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Abstract

This paper presents a new computational formulation for large strain poly-
convex elasticity. The formulation is based on using the deformation gradient
(the fibre map), its adjoint (the area map) and its determinant (the volume
map) as independent kinematic variables of a convex strain energy func-
tion. Compatibility relationships between these variables and the deformed
geometry are enforced by means of a multi-field variational principle with
additional constraints. This process allows the use of different approxima-
tion spaces for each variable. The paper also introduces conjugate stresses to
these kinematic variables which can be used to define a generalised convex
complementary energy function and a corresponding complementary energy
principle of the Hellinger-Reissner type, where the new conjugate stresses are
primary variables together with the deformed geometry. Both compressible
and incompressible or nearly incompressible elastic models are considered.
A key element to the developments presented in the paper is the definition
of a new tensor cross product which facilitates the algebra associated with
the adjoint of the deformation gradient. Two particular choices of interpo-
lation spaces are considered to illustrate the formulation. The first is based
on quadratic displacements, constant pressure discontinuous across element
edges and linear discontinuous element stresses conjugate to the deformation
gradient and its adjoint. The second choice involves linear displacement and
continuous linear pressure stabilised using a Petrov-Galerkin technique.
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principle, complementary energy variational principle, incompressible
elasticity, finite elements

1. Introduction

Large strain elastic and inelastic analysis by finite elements or other com-
putational techniques is now well established for many engineering applica-
tions [1-8]. Often elasticity is described by means of a hyperelastic model
defined in terms a stored energy functional which depends on the deformation
gradient of the mapping between initial and final configurations [1, 9-17]. Tt
has also been shown that for the model to be well defined in a mathemati-
cal sense, this dependency with respect to the deformation gradient has to
satisfy certain convexity criteria [1, 12, 13]. The most well-established of
these criteria is the concept of polyconvexity [14-20] whereby the strain en-
ergy function must be expressed as a convex function of the components of
deformation gradient, its determinant and the components of its adjoint or
cofactor. Numerous authors have previously incorporated this concept into
computational models for both isotropic and non- isotropic materials for a
variety of applications [21-26].

The standard approach consist of ensuring that the stored energy func-
tion satisfies the polyconvexity condition first but then proceed towards a
computational solution by re-expressing the energy function in terms of the
deformation gradient alone. More recently, a mixed formulation has been
proposed in which the deformation gradient, its adjoint and its determinant
are retained as fundamental problem variables by means of a Hu-Washizu
type of mixed variational principle [24, 27]. The resulting formulation opens
up new interesting possibilities in terms of using various interpolation spaces
for different variables [28-31], leading to enhanced type of formulations [24].
There is extensive literature in the field of mixed and enhanced formulations
for large strain solid mechanics by numerous authors [32-43].

The present contribution aims to present a systematic framework for de-
veloping computational approaches for hyperelastic (or hyperelastic-plastic)
polyconvex materials. Similarly to reference [24, 44, 45], the framework pro-
posed is based on maintaining as independent variables the fundamental vari-
ables on which the strain energy is expressed as a convex function, namely,
the deformation gradient, its adjoint and its determinant. These variables
are, of course, not independent from each other but their relationships can



be enforced by appropriate constraints in a multi-field variational principle
leading to an extended Hu-Washizu type of variational principle [1, 34]. In
contrast with previous work, the paper proposes a novel algebra to deal with
the additional kinematic variables based on the definition of the tensor cross
product. This new notation not only greatly simplifies the formulation but
it also provides new expressions for operators such as the tangent elasticity
tensor which are useful from a computational and theoretical point of view.

The paper also introduces a set of stress variables work conjugate to the
extended set of independent kinematic variables [46]. As a result of convexity
with respect to this extended set, it is possible to define a complementary
strain energy function which is convex with respect to this extended set of
conjugate stresses. This definition makes it possible to introduce Hellinger-
Reissner [34, 39] type of mixed variational principles in the context of large
strain elasticity, with a significantly reduced set of variables over a more
traditional Hu-Washizu type of functional.

In order to ensure that the new concepts proposed are presented in as
clear a manner as possible, the paper only considers a Mooney-Rivlin type of
constitutive model, both in the compressible and incompressible regime. This
is the simplest model available which contains all the features of general poly-
convex elasticity strain energy functions, that is a dependency with respect
to the deformation gradient, its adjoint and its determinant in a convex
manner. Extending the proposed formulation to more complex models is a
simple algebraic exercise.

Note that it is not the primary aim of this paper to propose specific
choices of interpolation spaces. Nevertheless, two examples of the use of the
framework are provided. First, an application of the complementary energy
functional with quadratic displacements and linear stresses is presented. This
is followed by a model for incompressible elasticity using stabilised linear
tetrahedral elements.

The paper is organised as follows. Section 2 introduces the novel tensor
cross product notation in the context of large strain deformation. This def-
inition is used to re-express the adjoint of the deformation gradient and its
directional derivatives in a novel, simple and convenient manner. Section 3
reviews the definition of polyconvex elastic strain energy functions and de-
fines a new set of stresses conjugate to the main kinematic variables. The
relationships between these stresses and standard stress tensors such as the
Piola-Kirchhoff stresses and Cauchy stresses are provided. The section also
derives complementary strain energy functions in terms of the new conju-



gate stresses. The fourth order elasticity tensors are derived in this section
taking advantage of the new tensor cross product notation, which greatly
simplifies the algebra involved and leads to interesting insights into the con-
sequences of convexity. Both compressible and nearly incompressible cases
are discussed in the context of Mooney-Rivlin models, although the exten-
sion to more general strain energy functions is straight forward. Section 4
presents a range of multi-field variational principles based on the extended
set of kinematic and stress variables. This includes displacement based prin-
ciples, Hu-Washizu type of mixed principles including additional kinematic
and stress variables and Hellinger-Reissner principles including geometry and
stress variables. Section 5 illustrates the use of the above principles in the
context of finite element interpolations. The resulting discretised equations
are presented for two particular choices of interpolation spaces. A number
of benchmark examples are used in Section 6 in order to demonstrate the
validity and convergence characteristics of the formulation proposed. Finally
Section 7 provides some concluding remarks and a summary of the key con-
tributions of this paper.

2. Definitions and notation

2.1. Motion and deformation

Consider the 3-dimensional deformation of an elastic body from its initial
configuration occupying a volume V', of boundary 9V, into a final configura-
tion at volume v, of boundary dv (see Figure 1). The standard notation and
definitions for the deformation gradient and its determinant are used:

Ox dv
= a__X = Vow, J=detF = — (].)

F
av

where @ represents the current position of a particle originally at X and
V denotes the gradient with respect to material coordinates. Virtual or
incremental variations of « will be denoted dv and wu, respectively. It will be
assumed that x, dv and w satisfy appropriate displacement based boundary
conditions in 0,V . Additionally, the body is under the action of certain body
forces per unit undeformed volume f, and traction per unit undeformed area
to in 0,V, where 0,V U9,V = 0V and 9,V N9,V = 0.

The element area vector is mapped from initial dA to final da configura-
tion by means of the two-point tensor H, which is related to the deformation



Figure 1: Deformation mapping of a continuum and associated kinematics magnitudes:
F.H,J.

gradient via Nanson’s rule [1]:
da=HdA;, H=JF". (2)

Clearly, the components of this tensor are the order 2 minors of the defor-
mation gradient and it is often referred to as the co-factor or adjoint tensor.
This tensor and its derivatives will feature heavily in the formulation that
follows as it is a key variable for polyconvex elastic models. Its evaluation
and, more importantly, the evaluation of its derivatives using equation (2) is
not ideal, and a more convenient formula can be derived for 3-dimensional
applications. This relies on the definition of the tensor cross product given
in the next section.

2.2. Tensor cross product

One of the key elements of the framework proposed is the extension of
the standard vector cross product to define the cross product between second
order tensors and between tensors and vectors. 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:

(vXA)w=vx (Aw); (vXA); = Emvedy; (3)



where &;;; denote the standard third order alternating tensor components,
repeated indices indicate summation and X is the standard vector cross prod-
uct. 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 AXw is defined so that for every vector w the following
relationship applies:

(Axvjw=A(wxw); (Axv);=_~EnAxu. (4)

The effect is now to replace the rows of A by the cross products of its
original rows by v.

Finally, the cross product of two second order tensors A and B to give a
new second order tensor denoted A X B is defined so that for any arbitrary
vectors v and w gives:

v - (A X B) w = (’U X A) : (B X ’lU) ; (A X B)Z] = iklgjmnAkmBln- (5)

In the framework developed in this paper the tensor cross product will
be mostly applied between two-point tensors. For this purpose the above
definition can be readily particularised to second order two-point tensors or
material tensors as,

(AX B),, = &k AjsBrg; (AXB),, = Exr€ounAxmBry.  (6)

Box 1 shows the practical evaluation of these products.

Remark 1: 1t is easy to show using simply algebraic manipulations based on
the permutation properties of £ or the fact that &;;1Ekn = 0:0jn —0indji, that
the above tensor cross products satisfy the following properties (note that v,
vy, V9, w, w; and ws denote arbitrary vectors and A, Ay, As, B, By, B,
and C' are second order tensors):

AxB=BxA (7)
(AxB)" = AT x BT (8)
Ax(B;+ Bs)=AXxB; + Ax B, (9)
a(AXB)=(adA)XxB =Ax(aB) (10)



(AXB):C=(BxC): A=(AxC):B
AXT = (trA)T - AT
IxI=2I
(AxA): A=06detA

CofA = %AXA

(V1 ®vy) X (w1 @ wsy) = (V1 X Wwy) ® (Vy X wa)
vX(AXw)=(vXA)Xw=vXAXw
AX(vRw)=-vXAXw
(AX B) (v x w) = (Av) x (Bw) + (Bv) x (Aw)
(A; X Ay) (B1 X By) =(A1B; X A3Bs) + (A1 B2 X AyBy)
A1Bx A;B = (A X Ay) (CofB)




Box 1. Enumeration of tensor cross products:
[ VA — Ay VAL — v Ay, v AL — v A
[’U X A] = UzAxx - Ua:Azac UzAzy - UxAzy UzA:L’z - U;I:Azz
| Ve Ay — Uy Ase Ve Ayy — v Ary Ay — vy A,
[ Awyvz - Amzvy Amzvx - Azmvz Amxvy - Amyvz ]
[AXw]= | Ayv, — Apv, Ao, — Apv, Ayv, — Ayyu,
| Ayv, — Agvy Ayyuy — Agyu. Ayvy — Agzv, |
[ [AxB|,, [AxB], [AxB]|,
[AxB]= | [AxB],, [AxB], [AxB],
| [AXB],, [AxB],, [AxB],
[A X B]:m: = Ayszz - Ayszy + Azszy - AzyByz
[A X B]xy = Aysza: - AymBzz + Aza:Byz - Azszz
[A X B]xz = AymBzy - Ayszw + AzyBym - AmByy
[A X B]yx = szBzy - Axszz + AzyBa:z - AzzB:L‘y
[A X B]yz - Aszmy - Azszz + Amszz - A:c:sBzy
[A X B]zx = A:vyByz - szByy + Ayszy - AyyBxZ
[A X B]zy = Azsz:c - AxxByz + Ay:cB:cz - Ayszx
[AXB],. = Ay By, — AwyBye + AyyBuw — AyeBay

2.3. Alternative expressions for the area and volume maps

Using the ninth property in Remark 1, equation (15), it is now possible
to express the area map tensor H as:

H:lFxF

: (22

Moreover, the first and second directional derivatives of H with respect



to geometry changes are now easily evaluated as:

DH [§v] = F x DF [v] = F X V60 (23)

D?H [fv,u] = DF [u] X DF [§v] = Vv X Vou (24)

Similarly, the derivatives of the volume ratio J are easily expressed with
the help of (14) and (11) and the definition of H given by equation (22):

DJ[6v] = H : Vyév; D>*J[6v,u] = F: (Vyév X Vou) (25)

The above formulas simplify the manipulation of the derivatives of H and
J by avoiding differentiating the inverse of the deformation gradient. They
will be key to the development of the framework presented below.

