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ZUSAMMENFASSUNG

Diese Arbeit behandelt die energiekonsistente Simulation von Bewegungen
eines viskoelastischen kontinuierlichen Korpers, unter Einbezug der Kopplung
von thermischen und mechanischen Feldern. Der verwendete Algorithmus
basiert auf einer Vier-Feld-Formulierung in Lagrangescher Darstellung, in
der die Deformationsabbildung, das Geschwindigkeitsfeld, das Temperaturfeld
und eine deformationswertige viskose innere Variable unabhéingige Variablen
darstellen. Die Bewegungsgleichungen sind deshalb Differentialgleichungen
erster Ordnung. Das Lagrangesche Temperaturfeld wird bestimmt durch
die lokale Entropiebilanz als dritte Differentialgleichung erster Ordnung,
verbunden mit dem Fourierschen Gesetz fiir Warmeleitung. Die letzte
Differentialgleichung erster Ordnung stellt die viskose Evolutionsgleichung
dar. Sie basiert auf einer inneren Dissipation, welche quadratisch in einem
nichtlinearen viskosen Verzerrungsratentensor formuliert ist.

Dieses System von gekoppelten nichtlinearen Differentialgleichungen wird
diskretisiert mittels einer neuen Raum-Zeit-Finite-Elemente-Methode, die
sowohl zu kontinuierlichen als auch zu diskontinuierlichen Approximationen
in der Zeit fiihrt. Aufgrund spezieller Zeitapproximationen in den konsti-
tutiven Gesetzen des Problems wird, neben der Gesamtimpuls- und Gesamt-
drehimpulsbilanz, auch eine Stabilitdtsabschétzung beziiglich einer relativen
Energiefunktion noch nach der Raum-Zeit-Diskretisierung exakt erfiillt. Daher
ist der resultierende Zeitintegrationsalgorithmus langzeitstabil, auch wenn
Zeitschrittweitendnderungen vorgenommen werden.

Das erhaltene System von gekoppelten nichtlinearen algebraischen
Gleichungen wird mittels einer monolithischen Strategie gelost. Die damit
verbundenen Newton-Raphson-Verfahren auf globaler Ebene und auf
Elementebene basieren auf einer konsistenten Linearisierung. Die verwendeten
neuen Konvergenzkriterien fiir die iterative Losungsprozedur beziehen
die Energiekonsistenz des Algorithmus’ in Betracht, und sind frei von
Skalierungseinfliissen in den vier unabhingigen Variablen. Reprisentative
numerische Simulationen mit verschiedenen Randbedingungen zeigen die
unbegrenzte Genauigkeit und die hervorragende Stabilitdt des neuen
Zeitintegrationsalgorithmus’.
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ABSTRACT

This paper is concerned with the energy consistent simulation of motions of
a viscoelastic continuum body, under inclusion of the coupling of thermal
and mechanical fields. The corresponding algorithm is based on a four-field
formulation in the Lagrangian description, in which the deformation mapping,
the velocity field, the temperature field and a strain-like viscous internal
variable field are independent unknowns. Hence, the equations of motion are
formulated in first-order form. The Lagrangian temperature field is determined
by the first-order entropy evolution equation, associated with Fourier’s law of
heat conduction. The first-order viscous evolution equation is derived from an
internal dissipation being quadratic in a nonlinear viscous strain-rate tensor.

This coupled system of nonlinear differential equations is discretised by
a new space-time finite element method, consisting of continuous as well as
discontinuous finite element approximations in time. Owing to particular time
approximations in the constitutive laws, beside the total linear momentum as
well as the total angular momentum balance, a nonlinear stability estimate
with respect to a relative energy function is exactly fulfilled in the fully discrete
case as well. Hence, the resulting time integration algorithm is long-time
nonlinear stable also when changing the time step size.

The obtained coupled system of nonlinear algebraic equations is solved by
a monolithic solution strategy. The corresponding Newton-Raphson methods
on the global and the element level are based on a consistent linearisation.
The new convergence criteria used for these iterative solution procedures
take the energy consistency into account, and is free of the scaling in the
independent variables. Representative numerical simulations with various
boundary conditions show the higher-order accuracy and the superior stability
of the new time integration algorithm.

KEYWORDS: Multi-Physics Problems, Strong Thermo-Mechanical Coupling, Space-
Time Finite Element Methods, Time-Stepping Algorithms, Energy-Momentum
Consistency, Higher-Order Accuracy, Monolithic Solution Strategy, Consistent
Linearisation, Scaling-Free Convergence Criteria.
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1. INTRODUCTION

In the dynamic finite deformation elasticity, it turned out that well-known
stability estimates for linear problems are not valid for nonlinear problems.
First statements about this topic can be found in Belytschko & Schoeberle [1]
and Hughes [2]. On the other hand, representative numerical simulations
reveal that time integration algorithms can possess instable behaviour (see
Simo & Tarnow [3] and Crisfield & Shi [4], for instance). This numerical
instability is identifiable through the divergence of the used iterative solution
procedure, induced by unphysical time evolutions. In Crisfield & Shi [4], this
behaviour is designated as locking in time, in the light of the well-known
locking in space occurring in calculations with shells and quasi-incompressible
material. In order to avoid the temporal locking with elastic material, two
common approaches are the development of conserving, in particular energy
conserving, time integration algorithms, or the introduction of numerical
dissipation by the time integrator for damping out high-frequent modes.
The approach of energy conserving time integration algorithms is based
on the fact that energy conservation means unconditional numerical stability
(see Richtmyer & Morton [5] and Wood [6]). This knowledge is confirmed
several times during the numerical time integration of conservative systems,
especially of hyperelastic systems. For instance, the authors of LaBudde &
Greenspan [7, 8] investigated energy conserving time integration algorithms
for N-body problems. By considering Hamiltonian systems in Simo et al. [9],
the meaning of total linear as well as total angular momentum conservation for
the numerical time integration is realised. In Simo & Tarnow [3], this approach
is applied to dynamic finite deformation elasticity, and leads to energy-
momentum conserving time integration algorithms. Here, the stability of an
exact energy conserving time integration is confirmed again. This algorithm
is based on a midpoint approximation together with modified internal forces.
In Gonzalez [10], the time integration algorithm is also composed of these
two elements. However, the latter algorithm arise from the well-known
approach of substituting a discrete derivative for an analytical derivative in
the discretisation. The discrete derivative approach is already applied to the
N-body problem in Greenspan [11,12]. The origin of this approach is the view

1



2 1. INTRODUCTION

of a conserving time integration algorithm as discrete conservative mechanical
system, or discrete Hamiltonian system, respectively (see Greenspan [13]).
From this perspective, the positive influence of exact algorithmic conservation
properties on numerical stability and physical quality of the numerical solution
is analytically proved for a model problem in Gonzalez & Simo [14]. Unlike
a discrete stress tensor, a temporal continuous energy conserving stress
approximation is presented in Sansour et al. [15]. In this reference, the energy-
momentum conserving time integration algorithm for shells is based on a
covariant continuum formulation. In Grof et al. [16], a temporal continuous
and energy-momentum conserving stress approximation is given as well.
However, this approach includes the effective discrete gradient in Gonzalez [10]
in the case of a midpoint approximation. An alternative to modifying internal
forces is to enforce the exact energy conservation iteratively as constraint by
means of a Lagrange multiplier. The authors of Hughes et al. [17] apply this
concept on the basis of the trapezoidal rule. In Laursen & Meng [18], exact
energy conservation is also achieved iteratively, using the energy conservation
condition as additional equation for determining a scalar-valued parameter
field. Energy-momentum conserving time integration algorithms for nonlinear
structural dynamic problems are constructed in Simo & Tarnow [19] and
Simo et al. [20]. A similar proceeding in Crisfield & Shi [4, 21] leads to
an energy-momentum conserving time integrator for trusses, in Galvanetto
& Crisfield [22] for two-dimensional beams, and in Zhong & Crisfield [23]
for shells. The authors of Stander & Stein [24] also present a conserving
time integrator for two-dimensional beams, and Brank [25] deals with the
extension of the conserving time integrator for dynamic shell motions in the
foregoing Reference Brank et al. [26] to flexible laminates. In connection with
an iterative enforcement of the energy conservation in structural dynamics,
we mention Kuhl & Ramm [27], wherein, in addition to the total energy
conservation, also the total linear and total angular momentum conservation is
enforced by Lagrange multipliers. Unusually, the time approximation is based
on a numerically dissipative time integration algorithm. Hence, high-frequent
modes of the solution are damped out, however, the decrease of total energy
owing to the numerical dissipation is balanced by the energy conservation
constraint.

The approach of introducing numerical dissipation by means of a time
integrator arise from the knowledge about linear stability of time integration
algorithms. Since the maximum time step size of linear stable time integration



algorithms is inversely proportional to the highest frequency of the discrete
system, the approach of damping out high-frequent modes of the solution in
order to increase the time step size stand to reason (see Hilber et al. [28]).
Assumption is that these modes are not of primary interest for the considered
motion. The locking effect in time of nonlinear problems, mentioned in
Crisfield & Shi [4], is also traced back to high-frequent modes. In the dynamic
finite deformation elasticity, this approach is applied, because a finite element
approximation in space does not approximate high-frequent modes very well
(see Strang & Fix [29]). Therefore, numerically dissipative time integration
algorithms are developed for nonlinear elastic materials (compare Armero
& Romero [30, 31] for elastic continuum elements and Ibrahimbegovic &
Mamouri [32] for elastic beam elements). However, in the knowledge of the
present authors, it is not sufficiently clear in the scope of nonlinear problems,
if numerically dissipative time integration algorithms do not also damp out
physically relevant modes of the solution. Therefore, this approach is not
considered in the present work.

The aforementioned references show that the exact fulfilment of energy
and momentum balances is an important quality feature of time integration
algorithms for nonlinear elastodynamics. However, the therein presented time
integrators are at most second order accurate. A more accurate solution
can only be achieved by a smaller time step size. This, however, can be
numerically more costly. For this reason, the approaches behind the energy-
momentum conserving time integration algorithms in Gonzalez [10,33] and
Simo & Gonzalez [34] are carried forward into higher-order accurate time
integration schemes in Grof et al. [16] and Grof [35]. These time integrators
show the stability properties for arbitrary accuracy orders. The improved
numerical stability allows to use larger time steps, and leads to more efficient
calculations. The approach is based on the Galerkin method, which allows a
systematical construction of implicit time integration algorithms of arbitrary
accuracy order by means of finite elements in time. Temporal Galerkin
methods are mainly subdivided into discontinuous Galerkin (dG) methods
and continuous Galerkin (cG) methods (see Eriksson et al. [36]).

In dG methods, the approximation of the test function and the trial
function is assumed to be discontinuous over the element boundaries. The
dG method is traced back at least to Lasaint & Raviart [37], and is described
in detail in Cockburn [38] and Thomee [39], for instance. A first application
on linear elastodynamics is given in Hughes & Hulbert [40], wherein
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simultaneously a Galerkin method in space is applied. In Hulbert [41,42],
it is focused on the numerical treatment of the semi-discrete equations.
Thereby, the authors decide between a single-field formulation and a two-field
formulation. In the former formulation, one uses only trial functions in the
displacements, where in the latter formulation, one also applies independent
trial functions for the velocities. For example, in Li & Wiberg [43, 44],
the dG method is implemented with linear finite elements in time for the
displacements as well as for the velocities. This work is extended to a nonlinear
model problem in Wiberg & Li [45]. Likewise, nonlinear model problems are
considered in Bonelli & Bursi [46] and Bottasso [47]. The former reference
elaborates on the connection between dG and Runge-Kutta methods. In the
latter reference, the dG method is applied to stiff differential equation systems,
and the numerical cost is compared. The application of the dG method to
nonlinear beams is subject of Bauchau & Theron [48]. This formulation is
extended to elastic multibody systems in Bauchau & Bottasso [49]. However,
when applied to hyperbolic problems as the nonlinear elastodynamics, the
dG methods lead to time integration algorithms with numerical dissipation.
Using constant finite elements in time, for instance, we obtain the well-known
implicit Euler method. Therefore, the dG method is a way of introducing
numerical dissipation, and belongs to the second approach for obtaining stable
time integration algorithms. For this reason, the time integration algorithms
for the nonlinear problems in Bauchau & Bottasso [49] and Bauchau &
Theron [48] is based on the dG method. In Grof et al. [50] and Gro® [51],
however, is shown that the ordinary dG method is not appropriate to construct
momentum conserving time integration algorithms, owing to the jump in the
time evolution. Only a reduced time integration in the resulting finite element
method leads to total angular momentum conservation. This integration,
with less Gauss points as in fact for the used polynomial degree of the
shape functions is necessary, is already known from the volume integration
in specific continuum elements. For example, it is used to avoid locking of
continuum elements for quasi-incompressible material (see Wriggers [52] for
an overview). On the other hand, the reduced time integration in the dG
method leads to a time integration algorithm being identical to that, which
follows by a consistent time integration from an ordinary ¢G method. For
this reason, the authors of Grof et al. [50] and Gro# [51] apply only the cG
method for designing conserving time integrators of arbitrary order. Note that
independent of the results in Grof [51], the authors of Larson & Niklasson [53]



have shown that the ¢G method can be viewed as a limit of the dG method
if a parameter tends to infinity.

In ¢G methods, the approximation of the trial functions is assumed to
be continuous over the element boundaries, whereas the approximation of
the test functions is further discontinuous. Therefore, we obtain implicit
time integration algorithms. The c¢G method seems to go back to Douglas
& Dupont [54] and Swartz & Wendroff [55] for parabolic problems, and
to Hulme [56, 57] for ordinary differential equations. More details about
the continuous Galerkin method can be found in Eriksson et al. [36] and
Fairweather [58], for instance. In Aziz & Monk [59] and Winther [60], the
¢G method is also applied to solve partial differential equations. In French &
Schaeffer [61], the time integration of ordinary and different nonlinear partial
differential equations is investigated. In this reference, the aspect of exact
energy conservation is also treated, and leads to an energy conserving time
integration algorithm. In a follow up paper, the exact energy conservation is
also considered as important for nonlinear wave propagation (see French &
Peterson [62]). That the ¢G method is particulary appropriate to construct
energy conserving time integration algorithms for conservative problems is also
found by other authors. For example, in Betsch & Steinmann [63] is shown that
just the ¢G method is inherently energy conserving, which means the energy
conservation is achieved for exact calculation of time integrals. This property
leads to a better and better conserved energy with increasing accuracy order
of the numerical quadrature. Also in Larson & Niklasson [64], the conservation
properties of the ¢cG method is investigated and compared with that of the
dG method. In Betsch & Steinmann [65], an energy-momentum conserving
time integration is designed for the N-body problem. This formulation is
extended to semidiscrete nonlinear elastodynamics in a follow up paper (see
Betsch & Steinmann [66]). Since the exact energy-momentum conserving time
integration algorithms in these works are at most second order accurate,
the part Grof et al. [16] of this publication series shows the extension to
higher-order accurate energy-momentum conserving time integration of both
problem classes. The third part also describes the conserving time integration
of coupled elastic and rigid bodies with second-order accurate integrators (see
Betsch & Steinmann [67]).

In the present work, we also apply the Galerkin method in time combined
with a Galerkin method in space. In this way, we obtain a space-time
approximation, which is not restricted in the accuracy order. Whether we
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use a ¢G or dG method in time is based upon the consistency with energy
balances of our now dissipative problem.

1.1. Literature review

In all of the mentioned references about energy conserving time integrators
for nonlinear elastodynamics is found that an indicator for an unstable
numerical integration is the so-called blow-up behaviour. This phenomenon
means a steadily increased total energy with increasing calculation duration.
An energy blow-up is noticed particularly with high material stiffness. If
no blow-up behaviour is observed, the energy oscillates around a constant
energy level. Consequently, energy inconsistent non-dissipative algorithms
produce algorithmic energy during the integration of elastic systems. In
dynamic problems of dissipative materials is expected that this algorithmically
produced energy is compensated if the physical dissipation is sufficiently high.
And so, the numerical instability cannot be observed. This compensation
is observed in Simo [68], during the time integration of motions of plastic
materials. In the same reference, a non-conserving time integration algorithm
is compared with a total linear and total angular momentum conserving
algorithm. By using numerical simulations, the author concludes that the
latter is more stable than the non-conserving time integrator. Hence, the
relevance of momentum conserving time integration algorithms is verified also
for dissipative materials.

This expected compensation of algorithmically produced energy is not
observed in each case. In Meng & Laursen [69], it is described that a
not sufficiently high internal dissipation of a plastic material leads to an
energy blow-up with subsequent numerical instability. However, this blow-up
behaviour is avoided by using an energy consistent time integration algorithm,
which is an algorithm fulfilling exactly the discrete energy balance. In the
conservative case, the energy is conserved, and in the dissipative case, the
approximated physical dissipation leads to a prescribed energy loss. In this
paper, algorithms for the additive as well as multiplicative plasticity with
isotropic hardening are presented. In Noels et al. [70], a variational formulation
with incremental potentials according to Ortiz & Stainier [71] allows the
construction of a conserving time integrator for elastoplasticity, which is based
on the discrete derivative approach for hyperelastic materials according to
Gonzalez [10]. The procedure in Noels et al. [70] is not restricted to isotropic
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hardening. In Noels et al. [72], these authors introduce numerical dissipation
for high-frequency numerical modes using this variational formulation, and
arrive at a first-order accurate time integrator which also conserve the
total linear and total angular momentum. The introduction of controllable
numerical dissipation by remaining total linear and total angular momentum
conservation is motivated by the energy consistent integrator in Armero [73],
which is based on the schemes in Armero & Romero [30, 31| for nonlinear
elastodynamics. However, in Noels et al. [72], the numerical dissipation is not
only in the additional term of the discrete derivative involved, but also in
the analytical derivative at the midpoint strain. In Armero & Zambrana-
Rojas [74], a volume-preserving energy-momentum scheme for isochoric
multiplicative plasticity is presented, in order to preserve exactly the plastic
volume for isochoric plastic models. This time integrator is based on the
scheme in Armero [73]. In Armero [75], this energy-dissipating momentum-
conserving time integration algorithm is adjusted to assumed strain finite
elements in space, which are constructed for nearly incompressible material
responses. In all these references, the discrete derivative approach is applied,
which also leads to an energy consistent material-point method for dynamic
finite deformation plasticity in Love & Sulsky [76]. The material-point-method
is an extension of the particle-in-cell method, in which particles are interpreted
as material points. Alternatively, in Mohr et al. [77] and Mohr [78], energy
consistent time integration algorithms for finite elasto-plasto dynamics are
presented, which base on a finite element method in time. In these References,
it is also shown that, using a first order accurate algorithm for updating the
plastic internal variables, we obtain an order reduction of a higher-order time
integration method as soon as plastic deformations occur. A remedy of this
formal disadvantage could be to consider elastoplasticity from the viewpoint
of a differential algebraic system. For infinitesimal elastoplasticity, this is done
in Papadopoulos & Taylor [79] and Biittner & Simeon [80], respectively.

The mentioned energy consistent time integration algorithms for
elastoplastic materials are based on the assumption of hyperelastic
constitutive laws for the elastic behaviour. In this plasticity concept, the
inelastic deformation is determined by a flow rule, and the stress is
subsequently derived from the hyperelastic strain energy function (see Simo
& Ortiz [81]). An older procedure is based on hypoelastic stress formulations,
in which the stress follows from the time integration of a stress rate equation.
However, the configuration in which the considered stress tensor is defined
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draw a distinction. In the current configuration, for example, we have
to approximate objective stress rate tensors (see Pinsky et al. [82]). By
means of a discrete form pertaining to such an objective stress rate tensor,
energy consistent algorithms for dynamic finite deformation hypoelasticity are
designed in Noels et al. [83,84]. The difference between these algorithms lies in
the accuracy order of the stress rate approximation. In the former reference,
the approximation is of first order accurate, where in the latter, a second order
accurate stress rate approximation is used.

Since we consider in the present work an internal dissipation of a
viscoelastic material law and a dissipation arising from a classical heat
conduction by means of Fourier’s law, we give an overview about algorithms
for calculating deformations of these dissipative materials. However, beside
intermediate results of the present authors in Groff & Betsch [85, 86]
for the dynamic finite deformation viscoelasticity, in Grof & Betsch [87]
for the dynamic finite deformation classical thermoelasticity, and in Grofs
& Betsch [88-91] for nonlinear thermo-viscoelastodynamics, there are no
references known to the present authors, which are concerned with the
simulation of corresponding dynamic problems with energy consistent
algorithms. Mostly the approach of introducing numerical dissipation
is applied. In contrast, for the non-dissipative non-classical theory of
thermoelasticity according to Green & Naghdi [92], an energy consistent time
integration algorithm is presented in Bargmann [93]. This algorithm is also
based on a finite element approximation in space and time (see also Bargmann
and Steinmann [94, 95]).

