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Abstract

This paper introduces a new computational framework for the analysis of
large strain fast solid dynamics. The paper builds upon previous work pub-
lished by the authors (Gil et al., 2014) [1], where a rst order system of hyper-
bolic equations is introduced for the simulation of isothermal elastic materials
in terms of the linear momentum, the deformation gradient and its Jacobian
as unknown variables. In this work, the formulation is further enhanced
with four key novelties. First, the use of a new geometric conservation law
for the co-factor of the deformation leads to an enhanced mixed formulation,
advantageous in those scenarios where the co-factor plays a dominant role.
Second, the use of polyconvex strain energy functionals enables the de ni-
tion of generalised convex entropy functions and associated entropy uxes for
solid dynamics problems. Moreover, the introduction of suitable conjugate
entropy variables enables the derivation of a symmetric system of hyperbolic
equations, dual of that expressed in terms of conservation variables. Third,
the use of a new tensor cross product greatly facilitates the algebraic manipu-
lations of expressions involving the co-factor of the deformation. Fourth, the
development of a stabilised Petrov-Galerkin framework is presented for both
systems of hyperbolic equations, that is, when expressed in terms of either
conservation or entropy variables. As an example, a polyconvex Mooney-
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Rivlin material is used and, for completeness, the eigen-structure of the re-
sulting system of equations is studied to guarantee the existence of real wave
speeds. Finally, a series of numerical examples is presented in order to assess
the robustness and accuracy of the new mixed methodology, benchmarking it
against an ample spectrum of alternative numerical strategies, including im-
plicit multi- eld Fraeijs de Veubeke-Hu-Washizu variational type approaches
and explicit cell and vertex centred Finite Volume schemes.

Keywords: Large strain elasticity, Polyconvex elasticity, Conservation
laws, Entropy variables, Stabilised nite elements, Petrov-Galerkin

1. Introduction

Traditional displacement-based nite element formulations [2{4] are typ-
ically employed when simulating complex engineering large strain transient
problems. Linear tetrahedral elements tend to be preferred due to the matu-
rity of the existing unstructured mesh generators [5]. However, this approach
presents a number of well-known shortcomings, namely, a reduced order of
convergence for strains and stresses [6, 7], poor performance in nearly in-
compressible bending dominated scenarios [8{10] and numerical instabilities
in the form of shear locking, volumetric locking and spurious hydrostatic
pressure uctuations [11{13]. In addition, displacement-based methods used
in conjunction with Newmark-type time integrators [14] have a tendency
to introduce high frequency noise and accuracy is degraded once numerical
arti cial damping is employed [15{19].

Some of these numerical di culties can be addressed with the use of high
order approaches [20{22]. However, the increase in the number of integration
points can drastically reduce the computational e ciency of these schemes in
comparison with low order approaches, especially when complex constitutive
laws are of interest (e.g. visco-elasticity, visco-plasticity).

Signi cant work has been undertaken to develop e ective linear tetra-
hedral formulations for solid mechanics. Multi- eld Fraeijs de Veubeke-Hu-
Washizu (FAVHW) type variational principles [23] are among them, where
independent kinematic descriptions are used for the volumetric and devia-
toric contributions of the deformation, such as the conventional mean dilata-
tion method [24]. Unfortunately, the latter approach cannot be employed
with linear tetrahedral elements and it is typical to resort to some form of
projection to reduce the number of volumetric constraints [24{33].



The very rst family of nodally integrated tetrahedral elements was for-
mulated by Bonet and Burton [34]. The resulting methodology performed
extremely well in nearly incompressible impact problems but was found to
behave poorly in bending dominated scenarios. Since then, numerous at-
tempts have been reported at improving the robustness of the formulation
[9, 10, 13, 35]. However, resulting approaches su er from arti cial mecha-
nisms similar to hourglassing unless some form of stabilisation is used [13, 36{
40].

Reference [41] presented a stabilised Petrov-Galerkin (PG) mixed formu-
lation using Galerkin Least Squares stabilisation for the analysis of the Stokes
problem, with equal order of interpolation for velocity and pressure. The
formulation circumvents the Ladyzenskaya-Babuska-Brezzi (LBB) condition
ensuring both numerical stability and optimal convergence. This approach
has been extended to linear tetrahedral elements in the context of elastostat-
ics [13, 42{46]. However, the development of an e ective linear tetrahedral
formulation in the range of large strain dynamics still remains an open issue
[1, 47, 48].

To overcome all the shortcomings mentioned above, a mixed methodology
was introduced where the linear momentum p and the deformation gradient
F were treated as primary variables of a new mixed approach in the form
of a system of conservation laws [8, 49{52]. The two- eld formulation was
recently augmented by incorporating a new conservation law for the Jacobian
of the deformation J [53, 54] to e ectively solve bending dominated nearly
incompressible deformations [1, 55, 56]. Moreover, the formulation was also
extended to account for truly incompressible materials utilising a fractional
step approach [57{60] to circumvent the volumetric wave speed constraint.

One of the key novelties in this paper is the new use of a tensor cross
product operation, along with its associated algebra [46], presented for the

rst time in Reference [61], page 76, which greatly simpli es the notation
and enables the introduction of a new conservation equation for the area
map tensor H (co-factor of the deformation gradient). This new geometrical
conservation law is then solved along with those already described by the
authors in previous publications [1, 8, 49, 50, 52], yielding a more general
computational framework.

The enhanced mixed methodology is formulated in the form of a system
of rst order conservation laws [62, 63], where the linear momentum p con-
servation equation is now supplemented with three geometric conservation
laws for the minors of the deformation tensor (i.e. one for the deformation
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gradient F, one for the area map H and one for the Jacobian of the de-

formation J). Crucially, and in line with the pioneering work of Hughes et

al. [64] in the context of Computational Fluid Dynamics, the consideration

of polyconvex energy functionals in nonlinear elasticity [65{71] enables the

de nition of a generalised convex entropy function (and associated entropy
ux).

This innovative idea facilitates the transformation of the system of con-
servation laws into a symmetric set of hyperbolic equations when expressed
in terms of the entropy conjugates of the conservation variables. This guar-
antees the existence of real wave speeds, and hence material stability, due
to the fact that the Hessian operator is positive de nite [45, 46]. Moreover,
the formulation in terms of entropy variables can lead to alternative forms
of stabilisation as presented in [72].

This paper is the rst one in a series aiming to further explore the use of
a rst order hyperbolic system of conservation laws in the context of large
strain fast dynamics. The outline of the present paper is as follows. In
section 2, we start by introducing a new tensor cross product which greatly
simpli es the de nition of the area map tensor (co-factor of the deformation).
A full set of total Lagrangian conservation laws, in the form of a system of

rst order hyperbolic equations, as well as the de nition of a polyconvex
energy functional are presented in section 3. In section 4, the considera-
tion of polyconvexity enables the symmetrisation of the hyperbolic system
with an appropriate change of variables, from the conservation variables to
its entropy conjugate counterparts. As an example, the eigenvalue structure
of a Mooney-Rivlin model is also presented. In section 5, a new variation-
ally consistent Petrov-Galerkin (PG) stabilisation methodology (a particular
case of Variational Multi-Scale method [73]) for both conservation and en-
tropy variables is derived. This section ends with the description of the
Runge-Kutta time integrator employed and the PG entropy-based stabilisa-
tion particularised for one and two dimensional scenarios. In section 6, a
series of numerical examples are presented to assess the robustness of the
mixed formulations and to draw some comparisons against previous results
published by the authors [1, 8, 46, 50, 52]. Finally, section 7 presents some
concluding remarks and current directions of research.



2. De nitions and notation

2.1. Motion and deformation

Consider the three dimensional deformation of an elastic body moving
from its initial con guration occupying a volume V, of boundary @V, into
a current con guration at time t occupying volume v, see Figure 1. The
standard notation and de nitions for the deformation gradient F and its
determinant J are used:

F:@@—;:rox; J:detF=3—\\// (1)
where X represents the current position of a particle originally at X and r
denotes the gradient with respect to material coordinates. Time derivatives
or virtual variations of x will be denoted v and v, respectively, and will
satisfy appropriate boundary conditions in @,V . Additionally, the body is
under the action of certain body forces per unit undeformed volume ¥, and
traction per unit undeformed area t, in @V, where @V [ @,V = @V and
@tv \@uv =
The element of area vector is mapped from initial dA to nal da con gura-
tion by means of the two-point tensor H, which is related to the deformation
gradient via Nanson’s rule [11, 74]:

da = HdA; H=JF " (2

The components of this tensor are the order 2 minors of the deformation
gradient and it is often referred to as the co-factor or adjoint tensor. This
tensor and its time derivative 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 time derivative using equation
(2), is not ideal, and a more convenient formula can be derived for three
dimensional applications. This relies on the use of a tensor cross product
operation, presented for the rst time in Reference [61], page 76, but included
in Appendix A for completeness.

2.2. Alternative expressions for the area and volume maps
Using the property in Appendix A, equation (A.17), it is now possible
to express the area map tensor H as:

=%FXF: 3)
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Figure 1: Deformation mapping of a continuum and associated kinematics
magnitudes: F; H;J.

