on equilibrium. Below, we overview the methods
based on the equilibrium of nodal forces for membranes and nodal forces
and moments for shells. Equation (14.22) is used in these methods, and
the transpose operator T7 is derived.

The first work in which warping was considered is probably [7], in
which Chapter II is devoted to twisted shear carrying panels. It was noted
that the overall equilibrium equations were not satisfied for such pan-
els, and additional nodal forces were introduced to remedy the situation.
The derivation was made in a global reference basis and warping was not
clearly defined, but several remarks on the subject were correct from the
viewpoint of the next findings.

In [137], the modification for non-planar nodes was performed sepa-
rately for each edge of the element. The nodal forces of the edge were
projected onto the edge and a pair of opposite self-equilibrated forces was
used to compensate for the shift of these forces to nodes of a warped el-
ement. In [141] p. 439, the transfer of bending moments between warped
elements is also considered and the necessity of a corrective vertical mo-
ment is indicated. This moment is applied as a couple of horizontal forces
normal to the edge. As described in [145] p. 240, the above corrections are
abandoned in NASTRAN in favor of a version of the rigid links method.

In [88], the effects of the so-called out-of-planeness of membrane four-
node elements was studied and several elements used were tested. Different
sets of three nodes were used to define the reference plane of the element
(see Fig. 14.1a) resulting in a scatter of results which was quantified for
a selected example. Note that this problem vanishes if the mean plane of
element is used, see Fig. 14.1b.

In [194], also only membrane forces are considered. The mean plane was
defined as in Fig. 14.3, and the element’s local basis was used. The cor-
rective vertical forces were introduced to balance the moments generated
by the shift of horizontal forces from nodes of a flat element to nodes of a
warped element. Two pairs of self-equilibrated vertical forces, {W7, —W;}
and {Ws, —Ws}, were applied at opposite nodes of the warped element,
see Fig. 14.4a.

In [196], nodes 1, 2, and 3 of Fig. 14.1a define the plane of the element,
for which the element’s basis is constructed. An additional nodal tangent
basis is constructed at node 4, and the orthogonal transformation matrix
between these two bases is used as T. The set of forces is transformed
from one basis to another using T, and the normal force in the nodal
basis is assumed to be zero, which is only suitable for membranes. For



406 Warped four-node shell element

elements having bending stiffness, it is suggested that the vertical force at
node 4 should be introduced, and reacted by the vertical force at node 1.

In [152], the warped shell element is considered. The method of [137]
based on equilibrium of edges is scrutinized and the method based on
equilibrium of all nodal forces and some form of the virtual work equation
is proposed. In our tests, this method yielded the same corrective vertical
forces as assumed from the outset in [194]. The corrective vertical moments
were used to obtain zero drilling moments at nodes of the warped element
and were later balanced by a set of self-equilibrated horizontal forces R
applied at all nodes, see Fig. 14.4b. A set of one element tests involving
several load cases was proposed, see Sect. 15.2.5, which can be used to
evaluate the accuracy of various forms of T.

Finally, in our opinion, all these methods must fail when boundary
conditions constraining displacements are applied as, e.g., in the test of
Sect. 15.2.5. The reason is that some of the forces are eliminated by
boundary conditions so the applied set of forces is not self-equilibrated
any longer.

Fig. 14.4 Warpage corrections for four-node element. a) Self-equilibrated vertical
forces of [194], b) Vertical moments and balancing self-equilibrated horizontal
forces of [152], c¢) Rigid links.

Correction by the rigid links method. The rigid links method for shells is
similar to this described for beams in Sect. 13.1.5. The rigid vertical
links are applied at nodes, as shown in Fig. 14.4c.

Consider the warped shell element with six dofs/node in the Cartesian
basis at the element’s center. The relation between the nodal generalized
displacements for flat and warped elements can be written in two forms.

1. Defining the vectors of nodal variables as
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Zy = [ulw, U2wy U3w |wlwa ¢2w7 Q;Z)Bw]Ta
Zf = [U1w7 U2w, U3w ‘1/}1111 + ZuZwy 1/}210 - Zulwv ¢3w]T7 (1426)

we obtain, in accordance with eq. (14.20),

1 00000
1 0 10000
zy 0 01000
T= = | o zot00 (14.27)
-Z 00010
0 00[001

2. Defining the vectors of nodal variables as
]T

)

zp = [uyy, uay, usg |1y, Yoy, Yaf
2w = [y — Zag, uop + Zibiy, usg [ iy, Pof, wr)”,  (14.28)

we obtain
d2w _ pr. (14.29)
dz
Note that eq. (14.26) is analogous to eq. (13.38) for the curvature correc-
tion for beams.

Equation (14.26) and the operator (14.27) were used, e.g., in [118,
235, 113]. They yield excessive displacements for some load cases in the
warped single element test of Sect. 15.2.5 and only in four first cases can
the accuracy be improved by using a fraction of Z, see Table 14.2, where
the results are normalized by solutions for the 50 x 50-element mesh.

Table 14.2 Solutions for various lengths of rigid links. Element EADG4+PL.

Normalized displacements at node 3

Load case 1 2 3 4 5 6
Component [ uy U2 u u3 u3
Z 9.80 0.78 1.23 896 1.04 7.71
Z/5 0.40 0.03 0.05 0.36 1.04 7.71

Equation (14.28) was used in [145], but the nodal rotations were re-
placed by rigid-element rotations, defined as

a1 =Wy, ay = —Wy, (14.30)

see [145] egs. (15) and (16), so the warpage correction involves nodal
displacements and their derivatives but not rotations. In this way, a purely
membrane response becomes possible, even for a warped element.
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14.4 Membrane locking of curved shell elements

As we pointed out in Sect. 14.2, a warped four-node shell element suffers
from membrane over-stiffening which, however, is not identical to mem-
brane locking of curved nine-node shell elements. It this section, we discuss
the latter phenomenon.

Overview. The membrane locking occurs for curved beams and shells and
is manifested as the inability of an element to undergo pure bending. It
is caused by disparity of orders of particular terms of membrane strains
and its effects are similar as shown in Fig. 13.1. This type of locking
is typical for curved three-node beams and nine-node shell elements; the
first papers were on curved beams, see [226, 227].

Several remedies are used to circumvent this problem, such as two-level
approximations of strains (the so-called Assumed Strain method), and the
reduced integration techniques (the SRI or the URI with stabilization),
see the survey in [164]. They are all based on the fact that at some points
within the element, values of the approximated membrane strains are equal
to the analytical ones. To find these points, the pure bending of a beam
element shown in Fig. 14.5 can be analyzed.

Membrane locking of 2D beam elements. Typically, an analysis of membrane
locking is performed for the simplified form of the membrane strain of the
classical shallow beam equations

_ 1_,

Exe = Uz + S Was (14.31)
see [237], p. 384. Note that this is the Green strain component for the
assumption that ﬂ%c is small compared to the other terms.

To describe the initial curvature of the beam, we introduce the initial
displacements ug and wgy, measured from the straight middle axis of
the beam. Then the total displacement is expressed as uw = ug+u and
w = wp + w, and eq. (14.31) becomes

1 1
Exz = Uog + Uy + 5“’8@ + wo gw 5 + iw%ﬁ NUgy+woLw,.  (14.32)
The last form is obtained through the assumption that the curvature does
not cause the initial strain, i.e. €, = ug, + %wax = 0, and that the
quadratic term %w%c can be neglected. This form of membrane strain
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is used in the analysis of locking of the three-node beam element in [94],
pp- 84-87. Here it is modified to enable the analysis of two-node arches
based on the Reissner hypothesis.

If we apply the Reissner hypothesis to the curved beam, then the strain
€zr depends on rotation 6 of the director. The related strains can
be derived in a systematic way, but we take a shortcut and transform
eq. (14.32) to the form involving the rotation 6 and valid for a circular
arch.

Fig. 14.5 Pure bending of two-node arch element.

Membrane strain of circular arch. Consider a circular arch of radius R
and length L as shown in Fig. 14.5. The central angle vy = L/(2R).

Assume that the arch is thin, h/R < 1, and undergoes small rotations,
0 ~ 0. For the shallow circular arch (of small 1)), we have

x2

35

Using = = Rsiny ~ Ry = Rip€, we obtain wp, = —2/R = —p¢
and we may rewrite eq. (14.32) as

wo & (14.33)

Exz = Ug T+ Wop Wy = Uz — §o 0, (1434)

where 0 ~ w,, from the condition that the transverse shear strain of
eq. (13.1) is zero for a thin beam.