In nonlinear viscoelasticity, for a long time, inelastic stresses are determined
by means of approximated time integrals. These integrals follow directly
from the older representation by means of functionals, or indirect from the
newer representation by means of internal variables (see Haupt [96]). The
concept of internal variables for viscoelastic materials is already known from
Green & Tobolsky [97], and is newly taken up in Lubliner [98]. However,
this concept is increasingly used in numerical implementations only since
Simo [99]. Here, the internal variable plays the role of an non-equilibrium
stress tensor, which is determined by an evolution equation similar to that in
the linear theory. In Holzapfel [100], the evolution of the non-equilibrium stress
determines an internal variable of strain-type. The formulation presented
in Le Tallec et al. [101] is based totally on a strain-type internal variable,
however, the corresponding evolution equation is also derived from the linear
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theory. The constitutive law in Reese & Govindjee [102] is also based on
internal variables of strain-type. The evolution equations, however, are here
not deduced from the linear theory, wherefore they allow material states far
away from the thermodynamic equilibrium state. The evolution equations in
this reference have the same structure as a plastic flow rule. Therefore, the time
integration is performed by using algorithms known from elastoplasticity. For
example, the exponential mapping algorithm is established for finite isotropic
elastoplasticity (see Simo [68], Weber & Anand [103] and Miehe & Stein [104]).
In the latter references, this algorithm is based on a spectral decomposition
of the considered tensors. However, in Miehe [105], the exponential map
algorithm is applied to anisotropic multiplicative elastoplasticity by avoiding
the spectral decomposition of the argument tensors. For this reason, the
exponential mapping algorithm is appropriate to constitutive laws for
rubber-like polymers based on principal stretches (compare the material in
Ogden [106]). However, the time integration with this algorithm is at most first
order accurate. For obtaining a higher order of accuracy, we have to apply more
general methods for solving ordinary differential equations (see Reese [107]).
Since the time evolution of internal variables are associated with different
time scales, the corresponding differential equations are numerically stiff, and
require robust time integration algorithms. Owing to the better stability,
implicit time integrators are preferred to explicit schemes. In particular,
implicit time integration algorithms with numerical damping, as the implicit
Euler method, is used frequently (see Le Tallec et al. [101]). Another approach
for improving the robustness is the application of an adaptive time step size
control (see Reese [107] and Diebels et al. [108]). The corresponding error
estimate is based on a comparison of the solution of two time integrators with
distinct orders of accuracy. For instance, Runge-Kutta methods are applied,
which are not restricted in their accuracy order (compare Hairer et al. [109]
and Hairer & Wanner [110]). The mentioned implicit Euler method is an
element of the class of implicit Runge-Kutta methods. The consideration of the
viscous evolution equation together with a semi-discrete static boundary value
problem leads to a differential algebraic system of equations (see Kirchner &
Simeon [111], for instance). These most stiff systems of equations are often
solved by using BDF methods. The implicit Euler method, for example, is the
first order BDF method (see Ascher & Petzold [112] and Brenan et al. [113]).
For this reason, higher order BDF methods are used for integrating viscous
evolution equations in time, in order to realise an adaptive time step size
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control. In Kirchner & Simeon [111], a viscous material model for small
strain is considered. For large strains, the differential algebraic approach is
applied in Hartmann [114]. However, the time integration is taken over by
diagonal implicit Runge-Kutta methods. These methods are also considered
to be robust, however, in addition, they have advantages for efficiency and
implementation purposes (compare Ellsiepen & Hartmann [115]).

In classical thermoelasticity, the temperature is considered as additional
independent variable. This is well-founded by the observability of the
temperature, and by the fulfillment of the axiom of causality of constitutive
equations (see Eringen [116]). As additional equation to the balance
of mechanical energy, the balance of internal energy or the balance of
entropy is used. The finite element method approximates the independent
temperature field by spatial trial functions. After the spatial discretisation, we
therefore obtain a coupled system of ordinary differential equations (compare
Oden [117]). Methods for solving these coupled equations apply the monolithic
or the partitioned solution strategy (see Wood [6]). A monolithic solution
is mostly obtained by applying an implicit time integration algorithm, as
the generalised midpoint rule, together with a simultaneous solving of the
resulting algebraic system of equations. As solution strategy for the algebraic
system is applied a direct method or a staggered method (see Argyris &
Doltsinis [118] and Argyris et al. [119]). Partitioned solution strategies are
introduced in order to improve the numerical effort, solving many degrees of
freedom. For example, special time integration methods leading to uncoupled
semi-discrete equations are combined with an explicit extrapolation of the
coupling terms. However, according to Park & Felippa [120], this extrapolation
leads to conditionally stable algorithms. In Simo & Miehe [121], a split of the
elliptic operator of the coupled field equations according to the fractional step
method (see Yanenko [122]) is performed. By means of this operator splitting
technique, the problem is solved sequently in an isothermal mechanical and
a purely thermal phase. Thus, the equations of motion are solved with
constant temperature, and the energy equation during a fixed position. The
time integration is performed by means of the already mentioned first order
accurate implicit Euler method, since the total operator split is a first order
accurate approximation. The algorithm pertaining to this so-called isothermal
split, however, is solely unconditionally stable in the sense of linear stability.
However, this is not sufficient for highly nonlinear problems. For this reason,
the problem in Armero & Simo [123] is solved in an adiabatic mechanical phase
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and in a purely thermal phase. Hence, the motion is now calculated at constant
entropy. But, the condition of a constant entropy leads to a necessary iteration
procedure on the element level. This adiabatic split is also nonlinear stable in
the sense of Lyapunov. The improved stability is also confirmed in Miehe [124]
and Holzapfel & Simo [125], solving problems with entropic thermoelastic
materials. On the other hand, a stability procedure for the isothermal split
is given in Farhat et al. [126]. In a direct comparison of the monolithic
and the partitioned solution strategy for strong coupled problems, which
means relatively high thermal expansion coefficients, for instance, is found
that the former strategy leads to better results (see Reese [107]). This is also
concluded in Ibrahimbegovic et al. [127], wherein a covariant formulation of
thermoelasticity is presented. There are two reasons for this. Solving a strong
coupled problem sequently in split phases, first, the number of iterations is, in
the worst case, nearly twice the number of iterations pertaining to the natural
monolithic strategy, and second, there is possibly a great deviation of both
solutions. This deviation would lead necessarily to an iterative refinement
or a decrease of the time step size. In these cases, the partitioned solution
strategy is therefore no more efficient, and it is not worth to accept the low
accuracy order of the algorithm. On the other hand, an advantage of the
partitioned solution strategy is the possible usage of different time step sizes
in the two phases. In this way, different time scales in the temperature and the
displacement can be considered already during the time integration. However,
since we aim at higher-order accurate algorithms also appropriate for strong
coupled problems, we apply a monolithic solution strategy using a Newton-
Raphson method with consistent tangent. We determine the displacement and
the temperature increment in the iterative solution procedure sequently in an
efficient way, in order to avoid large algebraic systems of equations.

The consideration of thermal effects, as heating of the material after
being deformed (Gough-Joule effect, see Miehe [128])) or changes in the
body temperature arising from internal dissipation, is especially for viscous
materials as polymers of importance. Therefore, viscoelastic material models
are often extended to temperature dependent viscoelastic behaviour. The
viscoelastic material model in the already mentioned reference Holzapfel [100]
is extended in Holzapfel & Simo [129] to such thermal effects. In both
references, the time evolution of a strain-like viscous internal variable is
calculated by means of a linear non-equilibrium stress rate equation. The
modelling by means of a nonlinear strain rate equation (see Reese &
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Govindjee [102]) is used in Reese & Govindjee [130] for simulating thermo-
viscoelastic materials. Accordingly, in order to calculate motions of thermo-
viscoelastic materials, the local iterative solution procedure pertaining to the
viscoelasticity has to be applied on the element level, and the global iterative
solution procedure of a thermoelastic problem is used on the global level.
However, in the entropy evolution equation, there is additionally an entropy
term arising from the internal dissipation of the viscous material law.

1.2. Outline

The outline of the paper is as follows. In Section 2, we define our problem of
continuum motions of a viscoelastic body, under inclusion of the coupling of
thermal and mechanical fields. Thereby, we use the Lagrangian description of
continuum motions. We start with mathematical preliminaries, which explain
the used notation. In order to display the tensors, and the equations in
which they are included, we use a mixed form of a symbolic notation and
an index notation. This notation inherits the advantages of both notations.
Namely, the possible identification of the whole tensor in the equation,
however, with avoiding many shorthand notions for chaining these tensors.
Moreover, this notation simplifies later the transition to the matrix notation
in the implementation. Further, in the light of Marsden & Hughes [131] and
Abraham et al. [132], we reveal the distinction of tangent and cotangent
vectors by subscript and superscript indices, and use different symbols for
the corresponding different sets. Especially, when introducing the viscoelastic
material model and the spatial discretisation, this simplifies to retain
the clarity in which space or set the quantities are defined. Recall the
mentioned necessary distinction in the approximation of rate equations with
respect to the current or the reference configuration. Although, we are only
concerned with rectangular coordinates, the distinction between tangent and
cotangent vectors in the general sense are necessary for explaining which
time discretisations are consistent with the applicable energy function. For
example, the considered boundary conditions have an influence on the defined
energy function, and thus on the energy consistent time discretisation. We
already apply this notation to the mathematical definition of all the concerned
terms, such as reference and current configuration, deformation and motion
and many others (compare Ciarlet [133]), in order to bring the reader close
to this notation and the corresponding perspective. In spite of the theoretical
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purposes of the notation for deriving the finite element method, the used
tensor notation is geared to the common matrix notation, which is used in the
implementation of the algorithm. After defining the physical quantities related
with the Lagrangian description of continuum motions, we also introduce in
Section 2 the governing evolution and constitutive equations, and define the
strong form of the corresponding initial boundary value problem. This section
is closed by deriving the conservation laws and the energy-based stability
estimate of the strong form, whose fulfillment is an aim of the Galerkin finite
element method.

In Section 3, we derive the weak formulation of the initial boundary value
problem straight forward by using the defined energy function. Thus, it is
guaranteed that the Galerkin finite element method, derived in Section 4,
satisfies the stability estimate. Here, we consciously discretise at first in time
and then in space. The idee is to argue that we calculate time curves of
fields over a bounded domain, and we therefore approximate first the time
curves of the fields and then the fields themselves. In this way, we arrive in
Section 5 at an already known temporal approximation of the strain evolution,
called assumed strain approximation in time, which is unaffected by rigid
body motions according to Grof et al. [16] and Grof [35]. In this section, we
also derive additional terms of the weak forms pertaining to the equations of
motion and the thermal evolution equation, which lead to the exact energy
consistency and the nonlinear stability in the sense of Lyapunov also in the
discrete case.

Section 6 then shows by means of numerical simulations that the
modifications in Section 5 do not affect the accuracy order of the finite
element method, but improve the stability. These motions are initiated
by initial conditions in order to verify the stability estimate as well as
the conservation laws. Additionally, we show simulations with mechanical
and thermal excitation by means of boundary conditions, which are also
incorporated energy consistently.

In an appendix, we give details about our implementation of the algorithm.
First, we derive in Section A the discrete initial boundary value problem,
which includes the nonlinear algebraic system of equations, solved by the
numerical solution procedure. Since we solve the problem by using Newton-
Raphson methods with consistent tangent matrices, we linearise this system
of equations in Section B. Here, we also introduce physically motivated
convergence criteria for the Newton-Raphson methods, which take the energy
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consistency of the finite element method into account. In Section C, we show
the physical and numerical applicability of the used Neo-Hookean material
model, called Simo-Taylor material, for the present numerical problem. The
appendix is concluded by Section D, which deduces an analytical solution of
an approximate problem, used for interpreting the numerical results.



2. PROBLEM DEFINITION

We consider arbitrary motions of a continuum body consisting of viscoelastic
material, and take the coupling of thermal and mechanical fields into
account. We start by introducing all the necessary quantities related with
dynamic deformations of thermally extended viscoelastic material, and all
the necessary balance laws of continuum mechanics. Thereby, we restrict us
to the Lagrangian description. Then, we introduce the considered constitutive
equations for the entropy flux arising from conduction of heat, and the viscous
internal variable formulation. We arrive at a system of coupled nonlinear
partial differential equations, representing an initial boundary value problem.
We show that, under certain circumstances, the time evolution of this problem
fulfills conservation laws and a stability estimate.

2.1. Lagrangian description of continuum motions

We are interested in the time evolution of positions of certain particles
pertaining to a continuum body, during a prescribed time interval. Therefore,
we consider in this paper continuum mechanics in dependence of the initial
positions of these particles, which means their Lagrangian description (see
Holzapfel [135] and references therein). This preliminary section introduces
the necessary quantities by emphasising the notion of tangent vectors at curves
and the corresponding cotangent vectors. This point of view is used below for
deriving the energy consistent time integration algorithms. We thereby use a
notation, which simplifies to retain the clarity in which of the many spaces
or sets the used tensors are defined. We begin this section by introducing the
mathematical concept of a continuum, inspired by Marsden & Hughes [131],
Abraham et al. [132] and Bertram [134], which models the body itself and its
ambient space.

2.1.1. Mathematical preliminaries. Let R denote the set of real numbers,
and 1 < ngm <3 be a positive natural number. We denote by &/ the
set of columns a = [a},...,a"dim], where the entries a’ € R denote real
numbers. Since &/ is a real vector space, the element a € o7 is called a

15
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Figure 2.1. A linear mapping A between two vectors in the ambient space .o
possesses an inverse A~1, and a transpose AT as well as a dual mapping A* on
the dual ambient space &7™*.

column vector. The vector space &/ models a continuum with respect to
the Euclidean reference frame. The origin of this frame is given by the zero
vector o = [0,...,0] of &7. Since a continuum body % C « is considered as a
connected subspace of the continuum, the space & denotes the ambient space
of the body.

We associate with the space o a symmetric and positive-definite
matrix 6. The entries of this matrix are the usual Kronecker symbols d;;,
i,j € Na=1{1,...,Ngim}. This matrix defines an inner product on & by the
relation

[a,b] = [a]'d;; [b)’ (2.1)

Summation on repeated indices is understood. By using this inner product,
we define the Euclidean norm ||a|| of the column a by the expression +/[a, al.
Moreover, Equation (2.1) defines a row vector a* = [a;...an,, |, whose
entries [a]; are given by the real numbers [a]*d;;. This row vector a* is called
the covector corresponding to the column vector a. By using this definition,
the inner product on the vector space &/ can be viewed as a pairing

(a*,b) = [a’];[b)’ (2.2)
of columns b € &/ and rows a*. Thus, a covector is an element in the space

L(«/,R) of all linear maps of &/ to R, called the dual space &/* of the
ambient space, and the matrix 6 is a mapping from the ambient space
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&/ to its dual space. Since the matrix & is positive-definite, the identities
§%61.;(a)’ = [a]'defines a symmetric and positive-definite matrix § ' on the
dual space «7* with the Kronecker symbols §* as entries. By the relation

[a*,b"] = [a"];:67 [b"]; (2:3)

we denote the corresponding inner product of two row vectors a*,b* € &/*
in the dual space of the ambient space. Likewise, the matrix 6 ' denotes a
mapping from the dual space @7* to the ambient space itself.

A linear mapping or tensor A € (<7, ) on the ambient space maps
column vectors to column vectors, and is defined by the relation

' [a) (2.4)

where the real numbers [A]’ ; € R denote the entries of the square matrix
corresponding to this linear map. The first index denotes the row and the
second index the column of the matrix. The sum of the entries on the main
diagonal of linear maps A € IL(«/, /) defines the trace

tr(A) = [A]", e R (2.5)

If the matrix corresponding to A is positive-definite, then there is an
inverse (A)~!. Its matrix entries [(A)71]*, are defined by the equations
[(A)~']%,[A]; = [I]*}, where the linear mapping I € L(¢/, /) denotes the
identity matrix with the Kronecker symbols 5kj as entries. The matrix
corresponding to the transpose (A)T € L(&/*, &7*) of the linear map A is
defined by the relation

‘la]; (2.6)

with the covector a* € &/* and the vector b € o/. By this definition, the
matrix associated with this transpose emanates from the matrix of A by
interchanging the rows and the columns. A further mapping A* in the linear
space L(&7*, &/*), which we call the dual mapping of A (see Figure 2.1), can
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be defined by a matrix product with § and its inverse, given by
[A*]," = Gri[ AT ;07" (2.7)

Analogous to vectors, a pairing (A, B*) of a mapping A in the linear space
L(«/, &) and the dual mapping of a second mapping B € (<7, &) defines an
inner product on this linear space. Then, the squared norm | A||? of a linear
map A on the ambient space coincides with the inner product [A, A] of this
mapping with itself. The inner product is defined as

[A, B] = [A];[(B")"}; (2.8)

We denote by €5 the permutation or Levi-Civita symbol. It coincides with
one for even permutations of (i, 7, k), with minus one for odd permutations
and zero elsewhere. We introduce the bilinear vector product of two column
vectors a, b € o/ by the components €;;;[a]?[b]*. By using the vector product,
the triple scalar product of three column vectors is defined as

[a,b,c] = eijilal’[b]"[c]' (2.9)

for any three column vectors a, b, c in the ambient space. According to the
mentioned properties of the permutation symbol, each triple scalar product
coincides with the product of its even permutated arguments, and with the
negative product of its odd permutated arguments. It vanishes for at least two
equal arguments. The permutation tensor is a linear mapping

[e(T)]; = e[ T)* (2.10)

relating uniquely to each skew-symmetric tensor T' € IL(&7*, o/), with the
property T = —(T)T, a row vector € in the dual space @* of the ambient
space. However, a symmetric tensor S € IL(&/*, <), with the property
S = (8)T, is mapped to the zero vector o = (0,...,0) of the ambient space.

2.1.2. The reference configuration. Let the set .7 denote the time interval
[to,T] C Ry of interest. We consider a continuum body Z# at initial time
to € Z as an bounded open set %, in the ambient space &/ with a piecewise
smooth boundary 0%,. Points X in this so-called reference configuration are
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Figure 2.2. A curve X (s) through any point X in the reference configuration %o
and a tangent vector W € T'x %, in the corresponding tangent space at this curve.

thus identified by column vectors
X =[X',..., X"in] € 5, (2.11)

A (topological) curve X (s), connecting points in %, such that X(0)
coincides with a fixed point X € %, is a subset of the reference configuration
(see Figure 2.2). A tangent vector W at this curve in the point X is a column
vector [W1, ... Wmdim] in the ambient space &7, defined by the components

Wt = | X)) (2.12)

The vector W lies in a space T'x %, of column vectors, which are tangent to
all curves X (s) at the point X in %y. This set is called the tangent space.
The union of the tangent spaces to %, at all points X € %, is called the
tangent bundle T'%,.

We are able to define a length scale for tangent vectors by using the inner
product on the ambient space, which means

(W, V] = [W]* 645 [V]? (2.13)
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for any two tangent vectors W and V in T'x%,. This inner product defines
a linear mapping W™ in the dual space L(Tx %y, R) corresponding to the
tangent space Tx%,. This dual space is called the cotangent space 1% %o.
Each cotangent vector W™ coincides with a row vector [Wy... W, |. The
entries Wy coincide with the real numbers W4 §45. The bundle space of
the cotangent space is denoted by T*%,. We obtain a pairing (W™ V) of
arbitrary tangent vectors V and cotangent vectors W* by using the dual

pairing corresponding to the ambient space.

2.1.3. The current configuration. The bounded open set %; C &/ denotes
the current configuration of the continuum body at fixed time ¢ € 7. Points
x in %, are designated by column vectors [z, ..., xz"dim]. The set %; possesses
a piecewise smooth boundary 0%;, on which we prescribe positions @ on a
part 0, %;.

A curve Z(s) in %, which fulfils the given boundary conditions and
coincides for Z(0) with the fixed point @, is a subset of this current
configuration. The tangent vector in the space T,%; at the curve Z(s) in
the point @ is given by the components

[w]* = — | [®(s)] (2.14)

The corresponding tangent bundle is denoted by T'%;. Accordingly, a tangent
vector w at %, coincides with a column vector [w!, ..., w"dim] in the ambient
space <. The inner product [w, v] of arbitrary two tangent vectors w and v
in T, %, arises from the inner product on the ambient space. Likewise, this
inner product defines a cotangent space 1.s %, at the current position x € %,

including cotangent vectors
[w*p = [w]* dab (2.15)

The matrix corresponding to such cotangent vectors is a row vector
[wy ... Wy, ] in the dual space &/*. The inner product defines, in turn, a
pairing (w*,v) of arbitrary tangent vectors v and cotangent vectors w* in
terms of the pairing on the ambient space.
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0%

0, %,

Figure 2.3. The current configuration %; with the curve T(s) through the point
x € A, and the corresponding tangent vector w € T, %,;. Further elements of this
tangent space are the deformation velocity v+(X) as tangent vector at the motion
¢ (t) and the displacement vector u.(X ) as tangent vector at the displacement curve.

2.1.4. Deformation and motion. A smooth injective and orientation
preserving mapping ¢, : By — A, of the reference configuration %, to a
current configuration 2, is called a deformation field of %, (see Ciarlet [133]).
The image ¢,(%p) coincides with the current configuration %; of the
continuum body. The entries % of the column vector & € %; at fixed time
t € J are given by

[z]* = [P (X)]" (2.16)

We assume that, for all times ¢ € .77, the positions @ on the boundary 9, %;
coincide with the points X on the so-called Dirichlet boundary d,%, C 0%,.
A motion is a time curve ¢(t), which coincides for a fixed time ¢ € 7 with a
deformation field ¢, of the body (see Figure 2.3).

2.1.5. Displacement and wvelocity. Suppose a smooth curve @,(s) of
deformation fields, defined such that the Dirichlet boundary condition is
satisfied and @, (0) coincides with a fixed deformation field ¢,. Then, a tangent
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field v, : By — TP, at this curve in ¢, is defined locally by the components
(X)) = — | [@(X)(s)]" VX € %o (2.17)

where the mapping @,(X)(s) denotes the trajectory for any point X € .
A curve @, (s) satisfies the Dirichlet boundary condition if each trajectory
©,(X)(s) coincides with X for all points X € 0,%, and for all curve
parameter s € R.

For example, the trajectories ¢, (X) + s(¢,(X) — X) defines such a curve.
The corresponding tangent field w; at this curve is defined by

which is called displacement field. Hence, a tangent field v; at an admissible
curve @, (s) vanishes at the Dirichlet boundary 0,%.