It is also possible to derive alternative expressions for both H and J.
For instance, combining equation (22) with equation (1) and noting that the
derivatives of F' are second derivatives of & and therefore symmetric, gives,
after simple use of the product rule:

H = %CURL (x X F) (26)

where the material CURL of a second order two point tensor is defined in
the usual fashion by:

OAik

(CURLA),; = Eryxc

(27)
It is clear from equation (26) that the material divergence of H vanishes,
as does the material CURL of F', that is:
DIVH =0; CURLF =0 (28)
where the material divergence is defined by the contraction:

Ay

DIVA), = ==L,

(29)

Combining equations (1) and (2b) an alternative equation for J emerges as:

1 1
J=3H :Vox = DIV (H"z). (30)



3. Polyconvex elasticity

3.1. The strain energy

Polyconvexity is now well accepted as a fundamental mathematical re-
quirement that must be satisfied by admissible strain energy functions used
to describe elastic materials in the large strain regime. Essentially, the strain
energy ¥ per unit undeformed volume must be a function of the deformation
gradient F' via a convex multi-valued function W as:

U (Voz) =W (F,H,J) (31)

where W is convex with respect to its 19 variables, namely, J and the 3 x 3
components of F and H. Moreover, invariance with respect to rotations
in the material configuration implies that W must be independent of the
rotational components of F' and H. This is typically achieved by ensuring
that W depends on F and H via the symmetric tensors C = FTF and
G = H"H, respectively. In fact, for isotropic materials, this dependency
can be further simplified through the use of invariants and the observation
that:

Ic=F:F;, Ilc=H:H;, Illc=J (32)

For example, a general compressible Mooney-Rivlin material can be de-
scribed by an energy function of the type:

where « and [ are positive material parameters and f denotes a convex
function of J. It is clear therefore that W,z is convex with respect to all
of its variables. The condition of vanishing energy at the initial reference
configuration can be established by ensuring that f (1) = — (3a + 303) or by
adding an appropriate constant to Wj,;g. Doing this, however, has no prac-
tical effect on the resulting formulation as this will be driven by derivatives
of the strain energy. Appropriate values for o and  and suitable functions
f will be found in the sections below.

3.2. Conjugate stresses and the first Piola-kirchhoff tensor

The three strain measures F', H, and J have work conjugate stresses X,
Y g, and X ; defined by:
ow ow ow
Yr(FH,])=—; Yyg(F,H,J])=—; Y;(F,H,J)=—.
F( ) ) ) aFv H( ; ; ) 8H7 J( ) ) ) 8](34)

10



For instance, for the case of a Mooney-Rivlin material, these stresses
become:

The set of conjugate stresses defined in equation (34) enables the direc-
tional derivative of the stain energy to be expressed as:

DW [0F,6H,5J] = Xp : 6F + Sgr : 6H + X,0.. (36)

In order to develop a relationship between these conjugate stresses and the
more standard first Piola-Kirchhoff, recall first that the first Piola-Kirchoff
tensor is defined by the equation:

OU (F)
OF

DV [fv] = P: Vyov; P = (37)

F=Vx

With the help of the last two equations, the chain rule and equations (23)
and (25a) it is possible to express the virtual internal work as:

P : Vv = DV [jv]
= DW [DF [év], DH [6v], DJ [0v]]
=Xp:DF [jv]+ Xy : DH [0v] + X,;DJ [6v] (38)
=3Yr: Vv +Xg: (FXVyv)+ X, (H : Vyov)
=Xrp+XgXF+YX;H): Vv

which leads to the evaluation to the first Piola-Kirchhoff tensor as:

\P=Xp+XgxF+5,H (39)

For instance, for the simple compressible Mooney-Rivlin material defined
above, this expression becomes:

P=2aF +286HXF + f' (J)H. (40)

The condition of a stress-free initial configuration, where FF = H = 1
and J = 1, together with property (13) of the tensor cross product leads to
the following constraint on the material parameters «, § and the function
F ()

2+ 48 + (1) = 0. (41)

11



3.3. Complementary energy

The convexity of the function W (F', H, J) with respect to its variables
ensures that the relationships between {F,H,J} and {Xp, X g,¥;} is one
to one and invertible. It is therefore possible to define a complementary
energy function by means of a Legendre transform as:

For instance, in the particular case of a Mooney-Rivlin material, the
complementary energy is easily evaluated as:

1 1
TMR(EF72H>EJ):£EF2F+EEH2H+g(ZJ) (43)

where the complementary function ¢ is defined by the Legendre transform
expression:

9(35) =3,J () = f(J(E))) (44)
and the relationship J (X,) is obtained inverting equation (35¢), that is,
J(f' (z)) = x. Note that if either a or § is zero, the corresponding term

in the complementary energy also vanishes. For instance, the case § = 0
corresponds to a compressible neo-Hookean material, for which:

1
4o

3.4. Tangent elasticity operator

A tangent elasticity operator will be required in order to ensure quadratic
convergence of a Newton-Raphson type of solution process. This is typically
evaluated in terms of a fourth order tangent elasticity tensor defined by:

oP PV

T OF  OFOF
(46)

Using equation (39) for the first Piola-Kirchhoff tensor and following a
chain rule derivation similar to equation (38) and making use of equations
(23) and (24) for the derivatives of H, yields after simple algebra:

D*V [§v;u] = Vdv : DP [u]
=Voov: DXp[u] + (Vedv X F) : DX [u]l + (Voov : H) DX [u]
+ (EH + EJF) : (Vo(S’UXVo’u).

D*V [§v;u] = Voév : DP [u] = Vodv : C: Vou; C

(47)

12



In general, the conjugate stresses {Xr, X g, X} will be functions of each
of the strain variables {F', H, J} and the resulting tangent operator can be
represented as:

. (V[ﬂL)
DV [bv;u] = [(Vodv) : (Vedv X F): (Vodv: H)| [Hy] |: (VouX F)
(Vo'u : H)
+ (EH + EJF) : (Vod’v X V()’LL)
(48)

where the Hessian operator Hy, denotes the symmetric positive definite op-
erator containing the second derivatives of W (F', H, J):

*W 2w 2w
OFOF OF0H 0OFdJ

_ 2w 2w 2w
[Hw] = 0HOF 0OHOH 0HOdJ | - (49)

2w 2w 2w
0JOF 0JoOH aJoJ

Note that the first term in equation (48) is necessarily positive for dv =
u and therefore buckling can only be induced by the “initial stress” term
(EH + EJF) : (VO(S’U X Vou)

Remark 2: Equation (48) makes it easy to highlight the relationship between
policonvexity and ellipticity. Ellipticity requires that the double contraction
of the elasticity tensor by an arbitrary rank-one tensor v ® V should be
positive, that is,

(veV):C:(veV)>0. (50)
Taking Vyov = Vou = v ® V' in equation (48) makes the initial stress term
vanish since,

Voo xVou=(vV)X(veV)=(vxv)®(V xV)=0. (51)

This leaves only the contribution from the first positive definite term in equa-
tion (48). It is therefore easy to note that polyconvexity implies ellipticity
[13].

13



It is helpful to consider the simple case of a compressible Mooney-Rivlin
material for which the off-diagonal terms of the Hessian matrix vanish and
the tangent elastic operator becomes:

DV g [6v;u] = 2aV0v : Vou + 23 (Vedv X F) : (Vou X F)
+ f” (J) (Vo(s’U : H) (V()’U, : H) + (EH + EJF) : (V05vx V()’U,) .
(52)
It is now possible to derive appropriate values for the material parameters
a, ( and the function f (J) by ensuring that at the reference configuration
the above operator coincides with the classic linear elasticity operator, which
is typically expressed in terms of the Lame coefficients {\, u} as:

D*W iy [6v;u] = A (Vodv - I) (Vou : I)+p (V05v : Vou + Viov! : V[)U) )

(53)

Substituting F = H = I; J = 1 into equation (52), making repeated

use of property (12) for the tensor cross product and taking into account the
zero initial stress condition (41) gives after lengthy but simple algebra:

D*W g [bv; ]|, = (200 + 28) (Vodv : Vou + Vedv' : Vou)

1! (54)
+ (f" (1) = 2a) (Vodv : I) (Vou : I).

Identifying coefficients leads to the simple condition relating a, 5 to the

shear modulus pu:

a+6:g (55)

and the conditions for the first two derivatives of f at the origin:

/(1) = —20 - 48

(1) =X+ 2a. (56)

A commonly used convex expression for f that satisfies these requirements
1s:

A
J() =48] =20l )+ = (J*+J7); ex1. (57)

3.5. Nearly incompressible Mooney-Rivlin material

Very often it is convenient or even necessary to separate the distortional
component from the volumetric response of the material. This is invariably
the case when attempting to model either nearly-incompressible materials

14



or truly incompressible solids using approximate finite element spaces. Typ-
ically, this is achieved by separating the strain energy into isochoric and
volumetric components, ¥ and U respectively, as:

U (Vox) =V (Vox) + U (detVoz); ¥ (Vox)=T ((detVom)_l/?’ V0m> :

(58)

The first term in this energy expression leads to the deviatoric component

of the Piola-Kirchhoff tensor and the derivative of the function U accounts

for the pressure p. In the context of polyconvex elasticity, it is also possible
to construct a similar decomposition in the form:

W (F,H,J)=W (F,H,J)+U(J). (59)

For the purpose of deriving the conditions that needs to satisfy in order

to ensure that alone accounts for the pressure, recall first that the pressure
is obtained from the first Piola-kirchhoff tensor via the contraction:

1
p:3J_1P:F. (60)

Note that the sign convention used above is positive pressure in tension,
negative in compression. Substituting the relationship between the Piola-
Kirchhoff stress tensor and the conjugate stresses given by equation (39),
yields a relationship between the pressure and the conjugate stresses as:

1
=——J'P:.F
P=3
1
- gJ—l (Ep+XyxF+YX,H): F (61)
1
= gJ—l (Bp: F+2%y: H+3%,J).

