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Abstract In this paper, a new computational framework is
presented for the analysis of nonlinear beam finite elements
subjected to large strains. Specifically, the methodology
recently introduced in Bonet et al. (Comput Methods Appl
Mech Eng 283:1061-1094, 2015) in the context of three
dimensional polyconvex elasticity is extended to the geo-
metrically exact beam model of Simo (Comput Methods
Appl Mech Eng 49:55-70, 1985), the starting point of so
many other finite element beam type formulations. This new
variational framework can be viewed as a continuum degen-
erate formulation which, moreover, is enhanced by three key
novelties. First, in order to facilitate the implementation of
the sophisticated polyconvex constitutive laws particularly
associated with beams undergoing large strains, a novel ten-
sor cross product algebra by Bonet et al. (Comput Methods
Appl Mech Eng 283:1061-1094, 2015) is adopted, leading
to an elegant and physically meaningful representation of
an otherwise complex computational framework. Second,
the paper shows how the novel algebra facilitates the re-
expression of any invariant of the deformation gradient, its
cofactor and its determinant in terms of the classical beam
strain measures. The latter being very useful whenever a
classical beam implementation is preferred. This is partic-
ularised for the case of a Mooney—Rivlin model although
the technique can be straightforwardly generalised to other
more complex isotropic and anisotropic polyconvex mod-
els. Third, the connection between the two most accepted
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restrictions for the definition of constitutive models in three
dimensional elasticity and beams is shown, bridging the gap
between the continuum and its degenerate beam description.
This is carried out via a novel insightful representation of the
tangent operator.

Keywords Polyconvexity - Geometrically exact beam
theory - Continuum degenerate beam formulation - Finite
elements

1 Introduction

Most classical beam theories [ 1-8] are based on the definition
of so called beam strain measures, namely the axial-shear
and torsional-bending strain vectors. Work conjugates to
those variables (typically denoted as resultant contact forces
and resultant contact couples [9]) can be derived from a
hyperelastic energy functional which is defined in terms of
the beam strain measures [1-8]. Other authors prefer an
alternative continuum degenerate approach [10,11] where,
typically, the Lagrangian strain tensor is retained as the main
strain measure and particularised for the kinematic descrip-
tion of the beam. In these latter formulations, the second
Piola—Kirchhoff stress tensor emerges as the work conjugate
variable and can be derived from a hyperelastic energy func-
tional expressed as a function of the Lagrangian strain tensor.

The present manuscript aims to extend the variational and
computational framework recently introduced in Bonet et
al. [12] in the context of three dimensional elasticity to the
geometrically exact Simo [13] beam model, the starting point
of so many other finite element beam type formulations [1—
7]. The variational approach proposed herein can therefore
be viewed as a continuum degenerate formulation emerging
from that presented in [12].
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The formulation by Bonet et al. [12] has been particu-
larly formulated for use in large strain scenarios [14,15],
where appropriate convexity criteria [16—18] are necessary
to ensure the well posedness of the problem. The most well-
established of these criteria is the concept of polyconvexity
[19-25] whereby the strain energy is expressed as a convex
multi-value function of an extended kinematic set defined by
the deformation gradient (fibre map), its determinant (vol-
ume map) and its cofactor (area map).

Numerous authors have previously incorporated the con-
cept of polyconvexity into computational models for both
isotropic and non-isotropic materials for a variety of appli-
cations [26-31]. However, the classical approach consists
of ensuring that the strain energy satisfies the polyconvex-
ity condition first but then proceeds towards a computational
solution by re-expressing the energy in terms of the defor-
mation gradient alone. Pioneered in [29] and [12,32,33], an
alternative framework is proposed based on maintaining as
independent variables the extended kinematic set on which
the strain energy is expressed as a convex function, namely,
the deformation gradient, its cofactor and its determinant.

In this paper, the latter approach is particularised for a
degenerate beam description. The paper also presents the
work conjugates of the extended kinematic set in the con-
text of beam theory as well as novel expressions for the
tangent operators. The present formulation utilises a novel
algebra based on a tensor cross product operation pioneered
in [34] and reintroduced and exploited for the first time in
[12,32,33] in the context of solid mechanics. The new tensor
cross product operation is particularly helpful when deal-
ing with polyconvex constitutive laws, where invariants of
the cofactor and the determinant of the deformation feature
heavily in the representation of the strain energy functional.

In addition, the paper shows how the novel algebra facili-
tates the re-expression of any invariant of the deformation
gradient, its cofactor and its determinant in terms of the
classical beam strain measures. The latter being very use-
ful whenever a classical beam implementation is preferred.
As an example, and to the best of the authors knowledge, this
is the first time that the strain energy function for a polycon-
vex Mooney—Rivlin (or Neo-Hookean) material is expressed
entirely in terms of the classical beam strain measures.

Convexity of a beam constitutive model with respect to the
classical beam strain measures is a well accepted condition
[35] that must be satisfied by admissible strain energy func-
tionals in the large strain regime. The present manuscript
shows the relationship between a polyconvex constitutive
model defined in terms of the deformation gradient, the cofac-
tor and the determinant of the mapping in the continuum and
its degenerate beam counterpart defined in terms of the beam
strain measures. Hence, the connection between the two most
accepted restrictions for the definition of constitutive models
in three dimensional elasticity and beams is shown, bridg-
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ing the gap between the continuum and its degenerate beam
description.

The paper is organised as follows. Section 2 briefly revises
the computational framework developed in [12] for large
strain scenarios and especially tailored for polyconvex con-
stitutive models. Section 3 presents the new degenerate beam
formulation which extends the variational framework pre-
sented in [12] to the case of geometrically exact beam theory
where the deformation gradient, its cofactor and its deter-
minant are retained as the main strain variables. Section 4
presents the classical framework for the geometrically exact
beam theory where the physically meaningful axial-shear and
torsional-bending strain vectors are used as the main strain
measures. Additionally, alink is established between the con-
vexity criteria required for the constitutive model in both
continuum and beam descriptions. Section 5 briefly presents
the variational principle associated with the proposed con-
tinuum degenerate formulation. Section 6 presents the Finite
Element discretisation, where the use of the novel tensor
cross product algebra leads to alternative tangent operator
representations. Section 7 includes representative numerical
examples in large strain scenarios, including a comparison
against a recently published mixed continuum based for-
mulation [12]. Finally, Sect. 8 provides some concluding
remarks and a summary of the key contributions of this

paper.

2 Continuum mechanics
2.1 Continuum kinematics

Consider the three dimensional deformation of an elastic
body from its initial configuration occupying a volume V,
of boundary 9V, into a final configuration at volume v, of
boundary dv, where x represents the current position of a
particle originally at X (see Fig. 1). Virtual and incremental
variations of x will be denoted by du and u, respectively. It
will be assumed that x, du and u satisfy appropriate essential
(displacement) boundary conditions on 9, V. Additionally,
the body is under the action of certain body forces per unit
undeformed volume f and traction per unit undeformed
areatoon d;V,where 09;VUOJ,V =0V and 9;V N,V = 0.
The deformation gradient tensor F (or fibre map) and its
determinant J (or volume map) are defined as [16]

F=a—x=V0x; J=detF=ﬂ, €))
X dv

where V denotes the gradient with respect to material coor-

dinates and dv and dV represent elemental volumes in the

initial and final configurations, respectively. The elemental

area vector is mapped from initial d A to final da configura-

tions by means of the cofactor tensor H (or area map), which
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Fig. 1 Deformation mapping of a continuum and associated kinemat-
ics variables: F, H, J

is related to the deformation gradient F and its determinant
J via the Nanson’s rule [16] as

da=HdA; H=JFT. )

In references [12,32], the authors employ an alternative def-
inition of the cofactor H, namely H = %F x F, which
simplifies considerably the algebra [33]. The new definition
of the area map H is based on a tensor cross product x intro-
duced in [34] and applied within the context of nonlinear
elasticity for the first time in [12]. The properties of this ten-
sor cross product developed in [12] have been included in
Appendix 1 for completeness.

Crucially, the first and second directional derivatives of H
with respect to geometry changes are now easily evaluated

asl

DH [bu] = F x DF [6u] = F x Vyéu;

3)
D*H [6u; u] = DF [u] x DF [u] = Vodu x Vyu.
Similarly, the directional derivatives of the volume map J
are easily expressed with the help of (139) and (142) as

DJ [Su]l = H : Vyéu,

, @)
D“J [du;u)l = F : (Vodu x Vou) .

2.2 Polyconvex elasticity

Polyconvexity is now well accepted as a fundamental math-
ematical requirement that must be satisfied by admissible
strain energy functionals used to describe elastic materials
in the large strain regime [18-22,24,25,36,37]. The strain

! The first and second directional derivatives of the deformation gradi-
ent tensor F are well known to be DF[Su] = Vodu and D*F[Su; u] =
0 [16].

energy W per unit undeformed volume must be a function
of the deformation gradient Vox via a convex multi-valued
function W as

v (Vox)=W(F,H,J). 4)

Crucially, frame invariance (objectivity) implies that W must
be independent of the rotational components of F and H,
which is typically achieved by ensuring that W depends on
F and H via the symmetric tensors F7 F and H” H , respec-
tively. The three strain measures F, H, and J have work
conjugate stresses X, X g, and X; defined by [12,32]

ow
p(F.H,J)=—;
F( ) Ya
ow
Yg(F,H,J)=—; 6
H( ) °H (6)
s, F.H. 1=
J(F.H,J)= -0

It is then possible [12,32,33] to express the first Piola—
Kirchhoff stres tensor P in terms of the extended strain
measures {F, H, J} and conjugate stresses {Xfr, Xy, X}
as

P=Yp+XpxF+X;H. @)
A tangent elasticity operator D*>W [Su; u] is usually needed
[16] in order to ensure quadratic convergence of a Newton—

Raphson type of solution process, derived in [12,32,33] as
follows

DV [Su; u] = [(Vodu) : (Vodu x F) : (Voéu : H)]

: (Vou)
[Hw] | : (Vou x F)
(Vou : H)
+ X+ 2,F) : (Vodu x Vou) , (3)

where the Hessian operator [Hyy ] denotes the symmetric pos-
itive semi-definite operator containing the second derivatives
of W(F,H,J) as