It is also possible to derive alternative expressions for both H and J.
For instance, combining equation (3) and equation (1) and noting that the
derivatives of F are second derivatives of X and, therefore symmetric, gives,
after simple use of the product rule:

H = ZCURL(xxF) (4)

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

0Ak .
0X5

It is clear from equation (4) that the material divergence of H vanishes,
as does the material CURL of F, that is:

(CURLA)i = Ejgk

©)

IDIVH =0; CURLF =0| (6)

where the material divergence is de ned by the contraction:

_ 0A.

(DIVA) = ot )



Combining equations (1); and (3) and alternative equation for J emerges
as:

1 1
J= §H DX = §D|V(HTx): (8)
In the context of the conservation laws that will be developed in the

following sections, equations (6) represent two sets of involutions [75, 76] or
constraints that need to be satis ed by the conservation variables.

3. Total Lagrangian conservation laws

3.1. General remarks

The aim of this section is to express the equations of large strain solid dy-
namics in the form of a set of global conservation laws for a set of conservation
variables U = [U ] with uxes F = [F ;] and source term S =[S ], where

= 1;:::;n represents the set of unknowns and I = 1;2;3 the reference
coordinates. Global conservation laws are generally expressed as:
q Z Z VA
— uUdv + FdA= Sdv: €©))
dt \% ev \%

Note that V in the above integrals represents an arbitrary Lagrangian
volume xed in the initial reference con guration. This need not coincide
with the actual entire volume of the moving body. For smooth functions, this
integral expression is equivalent to the set of rst order di erential equations:

U
W L bIvE =s: (10)
ot

In addition, for discontinuous solutions the integral conservation law also
leads to the following jump conditions across a discontinuity surface with
normal N moving with speed U [50, 77, 78]:

UU = FN (11)

where the notation =( + ) is used to denote the jump of a vari-
able across a moving discontinuity surface. It is often convenient to express
equation (10) in the quasi-linear form:

U euU _ | _ _0F,,
ﬁ-'_AI@_)(I_S’ AI_[A ]I_@_U! (12)




where F, denotes the columns of the ux matrix and, in general, the square

n n matrices A, (with ; =1;:::;n) will not be symmetric.
Alternatively, the ux matrix F de ned in (10) can be expressed as
2 3 2 3 2 3
1 0 0
F=F, Ei; E,=405; E,=415; E;=405: (13)
0 0 1

3.2. Conservation of mass and momentum

For Lagrangian formulations conservation of mass is simply stated by
q z
at odV =0: (14)
This simply implies that the initial density of the material 4 is constant and
therefore does not need to be considered as part of the vector of problem
unknowns U.
Global conservation of linear momentum p = v is established for any
arbitrary Lagrangian volume V by:
q VA Z Z
—  pdv = thdA+ T,dV; (15)
dt \Y ev \%
where F, represents a body force per unit undeformed volume and t, the
traction vector associated with the initial normal N. Assuming the exis-
tence of a rst Piola-Kirchho stress tensor P such that the traction vector
associated with the initial area with normal N is to = P N, the equivalent
local equilibrium equation and jump condition can be written as:
% Swvep=f, Up= PN: 1
ot = To p = : (16)
In general, the rst Piola-Kirchho stresses are a function of the defor-
mation gradient F, temperature and a set of state variables that describe,
for instance, the accumulated plastic deformation. This paper considers only
the case of isothermal elasticity, although the extension to elastoplasticity
or viscoelasticity is straightforward [8, 50, 52]. Under such conditions, the
Piola-Kirchho stress is derived from an elastic potential function (F) as:

e .

P(F) = gg

(17)



In general, the strain energy functional (F) is not convex in F and,
therefore, the resulting stress-strain relationship is not one-to-one. This im-
plies that given a stress tensor P it is not possible to determine the corre-
sponding deformation gradient F and, therefore, it will not be possible to use
this stress tensor as a suitable conjugate entropy variable to the deformation
gradient. In order to overcome this, it is necessary to introduce constitutive
laws de ned by means of a polyconvex elastic strain energy.

3.3. Constitutive laws: Polyconvex elasticity

Polyconvexity [65{68, 79] is now well accepted as a fundamental mathe-
matical requirement that must be satis ed by admissible strain energy func-
tions used to describe elastic materials in 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 [62] as:

(F)=W(F;H;J) (18)

where W is convex with respect to its 19 variables, namely, J and the 3 3
components of F and H. Moreover, invariance with respect to rotations
in the material con guration 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 = F'F and
G = HTH, respectively. In fact, for isotropic materials, this dependency
can be further simpli ed through the use of invariants and the observation
that:

lc =F : F; llc =H : H; e =J% (19)

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

Wur= F:F+ H:H+fQ) (20)

where and are positive material parameters and f denotes a convex
function of J. It is therefore clear that Wy is convex with respect to all of
its 19 variables. The case = 0 gives the simpler compressible Neo-Hookean
model Wy, which is convex in F and J alone without the need to introduce
H as a separate independent variable.

The condition of vanishing energy at the initial reference con guration
can be established by ensuring that f(1) = 3( + ) or by adding an



appropriate constant to Wy r. Doing this, however, has no practical e ect
on the resulting formulation as this will be driven by derivatives of the strain
energy. However, appropriate values for and and suitable functions f(J)
must be such that, at the initial con guration, the stress vanishes and the
usual linear elasticity tensor in terms of the Lame coe cients and is
recovered. This leads to the following set of conditions [46]:

)= 2( +2)
)= +2 (21)
=2( + )
A commonly used convex expression for f(J) that satis es these require-
ments is:
fQ)= 43 2II+-Q 1)?: (22)
In particular, for the Neo-Hookean case and become 5 and 0, respec-
tively.
The three strain measures F; H and J have work conjugate stresses g,
q and 3 de ned by [45, 46, 62, 63]:

W W W
F(F;H;J)=%—F; H(F;H;J):g_H; J(F;H;J)=@@—Ji
(23)

For instance, for the case of a Mooney-Rivlin material, with the aid of
equation (20), these stresses become:

e=2 F; =2 H; 5 =F'Q): (24)

By comparing the time derivative of the strain energy de ned in terms
of  (18) to the time derivative of W and using the properties of the tensor
cross product shown in Appendix A, it is possible to relate the conjugate
stresses de ned in equation (23) to the standard rst Piola-Kirchho stress

tensor as:
P E=_(F)

=W(F;H;J)

= gE+ jiH+ ;3 (25)
= 'E+ ! FXE + ;H:E

=( g+ uxF+ ;H):E:
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This leads to the following relationship [46]:

P= g+ pxF+ ;H: (26)

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

P=2F+2 (HxF)+f(J)H: (@7)

The convexity of the function W (F; H;J) with respect to its variables
ensures that the relationships between fF;H;Jgand f ¢; n; 30 is one-
to-one and invertible. It is therefore possible to de ne a complementary
energy function by means of the Legendre transform [80] as:

(r 1y 9)=max f g:F+ yiH+ ;3 W(F;H;J)g (28)
fF;H;J3g

which de nes the reverse constitutive relationship as:

@@F; H( £ w; J):@@HJ J(C Fy o oHy J)=@§@—J3
(29)
Often it is necessary to derive expressions for the symmetric Cauchy and
Kirchho stresses (i.e. and  respectively) as these stresses are needed
to express plasticity models [74] or simply to display solution results. Such
expressions can be easily derived from the standard relationship between

these tensors [11, 74, 81]:

FC( e Hy )=

J = =PF": (30)

Substituting the de nition of Piola P (26) into (30) and the use of
HFT = JI gives

J = = FT+( uxF)F'+J ,lI: (31)

The second term on the right hand side of the expression above can be
transformed with the aid of (A.18) by takihg A=J * 4HT, B =1 and
C = F (see property A:17) to give:

( uXF)FT = {HT xI: (32)
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Thus the expression for the Kirchho stresses as:
J = = FT+ 4HT x1+J ,I: (33)
Alternatively, introducing the notation:
F= gFT; n= nHT; 3=J (34)

gives,

J = = g+ gxl+ ;I (35)

3.4. Conservation of deformation gradient

Traditional displacement based solid mechanics formulations evaluate the
deformation gradient F by taking the gradient of the current geometry using
equation (1); [10, 34, 37]. However, this approach leads to a formulation
that is second order in time for x in which strains and stresses converge at
a rate one order lower than the geometry or displacement. The formulation
proposed here is based on deriving independent rst order conservation laws
for the strain variables [49{51, 55]. In order to evaluate global and local
conservation laws for F, note rst that integrating equation (1); over an
arbitrary reference volume and using the Gauss theorem gives:

z z z

Fdv = roxdv = x dA: (36)
Vv \% @v

Di erentiating with respect to time gives a global conservation law for
the deformation gradient as:

q z Z
— Fdv = v  dA: (37)
dt V] @V

The corresponding local di erential equation and jump condition are:

% v o1 =0 ur = 1p N @9
ot 0 0
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3.5. Conservation of area map

A similar conservation law can be derived for the area map tensor H. For
this purpose, note rst that integrating equation (4) over a reference volume
gives: Z Z

1
Hdv = =X X F x N dA: (39)
\% @v 2

Di erentiating this expression with respect to time and noting that F =
X gives, after some algebraic manipulation, a global conservation law for
the area map as:

z z

—  Hdv = Fx(v dA): (40)
dt vV 0\

This expression is equivalent to a local conservation law for H and jump
condition given by:
oH

Bt CURL ipxF =0; UH = Fx ip N : (41)
0 0

3.6. Conservation of volume map
A nal conservation law for the volume ratio J can be conveniently de-
rived by starting from the following \Updated Lagrangian' expression for
the rate of change of a moving volume v initially at V [73, 82, 83]:
q z Z
— dv = v da: (42)
dt vy Bu(v)
The total Lagrangian equivalent of the above equation is easily obtained

from the volume and area maps as:

q z z
— Jdv = H:(v dA): (43)
dt \Y @V

The following local conservation law and jump condition are derived from
the above global law:
0J 1

ot DIV —H'p =0; Uul = H: ip N : (44
0

o
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3.7. Combined equations
Combining the results of the various sections above, a full set of rst
order conservation laws (10) can be established with vector of variables U,
ux vector F, and source terms S given by:

2 3 = PE, 2.3
L WP E 0
Ungéi Fi= 8Fx ip E, ¢ s:goé: (45)
J H: ip E, 0

Notice that since F and H are 3 3 tensors, the above notation must be
interpreted so that their components are incorporated into the 22 1 column
vector of unknowns U by placing their columns vertically underneath each
other. A corresponding arrangement is used for the 22 3 ux matrix F
and 22 1 source term vector S. In order to avoid confusion, this combined
matrix notation will be avoided if possible in favour of using the individual
conservation laws for each component.