Substituting the constitutive relationships (34) and decomposition (59)
into this equation for the pressure gives:
oW oW oW
<— F+2—— :H+3J—) +U'(J).

1
——
p OF OH 0]

3

Therefore the condition that W needs to satisfy in order to ensure a
correct decomposition into volumetric and deviatoric components is:

oW oW oW

15



In order to satisfy this requirement, it is sufficient for W to satisfy the
following mixed homogeneous condition:

W (aF,0*H,o*J) = W (F,H,J). (63)

Differentiating this equation with respect to a at a = 1 quickly leads
to condition (62). A simple way to ensure that this requirement is satisfied
would be to construct W in terms of the isochoric components of F' and H
as:

A

W (F,H)=W (F H, 1) (64)
where the isochoric components could be defined in the usual fashion [1]:
F=(detF)"*F; H = (detH) " H. (65)

Unfortunately, the resulting strain energy function constructed in this
manner will not be convex with respect to F' and H. Alternative expressions
can be derived by re-defining the iscochoric components of F' and H as:

F=J'"F, H=J%H. (66)
Or, alternatively, noting that F': H = 3J, as
R 1 -1/3 R 1 -2/3
F:(gF:H> F; H:<§F:H) H. (67)

For instance, in the case of the Mooney-Rivlin material an equivalent
polyconvex isochoric energy function is obtained as [24]:

W (F,H,J)=nJ2*(F:F)+~J2H: H)?*, (68)

The most commonly used expression for the volumetric strain energy
component U (J) is given by:

U (J) :%K,(J—l)Q.

(69)
Note that the dependency of the isochoric strain energy function W with
respect to J implies that the pressure p and the conjugate stress X ; are not
identical. They are in fact related by:
oW

EJZi}‘Hﬂ zAJJZa—J; p=U(J). (70)

16



Finally, the tangent elastic operator of this nearly incompressible model
can be derived in a manner similar to equation (48) to give:

D>V [pv; u] = DV [§v;u] + U (Vodv : H) (Vou : H)

. (VO’U,)
D*¥ [v;u] = [(Vodv) 1 (Vodv X F): (Vodv: H)| [Hy] |: (Voux F)
(Vou : H)
+ (EH + EJF) : (Vo(s’U X Vo’U,)
(71)

3.6. The Second Piola-Kirchhoff, Kirchhoff and Cauchy stress tensors

The formulation developed so far has been expressed in terms of the
main kinematic variables F', H and J. However, material frame indifference
implies that the dependency of the strain energy with respect to F', H must
be via the right Cauchy-Green tensor C = F'F and its cofactor G =
H'H = %C’ X C. It is therefore possible to express the strain energy as
a function of these symmetric tensors as:

¥ (Vox) = W (C,G,C) (72)

where, for consistency, C' = detC = J? is being used instead of J as the
variable describing the volumetric change. Note, however, that the function
W need not to be strictly convex with respect to its variables. For instance,
in the case of a Mooney-Rivlin material, W is linear with respect to both C
and G as,

Wir(C,G,C)=aC I +5G:I+f(C); f(o)zf(@). (73)

Using the work conjugacy expresion between the second Piola-Kirchhoff
S and the right Cauchy-Green tensor C' given by:

1 )
DV [fv]=8:=-DC [jv]; S= 28 (©) (74)
2 oC C=(Vox)T (Vox)
and defining the conjugate stresses to C', G and C' as:
oW oW oW
Ye=2—: Yg=2—; Yo=2——
¢~ foc TCTCeGT YT Tac (75)

17



enables an expression for the second Piola-Kirchhoff tensor to be derived
using the same steps employed in equation (38) for the derivation of the first
Piola-Kirchhoff tensor to give:

S =3¢ +ZexC+ 3G (76)

It is also possible to derive the total Lagrangian elasticity tensor in terms
of the Hessian matrix of W following similar steps to those employed in
previous sections. This derivation will not be pursued here as it will not be
used in the computational framework proposed later.

In addition to the first and second Piola-Kirchhoff stresses, it is necessary
to derive expressions for the Cauchy and Kirchhoff stresses as often these
tensors are needed in order to express plasticity models or simply to display
solution results. Such expressions can be relatively easily derived from the
standard relationship between these tensors [1]:

Jo =1 =PF". (77)

Substituting equation (39) for the first Piola-Kirchhoff tensor and recall-
ing that HFT = JI gives,

Jo=1=%pF" +(EgxF)F" + JX,I. (78)
The middle term in this expression can be transformed with the help of
property (21) of the tensor cros product by taking B = F, A, = J 'Sy H"
and As = I to give,
(g XxF)F' =XyH"x1I. (79)
Thus giving an expression for the Kirchhoff stresses as:
Jo=1=%pF" + (SgH"xI)+ J%,I. (80)
Alternatively, introducing the notation:
T =%pF", Tp=XgH", 71,=J%; (81)

gives,

Jo=1=1p+ 1 XI+ 71,1 (82)
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4. Variational formulations

This section presents several possible variational formulations. The sec-
tion starts reviewing the standard displacement based variational principle.
For this case the present framework does not provide any practical advan-
tages, other than the evaluation of the first Piola-Kirchhoff stress and the
tangent modulus via equations (39) and (48), respectively. It is simply pre-
sented here in order to provide a useful background for comparison with
mixed and complementary energy variational principles presented later in
the section. The aim of the section is to present the concepts in as simple a
manner as possible, rather than to provide precise mathematical statements
given that, in practice, the concepts presented here will be implemented in
well defined discrete finite element spaces described in the following section.

4.1. Standard displacement based variational principle

The solution of large strain elastic problems is often expressed by means
of the total energy minimisation variational principle as:

[I(x*) = min /\I/(VO:I:) dV—/f0~:ch— /t0~:ch (83)
1% v 0V
where x* denotes the exact solution. The stationary condition of this func-

tional leads to the principle of virtual work (or power), commonly written
as:

DH[&’U}:/szvgévdV—/fO-évdV—/to-é'vdA:O. (84)

1% v OV
In this expression, the first Piola-Kirchhoff tensor P, is evaluated in
the standard fashion using equation (39) in terms of the gradient of the
deformation Vyax. For convenience and in order to simplify the notation, it

is useful to introduce the definition of the geometrically compatible strain
measures as:

F,=Vy; H,=-VaxxVix; J,=detVjx. (85)

1
2
In this manner, the first Piola-Kirchhoff tensor P, becomes:

P,=%%+3% xF,+Y%H, (86)
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where the superscript « in the above stresses indicates that they are evaluated
in terms of the geometric deformation gradient as:

E? = EJ (Fw7H$7 Jz)

An iterative Newton-Raphson process to converge towards the solution is
usually established by solving a linearized system for the increment w as:

DM [§v;u] = —DII (z4) [v]; Xp1 = T +u (88)

where, in the absence of follower forces, the second derivative of the total
energy functional is given by:

D?TI [6v; u] = / DV [Vyov, Vou] dV. (89)

\%4

The tangent operator is evaluated using equation (48), taking F' = Vx,
H = %Vom X Vox and J = detVx.

4.2. Mixed Variational Principle

An equivalent but alternative expression for the total energy variational
principle can be written in terms of the geometry and strain variables as a
constrained minimisation problem in the form:

e
T

Fg,
H
J

8

(z") = min /W(F,H,J) dV—/fO-:I:dV—/tO-:ch
g | ) J

8

T
T

8

(90)
Using a standard Lagrange multiplier approach to enforce the compati-
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bility constraints gives the following augmented mixed variational principle:

My (z*, F*, H*, J*, $p*, %, 5%) = min max /W(F,H, J)dV
x, F.H,J DI I T IS
J
1 /ZF:(Fw—F)dV+/EH:(Hw—H)dV+/EJ(Jw—J)dV
1% 14

v
—/fo-a:dV—/to-a:dA
1%

OV
(91)
This expression belongs to the general class of Hu-Washizu type of mixed
variational principles which have been widely used for the development of
enhanced finite element formulations [1]. Note that the stress variables
{¥F, Xg,%Y,} in this expression, at this stage, are simply Lagrange mul-
tipliers and are as yet unconnected to the strain variables.
The stationary condition of the above augmented Lagrangian with respect
to the first variable enforces equilibrium in the form of the principle of virtual
work as:

D1HM [(5’0] = /PM . V()(s’UdV— /-fO ovdV — /to 0vdA =0 (92)
v v Vv
where the first Piola-Kirchhoff stress now emerges as:

Py=%Sp+SgxF,+Y,H,. (93)

The stationary conditions with respect to the three strain variables en-
force the constitute relationships between the stresses and the derivatives of
the strain energy in a weak form:

oOF OH

ow
+/(8—J—2J)5Jd‘/:0.
1%

\%4 \%4
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Finally, the stationary conditions with respect to the stress variables en-
force the geometric compatibility conditions between strains and geometry:

D5’677HM [52F,(52H,52J] = /621:* . (Fm —F) dV‘f’/(SH . (Hm —H) dVv

\%4

14
+ /5J(J$ —J)dV.
14

(95)

Remark 3. It is important to note that for, certain choices of interpolation
spaces insufficiently rich, the above variational formulation may not ensure
that the kinematic compatibility constraints are enforced at every point in the
domain. In fact, in cases such as incompressible elasticity, the interpolation
spaces will be chosen for this very reason. However, this weak enforcement of
compatibility can have unwanted consequences such as the lack of symmetry
of Cauchy (or Kirchhoff) stresses if these are calculated by the product:

Tyv = PyF?
=YpFl + (SyxF,)FL +Y,H, F! (96)
=3pF. + (SgHL) X FL + J,X,1.