Wrr Wrg Wiy 3F9F 3FoH 9FdJ

Hwl= | War Wan Way | = | 3557 smom 7ms7
W;r Wyg W 2w 9cw. *w
4 I 17 3J0F 3JoH 3J0J

9

Note that the first term on the right hand side of (8)
is necessarily positive for Su = wu and, therefore, buck-
ling can only be induced by the second “initial stress” term
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(Xg + 25 F) : (Vodu x Vou). Finally, it is also possible to
re-write the tangent elasticity operator (8) as

D2l11[8u; u]l = Vodu : [H;‘,’] :Vou

(10)
+ (X +Z5F): (Vodu x Vou),

where use of the tensor cross product operations (133) and
(134) yields

[H;:,I]ZWFF+FXWHHXF
+W;yHQ® H+ Wipg x F+ F x Wy
+ Wy @H+HQW;p+(FxWg;)®H

+H® (W;g x F).
(11

2.2.1 A polyconvex constitutive model: Mooney—Rivlin
material

The well known Mooney—Rivlin constitutive model is poly-
convex. An elegant representation of its strain energy func-
tional in terms of the extended kinematic set {F, H, J}
[12,32,33] is

Wur(F,H,J)=aF : F+8H : H+ f(J), (12)

where?
f(J) = =2alnJ —4BJ + % (J=1D*=3@+pB), (13)

with o and B suitable non-negative material parameters and
f(J) aconvex function of J (refer to remark 1). The conju-
gate stresses {X r, X g, X} (6) for this model are obtained
as

2
Sp=2aF; Sy =2BH: 2,:-7a—4,3+x(1—1)
(14)

and the first Piola—Kirchhoff (7) results in
20
P =2aF +28H x F — (7+4,3—/\(J—1))H.
(15)

The Hessian operator [Hy ] (9) adopts the following simple
expression

20T 0 0
[Hw]=| 0 287 0 |, (16)
0 0 3—05+A

2 As a particular degenerate case, the Neo-Hookean constitutive model
is obtained for 8 = 0.
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where Z;;;; = 8;;8;; and [H}! | (11) is expressed as

2
[HS] =20 +2BF x T x F + (J—OZ‘+A)H®H.
(17)

The clear benefits of employing the new tensor cross product
algebra in the context of polyconvex elasticity have been
presented in [12,32] and thoroughly detailed in [33].

Remark 1 An alternative function f(J) to that used in (13)
is

f(J) = —(2a+4,3)1n]+%(]— 2. (18)

Following [12], the material parameters «, 8 and A used in
(12) and (18) can be related to the classical Lamé parameters
Min and Ay in linearised elasticity (in the reference config-
uration) through
20 + 2B = wiin; A+ 4B = Min. (19)
The Poisson ratio v in the reference configuration is related
to material parameters Ajip and [jin as

Alin

p=—— (20)
2(Min + Miin)

Substitution of Eq. (19) into (20) leads to the following
expression for the Poisson ratio in terms of the material para-
meters o, 8 and A

V= i (21)
2(A + 68 + 2a)

Classical beam theories do not consider dilatations or con-
tractions of the beam section. Hence, a Poisson ratio of value
v = 0 is consistent with such kinematical description of the
beam. However, from Eq. (21), it can be inferred that it is not
possible to find any combination of non-negative (and hence,
satisfying polyconvexity) values for the material parameters
o, B and A compatible with v = 0. On the contrary, if the
volumetric function f(J) in (13) is used instead, the relation
between the material parameters «, 8 and A relate to wj, and
Alin as

200 + 28 = iin; A = Alin, (22a)
which leads to an expression for the Poison ratio vjjp

A
Vlin (23)

T 20+ 2a+28)
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The definition of f(J) in (13) allows to model the particular
case vjip = 0 without violating polyconvexity (non-negative
values for o and 8 with A = 0).

2.2.2 A non-polyconvex constitutive model: Saint
Venant—Kirchhoff material

A popular constitutive model for beams is that of a Saint
Venant—Kirchhoff material [1,3,8,10,38], where the strain
energy functional per unit undeformed volume W is defined
in terms of the Green—Lagrange strain tensor E as

A
Wsvk (Vox) =3 (rE)> + ptr (EE) ;

1
E:E(C—I); C=F'"F, (24)

where C is the right Cauchy—Green deformation tensor, A
and p the Lamé coefficients and I the identity tensor. Alter-
natively, Wgy g can be expressed in terms of C as

Weyk (C) = % (tr(CC) — 2tr(C) + 3) + % (tr(C) —3)2.
(25)

As shown in [30], it is possible to re-express the term tr (CC)
in (25) as

tr(CC)= (F:F)>—2(H : H). (26)

Introduction of identity (26) into (25) enables to rewrite the
strain energy functional in terms of F and J as

Wevi (F, H) = ((F:F)Z—Z(F:F)—Z(H:H)+3)

®
4
+Z ((F: F)—3)2. (27)

The conjugate stresses {X f, X g, 7} (6) for this model are
obtained as

k F:FF 3 F;
(M-i-z)( . F) —(74-#) ;

Yp=—uH; X;=0

XF

(28)

and the first Piola—Kirchhoff (7) results in

A 3A
P:(u+§)(F:F)F—(?+M)F—,uHxF.
(29)

The Hessian operator [Hy ] (9) adopts the following simple
expression

[ ]

|:2(u+§)F®F—(3(3—F:F}+M(I—F:F))I 0 0]

0 —uZ 0
0 0 0

(30)

Unfortunately this model is not polyconvex as can be
observed from the lack of positive (semi)-definiteness of the
Hessian operator in Eq. (30). Finally, the tensor [Hfg] (11
is expressed as

[H;(/I]=2<M+%)F®F—(%(3—F:F)+,u(1—F:F))I
—uF xZIxF.

(3D

3 Continuum degenerate polyconvex beam
formulation

In this section, a continuum degenerate beam model is pre-
sented. Contrary to the work in [10,11], where the strain
energy functional is presented in terms of the Green—
Lagrange strain tensor, the formulation hereby presented
exploits the extended set of kinematic strain measures
{F, H, J} along with the computational framework outlined
in [12,32,33].

In addition, a co-rotational formulation in terms of an
extended alternative set of co-rotational kinematic entities is
also presented. This co-rotational approach will prove to be
a natural link between the continuum degenerate approach
and a more classical beam description where well-known
engineering strain measures feature as the main kinematic
entities.

3.1 Beam kinematics

Let us now consider that the elastic body introduced in the
previous section is a beam structural element. In particular,
itis assumed that the beam in the reference configuration has
a straight axis of length L which is completely characterised
by the position of a centre line X (s), parametrised in terms
of s € [0, L], and an orthonormal triad {D1, D,, D3} where
the vectors D and D, lay parallel to the cross sectional
area A(s) of the beam (with boundary dA(s)) and D3 is
aligned along the undeformed centre line, see Fig. 2. In the
following, summation over Greek indexes « ranges from 1 to
2 whereas summation over Latin indexes i ranges from 1 to
3 and Einstein’s convention is assumed for repeated indices
unless otherwise stated. The beam reference configuration is
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> du

e
'
T
'
'

Fig. 2 Reference and current configuration of a beam

defined in terms of the convective coordinates {n“, « = 1, 2}
[8] by
X(n*s)=Xo(s)+X; X =n"D,. (32)

For the current configuration, an orthonormal triad
{d(s),d>(s), d3(s)} can be introduced with d | (s) and d (s)
laying on the cross sectional area a(s) (with boundary da(s))
and withd3(s) = d(s)xd(s),seeFig.2. Hence, the motion
of the beam can be defined as [8,39]
x(n“,5) =x0(s) +x(s);  X(s) =n"dy (), (33)
where the orthonormal triads defined above are related via a
rotation tensor R € SO(3) definedas R =d; ® D; [1].

It is known that the rotation tensor R can be defined in
terms of the Rodrigues parametrisation of a rotation vector

0 [40], with associated skew symmetric second order tensor
0=1x867as

sin ||0]] I x0)+ 1 —cos||0]|

RO =1I+
1911 11611

(Ix0)Ix80).
(34)

The deformation gradient tensor F (1) derived from the
mapping (33) is obtained as [8]

F=x(,®D3+dy, ® Dy +n"d,, ® D3, (35)

where (o) = d(;#. Above Eq. (35) in conjunction with
(34) leads to a description of the deformation gradient tensor

3 Use of the tensor cross product x between a second order tensor and
a vector has been made.
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F in terms of the centre line x( and the rotation vector @, typ-
ically used in continuum degenerate descriptions [10, 11] of
beam structural models. Notice that a computational frame-
work built upon the representation (35) of the deformation
gradient tensor is not restricted to beams with a straight axis
in the reference undeformed configuration.

It can be interesting to re-write F in a more meaningful
manner from the physical standpoint. With that in mind, fol-
lowing the algebraic manipulations in [8], the deformation
gradient tensor F (35) can be re-expressed as

F:R(F®D3+kX®D3+I), (36)

where the beam strain measures T and K are defined as

A

I=R"x,-D;; K=R"R, (37)

with K a skew-symmetric tensor that can be re-written in
terms of a vector K as K = I x K.* The beam strain measure
T is known as the axial-shear strain vector whilst K is known
as the torsional-bending strain vector. Thus, an alternative
representation of (36) expressed in terms of the beam strain
measures {I', K} is [8]
F=RU; U=B®D3+1; B=T+ (K xX).
(38)

Above Eq. (38) is known as the right extended polar decom-
position of the deformation gradient F in terms of the beam
strain measures {I', K} as presented in [8]. Notice that whilst
R is a rotation tensor, the non-symmetric strain tensor U is
not a pure stretch tensor (as in the classical polar decompo-
sition theorem [16]). Note that U is only symmetric in the
case that B is colinear with D3, which only happens in the
absence of shear strain and torsion.

Formulae (38) for the representation of the deformation
gradient tensor F are very useful in the context of geometri-
cally exact beam models when the strain energy functional is
defined in terms of the classical beam strain measures {I', K}
[1,3,41]. Notice that a computational framework built upon
the representation (36) of the deformation gradient tensor
is restricted to beams with a straight axis in the reference
undeformed configuration. A more general expression for
this representation of the deformation gradient tensor can be
found in [1].