Elimination of membrane locking of two-node arch element. In the two-
node element, u and 6 are approximated by a linear polynomial of
&, while 1)y is constant. Hence, the first term in eq. (14.34) is constant,
while the second term is a quadratic polynomial of . This disparity
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in orders of the terms causes membrane locking which we can analyze for
pure cylindrical bending.

For the pure bending of the element shown in Fig. 14.5, the nodal
displacement and rotation are u; = —uo and 67 = —63. Hence,

[\

]

w(l) = Nr(§ur=u, wuyz=uz/xe, 6() = ZNI(Q 01 = 62,

I=1 I=1
(14.35)

where we used eq. (13.6) with 2/L ~ —1/x9. Using these relations in
eq. (14.34), we have

Ean(€) = %Z — 4o B2 €2, (14.36)

For pure bending, we have &,, = 0, which yields the equation
Uy — T2 1Py 0262 =0 from which we calculate

E=d ) ZZ o (14.37)

This formula can be expressed in terms of g only, noting that

1. the deformation transforms the arc of radius R and angle g into
the arc of radius R’ and angle )y,
2. the length L of the arc is not changed, L = Rty ~ R'v)y,

3. Y = 1o + Atpg, where the increment Aty is small.

Hence, at node 2 we have
U = R/ sinz/)é - RSinwo, 92 = —Al/)g, Tro = RSinlﬁo.

On use of these relations in eq. (14.37), we obtain

€(Yo) = A}ggoé(wo + Agy) = iw, (14.38)

which depends solely on the angle 1y, see Fig. 14.6. In the limit case
of a straight beam, i.e. when 9 — 0, we obtain

V3
i.e. only at these two points the approximated value of e,, 1is correct.
Hence, for a circular arch, a location of the points in which the membrane

locking is avoided is identical to that for the three-node Bernoulli beam
element, see [94].

Jim & (o) (14.39)
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Fig. 14.6 Location of sampling points in two-node arch element. Function &(1yg).

Membrane strain of curved shallow shell. Consider a curved but shallow shell
element. For the simplest set of shell equations of Marguerre [149] or
of Donnell-Mushtari-Vlasow in [66], the membrane components of strain
tensor are

1 1
_ _9 _ _9 _
Exx = Uy + SWias Eyy = Vy + iw’y’ 251y =Uug+ Vy + W W y-

’ 2
(14.40)
The components &,, and e, are analogous to eq. (14.31) for a curved
beam. We can treat the curvature similarly and introduce initial displace-
ments wug, vy and wo,

= ug + u, T =g+ v, w = wy + w, (14.41)
measured from the planar middle surface of the shell. Assuming that the
strains for the initial displacements are zero, i.e. € = Uz + %wax =0
and Egy =0,z + %way =0, and neglecting the higher-order terms, %wa
and %w?y, we obtain

Epz = Ug + W0 zW 4, Eyy = V,y + W0 W y. (14.42)

Their forms are analogous to eq. (14.32) for the curved beam so they can
be a source of membrane locking of a curved nine-node shell element.

For the in-plane shear strain of eq. (14.40), using eq. (14.41), we obtain
260y = Upz + Uz +V0y + Uy + (Woz +wa)(woy +wy), (14.43)

where (woz + W) (Woy + Wy) = Wo W0y + WozW,y + W W0y + W LW,
Assuming that the strain for the initial displacements is zero, i.e. 2sgy =
Ug,z + Uy + Wo zwoy = 0 and neglecting the higher-order term, w ,w ,,
we obtain
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260y = Ugp + Uy + W0 zWy + W W0y (14.44)

It is difficult to show analytically that this component causes membrane
locking. However, if we proceed as if it were, then the element becomes
more accurate.

Methods of avoiding membrane locking of nine-node shell elements. Several
methods of avoiding locking were proposed in the literature and they all
use the points at which strains are exact, found either for a three-node
beam or for a planar nine-node element. These methods can be summa-
rized as follows:

1. Uniform reduced integration (URI) combined with stabilization. The
URI was proposed in [269], but it yields a rank-deficient stiffness ma-
trix and requires stabilization; various methods of deriving the stabi-
lization matrix were proposed in [25, 167, 26]. Note that the 2 x 2
Gauss integration applied to the in-plane shear strain €12, does not
yield spurious zero eigenvalues (mechanisms), see [24].

2. Selective reduced integration (SRI), which uses the Gauss points co-
inciding with the points at which the strains are exact. Its main de-
ficiency is that the membrane and bending strain energy can be de-
coupled only when the material properties are constant through the
thickness or symmetric w.r.t. the mid-surface. This excludes the use
of the SRI elements, e.g. to plasticity with several integration points
through the thickness. Some SRI elements, according to the litera-
ture, exhibit poor mesh convergence in the pinched hemisphere or the
pinched cylinder example. But, the 9-SRI element of [164] does not
have this deficiency.

3. The assumed strain (AS) method in conjunction with the concept of
two-level approximation. This concept consist of sampling the strain
components at certain points and extrapolating these values over the
element. In [164], the AS method is applied to nine-node shell elements
with drilling rotation.

The AS method was gradually developed for plates and shells in several

papers, including [138, 104, 139, 67, 95, 18, 19, 96, 167, 114, 39], and

many others. It is also covered in the books [94, 47]. Different variants

of the AS method has been developed for:

a) the transverse shear strains in four-node plate and shell elements,
and

b) the transverse shear strains and the membrane strains in three-
node beams and nine-node plate and shell elements. The most often
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used locations of the sampling points for nine-node elements are
shown in Fig. 14.7.
Generally, the variants of the AS found in the literature differ in the
components which are sampled, in the location of sampling points, and
in the interpolation functions.

Two-level approximations of the AS method. In the two-level approximations,

we have to assume the position of the sampling (tying) points and the

form of the interpolation functions. The three sets of the sampling points

which are in use are shown in Fig. 14.7 and they are combined with the

interpolation functions as presented below. In all the formulas below, a =
1/3.

a) b) c)
AN AN AN
D C
<+ b >4 b D C
o «SreSy D5 E C O“‘orga'
Y o E > v > o
A 7 [ A >,
K 3 K g | 3
A B v v ol B
A E B

Fig. 14.7 Location of sampling points. Reduced number of points: a) in £ direc-
tion, b) in 7 direction, c) in both directions.

1. For the strains e, and es, (o = 1,2), the sampling points are
shown in Figs. 14.7a and b, and the set of interpolation functions
proposed in [95, 96] is used:

- for the reduced number of points in the £ direction, Fig. 14.7a,

Ra(én)=3(1-5[(D* =1, R =30+ -,
Ro(@m =30+ [ +3], Roem) =30- ) [()+ 1],
Ren)=50+5 1%, ReEn) =3 1- (3]

This set is applied to the strains e1; and es;.

- for the reduced number of points in the 7 direction, Fig. 14.7b,



414 Warped four-node shell element

Ra6n =10-D [ =5, Asen =10+ D[P -]

Relen) =41+ D62 +5]. Roteon) = 30D [P +4].

Rp&m =30+ D[1-(2], Reem=30-D[1- ()]
(14.46)

This set is applied to strains €95 and e3s.

In the direction in which the number of points is not reduced, either
b=1 or b= \/% can be used; we prefer the latter value as it
has the advantage that the sampling points and the integration points
coincide.

2. For the shear strain €19 three approaches are used; we prefer the
scheme of [39], in which the reduced number of sampling points is
used in both directions, see Fig. 14.7c, and the following approximation
functions are used,

Rae)=5(1-8) (-1, Reem=1(1+5) (-2,
£

Ro(&m) = (1 + §> (1+12), Rp(&n) =1 (1 _ ) (14 1),
(14.47)
This scheme is also used for the twisting strain kqs.

For all the above schemes, the strain component ¢ to which we apply
the two-level approximation, is expressed as follows:

& m) = Z Ri(&,) i, (14.48)

where i = A, B,C, D, E, F for the schemes with six sampling points and
1=A,B,C,D for the scheme with four sampling points, see Fig. 14.7.

The AS method eliminates several types of locking in nine-node ele-
ments, including the membrane locking caused by €17 and €29, the trans-
verse shear locking caused by €31 and €33, and the over-stiffening in twist-
ing caused by kj12. To remedy the transverse shear locking, the ANS
method can also be applied.