In the above expression it is very unlikely that the terms XpF? and Sy HZ
will be symmetric given the weak enforcement of the compatibility con-
straints. Note, however, that this Kirchhoff stress tensor is not part of
the solution process. Nevertheless, it will often be required so that ap-
propriate stress fields, such as Cauchy stresses, can be given as output of
the computation. For this purpose, it is important that these stresses are
evaluated using equation (82) directly, where 7 and 7y are evaluated in-
dependently using fully compatible kinematic-stress pairs. For instance, by
taking 7p = Xp(F)F! and 7y = Sy (H)H”.

In order to complete the formulation, it is necessary to develop a Newton-
Raphson iterative process and the appropriate tangent operators. For this
purpose, note first that a process equivalent to equation (88) for the ex-
tended set of variables is established by first solving a linear system for the
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increments of this set of variables {u, AF, AH AJ AYXr, AX g, AY;} as:

D%..7;1...7HM [5’0, (5F, 5H, (5J, (SEF, (52}1, 52J; u, AF, AH, AJ, AEF, AEH, AE]] =
— Dl__jHM [(5’0, 5F, 5H, 5J, 521:', 621-1, 52J] ) V(S'u, (SF, 5H5J, 52@, 521-1, 5ZJ
(97)
This is followed by the incremental updates:

T =z +u; Fip=F,+AF;, Hp,=H,+AH; J=J,+AJ;
S =S ASE; S =3 L ASy SR =R LAY
(98)

The second derivatives that make up the linear operator in equation (97)
can be derived with relative ease component by component. For instance,
the second derivative with respect to the geometry, is obtained differentiating
again the principle of virtual work, equation (92), with the help of equation
(93) to give the "initial stress” component of the tangent operator as:

Dill'[M [5’0; u] = / (EH + Z]Fw) . (V057J X Vou) dVv. (99)
\%

The terms involving second derivatives with respect to the strain variables
emerge from the Hessian of the strain energy function W (F', H, J) as:

:AF
D3 5405400 [0F,0H 0J; AF, AH,AJ] = / [6F: 6H : 0J|[Hy] |: AH| aV.
AJ
14
(100)

The second derivative with respect to stresses vanishes as the functional
is linear with respect to the stress tensors. There are, however, a number of
cross derivative terms that do not vanish. These are, the cross derivatives
with respect to strains and stresses and their symmetric counterpart, which
are easily derived from either equation (94) or (95) to give:

D§’374;57677HM [(SF,éH,(SJ, AEF,AEH,AEJ] == —/((SF : AZF + 0H AEH + 6JAEJ) dVv

|4
D§’677;2,374HM [62F752H,62J;AF, AH,AJ] = —/((525‘ :AF + 521-] :AH + 5ZJA<]) dv.
v
(101)
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And the cross derivatives with respect to geometry and stresses, which
emerge after some simple algebra from equations (92), (93) and (95) as:

D%;57677HM [6’0, AEF, AEH, AEJ] = / [V05’0 . AEF + Fa: : (Voé’v X AEH)
\4
+ AN H, - Vodv] dV

(102)
D3 7q1ly [0 F, 68, 085 u] = / [Vou: 6Xp + Fgp: (Voux 63 g)
\4
+ 06X H, - Vou] dV.
(103)

The set of equations derived in this section enables the use of arbitrary
discretisation spaces for each of the problem variables. This level of flexibility
may be useful but it is costly given the large number of unknowns generated
in the process. An alternative approach that significantly reduces the number
of problem variables is presented in the next section.

4.8. Complementary Energy Principle

In order to derive a variational principle in terms of the complementary
energy, recall first the mixed variational principle (91) with a different order-
ing of terms:

Uy (x*, F* H*, J" XF ’EH’EJ):m,%g,J{EF%EE(,EJ
— /[EF:F—I—ZH:H+EJJ—W(F,H,J)] dV—/fO-a:dV—/to-a:dA
%

\%4 oV

Vv 14 \%
(104)

Comparing the term in square brackets in the first integral with the def-
inition of the complementary energy given by equation (42), enables a com-
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plementary variational principle to be established as®:

11]\4(33*72F*7 "}_I’Zj) :ﬂrcréllgl Ep%a;{,EJ —/T(EF,EI-LZJ) dv
1%
—l—/EF:Fde—i—/EH:Hde—l—/EJdeV—/f0~a:dV—/to-:ch
Vv Vv Vv Vv oV
(105)

This represents a Helinger-Reissner type of variational principle [1]. The
stationary condition of this principle with respect to its first variable, the

geometry, enforces equilibrium in a manner identical to equations (92) and
(93), that is,

Dlﬂc[dv]:DlﬂM[(Sv]:/PM:V05vdV—/fO-(5vdV—/t0-5vdA:O
% 1% YV
Po=Py =Sp+SyxF,+Y,H,.

(106)
Similarly, the stationary conditions with respect to stresses, enforce the
geometric compatibility conditions, now expressed as,

0% p 0y
1%
or
Yo, — =) dv.
/5 J(‘] 62) v
1%
(107)

The second derivatives of the complementary energy functional required
for a Newton-Raphson process are mostly the same as those derived in the
previous section for the mixed variational principle. In particular, the fol-

D2’374HC [(52F752H752J] :/521:1 (F:c aT ) dV—l-/(SH (Hw aT ) dV
\%

3Note that this step relies on the strong duality property of the mixed functional which
allows the order of the min and max operations with respect to strains and stresses to be
swapped. This is the case here given the convexity of the strain energy function.
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lowing terms are identical:

D%;IHC [5’07 ’U,] :D%;IHM [5’0’ ’U,]
=D?

D3y 5 40lc [6v; ASp, Ay, AY ] =Di ;s 1y [6v; AXp, Ay, AY]
(108)
A new term, however, emerges when taking the second derivatives with
respect to stresses, leading to a constitutive expression similar to equation
(100) but now involving the second derivative of the complementary energy
function. This term can be evaluated by differentiating again equation (107)
to give:
D3 3403401 [03F, 051,05, ASp, ASy, AY,] =

+AXp (109)
J AY,

Where [Hy] denotes the Hessian matrix of the complementary energy
function. Note that this component is clearly negative on account of the
variational principle involving a maximisation with respect to stresses. It is
possible to change this sign by simply changing the overall the sign of the
principle (105). This would also change the sign of D7, Il¢ [6v;u] but this
term is neither positive nor negative since it contains tensor cross products
of the gradient of v and w. For practical purposes, however, this will not be
necessary, as the stress variables will typically be eliminated locally in each
finite element. What is essential is that the Hessian matrix is invertible,
which is ensured by the convexity of the function Y.

4.4. Variational principles for incompressible and nearly incompressible mod-
els

Many applications of practical importance rely on the decomposition of
the strain energy into isochoric and volumetric components. For such cases,
it is possible to modify the variational formulations above in such a way that
different approaches are used for the isochoric and volumetric components.
In particular, it is often useful to follow a standard displacement based formu-
lation for the isochoric component and a mixed approach for the volumetric
terms [2]. In the present framework, this leads to the following hybrid mixed
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variational principle:

A

My (", J*, p") :min max /W(Fw,Hw,Jw) dV+/U(J) dV—i—/p(Jw —J)dVv
m? p
v

—/fo-:ch—/t0~a:dA
7

oV

\4 \4

(110)
where W and U are the isochoric and volumetric components of the strain
energy defined in Section 3.5. Note that, in general W, will be a direct func-
tion of volume ratio. This volume ratio is expressed differently in the two
terms making up the strain energy: it is directly evaluated from the geom-
etry in the iscochoric strain energy, whereas it is expressed an independent
variable J in the volumetric component. The third integral term above en-
forces the compatibility between these two measures. The particular case of
full incompressibility can be obtained by simply taking J = 1 in the above
expression to give:

i1 (a".p") = min { max /W(Fw,Hw,Jw) dV+/p(Jm —1yav
1%4

x,J

—/fo-a:dV—/to-:vdA
v

oV

%

(111)

The stationary conditions of these hybrid functionals are evaluated in

the same fashion as above. For instance, the first derivative with respect to
geometry gives the principle of virtual work as:

D1 [6v] = DI, [6v] = / P;:VyovdV — / fo - ovdV
\% \%

(112)
8V
where the first Piola-Kirchofl stress tensor is now evaluated as:
P =33+ S}y X Fo+S,Hy S;=53+p (113)
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and the last term in (113) indicates that the volumetric conjugate stress
includes a component due to the independent variable p as well as a contri-
bution due to the isochoric strain energy function as:

x

d OJ,

The first derivative with respect to J enforces the volumetric component
of the constitutive model as:

o _ OW (Fo Hy, Ja) (114)

DyI1 [6]] = / (U —p)6JdV = 0. (115)

Finally, the stationary condition with respect to the pressure enforces
geometric compatibility between J and detV x as:

Dallyy (53] = [ (Ju = D) paV =0
) v (116)
D,lTE, [0p] = /(Jw —1)6pdV = 0.
\%4

The evaluation of second derivatives required for a Newton-Raphson pro-
cess proceeds along the same lines as in the previous sections. For instance,
the second derivative with respect to geometry contains the isochoric tangent
operator as given by equation (71):

D}y [6v;u] = DI IIY, [v;u] = / D> [§v; u] dV. (117)
\%

The second derivative with respect to J is easily evaluated from equation
(115) to give:
D2, Iy [6;A] = / U"SJAJ V. (118)
v

There are also cross derivative terms different from zero. For instance,
the cross derivative with respect to J and p is:

D3Iy [6J; Ap] = — / ApsJdV; D3Iy [0p; AJT] = — / SpAJT dV .

' ' (119)
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Finally, the cross derivative terms between pressure and geometry are:

D141y [6v; Ap] = Di,IIL, [6v; Ap] = / (H, : Voov) ApdV

(120)
D§;1HM [6p;u] = Dglﬂf [6p; u / op(H, : Vou) dV.
Vv

5. Finite Element implementation

It is not the purpose of this paper to provide an exhaustive analysis of
different finite element interpolation strategies to discretise the equations de-
rived in previous section. However, two particular examples will be provided
in order to demonstrate the validity of the formulation presented.