3.2 Linearisation of the beam kinematics

As stated above (33), the mapping of the beam is defined in
terms of the centre line xo and the triad {d;} (or the rota-

4 Use of the tensor cross product x between a second order tensor and
a vector has been made.
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tion vector ). Virtual or incremental variations of the centre
line xo will be denoted by Sug or ug, respectively. In addi-
tion, virtual or incremental variations of the rotation vector @
will be denoted by 40 or A#, respectively. All of these fields
must satisfy appropriate essential and natural boundary con-
ditions at s = 0 and/or s = L [42]. Thus, the virtual or
incremental variations of the mapping (33) are then defined
as

du = dug + n*Dd,[507]; (39)
u=uy+n“Ddy[A0].

The first and second directional derivatives of the triad with
respect to geometry changes are defined by’

Ddi[80] =480 x d,';
) (40)
D<d;[80; AO] =50 x (A8 x d;).

Analogously, for the derivative of the triad with respect to
the beam axis, the first and second directional derivatives are

Dd[80] = 860" x d; + 80 x d;
D2d}[50; A0] = 50" x (A0 x d;) + 50 x (A8’ x d;)
+ 860 x (A0 x d}).
(41)

The first and second directional derivatives of the deforma-
tion gradient F can be obtained as

DF[8ug, 801 = Suy ® D3 + Ddy[50] ® D,
+ n*Dd,[50] ® Ds;
D*F [Suq, 80; ug, A = D>d,[50; A0] Q D,
+ n*D?d.,[80; A1 ® Ds.

(42)

where the directional derivatives of the triad were previously
computed in (40)—(41). Notice how the kinematics of the
beam introduces, in contrast to the continuum formulation,
additional non-linearities into the problem through the non-
vanishing second directional derivative of F (recall that this
term vanishes in the more general continuum description).
The first and second directional derivatives of the cofactor
H are computed as

> These directional derivatives need to comply with the orthogonality
conditiond; -d; — &;; =0 [1].

DH[Sugy, 0] = F x DF[Sug, 501];
D?>H{[5uy, 80 ug, A@] = DF[Sug, 6] x DF [ug, A6]

+ F x D*F [Suy, 86; ug, A8].
(43)

Finally, the first and second directional derivatives of the
determinant J are computed as

DJ[Sugy, 501 = H : DF[Suy, 5601;
D*J[8ug, 80; ug, A9)
= F : (DF[8ug, 80] x DF[ug, A8))
+ H : D*F [Suy, 80; ug, A0 .

(44)

Due to the kinematics introduced by the beam problem,
further nonlinearities are observed in (43) and (44) with
respect to (3) and (4), respectively. Alternatively, a formula-
tion exclusively in terms of the centre line x( and the triad
{d;} has been presented in references [1,3]. This formulation
avoids relating directional derivatives of the triad {d;} with
respect to the rotation vector 6 as in Eq. (40).

3.3 Transition from polyconvex continuum model to
polyconvex beam theory

For the case of a polyconvex constitutive model satisfying
Eq. (5), it is possible to express the internal virtual work as
follows

P : DF[Suy, 50]

= DV [Suy, 0]

= DW[DF|[duy, 6], DH[Suy, §61, DJ[Sug, 50]]

=Xf : DF[Sup, 801+ X : DH[Sug, 50]
+ X;DJ[bug, 0]

=X :DF[Suy, 801+ Xy : (F x DF|[8ug, §6])
+ X;H : DF[éuy, 6]

=(Xr+Xp x F+X;H): DF[duy, 0],

(45)

which leads to an identical expression for the first Piola—
Kirchhoff stress tensor P as in (7). The tangent elasticity
operator is obtained as

D2\D[5u0, 80; uy, A0l = DF|[Sug,80]:C : DF [ug, A0]
+ P : D>F[8ug, 80; ug, A9],
(46)

where C = g—P — PV Use of Eq. (45) yields

OFOF*
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D>V [Sug, 80: ug, A0]
= [Ss1y [Hw1[Salw

47
+ (g +XsF): (DF[8ug,80] x DF [ug, A8]) 47
+(Zr+Xg x F+X,;H): D’F[50; A9],
where
[Ss1hy
= [DF[8uq, 0] : (DF[Suq,860] x F) : DF[Sug,50]: H|;
: DF [ug, A0] (48)
[Salw = | : (DF [ug, AO] x F) | .
DF [ug, A0]: H

Note that the first term on the right hand side of (47) is nec-
essarily positive for Sug = ug and §6 = A6 and therefore
buckling can only be induced by the “initial stress’ term asso-
ciated with the last two terms on the right hand side of (47).
In comparison with Eq. (8), an extra nonlinearity present in
above Eq. (47) can be observed, namely the last term on the
right hand side.

Finally, proceeding as in Sect. 2.2, it is possible to re-
express Eq. (47) in terms of the alternative Hessian operator
[H}] defined in Eq. (11) as

D>W[Suy, 80 ug, A]

= DF[8ug, 80] : [Hy] : DF [uo, A8]
+(Zg + 2, F) : (DF[8ug, 58] x DF [ug, A8])
+(Zr+Xug x F+3X;H): D’F[56; A9].

(49)

3.4 Polyconvex co-rotational beam formulation

In this Section, an alternative polyconvex co-rotational for-
mulation is presented. This new approach will prove to be
very useful establishing a link between the continuum degen-
erate description and a classical beam description in terms
of the beam strain measures I' and K defined above. Taking
into consideration the right extended decomposition theorem
(38) and the necessary objectivity requirement, an equivalent
energy functional to W(F, H, J) can be defined in terms of
the strain tensor U = R” F (38), its cofactor W = R H and
its determinant J,° namely W(U W, J ). Notice that both
representations W(F, H, J) and W(ﬁ W, J ) have identi-
cal expressions in their own arguments. Analogously to (6),
a new set of stress variables {X, Xy, X} conjugate to
{U, w, J} can be defined as

6 Notice that the determinants of F and U are equal, namely J =
detF = detU.
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o oW LW

2o (U W) =35 = B g5
o oW W

Sy (O, W, J) =W=RT3—H; (50)
o aw  aw

Z(UW ) =57 =57

Considering the right extended decomposition theorem (38),
the internal virtual work can be written as

P : DF[8ug,80] = P : RDU[Suy, 50]
+P : DR[Suy, 801U. (51)

Conservation of angular momentum in the continuum implies

P : DR[Sug, 501U = FS : DR[Suy, 01U
— U'SU : RTDR[Sug, 0]
Symmetric tensor  Skew symmetric tensor

=0 (52)

where S is the second Piola—Kirchhoff stress tensor. Hence,
an alternative co-rotational representation for the internal vir-
tual work (51) is as follows

P=R"P,
(53)

P : DF[Sug, 801 = P : DU[Suy, 801;

which results in

P : DU[Suy, 50]
= DV[8ug, 56]
= DW[DU/[8uy, 501, DW[Sug, 801, DJ[Su, 801]
=Xy : DU[Sug, 801 + Xy, : DW[suq, 561

+ %, DJ[8up, 56]
=X : DU[Suy, 801

+ Xy : (U x DU[Suo, 801) + ;W : DU[Suy, 56]
=Zg+ Iy x U+ ;W) : DU[Suo, 501,

(54)

which leads to the following expression for the co-rotational
stress tensor P

P=X;+XyxU+3Z,W. (55)

Following a similar procedure to that of Eq. (47), an alterna-
tive expression for the tangent operator of the energy W can
be obtained in terms of {U, W, J} as follows
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D>V [Sug, 80: ug, A0]
= [Ss17;, [Hy ] [Saly

) } ) 56)
+ (23 + £,0) : (DU[Suo, 881 x DU [ug, Af))
+(Zg+Z5 x U+ 2,W) : DXU[56; AG],
where
T
[SS]W
= [DU[Sug, 861 : (DU[Suo, 561 x U) : DU[Sug, 561 : W];
(57)

: DU [ug, AB]
[Salyy = | : (DU [ug, A0] x U)
DU [ug, AG] : W

and with the Hessian operator [Hy, ] denoting the symmetric
positive semi-definite operator containing the second deriv-
atives of W (U, W, J) as

- - - 2w 2w 9w

vo ow "YoJ aUAU dUIW aUdJ

A~ A A a21% a2 1% A2 1%

H.]= W We | = | 22 _?W W
(7] Wiwvg Wivw Wiy WU dWaW aWaJ
W 7 W 7 W]] 2w 9*W 92w

w 4 4
v 3JoU oaJaw dJdJ
(58)

As mentioned above, the identical representation of
the energy functionals W(F, H, J) and W(ﬁ, W, J) with
respect to their respective arguments results in identical
expressions of the Hessian operators [Hy | and [H;, | in their
respective arguments. Therefore, both Hessian operators
[]HIW] and [HW] will be positive semi-definite, provided that
W(F, H, J) and hence, W(U, w, J) satisfy polyconvexity.
The latter representation of the strain energy functional will
be further pursued in the next Section.

4 Relationship with the classical beam formulation

Alternatively to continuum degenerate based formulations,
as that presented in Sect. 3, classical beam formulations
employ a kinematical description based on the strain mea-
sures {I', K} by means of the definition of the deformation
gradient tensor presented in Eq. (38).

The objective of this Section is twofold. On the one
hand, the strain energy per unit undeformed volume (i.e.
W(F,H,J) = W(L_/ W, J)) will be re-written in terms
of the alternative beam strain vector B defined in (38). Fur-
ther manipulations will lead to the introduction of the strain
energy per unit undeformed length in terms of the beam strain
measures I' and K. On the second hand, relationships will
be established between the tangent operators of the different

energy representations to relate the concept of polyconvexity
at a continuum and beam level.

4.1 Beam kinematics and linearisation
4.1.1 The classical beam strain measures

Manipulation of equations in (37) enable the strain measures
{I', K} to be expressed in terms of the centre line and the
triads [1] as

1

I = (dl x6) Di—D3; K:E(dl d/j)(Dj X D,’).

(59)
From equations in (59), the first and second directional deriv-
atives of the beam strain measures {I', K} follow as
DT [8ug, §0] = (Ddi[60] xp+d; ~8u6) D;;
DT [8ug, 80; ug, 01 = (Dd;[80] - uy + Dd;[A8] - Suy,

+D%d;[50, 6] -x6) D;,

(60)
and
DK|[Sug, 56]
1
= 5 (Dd;1901-d + d; - Dd1501) (D, x Dy:
DK [Suy, 6; ugy, A8]
(61)

1

=3 (Ddi[80] . D, [A8] + Dd; [A6] - Dd';[50]
+ D?d;[60; A0) - + d; - D*d[50; A6))
(Dj X Dl').