The above forms of the two-level approximations were used in the
nine-node shell element with drilling rotation of [164]. The element is
designated as 9-AS and characterized in Table 14.3. It is integrated by a
3 x 3-point Gauss scheme.
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Table 14.3 Assumed Strain interpolations of nine-node shell element.

Strain components Approximation scheme
€11, €13 eq. (14.45), Fig. 14.7a
€22, €23 €q. (14.46)7 Fig. 14.7b
€12 eq. (14.47), Fig. 14.7¢
K12 eq. (14.47), Fig. 14.7¢c

14.5 Remarks on approximation of curved surfaces by
four-node elements

When modeling a curved shell by four-node shell elements, we have to
consider several issues which are discussed below.

Is the generated element warped of flat? Four nodes of a bilinear element can
span two geometries: either a planar element or a hyperbolic-paraboloidal
element. This means that, e.g., the cylindrical surface of Fig. 14.8 can
be approximated by either flat elements or h-p elements, which certainly
affects the results, especially for crude meshes.

Is the curvature similarly approximated? FEven when the generated FEs are
flat, the approximation of the curvature should also be controlled. Con-
sider the two arcs of different radii, i.e. 1-2-3 and 4-5-6, shown in Fig. 14.9.
The finite elements 1-3 and 4-6 are flat, but we can use the same angle «
for both of them. Then

h1 ho 1 «

— == =_tan— 14.49

L, L, 2w (14.49)
i.e. the ratio of the neglected altitude h; to the element length L; is
identical for both elements. In this sense, the same level of approximation
of curvature is provided.

Do we need five or six degrees of freedom per node? The sixth dof at a node
is the drilling rotation and it is necessary to connect:

1. shell parts intersecting at large angle. Otherwise, we can have the
situation shown in Fig. 14.10a, where the vertical elements remain
undeformed for w > 0, and gaps occur between the horizontal and
vertical elements !
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a) 3 b)

1,4 2,3 1 3
Fig. 14.8 Positions of nodes 1,2,3 and 4 on a cylindrical surface can result in
a) a flat element, b) a warped (h-p) element.
5
4 Jn: 6

Fig. 14.9 Similar approximation of arcs 1-2-3 and 4-5-6 by flat elements 1-3 and
4-6.

a)
u - given

Fig. 14.10 Connection of a) flat shell FEs with five dofs/node, b) beam element
A-B and shell FEs with five dofs/node.

axb
n=—-
s [ax

Fig. 14.11 Use six dofs/node if « = arccos(ny - ny) > 5° at node A.
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2. shells with beams, which naturally have six dofs/node. Otherwise, we
can have the situation shown in Fig. 14.10b, where the shell remains
undeformed for w > 0!

If the modeled shell is flat or weakly curved, then shell elements with
five dofs/node are acceptable. The threshold condition can be formulated
in terms of the angle a between the normals of adjacent elements, i.e.
between n; and ny in Fig. 14.11. The shell elements with five dofs/node
can be used for up to, say, o < 5°, while for bigger angles the elements
with six dofs/node should be used.
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Numerical tests

In this chapter, the numerical tests of our shell FEs are described. The
tests ensure correctness of the formulation and verify its quality by com-
paring the accuracy and robustness with other elements.

Good tests stimulate progress in FE technology, although sometimes
are found accidentally as, e.g., the Raasch hook test of Sect. 15.2.10. Pop-
ular benchmark problems for shell elements are provided in [143, 233, 51].
The number of tests which are in use for verification of elements is large;
only a selection of them can be presented here.

15.1 Characteristics of tested shell elements

Requirements for shell elements. The shell FE should satisfy the following
requirements:

1. not contain spurious zero energy eigenvalues,

2. be able to represent the zero strains for rigid body motions and the
constant strains, i.e. should satisfy the invariance and convergence re-
quirements [229].

3. be free from locking phenomena,

4. be insensitive to geometrical distortions and fairly accurate for coarse
meshes,

5. should not use problem-dependent adjustable factors,

6. enable linking up of various constitutive modules,

7. be versatile, i.e. applicable to thin and thick shells, flat and curved
shells, small and large rotations, small and large strains, work for stat-
ics and dynamics,

8. be computationally efficient, to enable large-scale computations,
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have six degrees of freedom per node, to easily connect with beams
and shells,

be based on a simple formulation, easy to understand, implement,
modify, and debug.

Similar lists of features are given e.g. in [91, 19, 267].

To evaluate the performance of elements in linear tests, we can use e.g.

the scheme of grading proposed in [143],

Grade A B C D B
Error in % <2 (2,10] (10,20] (20,50] > 50

More precise is to calculate an error for each test, and an average error
for all tests. More complicated methods of evaluation are needed for non-
linear tests.

Characteristics of our four-node shell elements. Our Reissner-type four-node
shell elements have the following features:

1.

Six dofs/node, including the drilling rotation. The variables at nodes
are the displacements Au and the canonical rotation vector A, both
in the reference basis.

. The element’s geometry is specified by positions of nodal points (the

normals at nodes are not used). At Gauss points on the mid-surface,
the ortho-normal basis {t;} at equal angles with the natural basis
{g;} is used.

. Rotations can be finite (unrestricted) and the Green strain is used, i.e.

the elements are applicable to finite-deformation problems.

. The transverse shear strains are modified by the ANS technique and

the RBF correction, see Sect. 13.2.

. Drilling RC are implemented using the Perturbed Lagrange (PL)

method, see Sect. 12.3.2,

. The multipliers of additional modes are eliminated on the element’s

level and updated by the scheme U2 of Sect. 11.3,

. Integration scheme: 2 x 2 Gauss Points in lamina, and analytical or

numerical integration over fiber, with either the two-point Gauss or
five-point Simpson rule.

The tested shell elements are listed in Table 15.1. These elements

were derived using the AD program AceGen [131] and tested within the
FE program FEAP [268], for more details see Sect. 10.6. The use of these
programs is gratefully acknowledged.
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Table 15.1 Tested four-node shell elements.

Element Characteristics Ref.
EADG4 Potential Energy + EADG4 enhancement own
EADGHS Potential Energy + EADG5 enhancement own

The EADG5 method is implemented as in egs. (12.76) and (11.71),
where
q2&  qan

The additional bilinear (underlined) term added to the EADG4 enhance-
ment improves accuracy in several examples, especially when the shell is
very thin, see Sects. 15.3.5, 15.3.6, 15.3.8, and 15.3.12.

For reference, we use the shell elements listed in Table 15.2. The
reference results for nine-node elements were obtained in [163]. The help
of Dr P. Panasz in testing is gratefully acknowledged.

Table 15.2 Reference shell elements.

Element Characteristics Ref.

Q4 Potential Energy, basic (non-enhanced) own

S4 four-node ABAQUS [180]
FEAP, six dofs/node four-node, Discrete Kirchhoff, linear FEAP [183]
9-AS nine-node, Assumed Strain own [164]
MITC9 nine-node, Assumed Strain ADINA [182]
S9R5H nine-node, RI, stabilized ABAQUS [180]

15.2 Elementary and linear tests

15.2.1 Eigenvalues of a single element

Eigenvalues and eigenvectors of the tangent matrix are computed in the
following way:

1. A single element is tested because some zero eigenvalues can vanish
for a patch of elements. Boundary conditions are not imposed because
they can mask the presence of zero eigenvalues.

2. The elements of a square and an irregular shape are tested. For the
square element, we use the side length equal to 1. The irregular element
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is obtained, e.g., by a shift of node 3 of a square by {s,s,w}, where
s is the in-plane shift and w is the out-of-plane warp, see Fig. 15.1.
We use s=w =0.5.

all 18
membrane 5
shear 4
bending 5
drill RC 4

O % X +

logy, of eigenvalues

2 4 6 8 10 12 14 16 18
number of non-zero eigenvalue

Fig. 15.2 Eigenvalues of a square shell element. £ = 10%, v = 0.3, h = 0.1,
v = 0.01G.

3. The thickness h =1 is not used in the eigenvalue analysis for shell ele-
ments, as then h = h3 and eigenvalues for the bending and membrane
parts are too close.

Having the eigenvalues of the element, we have to check

1. The number of zero eigenvalues. The shell element of a correct rank has
six zero eigenvalues corresponding to the rigid body modes. Additional
zero eigenvalues are spurious and should be at least stabilized.