Inevitably, there is a signi cant amount of redundancy in the above set
of equations. This redundancy manifests itself via the involutions de ned by
equation (6) or through expressions of the type FTH = JI. It is important
that the computational technique used to discretise the above system takes
into account these sets of involutions [51, 52]. References [8] and [1] have
considered the reduced systems where only F or F and J are included. These
have proved robust in most situations. In general, however, only the full
system is capable of being symmetrised when expressed in terms of conjugate
stress variables. The only exception to this statement takes place in the case
of material models such as the compressible Neo-Hookean for which the strain
energy can be expressed as a convex function of F and J alone. For such
cases the combined system becomes:

2

3

p
J

Fi

2
S:4

L

0
0

3
S:

14
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In this expression the notation Hg = (detF)F T indicates that the area
map tensor is evaluated directly from the deformation gradient F rather than
as an independent variable from its own conservation law.

4. Symmetrisation of the elastodynamics equations

4.1. General remarks

Quasi-linear rst order hyperbolic systems can be symmetrised with an
appropriate change of variables [64], if there exists a convex generalised en-
tropy function S(U) and corresponding entropy ux (U) such that in the
absence of source terms and for all admissible solutions,

@S
— + DIV 0: 47
ot (47)

The above inequality becomes an equality for smooth solutions in the
absence of dissipative e ects such as viscosity or heat ow, which is the case
here. It is now possible to de ne a new set of conjugate entropy variables
V = g—ﬁ for which the conservation laws (12) become:

v oV _ <.

The symmetric system matrices Ay and A, are:

_@u _ es

=" = A =AA =AT; 4
0 @V @U@U ’ | | 0 (] ( 9)
and the entropy ux | satis es:
@ v _\,TA .
a0 =VTA,: (50)

Note also that pre-multiplying the expression (48) by A,* and taking
advantage of the symmetry of A, gives a conjugate set of equations for the
entropy variables as:

@_V+AT@_V

— lc.
2t tA g = AS: (51)
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Moreover, as presented in [72], given the symmetry and positive de nite-
ness of A (i.e. S is a convex entropy function), it is possible to de ne the
following (non-unique) multiplicative decomposition A, = LLT, which after
substitution into (48) renders

LT@_V+A.|_T@—V:|_ ls: A =LALT=A" (52)
ot X,
Finally, in the case of a constant coe cient matrix L, above system (52) can
be re-written as a new symmetrised system of hyperbolic equations de ned
by

(Y oW _
m +A'@x. =5 (53)
where
V=L Tw; s=LS:; (54)

As presented in [72], in order to develop a correct multi-dimensional gener-
alisation of the Streamline Upwind Petrov-Galerkin (SUPG) for the system
(48), it is useful to rst derive the SUPG-type formulation for the system
(53) and then map the answer back to (48) with the aid of the transformation
matrix L.

4.2. Conservation of energy and generalised convex entropy

In order to derive a suitable generalised entropy and entropy ux functions
for the elastodynamic system at hand, consider the following convex entropy
function de ned by:

S(EIFiHId) = 5p p+W(FiH;J) (55)
0

which clearly represents the kinetic and elastic energy per unit undeformed
volume. The corresponding ux vector can be easily shown to be given by

1
= ZPTp: (56)
0
In order to prove this, note rst that the conjugate entropy variables are
given by the derivatives of S as,

2 3
v 8

\'/

é : (57)

(&)

<« T 1



Multiplying each of the conservation laws ((10),(45)) by the correspond-
ing conjugate variables (57), and using the involution equations (6) for the
deformation gradient and its co-factor, gives:

@_Szv @_p+ F:@_F+ H:@_H+ J@_J
ot ot ot ot ot
=v DIVP+ g:rov+ 4 :CURL(VXF)+ ;DIV HTv
=v DIVP+ :rgv+ [ :(FXrev)+ ;H:rp
=V DIVP+( F+ HXF+ JH):I’OV
=v DIVP +P : ryv
=DIV PTv :
(58)

This statement is in fact a simpli ed version of the energy conservation
law, or rst law of thermodynamics, which, in the absence of the heat sources
and heat ow, is globally stated as:

q z z z
— Edv = tp VdA+ T, vdVv (59)
dt \Y ev \Y
where E denotes the total energy per unit undeformed volume. The local
version of this equation gives,
E
@@—t DIV P'v =F, v: (60)

It is therefore clear that for the isothermal case under consideration, the
generalised entropy is simply the total energy per unit undeformed volume
minus the external energy component due to the body forces, that is, S =
E f, X, coinciding with the notion of Hamiltonian per unit of undeformed
volume.

4.3. Symmetric hyperbolic equations for elastodynamics

With the de nition of the conjugate entropy variables given above (57),
it is now possible to derive a symmetric quasi-linear system for the velocity
and conjugate stresses, as in (48). In order to do this, consider rst the
linear momentum equation. This equation can now be transformed taking
advantage of the fact that the deformation gradient is curl free and the area
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map divergence free as follows:

@v
f,= o— DIVP
@v
= o5 DIV( r+ pXxF+ 3jH) (61)
@v
= om DIV +F CURL 4 H ry 3

where the notations F and H have been used here to explicitly indicate
that these tensors are now being evaluated from the conjugate stresses using

the reverse constitutive relationships, namely F = F( g; nH; 3) and
H =H( g; wn; j). For the Mooney-Rivlin model under consideration,
the stress-strain relationships are decoupled, resultingin F = zi T H =
1

2 H

The conservation laws for the strain measures can be easily transformed
into equivalent equations expressed in terms of the conjugate stresses. For
instance, the equation for the deformation gradient becomes,

10 ¢ _ A
2t rov=_0: (62)
Similarly, the equation for the area map is transformed to give,
10 w
—— F x =0: 63
2 ot oV (63)
Note that for the Neo-Hookean case, where = 0, the corresponding

conjugate stress 4 = 0 and the above equation is not part of the system
as the generalised entropy S(p; F;J) is no longer a function of H. Finally
the volume rate equation becomes,

10 , 1 dJd @2
——— H :reyw=0; -—= —=—=! 64
For completeness, the matrix Aq (49) is presented below
2
ol O 0O O 3
0O L1 0 O
A :g 2 65
°=32 0 0 L1 0 (65)
0 0 o !



with I the fourth order identity tensor. The combined set of symmetric
hyperbolic equations for the conjugate entropy variables, as in (48), can now
be written as:

o@@—\é DIV +F CURL 4 H ry J:fo
1
2_@@tF rov=0
10 o (66)
Z—W F erV:O
1
_@@_: H rov=20

The symmetric nature of this system is more easily appreciated using
indicial notation and rewriting the above set of equations as:

2 3 2 3 2
oVi 03 3 ik ki EijcErakFjs Hi
@gzli[ F]uég ik J1 O3 333 03333 Osaéﬂg[
ot > [\l EijkEskiFik 03333 03333 033°20X, %]
1, Hii 03 3 03 3 0
(67)

The above set of symmetric equations (66) for the entropy conjugate
variables can also be written in the transformed form (51) as:

Qv 1
ot —O(DIV =

1
F CURL 4+H ry J):_fo
0

0 F
ot

2 F Xrogv=0

2 rov=0
(68)

@ w
@

t
@
@_tJ H :rov=_0:

4.4. Eigenvalue structure

The eigenvalues or wave speeds and corresponding eigenvectors of the
above system can be determined by identifying possible plane wave solutions



(in the absence of source terms) of the type:

2
v

3
V=V (X N ct= (X N ct)§ Z (69)

E
H
J

where ¢ are the wave speeds corresponding to the eigenmode V and N the
direction of propagation. It is easy to show that the above expression for the
conjugate variables leads to an eigenvalue problem (refer to equation (48))
given by,

ANV =c Ay AN = ANy (70)

Notice that the use of equations (12); or (53) can lead to alternative
representations of the eigenvalue problem as follows