4.1.2 The strain vector B

The directional derivative of the strain vector B defined in
(38) can be written as

DB[Sug, 50] = DT[Su, $0] + DK [Suo, 50] x X

B _. [ DT[8ug, 5617
=[1-Ixx] [DK[auo,ao]]’

D?B[Sug, 80: uy, A0] = D*T[Suq, 86 ug, A8]
+ D?*K[Sug, 80: ug, A0] x X

B - [ D*T[Suy, 80; ugy, A0]
=1 -1xXx] [DZK[auo,ao;uo, A8

(62)

where use of the tensor cross product formula (130) has been
made above.
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4.1.3 Co-rotational strain measures

Itis possible to obtain explicit expressions of the strain tensor
U, its cofactor W and its determinant J in terms of the strain
vector B (linearly related to I' and K). Recalling equation
(38) which gives an explicit representation of the strain tensor
U=B®D 3+ I in terms of the strain vector B, the cofactor
W can be evaluated making use of property (143) as

W=-UxU
BRD3+1I)x (BRD3s+1)

(BQD3)x (BQ D3)+ (BQ D3) x I
(63)

+ va—‘l\JI'—‘l\)l'—‘
—

I x1I
2

1
— - BxB)®(D3xD3)+BD3) x I +1
22— —

0 0
=(B®Dy) xI+1,

where use of the properties (141) and (144) has been made.

Similarly, the determinant J can be computed by means of
the property (142) and using the above result (63)

WU
[(BRD3)xI+1]:[B® D3+ 1]

[[(B® D3) x I]: (B Q D3)
[(B® D3) x I]:

(64)

+ u)|»—~w|_w|>—n

I+ B D3+ 3]

=—[(BxB)~(D3xD3)+[(B®D3)xI]:I
3‘,_4
0 0
+B-D3+3]=B-D3+1,

2B-Dj3

where use of properties (139), (1{ 1) zind (144) has been made.
The directional derivatives of {U, W, J} are obtained from
above equations as

DU|[Suy, 6] = DB[Suy, 50] ® Ds; ©5)
D2U[Suy, 80; ug, A0 = D*B[suy, 80; uy, A8] ® D,
DW[sug, 801 = (DB[Suo, 01 ® D3) x I;

D>W(Sug, 50; ug, A9 (66)
= (D*B[Suy, 86; ug, A0 ® D3) x I,
and

DJ[bugp, 601 = DB[éuy, 80] - D3;

X G
D~ J[Sug, 80; ug, AQ] = B[Sug, 56; ug, A0] -
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4.2 Polyconvex beam theory

It is customary in classical beam formulations to define
a strain energy functional per unit undeformed length
Wy (', K) dependent on the classical beam strain mea-
sures I' and K. However, it is insightful to obtain the
relationship between the strain energy functional per unit
undeformed length W;,(T', K) and the strain energy func-
tional per unit undeformed volume W(F H,J) (5) (orits
alternative equivalent representation W(U W, J)) defined
previously.

Moreover, by use of Eq. (38), where the strain tensor U is
expressed in terms of the strain vector B, in conjunction with
the definitions of the cofactor (143) and the determinant of
a tensor (142), it is feasible to obtain an explicit expression
of the strain energy functional in terms of the strain vector
B (linearly related to I and K), namely W(B(T, K)). The
relationship between the alternative strain energy functionals
can be summarised as

W(B(T, K))dA;
AGs) (68)

W(BT,K)) =W({U,W,J)=W(F,H,J).

Wy (T, K) =

4.2.1 Convexity in terms of the strain vector B

In the context of beam mechanics, an appropriate restric-
tion for a constitutive model is convexity with respect to the
beam strain vector B. Essentially, the strain energy W per
unit undeformed volume of the beam must be a function of
the deformation gradient via a convex function W as

W (Vox) = W (B), (69)
where W is convex with respect to its three variables, namely
the 3 x 1 components of B. Following a similar approach to

that in Sect. 2.2, it is possible to define a new work conjugate
stress vector X g to the beam strain vector B as

AW
Zp (B) = . (70)

This set of conjugate measures enables the directional deriv-
ative of the strain energy W to be expressed as

DW [DB[8ug, 8011 = g - DB[Sug, 50]. (71)

Recalling that the directional derivative of the strain energy
W fulfils

DV [Sugy, 801 = P : DU[Suy, 801, (72)
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enables, after comparison of Egs. (72) and (71) (making use
of Eq. (65)), to conclude

Xp = PDs. (73)

It transpires from Eq. (73) and the definition of P in (53)
that the stress vector X p represents the traction vector on
the cross section of the beam rotated back to the reference
underformed configuration.

Alternatively to Eqgs. (47) and (56), the tangent operator
for the strain energy W can be re-expressed in terms of the
directional derivatives of the strain vector B as

D*W[Suq, 80; ug, A9)
= D(Zp - DB[Suq, 501)[ug, A6]
= DB|3uy, 80] - [Hy; | DB [uo, A0]
+ X5 - D*B[suy, 80; ug, A0],

(74)

where the Hessian operator [IH;, ] denotes the symmetric pos-
itive semi-definite operator containing the second derivatives
of W (B)

2w

Note that the first term on the last right hand side of Eq. (74) is
necessarily positive for dug = ug and 60 = A@. Therefore,
buckling can only be induced by the “initial stress” term
in (74) defined by Xp - D*>B[8ug, 86; ug, A0], where the
second directional derivatives of the beam strain vector B
were previously evaluated in (62).

4.2.2 Polyconvexity in terms of the beam strain measures T
and K

Equivalently, an appropriate restriction for a constitutive
model is polyconvexity with respect to the beam strain mea-
sures {I', K} [35]. Itis well known that this condition ensures
ellipticity of the static problem and, equivalently, hyperbol-
icity of its dynamic counterpart [35]. Essentially, the strain
energy W;,’ per unit undeformed length of the beam must be
a function of the deformation gradient via a convex multi-
valued function W, as

Wy (Vox) =W, (T, K) (76)

where W;, is convex with respect to its 6 variables, namely,
the 3 x 1 components of I' and K. Moreover, invariance
with respect to rotations is automatically satisfied since I’

7 Tt is possible to relate the strain energy per unit undeformed length
W, with the strain energy per unit of undeformed volume W as W, :=
f As) WdA, where A(s) is a generic beam cross sectional area.

and K are defined in the reference configuration. Following
a similar approach to that in Sect. 2.2, it is possible to define
work conjugates Xr and X to the beam strain measures I’
and K, respectively, as

oW, oW,

Yr (F’K)_W’ Yk (I',K)_W. (77)
It is easy to realise that X represents the axial-shear force
vector rotated back to the reference undeformed configu-
ration, whilst X g is the torsional-bending moment rotated
back to the reference undeformed configuration, work con-
jugates of the axial-shear strain vector I' and the torsional—
bending strain vector K, respectively. This set of conjugate
measures enables the directional derivative of the strain
energy W), to be expressed as

DW,, [DT[8ug, 501, DK[Suo, $01] = Xr - DT [Suq, 50]
+Xk - DK[8uq, 50].
(78)

Recalling the relation between the strain energies W, and
W in (68) and hence, between W}, and ¥ and Eq. (71),itis
possible to obtain the following expression for the directional
derivative of W,

DV, [Suq, 50] = DW[Sug, 6] dA

A(s)

- / X5 - DB[Sug, 50] dA. (79)
A(s)

The directional derivative of B can be expressed in terms of
the directional derivatives of {I', K} through Eq. (62), leading
to the following modified version of Eq. (79)

DW[bug, 0] = / XpdA - DT'[Sug, 0]

A(s)

—/ YpdA-(I x X)DK[Suy, 50]
A® (80)

=/ YpdA - DT [8ug, 50]
A(s)

+/ (X x £p)dA - DK[Suy, 50]
A(s)

where use of the tensor cross product formula (130) has been
made. Comparison of Eq. (80) with (78) leads to the relation
between the conjugate beam measures Xr and Xk (77) with
Yp (70) as

X x TpdA. (81)

Xr =/ YpdA;, Xk =
A(s) A(s)

@ Springer
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Note that the tangent operator of the strain energy W), natu-
rally emerges as

D>Wp,[Sug, 56; ug, A6]

=/ D>W[Sug, 80; ug, A01dA
A(s)

T (82)
= [SS]WI, [HWb] [SA]Wb
+ Xr - D*T[Suq, 80; uy, A8]
+ Xk - D*K[8uy, 80; ug, A6],
with
[Ss]yy, = [DT15uo. 801 DK[6uo. 561
| DI'[uo, Af]
[SA]Wb - |:DK[M(), Ae]] : (33)
and the Hessian operator [Hy, ] is
32Wb 32Wb
[Fws) = | ST T @
JKOT 0KoK

4.3 Relationship between tangent elasticity operators

Use of Egs. (62) and (81) in the second term on the right hand
side of Eq. (82) enables both geometric terms of the tangent
operators for Wy (I', K) and W (B) to be related as

¥r - DT [Sug, 80: uo, A0] + Tk - D*K[Sug, 56; ugy, A8]

=/ g - D*B[Suo, 80: uy, A0)1dA (85)
A(s)

Hence, the constitutive term for the tangent operators for both
Wy (', K) and W (B) must coincide, namely

[Ss]y, [Hw, ] [Saly, = DBIsug, 61 [Hy | DBluo., A9,

(86)
Use of Egs. (83) and (62) into (86) finally yields
2w, 9w,
__ | aTor drodkK
[HWh] - [82Wb 82Wh }
9Kor 9KoK (87)

B /A(S) [1 :x] [Hg ][I =1 x X] dA.

Equation (87) establishes a relationship between the tan-
gent operators [Hy, | and [Hy; | for the internal energies
W,(T, K) and W(B), respectively. Notice that these two
energies are defined in terms of the classical beam strain
measures. In addition, it is also possible to relate these two
Hessian operators with that of the energy W(l_] , W, J) (56)
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defined in terms of the more general continuum strain mea-
sures. This can be obtained by re-expressing the tangent
operator for the energy W(i/' , W, J) (56) in terms of the
strain vector B.