2. The number of positive eigenvalues and negative eigenvalues. The neg-
ative eigenvalues appear for mixed formulations in the non-reduced
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tangent matrix and indicate a saddle point of a discrete HR or HW
functional. The number of them is equal to the number of Lagrange
multipliers (stress parameters).

The non-zero eigenvalues of a square shell element Q4 (with no en-
hancement) are shown in Fig. 15.2, where these associated with the
membrane, shear and bending parts and the drill RC functional are indi-
cated. The non-zero eigenvalues are very distinct and the condition num-
ber cond K = Ajpax/Amin & 16719 for the given data.

Finally, we note that (1) the strain enhancement or the use a different
functional changes the eigenvalues, (2) the number of zero eigenvalues of
the elements based on Allman’s shape functions depends on the element’s
shape, see [255].

15.2.2 Invariance of a single element

The invariance means that if we translate and rotate the whole system
(i.e. the element, boundary conditions, and loads) in space, then the new
solution should be equivalent to the original one. Components of the dis-
placement vectors will be different but the vectors themselves, i.e. their
lengths and directions relative to the local basis should be identical.

We can select the positions for which we immediately know the orien-
tation of the element’s local basis {t;} in the global reference basis {i},
see Fig. 15.3. All our elements pass this test.

Fig. 15.3 Three positions of the element to test the rotational invariance.

15.2.3 Constant strain patch tests

Even if an individual rectangular element can represent the constant stress
and strain states, possibility still exists that a patch (assembly, or group)
of distorted elements may not. This property cannot be easily checked an-
alytically, but we can use the so-called “patch test” proposed by B. Irons,
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see [110, 21, 111]. If an element passes the patch test, then it will behave
well in an arbitrary mesh of elements in a constant strain field. Various
patches of elements are in use; the five-element patch of [195] is shown in
Fig. 15.4.

8 7
4 3
(0]
2
LY 1 f
L B =X 6

Fig. 15.4 Patch test. £ =10% » =025 h=0.001, a=0.12, b=0.24.

Procedure of the patch test. The procedure of the patch test is as follows:

1. Assume algebraic formulae for displacements and rotations, such that
they render constant strains in a body (patch of elements).

2. Compute the values of displacements and rotations at all nodes using
these algebraic formulae.

3. Use the values of displacements and rotations at the external nodes
(5,6,7,8) as the boundary values, and compute a solution at the internal
nodes (1,2,3,4) using the tested finite element.

4. For internal nodes (1,2,3,4), compare the computed values with the
values calculated by the algebraic formulae; they should be identical.

For shells, the patch test is performed separately for membrane or bending
constant strain states.

Algebraic formulae for constant strain tests. We assume the following alge-
braic formulae for displacements and rotations:

1. Membrane patch test

uz(z,y) = 0.001(z + 3y), uy(z,y) = 0.001(3z +y),

P=(z,y) =0 (152
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while the other displacement and rotation components are equal to zero.
The membrane strains corresponding to eq. (15.2) are constant, i.e. £, =
eyy = 0.001 and &4y = 0.0005, while the bending strains are equal to
Zero.

2. Bending patch test

u.(z,y) = 0.0005(x2 + zy + y?),

Yo(z,y) = 0.0005(z +2y),  ¥y(z,y) = —0.0005(2z + y), (15.3)

while the other displacement and rotation components are set to zero.
The bending strains corresponding to these fields are constant over the
patch of elements, i.e. kg = Kyy = 0.001 and kzy = —0.0005, while the
membrane strains are equal to zero.

Reference results for the patch tests. The reference displacements and rota-

tions at internal nodes are given in Table 15.3. We use only the elements
which pass both patch tests.

Table 15.3 Coordinates of inner nodes and reference results of patch tests.

Coordinates Membrane test Bending test
Node| =z Y Uy Uy Pz w Ve Py
1 |0.04 0.02|500E-05 4.0E-05 0| 1.400E-06 4.0E-05 -5.00E-05
2 10.18 0.03| 1.95E-04 1.2E-04 0| 1.935E-05 1.2E-04 -1.95E-04
3 10.16 0.08| 2.00E-04 1.6E-04 0 |2.240E-05 1.6E-04 -2.00E-04
4 10.08 0.08]|1.20E-04 1.2E-04 0 |9.600E-06 1.2E-04 -1.20E-04

Remark. The patch test is sometimes treated as equivalent to the con-
sistency condition, which is a necessary condition for mesh convergence.
This equivalence has been proven so far only for regular meshes. However,
there is no doubt that this test verifies completeness of approximating
polynomials and the element’s ability to reproduce strains of a specific
order. Besides, it is very useful in detecting errors in the element’s for-
mulation and/or programming. Various extensions of the constant strain
patch test and a historical note are given in [268] p. 250, and [23] p. 461.

Membrane patch test for elements with drilling rotation. Consider the mem-
brane patch test, for which the displacements are defined by eq. (15.2).
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For these fields, the linearized drill RC equation yields the drilling rotation
equal to zero, i.e.

Q;Z)z(xvy) = %(uﬂc,y - Uy,a:) = 0. (15'4)

This value was already used in eq. (15.2) and in Table 15.3.

At all boundary nodes of the elements with the drilling rotation, the
displacements should be restrained as described earlier, while the drilling
rotation can be prescribed in three different ways listed in Table 15.4.

Table 15.4 Three types of boundary conditions for elements with drilling rotation.

Designation Boundary condition applied to drilling rotations

bl 1, is restrained at all boundary nodes

b2 1. is restrained at one node, e.g. at node No.5, so then (¢.)s =0
b3 1, 1is free at all boundary nodes

For all these boundary conditions, we should obtain zero drilling rotations
at internal nodes! The condition b3 is the most demanding.

Finally, we note that to pass the patch test, the strain enhancement
must be formulated in a specific way and the Allman elements require the
Jetteur—Frey procedure of Sect. 12.7.3.

15.2.4 Distortion test

This test allows us to determine the sensitivity of an element to mesh
distortions for in-plane bending. The cantilever is shown in Fig. 15.5a
and the end moment is applied as two opposite forces P. The mesh is
divided into two parts, and the tilt of their common side is defined by the
parameter d. For d =0, the parts are rectangles.

For the mesh of two elements and the data defined in Fig. 15.5a, the
vertical displacement w, and the drilling rotation 1, at node 6 are
shown in Fig. 15.5b. Both exhibit a similar drop of accuracy.

For the mesh of eight elements shown in Fig. 15.6a, the vertical dis-
placement at node 3 is presented in Fig. 15.6b. The data is taken from
[268], where this test is treated as a higher-order patch test. For d =1,
the tilt is 45° and the elements are trapezoidal. The reference solutions
are obtained using the nine-node elements based on the same nodes.
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Fig. 15.5 Two-element distortion test. F = 1500, » =0.25,h =1, P =10. v = G.
a) Initial geometry and load. b) Vertical displacement and drilling rotation at
node 6.
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Fig. 15.6 Eight-element distortion test. E = 100, v = 0.3, h = 10, P = 5, v =
G/1000. a) Initial geometry and load. b) Linear analysis. Vertical displacement
at node 3.

15.2.5 Warped single element

The four-node elements show a serious over-stiffening for a warped initial
geometry, see Sect. 14. The purpose of this test is to check the accuracy
of a single warped element for selected six load cases, see [152].

The warped element, see Fig. 15.7, is clamped at nodes 1 and 4, and
the external forces are applied at nodes 2 and 3. For the given data, the
relative warping parameters of Sect. 14 are

1
p=2 =1 W=

Z
== 15.5
h VA, 100 (15.5)



Elementary and linear tests 429

Six load cases are used which, in a flat element (Z = 0), would cause the
following deformation: (1) stretch, (2) in-plane bending, (3) in-plane shear,
(4) in-plane pinching, (5) out-of-plane shear, and (6) out-of-plane twisting.
In the warped element (Z > 0), more complex states of deformation occur
for these loads.

Case 5 *
3

. =
V«'

Fig. 15.7 Warped single element. £ =10, v =03, h=0.1, L =10, Z=0.1.
a) Geometry and boundary conditions, b) Six load cases.