AnU =c U ; AN = AN, (71&)
AWW =c W ; AN = AN, (71b)

with identical eigenvalues ¢ and eigenvectors related as follows
U =A)V =LW: (72)

It is far simpler to deal with the resulting eigen-problem by considering
each individual component of this system. For this purpose, note rst that
the time derivative, gradient, divergence and curl operators for the proposed
plane wave solution become,

@@—\t/= cV !
rov=(v N)!
DIV g = N ! (73)
CURL 4 = HXN T
o ,= ;N U

Using these expressions together with equations in (66) and the properties
of the vector and tensor cross products given in Appendix A, gives after some
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simple algebra:

rtFEFX 4+ ;H N= s,V
2 (v N)=c ¢

2 Fx(v N)=c 4

(v . HN)=c¢ ;:

(74)

As a consequence of the high level of redundancy in the system of equa-
tions being considered, only 6 wave speeds are di erent from zero. These can
be readily identi ed by substituting the last three equations for the conju-
gate stresses into the rst one to give an eigenvalue problem for the velocity
component alone as:

2 v + HN(v. HN)+2 [Fx(Fx(v N)JN = oc?v : (75

The double tensor cross product term can be simpli ed by repeated use of
the third order alternating tensor product expression EijxEimk = i1 jm  im ji
and noting that:

I N N=T; T;+T, T, (76)

where 1 is the identity matrix and T ;., denote an arbitrary pair of orthogonal
unit vectors on the reference propagation plane with normal N. With the
help of these expressions the eigenvalue problem becomes:

2 v + an(v n)+2 2y TV = oV (77)

where the following notation has been used:
Anh=HN
A=HN HN
T=FT1 FT1+FT2 FTZ
$=FT, FT1+FT, FTp=tr 7

(78)

Note that by construction n is a unit vector orthogonal to the vec-
tors F T, which lie on the propagation surface. The rst set of eigen-
vectors/eigenvalues corresponding to p-waves is obtained by taking v = n to

give, s

2 +2 24+ 2
T A (79)

C12 =
0
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The associated eigenvectors are obtained from equation (74) to give:

2 3
n
2 n N
V1-2=§ 2 27 zi (80)
! C_F X(n N)

1;2

—n HN

1;2

The next four eigenvalues correspond to shear waves where the vibration
takes place on the propagation plane. The corresponding velocity vectors are
orthogonal to n and in the directions of the unit eigenvectors ft;, t,g of the
rank two tensor 1. The wave speeds are given by:

s s
2 +2 (§ % 2 +2 (2 2
C3;4 — ( T l)’ C5;6 — ( T 2) (81)
0 0
where %, are the eigenvalues of t, that is:
T= M i+ 5t ty (82)
The corresponding eigenvectors are given by:
2 3 2 3
L&} G
Vv —§ ot N z v —E watz N z (83)
3 2 Fx(ti N)5’ >0 —Fx(t; N)5
0 0

The remainder of the eigenvalues of the system (74) are zero and have
null associated velocity component. The stress components f ~; ; ;0
of their associated eigenvectors satisfy the vector condition:

r+Fx 4+ ;H N=0: (84)

This represents three linear conditions for 19 stress variables, thereby
giving a null subspace of dimension 16 to complete the 6 real wave speeds
derived above.
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5. Finite element implementation

The set of equations described above can be discretised in a variety of
di erent ways. Integral conservation laws will be useful for cell based nite
volume type of approximation [50{52, 84] whereas the local equations for the
conservation variables or the entropy variables are typically discretised using
stabilised Petrov-Galerkin nite element techniques [1, 8]. Some possible
implementations of these techniques are described in the section below but
reader should also refer to the numerous works by other authors in this eld
[8, 72, 83, 85{95].

5.1. General remarks

Consider a standard nite element partition of the domain into a set
of elements. Inside each element the problem variables (i.e. U or V) are
interpolated in terms of a set of shape functions N or N as:

3 . ¢ o
p= P.NP; F = FaNI; S F= AN, F (85)

a=1 a=1 a=1

where a denotes the nodes or other degrees of freedom used in the interpola-
tion of the above variables. In general, di erent interpolations can be (and
are often) used to describe di erent variables. However, the same interpola-
tion space will be used for conjugate pairs.

The residual R of each conservation law can either be expressed in terms
of conservation variables, namely R = R(U)

3
2 3 % DIVP f,
Rp
Re &£ DIV ip 1
R = = (86)
Ry &l CURL +ipxF
R & DIV iHTp
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or their entropy conjugates, namely R = R(V), as:

2 32@—VDIVF+F CURL 4 HrOJfO3

p 0gt
Re ZL@@tF oV
R = =
Ry i F oxrov
R l@—t»" H :rov

(87)
A standard Galerkin approximation of the elasto-dynamics equations is
established by the integral condition:
Z Z
VIRAdV = (v Rp+ r:Rg+ p:Ru+ 3Ry dv =0
' (89)
forall V=[Vv; g; wu; 3] compatible with the boundary conditions.

\

Remark 1: Note that, whether conservation U or entropy variables V are
used in order to represent the residual equations (i.e. R(U) or R(V)), it
is critical that each residual component is weighted by the appropriate vir-
tual conjugate variable V in order to ensure that the physical units of the
products are compatible and can be added together. Crucially [64], this
also ensures that the numerical procedure inherits the entropy production
inequality of the continuum system for both conservation and entropy vari-
ables, as can be easily observed by choosing the actual values of the conjugate
variables as virtual weights in the above expression.

In the Computational Fluid Dynamics (CFD) community, a transforma-
tion to non-dimensional variables, instead of entropy variables, is often used.
In particular, a set of dimensionless conservation variables U is de ned via
a linear transformation U = AqU where A is a diagonal matrix of appro-
grlate physical constants that render the system dimensionless. The term

UTR dV is well de ned (i.e. all its contributions are dimensionless) but
will not preserve the entropy production properties of the continuum.

The use of conservation variables in equation (88) is typically accompa-
nied by an integration by parts of the divergence of the ux operator. This
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0= VTRV
ZV
= v’ @@—li+DIVF S dv
yAd au Z Z XY Z
= VTI=—dv + VTFN, dA F,—dV VT'Sdv:
\Y @t v V @X| \Y

(89)
The individual components of this equation (89) correspond to the prin-
cipIZe of virtual worszor the case of trie linear momen%um equation:

\% @—pdvz v tgdA+ v f,dv P:rovdv (90)
\Y @t @V \% \%
whereas the three geametric conservation Ia%vs are now re-expressed as:
F 1
E - @—dV = Ve N dA —p DIV( ,:)dV
z" o by’ Voo z
H:@—Hdv= (vexFxN): H{dA+ ipxF : CURL(
v ot 0V v o0
zZ 03 Z Z 1
J—dV = (VB HN) JdA —p Hro( J)dV:
v ot 0V v 0

(91)

In these expressions, the velocity and traction at the boundary, namely
vg and tg, respectively, can either be directly obtained from boundary con-
ditions or through an appropriate Riemann solver [77, 96]. The main advan-
tage of integrating by parts as shown above is to enable the imposition of
the boundary conditions via boundary uxes. This is indeed useful for the
momentum equation (90) as it introduces naturally the boundary tractions,
but less so in the case of geometric conservation laws (91). In addition, un-
less inter-element jumps are correctly taken into account, this integration by
parts implies the use of Cy continuous shape functions for the strains and
stresses.

Alternatively, if only the linear momentum law is integrated by parts,
it is possible to choose interpolation spaces for strains and stresses that are
discontinuous across element boundaries, thus allowing these variables to be
resolved element by element. In this way, and with a careful choice of inter-
polation spaces, it is possible to reproduce displacement-based formulations
or the type of mixed formulations proposed in [45, 46].
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Furthermore, the fact that the momentum/velocity and strain/stress vari-
ables can be solved in a sequential manner, makes it possible to consider the
momentum equation in conservation form integrated by parts and the other
equations in the entropy form. This approach would not be dissimilar to the
common methodology used by most hydrocodes [2] in which stress rates are
obtained from velocity gradients. The proposed framework, however, has a

rmer theoretical foundation and avoids issues such as frame invariance of
stress rates.

5.2. Time integration

It is clear that a wide choice of nite element interpolation and time in-
tegration strategies is available for the equations described above. In the
sections that follow two simple Cy continuous linear tetrahedral interpola-
tions for all the variables will be described. The resulting set of equations is
rather large, so it will only be suitable for explicit type of time integrations,
although semi-implicit staggered approaches in which only the velocities are
resolved for implicitly will be explored in the future. For simplicity, an ex-
plicit Total Variation Diminishing (TVD) Runge-Kutta scheme, which has
been widely used in the CFD context, is proposed at present [97{99]. This is
described by the following time update equations from time step t, to time
step thq With t=1t,1 t,*

Uy =Un+ tU,
Un+2 = Un+1 + tlJn+l (92)

1
Un+t = 2 Un+Up

which can be equally applied to conservation or entropy variables. Given
the explicit nature of the scheme the time step is constrained by a Courant-
Friedrichs-Lewy (CFL) condition [100] given by:

h

Cmax

t CFL

(93)

where cmax Corresponds to the speed of the pressure wave given in equation
(79) and h an elemental mesh size related parameter.