Notice first that consideration of Eq. (65) enables the sim-
plification of the second term in the right hand side of Eq. (56)
as

(Zy +2,0) : (DU[Sug, 301 x DU [uo, A6])
= (DB[8uy, 501 x DB [ug, A8]) (88)
(T +2,U) (D3 x D3) =0.

Regarding the third term on the right-hand side in Eq. (56),
use of Egs. (55), (73) and (65) leads to the following identity

(Zg+Zw xU+X,W):D*U[86; Af]

_ (89)
= Xp - D*B[50; A0].

Finally, introduction of the expressions in (65), (66) and (67)
for the directional derivatives of U, W and J, respectively,
together with Eqgs. (88) and (89) enables both constitutive
terms in Eqs. (56) and (74) to be related as

DB[3u, 801 - [Hy | DBluo, A8] = [Ss1;, [Hy ] [Saly,
(90)

with the Hessian operator [HW] (75) related to the Hessian
operator [HW] via

[ = [57],,5,
[5],.0.),, = 2x00 [57], .. o
where

[H$]=W00+IXWWV“,XI+WJ]I®I
+vaxI+IXWWf]
. . . 92)
Wy @ T+T1@ W5+ (1 x Wy,)®1
+1@ (W x1).

Notice the similarities between above equation (92) and (11),
where the second order tensors F and H have been replaced
with the identity tensor I.

The relationship between the different tangent operators
[Hy 1, [HW] and [Hy, ] as summarised in above Eqs. (85)
and (91) establishes an elegant link between the beam and
the more general continuum models. For a given continuum
polyconvex constitutive model (characterised by positive
semi-definite Hessian operators [HW] (58) and [Hyw] (9)),
the associated (beam) Hessian operators [y ] (91)-(92)
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and [Hw,] (87) will be positive semi-definite too. There-
fore, as expected, satisfaction of the ellipticity condition
[19] in the continuum through a polyconvex constitutive law
implies satisfaction of the ellipticity condition [35] in the
consistently derived beam problem. The opposite cannot be
inferred. Further inclusion of suitable growth conditions into
the constitutive model guarantees well posedness of the over-
all problem [19].

4.4 Polyconvex constitutive models in classical beam
theory

In general, given an arbitrary objective energy functional
expressed as a function of the extended kinematic set
{f] JW.J }, it is possible to obtain an equivalent expression
in terms of the strain vector B (and hence in terms of {I', K'})
after some algebraic manipulations.®

4.4.1 A Mooney—Rivlin constitutive model

As presented in Appendix 2, an expression for the strain
energy functional W (B) can be obtained for a Mooney—
Rivlin model (154) as (where use has been made of the
function f as defined in (18))

W(B)=a(B-B+2B-Dj3+3)
A
—2(a+2ﬂ)ln(B-D3+1)+§(B-03)2
+BQ2B-B— (D3 x B)- (D3 x B) ©3)
£

+4B - D3 + 3).
As shown in Appendix 2, the stress vector X g is obtained as

Yp =2a(B+ D3) +28[(I + D3 ® D3) B +2Dj3]
2(a+2p8) ] D (94)

+[“B'D3)_(B-D3+1)

and the Hessian operator [Hy ] as

[Hy ] =2l +28 U + D3 ® D3)

+[}\ 2(a+28)

U3

Hence, convexity is guaranteed provided that the material
parameters «, § and A are non-negative. Therefore, conform-
ing to the conclusions obtained in Sect. 4.3, both Hessian
operators [HW] (16) and [HW] (95) are positive semi-
definite for the Mooney—Rivlin model.

8 Algebraic operations are greatly facilitated via application of the prop-
erties of the tensor cross product as presented in 2.

For the degenerate case of a Neo-Hookean model (o =
/2, B = 0), the stress vector Xp and the Hessian operator
[Hy, ] are obtained as

J— . _—M .
ZB—M(B+D3)+[)»(B D3) (B~D3+1)}D3’

(96)
i 7
[HW] = /LI+|:A+—( Ds 1)2]D3®D3.

4.4.2 A Saint-Venant constitutive model

The Saint-Venant—Kirchhoff strain energy in Eq. (24) can
be expressed in terms of the strain vector B using Eq. (38)

1 1
E=-(B®D3;+D3®B)+ 5 (B-B)D3;®Ds. (97)

Introduction of Eq_. (97) into (24) leads to a final expression of
the strain energy Wyy g in terms of B. Successive derivations
of this expression yield the following Hessian operator [HW]

[Hy ] = A(D3+B) ® (D3 + B)+(B - D3+%B -B)I

+ulD3;®@ D3 +1+2(B-D3)I (98)
+2(B® D3+ D3 ® B)
+2B® B+ (B - B)I.

Notice that for the particular case of B = —D3

A
[HVI/”BZJ)3 == EI—MD3®D3. (99)

which is clearly non positive semi-definite. Since positive
semi-definiteness of Hy, is not guaranteed for all values of
the strain vector B, it can be concluded that the constitutive
model is not convex in B. In order to overcome this short-
coming, it is customary [8] to neglect the higher order terms
in (97) (last term on the right hand side of (97)) resulting in
a linearised version of the Saint Venant—Kirchhoff model as

_ AL .
WA ) = S0l 4wl

5 (100)

where

win — (B . D3)? win = [(B -D3)* + (B - B)] .

(101)

N =

The Hessian operator H;, (75) for the linearised Saint-Venant
constitutive model is finally computed as:

[Hy] =24+ w)Ds ® D3 + ul. (102)
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Therefore, this linearised version of the Saint-Venant—
Kirchhoff constitutive model is convex with respect to B
and hence, according to Sect. 4.3, W;,(I', K) will be con-
vex with respect to {I', K}. However, on the contrary to the
Mooney—Rivlin and Neo-Hookean models, the energy func-
tional lIl]S”\‘, x still fails to satisfy adequate growth conditions,
namely the coercivity condition’ [30,36]

lim U (Vox) > oo.
J(Vox)—0+

(103)
Hence, under high compression scenarios, the Saint Venant—
Kirchoff constitutive model does not perform well. Given
the limitations of this model in large strain scenarios, more
suitable constitutive laws need to be considered.

5 Variational formulation

The objective of this section is to succinctly present the
variational formulation of the geometrically exact beam the-
ory following a continuum degenerate approach. This will
be used as a starting point when describing the discretisa-
tion strategy employed. As a starting point, let us consider
the following standard total energy minimisation variational
principle

Iy (x0*, 0%)

dV — WY e+ x,

d; = R(0)D;

= min /W(Vox)|x=x0+i,
x(, 0 d; =

X
R©O)D;
|4

(104)

where xo* and * denote the exact solution and W' the

work done by external forces. The stationary condition of

this functional leads to the principle of virtual work, written
10

as

DIy [8ug, 86] =/ P : DF[Sug, 8014V
J (105)

— DW™[8ug, 561 = 0.

Following the continuum degenerate approach described in
Sect. 3, substitution of DF[§ug, 0] by its expression in
Eq. (42) allows to re-write the first time on the right hand
side of (105) as

9 The more general strain energy functional Wgy  also fails to satisfy
the coercivity condition.

10 The expression of the external virtual work DW![§u, §0] is well
known and, hence, omitted.

@ Springer

L
DH’,&’[Suo,w]:/ 8u6~[/ PngA]ds
0 A(s)

L
+/ Dd,[50] - [/ PD, dA} ds
0 A(s)

L
+/ Dd;[sm.[/ n“PngA]ds,
0 A(s)

(106)

where the first Piola—Kirchhoff stress tensor P is evaluated
viaEq. (7) in terms of the conjugate stresses X g, X and X ;.
An iterative'! Newton-Raphson process is applied to obtain
the solution. This is usually achieved by solving a linearised
system for the increments {ug, Af} as [1]

DTy (xF, 0%)[8uo, 86; uo, A9)
= — DIy (x5, 0°)[8uo, 661, (107)

where the update of the position of the center line x¢ and of
the rotation matrix R is obtained via

xfth =xk +uo; R = R (A0) RN,

d*t! = R, (108)
and with the rotation matrix R (A#@) obtained particularising
Eq. (34) to the incremental rotation vector A@. Finally, in the

absence of follower loads, the second derivative of the total
energy functional is given by

DTy (x5, 0%)[8uo, 86; u, AB]

= / D>W(xk, 0%)[5ug, 50; u, AG1AV, (109)

1

where the tangent operator is evaluated using Eq. (49).

6 Finite element discretisation

Traditional finite element discretisations based on rotations
do not satisfy objectivity [1,2,4,6]. In order to circumvent
this shortcoming, a formulation in which the nodal degrees
of freedom correspond to displacements of the centre line
x0 and the director triad {d 1, d>, d3} is considered following
reference [1,6]. In this approach, x( and the director vectors
are interpolated as

x0=x4N(s); di =dN(s). (110)

1 The letter k will indicate iteration number.
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where N and N are standard Finite Element shape func-
tions. Using a Galerkin approach

Sug = SulNC (s); Dd;[80] = DA?[50ING (s).  (111)

Particularisation of Egs. (40) to the triads dj collocated at
the nodes of the underlying mesh, it results in

Dd{[809] = 50° x df;
D2d9[80%; AO®] = A (50 - d)Sup — dT (507 - AOV)Sup
(112)

where the cross product property @ x (b x ¢) = b (a - ¢) —
¢ (a - b) has been used in Eq. (112) in order to obtain the
expression for Dzd? [66%: AG”].

6.1 Discretised kinematics

Based on the discretisation presented and making use of
Eq. (112), the discretised form of the first and second direc-
tional derivatives of F in Eq. (42) can be obtained as

DF[Suf, $0°] = duj ® N D3 + (30 x d) ® Qg

D?F[8u§, 80°; ul, A6”)
= (A0°(80“ - dy)Sap — dyy (30 - AO")3ap) ® Qg

(113)

with

0% = (NiDy + n“Nj'D3). (114)

6.2 Discretisation of the weak forms

Substitution of the discretisation expressions for xo and dy
and its virtual variations in (110) and (111) respectively, into
(106) leads to the final discretised form of the principle of
virtual work as

L
Dnl,c,'[aug,ao“]=aug./ N [/ PngA]ds
0 4 (115)

L
+50“-dgx/ [/PdiA}ds.
0 A

where P is evaluated according to Eq. (7). Notice that the first
term in the right hand side of Eq. (115) can be identified as
the weak form of conservation of linear momentum whereas
the second term can be identified as the weak form of the
conservation of angular momentum.