The in-plane membrane shear strain, €12, can be treated in one of the
following four ways: (1) sampled at Gauss Points (standard treatment),
(2) sampled at the element’s center, (3) calculated as the average of values
at the element’s midsides, and (4) calculated as the average of values at
the element’s corners. In all cases, R is used in transformations instead
of R, see Sect. 14.2.

The dominant displacement at node 3 is reported in Table 15.5; it is
normalized by the 50 x 50-element mesh solution. Two values of sy of
Cwarp  are used, see eq. (14.19).

We checked that, for Z — 0, our results converge to the results for
the flat element and the effect of cyqrp vanishes, which is correct. We
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see that the reference elements show a large scatter of results. This test
remains a serious challenge for future research.

Table 15.5 Warped single element test. Normalized dominant displacement at
node 3. Shell element EADG4+-PL. 7= G. Warpage Z = 1.

Load case 1 2 3 4 5 6
Component Ul Ul U2 U2 us us
12 at Gauss Points

s2 = 0.3 0.02 0.60 1.39 0.02 0.60 0.04
s2 =0.5 0.02 0.80 1.85 0.02 0.80 0.04
£12 at center

s2 = 0.3 0.02 0.53 1.97 0.04 0.53 0.11
so = 0.5 0.02 0.80 2.98 0.04 0.80 0.11
€12 as average of midside values

s2 = 0.3 0.02 0.60 1.10 0.04 0.60 0.11
so = 0.5 0.02 0.80 1.46 0.04 0.80 0.11
€12 as average of corner values

s2 = 0.3 0.02 0.66 0.82 0.04 0.66 0.11
so = 0.5 0.02 0.80 0.99 0.04 0.79 0.11
ABAQUS, S4 0.01 0.79 1.81 0.02 0.78 0.09
ABAQUS, S4R 0.01 143 3.29 -32.64 0.79 5.99
FEAP, shell 6dofs/node 18.56 0.78 1.26 13.54 0.99 8.36

15.2.6 Straight cantilever beam

This test was proposed in [143]. The mesh consists of six elements of three
shapes: rectangular, trapezoidal, and parallelogram. The beam is clamped
at nodes 1 and 8, and the external loads are applied at nodes 7 and 14, see
Fig. 15.8. This test is difficult because the mesh is coarse and distorted
and the elements have a large aspect ratio (= 5 for rectangles).

The external loads are applied in four different ways, to render ba-
sic deformation modes, such as stretching, in-plane shearing, out-of-plane
shearing, and twisting. The total load is always equal to 1. To have the
twisting moment M = 1, we apply two forces F, = £5.

The solutions at node 14 for different loads and elements are shown in
Table 15.6. The reference solutions are taken from [143] Table 3. For the
out-of-plane bending by a unit moment, the reference solution is calculated
as ¢y, = MyL/(EI), where I =0bh3/12, see [245].
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Fig. 15.8 Straight cantilever beam. E =107, v =0.3, h =0.1.

Table 15.6 Straight cantilever beam. Linear test.

Element Rectangular Trapezoidal Parallelogram

In-plane shear load (uy x 10)

EADG4 1.0737 0.7803 1.0146
S4 0.7704 0.1361 0.1704
9-AS 1.0748 1.0715 1.0749
MITC9 1.0748 1.0646 1.0746
S9R5H 0.9344 0.9261 0.9854
Ref. 1.0810
Out-of-plane shear load (u. x 10)
EADG4 4.2850 4.2886 4.2886
S4 4.2350 4.1860 4.2260
9-AS 4.2958 4.2812 4.2929
MITC9 4.2955 4.2823 4.2930
S9R5 4.3100 4.3110 4.3110
Ref. 4.3210
Twisting by pair of forces (1 x 100)
EADG4 3.0313 3.0345 2.9150
S4 2.5061 2.5479 2.5121
9-AS 3.0307 3.0334 3.0229
MITC9 2.9128 2.9130 2.9033
S9R5 3.0400 3.0400 3.0300
Ref. 3.2080
Bending by moment (1, x 100)

EADG4 3.5919 3.5927 3.5923
S4 3.5835 3.5838 3.5837
9-AS 3.5929 3.5930 3.5344
MITC9 3.5930 3.5928 3.5178
S9R5 3.5995 3.5994 3.6000

Ref. 3.6000
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15.2.7 Cook’s membrane

In this test proposed in [54], the shear deformation dominates and the
elements are skew and tapered. The membrane is clamped at one end,
while at the other end, the uniformly distributed shear load P =1 is
applied, see Fig. 15.9.
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Fig. 15.9 Cook’s membrane. F =1, v =1/3, h = 1. a) Initial geometry and
load, b) Deformed configuration (not to scale).

The computed vertical displacement and drilling rotation at node A
are presented in Table 15.7.

For four-node elements, the 2 x 2 and 32 x 32-element meshes are used,
and results for v = G and + = G/1000 are presented. We see that
the value of « is important for the coarse mesh. For nine-node elements,
the 1 x 1 and 2 x 2-element meshes are used. More results for this test is
presented in Sect. 12.8, Table 12.6.
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Table 15.7 Cook’s membrane. Linear analysis

Mesh 2 x 2 Mesh 32 x 32
Four-node elements  u, w Uy w
~v = G/1000
Q4 11.842 0.353 23.818 0.878
EADG4 21.043 0.821 23.940 0.891
vy=G
Q4 11.173  0.316 23.790 0.876
EADG4 20.940 0.879 23.936 0.891
S4 20.71 0.715 23.93 0.879
FEAP 20.854  0.655 23.922 0.854
Simo et al. [210] 21.124 - - -
D-type [109] 20.682 - - -

Mesh 1 x 1 Mesh 2 x 2
Nine-node elements  u, w Uy w
9-AS 21.799 0.807 23.576 0.869
MITC9 22.209 0.704 23.613 0.830
S9R5 26.540 0.852 23.980 0.793
Ref. 23.81 23.81

15.2.8 Curved beam

The curved beam is clamped at one end and at the other end is loaded by
a unit force, which acts either in the in-plane or in out-of-plane direction,
see Fig. 15.10a. The elements are trapezoidal. This test was proposed in
[143].

z

90°

b)

Load P, P.
Displacement —v x 100 w %X 10
Mesh 1x6 1x24 1x6 1x24
EADG4 8.7355 8.8465 4.8776  4.8939
9-AS 8.8236 8.8495 4.8847 4.8944
MITC9 8.9852 9.0041 4.8045 4.8131
S9R5H 7.3666  8.8476  4.8940 4.8940
Ref. 8.734 5.022

X

Fig. 15.10 Curved beam. £ = 107, v =0.25, h =0.1, Ry = 4.12, Rey = 4.32.

a) Initial geometry and load. b) Results of linear analysis.
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The displacement in the direction of force at node A for various meshes
and for both types of loads are shown in Fig. 15.10b. One element per
beam thickness and a different number of elements in the circumferential

direction are used.

15.2.9 Pinched cylinder with end diaphragms

A cylindrical shell is closed at both ends by rigid diaphragms and is
pinched by two opposite forces P applied at the middle section. This test
involves inextensional bending and complex membrane states of stress.

The geometry and data are defined in Fig. 15.11.
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Fig. 15.11 Pinched cylinder with diaphragms. E =3 x 10°, v = 0.3, h =3, R =
300, L = 300. a) Initial geometry and loads. b) FE mesh for 1/8 of the cylinder.

Table 15.8 Pinched cylinder. Vertical displacement (x10°) under the force.

Element/Mesh 4x4 10x10
EADG4 1.3855  1.7548
9-AS 1.4535  1.8194
MITC9 1.3180  1.7979
S9R5H 1.3870  1.8040

Ref. 1.8249
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Because of symmetries, only one-eighth of the cylinder is analyzed, see
Fig. 15.11b. The 4 x 4 and 10 x 10 element meshes are used for four-node
elements, and 2 x 2 and 5 X 5 element meshes for nine-node elements.

The results of the linear analysis are presented in Table 15.8, where the
vertical displacement at point A is presented for four-node and nine-node
elements.

15.2.10 Raasch’s hook

The hook is a thick curved strip, clamped at one end and loaded by a unit
shear load P, at the other end, see Fig. 15.12.

a) b)

Fig. 15.12 Raasch’s hook. F = 3300, » =0.35, h =2, P = 1.