4As it is standard, the dot over a variable indicates di erentiation with respect to time.
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5.3. A stabilised Petrov-Galerkin discretisation of conservation variables us-
ing linear tetrahedra

As a simple example of the procedures described above, consider a lin-
ear tetrahedral discretisation of all conservation variables and their virtual
conjugates in terms of linear Cy shape functions N, as:

X X X X
p= PaNa; V= VaNa; F= F aNa; F = FaNa;
a=1 a=1 a=1 a=1
(94)
In this case, the residual of the conservation laws is formulated with
respect to the conservation variables R(U) (86). The Galerkin weighted
residual equations described in (88) require stabilisation, which is usually
introduced by means of a Petrov-Galerkin approach whereby the conjugate
weighting functions V are augmented as:
st T T@ \

V3= V+ A ax, (95)
where denotes a matrix of stabilisation parameters to be described below.
In the case of a diagonal stabilisation matrix , the individual components
of this expression (95) are easily obtained with the help of equations (68) to
give:

vii=v YMDIV ¢ F CURL g+Hry 3)
0
F= g 2 (rov) (96)
H= H 2n (Fxrov)
= 5 53 (H:rov):

where , g, n and ; are appropriate stabilisation parameters. These
stabilised weighting functions (96) can now be substituted into the residual
equation (88) (i.e. replace V with V") and grouped according to each
virtual conjugate variable. First, the terms containing the virtual velocity
Vv are given by:
VA
(VRp 2 REirgv 24 (FXroVv):Rny 3 (H:rgv)R;)dvV =0:
\%

(97)
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Integrating by parts the rst term in (97), as described in equation (90),
and recalling the constitutive equation for a compressible Mooney-Rivlin
material gives:

z z Z Z

\% @—pdV = v f,dv + v tgdA PSt:ro vdv (98)

\Y @t \ @tV \Y

where the stabilised Piola-Kirchho stresses Pt are:

PSt — 'S:t + f_tl X F + ‘S]tH
$=2 F
(99)
f_ﬁ =2 H
$= 140Q) s Ry 3(3%)
and the stabilised strains are evaluated as
FSt:F FRF; RF:E oV
HS'=H HR1, Ra=H F X rov (100)

Jst= iRy R;=31 H: rypv:

Note that the units of the four -parameters (i.e. ,, g, n and ;) are
those of time and are usually chosen as a fraction of the time step for explicit
integration schemes [73, 94, 95, 101].

In the above three equations (100), the residual terms represent the dif-
ference between the time rate of the corresponding strain variable and its
evaluation in terms of the gradient of velocities. Given that these time rates
appear in the left hand side of the system of equations, it is not possible to
derive a completely explicit scheme. In order to rectify this, a simple proce-
dure has been proposed in references [1, 8] whereby the above time residuals
are replaced by their time integrated geometric equivalents to give stabilised
strains as:

F'=F (R rRF; FE=F Fyx, Fx=1rox
1
HSt:H HRH HRX; R)|£|=H Hx; HX=§I"0XX oX
J'=J JR; R% =3 Iy Jy = detrox:
(101)

where g, H and 5 are dimensionless stabilisation parameters. Introducing
the linear interpolations for the momentum and virtual velocity elds gives
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a set of equations for the rate of change of momentum at each node a given
as:
Z Z Z

Map, =  FoNadv + ts N, dA PS'roN,dV (102)
b \ @V \%

X

R
where the consistent mass contribution Mg, = |, NaNpdV .

Remark 2: Note thatchoosing g = = j=0and = = 3 =1will
lead to a displacement based formulation as the strain measures are simply
replaced by those derived from the element geometry.

Finally, the stabilised conjugate stress measures de ned in equation (96) can
be introduced into the weighted residual equation (88) and, after following a
similar integration by parts procedure to that shown in equation (91), gives
a stabilised set of strain update equations as:

Z oF Z 1 Z
E . —dV = _pst DlV( F)dV + Ve FNdA
7V ot 7 VO B
H :@—Hdv = ipSth :CURL( n)dVv (v XFxN): HdA
\% 7 @t VZ 0 7 OuV
J @—JdV = ipst H ro( J)dV + (VB H N) JdA
v ot v o 0V
(103)
where the stabilised linear momentum is de ned by:
p'=p Ry (104)

However, in applying this correction to the linear momentum p, the de-
formation gradient F will no longer be a discrete gradient (in some weighted
residual sense) of a continuous velocity eld, since the above residual term
will be discontinuous across the element edges. Similarly, the co-factor ma-
trix H will no longer be the curl of a continuous function. This implies that
the involutions described by equation (6) are no longer enforced. For this
reason, the stabilisation of the momentum eld should only be applied to
the third equation above for J. Finally, introducing the linear interpolation
equations for the strain variables and their conjugate stresses gives a set of
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equations for the nodal strain values as:

< z— Z
b , VO &V
=< 1
MaHp = —pXF X roNudV Nave X F x NdA | (105)
b v_ 0 uV
e ", Z
Mapdy = Pt HirgNadV +  (ve HN)N,dA
b v oo 0V

The set of equations (102) and (105) represents a stabilised system of
di erential equations in time for the conservation variables fp; F; H;Jg.
Choosing 3 = 0 and appropriate non-dimensional values of f ¢, nH, 30,
typically in the range of [0; 0:5], it is possible to derive a completely explicit
integration scheme. Moreover, the use of a lumped mass matrix instead of
the consistent mass matrix does not alter the order of convergence of the
algorithm [1, 8].

Insofar as the deformation gradient F is not computed from the gradient
of the current geometry (1), the computational algorithm presented thus far
does not necessarily preserve angular momentum. To rectify this, the authors
already introduced a correction into the space-time integrator to ensure the
preservation of angular momentum. Detailed explanation can be found in
section 4:1 in reference [8].

Remark 3: The stabilisation process described above in terms of entropy
conjugate variables leads to identical additional terms to those obtained with
a residual based variational multi-scale procedure [72, 102].

5.4. SUPG stabilisation using entropy variables

In this case, the residual of the conservation laws is formulated with re-
spect to the conjugate entropy variables R(V) (87). The Galerkin weighted
residual equations described in (88) require stabilisation, introduced by means
of a Petrov-Galerkin approach whereby the conjugate weighting functions V

are augmented as:
V
Vt= V +-~A v

iX, (106)
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where ~ denotes a symmetric matrix of stabilisation parameters. An elegant
procedure to determine the symmetric stabilisation matrix ~ was introduced
in [72] and it is summarised here for completeness for the one and two di-
mensional scenarios.

5.4.1. One dimensional symmetric equations for elastodynamics

For ease of understanding, the stabilisation process presented in above
section 5.4 is particularised for the one dimensional case. In the case of the
linearised elastodynamics problem [50], system (66) reduces to:

@Vx @ Fxx

0= o =To
0t X X
10 Fp O _ (o7
E 0t OxX

where the conjugate stress ¢, is related to the deformation gradient Fyx
via the Young’s modulus E (i.e. g, = E(Fxx 1)). The symmetric
matrices Ay and Ax can be written as (refer to equation (67)):

_ o 0 | _ 0 1
De nition of the matrix L = A > and Ax = L 'AxL T yields
s
_ 0 Cp . _ E
Ay = o o %= (109)
o . P, .
with eigen-decomposition Ay = ¢ (W W )with
" # " #
o o
Cip = Cp; Wl = é— ; W2 = (110)
2 2

The matrix of stabilisation parameters ” is de ned as * = ng\xj 1 which
can be obtained as

0
. (111)

3
~
Il
o -

In above expression (111), 2 denotes the deformation gradient from the
reference domain to the isoparametric domain, being h the size of the nite
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element under consideration. Finally, the matrix of stabilisation parameters

~ is obtained as: o )
= 0
~=L "AL1=_" o
2c, 0 E
The stabilised Petrov-Galerkin variational statement for the one dimen-
sional elastodynamics problem de ned in entropy variables is:

(112)

Z oV T

"1 {z }

VSt
where
h 1 0 # ) 0 #
v n_1 Fxx Fyx + f @&
VSt = X 2¢ EE%%’X : R = @@\IX fx@ Fxxo ot - (114
Fxx 2cp @X 4 E ot

Substitution of formulae (114) into (113) accompanied by integration by
parts and the gathering of terms according to each virtual conjugate variable,

leads to:
Z Z Z Z

Vy o% dv = Vxtg, dA + Vx o, dV Sthx@ VXdV
Z ' 10 i " i @ ) -
FXX —_ st FXX .
= dv = Vg, dA vy —>=dV:
y Fo<  E ot 0LV P TBx v o 0X
(115)

where tg, and vg, represent prescribed boundary conditions. In this partic-
ular case, the use of integration by parts in the above expressions does not
a ect the symmetry of the system. The corresponding stabilised stress &
and velocity v§' can be written as:

v 10 g,
R A e (116a)
VSt = vy + 0 Fox Ovx (116b)

o ex et
where ¢ = | = % Note that the stabilised stress §* (116a) can be
equivalently interpreted as the conjugate stress of a stabilised deformation
gradient de ned by

@Vx i@ Fxx .
exX E @t ’

Fx =E(Fx 1) FXx=Fx* ¢

(117)

32



which is widely known as Variational Multi-Scale (VMS) method [73, 82, 83,
85{90]. As can be observed, in this case the formulation in entropy variables
renders an identical result to that obtained using the conservation variables.