A further example of a curve @, (s) is the time curve ¢, , ,, wherein s denotes
a time difference. This curve satisfies the given time-independent Dirichlet
boundary condition. According to the chain rule of differentiation, the tangent
field at this time curve at the deformation field ¢, for a fixed time ¢t € .7 reads

v By X — o (X) €T, B (2.19)

where the dot denotes the partial time derivative. We call this mapping the
Lagrangian deformation velocity field of the body, and refer to the curve v(t)
as the velocity of the motion.

2.1.6. Momentum and kinetic energy. Based on the inner product
corresponding to the ambient space, there is an inner product of arbitrary
two tangent fields w; and v4, which is given by

[wtal/t]:/@ [pO(X)wt(X)th(X)]:/%pO(X) [ (X)) Gap [14( X))

(2.20)
where py : By — Ry denotes the density field in the reference configuration.
The corresponding squared norm |Jw;||? is given by the expression [w,w].
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Hence, a cotangent field w; corresponding to the tangent field w; in the
deformation field ¢, can be defined by the components

[wf (X)]a = po(X) [w/ (X)]a (2.21)

for any X € %y. By means of the inner product, we obtain a dual pairing
(wr, 1) of this cotangent field with a tangent field v at the deformation
field ¢,. Thus, in this context, we obtain the Lagrangian momentum field 7,
defined by the components

[7(X)]a = [0/ (X)]a (2.22)

as the cotangent field corresponding to the Lagrangian deformation velocity
field (compare Simo et al. [136]). Further, we refer to the curve (t) as the
momentum of the motion.

On the basis of the norm ||v|| of the Lagrangian deformation velocity field
at fixed time t € 7, the kinetic energy of the continuum body is defined by

T() = 5l = 5 [ po(X) W) b [ (X7 = 5 (o) (223)

and can be viewed as a time curve during a motion ¢(t) in the time interval
of interest. Thus, the kinetic energy is based directly on the pairing of the
Lagrangian deformation velocity field with its cotangent vector.

2.1.7. The deformation gradient field. The relation between a curve X (s) at
a point X in the reference configuration and the corresponding curve Z(s) in
the current configuration is given by the deformation mapping. Consequently,
the chain rule of differentiation implies the relations

o _ Olp (X)) a
fw* = SEEI W = [, (X)), W] (224)
of the components pertaining to the corresponding tangent vectors. The
reals [Oxp;(X)]* 4 coincide with the components [De,(X)]|* , of the Fréchet
derivative D, : By — L(T %y, THA;) pertaining to the deformation ¢, at
fixed time ¢t € 7 (see Figure 2.4).
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Figure 2.4. The deformation gradient field F'; and the right Cauchy-Green tensor
field C; as linear mappings between bundle spaces.

The volume element Vx at any point X € %, is mapped by the non-
negative Jacobian determinant

Jy(X) = det(Dgp, (X)) > 0 (2.25)

to the volume element V., at the point x € %;, which indicates the
local impenetrability of matter. Consequently, the tensor D¢, (X) at
any X € %, is positive-definite, and an element of the general linear
group GL(Tx %o, T, PB;). The Lagrangian field D¢, is designated as the
deformation gradient field F';, which means

[Fo(X)) 4 = [0xpe(X)]" 4 (2.26)

Since for any point X € %, at fixed time t € 7 the deformation gradient
F.(X) is a positive-definite tensor, there exists a uniquely defined inverse
(F;(X))~'. This tensor coincides with the Fréchet derivative D(¢p; *)(x)
of the inverse deformation with & = ¢,(X). Hence, the inverse deformation
gradient field is given by the components

[(F(X)) 717, = Doy (X)), = 10:(e ™)@ (XN),  (227)
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The Fréchet derivative Duv, : By — GL4 (T %oy, TH:) of the Lagrangian
deformation velocity field v at time ¢ € .7 is called the Lagrangian
deformation velocity gradient field. According to Clairaut’s theorem, partial
derivatives commute, and Dwv; coincides with the time rate of change F, of
the deformation gradient field. Hence, we obtain

Doy (X)]* 4 = [Oxvi(X)]" 4 = [Ox P (X)]" 4 = [Oxpp(X)]" 4 = [Ft(X()]“A)
2.28

Considering the time curve F'yy at a fixed time ¢t € 7, the mapping F,isa

tangent field at the deformation gradient field according to the chain rule of

differentiation.

2.1.8. The right Cauchy-Green tensor field. The deformation gradient
relates the vector w in the tangent space at the current configuration to the
tangent vector W at the reference configuration. The squared length ||w||? of
the tangent vector w therefore can be written as

lw]? = [w*]a[w]® = [w*]q [F(X))" ;W] (2.29)

by taking Equations (2.24) and (2.26) into account. Next, we substitute the
tangent vector W for the cotangent vector w* by recalling that the transpose
(Fy(X))T of the deformation gradient is a tensor of the cotangent space T} %;
to the cotangent space 1% %,. We arrive at

w2 = WA [(Fy(X)) T4 5 [Fo( X)) 5[ W) = [W]A [Ct<X>]AB[V(V]B |

2.30

This symmetric positive-definite tensor C¢(X) in the set S4(Tx %o, T% Po)

expresses the length of a tangent vector w € T,%; by means of the

corresponding Lagrangian tangent vector W € Tx %y, and is called the

right Cauchy-Green tensor. The corresponding inverse tensor (Cy(X))™! is
uniquely defined by the components

B

[(Co(X)) A7 = [(Fe(X)) 1, 0 [(Fe(X) ™ (2.31)

We refer to the field Cy : By — S (T PBy, T*PBy) as the right Cauchy-Green
tensor field. By means of the curve Cy s at time ¢t € .77, we identify the time
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derivative C; of the right Cauchy-Green tensor field as a tangent field, which
we call the Lagrangian strain velocity field.

Recalling that the stretch A denotes the length of change of tangent vectors,
the squared stretch reads

N = |w|? — W = W]H[C(X)]ap — [0las} WP =0 (2.32)

on a rigid body motion, which means the right Cauchy-Green tensor field
coincides with the metric tensor in the ambient space.

Taking the definition of the right Cauchy-Green tensor in Equation (2.30)
into account, the Jacobian determinant is written by the determinant of the
right Cauchy-Green tensor as

Ji(X) = /det(C, (X)) (2.33)

Furthermore, by introducing the symmetric right Cauchy-Green tensor field
C; as argument of the elastic potential energy function, the elastic material
model is frame-indifferent in the sense that, its free energy is left-invariant
under the (left-) action of the rotation group SO(/, &) of the ambient space
on the deformation gradient field (for more details see Simo et al. [137]).

2.1.9. The Lagrangian temperature field. We regard the absolute temper-
atures ©,(X) of each point X € %, at time t € .7 as elements of the
temperature set % C R.. The Lagrangian temperature field is denoted by
the mapping

Or:By>X — 0y(X) € (2.34)

We assume a piecewise smooth boundary 09%By C 0%, on which
temperatures ©,(X) for all points X € 0% at all times ¢t € J coincide
with the constant temperature O in the ambient space (see Figure 2.5).

In the temperature set, there is defined a curve 6;(X (s)) by means of the
curve X (s) C %y. Since this curve is defined such that X (0) coincides with
a fixed point X, the chain rule of differentiation implies

7(X) = (X (s)) = [0x O:(X)]a [W]* = [DO(X)]a W] (2.35)

Il
&l a
@
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Figure 2.5. The mappings from the configurations of a deformed body % into the
temperature set %, and a corresponding tangent vector ¥:(X) associated with a
tangent vector W in the tangent space at the point X in the reference configuration.

between the element ¥;(X) in the tangent space Tg.74 at the temperature
curve and the vector W in the tangent space Tx %o. The row vector D 6;(X)
lies in the cotangent space T%%. Taking relation (2.35) into account, we
identify a tangent vector ¥;(X) at all points X on the Dirichlet boundary
0o Py as zero. The Fréchet derivative

DO, : %y > X — DO,(X) € T} %o (2.36)

of the Lagrangian temperature field is called the Lagrangian temperature
gradient field at fixed time ¢ € 7.

We obtain a curve ©,(s) of temperature fields, which fulfills the boundary
condition @4(X) = O at all points X € 0pH, for all curve parameter
s € R, by means of the temperature trajectories 0:(X) + s(60¢(X) — Ox).
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Figure 2.6. The viscous transformation tensor field T and the deformation-

dependent metric tensor field ¢; are linear mappings with respect to the tangent

space T'%y at the reference configuration and the subspace ¥ of the ambient space.

The internal variable I'; can be viewed as a kind of right Cauchy-Green tensor on
the reference configuration.

The tangent vector at such a temperature trajectory is given by

1K) = S| 6.(X) = 6(X) - ox (2.37)
s=0

Hence, the mapping ¢; : X > By — O(X) — O is a tangent field at the
curve O(s), to which we refer to as the Lagrangian relative temperature field
of the body.

On the other hand, the time curve 6, also satisfies the time-independent
temperature boundary condition. Therefore, the Lagrangian temperature
velocity ©,(X) is a tangent vector for all X € %, and the Lagrangian
temperature velocity field O, is a tangent field.

2.1.10. The Lagrangian internal variable field. For describing viscous
behaviour, we introduce an invertible tensor T';(X) of the tangent space Tx %Ay
to a subspace ¥x C & as internal variable. In order to obtain a viscoelastic
material model, this transformation shall not change the elastic properties of
the material (compare Noll [138] as well as Bertram [139-141]). Therefore, we
carry the right Cauchy-Green tensor C;(X) in the argument of its free energy
to the vector space #x by the push-forward

(T(X)) ™ ] [CLXO)ap [(TH(X) P, = [ X)]ap (2.38)
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while Greek indices refer to the space ¥x (compare Figure 2.6). We obtain
the deformation-dependent metric tensor &;(X) € $4(¥x, %) for vectors in
the space #x as argument of the free energy.

On the other hand, the matrix corresponding to this metric tensor and the
matrix of the tensor A;(X) in the linear space IL(T% %o, T% Po), given by the
components

[A1(X)]e” = [Co(X)]op [(TH(X)) P4 (2.39)

where
(Ti(X)) P4 = [(To(X)) 1P 5 07 (Ty(X)) 7" (2.40)

has equal invariants (see Miehe [142], Betsch & Stein [143] and Betsch
& Steinmann [144]). Hence, the symmetric tensor I';(X) in the set
S+ (T'x Bo, T% Ho) can be viewed as a viscous internal variable for an isotropic
material, because its free energy depends only on the invariants of its tensorial
arguments. The symmetric tensor I';(X) can be interpreted as a kind of right
Cauchy-Green tensor according to its positive definiteness

WAL (X)) ap W] = [To(X)]*4[W]" bap [To(X))7 5 WP 20 (241)

for any vector W in the tangent space Tx%,. We consider the internal
variables I't(X) pertaining to all points X € %, at a fixed time t € J as
a subspace .%; of the linear space S (Tx Bo, T% Bo). We refer to the set .7
as the internal variable set.

In the end, we obtain the potential energy function

we) = [m(x0) = [ra,x).60%)) (2.42)

Bo

and the associated free energy V¥ :L(T%x%o,T%%o) x #; — R. Using the
symmetric tensor field I'y as internal variable, the potential energy function
is also frame-indifferent in the sense that the free energy ¥ is left-invariant
under the (left-) action of the rotation group SO(&7, /) on the viscous
transformation field T'.

Note also that a symmetric internal variable does not require the
specification of an inelastic spin tensor by an additional condition as in
Armero [73]. Considering the curve I't;, with the time difference s as curve
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Figure 2.7. The first Piola-Kirchhoff stress tensor field P; can be written by the

second Piola-Kirchhoff stress tensor field S; and the deformation gradient F', or by

means of the covariant first Piola-Kirchhoff stress tensor field P; and the inverse
metric tensor § ! corresponding to the current configuration.

parameter, the corresponding tangent field coincides for all X € %, with the
internal variable velocity I't(X). We refer to the tangent field I'y as the
Lagrangian internal variable velocity field.

2.1.11. Stress and entropy. We consider the directional derivative of the free
energy at the point X € %, along the continuous time curve ¥;;(X), and
obtain the time rate of change

_ 0%(X)

yv/t(X) - 8FAB aWt(X)

ov(X)
0CaB

[Ft(X)]AB-i- 90

0:(X)

(2.43)
Since I'y(X), C(X) and O,(X) are tangent vectors and the free energy is a
real number, the righthand side of Equation (2.43) defines a dual pairing of
tangent vectors with their corresponding cotangent vectors.
First, the negative partial derivative of the free energy with respect to the
internal variable I';(X) defines a cotangent vector

[Ce(X)]an +

OV(A(X), 6,(X))

[T(X)]*P = OTnp

(2.44)

which we term Lagrangian non-equilibrium stress tensor. The corresponding
field 7 is a cotangent field at the internal variable field.
Similarly, twice the partial derivative of the free energy with respect to the
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right Cauchy-Green tensor C;(X) represents a cotangent vector S;(X) in the
linear space $(T'% Bo, Tx $o), which denotes the second Piola-Kirchhoff stress
tensor. The corresponding dual pairing designates the stress power

int _ int _ a!pt(X) - _1 B [/
P = [0 =[S @ X0l = 5 [ 180 [CAX()]AB)
2.45

at time ¢ € 7 done by the second Piola-Kirchhoff stress tensor field. Therefore,
the second Piola-Kirchhoff stress tensor field S is called energy-conjugated
to the half of the strain velocity field C;. By using the chain rule of
differentiation, the density p{**(X) of the stress power can be also written
as

pr(X) = [Se(X)PA [Re(X)]pa = [PHXOLA [F(X))"y (2:46)

where

[Re(X)]5a = [(Fo(X))"] 5 0cal Fe( X)) (2.47)

We refer to R:(X) as elastic deformation rate tensor, and to the cotangent
vector Pj(X) in the linear space L(T% %o, T %;) as covariant first Piola-
Kirchhoff stress tensor (compare Miehe [145]).

On the other hand, a cotangent vector corresponding to the negative
Lagrangian temperature velocity ©;(X) € Tg.# is the Lagrangian entropy

9U(4,(X), 8,(X))

m(X) = 2 (249)

which is an element in the linear space L(Tg##,R) or the cotangent space
Ty, respectively. The corresponding field is a cotangent field at the
temperature field ©; of the body.

2.2. Lagrangian description of the governing equations

The motion ¢(t) of the body and the temperature evolution curve ©(t) are
determined by a system of evolution equations in local or strong form. These
equations emanate from the balance laws of continuum dynamics, postulated
in integral or spatially weak form. We also prefer the Lagrangian description
of these balance laws.
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For more details see the recent references Haupt [96] and Holzapfel [135],
as well as the classical references Truesdell & Toupin [146] and Malvern [147],
for instance.

2.2.1. The mechanical evolution equation. Let us start by postulating the
balance of mechanical energy of the continuum body, written as the equation

T + Pt = pext (2.49)

and relating the rate of change of the kinetic energy 7 (¢) with the stress
power P*t(t), done by the stress field, and the external mechanical power
Pt(t), done by the acting forces. We neglect a prescribed body force density
field on the reference configuration. In the Lagrangian description this balance
equation then reads

* . * Arg *

[0 L 0O + [ (PO X)) = [ o7 (X0 (X))
(2.50)

where the surface force field t;: 0%y — T%; represents the first Piola-

Kirchhoff traction vector field. According to the Piola-Kirchhoff theorem, the

components of the Piola-Kirchhoff traction vector at each point X € 0%, is

connected with the outward normal field N : 0%, — T* %, on the reference

configuration by the relation
[£:(X))" = [Pu(X))™ [No(X)]a = 0" [P7 (X)) [No(X)]a (2551)

The first Piola-Kirchhoff stress tensor field Py : By — L(T* %y, T %;) follows
from the covariant first Piola-Kirchhoff stress tensor field P; by the inverse
metric in the current configuration (compare Figure 2.7). Thus, the righthand
side in Equation (2.50) takes the form

/ [0} (X)]a [Po(X)]* [No(X)]a = / [No(X)]a [(P:(X)) ][0} (X)]a
0B, 0.8,

(2.52)
where Equation (2.6) for the transposed mapping has been applied to the first

Piola-Kirchhoff stress tensor. The application of Gauss’ divergence theorem
then transforms the boundary integral (2.52) to a volume integral. Since the
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velocity vector vy and the first Piola-Kirchhoff stress tensor P; both depends
on the point X € %, we obtain

P (X [ y
| - [0l PP s

+ /% 1P (XL FX),

after employing Equation (2.28) for the Lagrangian velocity gradient. We
substitute Equation (2.53) for the righthand side of Equation (2.50). In this
way, the terms associated with the stress power annihilate each other. Noting
the definitions of the Lagrangian momentum field in Equation (2.22) and
of the covariant first Piola-Kirchhoff stress tensor, the localisation theorem
implies the relation

([7e(X))a = [0x P7 (X)), 4) [0:(X)]* = 0 (2.54)

Note that the tangent vector v(X) € T,%; at the point ¢, (X) € %; at fixed
time ¢t € .7 has to be arbitrary for any point X in the reference configuration.
Taking the definition of the Lagrangian deformation velocity field into account,
for any point X € %, and a € A4, we thus arrive at the partial differential
equation system

[ (X)) = [v(X)]"
[T (X)) = [OxP7(X)] "4

a

(2.55)

which represents the local form of the equations of motion in the Lagrangian
setting.

2.2.2. The thermal evolution equation. Now, we consider the case in which
thermal power Q(t) is introduced in the continuum by a heat surface density
field Q; : 0%y — R on the boundary of the body, which means

Qt) = | Qu(X) (2.56)

0%Bo
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Figure 2.8. The Piola-Kirchhoff heat flux field Q is pointwise projected by the inward

normal field —N( on the boundary of the reference configuration. The first Piola-

Kirchhoff traction vector field ¢:(X’) follows via a linear mapping from the normal
field N of the reference configuration.

According to Stokes’ heat flux theorem, the heat surface density field @Q; is
defined by a Piola-Kirchhoff heat flux field Q, : By — T'%, via an inward
normal projection (see Figure 2.8) at a point X € 0%, on the boundary, that
is

Qu(X) = ~[No(X)]a [Q,(X)* (2.57)

The postulate accounting for heat transfer is the second law of
thermodynamics. The corresponding state variable is the Lagrangian entropy
field 7. In the Lagrangian setting, this balance law postulates a non-negative
total production of entropy D(t), defined by

D:=5-02>0, (2.58)

where S(t) denotes the entropy possessed by the entire continuum body, and
the entropy input in the body has been designated by the mapping Q(t).
Neglecting an entropy source density field, the entropy input Qis solely related
to the Piola-Kirchhoff heat flux field @, via the assumed entropy flux

H(XO = 5 QX)) (2:59)
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(compare Hutter [148]). We postulate the local production of entropy D;(X)
for a point X € %, associated with the total production of entropy ﬁ(t) by
the relation Di**(X)/60:(X), where D;°*(X) denotes the total dissipation in
the point X € %,. The Lagrangian form of the second law of thermodynamics
then reads

DXy _ [ N
/@0 6,(X) _/@O"f(X)JF/M[No(X)]A [H(X)]" >0 (2.60)

[¢]

As next step, we apply Gauss’ divergence theorem to the boundary integral
in Equation (2.60). In this way, the boundary integral can be related to the
associated vector field in %. Since the Piola-Kirchhoff heat flux @, and the
body temperature field ©; both depend on the point X € %, the product
rule of partial differentiation leads to

1
OxH (X)) = | == 10xQu(X)]" 41—
/@“ ’ /‘% &%) ! (2.61)

1 A
_/@0 5, (PO (X)) [HL(X)

The dual paring [D 0;(X)] 4 [H(X)]* in the second term of Equation (2.61) is
by definition the negative dissipation D{4"( X)) arising from conduction of heat
in a point X € %j. The sum of this dissipation and the internal dissipation
Di**(X) of the material coincides with the total dissipation. Hence, the terms
associated with D§®(X) annihilate each other. We arrive at the entropy
balance

= A DXy _ f,
/@0 1 (X) [0xQ(X)] A+/@0 5,(X) _/%nt(X) >0 (2.62)

The left hand side of inequality (2.62) gives an equation for the time evolution
of the total entropy. The localisation theorem implies a local form determining
the time evolution curve 7(t) of the Lagrangian entropy field 7;. For all points
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Figure 2.9. Numerically determined stress-strain hysteresis loop during a cyclic shear
loading of a visco-elastic material by taking into account the inertia of the specimen.

X in the reference configuration %,, we obtain the evolution equation

(X)) = — {0xQ,(X)]" 4 — D™(X)} (2.63)

6:(X)

Recall that the first and the second term on the righthand side of this equation
denotes the entropy input arising from conduction of heat and the internal
production of entropy, respectively.

2.2.3. The constitutive equations. The entropy evolution is restricted by
postulating a non-negative total dissipation Dj°*. This postulate can be
satisfied by the conditions of a non-negative dissipation D§** arising from
conduction of heat, and a non-negative internal dissipation Di"*.

The former condition is always satisfied for Fourier’s law of isotropic heat
conduction (see Holzapfel [135]), which defines the components of the Piola-
Kirchhoff heat flux for each point X € 0%, by the matrix product

~[K«(X)"P[D6y(X)]p
= —ko Ji(X) [(Ce(X) '] P[DE(X)]E

[Q,(X)] (2.64)
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with an isotropic Lagrangian conductivity tensor K(X) € S (T* %o, T Ho).
The real number kg > 0 denotes a constant conductivity of the continuum
body in each direction. Fourier’s law of heat condution can be also viewed as
potential relation with respect to a heat flux potential (see Simo [149]). The
dissipation D{?"(X) arising from conduction of heat at the point X € % is
non-negative according to the positive definiteness of the inverse right Cauchy-
Green tensor, which means

WA (Co(X)) A2 W7 ]p =

(2.65)
— [(Fy(X)"."