This example was computed by I. Raasch of BMW, and revealed
the erroneous behavior of the previous QUAD4 shell element of the
MSC/Nastran FE code: (1) displacements were larger than the exact
solution, although the element was fully integrated and the convergence
should have been from below and (2) the accuracy of the solution de-
teriorated when the mesh was refined. The source of the problem were
the transformation formulas between the nodal and elemental degrees of
freedom, see [145].

Table 15.9 Raasch’s hook. Vertical displacement at point A.
Element/Mesh 2 x 14 4 x 28 8 X 56

EADG4 4.9478 5.0802 5.1715
9-AS 4.9182 4.9640 5.0135
MITC9 4.8364 4.9163 4.9740

S9R5 4.8350 4.9140 4.9940
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The results of the linear analysis are shown in Table 15.9. Note that
there exist at least three reference solutions of Raasch’s hook problem: (1)
in [126], u, = 4.9352, (2) in [92], u, = 5.012, and (3) in [180], u, = 5.020.
The letter solution was obtained for the 20 x 144 x 2-element mesh of 3D
20-node elements with reduced integration (C3D20R). The four-node shell
elements of [180] (S4 and S4R) yield, for the 20 x 144-element mesh, the
solution which is about 3% above this value, i.e. u, = 5.1706.

15.3 Nonlinear tests

15.3.1 Slender cantilever under in-plane shear

This is a severe test of element capabilities, because only one layer of
elements is used through the width of the cantilever, in the Y-direction,
see Fig. 15.13a. In the X-direction, 100 elements are used, so each element
is the 1 x 1 square in the XY plane, and the number of elements is more
than sufficient. The cantilever is loaded by the in-plane shear force.

a) T R b)

Element uz X 100 Uy 1, x 100

Q4 2.0212 2.6951 4.0424

Deformed EADG4 -3.0000 4.0002 6.0001

9-AS -2.9993 3.9989 5.9988

Y MITC9 -2.9993 3.9989 5.9988

z TI S9R5 2.9999 4.0000 5.9997

v Ref. —-3.0000  4.0000 6.0000

h

Initial T R
N — 4
X L J b

Fig. 15.13 Slender cantilever. E = 10%, v = 0.3, L =100, h = b = 1.0.
a) Initial geometry and load. b) Results of linear analysis.

The results of the linear analysis for the top node of the tip are
presented in Fig. 15.13b. For reference, the beam analytical solution
is used; the vertical displacement u, = PL3/(3EI), and the rotation
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Y, = PL?/(2EI), both at the tip, and I = bh3/12. For the standard
bilinear Q4 element, the solution is locked, and the errors are about 33%.

In the non-linear test, the rotation of the cantilever’s tip is almost 90°,
see Fig. 15.13a.

1. To see the effects of the EADG4 enhancement, six steps are made using
the arc-length method with the initial AP, = 5. The plots of u, and
Y, = r, at the cantilever’s tip are shown in Fig. 15.14a. The finite-
rotation Timoshenko beam solution is used for reference. The EADG4
solutions coincide with the beam solutions, while the Q4 curves are shifted.
The steps of the arc-length procedure and the final load are much bigger
for the EADG4 element than for the Q4 element.

2. To compare the convergence rates of various elements with drilling
rotation of Sect. 12, one step of the Newton method is performed for
AP = 40. The number of iterations N used by the update scheme U2
is given in Fig. 15.14b, where the values of tolerances were 7y = 1078
for the residual norm and 75 = 107'® for the energy norm. The update
schemes Ul and U2 are described in Sect. 11.3. We see that the HW
element converges about two times faster than the EADG4 element.

a) b)
Green strain
140 f - Boam | Element N
120 |- - 1 Q4 i EADG4+PL 18
x| EADGA HW18-SS+EADG2+PL 8

a4

Load

0O 10 20 30 40 50 60 70 80 90
r,*20, u at tip

Fig. 15.14 Slender cantilever. a) Nonlinear solution. b) Number of iterations for
update scheme U2.
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15.3.2 Roll-up of a clamped beam

This test can be used to test procedures for finite rotations, as the tip of
the beam makes almost five full turns. In dynamics, the examples involv-
ing free-body motion better suit this purpose but in statics, this test is
indispensable.

The planar straight beam is clamped at one end and loaded by a bend-
ing moment at the other end, see Fig. 15.15a. The mesh of 25 four-node
shell elements is used and two tests are performed.

1. Bending into full circle. The final deformed shape of the beam is shown
in Fig. 15.15a and it should be obtained for M = 27FEI/L = 628.319.
For this load, the solution is given in Fig. 15.15b.

2. Roll-up of a beam into a small circle. The applied moment is AM =
30, and the solution is obtained by the Newton method. The tip of
the beam makes almost five full turns (almost 107 radians) and the
beam deforms into a small circle, shown to scale in Fig. 15.16a. The
tip’s displacements and rotation are compared in Fig. 15.15b with the
Timoshenko beam solution.

b)

Uy us wo [rad]
EADG4  -9.9934 -0.000013 6.2873
exact —10.0000 0.000000 6.2832

Fig. 15.15 Roll-up of a beam. E=12x10% v =0, h=0.1, w =1, L = 10.
a) Initial and final geometry. b) Displacements and rotation of beam’s tip.

15.3.3 Torsion of a plate strip

The plate strip shown in Fig. 15.17 undergoes a torsion caused by a twist-
ing moment M. The final twisting rotation is over 180°. This test is
computed in [211], but the solution is not reported, only the deformed
configuration is shown.
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Green strain

3000

Rolled-up beam
d)/ Inital shape D

M 2500

2000
X
1500

1000 F

external moment

500

0 5 10 15 20 25 30 35
displacements, rotation

Fig. 15.16 Roll-up of a beam into a small circle. a) Initial and deformed geometry,
side view to scale. b) Displacements and rotation of beam’s tip.

clamped clamped

Fig. 15.17 Torsion of a plate strip. Initial and deformed configuration.
E=12x10", v=0.3, L=1, widthw =0.25, h=0.1.

The linear solution for M = 1 is given in Fig. 15.18a. The reference
solution for a beam with a rectangular cross-section is as follows:

ML 5 [16 b bt

where a=w/2, b=h/2, see [245].
The non-linear solution, obtained by the Newton method and AM =
100, is shown in Fig. 15.18b. The twisting rotation at point A is monitored.
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The solution for the EADGA4 element exactly coincides with the analytical
one. In the EADG4k element, the enhancement of the first-order strains
is analogous to this for the membrane strains.

a) b)
Green strain. Mesh 10 x 2. AM=100
Element  Mesh 0a 1000 anallytic ' ! ' ' I
EADG4 10x2 0.36252 EADG4 +
20 x 4 0.34055 = 800 e
Ref. 0.31974 = &
S 600 [
o ; : < : :
_E’ 400 | St S
B : A : : :
3 : ‘ : : : :
200 [ M

0
0O 05 1 15 2 25 3 835
twisting rotation at A

Fig. 15.18 Torsion of a plate strip. a) Linear solutions. b) Non-linear solutions.

15.3.4 L-shaped plate

The L-shaped plate is clamped at one end and the in-plane force P is
applied at the other end, see Fig. 15.19. This test was proposed in [6].

The solution of this problem has a bifurcation point at which an out-
of-plane deformation occurs. We add a small out-of-plane load 1075 x P,
and solve the equilibrium problem using the arc-length method, with a
small initial AP = 0.2, to estimate the bifurcation load. A mesh of 64
elements is used and P is applied at one of three points: A, B and C.

The solution curves, obtained using the EADG4 element, are pre-
sented in Fig. 15.20a; the region at the bifurcation points is magnified
in Fig. 15.20b. The out-of-plane displacement wus is monitored either at
the point where the force is applied or at point C. For P applied at
point B, i.e. as in [6], from Fig. 15.20b, we can estimate the bifurcation
load as P = 1.137; the same value was obtained in [211], Table 6.2.2.
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Fig. 15.19 L-shaped plate. E = 71240, v = 0.31, h = 0.6, widthw = 30, L = 240.
a) Initial geometry. b) Deformed geometry at P = 1.95 applied at point A.

a) b)
Green strain, AP=0.2 Green strain, AP=0.2

2
1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

Load
Load

0
0O 10 20 30 40 650 60 6 8 10

Fig. 15.20 L-shaped plate. a) Out-of-plane displacement. b) Region at bifurcation
points.

15.3.5 Twisted beam

The initial geometry of the beam is twisted, see Fig. 15.21a, but the
initial strain is equal to zero. The beam is clamped at one end and loaded
by a unit force at the other. The force is applied either along the Z axis
(in-plane) or along the Y axis (out-of-plane).