5.1. General remarks

The implementation of the various variational principles described in the
previous section is based on a finite element partition of the domain into a
set of elements. Inside each element the problem variables are interpolated
in terms of a set of shape functions N, as:

Ng n ny
=Y x,N¥; F:iFaNf; w:ZFEFaNaEF; .. (121)
a=1 a=1 a=1

where a denotes the nodes or other degrees of freedom used in the interpo-
lation of the above variables. In general, different interpolations can (and
are often) used to describe different variables. However, the same interpo-
lation space will invariably be used for strain-stress conjugate pairs; that is,
NF = NZF_ etc. The virtual and incremental equivalents of the variables
are also interpolated using the same spaces as:

ov = idvajv:; OF = Z SF,NF. ., 0Zp= i(sz;NfF (122)
_ a=1

u = iuajvg; AF = ZAF F.o L AXp= nzF AXANZF. (123)
= a=1 a=1

Finite element equations are derived by simply substituting the above
expressions into the functional expressions provided in the previous section.
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In many cases this is a rather standard process and leads to well established
equations. For instance, substituting the above interpolation for the virtual
velocity into any of the virtual work statements given above by equations
(84), (92), (106) or (112) leads to the standard definition of the residual

forces as:

D11 [ov] = ZRZ ox; R = /PVON;” dV—/fON;c dv — / toNT dA
@ 1% 1% A%

(124)
where the Piola-Kirchhoff stress above will be evaluated in accordance with
each of the formulations presented in the previous section. Similar expres-
sions for other residual terms can be easily derived. For instance, the ge-
ometric compatibility residuals emerge from the discretisation of equations

(95) or (107) as:
s = [F-FINEave Ry, = [ (H - E)NE v
v v (125)

RS, :/(Jz — J)Nav.
14

Very similar equations emerge in the case of the mixed potential for the
constitutive equation residuals:

RF_/(a—F ZF) NFav, R _/<8H EH) NH qv;
14 14

R’ :/ (%—I?]/ - EJ) N7 dv.
\%

In order to complete the finite element formulation it is necessary to
derive equations for the components of the tangent matrix by discretising
the tangent operators defined in the previous section. For the case of the
mixed formulation, the resulting matrix operator can be represented as:

(126)

K:c:c 0 KwZ) u
D1y [6v,6D,6%;u,AD,AX] = [bv éD é%] | 0 Kpp Kpx| |AD
Ks, Ksp 0 AX

(127)
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where D = {F,,H,,J,} denotes the set of strain variables and 3 =
{XFe, XHa, Xyq} denotes the set of stress conjugate variables. Alternatively,
for the case of a complementary energy potential the equivalent expression
becomes:

2 . _ K:):m KmE u
D¢ [dv,03;u, AX] = [jv §3] {sz Kuwl |AS]" (128)

Some of the terms in the above matrices are very straightforward to ob-
tain. For instance the term K ps relating stresses and strains in equation
(127) follows from the discretisation of the corresponding tangent operator
component given in equation (101) as:

NFNFT 0 0
Kps =~ / 0 NENHT 0 dVv (129)
7 0 0 N/N/T

where Z denotes the components of the fourth order identity tensor.

The diagonal components of the tangent matrix relating associated with
strains or stresses, K pp and K sy respectively, can be obtained from the
discretisation of the corresponding Hessian term in the tangent operator. For
instance, the strain term becomes:

Ny Ny Hy ! NG N H™ - Ny Ny Hy?
K%, = / NITNPHIE NINJHE NSINJHY v (130)
|4 NaNb HW NaNb HW NaNbHW

And the corresponding tangent stress term:

NENFHyr>r  NENHHYT™#  NFNJHPF
K% =— / NENFHY#>r NHNHHY#®H  NHNJHYE | dV
NJNFHy'>F  NJNFHy'*#  NJN/HP ™

(131)

The final two terms of the tangent matrix involve derivatives with respect

to geometry and require more careful analysis. Consider first the top diagonal
component K,,. This term emerges from the discretisation of the initial
stress component of the tangent operator defined in equation (99). After
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discretisation and some simple algebra using property (16) of the tensor cross
product, the component relating nodes a, b of this operator becomes:

D2 Ty [50,N% uy N = / (S + 5,F.) : (00, @ VoNT) X (wy © VoNEY] dV

EH + ZJF [(6’Ua X ub) X (V()N;c X V()Nb:c)] dVv

<\

= (dvg X up) - / (Xg +X,F;) (VoNZ x VoNF) dV
%
= (6w, x uy) - kK2
= v, - K2 w,
(132)

where the initial stress vector k%, and equivalent skew symmetric matrix
ab
K are

k2 = / (Zp + X, Fy) (VoN® x VoNF) dV
J (133)
ab ab
[chc]ij = Cijk [kww]k

Similar derivations starting from equation (102) yield the final component
relating geometry changes to stress changes K ,s. For clarity, however, the
terms relating to each one of the conjugate stresses is derived individually.
The first term relating geometry to conjugate stress X is obtained as:

D2 M [0v NF; ASENF] = / (6v, ® VoNZ) : AXSNFE dV

\%

;X

= dv, - /(I® VoNEYNFav| . AZS,

1%
= 0v, - K&, AXY
(134)
where the third order tensor KZ;bEF is:
K, = / (I ® VoN®)NF av (135)
v
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The third term relating geometry to conjugate stress > is obtained as:

D2 Iy [60,NZ; ASYN] ] = / A N/ H, : (v, ® VoNZ) dV

v
; X (136)
%
=0V, - k:“mbEJAZf’,
where the vector k:;bEJ is:
koY = / N/H,VoN*dV (137)
Vv

Finally, the term relating geometry to changes in Xy is:

D25 My [0v,NT; AXY N = / [FoX (60, ® VoNT)| : ASY, NHE dV
\%
= — v, X / (Fux VoNEYNE AV | - ASE,
Vv
=0v, - K, Ay
(138)
with:
(K5l = i / (Fo X VoN*) NE dv (139)
v kI

5.2. Complementary energy application case

The equations provided above can be implemented using a variety of finite
element spaces. Of course, not all choices will lead to effective or valid finite
element formulations. Moreover, the cost of implementation of mixed formu-
lation may be significantly higher than that of standard displacement based
approaches given the number of additional unknowns created. However, care-
ful analysis of the continuity required for each of the variables, shows that
only displacements need to be continuous across elements. Stress and strain
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variables can actually be discretised independently on each element of the
mesh. This enables a static condensation process to be carried out before
assembly of the global tangent matrix. In order to illustrate this process
and as an example of the complementary energy formulation proposed, this
section describes a choice of interpolation functions that permits such a con-
densation. In particular, a quadratic tetrahedron element is proposed for
the geometry discretisation, with linear element by element interpolations
for the stresses conjugate to the deformation gradient and its co-factor and a
constant interpolation for the stress conjugate to the Jacobian. The resulting
element is very similar to that proposed in reference [24].

The resulting formulation is obtained by applying the set of equations
derived in the previous section with shape functions N* (a = 1, ...,10) that
are quadratic and continuous across elements; N = NH (¢ =1, ... 4) linear
and discontinuous across elements and N (a = 1) constant and discontin-
uous across elements. The fact that the shape functions associated with
stresses are discontinuous across elements allows for the elimination of stress
unknowns inside each element to take place. In order to illustrate this, note
that for a given element the system of equations to be solved can be written

i K3 law] e
g =107l 140
|: Sz D) AX RE ( )

The second row of equations enables the stress increments to be expressed
in terms of displacements as:

AZ® = — [Kss] ' (K5,u® + RS). (141)

Substituting this relationship into the first row of equation (140) gives an
augmented set of equations for the displacement vector:

Kimue - R;,
Kiw :K;m_ ;E[ %2]71 629:; R;:R;ec_ ;:2[ %2]71R§]
(142)

These augmented stiffness matrix and residual vector can now be assem-
bled into a global system in the usual finite element manner.

5.3. Stabilised linear tetrahedron for incompressible elasticity

As a final case study of the application of the present framework, a linear
tetrahedron for modelling full incompressible elasticity is described. This
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will also serve as an example of the introduction of Petrov-Galerkin type of
stabilisation to a mixed formulation in which the discretisation spaces do not
satisfy the LBB condition.

In the proposed formulation, both the geometry and pressure are discre-
tised using linear tetrahedral elements in terms of the same standard shape
functions N, as:

4 4
xr = Z T N, p= ZpaNa. (143)
a=1 a=1

Note that in this case the pressure is continuous across elements and
therefore cannot be eliminated locally. This adds to the number of global
degrees of freedom but the resulting tetrahedron will be capable of simu-
lating incompressible deformations without locking [47]. Unfortunately, it
is well know that an incompressible mixed formulation with linear displace-
ments and linear pressures on tetrahedral element spaces does not satisfy the
necessary LBB condition and leads to unstable solutions [3]. The classical
solution to this problem is to introduce Petrov-Galerkin stabilisation [46-49].
In particular, this is done here by defining the stabilised virtual pressures and
velocities as:

op*t = 0p — 1, (Hy : Voov) (144a)
ov* = v — 1, (H;Vp) . (144b)

Note that in the usual Petrov-Galerkin manner, the term in parenthesis
in (144a) is the derivative of the constraint equation detVyz = 1 and that
7, has the same units as an elastic constant. The stabilised term in (144b) is
defined following [46], namely 7,, = 0‘2—}5, where p is an elastic constant, h is the
mesh size and « is a non-dimensional stabilisation parameter. Substituting
expression (144a) into the constraint equation (116) leads to an additional
term in the principle of virtual work (112) as:

D13, [6v] =/Pst : VodvdV — /fo SovdV — /to SvdA =0
v v oV
(145)
where the stabilised first Piola-Kirchhoff tensor is:

Py=32 438 XF,+X%H,;, X%=32+4p+7,(J,—1). (146)
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Substituting equation (144b) into the principle of virtual work (112) leads
to an additional term in the constraint equation (116),

D13, [3p]) = / 0p(Jo —1) dV — / 7o (HyVodp) - (HoVop) dV. (147
v |4

Clearly, as the mesh is refined and the enforcement of the volumetric
constraint is improved, the stabilisation terms in (146) and (147) will tend to
zero. Introducing the discretisation equations for the geometry and pressure
gives the equilibrium and constraints residuals as:

R — / Py VN, dV — / FoN®dV — / toN® dA (1484)
|4 14 oV

Rt — / (Ja — 1) N, dv — / ro (HoVoN,) - (HoWop) dV.  (148D)
14 14

The system of liner equations to be solved at each Newton-Raphson iter-
ation is now expressed globally as:

el MES
zo i (149)
{ kpi; k’p; Ap R,

The off-diagonal term k,, of (149) is in fact identical to that obtained in
the previous section relating the volumetric stress and geometry via equation
(137), that is:

ko = / NyH VN, dV (150)
\%

The diagonal component K2 in the above tangent matrix can be bro-
ken down into three terms: a constitutive component due to the Hessian
of the isochoric strain energy W, an initial stress term similar to that de-
rived in equation (133) plus a contribution from geometric derivative of the
stabilisation term 7, (J, — 1) , that is:

K}, =(Ky+Ky+K,). (151)
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The stabilisation component is easily evaluated for equations (145) and
(146) as