6.3 Discretisation of linearisations

Bearing in mind Eq. (49), the discretisation of the second
directional derivative of the potential [Ty, in Eq. (109) will

be presented in this section. For instance, second derivatives
with respect to the displacement of the centre line are discre-
tised as

DTy [Sug; ub] = / DF[sul]: [H]: DFub1dVv
Vv

+/ %, : (DFlsug) x DFluf)) av.,
\%
(116)

where X, = X g+ X F.Equation (116) can be equivalently
expressed as

DTy [Sul; ub] = suf - KCub, (117)
where the stiffness matrix K2 is obtained as
b L b e
’ / q
ki = [veny | [ (.,
0 A(s)
: 4 (D3 x D3)) d4] ds,

(118)

where £ is the third order permutation tensor. It is easy to
observe that the second (geometric) term in (118) vanishes,
leading to the final expression for K% as

L
b b
k= [ wewy|

Similarly, the discretisation of the cross derivatives of the
potential [Ty, with respect to changes in the displacement of
the centre line and rotations would lead to an expression of
the form

D;: [H}]: Ds dA} ds. (119)
A(s)

DTl y[8ul; A"
— aj. eqq . b
_/VDF[BuO] : [Hy'] : DF[A6"1dV (120)

+/V %, (DF [sug] x DF [86"]) av.

which can be written equivalently as D11 M[(Sug; A0b] =
(Suf‘) - K ZZAO}’, with the stiffness matrix K ZZ being

L
Kggz_/ N;u( D3;[H§;1]:Q’;dA)xd{;ds
0 A(s)
L
+/ U db @b — (d° - bP) 1 dA}ds,
AT CR AL
(121)

where

b =3, (N;’D3 x Qf;) . (122)
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Finally, the discretisation of the second derivatives with
respect to changes in rotations is obtained as

D*T1y[80%; AG®] = / DF[56°]: [H}}] : DF[A6"1dV
1
+/ ¥, : (DF[86“1x DF[A6"])dV
Vv

+/ P : D*>F[56%: A6"1dV.
\%
(123)

Equation (123) is equivalent to D>TT,,[50%; ABP] = s50¢ .
K g’; A0b, with the stiffness matrix K ‘9”5 being defined as

L
b _ . eq1. nb b
K% = —/O ( » 04 : [HYY] - QﬂdA) x (g © d}) ds

+/OL [/A(S)(g = (ng Qg))x(dg ®d§;) dA] ds

L
+/0 |:/A(s) (dg ® POy - (dg ’ PQZ) I) Sab dA] ds.
(124)

7 Numerical examples

Note that it is not the primary aim of this paper to propose a
new finite element discretisation. Nevertheless, the objective
of this section is to present a series of numerical examples
in order to show the applicability of the variational and com-
putational frameworks presented in Sects. 3, 5 and 6. For
all the examples included, linear shape functions have been
used for the interpolation of the centre line and the direc-
tor triad as presented in [1]. The consideration of dynamic
effects for one of the examples presented has been imple-
mented in a straightforward manner [4] and thus, it is not
further discussed. Reduced numerical integration [1] of the
internal virtual work contributions has been carried out in
order to alleviate locking effects, whilst exact integration of
the inertial contributions has been implemented. For the last
example presented, a comparison of the beam model against
a sophisticated mixed continuum polyconvex computational
framework as reported in [12] is carried out.

7.1 Bending test

This example consists of a straight cantilever beam of
length L with squared cross sectional area of side %m
This example has already been reported in [1,3] using a
linearised Saint Venant—Kirchhoff constitutive model (100)
with Ajip = lN/m2 and piin, = %N/m2 the Lamé coeffi-
cients of the material defined in the reference configuration.
With these parameters, the Young’s modulus is computed
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Fig. 3 Bending test example. Geometry and boundary conditions. L =
Imand h = 2—15 m

as E = 1N/m?. The geometry and boundary conditions
of the problem are shown in Fig. 3. The maximum bending
moment applied at the free end of the beam is defined by
Mpyar = %, where I denotes the second moment of area
of the beam.

For this example, four nonlinear constitutive models
are compared by employing the computational framework
described above. For consistency with the reference [1,3], the
material characterisation of the different constitutive mod-
els employed is carried out at the origin utilising the Lamé
coefficients Ajj, and wji, defined above. Specifically, the
four nonlinear constitutive models are: (i) a Saint Venant—
Kirchhoff model defined in (27) with material parameters
Asvk and pugyk; (il) a Mooney—Rivlin model defined in
(12)—(13) with material parameters oy g, Syr and Apyg;
(iii) a Neo-Hookean model defined in (12)—(13) with mater-
ial parameters ey g, Byg = 0 and Ay g, and iv) a modified
Mooney—Rivlin model defined by the expression

Wymg (F.H, J) = SMMR ((F . F)> —9)
4 Punr ((H CHY? — 9) + U
(125)
f)=—(aymr +2Bumr) In(J)
AMMR J -1

The strain energy defined defined above in Eq. (125)
has been extracted from a modified Mooney—Rivlin model
given in [29]. Material characterisation renders the following
equivalences between the respective material parameters and
those of the linearised model (i.e. Ajjp and iy ), as
USVK = Mlin}  ASVK = Min}
ONH = [in; ANH = Alin}

20pR + 2BMR = [lin; (126)

AMR = Min;
aMMR + BMMR = Wlin;

AMMR = Min — 2/3apmmRr — 14/3Bumr.

In order to close the definition of the material pareme-
ters for the Mooney—Rivlin and modified Mooney—Rivlin
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Fig. 4 Bending test for a
discretisation of 24 linear
elements (25 x 6 degrees of
freedom defined in the variables
xo and A@). Results shown for a
Saint Venant—Kirchhoff
constitutive model defined in
(27) with material properties
usvk and Agy g defined in
(126). a Deformed shape for

M = M,,4,. b Contour plot of
the hydrostatic pressure
distribution p (N/m?) for

M = 0.8M,,4x

-0.1 0
x(m)
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Fig. 5 Bending test for a Mooney—Rivlin model defined in (12) and
(13) with material properties oy g, By g and Ay g defined in (126). a
Order of accuracy for the variables x, xo, R, Xf, Xy and X;. Two

H aF
h T
—
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I L
X
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Fig. 6 Beam with slope discontinuity. a Geometry and boundary
conditions. L = 1 m and 2 = 0.1 m. b Absolute value of the tip dis-
placement versus absolute value of the applied force F (N). Material

parameters of wji, = 0.5 x 100 N/m2 and v = 0 in the reference

Displacement (m)

0.1 0.2

-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

(b)

1 1.5 2 2.5 3 3.5 4
Iteration

(b)

meshes analysed for the maximum applied moment M = M,,,,: 80
and 160 linear elements. Reference solution taken from a 640 element
mesh. b Quadratic convergence of the Newton—Raphson algorithm

2 4 6 8 10
Load (N)

(b)

configuration. Results shown for the Mooney—Rivlin model defined in
Egs. (12) and (13) for a discretisation of 18 linear elements (19 x 6
degrees of freedom)
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Fig. 7 Beam with slope
discontinuity. Reference
configuration (shadowed) and
deformed configuration.
Contour plot of a hydrostatic
pressure p (N/m?), b Jacobian
J, ¢ stress component

011 (N/mz) and d stress
component a2 (N/m?).
Material parameters of

Win = 0.5 x 10® N/m? and

v = 0 in the reference
configuration. Results shown for
the Mooney—Rivlin model
defined in Egs. (12) and (13) for
a discretisation of 480 linear
elements (481 x 6 degrees of
freedom)
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(a)

~

[ ~n
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-1.0E+05 -6.0E+04 -2.0E+04 20E+04 6.0E+04

(¢)

models, the following choice of material parameters is pre-
ferred apr = Bur = win and apymr = 3/4uin and
Bumr = Hiin/4.

As reported in reference [43], for a linearised Saint
Venant—Kirchhoff model (100) with Poisson ratio v = 0 and
an applied moment of value M = M, 4, the beam closes on
itself forming a closed loop which can be described with an
available analytical solution. In general, for a nonlinear con-
stitutive model (or when the Poisson ratio v is not equal to
zero), the exact closure of the beam configuration cannot be
a priori guaranteed. Figure 4a shows the deformed shape of
the beam for the general nonlinear Saint Venant—Kirchhoff
model (27). As can be observed in this figure, there can be
observed a small interpenetration due to the nonlinearity of
the considered model.

@ Springer
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(d)

With respect to the stress distribution, Fig. 4b shows the
contour plot of the hydrostatic pressure for the Saint Venant—
Kirchhoff constitutive model. For the other three constitutive
models, the hydrostatic pressure distribution is almost iden-
tical, with hardly any differences, and is thus not displayed.
This can be explained due to the moderate strains undergone
through the deformation process. For this particular example,
the choice of a specific model does not seem to be relevant
for the overall solution.

The objective of this example is also to demonstrate the
p-order of accuracy of the formulation, as a function of the
chosen finite element approximation spaces. For this pur-
pose, and particularising for the Mooney—Rivlin model, the
beam is initially discretised with 80 elements and, subse-
quently, h-refinement is carried out generating a total of 3
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discretisations. As a closed form solution is not available
for this problem (due to the nonlinearity of the constitutive
model adopted), the finest mesh is used to generate numer-
ically the so-called “benchmark” solution for comparison
purposes. The two coarsest meshes are compared against the
finest mesh. The error between the benchmark solution and
the other discretisations is measured in the L? norm for all
the unknown variables. Let us define for a tensor (e.g. scalar,
vector or second order) field, the L? norm as

12
12l = [/V @) dv]

associated with the magnitude of the tensor field ¢. Although
the integrands associated to the internal virtual work have
been underintegrated along the centre line, the integral
defined in Eq. (127) for the evaluation of the error is com-
puted exactly. Notice that in the evaluation of the error norm,
a reconstruction of the continuum is carried out. In our case,
¢ can be any of the kinematic or kinetic variables, namely
x,2x0, R =d; ® D; X, Ty and ;. This enables the
definition of the following error norm ||&; — &pll12/118p 1 12,
where ¢, stands for the benchmark solution and ¢; the solu-
tion of the i-th mesh, withi =1, ..., (b — 1). This can then
be used to assess the convergence of the algorithm under
h-refinement.