This example belongs to the set of tests of [143] and, later, was used in
[26] to illustrate the importance of accounting for the variation of the Ja-
cobian through the thickness. Note that flat shell elements have problems
with this example.
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a) b)
In-plane  Out-of-plane
Element  wu, x 10° uy % 10°
EADG4 5.1888 1.2861
9-AS 5.2283 1.2935
MITC9 5.2468 1.2920
S9R5H 5.2683 1.2958
Ref. 5.2560 1.2940

Fig. 15.21 Twisted beam. E = 2.9 x 107, v = 0.22, L = 12, w = 1.1, twist = 90°.
a) Initial geometry and load. b) Results of linear analysis. Thickness h = 0.0032

a) b)
01 T T T T T 01 T T T T T
EADG4 —8— | : : EADG4 —o5— | i i
9-AS —e— & EADG5 —x—
0.08 | MITC9 —+— 0.08 | MITC9 —+—
: S9R5 —=— : S9R5 —=—
i i - 9-AS —o—
0.06 ‘ 1 0.06 Ao -
N n->v
0.04 0.04 : _
0.02 0.02 - s
0 03 L
0 1 2 3 4 5 6

Fig. 15.22 Non-linear twisted beam h = 0.0032. a) In-plane force. b) Out-of-plane
force.

The 4 x 24-element mesh was used for four-node elements, and 2 x 12-
element mesh for nine-node elements. The displacement in the direction
of force at point A is monitored.

The linear results for the force 1 x 107% are presented in Fig. 15.21b.
Although the shell is very thin, the results are not corrupted by the mem-
brane locking.

The non-linear load-deflection curves obtained by the Newton method
are shown in Fig. 15.22. For the out-of-plane load, the solution from the
EADGS5 element is very close to the solutions from nine-node elements,
but the EADG4 solution differs significantly.
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15.3.6 Hinged cylindrical panel

A cylindrical panel of small curvature is loaded by a single force applied
centrally, see [28]. The straight edges are hinged and the curved ones
are free, see Fig. 15.23a. (This test is also performed for different data,
see [187, 211, 200].) Due to the symmetry, only a quarter of the shell is
modeled by the 4 x 4-element mesh.

Element —w x 100
EADG4 1.0084

9-AS 1.0582
MITC9 1.0664
S9R5 1.0655

Fig. 15.23 Hinged cylindrical panel. E = 310.275, v = 0.3. a) Initial geometry
and load. b) Linear solution for P = 0.01.

EADG4 ——
EADG5 —+—
9-AS —o—
MITC9 ——
S9R5 —x—

Fig. 15.24 Hinged cylindrical panel. Non-linear solutions.

The linear solution is given in Fig. 15.23b. The nonlinear solution was
computed using the arc-length method for the initial AP = —0.05 x 4
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and is shown in Fig. 15.24. In both analyses, the vertical displacement w
under the force is monitored. We see that the EADG5 element is more
accurate than the EADG4 element.

15.3.7 Slit open annular plate

The plate is slit open radially, with one end fully clamped and the other
end free, see [14]. It is vertically loaded by forces p, uniformly distributed

along the radial edge as in Fig. 15.25a.

)

Fig. 15.25 Slit open annular plate. E = 2.1 x 108, v = 0. a) Initial geometry and

load. b) Deformed configuration at p = 7.62.

)

Element w

EADG4 0.1145
S4 0.1144
9-AS 0.1134
MITC9 0.1135
S9R5 0.1147

b)

10 12 14 16

Fig. 15.26 Slit open annular plate. a) Linear solution. b) Non-linear solutions.
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A 32 x 4 mesh of four-node elements and 16 x 2 mesh of nine-node
elements was used. The linear solution for p = 0.01 is given in Fig. 15.26a.
The non-linear solution was obtained using the arc-length method with
the initial Ap = 0.1, see Fig. 15.26b. In both analyses, the vertical
displacement at point A is monitored.

15.3.8 Pinched hemispherical shell with hole

a)

Fig. 15.27 Pinched hemispherical shell. E = 6.825 x 107, v = 0.3, h =
a) Initial geometry and load. b) Deformed configuration at P = 335.

0.04.

A hemispherical shell with an 18° hole is loaded by two pairs of equal but
opposite external forces, applied in the plane z = 0, along the X and Y
axes, see [143]. The shell undergoes strong bending but the deformation
is almost in-extensional. Due to a double symmetry, only a quarter of the
shell is modeled.

For the mesh shown in Fig. 15.27, the four-node elements are flat and
trapezoidal. The 8 x 8 and 16 x 16-element meshes are used for four-node
elements, and 4 x 4 and 8 x 8-element meshes for nine-node elements. The
membrane locking of nine-node elements can be strong in this example
[26].

The results of the linear analysis for four-node and nine-node elements
are given in Table 15.10. The displacement at the point where the load is
applied and in the direction of the load is reported. The reference value is
taken from [143].

In a nonlinear analysis, the Newton method with AP = 10 is used.
The 16 x 16 mesh of four-node elements is used, and the 8 x 8 mesh of
nine-node elements. Due to geometrical non-linearities, the displacements
under the inward forces are larger than under the outward forces; the
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Table 15.10 Pinched hemispherical shell with a hole. Linear analysis. h = 0.04.
Displacement —u,, x 100.

Element /Mesh 8x8 16 x 16

EADG4 9.1360  9.3005
EADGH5S 9.1299  9.2995
S4 9.2576  9.3018
Taylor [235] 9.4153  9.3501
Simo et al. [210]  9.2814  9.2907
D-type [109] 0.3701  9.3487
9-AS 9.3306  9.3473
MITC9 8.1762  8.5687
S9R5 9.3365  9.3513
Ref. 9.4000

Green strain, mesh 16x16, h=0.04

200

180
160
140
120

a 100
80

60

40

20

Fig. 15.28 Pinched hemispherical shell. Inward displacement.

former ones are shown in Fig. 15.28. We see that the EADGSH element is
more accurate than the EADG4 element and yields the solution almost
identical as the 9-AS element.

This difference is more visible for a thinner shell of A = 0.01, see
Fig. 15.29. The “solid-shell” element based on the Hu—Washizu functional
(SS-HW) and the S4 element perform identically. The EADG5 element
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Green strain, mesh 16x16, h=0.01

2.5

Fig. 15.29 Pinched hemispherical shell. Four-node elements. Inward displacement.

performs as the 9-AS element, while the solution by the EADG4 element
is locked.

15.3.9 Pinched clamped cylinder

The cylinder shell is clamped at one end and loaded by two opposite forces
P at the other end, see Fig. 15.30. The data of [35] is used; it is slightly
different than this of [225].

Due to the symmetry, only a quarter of the cylinder is analyzed and
two meshes of 16 x 16 and 32 x 32 elements are used. The drilling rotation
is constrained at lateral boundaries. The EADG4 element is tested.

The non-zero displacements and rotation at point A obtained by the
linear analysis for P = 1 are shown in Fig. 15.31a.

The nonlinear solution was obtained using the arc-length method for
the initial AP = 100. The vertical displacement u, at point A is shown in
Fig. 15.31b. For the displacement equal to the radius, the opposite points
A and B come in contact, but we do not account for it.
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Fig. 15.30 Pinched clamped cylinder. a) Initial geometry. b) Deformed geometry
at P =1600. E = 2.0685 x 107, v = 0.3, h = 0.03, R = 1.016, L = 3R.

a) b)

Green strain

Mesh Uy X 10 w. x 10° ¢, x 10° 1600 T T T
16 x 16 _7.9444  5.4283  1.6908 16x16 ——

1400 - 32X32 " ! H
32x 32 82379 53697  —2.0687 radiug e Y

1200 b T S
1000 |

800
600
400
200

Load

0
0 02040608 1 121416
Radial displacement

Fig. 15.31 Pinched clamped cylinder. a) Linear solution. b) Non-linear solutions.

15.3.10 Stretched cylinder with free ends

A cylindrical shell is stretched by two opposite forces P applied at the
middle section and its boundaries are free, see Fig. 15.32. This is a popular
test, see the review of earlier works in [51].