6v, - KPuy = | 7, [Hy : (60, @ VN, )] D Jy [uyNy] dV

Tp [Hﬂc : (5va ® VONa)] [Hsc : (Ub & VONb)] dVv

S— <L <—

(152)
= Tp (5’Ua . HwVONa) (’U,b . HwVONb> dVv
= 5'va . /Tp (HwVUNa> & (HwV()Nb) dVv Uy
\%
which gives:
K = / 7, (HyVoN,) @ (HzVoN,) dV (153)
v

The initial stress component is given by equation (133) with a volumetric
stress component that includes the additional stabilisation term, that is:

kL = / (g +2,F,) (VoN, x VoN,) dV
v (154)

[Kgb] T Eijk [kgb}k

Finally, the constitutive component is given by the Hessian of the iso-
choric strain energy as:

. DF, [u,Ny)
0v, - K;{;ub = / [DFQc [0vaNy|: DH g [0v,N,]: DJy [5%]\@]] [Hy| |: DH, [upyNy] | dV
v DJ;B [’U,bNb]
(155)

The off-diagonal term k2, in (149) can be broken down into three terms
stemming from the linearisation of the right hand side of equation (147) with
respect to the geometry, that is:
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k., =k;— kg, —kn, (156)

where
5pak:3b Sup = /(SQUQZ\T(LDJQc [up Ny AV = dp, /NaHmVONb dV | up (157)

which gives

k% = / N,H VN, dV (158)

Computation of the directional derivative of the second term on the right
hand side of equation (147) and use of properties (7) and (11) yields:

opaky, - wy = 0py | To (HxVoN,) - (DH  [uyNy] Vop) dV

= 0pa | To (HzVoN,) - [(Fz X (uy ® Vo)) Vop] dV

<\ <\

(159)
=0pa | To [(HeVoN, @ Vop) X Fo] : (up, @ VoIVy) dV

<

= 0pa To [(HzVoNg @ Vop) X Fi] VoNy dV | -y

< —

which gives

kl§1 = /Tv [(HwVONa ® Vop) X F:z:] VN, dV (160)
1%
Analogously,
ki, = | 7 [(HaVop ® VoN,) X Fy] VoNy dV (161)

<—
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. . st - .
Finally, the diagonal term k,, is given as,

g™ = — /Tv (H2VoNo) - (HyVoNy) dV (162)

\%

6. Numerical examples

The objective of this section is to present a series of numerical examples
in order to prove the robustness, accuracy and applicability of the compu-
tational framework presented above. Numerical results dealing with both
compressible and incompressible polyconvex constitutive models will be pre-
sented.

For the compressible case, four different formulations are presented: i) a
standard displacement {x} based formulation as described in Section 4.1,
hereby denoted as DF; ii) a seven field {x, F,H,J, Xp, X, % ;} mixed
formulation as described in Section 4.2, denoted as MTF; iii) a four field
{z,XFp,Xq,2;} mixed formulation based on the complementary energy
principle described in Section 4.3, denoted by MCF and iv) an alterna-
tive five field {x, H,J, X g, %} mixed formulation, denoted as M5F. In
this last case, the deformation gradient is enforced to coincide strongly with
the material gradient of the spatial coordinates, namely F' = Vx.

All of the numerical results presented correspond to the following selection
of functional spaces: continuous quadratic interpolation of the displacement
field (geometry) @, piecewise linear interpolation of the strain and stress fields
F., H, Xr and X and piecewise constant interpolation of the Jacobian J
and its associated stress conjugate ;. With these functional spaces, the
three mixed formulations M7F, MCF and M5F will render identical results.

For the incompressible case, a two field {@, p} mixed formulation is em-
ployed, as described in Section 4.4. In this case, two interpolations will be
compared. First, a P1-P1 linear continuous interpolation for both displace-
ment and pressure fields (e.g. with the help of stabilisation) and, second,
a P2-P0 continuous quadratic interpolation for the displacement field and
piecewise constant interpolation for the pressure field (e.g. without stabili-
sation).

From the post-processing standpoint, the numerical results in terms of
stresses will be reported for the Cauchy stress components o and the hydro-
static pressure p (e.g. p = %a : I). Tt is important to emphasise that their
evaluation is carried out via equation (82).
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6.1. Patch test

The first numerical example includes a standard three dimensional patch
test in order to assess the correctness of the computational implementation.
This problem was already presented in [24]. Two different polyconvex com-
pressible constitutive models are considered. The first polyconvex model is
a standard Mooney-Rivlin model, based on equation (33), as follows:

W (F,H,J)=0o,(F:F)+3,(H: H)+ f,(J) (163a)
fs(J) = —4BnJ — 2a,InJ + ;8 > (=T (163b)

S

where oy, O, \s and €4 are user defined material parameters given by
as = 126kPa, By = 252kPa, M, = 81512kPa, &, = 20. (164)

A second polyconvex constitutive model, based on that presented in [24],
is defined as follows,

W,(F,.H,J)=o,(F:F?+§,(H: H)?+ f,(J) (165a)
f.(J) = —248,nJ — 12a,InJ + ;—;2 (J50 — J ) (165b)

where oy, ,, Ay and €, are user defined material parameters. Note that for
this second polyconvex model W,, F' and H can be expressed in terms of
their respective conjugate stresses X and X g, respectively, as,

1

F=_—(Sr: Yr) g (166a)
q
1 _
H = W (S :Zu) oy (166b)
q

Above equations (166) enable the explicit computation of the strain vari-
ables in terms of their stress conjugates without having to resort to a numer-
ical solution via a Newton-Raphson nonlinear solver. This will be of interest
when using the complementary energy mixed formulation MCF'. On the con-
trary, the Jacobian J can only be obtained in terms of its conjugate stress
Y., after solving numerically above equations (163b) and (165b).

The material parameters used for this constitutive model are taken as:

a, = 21kPa, 8, =42kPa, A, = 8000kPa, &, =20 (167)
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For both constitutive models Wy and W, the linear elasticity constitutive
operator in the reference configuration renders the same material parameters,
namely shear modulus p = 756k Pa and Poisson’s ratio v = 0.49546.

A homogeneous deformation mapping is defined through a stretch AL/L =
0.5 in the OX direction, applied to a cubic shape domain of side L, as de-
picted in Figure 2. To achieve this deformation, non-zero normal Dirichlet
boundary conditions are applied on the boundary faces perpendicular to the
OX axis and zero normal Dirichlet boundary conditions are defined on two
adjacent faces perpendicular to the OY and OZ axes. Zero Neumann bound-
ary conditions are defined everywhere else.

The domain is discretised using two different meshes of (2 x 2 x 2) x 6
tetrahedral elements. First, a structured mesh is shown in Figure 2(a) and,
second, a distorted mesh is shown in Figure 2(b) (as presented in reference
[24]) where the interior node is displaced randomly. The objective of this
example is to demonstrate that the same solution is obtained for both meshes.

As expected, hence passing the patch test, for the three mixed formula-
tions defined above, namely M7F, MCF and M5F, the results are identical
for both meshes (the only numerical difference due to machine accuracy). A
resulting Cauchy stress component of o,, = 929.9kPa is obtained for the
model Wy and a value of 0,, = 1,087.4kPa is obtained for the model W,
which is identical to that reported in reference [24]. The homogeneous defor-
mation gradient tensors for both constitutive models, namely F'y, and Fyy,,
are

15 0 0 15 0 0
Fw,=| 0 08161 0 |, Fy,=| 0 08170 0 |.(168)
0 0 08161 0 0 08170

For completeness, the quadratic convergence of the Newton-Raphson al-
gorithm is displayed in Figure 3.

41



Figure 2: Three dimensional patch test. (a) View of half undistorted mesh in the reference
configuration. (b) View of half distorted mesh in the reference configuration. (¢) Example
of deformed geometry after stretching of AL/L = 0.5 in the OX direction for a Mooney-
Rivlin model W defined in (163) with parameters defined in (164).

logioResidual
>

_10,

-12 : : :
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Figure 3: Three dimensional patch test. Quadratic convergence of the Newton-Raphson
linearisation procedure.
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6.2. Cook type cantilever problem.

In this section, we analyse the same problem presented in [24] where a
Cook type cantilever problem of thickness t = 10m is analysed. The geometry
of the problem is shown in Figure 4(a) where, as it can be observed, the
cantilever is clamped on its left end and subjected to an upwards parabolic
shear force distribution applied on its right end of maximum value 7,,,, =
16k Pa. Note that this force is not considered to be a follower-load during
the deformation process.

The problem is analysed with two polyconvex compressible constitutive
models. The first polyconvex model is given by a Mooney-Rivlin material
defined as,

W,(F,H,J)=a,(F:F)+8,(H: H)+ f,(J) (169a)
fo(J) = —4B,InJ — 2a,InJ + % (J —1)° (169D)

where the material parameters are chosen as

a, = 126kPa, (3, = 252kPa, ), = 81512kPa. (170)

The second polyconvex model, WW,, is identical to that presented in (165)
with material parameters those in (167). This renders for both W, and W,
models an identical linear elasticity operator in the reference state defined by
a shear modulus p = 756k Pa and a Poisson’s ratio v = 0.49546. The nearly
incompressible nature of the material will emphasise the differences between
the DF formulation and the alternative mixed formulations, particularly in
terms of stresses.

Notice that in the case of the polyconvex model defined by W, the stress
conjugate > ; to the Jacobian J is obtained as,

zJ:—Z(ap—jQ@”)+Ap(J—1). (171)

Notice also that this simple expression enables, without the need to em-

ploy a Newton-Raphson procedure, to express directly the Jacobian J in
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‘ Mesh ‘ Elems. ‘ Dofs. ‘ Dofs. F.H,Yr, ¥y ‘ Dofs. J, ¥, ‘

Coarse | 1470 | 2,475 x 3 1,470 x 4 x 9 1,470 x 1
Medium | 3,600 | 5,730 x 3 3,600 x 4 x 9 3,600 x 1
Fine 5,880 | 9,251 x 3 5,880 x4 x9 5,880 x 1

Table 1: Cook type cantilever problem. Mesh discretisation details. Column 2: number of
tetrahedral elements (Elems.). Column 3: number of degrees of freedom (Dofs.) associated
to the spatial coordinates &. Column 4: number of degrees of freedom (Dofs.) associated
to the strain/stress fields F', H, X, ¥ . Column 5: number of degrees of freedom (Dofs.)
associated to the strain/stress fields J, X ;.

terms of its conjugate stress ¥ ; as follows,

(o + Z0) /O + 200 48X, (0, + 28,)
o,

J=—

J =

ifA, >0 (172a)

2 (as + 20s)

if A\ = 0. 172b
S =0 (172b)

These expressions are particularly useful when using the complemen-
tary energy formulation MCF'. Three discretisations are considered, namely
coarse, medium and fine, comprised of (7 x 7 x 5) x 6, (10 x 10 x 6) x 6 and
(14 x 14 x 5) x 6 tetrahedral elements, respectively. The fine mesh is dis-
played, as an example, in all of the numerical results presented in Figures
4(c)-(d) and thereafter. For completeness, Table 1 displays the discretisation
details for each of the meshes employed. Notice how the number of degrees of
freedom associated to the strain/stress variables is proportional to the num-
ber of tetrahedral elements of the mesh. As presented in previous sections,
these degrees of freedom are condensed out at an element level.