(W4 8% [(F(X))" )" (W5 >0

for any cotangent vector W* € T% %.

On the other hand, the non-negative internal dissipation is a restriction for
the constitutive equation pertaining to the Lagrangian non-equilibrium stress
tensor T;(X). We derive this relation by using the balance of thermal energy
determining the rate of change of the internal energy £(t) of the body. Hence,
we postulate

E=P"+Q (2.66)

Combining Equation (2.66) and Equation (2.49), we obtain the balance of
total energy or first law of thermodynamics. In this work, we neglect a heat
source density field with respect to the reference configuration. Accordingly,
in the Lagrangian description, the balance of total energy reads

/ o (X )] [0n(X)]° +64(X) = / o (X)]. [t(X)] / [No(X)]4 [Q,(X)]4
B 0.

o 0% PBo
(2.67)
where e;(X) denotes the internal energy density in the reference configuration.
The left hand side denotes the time rate of change H of the total energy. In
the righthand side of Equation (2.67), we apply Gauss’ divergence theorem
and employ the implications (2.53) of the Piola-Kirchhoff theorem. We obtain
the time rate of change

= /% O Pi (XL, s (X)) + /

P} (X)) [FU X, — / DxQu (X",
Bo

Bo
(2.68)
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Then, we take Equation (2.55.2) into account, and apply the localisation
theorem. After eliminating the divergence of the Piola-Kirchhoff heat flux
field Q, by the entropy evolution Equation (2.63), we arrive at the Clausius-
Planck inequality

D' (X) = 6,(X)0u(X) — &(X) + [P; (X" [Fo(X)]"4 20 (2.69)

We define the internal energy density e;(X) by the Legendre transform of the
free energy W;(X) with respect to the Lagrangian temperature ©;(X). The
internal energy is then given as the associated energy function

er(X) = 0,(X) (X)) + ¥ (X) (2.70)

According to Equation (2.46), the last term on the righthand side of
Equation (2.69) denotes the density pi**(X) of the stress power. Employing
Equation (2.70) in Equation (2.69), the internal dissipation takes the form

D" (X) = pi"(X) — (X)) €4(X) — ¥,(X) =0 (2.71)

Now, we combine Equation (2.71) with the rate of change of the free energy
density ¥;(X) in Equation (2.43). After employing the definitions of the
Lagrangian entropy and the Lagrangian non-equilibrium stress, given by
Equations (2.48) and (2.44), respectively, we obtain

DP(X) = [To(XO1P [P1(X)]ap = [M(X)]a” [L(X)) "5 >0 (2.72)

where 1

(LX) = 5 [P (X (X)]os (2.73)
denotes a viscous deformation rate tensor L:(X) € L(Tx %o, Tx%Bo) with
respect to the tangent space at the reference configuration. The corresponding
dual mapping M(X) in the set L(T%%o,T%%o) denotes the energy-
conjugated stress tensor field. According to Equation (2.42), the considered
isotropic free energy function depends directly on the invariants of the
matrix A;(X). After taking into account the representation in terms of these
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invariants, we find the relation
[M (X)) 47 = 2[T(X)]ac [To(X)]7F = [Co(X)]ac [Se(X)]7F (2.74)

by using the chain rule of differentiation.

Accordingly, the stress tensor M (X ) denotes the Mandel stress tensor.
Since this tensor represents an isotropic tensor function with respect to
the unsymmetric tensor A,(X) (compare Equation (C.48)), the Mandel
stress tensor represents a consistent stress measure for the considered
inelastic isotropic material (compare the conditions for the frame-indifferent
response function of an isotropic material in Ciarlet [133]). Consequently, the
deformation rate tensor L;(X), in turn, denotes a consistent deformation rate
measure for the present viscoelastic material.

Characteristic for a viscous material is a closed stress-strain hysteresis loop
during a cyclic shear loading (see Reese & Govindjee [102] and Kaliske [150]).
The included area of this loop is proportional to a consistent viscous strain
rate measure. Since this included area indicates the free energy loss during
the deformation (see Figure 2.9), we arrive at a viscous strain rate dependent
internal dissipation. This material behaviour can be modelled by introducing
a viscosity tensor (see Reese [107]), which maps a consistent viscous strain
rate tensor linear on the energy-conjugated stress tensor. Hence, we assume
the relation

[M(X)] 4" = [Vi(X)]4Pc” [Lo(X)]p (2.75)

where V;(X) denotes a fourth order viscosity tensor. Since the most
viscous materials behave quite differently in bulk and shear (see Holzapfel
& Simo [125] for rubber-like solids), we split the viscosity tensor in a
volumetric and a deviatoric projection. We relate the former part with a
volumetric viscosity parameter V.., > 0 and the latter with a deviatoric
viscosity parameter V., > 0. Without loss of generality, we restrict us to
constant viscosity parameters, which leads to a constant viscosity tensor. In
order to arrive from the viscous deformation rate tensor L;(X) at the set
L(T% %o, T5% Bo), we determine the volumetric part of its transpose. We obtain

2 Viev

Ndim

ML (X)],P = (v ) (L (X)) 6,7 + 2 Vi [(L(X))7]4% (2.76)
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In an isotropic hyperelastic response, the material parameter V., and V.,
would correspond to the bulk and shear modulus, respectively. Taking this
duality into account, the parenthesis in the first term then denotes a first
‘viscous’ Lamé parameter, which has to be positive, as the first Lamé
parameter in hyperelasticity. Employing the assumed Mandel stress tensor
field (2.76) in Equation (2.74), arising from the Clausius-Plank inequality, we
arrive at the ordinary differential equation

[To(X)NP = [Z(X)1MP (2.77)

(24 = 5 (Voo = 20 Y L) ()10 = B (0T (279

Ndim

denotes a viscous stress tensor. Note that in Le Tallec et al. [101] a similar
evolution equation is deduced by a different approach. Equation (2.77)
determines the time evolution of the internal variable field at each point X
in the reference configuration. For a shorter description, we have taken into
account the time derivative of the definition of an inverse matrix applied to
the internal variable field, which leads to the relation

[(T(X0)) 142 = —[(T(X) A2 [P X)]pe [(TW(X) 1P (279)

However, the consideration of the inverse (I';(X)) ! as a new internal variable
would not be advantageous for solving Equation (2.77), because it is not
possible to transform both sides of the evolution equation, such that they
depend only on (I';(X))~!. One side of the equation every depends directly
on the internal variable.

As last step, we have to verify that the internal dissipation, given by
Equation (2.72), is non-negative when solving the time evolution. We begin
by multiplying the first term on the righthand side of Equation (2.78) with
I',(X) from the right, and arrive at

(vvol _ 2Vd”> (te(L (X)) > 0 (2.80)

dim



2.2. Lagrangian description of the governing equations 41

by taking Equation (2.73) into account. Since the parenthesis is already
defined to be positive, the entire term is non-negative. Then, we consider the
second term on the righthand side of the internal variable evolution equation.
We take the explicit representation (2.79) pertaining to the time derivative of
the inverse internal variable field into account, and obtain

~[(T)~*P [Ti)ap = (L) P [Lelpe (T 9PITdpa (281)

The idea is, now, to transform the righthand side into a squared norm of a well-
defined viscous strain rate tensor, which is obviously non-negative (compare
Le Tallec et al. [101]). Since the viscous internal variable tensor is symmetric
and positive definite, we are able to apply the square-root theorem on it (see
Gurtin [151]). In this way, we obtain the viscous strain rate tensor

DX = SIP(X)) A2 [F(X)lse [(PU(X))HP (282)

Bearing this definition in mind, the righthand side of Equation (2.81) leads
to the squared norm of the viscous strain rate tensor, which is non-negative
for all times in consideration of the positive deviatoric viscosity. In summary,
the internal dissipation is thus non-negative and takes the form

2 Vdev

dim

D" (X) = (vw,1 - ) {tr(Le(X))}? + 2View [De(X)|I* >0 (2.83)

Hence, the parenthesis has to also be defined positive in order to fulfill the
Clausius-Plank inequality at any material point X € % for all times. Note
that we have shown, in this way, that the trace of the square product of the
viscous deformation rate tensor is non-negative, which means

[Le(X)])P 4 [Lo(X)) g = tr ({Le(X)}?) = [ De(X)]* > 0 (2.84)
We have to show this relation, if we use the Mandel stress tensor in

Equation (2.76) directly in Equation (2.72). Using the abstract notation of
the Mandel stress tensor field in Equation (2.75), the internal dissipation can
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Bo

O

Figure 2.10. In the considered problem, the boundary conditions allow for a fixed

support and an uninsulated part (bottom) as well as for a traction load and a heat

transfer (top). A given vanishing Piola-Kirchhoff heat flux on the boundary dg %o
corresponds to an insulated boundary (left and right).

be written as
D(X) = [Ly(X)]* 5 [Vi(X)] 4" [L(X)]p (2.85)

where the used constant viscosity tensor only introduce the transposed
volumetric and the deviatoric projection of the viscous deformation rate
tensor.

2.8. Strong form of the initial boundary value problem

The coupled differential equation system, given by Equations (2.55), (2.63)
and (2.77), is generally supplemented by conditions on the boundary 9%,
of the reference configuration (see Figure 2.10). We assume that this
boundary is divided into two disjoint parts for each of the partial differential
equations (2.55) and (2.63). First, Equations (2.55) are supplemented by the
mechanical boundary conditions

p(X) =X for all (t,X) €T x 0,%0

t(X) = {(X) forall (t,X)€ T xdrBo=T x (080 \ 0,%0)
(2.86)
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specifying the deformation ,(X) and the Piola-Kirchhoff traction vector
t;(X) for all points X on the corresponding boundary of the body. In analogy,
we assume thermal boundary conditions for Equation (2.63), which prescribe
the Lagrangian temperature ©;(X) and the Piola-Kirchhoff heat flux Q,(X)
as

OL(X) = O(X) forall (t,X)e T xdoHB

Q,(X) = Q,X) forall (t,X)e€ T x0qPBo= T x (0% \ do%o)
(2.87)
Along with the following initial conditions, we arrive at an initial boundary
value problem for the deformation ¢, and the corresponding Lagrangian
deformation velocity field v, as well as the Lagrangian temperature field 6.

However, we obtain an initial value problem for the viscous internal variable
field I';. We assume

P, (X) = X O, (X) = 6o(X)

(2.88)
vty (X) = vo(X) ry,(X) =24

for all points X € %By\0%,. The initial condition for the viscous evolution
equation arises from defining the reference configuration at t =1ty as
equilibrium state of the viscous evolution. In fact, we define the reference
configuration as equilibrium state of a total time evolution related with
vanishing external loads, vanishing relative temperatures as well as vanishing
velocities. Finally, the initial conditions

OW(I", 6y(X))

i (2.89)

i, (X) = po(X)vo(X) My (X) = —

for all points X € %By\0A, specify the momentum evolution and the entropy
evolution, where the mapping I* € IL(&/*, &/*) denotes the shifter with the
entries §,472 in the corresponding matrix.

2.8.1. The conservation laws. According to the theorem of Emmy Noether,
the equations of motion have a first integral, under certain circumstances,
if there exists at a fixed time t € .7 a continuous variation curve @,(s) of
deformation fields, which coincides for s = 0 with a fixed deformation field
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¢, and is compatible with given boundary conditions as well as preserves the
associated symmetry function

K0 = 5 [ o) 201" b [0 X0 = [ WiouX)) (290

The strain energy function W (e, (X)) coincides for each point X € %, with
the free energy ¥(A:(X), 6,(X)) of the material, for a fixed Lagrangian
temperature @;(X) and a fixed Lagrangian internal variable tensor I't(X).
The symmetry function IC(t) at fixed time ¢ € 7 is preserved on the variation
curve @,(s), if it coincides with the symmetry function I (¢) associated with
any deformation field on the variation curve. Hence, the symmetry function
does not depend on the curve parameter s, which means the directional
derivative of the function K,(¢) at s = 0 vanish (see also Kuypers [152] and
Gro® [35]). We begin by determining the directional derivative of the first
term of the function Ks(¢) along the continuous variation curve @,(s), and
obtain

pO(X) [1(X)(5)]" dap [, (X)(5))° Z/[m(X)]a[f/t(X)]“

Zh)

(2.91)
where v;(X) denotes the tangent vector at the variation curve @, (s) in the
point ¢,(X) € %B,. Here, we have taken into account that the time derivative
and the derivative with respect to the curve parameter s at fixed time
commute. The derivative of the last term with respect to the curve parameter
at s = 0 is given by

[ & weeom = - [P0l per, eo2)
%0 L

s=0 0

On the right hand side of Equation (2.92), we take the product rule of the
partial derivative with respect to the coordinates X4 into account, and obtain
a similar relation as in Equation (2.53). Then, we also apply Gauss’ divergence
theorem on the left hand side of this relation, and employ the mechanical
Neumann boundary condition, given by Equation (2.86.2). The directional
derivative of the symmetry function Ks(t) along the continuous variation curve
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@, (s) then takes the form

d
ds

Koft) = /@ O (X)) + / O P} (X)), 4 [ (X))~

PBo
- [ Exe i,
0%

’ (2.93)
In the second term on the right hand side of Equation (2.93), we employ the
local form of the second equation of motion, given by Equation (2.55.2). The
first and the second term can be now combined by taking the product rule
of the partial time differentiation into account. Since Equation (2.93) has to
vanish if the symmetry function is preserved, we obtain the balance equation

T(t) = /8 X (XL (2.94)
where
I(t) = [3 (X [ (X)) (2.95)

denotes the first integral associated with the continuous variation curve
@,(s). Thus, this balance law yields a conservation law for a motion under
equilibriated external loads £;(X) = o for all points X on the boundary dr%,
at any time ¢ € 7 of the time interval of interest. Examples for first integrals
of the kind of Equation (2.95) are the total linear and the total angular
momentum function, as can be seen in the following paragraphs.

The differential equations of the initial boundary value problem under
equilibriated external loads £;(X) = o for all points X € dr%; at any time
t € Z and with an empty Dirichlet boundary 0,% yields conservation of the
total linear momentum function

ct) = 4 [00(X)]a [£o)® (2.96)

0

The vector &, € & is arbitrary, fixed in the ambient space, and thus time-
independent (see also Armero [73]). The vector &, denotes the fixed direction
vector of a virtual translation of the body at fixed time ¢ € 7 (see Figure 2.11).
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a1

Figure 2.11. The current configuration %, is virtually translated in the configuration

% at fixed time. The tangent vector at the virtual translation curve @,(X)(s)

through the point = € %, is given by the direction vector &, of the virtual
translation.

This translation can be written as a smooth curve @,(s) of deformation fields,
defined locally by the relation ¢, (X)) + s&, for each point X € %,. According
to Equation (2.17), the components

[o(X)]* = (€] VX € % (2.97)
define the tangent field at this virtual translation curve. We verify the balance

of total linear momentum by using the fundamental theorem of calculus
corresponding to the total linear momentum function, and obtain the relation

L(T) — L(to) = /7 £(t) = /7 /@ (X)) [€)° (2.98)

Then, we employ Cauchy’s first equation of motion (2.55.2) in the righthand
side of this equation for each point X € %,. After using the definition of a
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transposed tensor, the volume integral is transformed such that

T1Aa[e*
JioxPieol* e = [l loxpixe, — [ AP
(2.99)

where the vector & =v§(X) € Tr%B, designates the cotangent vector
corresponding to the tangent vector (2.97) at the virtual translation curve.
Using Gauss’ divergence theorem together with the Piola-Kirchhoff theorem,
the mechanical boundary condition (2.86.2) leads to

[ INaOL PO il = [ (gl (2100)
0 0

T@() ngo

With regard to the assumed vanishing loads t;(X) = o for each point
X € 0r%B, at all times t € ., we arrive at the conservation of the total
linear momentum function in the sense that L(tp) = £(T) for any fixed
tangent vector &, € T,%;. According to the arbitrariness of the vector &,
the components
L) = [ (XL, (2.101)
Bo

of the total linear momentum L(t) at any time t € 7 are constants of the
motion.

On the other hand, the total angular momentum function J(¢) is a
second first integral about the origin of the ambient space, supposing identical
circumstances. This function is defined by

0 = [ cans™ (X)) el Xalgol (2.102)

0

The fixed vector &, represents the axial vector, that is the direction vector
of the rotation axis, pertaining to a virtual rotation of the body at fixed
time ¢ € 7 around the origin of the ambient space (see Figure 2.12). Such
a virtual rotation is a circular curve @,(s) with the radius ||¢,(X)|| for each
point X € #,. Consequently, the axial vector & is a vector going through the
centre of the circle, and being perpendicular to each radius vector @,(X)(s)
and the corresponding tangent vector dg,(X)(s)/ds at any position s on the
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circle. Thus, we obtain the relation

B.(X a B
LR g e X = ol TG (2103)
which represents an ordinary differential equation with respect to s. The
mapping Eo associated with the axial vector &, denotes the spin tensor in
the rotation group $O(«/, &) corresponding to the ambient space. Evaluating
Equation (2.103) at s = 0, we obtain the tangent field v, at the virtual rotation
curve, given by the matrix entries

[ (X)) = [€0]° 4 [0 (X)) (2.104)

The explicit function of the curve @,(s) follows from solving the ordinary
differential Equation (2.103) associated with the initial condition @,(0) = ¢;.
The solution %,(X)(s) of this equation coincides with the mapping
exp(s€;) p;(X) € o7, where the linear mapping exp denotes the matrix
exponential map in the ambient space. The balance of total angular
momentum follows from the fundamental theorem of calculus

T(T) - T(to) = [g /g €aed™ [y (X)) [ (X)) [€]+
Feared® oy (X [ee( X)) [€)°

(2.105)

Employing Equations (2.55) for each X € %, and recalling Equation (2.22)
as definition of the Lagrangian momentum field, the first volume integral on
the righthand side vanishes due to the properties of the permutation symbol.
The last volume integral yields

éwWMWWWVWMM]

: (2.106)
/Jecab [£0]“ [ ( )]b [8XPt(X)]CAA

0

by taking into account the equality of the permutation symbol for even
permutations. Furthermore, by using the product rule of partial differentiation
with respect to the Lagrangian coordinates { X}, this integral can be written
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as

€ca a X)P[P(X)]eA
[ Heen Gl led XIPRNTS g faepu ()14 P
PBo
(2.107)
Now, we convert the last term of Equation (2.107). First, we employ
Equation (2.26) for the deformation gradient. Then, we transform the first
Piola-Kirchhoff stress tensor into the second Piola-Kirchhoff stress tensor,

according to Equation (2.46). Hence, the last term takes the form

/@Eabc [€o)® [Fe(X))° s [Se(X))P4 [(Ft(X))T]Ab:/eabc [€0]" [(m¢(X))T]"

Bo
(2.108)
where the tensor 7,(X) € S (T% %, Tx %) denotes the symmetric Kirchhoff
stress tensor, defined for each point X € % in the reference configuration by
the components

[ (X)) = [Fo(X)]* 4 [Se(X)]A2 [(Fo(X))")5" (2.109)

Hence, Equation (2.108) vanishes according to the properties of the
permutation tensor in Equation (2.10). Next, we apply to the first term in
Equation (2.107) Gauss’ divergence theorem, and employ the Piola-Kirchhoff
traction vector according to the Piola-Kirchhoff theorem. According to the
boundary condition (2.86.2), this term takes the form

[ INaGOL () (0 = [ XL BOF (2110)
0 0

T Bo T %Bo

where the vector v} (X) € TF%; denotes the cotangent vector corresponding
to the tangent vector at the virtual rotation curve, given by Equation (2.104).
Since the assumed loads vanish for each point X € 0r%, on the traction
boundary at all times ¢ € .7, we obtain a conserved total angular momentum
function, in the sense that J(to) = J(T') for an arbitrary time interval .7 of
interest. Hence, further constants of the motion are the components of the
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Figure 2.12. The current configuration %; is virtually rotated in the configuration %;

at fixed time. The tangent vector vy € T, %, at the virtual rotation curve @, (X)(s)

through the point & € %, is perpendicular to the corresponding position vector and
the axial vector &, of the virtual rotation.

total angular momentum J(t), given by

[J(®)]a =/@€abc5“d [0 (X)]° [me(X)]a (2.111)

0

Note that the just mentioned curves $,(s) represent one-parameter groups
of diffeomorphisms arising from actions of the Lie groups 7 and $O(«, <),
respectively. The tangent fields v; at these curves are therefore called the
infinitesimal generator of these actions (see Marsden & Ratiu [153]).

Summing up, the total linear momentum L(¢) and the total angular
momentum J(¢) is conserved for vanishing loads, if the body can be virtually
translated or rotated, respectively.

2.3.2. The nonlinear stability estimate. The equilibrium state of the body
is a fix point of its time evolution equations. If there exists a corresponding
Lyapunov function, this equilibrium is stable in the sense of Lyapunov (see
Hahn [154]). Therefore, stability of nonlinear equilibria is often phrased in
terms of an ‘a priori’ estimate arising from a Lyapunov-like function. For the
considered time evolution equations, there exists such a function, which allows
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for a stability estimate (compare Gurtin [155] and Simo [156]).