Because of symmetries, only one-eighth of the cylinder is analysed. The
EADG4 element and the mesh of 12 x 8 elements (12 along the circumfer-
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Fig. 15.32 Stretched cylinder. E = 10.5 x 105, v = 0.3125, h = 0.094, radius

length L = 10.35. a) Initial geometry. b) Deformed geometry for

R = 4.953,
load A = 0.935.
a) b)
Green strain, 12 x 8 mesh Green strain, 12 x 8 mesh
1 T T T T T 0.55 T T
‘IE "‘ A uy ——
09 | A up ; !
B -uy —-o-- | / 0.54
0.8 |- asymptote for uy -------- : ! /'/
*® [asymptote for -uj 1 i /,/"
07 H * 0.53
[ / -~
= 06 . - —
=} : I S
] : / £ 052
g o £ e E
o . : X ko]
g I 5 8 o051
S o4 - s /
I, /
0.3 ; i f" 0.5
0.2 / X /
}f R 0.49
0.1 ‘l_,x /
s ;
0 oo T | : 0.48
0 05 1 15 2 25 3 35 4 45 5 2.38 2.4 2.42 2.44 2.46 2.48 25
Displacement at A

Displacements at A and B

Fig. 15.33 Stretched cylinder. a) Displacement at two points. b) Vicinity of the

deflection point.

ence) is used. For P =1, the linear analysis yields u, = 1.1339 x 1073

at point A.
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The non-linear solution was obtained using the arc-length method with
the initial AP = 100. The radial displacements at points A and B are
shown in Fig. 15.33a, where the reference load Pt = 40000. The max-
imum radial deflection at point A is ug = (7/2 — 1)R = 2.827, while at
point B u1 = —R = —4.953. A vicinity of the deflection point on curve
A is shown in Fig. 15.33b.

15.3.11 Pinched spherical shell

a)

S
i
S
S

7

g
e
PR
AR
AN
ARSRONN
(\“?\“\:\“:\\?‘"‘
N

LI

%

s

2L
e
AT T7

S,
%
752

7z

Fig. 15.34 Pinched spherical shell. R =10, E =6.825x 107, v =0.3, h=0.2.
a) Initial geometry and load. b) Deformed configuration at P =5 x 10°.

a) b)
12
—u x 100
Element/Mesh  3(8 x8) 3(16 x 16) 10
EADG4 6.4735 6.7105
S4 5.7166 6.2887 8 n
o
x 6 .
o
4 |
2
0%

Fig. 15.35 Pinched spherical shell. a) Linear solutions. b) Non-linear solutions.
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A full spherical shell is compressed by three pairs of pinching forces P
applied along the z, y and z axes. Because of the symmetries, only one-
eighth of the sphere is modeled, see Fig. 15.34a.

The mesh is composed of three parts, with either 8 x 8 or 16 x 16
elements in each. The radial displacement at point A is monitored.

The linear results obtained for P = 10% are presented in Fig. 15.35a.
The non-linear analysis was performed using the arc-length method with
the initial AP = 10%, and the mesh of 3 (16 x 16) elements was used. The
deformed configuration is shown in Fig. 15.34b, while the solution curves
for point A are presented in Fig. 15.35b.

15.3.12 Short channel section beam

A short C-beam is fully clamped at one end and loaded by a vertical force
P at the other, see Fig. 15.36a. At the clamped end, displacements and
rotations are constrained to zero. This test was proposed in [52].

For the four-node elements, a (2 + 6 + 2) x 36 mesh is used, where the
web is modeled by 36 x 6 elements and each flange by 36 x 2 elements.
For the nine-node elements, the (1 + 3 + 1) x 18 mesh is used.

TS X "l
KN VT
D
SN ‘\‘\‘\‘\‘\“ll‘l“
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SSSNRRsaa
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S
0

Fig. 15.36 Short channel section beam. E = 107, v = 0.333, h = 0.05.
a) Initial geometry and load. b) Deformed configuration at force P = 112.

The linear solutions for P = 1 are given in Fig. 15.37a. The reference
value was computed in [51], using the (2+3+2) x 9 mesh of the 16-node
CAM elements. The non-linear solution is computed using the arc-length
method with the initial AP = 20 and is shown in Fig. 15.37b. The
vertical displacement at the point where the force is applied is monitored.
The solution for the EADGb5 element is closer to the solutions for nine-
node elements than the EADG4 element.
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a) b)

Element —w x 10° 140 T I I R — - -
EADG4 1.1541 : : : : : : :
9-AS 1.1556 120
MITC9 1.2839
S9R5 1.1628 100
Ref. 1.1544
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Fig. 15.37 Short channel section beam. a) Linear solutions. b) Non-linear solutions.

15.3.13 Long channel section beam

1

30

1| Y

Fig. 15.38 Long channel section beam. FE = 21000, v = 0.3.

a) Initial geometry and load. b) Deformed configuration at force P = 20.

A long C-beam is fully clamped at one end and loaded by a vertical
force P at the other end, see Fig. 15.38. This test was proposed in [243].
The behavior of the long beam is very different from that of the short
beam of Sect. 15.3.12, as the global response dominates.

Two meshes are used. The coarse mesh with 360 four-node elements,
where each flange is modeled by 36 x 2 elements and the web by 36 x
6 elements. The fine mesh is two times denser in each direction, which
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a) b) Green strain, EADG4

Element/Mesh ~ Coarse  Dense
EADG4 -1.2672  -1.2703

Load

coarse ---+---

0 i
0 50 100 150 200 250 300

Displacement in load direction

Fig. 15.39 Long channel section beam. a) Linear solution. b) Non-linear solutions.

yields 1440 elements. At the clamped end, displacements and rotations
are constrained.

The linear solution for P =1 is shown in Fig. 15.39a. The nonlinear
solution was obtained using the arc-length method with the initial AP =
5 and is shown in Fig 15.39b. The vertical displacement at the point
where the force is applied is monitored.

15.3.14 Hyperboloidal shell

The hyperboloidal shell is loaded by two pairs of equal but opposite ex-
ternal forces, applied in the symmetry plane z = 0, along the X and Y
axes. Due to symmetry, only one octant of it is analyzed, see Fig. 15.40.
This test was proposed in [15] for laminated shells, but, here, the isotropic
SVK material is used.

The octant of the shell is meshed by 16 x 16 elements. The linear
solution for P = 1 are shown in Tab.15.41a, and the radial displacement at
point B is reported. The nonlinear solution was obtained using the Newton
method, with the force increment AP = 40 for the EADG4 element and
AP = 12 for the S4 element. The radial displacements at point A and B
are shown in Fig. 15.41b.
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Fig. 15.40 Hyperboloidal shell. H = 20, h = 0.04, E = 4.0 x 107, v = 0.25,

radius R(z) = 7.5¢/1 + 3(2/20)°.

a) b)
600
Element UB
EADG4  4.8448E-02 500 |
S4 5.0250E-02
400 =
o 300 -

200

100

Fig. 15.41 Hyperboloidal shell. a) Linear solutions. b) Non-linear solutions.

15.3.15 Twisted ring

The ring is twisted by a moment M, applied at point A and is clamped at
the opposite point B, both points on the X-axis, see Fig. 15.42. This test
was proposed in [80] and is difficult because finite rotations and twisting
are involved, see Fig. 15.43. It is a tough test for the path-following
procedure.



Nonlinear tests 455

2, B =

Clamped

Fig. 15.43 Twisted ring. Subsequent deformed shapes.

According to [80], twisting yields a small ring with a diameter equal
to one-third of the original one, and the “final shape is kept without any
external force”. We experimented with a paper ring and obtained a coil
which cannot be flattened.

The mesh of 2 x 248 four-node elements is used. The twisting moment
M, is applied using a small auxiliary square plate, as in [189]. The plate
is normal to the ring and has the size 6 x 6, and a thickness 10 h.

The linear solution for M, = 1is given in Fig. 15.44a, where the drilling
rotation 1, at point A is reported.

The non-linear solution was computed using the arc-length method for
the initial MY = 50. The drilling rotation r, and the radial displacement
uz; at point A are shown in Fig. 15.44b. Recall that in Sect. 9.3.5, this
ring is computed by 3D beam elements and various update schemes for
rotations are considered.
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a) b) Green strain, mesh 2x248

800

Element 1, x 107 700 -
EADG4 5.8481

600 |-

500

400

300

Moment M,

200

100 —

-100

Fig. 15.44 Twisted ring. a) Linear solution. b) Non-linear solutions.
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