For the three discretisations and the two constitutive models above de-
scribed, the four implementations DF, M7F, MCF and M5F where anal-
ysed. For instance, Figures 4(c) and 4(d) display the displacement field u,
and the stress field o,, for the fine discretisation and the constitutive model
W, by using the various mixed formulations (i.e. the three implementations
render identical results).

Figures 5 to 7 display the contour plot of different stress magnitudes (0.,
oy, and pressure) using the constitutive model W), and the fine discretisa-
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tion. Results are presented comparing the mixed formulations, which render
identical results (see Figures 5(a), 6(a) and 7(a)) versus the DF formulation
(see Figures 5(b), 6(b) and 7(b)).

A more detailed comparison is established in Tables 2 and 3, where results
obtained with the four formulations, namely the three mixed formulations
and the DF formulation are displayed. Results are presented for both stresses
and displacements sampled at points A, B and C, as depicted in Figure 4(b).
As can be noticed, the DF implementation underestimates the displacements
obtained with the alternative mixed formulations. It can be seen how the
DF implementation converges from below whereas the alternative mixed
formulations converge from above. In addition,the results obtained with the
constitutive model W, match very well those presented in reference [24].

As expected (e.g nearly incompressible material), regarding the stresses,
the differences are more significant, specially for the W, constitutive model.
The higher nonlinearity of the W, model with respect to the W, model high-
lights the differences between both formulations. Whereas the results for the
DF formulation do not seem to converge with clear pressure oscillations, the
results for the alternative mixed formulations show a very defined conver-
gence pattern. The results obtained with the constitutive model W, match
very well those presented in reference [24].

Finally, it is important to mention that the equivalence between the MCF
formulation and the other mixed formulations can be badly affected with the
choice of the parameter ¢, used in equation (165) (¢ in equation (163)). The
higher the coefficient ¢, (&5) the higher the error tolerance must be when
solving numerically equation (165b) (or equation (163b)) via the Newton-
Raphson nonlinear solver. Otherwise, small variations in the Jacobian J
can introduce significant changes in the conjugate stress > ; and make the
MCF formulation to yield different results to those of the M7F and M5F
formulations.
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W, model W, model

Fine Medium Coarse ‘ Fine Medium Coarse
afx -103.12  -105.31 -106.64 | -114.36  -117.63 -116.46
oB | 120.35 121.98 118.17 | 171.37 172.83  166.76
a;“y -113.89  -116.18 -117.27 | -147.38 -150.96 -148.07
05 196.49 197.99 194.78 | 366.43 365.96  364.85
uy | -20.76 -20.78  -20.81 | -20.32 -20.30  -20.25
ug 18.93 18.95 18.98 18.66 18.66 18.66
u¢ 0.010 0.016 0.036 | -0.001  -0.0005 0.007

Table 2: Cook type cantilever problem. Stress components (kPa) and displacements (m)
at points A, B and C as displayed in Figure 4(b). Results are obtained using the mixed
formulations. Coarse, medium and fine discretisations of (7 x 7 x 5) x 6, (10 x 10 x 6) x 6
and (14 x 14 x 5)x 6 tetrahedral elements, respectively. W, model (columns 2 to 4) defined
in (169) with parameters given in (170). W, model (columns 5 to 7) defined in (165) with
material parameters in (167).

W, model W, model

Fine Medium Coarse ‘ Fine Medium Coarse
fo -94.40 -75.28 -189.83 | -98.39 -79.41 -192.31
afx 232.99 305.44 88.03 | 238.37 310.57 94.58
O'yAy -134.17  -114.81 -223.26 | -132.36  -115.06 -221.94
05 419.31 485.52  279.44 | 426.22 492.28  286.87
Uy -20.55 -20.43 -20.21 -20.20 -20.00 -19.86
uyc 18.83 18.80 18.74 18.60 18.57 18.51
uzc -0.060 -0.086  -0.143 | -0.061 -0.087 -0.143

Table 3: Cook type cantilever problem. Stress components (kPa) and displacements
(m) at points A, B and C as displayed in Figure 4(b). Results obtained using the DF
formulation. Coarse, medium and fine discretisations of (7 x 7 x 5) x 6, (10 x 10 x 6) x 6
and (14 x 14 x 5) x 6 tetrahedral elements, respectively. W, model (columns 2 to 4) defined
in (169) with parameters given in (170). W, model (columns 5 to 7) defined in (165) with
material parameters in (167).
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Figure 4: Cook type cantilever problem. (a) Geometry of the problem and boundary
conditions, where a parabolic upwards shear stress distribution with maximum value
Tmaz = 300kPa is applied on its right end. Axes OX; and OX, coincide with oz
and oy in (b), respectively. (b) Representation of the finest discretisation employed with
(14 x 14 x 5) x 6 tetrahedral elements. (c) Contour plot of displacement field u,(m) for
the polyconvex model W, defined in (165) with material parameters in (167). (d) Contour
plot of stress field 0., (Pa) for the polyconvex model W, defined in (165) with material
parameters in (167).
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Figure 5: Cook type cantilever problem. Contour plot of the distribution of stress co-
efficient 0, (Pa) for (a) mixed formulations and (b) DF formulation. Mooney-Rivlin
model W, defined in (169) with material parameters given in (170). Discretisation of
(14 x 14 x 5) x 6 tetrahedral elements.
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Figure 6: Cook type cantilever problem. Contour plot of the distribution of stress co-
efficient o, (Pa) for (a) mixed formulations and (b) DF formulation. Mooney-Rivlin
model W, defined in (169) with material parameters given in (170). Discretisation of

(14 x 14 x 5) x 6 tetrahedral elements.
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Figure 7: Cook type cantilever problem. Contour plot of the distribution of the hydro-
static pressure p(Pa) for (a) mixed formulations and (b) DF formulation. Mooney-Rivlin
model W, defined in (169) with material parameters given in (170). Discretisation of
(14 x 14 x 5) x 6 tetrahedral elements.
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6.3. Compressible short column subjected to transverse shear force.

In this example, a short column of squared cross sectional area is analysed
when subjected to large deformations, as depicted in Figure 8(a). The height
of the column is h = 5m and the size of the square defining the cross section
is a = Im. The column is clamped at its bottom end and it is subjected
at the top end to a shear stress distribution parabolic in the OY direction
and constant in the OX direction, of maximum value 7,,,, = 76kPa. Note
that this force is not considered to be a follower-load during the deformation
process.

The constitutive model is a compressible Mooney-Rivlin type material
defined by an energy function W, as

W.(F.H,J)=o.(F:F)+8,(H: H)+ f.(J) (173a)
fe(J) = —48InJ — 2a.InJ (173b)

where the material parameters are chosen as

o, = 47.25kPa, .= 141.75kPa. (174)

The selection of these material parameters yield a linear elasticity consti-
tutive operator in the origin defined by a shear modulus p = 378kPa and a
Poisson’s ratio v = 0.3.

The objective of this example is to demonstrate the p-order of accuracy
of the different mixed formulations, as a function of the chosen finite element
approximation spaces. For this purpose, the column is initially discretised
with (2x2x10) x 6 tetrahedral elements (see Figure 8(b)) and, subsequently,
h-refinement is carried out generating a total of four discretisations. As a
closed form solution is not available for this problem, the finest mesh is used
to generate numerically the so-called “benchmark” solution (for each mixed
formulation) for comparison purposes. 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

¢z = { /V €0 dV] " (175)

associated with the magnitude of the tensor field ¢. In our case, ¢ can be any
of the kinematic or kinetic unknowns, namely , F', H, J, ¥, X g and 3;.
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This enables the definition of the following error norm ||¢; — 22/l 22,
where ¢, stands for the benchmark solution and ¢; the solution of the i-th
mesh, with ¢ = 1,...,(b—1). This can then be used to assess the convergence
of the algorithm under A-refinement.

Figure 9 displays the contour plot distribution of the stress o,, for dif-
ferent stages of the deformation. The results presented are identical for all
of the mixed formulations. As can be observed, the stress distribution is
smooth (absence of pressure modes) and the deformation does not show any
locking in its deformation pattern.

Figure 10 shows the order of accuracy of the different unknown vari-
ables for the mixed formulations (all yielding identical convergence pattern).
Figure 10(a) displays the convergence of the kinematic variables @, F, H
and J whereas Figure 10(b) displays the convergence of the kinetic variables
Yr, Xy and ¥ ;. As expected, the convergence observed is p + 1 in all the
variables.

For completeness, Figure 11 has been included to demonstrate the quadratic
convergence of the Newton-Raphson linearisation procedure.
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Figure 8: Compressible short column of height A = 5m and squared cross section defined
by its size a = 1m. (a) Boundary conditions: clamped bottom end and parabolic stress
distribution at the top end. Axes OX; and OXj5 coincide with oy and oz in (b), respec-
tively. (b) Example of finite element discretisation: coarsest mesh with (2 x 2 x 10) x 6
tetrahedral elements.

53



-31244.1 -4961.58 21321 47603.5 -109385 -9580.03 90225.3 190031

(a) (b)

-243686 20327 247752 493471

-160366 -4548.81 151268 307085

() (d)

Figure 9: Contour plot of the stress o, (Pa) distribution for the compressible short column
example using a mixed formulation. Results after application of an incremental loading of
(a) 5% (b) 25% (c) 50% and (d) 100% of the total external shear stress 7 = 7,4, Mooney-
Rivlin model W, defined in (169) with material parameters given in (174). Results shown
for a discretisation of (4 x 4 x 20) x 6 tetrahedral elements (3,321 x 3 degrees of freedom
associated to the spatial coordinates x).
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Figure 10: Compressible short column example: order of accuracy of different strain and
stress magnitudes for the mixed formulations. (a) Order of accuracy of the kinematic
variables x, F', H and J. (b) Order of accuracy of the kinetic variables X p, X g and X ;.
Mooney-Rivlin model W, defined in (169) with material parameters given in (174).
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Figure 11: Compressible short column example: quadratic convergence of the Newton-

Raphson linearisation procedure. Mooney-Rivlin model W, defined in (169) with material
parameters given in (174).
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6.4. Incompressible long column subjected to transverse shear force.