Figure 5a shows the order of accuracy of the variables x,
x0, R, X, X g and X ;. The convergence observed is p + 1
in x, xo, R and ¥, and p for X, Xp. As expected, pri-
mary variables lead to p + 1 order of convergence whereas,
with the exception of X for this particular example, derived
magnitudes (i.e. stresses) lead to a reduced order of conver-
gence p. For completeness, the quadratic convergence of the
Newton—Raphson algorithm is shown in Fig. 5b.

(127)

7.2 Beam with slope discontinuity with zero Poisson
ratio

In this example, a series of interconnected beams with a
Young modulus of £ = 10°N/m? and a Poisson ratio of
v = 0 are considered. The geometry and boundary condi-
tions of the problem are shown in Fig. 6a. In order to model
the connection between the beams at any angle, continuity of
the incremental rotation angle A# is strongly imposed. This
example has been presented in [3] using the linearised Saint
Venant—Kirchhoff constitutive model (100). In this case, the
Mooney—Rivlin constitutive model defined in Eqs. (12) and
(13) is considered, with material parameters obtained after
material characterisation in the undeformed reference con-
figuration and the consideration of oy g = Byr.

12 Note that x is computed according to Eq. (33) namely x = x + &.

error
az(error)

Log, —

-3.6

Fig. 8 Beam with slope discontinuity: order of accuracy of the x, x,
R, X, Xy and ;. Mooney-Rivlin model defined in (12) and (13).
Two meshes analysed: 120 and 240 linear elements. Reference solution
taken from a 480 element mesh

M

5
A=

L oz X,
X

Fig. 9 Constrained torsion—compression example. Geometry and
boundary conditions. L =20mand 4 = 1 m

The objective of this example is to demonstrate the use of
a polyconvex model with null Poisson ratio in the reference
configuration for the case of a non-straight beam configu-
ration. Notice the excellent agreement between the results
presented in reference [3] for a linearised Saint Venant—
Kirchhoff model and those for the current Mooney—Rivlin
model in Fig. 6b.

Figure 7 shows the contour plot for different representative
variables, namely the hydrostatic pressure p, the Jacobian J
and different stress components (i.e. 011 and a22) (notice
that axis in reference {OX, OX>, OX3} and deformed
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Fig. 10 Constrained
torsion—compression example.
From left to right: Saint
Venant—Kirchfoff with 30 % of
total loading, Neo-Hookean
(100 % of the loading),
Mooney-Rivlin (100 % of the
loading) and modified
Mooney-Rivlin (100 % of the
loading) models. Contour plot
of a stress component

030 (N/mz), b conjugate stress
Yri (N/m?), ¢ conjugate stress
Y12 (N/m?) and d conjugate
stress X (N/mz). Material
parameters juji, = 1/2.7N/m?
and E = 1 N/m? in the
reference configuration. Results
for a discretisation of 50 linear
elements (51 x 6 degrees of
freedom associated to the spatial
coordinates x( and incremental
rotations A@)

-0.08 -0.05 -0.02 0.01 0.04 0.07 -0.7 -0.5-0.3-0.1 0.1 0.3 0.5

(a)

(b)

-0.25 -0.15 -0.05 0.05 0.15 0.25 11 -1 -09 -08 -0.7 -06

(c)

{ox1, ox2, 0x3} are coincident). In order to emphasize the
high deformation that the beam is subjected to, a shadowed
representation of the beam in its undeformed configuration
is included. For visualisation purposes, the different spans
of the structural system in the deformed configuration are
shown slightly disconnected, enabling a clearer observation
of the contour plot of the different variables.
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(d)

Finally, Fig. 8 shows the expected p + 1 order of accuracy
for the primary variables x, xo and R, and the reduced p
order of accuracy for the derived magnitudes X, Xy and
Yy, where two meshes of 120 and 240 elements are com-
pared with a reference solution defined from a mesh of 480
elements.
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Fig. 11 Constrained torsion—compression example. Curve relating the
absolute value of the compressible load at the free end of the beam
and its associated displacement in the O X3 axis. Saint-Venant model
(SV), Neo-Hookean model (NH), Mooney—Rivlin model (MR) and
Modified Mooney-Rivlin model (MMR). Material parameters puj, =
1/2.7N/m? and E = 1 N/m? in the reference configuration. Results
for a discretisation of 50 linear elements (51 x 6 degrees of freedom
associated to the spatial coordinates x( and incremental rotations A6)

7.3 Constrained torsion—compression example:
coercivity of the models

In this example, a straight beam is subjected to high com-
pressive and torsional effects. The objective of this example
is to show the un-realistic behaviour of the Saint Venant—
Kirchhoff (24) model specially under high compression
scenarios in contrast to that of the Neo-Hookean, Mooney—
Rivlin (12)—(13) and the modified Mooney—Rivlin (125)
models.

The beam configuration and geometry and the boundary
conditions of the problem are shown in Fig. 9. The free end
is subjected to a compressive force F = —9 x 10~ N in the
O X3 axis and to a torsional moment M = —2.7 x 1072 Nm
about the O X3 axis. The displacement of all the nodes along
the centre line is constrained to remain aligned with the
straight axis of the undeformed beam (i.e. xo - D, = 0).
In this way, physical buckling is prevented and the lack of
coercivity of the models can be explored. The material prop-
erties in the reference configuration are £ = 1N/m? and
v =0.35.

Figure 10a shows the contour plot of ¢ 12 (notice that axis
in reference {O X, OX;, OX3} and deformed {ox{, ox3,
ox3} are coincident) and the deformed configuration of the
beam for 100 % of the total load for the Neo-Hookean,
Mooney—Rivlin and modified Mooney—Rivlin models. For
the Saint Venant—Kirchhoff model, only 30% of the total
loading has been applied. Figure 10b—d shows the contour
plot for some representative conjugate stresses for the differ-

v
\-

Fig. 12 Twisting column. L = 6 m, 7 = 1 m and Dirichlet boundary
conditions described in Eq. (128) for the static case in Sect. 7.4.1. L =
15m, h = 1 m and initial angular velocity ¢ for the dynamic case in
Sect. 7.4.2

ent constitutive models. Note that the conjugate stress X g2y
vanishes for the Neo-Hookean model (see Fig. 10c) whilst
the conjugate stress X vanishes for the Saint-Venant model
(see Fig. 10d).

Figure 11 displays the curve relating the absolute value
of the displacement in the O X3 axis of the free end of the
beam versus the absolute value of the force F' applied. For
small strains, the constitutive response of the four constitutive
models is, as expected, almost identical. However, the lack
of the required coercivity and convexity requirements for
the Saint Venant—Kirchhoff constitutive model leads to the
unphysical buckling observed in Fig. 11.

7.4 Static and dynamic twisting column
7.4.1 Static twisting column

This example includes the twisting of a cantilever beam of
length L = 6m and a squared cross sectional area of side
a = 1 masshown in Fig. 12. The beam is clamped at X3 = 0
and subjected to a torsion on its free end, namely X3 = 6.
The torsion at the free end is generated through Dirichlet
boundary conditions as follows

(I—-D3® D3)x =0D3 x X, (128)

where 6 is the angle of rotation. As can be observed, the
section is not restricted to in-plane torsion and zero Neu-
mann boundary conditions are imposed normal to the cross
sectional area. The material properties of the beam are
compatible with a shear modulus and Poisson ratio in the
reference configuration of £ = 1Pa and v = 0.35, respec-
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Fig. 13 Static twisting column. Comparison between beam and con-
tinuum representations. Contour plot of stress X g3 (N/ m?) for (left) a
Hu—Washizu mixed formulation [12] with 3969 x 3 degrees of freedom
associated to the displacement x, 2304 x 4 x 9 degrees of freedom for

tively. A similar example has been presented by the authors
in previous reference [12].

The objective of this example is to benchmark the cur-
rent beam formulation testing the capabilities of the beam
representation against a very robust and precise continuum
formulation. In particular, a mixed formulation associated
to a special Hu—Washizu type of variational principle as pre-
sented in reference [12] is considered for that purpose. In this
mixed formulation, the unknowns are displacements x, the
fibre, area and volume maps { F, H, J} and their stress conju-
gates {Xf, X g, Xs}. Regarding the selection of functional
spaces: continuous quadratic interpolation of the displace-
ment field x, piecewise linear interpolation of the strain and
stress fields F, H, ¥ r and X g and piecewise constant inter-
polation of the Jacobian J and its associated stress conjugate
Y. are considered.

The Mooney—Rivlin model defined in (12)-(13) has
been considered. Despite the obvious differences between
beam and continuum formulations (i.e. different kinematical
description, different interpolation spaces), Fig. 13 shows
reasonable agreement between both beam and continuum
representations in terms of tangential stresses. This agree-
ment is excellent for stages of the deformation in which the
kinematical assumptions of the beam model are applicable.
Hence, when warping of the cross section of the column is
pronounced, as in Fig. 13c, the comparison is still reason-
able but not as accurate, as expected. The warping of the
cross sectional area shown by the continuum representation
leads eventually to the buckled configuration represented in
Fig. 14. Appropriate incorporation of warping effects into
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(right) results displayed for the beam model with a discretisation of 24
linear elements (25 x 6 degrees of freedom associated to the spatial
coordinates x( and incremental rotations A@)

Fig. 14 Static twisting column.
Comparison between beam and
continuum representations.
Contour plot of stress

Y3 (N/m?) fora
Hu—Washizu mixed formulation
[12] with 3969 x 3 degrees of
freedom associated to the
displacement x, 2304 x 4 x 9
degrees of freedom for F, H
Yr and X g, 2304 degrees of
freedom associated to J and X
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the kinematics of the beam [9] would enable to capture this
nonlinear behaviour.