5.4.2. Two dimensional symmetric equations for elastodynamics

The two dimensional equations for the elastodynamics problem formu-
lated in entropy variables and for a compressible Neo-Hookean model (refer
to equations (20) and (22)) can be deduced from (66) as:

0%;% DIV ¢ H _ry ;=1
1@@: rov=0 (118)
1@@—; H (. :rov=0;
where the co-factor H _ is obtained in terms of the conjugate stress to the
deformation gradient H _ = H( ¢) as
Hest @

Notice that in a two dimensional problem, the co-factor H can be directly
obtained from the deformation gradient F (or its conjugate stress ¢) and
hence, the evolution equation for the co-factor is clearly redundant. The
quasilinear form of the system (118) can be written as:

oV oV oV
Aj—+Ax—+A —=S; 120
where the components of the entropy variables V, the source term S and the
matrix Aq are:

2 3 2 3 2
fo,
Vy ny
FxX 0
V = Fxv 27 S= ; Ao =
Fyx
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and the corresponding symmetric ux Jacobian matrices in OX and OY
directions are:

2
AX_E

1 1
I:yY Fx

2
AY:E
1
= R

After de nition of the matrix L = Aj™, the eigen-system for each of the

ux Jacobian matrices Ax = L AxL Tand A, = L *A,L T can be

solved as a special case of that presented in (74) and thereafter. Speci cally,
the eigenvalues are

3
Y

Fy

= =

Fxy

(122a)

OO oOoOkrr OO
OPrPr OO O o
OO OO O O -
OO OO OoO Pk O
O O O oo

Z

= =

(122b)

OO PFrPr O O o
P, OO0 O Oo

=

OO OO0k, ODDOOOoOoOo o o
OCO0OO0OO0OO0O RO OOO0OO0OO0O O o

O OO OO O o
OO OO O O o

x Fxx

Os 1 -
+ = 2 4 2 -
Ci(z — @ ( FxYO) ( Fyy ) A ; C§<;4 — _O
Os 1 N GPE)
+ = 2 4 2 -
Clp = @ ( FX);) 2 A, C§;4 = >
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and the eigenvectors are

2 3 2 3
p_O Fyy P— ry
DX 0 Dx
— _Fxy P— Ffy
_ E); pg Dx
& s ~
C7: X C5:
X _ 12 . X 34 =X . _ 2
Wl;2 —_ p 0 ) W3;4 - O 1 DX - Fxy +
- Fxy Fyy
¢, Dx K Dx
0 ;
p- 0
2 Ci('Z DX 3 0
P—_fx 2 3
05 P o
P— rx 0Dy
0 DY p— FyX
0 07Dy
P— Fyx o 0
Y _ ¢y, Dy . Y o _ ~ Fx 4. — 2
Wi, = 4 . W =8 oy 47 Dy = R F
p- 0
F
1,2 Y —~ yX
C3:4 Dy
P 0
oY DY
1;2
(124)

Reference [72] generalises the one dimensional concept presented in the
previous section for the multi-dimensional case. For this scenario, the matrix
of stabilisation parameters ” is de ned in terms of the inverse of the p-norm
of the ux Jacobian operator A as jAjp, namely ~ = ngjpl, de ned® in
terms of its spatial components as follows

AL T
At = AP+ AP (125)
where

X X
AP = Pw WXy AR = e iPw’ wY): (126)

5In this case, 21 denotes the deformation gradient from the reference domain to the
isoparametric domain, being h the size of the nite element under consideration. The
methodology can be extended to other nite element discretisations [72].
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Notice that in the case of an odd norm (e.g. p = 2k+1; k 2 N), the use of
the spectral decomposition theorem is necessary when evaluating expressions
in (126)%. The evaluation of expression (125) must also be carried out via
the spectral decomposition theorem as

A" = W(X X)) (127)
=1

wherea and X arethen (ingeneral,n > 4) eigenvalues and eigenvectors
associated to the following eigen-system

AP+ AP X =a X (128)

Finally, the matrix of stabilisation parameters ~ is obtained as ~ =
L TAL ! The stabilised Petrov-Galerkin variational statement for the two
dimensional elastodynamics problem is:

YA T
V o+ - A‘x%—v+AY@@—YV RdV =0 (129)
% }

"

VSt

with terms ~, Ax and Ay as de ned above. In the case of usingp =2 (as in
the examples shown later in the paper) when evaluating (125), it is possible
to show [72, 103] that a simpli ed expression for the stabilisation parameter
~ can be obtained as follows:

— h 1 1 2 1 2 1:2.

To reduce the level of implicitness of the coupled formulation (see equation
(129)) and, more importantly, to ensure the satisfaction of the involutions
(6)2 in a weighted residual sense (129), the components of the stabilisation
matrix ~ corresponding to the conjugate stress (118), are neglected. This
leads to a robust and relatively fast algorithm.

p
SFor even norms, p = 2k; k 2 N, this can be avoided as j&X;j° = A,
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Regardless of the procedure followed to obtain ~, the resulting stabilisa-
tion matrix ~ is a non-sparse matrix in general. However, let us assume, for
simplicity, a diagonal structure for this matrix ~ as follows

1,0 0 0o 0o 0 o0°
o X, 0 0 0 0 0
0 0 ¢ 0 0 0 0
=80 0 0 . 0 0 o0 (131)
0 0 0 0 ¢ 0 0
0 0 0 0 0 ¢ O
0o 0 0 0 0 0

In this case, the resulting virtual stabilised entropy conjugate variables V*
reduce to:

vit=v I(DIV g+H _ry )
0
= E F (rov) (132)
gt = J 3J (H - Fo V)

where it is easy to see that, in this particular case, the stabilised virtual
conjugate variables V' coincide with that of equation (96) when using con-
servation variables.

Irrespective of using system (66) or (68), and in order to preserve the
symmetry of the system, the Gauss theorem must not be employed in the
linear momentum balance principle. This implies that traction boundary
conditions on @V, usually applied via Neumann boundary conditions when
using conservative variables (90), must be imposed in an alternative manner.

In this paper, a simple Dirichlet-based Lagrange multiplier projection
procedure is employed where the value of the conjugate stresses ( ¢ and

3) on the boundary of the continuum is projected via the minimisation of
a functional de ned as follows’,

(e 0)=50e Die D0, oF+ (G PN)
(133)

"For simplicity, the procedure is presented for the case of a compressible Neo-Hookean
constitutive model, where the conjugate stress 1 is not required.
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where tg is the prescribed boundary traction vector on @V,  and
are the projected conjugate stresses leading to a projected boundary Piola-
Kirchho stressde nedasP = + ;H _ and denotes a Lagrange
multiplier vector.

This projection procedure is applied locally at all the degrees of freedom
placed on @V . Moreover, the last term on the right hand side of equation
(133) must be split into as many facets as those connected to the relevant
degree of freedom. Notice that the co-factor in the second term of the pro-
jected Piola-Kirchho stress P is de ned as H _, and not H _, in order
to avoid the resolution of a nonlinear system of equations when applying
this projection procedure. A more general nonlinear projection procedure, if
needed, can be derived without further di culty.

The stationary condition of the above functional (133) with respect to

and the corrected conjugate stresses ¥ ; ;g are considered separately.
Note rstly that the directional derivative of  with respect to a variation
along leads to the constraint

F

te ( e+ ,H IN=O (134)

Additionally, the directional derivative of the functional (133) with respect
tof g; ;9 resultsin

E= g+ N: 3= 3+ (H -N): (135)
Substitution of (135) into (134) yields
=[+H N H _N]'(tg PN): (136)

Finally, combination of expressions (135) and (136) enable the corrected con-
jugate stresses - and ; to be easily obtained.
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6. Numerical examples

In this section, a series of numerical examples are presented in order to
assess the robustness, e ectiveness and applicability of the computational
framework described above.

Firstly, the computational framework based on the use of conjugate en-
tropy variables will be brie y analysed and compared against the framework
based on the use of conservation variables. For simplicity, two dimensional
p-F and p-F-J mixed Petrov-Galerkin Finite Element Method (PG-FEM)
formulations will be compared against the entropy v- - ; mixed PG-FEM
formulation. The main objective is to demonstrate that similar results are
obtained with either of the approaches, as already reported in [102] for the
case compressible Euler ows. The numerical results presented correspond
to the use of bilinear interpolation of all the variable elds in a structured
quadrilateral mesh. In addition and, for completeness, results will also be
presented for a Total Variation Diminishing (TVD) cell-centred Upwind Fi-
nite Volume Method (FVM) [50].

Secondly, the framework based on the use of conservation variables will
be further explored. With that in mind and, for benchmarking purposes,
the new p-F-H-J mixed PG-FEM formulation is tested for a series of three
dimensional problems previously analysed by the authors with alternative
explicit mixed methodologies [1, 8, 50, 52], namely, a p-F mixed PG-FEM
formulation [8], a p-F-J mixed PG-FEM formulation [1] and a p-F mixed
vertex-centred Jameson-Schmidt-Turkel (JST) formulation [52].