In this estimate, it is possible to incorporate a conservative Piola-Kirchhoff
traction vector €;(X) for all points X € dr%, which is derived via the
directional derivative

U (1) = /a DV a1y (X)) [0 (X)) =2 — /a ()] [@o(X))°

T %o T Bo
(2.112)
of a potential energy U*(t) along the time curve ~(s) = U (t + s). The
density function Ve : T, 9%, — R denotes the corresponding potential. We
consider the thermal Neumann boundary dg%, = () in the absence of heat
sources, which means an adiabatic process with a non-decreasing total entropy
according to Equation (2.58). We define the Lyapunov-like function

V(t) :T(t)+Ui“°(t)+Lfe’“(t)+/nt(X)19t(X) (2.113)
Bo

In the following, we refer to the sum of the potential energy function U™ (t)
and the volume integral as relative internal energy E (t). According to the
tangent fields ¥J; and wu, as well as a free energy ¥ vanishing at ambient
temperature and initial position, the Lyapunov-like function vanish in the
equilibrium state at ambient temperature. The fundamental theorem of
calculus leads to the equation

v<T>—v<to>=// (X )]a [0 (X)) + () 94(X) + 1(X) O(X)+

#f Lyo0= [ [ Eoouipoor
(2.114)

where in the first term of Equation (2.114) the definition of the Lagrangian
momentum field 7r; has been employed.

Now, we employ Equations (2.55) in the first and in the last term, and bear
in mind the product rule of partial differentiation with respect to the point
X € Ay. In this way, the first term reads

[ 0L 301" = P~ P (2.115)
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after applying Gauss’ divergence theorem together with the Piola-Kirchhoff
theorem and the mechanical boundary condition (2.86.2) to the volume
integral. Since terms associated with the stress power and the external
mechanical power annihilate each other, and likewise the terms with the time
derivative of the temperature, we arrive at the stability estimate

V(T) — Vito) = /y /@ W(X)0,(X) — [T X)AB (F(X) g (2116)

Now, we consider the thermal evolution. We employ the strong form of
the entropy evolution equation in the first term on the righthand side of
Equation (2.116). The product rule of partial differentiation leads to a volume
integral, which we transform into a boundary integral by applying Gauss’
divergence theorem. Then, we employ in this boundary integral the Piola-
Kirchhoff heat flux according to Equation (2.87.2). We obtain the relation

) Q)

(2.117)
where we denoted by @, the heat surface density field associated with the
Piola-Kirchhoff heat flux @, on the thermal Neumann boundary. The last
term in this equation vanishes due to the assumed thermal Neumann boundary
00% = 0.

As last step, we introduce in the last term of Equation (2.116) the evolution
equation for the viscous internal variable. According to Equation (2.83), this
term coincides with the negative internal dissipation, and it remains the
stability estimate

. O tot int
/@ont(X) JiX) = _/93091:()() D) + /@th X+ oo 2,9¢(X)

V(T) = V(to) = —[9[3 Qio;f) DFY(X) <0 (2.118)

for the thermo-viscoelastic evolution of the continuum body 2 in the arbitrary
time interval .7 of interest (compare the estimates in Armero & Simo [123]
and Laursen [157] as well as in Holzapfel & Simo [125]).
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Usually, the spatially weak formulation of the considered evolution equations
is derived from its strong form by introducing a class of test functions, which
vanish on the Dirichlet boundary of the body. A second common way is to use
a variational principle with certain independent variables. In this connection
note that the authors of Antman & Osborn [158] show that the weak form of
the equations of motion can be also derived by precisely formulated versions
of integral laws of motion. On the temporal test functions, there are mostly
no requirements provided. Some exceptions are Hansbo [159] and Betsch &
Steinmann [63, 65-67] as well as Grof et al. [16], where the temporal test
functions are chosen subject to energy conservation.

Here, we generalise this approach, and view the fulfillment of the stability
estimate (2.118) as constraint for the temporal test functions. The idea is to
derive the weak forms of the evolution equations directly from the Lyapunov-
like function (2.113), in order to fulfill the stability estimate (2.118) by the
weak formulation of the time evolution. Since this function represents the total
energy of the body relative to the equilibrium state of the material, we choose
the temporal test functions so that the weak forms link the corresponding
energy terms together. In this way, the discrete form of the balance principles
are directly related with the residual equations solved in the iterative solution
procedure. This leads to further advantages, which we utilise in solving the
discrete problem.

We begin by determining the directional derivative of the kinetic energy
7 along the continuous time curve ~,(s) =7 (t+ s). Subsequently, the
fundamental theorem of calculus leads to the balance equation

T -767) - [ &

T(t+s)= [7 / (Xl (X)) (3.1)

s=0 B
where

Tt = 1er01+7(t0 + s) and T(T)= lim T(T —s) (3.2)

s—0+

33
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E(t) /m/ f
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Figure 3.1. The continuous curve 7 (¢ 4+ s) connects the kinetic energy 7 (to) of the

reference configuration %, with the kinetic energy 7 (T) of the final configuration

PABr. However, the lower bound of the continuous relative internal energy curve
E(t + s) does not coincide with the energy &(to) of the reference configuration.

denote the kinetic energies at the lower and upper bound of the time curve,
respectively (see Figure 3.1). Note that the vector field 7r; at any time
t € .7 is tangent to a continuous variation curve v,(s) = mys. We employ
Equation (2.55.1) in the righthand side of Equation (3.1), and obtain the

identity
[ [mLmer = [ [meoLecor 6

The time curve 7, do not violate a vanishing conjugated momentum at the
time-independent Dirichlet boundary nor a constant initial value, so that the
corresponding tangent vectors vanish. Hence, the tangent vector 7r; represents
an admissible test function for the weak form

[ Lomoniecor= [ [eroumeor] 6

0

determining a continuous weak motion ¢(t). Consequently, the initial
condition of the motion and the assumed Dirichlet boundary can be fulfilled
exactly. Employing the first space-time weak equation of motion (3.4) in
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Equation (3.1), we obtain

ﬂﬂ—f@»=éémmmum¢mw (3.5)

0

Next, we employ Equation (2.55.2) in the righthand side of Equation (3.5).
Integration by part then leads to a volume integral, which we transform in
a boundary integral by using Gauss’ divergence theorem. Noticing the Piola-
Kirchhoff theorem (2.52) and the mechanical boundary conditions (2.86), we
arrive at

A@mmmmaw=éAQQHM@mw— -

[P} (X)), [Ox (X))
T JBo

Note that the vector field ¢, at any time t € .7 is tangent to the continuous
variation curve 7,(s) = ;,, of deformation fields. Since the Dirichlet
boundary nor the initial value are violated by this curve, the vector field ¢,
represents an admissible test function. Accordingly, we determine a continuous
weak momentum 7(t) with the weak form

//wt 5 X /A%MM 1665, (X))7—

4@“ Ao (56, (X)),

(3.7)
Hence, the initial kinetic energy 7 (to) and the kinetic energy 7 (t{) at the
lower bound of the time curve coincide. Nevertheless, the time evolution P* ()
of the covariant first Piola-Kirchhoff stress tensor field is, for the time being,
only related with the field P*(tj). The weak form (3.7) leads to the kinetic
energy balance

Tm—ﬂm=ééQWMM@mw—émw (3.8)



56 3. WEAK FORMULATION OF THE PROBLEM

where Equation (2.28) has been taken into account. For a conservative
Piola-Kirchhoff traction vector field, the integrand of the first term on the
righthand side of Equation (3.8) coincides with the time integral of the
negative directional derivative (2.112). Since the weak motion is continuous,
the initial potential energy U°**(to) and the energy U (¢} ) at the lower bound
of the time curve coincide. By using the fundamental theorem of calculus,
Equation (3.8) takes the form

T(T) + U™ (T) — T(ty) — U™ (to) = — /y Pine(r) (3.9)

As next step, we calculate the directional derivative of the relative internal
energy along the continuous time curve ~(s) :g(t—I—s), and apply the
fundamental theorem of calculus. The relative internal energies & (ty) and
é (T') denote the energies at the lower and upper bound of the time curve,
respectively. Noticing the definitions of the cotangent vectors corresponding

to the free energy, we obtain the balance equation

E(T)-E(t]) = /7 P )+ /7 /ﬁ 0 (X) 0u(X)~ [T, (X)JAB [Fy(X)]ap (3.10)

The Lagrangian relative temperature field is tangent to the variation curve
v:(s) = O + 594 of the fixed temperature field ©;. This curve does not violate
the fixed ambient temperature @, at the thermal Dirichlet boundary. Hence,
the Lagrangian relative temperature field is an admissible test function for
Equation (2.63) at fixed time ¢ € .7 in the time interval of interest. We
therefore combine this equation with the first term on the righthand side
of Equation (3.10), and arrive at

) B (X)) =
/9_ [g ) D(X) = [9 | B @0
9,(X)

Onc A int
+/3/@ 6,(X) [0x0:(X)]a [H(X)]" + B1(X) Dint(X)

0
(3.11)
after integration by part and applying Gauss’ divergence theorem, as well
as employing the thermal boundary condition (2.87.2). Since the relative
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Lagrangian temperature field ¢; at any time ¢t € .7 vanish solely at the thermal
Dirichlet boundary, the temperature variation curve v;(s) generally varies the
temperature field 6, at initial time ¢5. Consequently, we obtain a jump

[6:] = 6, — 6o (3.12)

in the temperature time evolution at initial time ¢y, wherefore the initial
condition for the Lagrangian temperature field cannot be fulfilled exactly.
According to the definition of the Lagrangian entropy field, we also get a jump
[1:,] in the entropy time evolution. Thus, the relative internal energy & ()
differs from the initial value & (to). However, by introducing Equation (3.10)
in the identity

E(T) —E(to) = E(T) (1) +E(tF) —Eto) = [Eto)] +E(T) - E(8) (3.13)

we arrive at the energy difference between the upper bound £ (T) and
the initial value é(to). Now, we add Equation (3.9), Equation (3.10) and
Equation (3.13). Since terms associated with the stress power annihilate each
other, we obtain the balance equation

V(T)—V(ty) = [[é’(to)]]—i—/y/@m(X)ﬁt(X)—[Tt(X)]AB [I'(X)]ap (3.14)

We want to derive from this balance equation a weak form of the
entropy evolution equation. Thereby, the initial condition associated with
the temperature has to be enforced weakly by a so-called trace term (see
Cockburn [38]). We have to deduce a trace term, which fulfills the balance
in Equation (3.14). We start by recalling the density é;(X) of the relative
internal energy, given by the expression

e (X) = m(X) 0(X) + Vi(X) (3.15)

The energy jump in the balance Equation (3.14) then leads to a jump [é;, (X)]
in the density for all points X € %,. We assume that this jump coincides with
the trace term 94, (X) i, (X)), where 7, (X) is an unknown entropy trace. We
search for the smallest entropy trace, which fulfills this constraint. Hence, we
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determine the trace 7, (X) by minimising the Lagrange function

F iy (X), M(X)) = %ﬁfo (X) + MX) {010 (X) 74 (X) = [0, (X)]} (3.16)

where A\(X) denotes the associated Lagrange multiplier. According to the
Euler-Lagrange equation corresponding to the entropy trace, 7, (X) coincides
with —A(X) ¥4, (X). Employing this relation in the Euler-Lagrange equation
corresponding to the Lagrange multiplier, the energy jump term reads

0

[eeo] = [ enn= [ im0 = [ Lol om0 @

Now, we consider the entropy trace as function of the temperature 6;,(X),
and apply L’Hépital’s rule. In this way, we realise that the limit of this fraction,
as 6;,(X) approaches O, is zero as for the density jump [é;,(X)] alone.
Since the density jump vanishes at ambient temperature O, we have not
introduced a singularity in this way. Thus, Equation (3.14) can be written as

(3.18)

The first and the second term of this equation include the relative Lagrangian
temperature as test function. These terms are therefore related to the space-
time weak form of the entropy evolution equation. Taking Equation (3.11)
into account, we obtain the weak form

[ - [ [asin- [ [ a0

//Qt [0x (06,(X))) 4 [H(X)]* + 66,(X )lm

(3.19)
The mapping 060, varies the Lagrangian temperature field ©,, at the limit
from above. Bearing in mind the vanishing thermal Neumann boundary in
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conjunction with the stability estimate (2.118), a comparison of this weak
form with the first two terms on the righthand side of Equation (3.18) yields
the balance

V() = Vi) =~ [ [ G X+

o oo oo o

(3.20)

in which the definition of the dissipation arising from conduction of heat has
been used.

The last step is a weak formulation of Equation (2.77). Here, we go a
different way as for the former time evolution equations. We determine the
viscous internal variable at each considered point X € Z,. That is possible,
because the viscous internal variable evolution is only a coupled initial value
problem. Employing Equation (2.77) in the last term of Equation (3.20), we
obtain the temporally weak equation

[ X P 570 = [ (PP F (Ol | (21)
T T

wherein the test function 6Tt(X ) is a tangent vector at the variation curve
v (X)(s) = I't45(X) in the internal variable set. Since this variation curve
does not violate a constant value at initial time g for all X € %, the initial
condition of the internal variable at any point X € %, can be satisfied exactly.
Hence, the time evolution of the viscous internal variable is continuous.
Equation (3.21) leads to the identity

/9 /@ O[Tt(X)]AF [F4(X)]ar = /3 /@ UD;“t(X) (3.22)

relating the last term on the righthand side of Equation (3.20) to the internal
dissipation, given by Equation (2.83). Note that we employ a temporally weak
equation at each integration point in the reference configuration. According
to Equations (3.20) and (3.22), we arrive at the ‘a priori’ stability estimate.
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3. WEAK FORMULATION OF THE PROBLEM



4. FINITE ELEMENT APPROXIMATION

First, we perform a finite-dimensional approximation of the considered time
evolutions. This leads to a temporal finite element approximation. Then,
we obtain a finite-dimensional approximation of the Lagrangian fields at
fixed time by introducing a spatial finite element approximation. Here, we
incorporate the boundary conditions on the fields over the continuum body.

Note that we approximate the flow of the dynamical system on the ambient
space <7 before we approximate the considered subset %, C & in the ambient
space. The reason is that we calculate time curves of fields over a bounded
domain. Therefore, we approximate first the time curves of the fields and
subsequently the fields themselves. That leads to the mentioned assumed
strain approximation in time, which reproduce exactly the vanishing strains
in a rigid body motion (see Grof et al. [16] and Grof [35]).

In this way, we arrive at a space-time finite element approximation, which
is consistent with the ‘a priori’ stability estimate. A detailed description of
nonlinear finite element methods for solids can be found in Hughes [160],
Belytschko et al. [161] and Oden [162].

4.1. Temporal finite element approximation

We introduce a partition of the time interval .7 = [to,T] of interest into
me; > 1 disjoint sub-intervals ™ n € M ={1,...,me}, such that the
union of all sub-intervals coincides with 7. This partition is related with
a mesh tg =t! <2 < ... <t < tMetl =T of time points. We refer to
a sub-interval " = [t",t"T!] as the n-th time element. We consider time
nodes tI' <t} € ", where i <k € Meyp, ={1,...,Mep}, distributed such
that ¢} = " and ¢, = t"*! denote the boundaries of the n-th time element
(see Figure 4.1). The difference h"™ = t};, ~—t7 then designates the time step
size. By the transformation

Men

(@) = Z M (o)t} ae0,1] (4.1)
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Figure 4.1. The time interval of interest .7 is partitioned in sub-intervals 7", which
are related with time nodes. By introducing a transformation 7" («), a parent domain
. is mapped on such a sub-interval.

we map a temporal parent domain %, =[0,1] on a time element J".
Accordingly, the time nodes oy € S, k € M,,, on the parent domain are
mapped to the time nodes ¢} = 7"(ay) by the transformation (4.1). The
shape functions M?(a) denote Lagrange polynomials on the parent domain,
satisfying the condition M?(ay) = 0i’. Since we restrict ourselves to an
equidistant distribution of the time nodes ¢} on the n-th time element, there
remains the transformation
() = (1 — )t} +aty, (4.2)
The partition of . divides the time integrals of the space-time weak forms
into a sum of mg; sub-integrals with respect to the time elements .7". We get
n coupled systems of weak forms determining the time evolutions on the time
elements .7". By using the time transformation (4.2), we transform each time
element to the parent domain. For each n € .#,;, we obtain the weak form

[ [emconeoor - [ [smoonmoor o

of the first space-time weak equation of motion. We have used the substitution
rule together with the identity D7™(«) = h"™ for relating the time integration
to the parent domain on both sides. The mapping @? = [p|zn» o 7"](«)



4.1. Temporal finite element approzimation 63

designates a deformation field ¢, at any time point 7™ 3¢ = 7"(«a) on the
n-th time element, parameterised by the transformation (4.2). The field v?
denotes the corresponding Lagrangian deformation velocity field at the same
time point. We approximate the corresponding time evolutions, such that

ZMl a) g, (X) and  vp(X) =) Mi(a)vy, (X)
i=1

(4.4)
by applying the same shape functions as for the transformation (4.1). In this
way, we obtain an isoparametric finite element approximation in time. We have
to apply the chain rule of differentiation for calculating the time derivatives
in Equation (4.3). The first space-time weak equation of motion for the time
element 7™, n € #.;, then takes the form

len /9/ 40[67?2(X)] (" ( / %5 va(X)]" (4.5)

where the symbol ° indicates the partial derivative of a time evolution
@|zn (" (), X)) with respect to a. Note that we do not multiply both sides
with A", because then the weak form no longer relates virtual energy to virtual
work, but with the time step size weighted virtual energy and work. However,
that the weak equations of motion exactly relate virtual energy to virtual work
is used later for solving the problem. We approximate the time evolution of
the tangent fields 7/, on the parent domain .#,, pertaining to the Lagrangian
momentum field on the n-th time element, such that

Meq

=" M (a)om (X) (4.6)
j=1

with o7, (X)=o for all points X € %y. The shape functions M ()
denote Lagrange polynomials on the parent domain, satisfying the condition
Mi(&) =67, with 7,1 € Meq ={1,...,Meq}. The points &; designate test
notes on the parent domain. Note that the number m., of these test notes
coincides with m., — 1, because they support a velocity field approximation.
Since the variation at the initial time node t7 = 7" (1) vanishes, the initial
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condition 7, = w1 is fulfilled exactly.

On the other hanél according to Equation (3.7), we obtain for each time
element 7™ n € #.;, the space-time weak form

o] Lt~
/ / P57 (X)), 0x (50 (X)) 0

(4.7)
by using the substitution rule and the constant Fréchet derivative of
the transformation (4.2). Further, the chain rule has been used for the
time differentiation of the approximations. We approximate the Lagrangian
momentum field 77 (X) on the basis of Equations (2.22) and (4.4). The time
evolution corresponding to the tangent field ¢, pertaining to the deformation
during the n-th time element is again directly approximated on the parent
domain. Hence, we obtain the approximations

Men Meq

X) =Y Mi@nn(X)  and  pL(X ZMJ a) % (X)

(4.8)
with d@,, (X) = o for all X € %,.

Now, we formulate the space-time weak Equation (3.11) with respect to the
parent domain. We transform the integrals by using the substitution rule and
the Fréchet derivative of the transformation (4.2). Subsequently, we apply the
chain rule to the time differentiation of the approximation n(X) pertaining to
the Lagrangian entropy field on the n-th time element 7. For each n € .#,;,
we obtain the space-time weak equation

AR(X) O (X) = B ﬁi(X ) onx)+
., )%, 5. Joo 2,08 (X)
92 (X)

[ [ ey DX IR (HLCOI + G D)

(4.9)
From the outset, we considered the Lagrangian entropy field as state variable,
on which the thermal time evolution equation is based. Therefore, we
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approximate the time evolution of the Lagrangian entropy field, and the time
evolution of the Lagrangian temperature field in the exact same manner. We
arrive at

ZMl )i (X)  and  OMX) =Y M(a) 62 (X)
=1

(4.10)
Note that this temporal entropy approximation goes with the time
approximation of the nonlinear energy equation in Holzapfel & Simo [125].
In this way, we approximate the time evolution of the Lagrangian entropy
field in the time interval of interest before we approximate the Lagrangian
entropy field in the ambient space. The test space for Equation (4.9) has to
include the time evolutions of the relative Lagrangian temperature field 7.
Consequently, we obtain the approximation

Men

s (X Z Mi(a) 60" (X) (4.11)

which only vanish at the boundary 0g%,. Hence, the initial condition for the
Lagrangian temperature field cannot be fulfilled exactly, and the temperature
Oy, generally differ from the initial value for the temperature evolution on the
time element. In analogy to Equation (3.19), we incorporate the corresponding
jump in an energy consistent way. We obtain

[e2, 0] 4 . 30L(X)
L 0 (%) ° //"a ) 904l //ang Qa(X)
wr [ /@ ) X680 () +(s@g<x>D@g(§§f)
@12)

for each 7", n € #.;, with respect to the parent domain. On each time
element, the initial condition of the temperature is incorporated by the jump
[en (X)] of the relative internal energy density.

At last, we perform an isoparametric approximation for the time evolution
of the pointwise determined Lagrangian internal variable field I'l, on the
parent domain. According to Equation (3.21), the corresponding test space
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has to include the time evolution of the internal variable velocity field I’Z
with respect to the parent domain. We arrive at

Men Megq
ry(X)=>Y M{(a)Ip (X) and ZMJ )or: (X)
i=1

(4.13)
with 5FZl(X) = O" due to the continuity, where O* denotes the matrix
corresponding to the zero element in the linear space L(</, &*). First, we
divide each integral of Equation (3.21) into m,; sub-integrals. Then, we apply
the substitution rule to the time integrals and the chain rule of differentiation
to the time derivatives. Either in the light of the constant Fréchet derivative
of the transformation (4.2). For each n € .#, and X € %y, we obtain the
temporally weak form

[l X = = [ S (TR B2 (X)Lan +
3/ (v = 2 ) B ) (P20) 42 BE X)L
(4.14)
where 1 .
L5 (X1 e = e (e X)) TP (s (415)

designates the approximated viscous deformation rate tensor during the n-th
time interval.