7.4.2 Dynamic twisting column

Finally, a beam with geometry depicted in Fig. 12 is con-

sidered. In this time dependent problem, an initial angular
X3

2L
ary conditions is prescribed. The material properties of the

beam are compatible with a shear modulus and Poisson
ratio in the reference configuration of £ = 0.0179 GPa and
v = 0.3, respectively. A similar example has been presented
by the authors in reference [32].

velocity 29 = 35 sin ( ) D3 compatible with the bound-
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Fig. 15 Dynamic twisting column. Contour plot of stress o3, (N/m?)
for (left) a Hu—Washizu mixed formulation [12] with 3969 x 3 degrees
of freedom associated to the displacement x, 2304 x 4 x 9 degrees of
freedom for F, H X and X g, 2304 degrees of freedom associated to
J and Z;. Generalised alpha method with poo = 1 and Af = 1073s;

3.76E+05
3.06E+05

t=0.05s

Fig. 16 Dynamic twisting column. Contour plot of stress
Y31 (N/m2) for (left) a Hu—Washizu mixed formulation [12]
with 3969 x 3 degrees of freedom associated to the displacement x,
2304 x 4 x 9 degrees of freedom for F, H X and X, 2304 degrees
of freedom associated to J and X ;. Generalised alpha method with

The objective of this section is to benchmark the current
beam formulation with the continuum formulation described
in Sect. 7.4.1 in a time dependent problem. For both the con-
tinuum and beam degenerate problems, a generalised alpha
method time integrator is employed [44].

(right) results displayed for the beam model with a discretisation of
30 linear elements (31 x 6 degrees of freedom associated to the spa-
tial coordinates xo and incremental rotations A@). Generalised alpha
method with pse = 1 and Az = 10725
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Poo = 1 and At = 1073 s; (right) results displayed for the beam model
with a discretisation of 30 linear elements (31 x 6 degrees of freedom
associated to the spatial coordinates x( and incremental rotations A#).
Generalised alpha method with peo = 1 and A7 = 1072 s

The Mooney—Rivlin model defined in (12)—(13) is con-
sidered with material parameters defined in (126). Figures
15 and 16 compare well in terms of displacements between
the continuum and beam descriptions. In addition, Figs. 15
and 16 also show a good agreement between the contour
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plots of the tangential stress a3 (notice that axis in refer-
ence {OX1, OX3, OX3} and deformed {ox|, oxo, ox3} are
coincident) and the conjugate stress X g3, respectively, for
the continuum and beam models. However, as expected,
the simplifications introduced in the kinematical descrip-
tion of the beam model (lack of contraction/expansion of
the cross section of the beam) lead to different results
between both continuum and beam models regarding nor-
mal stresses.

8 Concluding remarks

This paper has provided a novel variational and com-
putational approach to formulate polyconvex large strain
geometrically exact beam theory, extending the original ideas
introduced by Bonet et al. [12]. In addition, three key novel
contributions are incorporated in the present work. First,
the deformation gradient, its cofactor and its determinant,
namely {F, H, J} are used for the first time as the main
strain measures in the context of beam theory. Their respec-
tive work conjugates, namely {Xr, X g, 2} also feature for
the first time in a geometrically exact beam formulation.
Moreover, their co-rotational strain {l7 , V_V, J} and stress
{Z7, Xy, Xy} counterparts are also presented.

For the first time, the strain energy of a Mooney—Rivlin
model has been presented in terms of the classical beam
strain measures {I', K} by taking advantage of the novel
algebra associated to the tensor cross product operation pre-
sented in [12] and thoroughly detailed in [33]. Notice that
this re-expression procedure can be generalised to more
complex constitutive models (i.e. anisotropy, higher nonlin-
earities).

Finally, the authors have shown that polyconvexity of
a continuum constitutive model defined via a continuum
strain energy functional W(F, H,J) implies convexity
with respect to the classical beam strain measures of the
equivalent beam strain energy functional W;, (I, K), stating
explicitly the relationship between alternative tangent oper-
ators.

Further extension of our work will include multi-physics
electro-magneto-mechanical effects.
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Appendix 1: Tensor cross product

One of the key elements of the framework proposed in [12]
and extended to geometrically exact beam theory is the exten-
sion of the standard vector cross product to define the cross
product between second order tensors and between tensors
and vectors [34]. For instance, the left cross product of a
vector v and a second order tensor A to give a second order
tensor denoted v x A is defined so that when applied to a
general vector w gives:
(vxAw=vx(Aw); (@ x A);; =&nvA;  (129)
where &;j; denote the standard third order alternating tensor
components, repeated indices indicate summation and X is
the standard vector cross product. The effect of the above
operation is to replace the columns of A by the cross products
between v and the original columns of A. Similarly, the right
cross product of a second order tensor A by a vector v to give
a second order tensor denoted A x v is defined so that for
every vector w the following relationship applies:
Axvyyw=A@wxw); (Ax v)ij = EjrAikvr. (130)
The effect is now to replace the rows of A by the cross prod-
ucts of its original rows by v. Finally, the cross product of two
second order tensors A and B to give a new second order ten-
sor denoted A x B is defined so that for any arbitrary vectors
v and w gives:

V- (AxB)w=(vxA):(Bxw);
(A x B);j = &1 jmn Akm Bin- (131)
In this paper, the tensor cross product will be mostly
applied between two-point tensors. For this purpose, the
above definition can be particularised to second order two-
point tensors or material tensors as:

(Ax B)j; =&ju€rikAjiBrk;

(AxB);; =&kEyuNAkmBLN. (132)

When applied to a second order tensor A and a fourth order
tensors H, two possible operations are defined as:

(H x A),pir = Eijk€17kHppjsAkk;
(Ax H)pp =Eijk€rsxAjrHikpp. (133)
Moreover, the double application of the tensor cross product
between a fourth order tensor and two second order tensors
is associative, namely:

AxHxB=(AxH)xB=AxHx B). (134)
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Remark 2 1t is easy to show using simply algebraic manip-
ulations based on the permutation properties of £ or the fact
that & jxEun = 8i1djn — 8indj1, that the above tensor cross
products satisfy the following properties (note that v, vy, va,
w, w; and wy denote arbitrary vectors and A, A, Ay, B,
B, B> and C are second order tensors):

AxB=BxA (135)
(Ax BT = AT x BT (136)
Ax(Bi+B))=AxB;+AxB, (137)
(A x B)=(axA) x B=A x (aB) (138)
(AxB):C=BxC):A=(AxC(C):B (139)
AxI=@tA)I—AT (140)
IxI=2I (141)
(Ax A): A=06detA (142)
CofA = 54 x A (143)
(V1 ®v) X (W ®@wy) = (v xwy) ®(v2 x wy) (144)
VXAXwW)=@W@XA)Xw=vXAXw (145)
AX(®wW)=—-vXxXAXw (146)
(A x B) (v xw)=(Av) x (Bw) + (Bv) x (Aw) (147)
(A1 x A2) (B1 x By)

= (A1B1) x (A2B2) + (A1B2) x (A2B)) (148)
(A1B) x (A2B) = (A| x Ay) CofB (149)

Appendix 2: Transformation of invariants for the
Mooney-Rivlin model in terms of the beam strain
measures

The objective of this section is to re-express the strain
energy functional for a Mooney—Rivlin constitutive model
Wur(F, H, J), as presented in Eq. (12), in terms of the
beam strain measures I' and K, namely WM r(I, K). Notice
first, that an intermediate equivalent expression for (12) can
be obtained in terms of the strain tensor U, its cofactor W
and its determinant J, namely Wy (U, W, J).!3 By making
use of (38), it can be shown that

U:U=B-B+2B-Ds+3. (150)

13 1t is easy to show from the use of the right extended polar decompo-
sition theorem (38)that F : F =U :U,H: H =W : W.

Similarly, it can be shown that

W:W=[(B®D3)xI+11:[(B®D3)xI+1]
=[(B®D3) x I1: [(B® D3) x I
£ (151)
+2[(B® D3) x IN: I+3.
2B-D3

where use of properties (139), (141) and (144) has been made.
The & term above (151) can be further manipulated as follows

£ =tr((B® D3) x I" [(B® D3) x I)
=tr([(D3 ® B) x I1[(B ® D3) x I)
=tr([(D3 ® B) (B® D3)] x I + (D3 ® B) (B ® D3))
=[[(D;®B)(B®D3)x1I1:1
2[(D3®B)(BRD3)]:1
+[(D3® B)(B® D3))]: 1
(D3xB)®(BxD3)
=2(B - B) (D3 - D3) —(D3 x B) - (D3 x B)
1
=2(B-B)— (D3 x B)- (D3 x B)

(152)

where use of properties (136), (148), (139), (141) and (144)
has been made (in that order). Substitution of (152) into (151)
leads to

W:W=2B-B—(D3xB)- (D3 x B)+4B - D3 + 3.
(153)

Finally, substitution of (150), (153) and (64) into (12) leads
to

W(BT,K)=a(B-B+2B-D3+3)
+B8@2B-B — (D3 x B)- (D3 x B)
+4B - D3 +3)+ f(B- D3 + 1),
(154)

where B =T + (K x X ) The stress vector X g can then be
obtained following Eq. (70) as

9
):Bzza(B+D3)+ﬁ[4B—£+4D3}

x (155)

2(x+2pB) ]D

B - D3) —
+[“ VB D+ D

where the partial derivative term contained within the second
term on the right hand side of above Eq. (155) can be further

@ Springer
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manipulated to give

0 aDyx B)- 2 (Ds x B
8_B_ (D3 x )'a—B( 3 X B)
=2(D3 x B)- (D3 x )B
=2(D3s x DT (D3 x I)B

= —2(I x D3)(I x D3)B,

(156)

where use of the relationships (I x DT = (D3 x DT =
—(I x D3) = —(D3 x I) has been made for the last step in
above Eq. (156).

Furthermore, use of the identity I x D3 = —D; ® D> +
D;,® D and the subsequent relationship (I x D3) (I x D3)
= —D| ® D; — D, ® D5, enables to write the second term
on the right hand side of above Eq. (155) as

2B +2B 05 4D
X = + 3B +4D3
=2B +2B +2(I x D3)(I x D3)B +4D3

— 2B +2B—2(D, ® D\ + D> ® D»)B + 4D; (157
=2B + (D3 ® D3)B +4D3
=2(I + D3 ® D3)B +4Ds.

Substitution of Eq. (157) in above Eq. (155) yields

Yp =20 (B+ D3)+2B[(I+ D3® D3) B+ 2D3]

2(a+2p8) ] (158)
+{(A(B-D3) ——— | D
[ BP9 =G v
The Hessian operator [H; | (75) is then obtained as
[Hy ] =2l +28 U + D3 ® D3)
2(x+2B) i|
+ A+ ——— | D3Q Ds. 159
[ (B-Dy+172] " o
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