Thirdly, comparisons are also carried out against a new implicit mixed
formulation recently proposed by the authors [46] in the context of polycon-
vex elasticity. A seven eld fx;F;H;J; £; n; 39 mixed formulation is
proposed using a multi- eld Hu-Washizu type variational principle. The nu-
merical results presented correspond to the following selection of functional
spaces for a tetrahedral mesh: continuous quadratic interpolation of the dis-
placement eld (geometry) X, piecewise linear interpolation of the strain and
stress elds F, H, g and 4 and piecewise constant interpolation of the
Jacobian J and its associated stress conjugate 5. This selection of func-
tional spaces ensures the satisfaction of the Ladyzenskaya-Babuska-Brezzi
(LBB) constraint [15, 104] and hence, removes the need to employ numer-
ical stabilisation. From the time discretisation standpoint, a generalised-
method is employed [18] with a built-in numerical damping coe cient 1 in
order to dissipate high frequency oscillations.
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The rst example (see section 6.1) is included to demonstrate that the
use of a conservation-based formulation yields practically identical results
to those obtained with a conjugate entropy-based formulation, as already
reported in [102] in the context of CFD problems. Focussing on the stabilised
three dimensional framework based on the use of conservation variables, it is
important to show that the explicit p-F-H-J linear tetrahedral formulation
achieves second order of convergence for velocities, strains and stresses (see
section 6.2). Perhaps more importantly, the use of the proposed formulation
alleviates both locking di culties (see section 6.3 and section 6.4) and the
appearance of spurious hydrostatic oscillations (see section 6.5). Moreover, a
thorough comparison of results is carried out against other schemes published
by the authors [1, 8, 50, 52]. The preservation of the angular momentum of
the system is nally assessed in section 6.6.

6.1. 2D tensile plate

A square plate of side length L = 1 m, clamped on its bottom side and
traction-free on the rest of the boundaries, was presented in [50]. The plate
is made of a Neo-Hookean material de ned by Young’s modulus E = 21
GPa, material density o =7 Mg/m? and Poisson’s ratio = 0:3. The plate
is pulled rapidly with an initial constant velocity eld of Vji=o = (0; Vpun)'
where vy = 500 m/s.

This problem is rst solved using a conjugate entropy v- g- 3 formu-
lation. Instead of adopting a user-de ned diagonal stabilisation matrix
as typically employed in conservation-based formulation (95), a non-diagonal
stabilisation matrix ~ is computed following the procedure described in sec-
tion 5.4.2. For comparison purposes we also solve the problem with a TVD
upwind p-F cell centred FVM [50], a p-F PG-FEM [8] and a p-F-J PG-FEM
[1].

Comparison of the deformed shapes and pressure contours obtained by
using all of these numerical techniques is shown in Figure 2. The solution
predicted by the symmetric v- g- ; conjugate formulation is found to be
in perfect agreement with those obtained with the other explicit method-
ologies, showing no appreciable di erences. In addition, by making use of
the conjugate entropy formulation, a series of pressure contour snapshots
are displayed in Figure 3, showing a smooth pressure pattern without any
non-physical pressure oscillations.
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t = 0.00025s t = 0.0005s t=0.00075s

(a) TVD Upwind p-F cell centred FVM [50]

t=0.00025s t=0.0005s t=0.00075s t=0.001s

(b) Stabilised p-F PG-FEM [8] (£ = t, ¢ =0:1, p=0)

t =0.00025s t = 0.0005s t=0.00075s t=0.001s

(c) Stabilised p-F-J PG-FEM[1] (g = t, p =02 t, 3 =05-, ¢ = ;=0)

t=0.00025s t=0.0005s t =0.00075s t=0.001s

(d) Conjugate entropy v- g- 3 formulation (see section 5.4.2)

Figure 2: Tensile plate: sequence of deformed shapes (pressure contour plot)

using: (a) TVD p-F cell centred FVM; (b) Stabilised p-F PG-FEM; (c)

Stabilised p-F-J PG-FEM; and (d) Antropy v- g- 5 formulation. Initial

constant tensile velocity Vji=— = (O;Vpuu)T is given, where vy = 500 m/s.

A steel plate is used and its Neo-Hookean material properties are Young’s

modulus E = 21 GPa, density o = 7 Mg=m?, Poisson’s ratio = 0:3 and
crL  0:3. Discretisation of 20 20 quadrilateral elements.



t = 0.00025s t =0.0005s t=0.00075s t=0.001s

i
EENE AR AN AEAR)

t=0.0015s
t=0.0025s 1 =0.00275s t=0.003s
T - 117
i T
t =0.0035s t=0.00425s t=0.0045s t=0.005s

Figure 3: Tensile plate: sequence of deformed shapes (pressure contour plot)
using the conjugate entropy v- g- ; formulation. Initial constant tensile
velocity Vji=o = (0;Vpun)' is given, where vp,; = 500 m/s. A steel plate
is used and its Neo-Hookean material properties are Young’s modulus E =
21 GPa, density o = 7 Mg=m®, Pojsson’s ratio = 0:3 and cr.  0:3.
Discretisation of 20 20 quadrilaterzﬁsfelements.
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Figure 4: Unit cube con guration

6.2. 3D low dispersion cube

This example has already been presented in previous references [1, 52]. A
unitcube (Im 1m 1m)isde ned with symmetric boundary conditions
(i.e. roller supports) applied on the faces X; = X, = X3 = 0 and skew-
symmetric boundary conditions on the rest of the faces X; = X, = X3 =1
m (see Figure 4). The primary interest is to assess the convergence behaviour
of the algorithm in three dimensions. For small deformations, the analytical
displacement eld (and hence, velocity and rst Piola-Kirchho stress) can

be described by the closed-form expression
2

. 3
Asin =1 cos %2 cos

X3

2 2
r—
cos 32 4icg= —:

X3

2

sin

2.
S

p, !
u(X;t) = Uy cos —Ca t Bcos 3

'\"X I\JL))( l\.)‘

Ccos 21 cos

(137)

Parameters TA; B; Cg are arbitrary constants such that A+ B + C =0,
ensuring no contribution from volumetric deformation. For values of Uy below
0.001 m, the solution can be considered to be linear and the closed-form
solution holds. The cube is initially loaded (without imposing any initial
velocity eld) with a known deformation gradient eld F (by computing
F =1 + rou with u obtained from (137)). The initial area map H =

(detF)F T and the initial Jacobian J = detF are similarly obtained.
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In this particular case, a compressible Neo-Hookean model ( = 5 and
= 0) is chosen with Young’s modulus E = 0:017 GPa, density o = 1:1
Mg/m? and Poisson’s ratio = 0:3. We set the solution parameters as A =
B=1C= 2andUg=5 10 *m. Figure 5 shows a series of snapshots for
deformed states of the cube illustrating shear stresses contour plots (which
coincide with the results reported in references [1, 52]). Global convergence
error analysis (i.e. L' and L2 norm convergence) for the set of conservation
p-F-H-J variables and the Piola stress tensor P (e.g. Kkpkpuz, kFky 12,
KHK, 12, kJk 12 and kP k_1:2) on a sequence of grids at timet=2 10 3s
are examined. In this case, the stabilised p-F -H-J mixed PG-FEM approach
is employed. As expected, Figure 6 shows asymptotic quadratic convergence
for all problem variables (and derived variables) when linear tetrahedral nite
elements are used.

6.3. 3D beam bending

In this section, a three dimensional thick column [1, 10, 52] clamped on
its bottom face (X3 = 0) is presented in Figure 7. An initial linear variation
in the velocity eld vji—o = (VoX3=L;0;0)" is given (where Vo, = 10 m/s)
and the column is left oscillating in time, leading to a large oscillatory defor-
mation. The main objective of this problem is to illustrate the performance
of the new p-F-H-J mixed PG-FEM formulation in a compressible bending
dominated scenario.

A Mooney-Rivlin material ( = = ;) is employed such that Young’s
modulus E = 0:017 GPa, density o = 1:1 Mg/m? and Poisson’s ratio =
0:3. For comparison purposes, the problem is also studied with the seven eld
x;F;H;J; g; n; 39 implicit Hu-Washizu type variational formulation
[46] described above as well as with a set of explicit numerical strategies
(e.g. vertex-centred JST nite volume mixed p-F formulation [52] and the
stabilised p-F [8] and p-F-J [1] PG formulations).