In order to obtain a unique interpolation of the temporal test nodes at
each temporal quadrature point, a family of m shape functions has to be
evaluated at exactly m distinct quadrature points. Since we approximate the
test function associated with Equation (4.12) with one Lagrange polynomial
more as compared to the other weak forms, we have to use one quadrature
point more. Therefore, in the following, we endue the symbol .7, of the time
integration domain associated with Equation (4.12) with the suffix 1 to refer
to this different number of quadrature points.
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Figure 4.2. The reference configuration %, is partitioned into disjoint sub-

domains %;. A parent domain %n is mapped on each sub-domain in the

reference configuration and on the corresponding sub-domain %5° in the current
configuration.

4.2. Spatial finite element approximation

We consider a partition of the reference configuration %, into n.; > 1 disjoint
sub-domains %, e € A = {1,...,ne}, called the e-th element of %, such
that the union of all these spatial elements, in turn, is given by %,. Each
element 5 is defined by spatial element nodes “X°, a € A% = {1,...,Nen }
Element nodes, which lie on the mechanical Dirichlet boundary, are indicated
by index sets A7 = {a € A5[°X® € 0,%}. We introduce a spatial parent
domain 4%, (see Figure 4.2), of which each point € %4, is mapped on a point
X in the spatial element 4§ by the transformation

Po(m) = D Na(n)"X° (4.16)

aENE,

The shape functions N,(n) on the parent domain are Lagrange polynomials.
The conditions N, (n®) = 6%, a,b € 4., provides that the nodes n® € %,
in the spatial parent domain are mapped to the spatial element nodes
bX ¢ = 15(n®). In the isoparametric concept, the spatial parent domain %

is mapped on the corresponding deformed spatial element %7, ¢ in the current
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configuration at the time node t7" = 77 («;) by

i) = Y Na(m) @l + > Ny(n)'X" (4.17)
a€NENNE beN e

analogously to Equation (4.16). The last sum arises from the boundary
condition (2.86.1). Equation (4.17) is defined to coincide with the composition
@ (X) opg(n), so that ¢7:°(n) approximates the deformation ¢} ¢(X) of
the point X € %5 at the time node ¢ € .7 on the spatial parent domain.

Hence, a material curve in the e-th spatial element is related to a curve in
the spatial parent domain by Equation (4.16). Differentiation with respect to
the curve parameter implies the relation

(WA = [Dypg(n)]?,; [v)° (4.18)

between the tangent vector W € Ty %5 at a point X € %5 and the tangent
vector v, € T;,,%, at a point nn € %..

On the other hand, the Jacobian matrix D¢ (1) maps the tangent
vector v, on a tangent vector w® € T, %;° at a point = € #;,° in the
current configuration. Multiplying Equation (4.18) with the inverse Jacobian
(Dpg) L, the deformation gradient

[F5 ()4 = [Dep ()] (DY)~ ()] 4 (4.19)

maps the tangent vector W€ on the tangent vector w®. The index 4 indicates
the coordinates in the spatial parent domain.

The volume element Vg at the point X € % in the e-th spatial element
is defined by the triple scalar product [W7y, Wy, W] of tangent vectors at
three curves, crossing each other in X € 5. This volume element is mapped
by the Jacobian determinant

i) = der( Do) = e ) (4.20

to the volume element V;, at the point n € %, in the spatial parent domain.
Now, the partition of %, divides the spatial integrals in the space-time
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weak forms into a sum of n.; sub-integrals with respect to the spatial elements
B, e € M. Transforming each material point X € 4§ to the spatial parent
domain by the mapping 1§, Equation (4.5) takes the form

v, [ oo = [ [ i Gl e

(4.21)
for all (n,e) € M. x A. The velocity field vy¢ is a tangent field of the
motion at the time node «; € Z,, and the test field 67r7f’? is a tangent field at
a variation of the cotangent field 7'r~ © at the deformatmn field. With exception
of the different boundary condltlons tangent and cotangent fields at the
deformation field are approximated as the deformation field itself. Hence, we
obtain

Z Ny(n)%v®  and Z p6(n n) ‘v
aEJVJn\JV“ aEJVe';L\r/VF

(4.22)

according to the Dirichlet boundary conditions, where p§(n) = [po| g © ¥5](n)
denotes the density of the element 4.

To account for the mechanical Neumann boundary dr % of the reference

configuration, we define the index set A7 = {a € A% |°X° € OpH§}, which

includes the nodes on the Neumann boundary of the element 5. Then, we

introduce a transformation

= > Na(p)x° (4.23)

a€NE

from a parent domain 0%, to the e-th (Neumann) boundary element 0p%.
The shape functions N,(7) are Lagrange polynomials on the parent domain,
satisfying the condition N, (7?) = §°,. Therefore, nodes 7° € 0%, are mapped
to nodes "X ¢ = 1 (7°) on a boundary element dr%.

After dividing up the spatial integrals in Equation (4.7), the

transformations (4.16) and (4.23) to the parent domains provides the weak
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1 °on,e o n,e a 7e _ *,1N,€ a 7e (=
i, [ ol e = [ @@l oo gsm -
- / / P ()], [Ox (3 ()] 4 JE ()
I JB

[m}

(4.24)
for all (n,e) € Mo x Ag. The mapping J§(77) = det(Dapy(77)) denotes
the Jacobian determinant of the transformation (4.23). The Lagrangian
momentum field #;:¢ at the node «; € %, is a cotangent field at the
deformation field, whereas the test field dpL¢ is a tangent field at the
deformation field. Hence, we approximate these fields in an analogous manner
as in Equation (4.22).

However, under the boundary integral sign on the righthand side of
Equation (4.24), this spatial approximation of the test field d¢% € is reduced to
an approximation of the variations at the boundary nodes, using the boundary
shape functions on the spatial parent domain. For simplicity, we restrict us to
boundary loadings with deformation-independent directions, which exclude a
pressure boundary loading as treated in Simo et al. [163]. Further, we assume
that the time course of the Piola-Kirchhoff traction vector field . is given.
Thus, we only approximate the spatial distribution, and obtain

) = Z N, () “t© and Lpa7 Z Ny ( a(;x?j e
a€ENF agENF
(4.25)
The vectors “¢7,° denote the traction on the boundary nodes.

In the last term on the righthand side of Equation (4.24), we have to
determine the gradient with respect to a material point X € Z§. Analogous
to the relation for the deformation gradient in Equation (4.19), the gradient
of the test function reads

[0x (0@ (m)]"a = [D(39a) ()] [(Dy5) ™" ()]s (4.26)

Now, we define index sets A5 ={a € A.5|°X° € 00 %5} to indicate
the nodes on the thermal Dirichlet boundary 0g%y, and index sets
N ={a € A;|°X® € 0K} to designate nodes on the thermal Neumann
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boundary dg%. Taking the partition of % into account, and relating spatial
integrals to the corresponding parent domains, Equation (4.12) reads

[[AW P n ]] n,e e on,e n,e e _
[ iy et s+ [ o o gy =

:/ / {@ [0x (607 (n ))}AWM w(n )W} Jo(m)+

e [ e w i)
D @

for all (n,e) € M. x ANg. The geometric approximation of the thermal
Neumann boundary coincides with that of the mechanical Neumann boundary.
According to the isoparametric concept, the approximation of the Lagrangian
temperature field 6° on the e-th spatial element during the time interval
T is given by

O (m) = Y _Na(m) O+ > Ny(n) O (4.28)
aewe,\/e beNS

where the constant ambient temperature ©,, on the thermal Dirichlet
boundary has been taken into account. We approximate the Lagrangian
entropy field n;,:¢ and the test field 00;¢ at the nodes in the parent domain in
compliance with their definitions as cotangent and tangent field, respectively.
We define

ov(Ay(n), OL:°
nZ;e(n) - _ ( a; (ané a; (71)) and 97; e ZN aé@gf

a€/V< c\NS

(4.29)

According to Equation (2.39), the spatial approximation of the tensor
AL f(n) in the e-th spatial element at the time nodes in the parent
domain follows from the spatial approximation C7;(n) of the right Cauchy-
Green tensor field and the locally determined tensor field I';;(n). The
approximation of the right Cauchy-Green tensor at the time nodes, in turn,
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follows from the push-forward operation

[Co: (] = (DY)~ 4" [CL "l (D)~ 's (4:30)

where
[Co (i = (D (m) 16 0an Dl ()] (4.31)

denotes the right Cauchy-Green tensor with respect to the spatial parent
domain.

We restrict us to a heat surface density field Q.. on the thermal Neumann
boundary 0%, which is also given directly in dependence of the time
a € S,. Another possible Neumann boundary condition is a convective
heat exchange on the boundary, which depends linear on the Lagrangian
relative temperature field (see Wriggers et al. [164]). We define inward normal
projections *Q¢, of the heat flux at the nodes of the boundary element, and
approximate their spatial distribution. Likewise, we approximate the test field
on this boundary. We obtain the distributions

Q.M =Y _N.(m) and  SOL(M) = Y Na(m) 005"
ae,/Ve aEJVe
(4.32)
along the corresponding element boundary.
Since we determine the Lagrangian internal variable field I'® at the
considered points n € 4, in the spatial parent domain, we desist from a spatial
approximation. The temporally weak form

[ e B s = - [ 5 (E ) P BT )l +

- i/f (v - w) (L () (L () 142 078" ()]ap

Ndim

(4.33)
is thus solved on the parent domain of each spatial element %§, e € ¢, in
the reference configuration.
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In order that the conservation laws and the stability estimate are also valid in
the discrete setting, we have to supplement the weak forms. One reason is that
both properties are based on the exact fulfillment of the fundamental theorem
of calculus. However, using solely numerical quadrature, this is generally not
possible. Furthermore, we have to guarantee that terms, which annihilate in
the exactly integrated stability estimate, still annihilate with numerical time
integration.

First, we consider the directional derivative of the approximated total linear
momentum function along the continuous time curve v (s) = L(¢ + s) in the
n-th time element. Time integration leads to

L. | L= Z// il 6l" ) ()

If we employ the time approximation (4.8) corresponding to the Lagrangian
momentum field, the time integration concerns only the temporal shape
functions. Since this time integrals can be computed exactly with the
recommended m.4-point Gaussian quadrature, the fundamental theorem of
calculus is fulfilled. The left hand side of Equation (5.1) therefore coincides
with L(t" 1) — L(#7).

On the righthand side, we bear in mind the equations of motion in order
to verify conservation. First, the vector &, € o is fixed in the ambient space
and hence time-independent. Nevertheless, it can be rewritten as

Meq Ney

=YD M(a) Na(n) &) (5:2)

j=la=1

because both sums separately coincide with one due to the completeness
condition of the Lagrange polynomials. Thus, the constant direction vector
&, is an admissible test function d¢)“(n) of Equation (4.24). According to
the absence of Dirichlet and Neumann boundary conditions, the righthand

73
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side of Equation (5.1) then coincides with

Nel

Y / / P ()] A [Ox o) S (1) = 0 (5.3)

Thus, we obtain total linear momentum conservation for an arbitrary
approximation of the covariant first Piola-Kirchhoff stress tensor and for an
arbitrary time step size.

On the other hand, the directional derivative of the approximated
total angular momentum function along the continuous time curve
v (s) = J(t + s) in the n-th time element leads to

/ 4
Tgn ds

I+ 3 / / aned*[E0)" [P ()P [ ()] G () +

+Z/ /Eabc [€o] [ ()" [0 (m)]ads (m)
(5.4)

After employing the time approximations (4.4) and (4.8), the fundamental
theorem of calculus with respect to J(¢) is fulfilled, because the time integrals
associated with the temporal shape functions can be calculated exactly, using
the meq-point Gaussian quadrature. The left hand side of Equation (5.4)
therefore coincides with the difference J(t"*1) — J(t").

In order to show the conservation, we have to employ Equation (4.21) in
the first term to the right. However, in Equation (5.4), the corresponding
test function is not interpolated by the Lagrange polynomials {Mj (a)};n:e‘f
at the temporal test nodes &;, j = 1,...,meq. Therefore, we determine nodal
values ﬂ'g’je(n) associated with the temporal test nodes by solving the linear

equations

Meq Men

ZMJ ZMz E)mme(m)  (k=1,...,me) (5.5)

where the values ék, k=1,...,meq, denote quadrature points. The Haar
matrix [M (fk)]meq_ is invertible, if the quadrature points are distinct (for a



(0]

proof see Grof et al. [16] and Grof [35]). Hence, the exactly m., quadrature
points, which are already recommended for obtaining a unique interpolation
at the temporal test nodes, are important for the total angular momentum
balance. Due to Equation (4.21), the first term on the righthand side of
Equation (5.4) thus takes the form

h" /j a /gg D{pﬁ(n) €avel€o) " [0 ()]} [0 (m)]° TS (m) (5.6)

by taking the definition of the Lagrangian momentum field into account.
According to the skew-symmetry of the permutation symbol, this term
vanishes independent of the time step size. In order to employ Equation (4.24)
in the second term of Equation (5.4), we determine nodal values cpg’je(n)
associated with the temporal test nodes by a corresponding linear system of
the form given in Equation (5.5). Then, the second term reads

n *,m,e 0 {89 €avel€o)” o ’ e
e [ [ e P eSO iy s

a [}

Since the vector £, € .7 is fixed in space, the partial derivative with respect
to the point X € %, is only related to the deformation ¢™¢(n). Taking the
definitions of the deformation gradient F7,°(n) and of the Kirchhoff stress
tensor 77¢(n) into account, the second term of Equation (5.4) is given by

WAé%MM%%WWm (5.8)

[m]

Accordingly, a symmetric approximation of the Kirchhoff stress tensor in
conjunction with the skew-symmetry of the permutation symbol leads to the
annihilation of the sums in Equation (5.8), independent of the time step size.
Since both terms of Equation (5.4) vanish, we obtain total angular momentum
conservation for any time step size.

Now, we consider the directional derivative of the approximated kinetic
energy along the continuous time curve 7 (s) = 7 (t + s) in the n-th time
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element. Time integration leads to

d Nel e e o
L. Tt9=2 | [ mrim 69

After substituting Equation (4.4) and (4.8) for the velocity and the
momentum, respectively, the time integration concerns only the temporal
shape functions. The fundamental theorem of calculus is therefore fulfilled
exactly by the mes-point Gaussian quadrature, and the left side of
Equation (5.9) coincides with the difference 7 (t" 1) — 7 (t").

Since the derivative 7.°(n) is an admissible test function for
Equation (4.21), the righthand side of Equation (5.9) takes the form

= Z_j [ e i s (5.10)

Moreover, the derivative @7%(n) of the deformation approximation lies in the
test space of Equation (4.24). Therefore, we are able to relate Equation (5.10)
to this weak form. Since the fundamental theorem of calculus with respect
to 7 (t) is satisfied, Equation (5.9) in conjunction with the weak equations of
motion leads to the kinetic energy balance

Nel

() - T(t") = Z/y /Mg " ()]a [ () T (1) —
el e (5.11)

Nel
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Considering again a conservative Piola-Kirchhoff traction vector, the first
term on the righthand side of Equation (5.11) can be expressed by the
Fréchet derivative of the density function Ve*'(u2-¢(7)). In order to fulfil the
corresponding fundamental theorem of calculus, the Piola-Kirchhoff traction
vector has to be at most linear in the displacement w/2¢(7), as the Lagrangian

deformation velocity in Equation (5.9). If this condition is satisfied, the first
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term reads
U ) U () = Y / /m B i@  (5.12)

Now, we determine the directional derivative of the relative internal energy
along a continuous time curve y7(s) = £(t +s) in the n-th time element.
At the time integration of this derivative, we bear in mind the different
quadrature rules in the discrete setting, which is indicted by the suffix ¢ at the
symbol .#, of the time integral. Noticing the definitions of all the cotangent
vectors pertaining to the free energy, we obtain the relation

d
[ ] a | asmasm= [ [ iwemozm s
e B ds | o 7 )R

o D{[Pz’”vem)};“ F2 )]s — ()8 [ )las } T )

(5.13)
for all (n,e) € M x A;. In this equation, the free energy depends on the
mapping C, = [C|zn o7"|(«), which designates the right Cauchy-Green
tensor field during the n-th time element at any time point « € ., in
the temporal parent domain. We approximate the time evolution of the
corresponding right Cauchy-Green tensor C7°(n), and the time evolution
of the deformation gradient F'°(n) pertaining to the e-th spatial element,
such that

Men Men

Cn e Z Mz Cn e ) and Fn e Z Mz Fn e )

(5.14)
Note that with these independent time approximations, the time evolution
of the stress power in Equation (2.45) does not exactly coincide with the
time evolution of the stress power in Equation (2.46). The reason is that
a dependence of the time evolution of the right Cauchy Green tensor from
the time evolution of the deformation gradient is the assumption for the
transformation of the second Piola-Kirchhoff tensor in Equation (2.46).
However, after a numerical time integration, the distance of both stress powers
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lies in the order of the quadrature error. Since the stress power density,
determined by the weak equations of motion, coincides with the stress power
density in Equation (2.46), we use in the second equation of motion, the
right Cauchy Green tensor only in the argument of the free energy. Further,
through the linearity of the deformation gradient field in the deformation field,
the time approximation of the deformation gradient can be traced back to the
time approximation of the deformation.

The time integration of the directional derivative in Equation (5.13)
is, in general, not computable exactly. Therefore, we have to enforce the
fundamental theorem of calculus with respect to é%¢(n). Analogous to the
construction of the jump term (3.17), we formulate a corresponding constraint,
given by

éZfs (77) -
s=0 (5.15)

- / (5 ()] B4 (R ()] 5.0
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Gs(Sa (m) =éqy,, (m) = (n) /]c ds

o

where
o n,e

[RL()]pa = [(Fr(m)"]5"00alFo” ()4 (5.16)
in analogy to the elastic deformation rate tensor defined in Equation (2.47).
In this constraint, the stress power density is consciously formulated as
in Equation (2.46), because, as just mentioned, that is the stress power
determined by the weak equations of motion. Since we need a symmetric
approximation of the Kirchhoff stress tensor for retaining total angular
momentum conservation, we determine a trace tensor Sze(n) corresponding
to the second Piola-Kirchhoff stress tensor. We also obtain an isoperimetrical
minimisation problem associated with the Lagrange functional

Fs(Sa" (m), A1) = A(n) Gs(S," () + */y [So " (]an S, (m)*?
’ (5.17)
where the star indicates the corresponding dual map (compare Mohr et al. [77],
Bargmann [93] and Grofs [35]). Applying the time approximation of the right
Cauchy-Green tensor in Equation (5.14), the stress trace tensor coincides with
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A(m) C, " (n). We obtain the Lagrange multiplier by employing this stress
trace tensor in the vanishing Gateaux derivative with respect to A(n). We
arrive at the weak term

_/ o *,M,e gS(O) / [ézﬁ%e(n)}BA [5R27e(n)]BAJ§(7’])
o [ 1E i R s
(5.18)
where
[OR™(n)]5a = [(F2°(0) 7] 5°0ba[0x (302 (n))]%4 (5.19)

and O denotes the matrix corresponding to the zero element in the linear
space L(&7*, o/). We add the weak term (5.18) on the righthand side of
Equation (4.24). This additional term in Equation (4.24) annihilates the stress
power in Equation (5.11) independent of the quadrature rule, and introduces
the relative internal energy density behind the jump. We obtain the kinetic
energy balance

V() - T U () = 3 / D{éZf(n) « e 02 ) 501

n,e

S [ i s g )
BNZ

(5.20)

Recall that we arrive at the stability estimate (2.118) by the assumption

that the time integrals of the internal dissipation in Equation (3.19) and (3.22)

are identical. In the discrete setting, however, we have to enforce this

property owing to the different quadrature rules. Consequently, we formulate
a constraint for a viscosity trace tensor in Equation (3.19), given by

gV(Vg,e(n)):/Dio?t,n,e(,r’)_/Dglt,n,e(n)_
I g
gme R
‘/W@Zw Ll e Ve )] Cp" (L )7
) (5.21)

where the approximated viscous deformation rate tensor (4.15) on the e-th
spatial element during the n-th time interval already includes the reciprocal
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time step size arising from the finite element transformation (4.2). We search
for a viscosity trace tensor minimising the augmented Lagrange functional

Fv (Vi (m), A(m) = M) Gy (Ve () + % /f Ve m o plVacm)]a©p”

(5.22)
where the star denotes the corresponding dual mapping. The viscosity trace
tensor arises from a vanishing Gateaux derivative associated with a viscosity
curve. Then, we employ the viscosity trace tensor in the vanishing Gateaux
derivative with respect to the Lagrange multiplier. By introducing this
viscosity trace tensor in Equation (2.83), we arrive at the integral

o Jpe AD? [ 2O Loy g o

. e ) O 6 (n
£ u/ {gne(( ))H[n e( >||2 7 (TI) ( )
(5.23)

This weak term is added on the righthand side of Equation (4.27). After
employing the relative temperature field as admissible test function in the
now supplemented Equation (4.27), we get at the balance equation

ém{ég;e(n)Jr/ oS (m) 95 (n )}Jg(n) :égﬁ"(n) JE(m)—
w [ ey Do dionew [ o ggn

of the relative internal energy pertaining to the e-th space element, wherein
the energy density éf (n) denotes the element energy at the initial time of
the n-th time element, and D!%™¢(n) denotes the total dissipation in the
e-th spatial element at any time point a € .#,. A comparison with the kinetic

(5.24)
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energy balance (5.20) leads to the balance equation

Nel

n n n 900 ot,n,e e
Vi) = v =y [ ] ores D ) T+
e=1 7T (5.25)

+Z [ oz < o 1 Glas s

pertaining to the Lyapunov-like function.