A very similar example to that presented in the previous section is anal-
ysed. In this case, a longer column of height A~ = 10m of squared cross
sectional area is analysed when subjected to large deformations. As in the
previous section, the size of the square defining the cross section remains
a = 1m. The column is clamped at its bottom end and subjected to a
parabolic (only in the OY direction) shear stress distribution at the top end
of maximum value 7,4, = 14.4kPa. Note that this force is not considered to
be a follower-load during the deformation process.

The constitutive model is taken as incompressible Mooney-Rivlin defined
via a polyconvex isochoric energy function W; defined as

W, (F.H,J)=v;J % (F:F)+~,J%(H : H)** (176)

where the material parameters are chosen as

v; = 189k Pa, ~; = 72.75kPa. (177)

The selection of these material parameters yield a linear elasticity con-
stitutive operator in the origin defined by shear modulus p = 756k Pa and
Poisson’s ratio v = 0.5.

The objective of this example is to demonstrate the behaviour of the
stabilisation technique as presented in Section 5.3. For this purpose, two
interpolation techniques will be considered: first, a P1-P1 linear continuous
interpolation for both displacement and pressure fields (e.g. with the help
of stabilisation) and, second, a P2-P0 continuous quadratic interpolation for
the displacement field and piecewise constant interpolation for the pressure
field (e.g. without stabilisation).

For the P1-P1 interpolation, an unstructured mesh of 17,575 tetrahedral
elements is used (3,859 x 3 degrees of freedom associated to the spatial
coordinates x) (refer to Figures 12(a)-(c)) and for the P2-P0 interpolation,
an unstructured mesh of 3,962 tetrahedral elements is used (6, 675 x 3 degrees
of freedom associated to the spatial coordinates x) (refer to Figures 12(d)).
Notice that a very fine P2-P0 discretisation has been chosen in order to
adequately benchmark the solution obtained with the alternative stabilised
P1-P1 formulation.

Figures 12 and 13 display the contour plot distribution of the hydrostatic
pressure and the displacement field u,, respectively. Within these figures, the
solution by using the non-stabilised P2-P0 implementation is displayed in the
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sub-figures (d) whereas sub-figures (a) to (c) present the results for the sta-
bilised P1-P1 implementation, with stabilisation parameter a = 0.1,0.2, 0.5,
respectively. In all of the P1-P1 analyses, stabilisation coefficient 7, = 0 was
employed.

The results show an excellent agreement between the non-stabilised P2-P0
formulation (see Figures 12(d) and 13(d)) and the stabilised P1-P1 formula-
tion when using a = 0.2 (see Figures 12(b) and 13(b)). Larger values of the
stabilisation parameter « lead to stiffer solutions (i.e. volumetric and shear
locking) and viceversa. It is also clear that for the stabilised P1-P1 imple-
mentation, smooth distributions of stresses are obtained, removing possible
spurious pressure oscillations.
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Figure 12: Contour plot of the hydrostatic pressure distribution p(kPa) for the incom-
pressible long column example. (a) Stabilised P1-P1 formulation with 7, = 0 and @ = 0.1.
(b) Stabilised P1-P1 formulation with 7, = 0 and a = 0.2. (c) Stabilised P1-P1 formu-
lation with 7, = 0 and a = 0.5. (d) Non-stabilised P2-P0 formulation. Incompresible
Mooney-Rivlin model W; defined in (176) with material parameters given in (177). Re-
sults shown in (a) to (c) are for a discretisation of 17,575 tetrahedral elements (3,859 x 3
degrees of freedom associated to the spatial coordinates x). Results shown in (d) are for
a discretisation of 3,962 tetrahedral elements (6,675 x 3 degrees of freedom associated to
the spatial coordinates x).
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Figure 13: Contour plot of the displacement u,(m) distribution for the incompressible long
column example. (a) Stabilised P1-P1 formulation with 7, = 0 and o = 0.1. (b) Stabilised
P1-P1 formulation with 7, = 0 and o = 0.2. (c) Stabilised P1-P1 formulation with 7, =0
and o = 0.5. (d) Non-stabilised P2-P0 formulation. Incompresible Mooney-Rivlin model
W; defined in (176) with material parameters given in (177). Results shown in (a) to
(c) are for a discretisation of 17,575 tetrahedral elements (3,859 x 3 degrees of freedom
associated to the spatial coordinates x). Results shown in (d) are for a discretisation
of 3,962 tetrahedral elements (6,675 x 3 degrees of freedom associated to the spatial
coordinates x).
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6.5. Twisting cantilever beam

The last example includes the twisting of a cantilever beam of length L =
6m and a squared cross sectional area of side a = 1m. The beam is clamped
at its left end and subjected to a torsion on its right end. This example
is included to demonstrate the robustness of the mixed formulations. The
torsion at the right end is generated through Dirichlet boundary conditions
as follows

where Ey is the unit vector normal to the cross section in the reference
configuration, X are the initial coordinates, # is the angle of rotation and
are the final coordinates. As can be observed, the section is not restricted to
in-plane torsion and zero Neumann boundary conditions are imposed normal
to the cross sectional area. A similar example has been presented by the
authors in previous references [47, 49].

The geometry and boundary conditions for the problem are depicted in
Figure 14(a). The constitutive model is a compressible Mooney-Rivlin de-
fined by an energy function W, defined by

W, (F,H,J)=qa,(F:F)+8,(H: H)+ f.(J) (179a)
fu(J) = =4B,InJ — 2a,InJ (179b)

where the material parameters are chosen as

a, = 9.0kPa, p,=9.0kPa. (180)

The selection of these material parameters yield a linear elasticity con-
stitutive operator in the origin defined by shear modulus y = 36kPa and
Poisson’s ratio v = 0.25. The analysis is carried out with a finite element
discretisation comprised of 2,304 tetrahedral elements (4,009 x 3 degrees of
freedom associated to the spatial coordinates ).

Figure 15 displays the contour plot distribution of the stresses o, (see
Figure 15(a) and 15(b)) and o,, (see Figure 15(c) and 15(d)). Results dis-
played in Figures 15(b) and 15(d) are obtained by using the DF implemen-
tation whereas results in Figures 15(a) and 15(c) are obtained by using the
alternative mixed formulations, namely M7F, MCF and M5F, all yielding
identical results.
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As can observed, important differences in terms of stresses can be ob-
served between the DF formulation and the alternative mixed formulations.
This deformation pattern is very demanding for the DF formulation and im-
proved results would require h-refinement. It is important to emphasise that
the results are similar in terms of deformation as the problem is displacement
driven by the boundary conditions.

The extreme deformation undertaken by the beam leads to a buckled
configuration that can be observed in Figure 16, where the out-of-plane con-
figuration can be clearly observed along with the hydrostatic pressure distri-
bution, where negative values (compressive areas) can be identified.

Finally, for completeness, different results concerning some of the com-
ponents of the kinematic variables F', H and .J are shown in Figures 17 and
18. It is possible to observe the smooth distribution of the different fields.

Figure 14: Twisting cantilever beam problem of length A = 6m and squared cross section
defined by its size a = 1Im. (a) Boundary conditions: clamped left end and twisting
rotation applied at the right end. Axes OX;, OXs and OXj3 coincide with ox, oy and
oz in (b), respectively. (b) Example of finite element discretisation: 2,304 tetrahedral
elements (4,009 x 3 degrees of freedom associated to the spatial coordinates x).

7. Concluding remarks

This paper has provided a novel approach to formulate large polyconvex large
strain elasticity in the computational context. The key novel contributions
of the work presented here are:
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Figure 15: Contour plot of the stress o,,(Pa) ((a) and (b)) and oy, (Pa) ((c) and (d))
distribution for the twisting cantilever beam example. Results obtained with the DF
formulation ((b) and (d)) and alternative mixed formulations ((a) and (c)). Mooney-
Rivlin model W,, defined in (179) with material parameters given in (180). Results shown
for a discretisation of 2,304 tetrahedral elements (4,009 x 3 degrees of freedom associated
to the spatial coordinates ).
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Figure 16: Lateral and plan view of the contour plot of the hydrostatic pressure distribution
p(Pa) for the twisting cantilever beam example. Results obtained with the alternative
mixed formulations. Mooney-Rivlin model W,, defined in (179) with material parameters
given in (180). Results shown for a discretisation of 2,304 tetrahedral elements (4,009 x 3
degrees of freedom associated to the spatial coordinates x).

e The definition of a tensor cross product which greatly facilitates the
algebraic manipulations of expressions involving the adjoint of the de-
formation gradient and its derivatives.

e The definition of stresses { X r, X g, 27} conjugate to the main extended
kinematic variable set {F', H, J} and the development of relationships
between these stresses and more classical stress tensors such as the
Piola-Kirchhoff stress.

e The definition of a convex complementary strain energy functional in
terms of the new set of conjugate stresses {Xp, Xp, 2}

e The derivation of the elasticity tensor using the simplified algebra fa-
cilitated by the tensor cross product definition.

e The formulation of several mixed variational principles including novel
Hellinger-Reissner two field versions which reduce the number of prob-
lem variables over more traditional three field Hu-Washizu type of prin-
ciples.

e The introduction of a stabilised Petrov-Galerkin discretisation in the
context of mixed principles described above.
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Figure 17: Contour plot of the distribution of the components (a) Fii, (b) Fia, (¢) F3a,
(d) Hia, for the twisting cantilever beam example. Results obtained with the alternative
mixed formulations. Mooney-Rivlin model W, defined in (179) with material parameters
given in (180). Results shown for a discretisation of 2,304 tetrahedral elements (4,009 x 3
degrees of freedom associated to the spatial coordinates x).
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Figure 18: Contour plot of the distribution of the components (a) Hag, (b) Ha1, (¢) Hsa,
and (d) J, for the twisting cantilever beam example. Results obtained with the alternative
mixed formulations. Mooney-Rivlin model W, defined in (179) with material parameters
given in (180). Results shown for a discretisation of 2,304 tetrahedral elements (4,009 x 3
degrees of freedom associated to the spatial coordinates x).
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The examples provided in the paper have demonstrated that the formulation
proposed is capable of modelling complex problems in large strain elasticity
and provide order of convergence which is appropriate for the discretisation
space chosen. The additional cost involved in the extra variables involved in
mixed formulations is significantly reduced in the case of Hellinger-Reissner
type of approaches. Moreover, the use of discretisation spaces in which de-
formation or stress fields are discontinuous across element faces enables these
variables to be resolved locally leading to computational cost very compara-
ble to those of displacement based approaches.

Future work will consider the extension of the present framework to solid dy-
namics using appropriate conservation laws for the extended set of kinematic
variables in the manner proposed in references [47, 49-54].
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