Figure 8a shows the (bending) locking-free deformed shapes of a thick
column at four di erent time steps using the explicit stabilised p-F-H-J
PG-FEM methodology. Comparison of Figure 8a (p-F-H-J PG-FEM) with
Figure 8b,c (alternative p-F and p-F-J PG-FEM) and Figure 9 (vertex-
centred JST p-F FVM and Hu-Washizu type mixed formulation), clearly
demonstrates that the proposed PG formulation can be used without bend-
ing di culty and, more importantly, shows excellent agreement with the
previously published methodologies. In all cases, the pressure contours are
extremely smooth without any non-physical oscillations.
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Figure 6: Low dispersion cube: results obtained with Uy = 5 10 * m,
A=B =1and C = 2, where the analytical solutions for velocity, strains
and stresses are available at time t =2 10 3 s. First row shows the L!
and L2 norm convergences for linear momentum kpkj 1> and stresses kP Ky 1:2.
Second row shows the norm convergence analysis for all strain measures (i.e.
KF K12, kHk 12 and kJk 12). A compressible Neo-Hookean elastic model

( =sand = 0)is used and material properties are such that Young’s
modulus E = 0:017 GPa, density o = 1:1 Mg=m?3, Poisson’s ratio = 0:3
and cp = 0:3. Stabilising parameters: ¢ = 4 = t, , = 02 t,

j=05-and = = ;=0. Lumped mass contribution.
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(b) Hu-Washizu type variational formulation

Figure 9: Bending column: sequence of deformed shapes (pressure contour
plot) using: (a) JST vertex-centred mixed p-F formulation ( ¥ = = and
ceL = 0:3); and (b) Hu-Washizu type variational formulation ( 1 = 1
and t=0:002 s). Results obtained with a linear variation in velocity eld
Vji=o = (VoX3=L;0;0)" (where Vo = 10 m/s). A compressible Mooney-
= z) is used such that Young’s modulus E = 0:017
= 0:3. Discretisation of

Rivlin material ( =
GPa, density ¢ = 1:1 Mg=m? and Poisson’s ratio

4 4 24 6 tetrahedral elements.
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6.4. 3D twisting column

To assess the robustness of the stabilised p-F-H-J PG mixed formulation
in extreme nonlinear deformations, a twisting column clamped on its bottom
face (X3 = 0) is presented [1, 46] (see Figure 10). This problem is particularly
challenging as it involves a large number of deformation modes. An initial
sinusoidal rotational velocity eld relative to the origin is given by

T

. . X
Viteo(X) =1, X; 1,= 0:0; sin 2_|_3 (138)
where = 100 rad/s. This problem is rst modelled using a compressible
Mooney-Rivlin material with parameters = = ;. Material properties

are Young’s modulus E = 0:017 GPa, material density o = 1:1 Mg/m? and
Poisson’s ratio = 0:3. In parallel, for benchmarking purposes, we simulate
the exact same problem using other available methodologies, namely the
stabilised p-F and p-F-J PG-FEM, Hu-Washizu type mixed formulation
and the vertex-centred p-F JST formulation.

It can be observed that the deformation patterns predicted by the family
of second order stabilised numerical mixed methodologies (e.g. a stabilised p-
F PG-FEM [8], p-F-J PG-FEM [1] and p-F-H-J PG-FEM) agree very well
(see Figure 11). Crucially, all computational mixed methodologies produce
very similar deformation patterns with smooth pressure distribution and ab-
sence of locking. In Figure 12a, results are also presented for a JST vertex
centred p-F FVM solver [52]. In this case, a ner mesh of 12 12 72 6
linear tetrahedral elements is required in order to obtain similar results, due
to the higher numerical di usion introduced by the scheme.

Finally, comparison is carried out against a more expensive implicit Hu-
Washizu type variational formulation of 4 4 24 6 tetrahedral elements
(see Figure 12b) with an implicit generalised- method. As can be observed,
despite using an arti cial numerical damping coe cient ; < 1, some higher
pressure modes can still be perceived in the solution.

We can now further examine the problem by scaling up the parameter
so that the Mooney-Rivlin modelx is now dominated by the H-term ( =0
and = 3). Figure 13 shows the e ects of the inclusion of time-integrated

n Vvalues in the PG formulation at a particular time t = 0:31s, whilst the
remaining stabilisation terms are kept constant.

It is interesting to notice that the stabilisation parameter 4 becomes in-
creasingly important when simulating a Mooney-Rivlin model entirely dom-
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inated by the H term. The PG formulation incorporating the -term elim-
inates the appearance of non-physical mechanisms similar to hourglassing
in the solution (see Figure 13a,b). An out-of-plane mode of deformation is
observed for a very coarse mesh (4 4 24 6 linear tetrahedral elements).
However, this mode disappears when the mesh is su ciently re ned (see
Figure 13c).

Figure 14 shows the comparison of a sequence of snapshots for the highly
nonlinear column at four di erent time instants using the stabilised p-F -
H-J PG-FEM and the extended Hu-Washizu type mixed formulation. Both
methodologies produce practically similar locking-free solutions. As expected,
despite using 1 < 1, some high frequency pressure modes can still be ob-
served in Figure 14b.
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Figure 10: Highly nonlinear twisting column
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(c) Stabilised p-F-H-J PG-FFEM (g = = t p=02 t
13=05-, = p= 3=0)

Figure 11: Twisting column: sequence of deformed shapes (pressure contour
plot) using: (a) Stabilised p-F PG-FEM (6 6 36 6 linear tetrahedral
elements); (b) Stabilised p-F-J PG-I;EM (6 6 36 6 linear tetrahe-
dral elements); and (c) Stabilised p-l‘—S-H-J PG-FEM (8 8 48 6 linear
tetrahedral elements). Results obtained with a initial sinusoidal rotational
velocity = 100 rad/s (see (138)). A compressible Mooney-Rivlin material
( = = z)is used such that Young’s modulus E = 0:017 GPa, density
o = 1:1 Mg=m3, Poisson’s ratio = 0:3 and gL = 0:3. Lumped mass
contribution.
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(b) Hu-Washizu mixed formulation

Figure 12: Twisting column: sequence of deformed shapes (pressure contour
plot) using: (a) JST p-F FVM (12 12 72 6 linear tetrahedral elements,
cee = 0:3and @ = 1); and (b) Hu-Washizu mixed formulation (4

128
4 24 6 tetrahedral elements, 7 = 0:85 and t = 0:004s). Results
obtained with an initial sinusoidal rotational velocity = 100 rad/s (see
(138)). A compressible Mooney-Rivlin material ( = = ;) is used such

that Young’s modulus E = 0:017 GPa, density , = 1:1 Mg=m? and Poisson’s
ratio =0:3.
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Figure 13: Twisting column: results obtained (e.g. hydrostatic pressure dis-
tribution) using the explicit stabilised p-F-H-J PG formulation with di er-
ent values of time-integrated stabilisation at timet = 0:31sforH: (@) 4 =0
(4 4 24 6 linear tetrahedral elements); (b) w =014 4 24 6
linear tetrahedral elements); and (¢) 4 =0:1(8 8 48 6 linear tetrahe-
dral elements). Results obtained with an initial sinusoidal rotational velocity

= 100 rad/s (see (138)). This example is run with Mooney-Rivlin model

dominated by H-term ( =0 and = 3) and material properties are such
that Young’s modulus E = 0:017 GPa, density o = 1:1 Mg=m?, Poisson’s
ratio = 0:3 and cgL. = 0:3. Stabilising parameters: ¢ = { = t,

p=02 t = yg=0and ; =0:5-. Lumped mass contribution.
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(b) Hu-Washizu mixed formulation

Figure 14: Twisting column: sequence of deformed shapes (hydrostatic
pressure contour plot) using: (@) Stabilised p-F-H-J PG formulation
(8 8 48 6 linear tetrahedral elements, lumped mass contribution
and cgL = 0:3); and (b) Hu-Washizu type variational mixed formulation
(4 4 24 6 tetrahedral elements, 5 =0:85and t = 0:002s). Results
obtained with an initial sinusoidal rotational velocity = = 100 rad/s (see
(138)). This example is run with Mooney-Rivlin model ( =0 and = 3)
and material properties are such that Young’s modulus E = 0:017 GPa,
density o = 1:1 Mg=m? and Poisson’s ratio = 0:3.
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6.5. 3D tensile cube

This example is an extension of the two dimensional tensile plate (see
section 6.1) to a unit cube in three dimensions, to further illustrate the
performance of the stabilised p-F-H-J mixed PG-FEM formulation. A
unit cube clamped at the bottom and traction-free conditions on the rest of
the boundaries is subjected to a sinusoidal variation in initial velocity eld
Vji=o = 0;0;Vvgsin 2>|f3 T (where vy = 500 m/s) which is compatible with
the boundary. This problem is solved using a compressible Neo-Hookean
material ( = 5 and = 0) with Young’s modulus E = 21 GPa, den-
sity o = 7 Mg/m? and Poisson’s ratio = 0:3. References [1, 8] reported
that existing stabilised p-F and p-F-J PG-FEM formulations perform ex-
tremely well and, therefore can be treated as reference solutions (see Figure
15) for comparison purposes. Comparisons of a sequence of deformed states,
benchmarked against already published numerical methodologies, are shown
in Figure 15 and Figure 16, respectively. It can be clearly seen that the
numerical solutions obtained from the proposed p-F-H-J PG-FEM formu-
lation match extremely well with existing methodologies, without showing

any non-physical hydrostatic pressure instabilities.
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(a) Stabilised p-F PG-FEM [ 8]

(b) Stabilised p-F -J PG-FEM [1]

Figure 15: Tensile cube: a sequence of cross-sectional deémt shapes (pres-
sure contour plot) using existing numerical methodologiega) p-F PG-FEM
formulation ( ¢ = t, ¢ =0:1, , =0); and (b) p-F-J PG-FEM formula-
tion(g= t, ,=0:2 1t ;=05 ;= g =0). Results obtained with a
sinusoidal variation in initial velocity eld vjizo = 0;0;VvpSin % T where
Vo = 500 m/s. Compressible Neo-Hookean material (= 5 and = 0) is
used such that Young's modulu€ = 21 Pa, density o = 7 Mg=m?3, Pois-
son'sratio =0:3 and cg. = 0:3. Discretisation of 8 8 8 6 linear
tetrahedral elements. Lumped masg-gontribution.
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