Due to the finite element approximation of the spatially weak forms, we
solve the temporally weak internal variable evolution in Equation (4.33) at
the considered pOoTilnts 7 € A5 in the spatial parent domain. We employ the
time derivative I' (1) as admissible test function, and obtain the relation

J e i s = [ S AT s +
fa ﬂa

2‘/dev n,e 2

A eI

(5.26)
According to Equation (2.83), the integrand on the righthand side of
Equation (5.26) coincides with the internal dissipation h,, D*™¢(n) in the
e-th spatial element during the n-th time element. Therefore, the last sum on
the righthand side of Equation (5.25) vanishes, and we arrive at the stability
estimate

Nel 9
v vy =Y [ [ or s D) Jsm) <o (527
") = V(") ; o L & () (n) J5(n) (5.27)

which coincides with Equation (2.118). Recall that in the discrete setting,
we apply the Gaussian quadrature rule. Hence, the existing time integrals
associated with the temporal shape functions are calculated exactly, which is
important for the conservation laws and for the kinetic energy and external
energy balance as verified. The stability estimate (5.27) is fulfilled independent
of the order of the temporal shape functions.
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6. REPRESENTATIVE NUMERICAL SIMULATIONS

We now verify the characteristic properties of the finite element method.
First, we show the consistency of the time approximations by verifying the
expected order of accuracy in time. A time approximation to a quantity is
m-th order accurate if the term O((h™)™) in the temporal Taylor expansion
of the quantity is correctly reproduced. Hence, the order of accuracy of a finite
element method in time follows from the quadrature rule with the lowest order
of accuracy. In this work, this is the m.4-point Gaussian quadrature rule in
the equations of motion and the viscous evolution equation, which is 2meq-th
order accurate.

Second, we verify the predicted conservation laws and stability properties of
the finite element method. For this purpose, we consider a free flying body with
an uninsulated part on the boundary. We close this section with simulations
subject to suspensions associated with dynamic traction and heat flux loads.
Here, we show that external power is incorporated consistently with the energy
balance equations.

6.1. Consistency of the inherently energy consistent method

We start by demonstrating the consistency of the non-standard right Cauchy-
Green tensor approximation in time, given by Equation (5.14), to which
is referred to as assumed strain approximation in time (see Betsch &
Steinmann [66]). We verify the order of accuracy in time by means of
the relative Lo-error of the primary variables. Further, we demonstrate the
inherently energy consistency with this time approximation by determining
the order of accuracy in time of the energy balance in Equation (5.27).

Recall that the finite element method without the additional terms (5.18)
and (5.23) in the weak forms is inherently energy consistent, which means
this method fulfills Equation (5.27) up to the accuracy of the used Gaussian
quadrature rule. Hence, the expression

Nel mf'q-"_l

v(t"“)fV(t”Hh"Z /@ne D™ (m) J§(m) wa,  (6.1)

83
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is of order O((h™)?™ea*2) where &; denote the Gauss points in time and wa,
denote the corresponding quadrature weights.

The assumed strain approximation in time arises from a temporal
approximation before an interpolation over spatial nodes is performed. We
indicate the finite element method with this approximation by the shorthand
notation mhG(m.,) method, where the number mg, coincide with the
polynomial order of the shape functions M? in the time finite elements. In
contrast to the assumed strain approximation in time, the standard right
Cauchy-Green tensor approximation is given by

[Co(m)]ae = [(Dyg(m) 14" [Co ()i (DY)~ (m)]'5 (6.2)

where
[Coe (i = (D (m) " 1:0as Dl ()] (6.3)

denotes the right Cauchy-Green tensor with respect to the spatial parent
domain at any time point « € ., in the temporal parent domain. The
Jacobian matrix D¢»¢(n) follows from a spatial approximation of the
deformation mapping ¢”°(n) at any time in the temporal parent domain
analogous to Equation (4.17), and a subsequent temporal approximation of
the trajectories ¢ pertaining to the spatial nodes as in Equation (4.4). We
obtain the equation

Delé(n) = > Y DNa(n) M'(a)“al’ + Y DNy(n)"X" (6.4)
=1 a€ N5 \NE beN g

which also results from the temporal approximation (4.4) and a subsequent
spatial approximation (4.17) owing to the linearity in the space-time
nodal values “x;“ of the current configuration. Accordingly, the standard
right Cauchy-Green tensor approximation arise from a spatial interpolation
before a temporal interpolation is done, in contrast to the assumed strain
approximation in time. We indicate the inherently energy consistent finite
element method associated with the standard right Cauchy-Green tensor
approximation by the shorthand notation hG(meq) method.
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6.1.1. The finite element Lo-error. The order of accuracy in time coincides
with the slope of the curves, resulting from plotting the local solution error
against the corresponding time step size in double logarithmic scale. Therefore,
we determine the relative Lo-error of the deformation field, the Lagrangian
velocity field and the Lagrangian temperature field on a current configuration
PBr at a fixed time T'. In general, the relative Lo-error e,, of a Lagrangian
vector field ¢, : By — P, at the time t € J with reference to the vector field
@, : By — B is defined via the La-norm || - ||z by the expression

- e — @il

€p, = — (6.5)
“= Izl

The Lo-norm [Pz of any Lagrangian vector field @, : By — %B; at the
time ¢t € .7 in the time interval of interest is a natural norm for Lagrangian
vector fields in infinite-dimensional vector spaces associated with weak forms
(compare Gonzalez [165]). The definition reads

[Dtl]2 = \// [P (X)]¢ 0ca [P1(X)]? (6.6)

Since we use a spatial finite element approximation of a Lagrangian field in
analogy to Equation (4.17), the spatial integration is concerned only with
the spatial Lagrangian shape functions N,(n), included in the area element
matrix blocks

He, = /@ Na(m) No(m) J§(n) abe N 6.7)

O

Hence, the Lo-norm of the Lagrangian vector field @, is reduced to a weighted
Euclidean norm of the corresponding spatial nodal values “z;. We arrive at
the Lo-norm of the spatial finite element approximation pertaining to the
Lagrangian vector field @, : 8y — %; by the summation

IBalla = [ > > [0z e (He, [T]e,) [2=¢]¢ (6.8)

e€ N a,beNE,



86 6. REPRESENTATIVE NUMERICAL SIMULATIONS

The sums over the element nodes can be expressed by matrix products
after combining the spatial element nodes in element vectors z¢ and z*€,
respectively, and the area element matrix blocks in an area element matrix H®.
The parenthesis in Equation (6.8) then coincides with the Kronecker product
of the area element matrix H® and the identity matrix I of column vectors in
the ambient space. We obtain

1/2

D= | A z°H ® 1)z (6.9)
ee%z

We transform this local matrix form on each element e € .#; into a global
matrix form for the entire body by assembling all spatial element matrices to
global matrices. We obtain a global nodal column vector z; and a global nodal
row vector zy. Finally, a global area matrix H occurs, such that the Ly-norm
of the spatial approximated Lagrangian vector field @, is given by

[Pz = Vzi H® I]z (6.10)

The Lo-norm of a Lagrangian scalar field 0; : y — R as the Lagrangian
temperature field can be calculated analogously, except that the Kronecker
product with the identity matrix I has to be dropped.

6.1.2. The numerical example. We compare the order of accuracy pertaining
to the hG(me,) and the mhG(me,) method by means of the following
numerical example: A small polymeric plate consisting of the Neo-Hookean
material described in Appendix C, with the edge length 0.1 m and the density
po of 8.93kg/m?. The Lamé constants in the free energy function are given by
pw="7.5J/m? and X\ = 30J/m?, respectively. In the thermal part of the free
energy, the thermal expansion coefficient of the material is set to 3 = 10™4 K !
and the specific heat capacity of the body amounts to ¢ = 100 J/m2K. In the
heat conduction term of the entropy evolution, the constant specific thermal
conductivity is chosen to be kg = 10 W/K. The deviatoric and volumetric
viscosity is set to Vge, = 10000 Js/m? and V., = 50000 Js/m?, respectively.
The temperature of the bottom of the plate coincides with the ambient
temperature, however, the remainder of the body is heated about 10 K. The



6.1. Consistency of the inherently energy consistent method 87

Initial temperature at ¢t =0

306 0.235

0.23

y (m)
V(") (9)

0.225

204 0.22

5 0.215
005 0.05 01 015 02 290 0 0002 0004 0006 0008 001 0012

2 (m) " (s)

Figure 6.1. On the left, the reference configuration of a small polymeric plate,
discretised by one four node Lagrange element, is depicted. The arrows shows the
initial velocities of the nodes. The colour in the element indicates the interpolation
of the initial temperature at the nodes in Kelvin. On the right, the relative total
energy V(t), determined with quartic finite elements in time (meq = 4) and a time
step size h"™ = 1ms, is plotted versus the time interval .7 = [0, 10 ms] of interest.

motion is initiated by an initial velocity field with the components
1
[wo(X)]* = 2 2§91 — 0.7 = §%ey5.[X° (6.11)
s s

and is simulated during the time interval 7 = [0,7] with T = 10ms (see
Figure 6.1). The plate is moving freely in a two-dimensional continuum with
ambient temperature O, of 298.15 K.

For this motion, we determine the Ls-error corresponding to the
deformation field ¢, the velocity field v and the temperature field O at
the final time T with reference to a calculation with quartic finite elements in
time (meqy = 4) and a time step size h™ = 1ms. Since the deformation field and
the velocity field is determined by a continuous Galerkin (cG) method with
Gaussian quadrature of accuracy O((h™)?™e4), we obtain the accuracy orders
2, 4 and 6 (see Figure 6.2). With these approximated fields, we calculate a
temperature field approximation of the same order of accuracy. However, the
discrete energy balance in Equation (6.1) shows the accuracy O((h™)%™meat1)
of the quadrature rule in the entropy evolution equation with the orders
3, 5 and 7 (see Figure 6.3). A comparison of the curves in Figure 6.2 and
Figure 6.3 shows the consistency of the assumed strain approximation given
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Figure 6.2. On the left, the relative La-errors of the deformation field ¢ at the final

time T'= 10ms is plotted versus the time step sizes h™ used for the calculations.

On the right, the relative Ls-error of the corresponding velocity field vr is depicted

as function of the time step size. The reference solution is calculated with quartic
finite elements in time (m.q = 4) and a time step size h™ = 1 ms.

by Equation (5.14) in the considered time approximation. Neither the orders
of accuracy of the time approximation nor the inherently energy consistency
of the weak forms is violated.

6.2. Consistency of the exactly energy consistent method

The finite element method in this work is energy consistent by adding the
additional terms (5.18) and (5.23) in the weak forms. We designate this
enhanced finite element method by the shorthand notation ehG(m.,) method.
The number m,, specify the polynomial order of the temporal shape functions
for the primary variables. We verify the order of accuracy of the exactly energy
consistent method by using a similar numerical example as in Section 6.1. We
consider the free flight of a large polymeric plate with an edge length 1m
during the time interval .7 = [0, T] of interest with a final time T' = 0.1s. The
motion is initiated by the initial velocity field given by Equation (6.11). The
polymeric plate consists of the material specified in Section 6.1.

In Figure 6.4 to the left, the approximated initial velocity field is depicted
by the velocities at the spatial nodes. We determine the relative Ls-error
pertaining to the deformation field ¢, the Lagrangian velocity field vy as
well as the Lagrangian temperature field @7 in the current configuration at the
final time 7. The reference solution is determined by quartic finite elements
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Figure 6.3. On the left, the relative La-error of the temperature field @r at the

final time T' = 10ms is plotted as function of the time step size h™, used for the

calculation. On the right, the corresponding relative La-error of the energy balance

in Equation (5.27) is depicted. The reference solution is calculated with quartic finite
elements in time (meq = 4) and a time step size A" = 1 ms.

in time (mey =4) and a small time step size A" = 1lms. The right plot in
Figure 6.4 shows the final configuration and the Lagrangian velocity field
pertaining to the reference solution.

The left diagram in Figure 6.5 shows the associated relative total energy
during the time interval of interest. The order of accuracy of the methods
coincide with the slope of the curves in the Lg-error plots. Owing to the
accuracy of the Gaussian quadrature rule in the equations of motion, we
obtain the order 2m, of the time approximation. The Lo-error plot of
the deformation field in Figure 6.5, as well as the error curves pertaining
to the Lagrangian velocity and Lagrangian temperature field in Figure 6.6,
corroborate this theoretical result.

6.3. Conservation laws and stability properties

In this section, we verify the robustness of the time integration algorithms with
respect to large constant time step sizes throughout the calculation, as well as
with respect to time step size changes. The spatial mesh is thereby hold fixed.
Large time steps are desirable for effective long time simulations, and time
step size changes appear in time-adaptive time stepping schemes, for instance.
In order to verify the total linear and total angular momentum conservation,
we consider a translational and rotational free motion of a continuum body
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Figure 6.4. On the left, the reference configuration of the polymeric plate, discretised

by nine four node Lagrange elements, is depicted. The arrows show the initial

velocities of the nodes, and the colour in the spatial elements indicates the

interpolation of the temperature at the corresponding element nodes in Kelvin.

On the right, the current configuration of the plate at time 7" = 100 ms, determined

with quartic finite elements in time (meq = 4) and a time step size h™ = 1ms, is
shown.

without mechanical loads. We are able to verify also the stability estimate in
Equation (5.27), because we neglect thermal loads.

6.3.1. The numerical example. We consider a free flying ring, consisting
of the Neo-Hookean material described in Appendix C. The inner radius
of the ring is R; = 0.5m and the outer radius is given by R, = 1.5m. We
orientate the material properties to a polyurethane elastomer. The density
po of the material is 30kg/m?, and the first and second Lamé constant
in the Neo-Hookean free energy function is chosen to be p = 7500J/m?
and A = 30000 J/m?, respectively. The thermal expansion coefficient of the
material is set to 3 =10"*K~! and the specific heat capacity of the ring
amounts to ¢ = 1500.J/m?K. The heat conduction in the ring is determined
by the constant specific thermal conductivity kg = 0.02 W/K. The deviatoric
viscosity is set to Vg, = 10000 Js/rn2 and the volumetric viscosity amounts
to Voo = 50000 Js/m2. The motion is initiated by an initial velocity field with
components given by

1
[vo(X)]” = 20 ? 69! — 7~ 6 eyae [ X" (6.12)
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Figure 6.5. On the left, the relative total energy V(t) of the reference solution,

determined by quartic finite elements in time (meq =4) and a time step size

h™ = 1ms, is plotted versus the time interval 7 = [0, 0.1s] of interest. On the right,

the relative Lo-errors of the deformation field ¢, at the final time 7°=0.1s is
depicted as function of the time step size.

The temperature O in the ambient space of the two-dimensional continuum
body amounts 298.15 K. The temperature at a small portion of the outer side
of the ring coincides with the ambient temperature, which means this is the
only uninsulated part of the ring. However, the remainder of the ring is heated
about 10K.

6.8.2. The heat flux projection. Arising from the uninsulated part of the ring,
a Lagrangian temperature gradient field acts on the reference configuration
from the outset. According to Equation (2.64), we obtain on %, a Lagrangian
heat flux at any time ¢t € .7 with the components

[Qu (X)) = —ko J«(X) [(C1(X))*PD6(X)]5 (6.13)

in each point X € %;. After performing the spatial finite element
approximation, the Lagrangian heat flux is given at the spatial Gauss points
of the entropy evolution equation. In order to depict the Lagrangian heat flux
on the ring as smooth vector field by vector arrows at the nodes, we project all
element heat fluxes Qf(n) at the spatial Gauss points onto the corresponding
spatial element nodes by using a global least square minimisation with the
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Figure 6.6. On the left, the relative Lo-errors of the Lagrangian velocity field v

at the final time T"= 0.1s is plotted versus the corresponding time step sizes used

for the calculations. The right diagram shows the relative Lo-error pertaining to the

Lagrangian temperature field ©r as function of the time step size. The reference

solution is calculated with quartic finite elements in time (meq = 4) and a time step
size h" = lms.

Lagrange functional

Fo@)=3 3 [ (@ - 1Qim)] [0 (] - Q1 (m))a] )
ee %0
(6.14)

where Qt( ) denotes the projected element heat flux, interpolating nodal

vectors aQt over the entire finite element e € .4;;. This procedure is entered
into the literature as patch recovery technique (see Denzer et al. [166] and
Zienkiewicz & Zhu [167] for more details). We interpolate the element heat
flux just as the primary variables, which means

Q; = > Nu(n ) [Q;1A (6.15)

ac N,

Applying in Equation (6.14) the directional derivative to the unknown

projected element heat flux @:(7]) in direction of a variation 5@:(77) of the
projected element heat flux, the corresponding weak FEuler-Lagrange equations
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take the form

ST QA (e E) fQ0F = ST 1060 ) by

eENey a,beENE e€ N beNE
(6.16)

where the variation of the projected element heat flux is approximated as the
projected element heat flux itself. Since, on the left hand side, the spatial
integration is concerned only with the spatial Lagrangian shape functions, we
also obtain the area element matrix blocks in Equation (6.7). On the right
hand side, the shorthand notation

LA = /@ No(m) (@2 ()] (6.17)

denotes the assignment of the element heat flux to any spatial element
node b € A.%. As next step, we substitute matrix products for the distinct
summations. We start with the summation over the tensor components. Then,
we express the summation over the element nodes by a matrix product of block
matrices. In this way, we arrive at the discrete weak forms

5Q," [(He ®1)Q, - Q)] =0 (6.18)

for each spatial element e € 4;;. After the assembling procedure, we obtain a
column vector 6,5 and a row vector 66: , including the projected heat flux and
its variations, respectively, at the spatial nodes of the reference configuration.
The element heat fluxes (N)t leads to a global column vector ét, and the area
element matrices coalesce to the global area matrix H of the ring. According to
the fundamental lemma of calculus of variations, we obtain a linear algebraic
system

HoI)Q, =Q, (6.19)

which we solve for the unknown nodal heat fluxes by using the Gaussian
elimination method. Among the projected Lagrangian heat flux at initial time
t = 0, this projection allows to show the Lagrangian heat flux in the reference
configuration of the ring at each temporal Gauss point of the entropy evolution
equation in the considered sub-interval 7.
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6.3.3. The second order tensor field projection. Similarly, we depict the norm
of any Lagrangian second order tensor field, given at the points X € Ay, by
means of colours in the reference or current configuration, respectively. For
example, we illustrate the first Piola-Kirchhoff stress tensor field P; by colours
in the reference configuration. Since the finite element method furnishes a
Lagrangian stress field locally at spatial Gauss points, we project all these
tensors onto the corresponding spatial element nodes also by a global least
square minimisation.

As first step, we transform the considered second order tensor field at each
point X € %, in a column vector. For the first Piola-Kirchhoff stress tensor
P,(X) in the case of a two-dimensional ambient space, we obtain

Py (X) = [[Po(X)]", [Pu(X)]*L [Py (X)]"2, [Py(X)]*] (6.20)

Then, we perform the corresponding global least square minimisation of
the spatial finite element approximation as for the heat flux projection. We
substitute matrix products for each summation and assemble the discrete
weak forms. After applying the fundamental lemma of calculus of variations,
we arrive at the linear algebraic system

(He I)® I|P, =P, (6.21)

where the global column vectors I3t and 5t includes the unknown values
of the tensor components at the spatial nodes, and the spatially averaged
tensor components defined on the element level analogous to Equation (6.17),
respectively.

In order to depict the projected tensor field by colours in the element, we
determine a norm of the tensor field. However, we first split up the tensor field
additively in a spherical part and a deviatoric part, because a temperature
change only leads to a volume change. We show the spectral norm ||| - ||| of
the nodal tensors

~ tr (AP ~ ~ ~
(4B = TEP) 1 4 dev(AP,) = AP, — sph(A D))

Ndim
(6.22)
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in the global numbering A € 4}, as colours in the finite elements. In the
case of the spherical part, the spectral norm simply coincides with the trace
divided by the space dimension. By using this projection, we show projected
second order tensor fields of the ring at the initial time ¢y = 0 as well as at
each temporal Gauss point of the second equation of motion in the considered
sub-interval ™.

6.3.4. The inherently energy consistent method. We start the stability
investigation with the hG method, and use linear finite elements in time,
for instance. We discretise the ring by 416 four-node Lagrange elements (see
Hueck & Wriggers [168] for implementational aspects) and totally 448 spatial
nodes. For simplicity, we use the same mesh for the mechanical as well as for
the thermal Lagrangian fields. The time step size h™ is chosen to be 10 ms
throughout the calculation. For the iterative solution procedure described in
Appendix B, we prescribe the global tolerance tol = 107%J, and the local
iteration is stopped if the tolerance tolevo is gone bellow 10~ J/m?2. The initial
configurations of the ring at time ¢g = 0 is shown in Figure 6.7. At initial time,
the reference configuration to the right and its current configuration to the
left coincide. In the reference configuration, the colour designates the spectral
norm of the spherical part of the projected first Piola-Kirchhoff stress tensor,
and the vector arrows depict the projected first Piola-Kirchhoff heat flux. The
stress vanishes due to the assumed Neo-Hookean free energy. In the current
configuration, the colour indicates the initial temperature 308.15K of the
ring. The vector arrows at the spatial nodes indicate the initial Lagrangian
velocity field, which results from a superposition of a translation in horizontal
direction and a rotation about the centre of mass (see Equation (6.12)). That
implies the instantaneous centre of rotation at the lowest point of the ring.
On the uninsulated part of the ring (see right side of the ring), the initial
temperature is given by the ambient temperature O, of 298.15 K. Hence, we
obtain a temperature gradient field at the spatial nodes of the corresponding
elements. In the reference configuration, a projected first Piola-Kirchhoff heat
flux is the consequence of this temperature gradient field.

Figure 6.8 shows the current configurations pertaining to the first total
rotation of the ring. Owing to the low heat conduction compared to the
specific heat capacity of the ring, the small uninsulated portion gives rise
to a slowly decreasing temperature level. This is observable in Figure 6.9,
where time evolutions of the calculations are depicted. The time evolution
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of the primary unknowns pertain to a spatial node A at the outside of the
ring opposite the uninsulated portion. The temperature oscillates around a
decreasing level, till an abrupt temperature jump arise at time t"” = 1.39s.
At this time point, the global Newton-Raphson method is not gone bellow
the prescribed tolerance tol. Further, we realise high-frequent oscillations
in the time evolution of the temperature and the corresponding velocity,
especially after the time t" = 1.39s. However, not in the time evolution of
the corresponding position. We also see that the hG(1) method calculates a
relative total energy, which oscillates around a decreasing energy level. The
decreasing energy level is mainly based on the viscous dissipation, and these
unphysical local energy rises are associated with a local increase of the non-
negative viscous dissipation. However, an energy rise would mean a negative
physical dissipation, which is not the case. Hence, the hG(1) method produce
negative numerical dissipation. The time evolution of the relative total energy
ends in a blow up behaviour at time t" = 1.47s, as the global Newton-
Raphson method is not gone bellow the prescribed tolerance for the second
time. Nevertheless, the total linear and total angular momentum is conserved
in all time steps. This oscillating relative total energy is associated with an
oscillating first Piola-Kirchhoff stress field, which is shown in Figure 6.10. We
see the reference configurations of the time interval at the beginning of the
motion, in which the total dissipation reaches the highest value. The colour
denotes the spectral norm of the spherical part pertaining to the corresponding
projected first Piola-Kirchhoff stress tensor. The stress reaches a maximum
value at the inner radius and a minimum value at the outer radius. However,
we obtain spurious radial stress waves at these time points at which the hG(1)
method is diverged, which is shown in Figure 6.11. In the time step, where
the energy additionally blows up (the plot to the left), there is observable
a particularly high-frequent wave in front of the uninsulated portion on the
righthand side of the ring. In this figure, we also depict the absolute value
of four residual equations versus time. First, we observe the violation of the
stability estimate in Equation (2.118). The reason is that on each time element
the time integral of the directional derivative of the relative internal energy
along a continuous time curve does not coincide exactly with the difference
of the corresponding energies at the time nodes. Hence, relative total energy
is produced and annihilated algorithmically, which leads to the oscillations
in the time evolution of the relative total energy. Then, we show the time
evolution pertaining to the absolute value of the global mechanical residual
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Gmen (Z;%x™") in Appendix B. This residual equation coincides with the
kinetic energy balance in Equation (5.11), which, in turn, is the time averaged
balance of mechanical energy of the ring. Since the time integral of the kinetic
energy rate is evaluated exactly by the applied Gaussian quadrature rule in
time, the peaks in this time evolution probably arise from an interpolation
error in the temporal quadrature of the associated dual pairing of the free
energy. In the kinetic energy balance, the dual pairing denotes the stress
power. That would explain why at the same time points peaks in the absolute
value of the thermal residual G, (27; u*™) appear. Because, in the thermal
residual, there is also a dual pairing of the free energy involved, that is the dual
pairing corresponding to the Lagrangian entropy field. The first four peaks in
these time evolutions does not lead to a divergence according to the global
convergence criterion in Equation (B.99). But the last two peaks correspond
to the divergence at the time t" = 1.39s and the blow up at time t" = 1.47s,
respectively. In contrast, the time evolution of the spatially assembled and
integrated residual equation

=0 (6.23)

> [ Gl 2T ) Tyt
e=1 %0

pertaining to the local mechanical residual are even of the order of the local
tolerance tolevo, which is only claimed at each spatial Gauss point. Thus, the
prescribed global tolerance tol lies between the convergence criterion and the
sum of the absolute values of each Galerkin form, which is possible due to the
triangle relation for the convergence criterion, given by

Nel
‘Gthexf;u*’") + Gnean (255" = / Guee (257" (1)) J5 (m) | <tol <
e=1 Ziu|
< Guner (Z50) [+ | Geen (Z5%77) | + Z/}Gvisc(f;i*’n’e(n))JS(n)’
e=1Y%0
(6.24)

The mentioned interpolation error in the temporal quadrature has different
algebraic signs in the global mechanical and the thermal residual. Therefore,
in the convergence criterion, this error does not appear. Referring to the global
convergence criterion in Equation (B.99), we found that this criterion identifies
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unphysical numerical results as spurious stress waves, before the resulting blow
up behaviour occurs.

The divergence of the hG(1) method appear to be associated with spurious
stress waves at the time points of divergence. Therefore, we modify the
approximation of the second Piola-Kirchhoff stress tensor by substituting
the assumed strain approximation in Equation (5.14) for the standard right
Cauchy-Green tensor approximation in Equation (6.2). We obtain the mhG
method, which is now compared to the hG method. We also apply linear
finite elements in time and bilinear finite elements in space, for instance.
We consider the same motion with the same time step size h™ of 10ms
throughout the calculation. The first distinctive feature of the mhG(1) method
in comparison to the hG(1) method is that the simulation runs over the time
points t" = 1.39s and t" = 1.47 s, at which the hG(1) method is not converged.
Ultimately, we stop the calculation at time t" = 55, since the mhG(1) method
calculates the initiated motion of the ring without numerical problems.

Looking at the time evolutions of the primary unknowns in Figure 6.12, we
realise no major differences in comparison to the time evolutions of the hG(1)
method before it diverged. However, we obtain a distinct behaviour in the time
evolution of the relative total energy, because, in Figure 6.13, we see no further
local energy rises. The relative total energy is steady decreasing with variable
speed, and approaches asymptotically towards a constant value associated
with a purely elastic behaviour of the material at ambient temperature. The
speed of the energy decrease depends mainly on the dissipated internal energy
D"t of the entire ring on each time element 7™, which can be directly
calculated by the weak form of the viscous evolution equation, according to
the energy consistent approximation (see Equation (B.51)). Hence, we obtain

prw [ oroo= 30 [T mem 62)

ec Ny

We depict this energy loss versus the corresponding time points " also in
this figure. We realise that the steps in the time evolution of the relative
total energy corresponds to the minima of the dissipated internal energy. On
the other hand, it can be seen that both the total linear and total angular
momentum are not affected by the assumed strain approximation. This more
physically meaningful time evolution of the relative total energy arise from
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the better fulfilled stability estimate, see Figure 6.14. Moreover, in opposition
to the constant violation of the stability estimate by the hG(1) method, the
mhG(1) method fulfils the stability estimate better and better the lower the
dissipated internal energy is. There is also a distinction in the time evolution
of the global mechanical Galerkin form. Whereas the hG(1) method fulfills
this Galerkin form in the range of 10! J, however, with sporadic high peaks,
the mhG(1) method fulfills the global mechanical Galerkin form throughout in
the range of the Newton-Raphson tolerance tol. The reason is that the mhG(1)
method need predominantly two global Newton-Raphson iterations per time
step, and the hG(1) method three iterations. Hence, we save CPU time. Since
we have not modified the spatial approximation of the stress field by using
the assumed strain approximation in time, the stress distribution over the ring
corresponding to the mhG(1) method looks like that of the hG(1) method,
see Figure 6.15.

Regarding a node A at the outside of the ring opposite the uninsulated
portion, in Figure 6.16, we see a relative smooth time evolution of the
projected first Piola-Kirchhoff stress calculated by the mhG(1) method,
however, a superposed high-frequency mode in the time evolution of the hG(1)
method. This superposed high-frequency mode is especially distinct near the
time point "™ = 1.39s of the first divergence. Accordingly, the assumed strain
approximation in time affects the temporal approximation of the second Piola-
Kirchhoff stress, and reduces a spurious high-frequency solution in the time
evolution of the first Piola-Kirchhoff stress field. This leads to a more robust
mhG method concerning a constant time step size throughout the simulation.
As next step, we investigate the behaviour of the mhG method after changing
the time step size during the simulation. We calculate with a time step size
h™ of 10 ms till the time t" = 2.5, and afterwards, we choose a time step size
of 62.5ms.

In Figure 6.17, we see time evolutions of the ring pertaining to the node
A at the outside of the ring opposite the uninsulated portion. By using the
small time step size at the beginning, we see the relative high frequency of the
temperature oscillations with an approximate period of 125 ms. Changing the
time step size to the higher value of 62.5ms, we obtain a temporal aliasing
according to the Nyquist criterion, because the time step size is not smaller the
half period. Consequently, the high frequent oscillation cannot be reproduced
by the time integrator. At the time point t" = 3.25s, the mhG(1) method
diverge the first time and calculates an abrupt decay in the temperature
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evolution. The period of the oscillation pertaining to the velocity and the
position of approximate 940 ms in consequence of the initiated rotation can
be also reproduced with the higher time step size. The second divergence of
the mhG(1) method at time t™ = 3.4375s finally leads to a blow up in the time
evolution of the relative total energy. Before blowing up, however, the relative
total energy decays owing to the temperature decay after the first divergence
at time " = 3.25s. In spite of the divergences, the total linear momentum is
conserved, however, the total angular momentum shows a jump in the third
component after the second divergence.

Figure 6.18 includes the time evolution of the dissipated internal energy
before and after the time step size change. Since the approximation error of the
time integration dependents on the time step size A", the dissipated internal
energy D""  given by Equation (6.25), increases with a greater time step,
however decrease with increasing simulation time as before the time step size
change. Only at the first divergence at time ¢t = 3.25s, we obtain an abrupt
energy increase, and at time t" = 3.4375s, a blow up of the dissipated internal
energy goes with the second divergence. This temporal behaviour is reflected
in the stability estimate, given by Equation (2.118), because in the considered
motion, the dissipated internal energy dominates in the stability estimate.
This time step size dependent approximation error of the time integration
is also the reason for the higher values of Equation (6.23), associated with
the local mechanical Galerkin form. However, these absolute values are even
of the order of the absolute value of the local tolerance tolevo = 1072 J/m?,
associated with the criterion for the convergence of the spatially local viscous
evolution equation, given by Equation (B.51). The convergence criterion of the
global iterative solution procedure in Equation (B.99) is associated directly
with the relative internal energy balance and not with the kinetic energy
balance. Therefore, a converged solution allows a small exceedance of the
global tolerance tol = 1076 J by the absolute value of the global mechanical
residual, see the time point t" = 140ms. The last two peaks correspond to
the divergence of the mhG(1) method at the time points t™ = 3.25s and time
t" = 3.4375s. On the other hand, it is remarkable that a greater time step
size with a greater approximation error in the time integration can leads to a
visibly smaller absolute value of the global mechanical residual. Recall that the
distinction between solving the local mechanical Galerkin form and the global
mechanical Galerkin form lies in the effect of the spatial quadrature associated
with the given spatial discretisation. Whereas the local mechanical Galerkin
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Figure 6.7. Initial configurations of the ring at to = 0 with an uninsulated portion on

its righthand side. In the reference configuration to the left, the initial projected heat

flux is depicted by vector arrows at the spatial nodes in Joule per square meter. The

colour denotes the spectral norm of the spherical part of the projected first Piola-

Kirchhoff stress tensor field. In the current configuration to the right, the colour

indicates the initial temperature field in Kelvin, and the vector arrows at the spatial
nodes designate the initial velocity field.

form is solved at each spatial quadrature point without an influence of a
spatial quadrature, the global mechanical Galerkin form consists of spatially
integrated virtual energy terms. Thus, it seems that the greater time step
size h™ of 62.5ms goes better with the spatial mesh of the ring. Since we
used for the Lagrangian temperature field the same spatial discretisation as
for the deformation field, and in the thermal Galerkin form the same spatial
quadrature as in the global mechanical Galerkin form, we observe this effect
also in the thermal Galerkin form. However, the absolute value of the thermal
residual is always below the global tolerance tol of 1076J. We also show the
time evolution of the projected first Piola-Kirchhoff stress pertaining to the
node A at the outside of the ring opposite the uninsulated portion. We see,
this time evolution pertaining to the outside of the ring is not conspicuously
modified after changing the time step size. Only the aliasing by virtue of the
larger time step is observable. However, in Figure 6.19, it can be seen that
the projected first Piola-Kirchhoff stress at the inside of the ring increases
with increasing simulation time. Moreover, we observe an increasing radial
stress wave with progressing simulation time till the mhG(1) method at time
t = 3.4062 s ultimately diverge.
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Figure 6.8. Current configurations pertaining to one rotation of the ring. The colour
indicates the Lagrangian temperature field in Kelvin, and the vector arrows at the
spatial nodes designate the Lagrangian velocity field. The motion is calculated by
the hG method with linear finite elements in time and bilinear finite elements in
space. The time step size A" is chosen to be 10 ms throughout the simulation.
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Figure 6.9. Time evolutions pertaining to the motion of the ring, calculated by the
hG(1) method with linear finite elements in time and bilinear finite elements in
space. The time step size h™ is equal to 10 ms throughout the calculation. First, the
temperature, the vertical velocity and the vertical position pertaining to a node A
at the outside of the ring opposite the uninsulated portion is depicted versus time
t™. Second, the figure shows the time evolutions of the relative total energy as well
as of the components of the total linear and total angular momentum, respectively.
The legends in the last row indicate the components a of the momenta.
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Figure 6.10. Reference configurations pertaining to the motion of the ring. The

colour indicates the spectral norm of the spherical part pertaining to the projected

first Piola-Kirchhoff stress field in Joule per square meter, and the vector arrows

at the spatial nodes designate the projected Piola-Kirchhoff heat flux. The motion

is calculated by the hG(1) method with linear finite elements in time and bilinear

finite elements in space. The time step size h™ is chosen to be 10 ms throughout the
simulation.
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Figure 6.11. The reference configurations pertaining to the two time points, whose
calculation led to the divergence of the hG(1) method with linear finite elements
in time and bilinear finite elements in space (first row). The colour indicates the
spectral norm of the spherical part pertaining to the projected first Piola-Kirchhoff
stress field in Joule per square meter, and the vector arrows at the spatial nodes
designate the projected Piola-Kirchhoff heat flux. The time step size is given by
h"™ = 10ms throughout the calculation. In the second row on the left hand side,
the absolute value of the residual of Equation (2.118) is depicted. The remainder
diagrams show the absolute values of the Galerkin forms in Appendix B versus the
corresponding time points t". The dashed lines indicate the used tolerance tol of the
global Newton-Raphson method.
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Figure 6.12. Time evolutions pertaining to the motion of the ring, calculated by the

mhG(1) method with linear finite elements in time and bilinear finite elements in

space. The time step size h" is equal to 10 ms throughout the calculation. The plots

show the temperature, the vertical velocity and the vertical position pertaining to
the node A at the outside of the ring opposite the uninsulated portion versus the
corresponding time points t".
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Figure 6.13. Time evolutions pertaining to the motion of the ring, calculated by the
mhG(1) method with linear finite elements in time and bilinear finite elements in
space. The time step size h" is equal to 10 ms throughout the simulation. The plots
show the relative total energy V(t") (first row), and the dissipated internal energy
D" (second row) versus the time points ¢”. The last row shows the total linear
and total angular momentum components versus the same time points.
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Figure 6.14. Time evolutions pertaining to the motion of the ring, calculated by the

mhG(1) method with linear finite elements in time and bilinear finite elements in

space. The time step size h" is equal to 10 ms throughout the simulation. In the

first row on the left hand side, the absolute value of the residual of Equation (2.118)

is depicted. The remainder plots show the absolute values of the Galerkin forms in

Appendix B versus the corresponding time points ¢t". The dashed line indicates the
used tolerance tol of the global Newton-Raphson method.

6.3.5. The exactly energy consistent method. The robustness of the
inherently energy consistent finite element method with respect to a
large constant time step size is increased by applying the assumed strain
approximation in time in the argument of the free energy function as well
as in the Lagrangian conductivity tensor. The assumed strain approximation
in time improves the time evolution of the first Piola-Kirchhoff stress tensor,
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Figure 6.15. Reference configurations pertaining to the motion of the ring. The

colour indicates the spectral norm of the spherical part pertaining to the projected

first Piola-Kirchhoff stress field in Joule per square meter, and the vector arrows at

the spatial nodes designate the projected Piola-Kirchhoff heat flux. The motion is

calculated by the mhG(1) method with linear finite elements in time and bilinear

finite elements in space. The time step size h™ is chosen to be 10 ms throughout the
simulation.
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Figure 6.16. Time evolution of the projected first Piola-Kirchhoff stress pertaining
to the node A at the outside of the ring opposite the uninsulated portion. The
simulations are done by the hG(1) method (first row) and the mhG(1) method (last
row), respectively, with linear finite elements in time and bilinear finite elements in
space. The time step size h" is chosen to be 10 ms throughout the calculation.

however, does not avoid the formation of high spurious stress waves in radial
direction of the ring after changing the time step size. These spurious stress
waves are especially distinctive when the mhG method diverges. Therefore,
in order to improve the robustness with respect to time step size changes,
we modify also the spatial approximation of the first Piola-Kirchhoff stress
tensor field by keeping the total linear and total angular momentum conserved.
Furthermore, since we observe a blow up of the dissipated internal energy, we
modify the viscosity in the entropy evolution equation. For these purposes,
we introduce the enhanced virtual work and the enhanced virtual viscous
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Figure 6.17. Time evolutions pertaining to the motion of the ring, calculated by the
mhG(1) method with linear finite elements in time and bilinear finite elements in
space. The time step size A" is equal to 10 ms till the time ¢t" = 2.5, and afterwards
62.5 ms. The dotted line designates the time step size change. First, the temperature,
the vertical velocity and the vertical position pertaining to the node A at the outside
of the ring opposite the uninsulated portion is depicted versus time ¢". Second, the
time evolutions of the relative total energy as well as of the components of the total
linear and total angular momentum are shown. The legends in the last row indicate
the components a of the momenta.
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Figure 6.18. Time evolutions pertaining to the motion of the ring, calculated by the
mhG(1) method with linear finite elements in time and bilinear finite elements in
space. The time step size A" is equal to 10 ms till the time t" = 2.5, and afterwards
62.5 ms. The dotted lines designate the time step size change. In the first row, the
dissipated internal energy and the absolute value of the residual of Equation (2.118)
is depicted. The remainder plots, but the last to the right in the third row, show the
absolute values of the Galerkin forms in Appendix B versus the corresponding time
points t". In the last plot, the time evolution of the projected first Piola-Kirchhoff
stress pertaining to the node A at the outside of the ring opposite the uninsulated
portion is displayed.
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Figure 6.19. Reference configurations pertaining to three time points after the time
point t" = 2.5s where the time step size is changed from 10ms to 62.5ms. The
simulation is done by the mhG(1) method with linear finite elements in time and
bilinear finite elements in space. The colour indicates the spectral norm of the
spherical part pertaining to the projected first Piola-Kirchhoff stress field in Joule
per square meter. The vector arrows at the spatial nodes designate the projected
Piola-Kirchhoff heat flux. On the ordinate of the plot in the bottom right corner, the
stress norm pertaining to nodes A on a radial line is indicated, which ends at a node
on the outside of the ring opposite the uninsulated portion. The corresponding radial
positions in the reference configuration at time tp = 0 are shown on the abscissa.

dissipation, derived in Section 5 from the view point of energy consistency.
We arrive at the exactly energy consistent ehG method, which we now apply
for simulating the free flight of the ring. More precisely, the simulation
based on the ehG(1) method with linear finite elements in time and bilinear
finite elements in space. Again, we compute in time steps of 10ms till the
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time t" = 2.5s, and afterwards, we set the time step size to 62.5ms. The
ehG(1) method calculates the initiated motion of the ring without numerical
problems, and runs over the time points t" = 3.25s and time t" = 3.4375s
at which the mhG(1) method is diverged. Therefore, we ultimately stop the
calculation after five seconds.

In Figure 6.20, we show the discrete time evolution of the temperature
pertaining to the node A at the outside of the ring, opposite the uninsulated
portion. In the time interval [0,2.5s|, where the small time step size
h™ = 10ms is used, the temperature decreases more than using the greater
time step size of 62.5ms afterwards. The reason is, according to the exactly
fulfilled stability estimate, the total dissipated energy on the righthand side
of Equation (6.1) depends on the error of the used numerical time integration
rule. On the other hand, the temporal aliasing in the temperature evolution
after changing the time step size does not lead to convergence problems. In
the time evolution of the corresponding nodal velocity and position, there
are hardly any changes after changing the time step size. Since the time
evolution of the velocity and position is not affected by high-frequent modes,
we occasionally realise the cutting of maxima and minima only. The reduced
total dissipation is also observable in the time evolution of the relative total
energy, when we compare the slope of this time curve. Further, owing to the
exactly fulfilled stability estimate, spurious node-to-node oscillations in the
relative total energy course are avoided at the time points where the internal
dissipation is minimal. The dissipated energy is thus really non-negative. In
this figure, the time evolution of the total linear and total angular momentum
is also depicted. We see, the modified stress further satisfies the conservation
laws, since we enhanced the second Piola-Kirchhoff stress tensor in order to
retain the symmetry of the Kirchhoff stress tensor.

In Figure 6.21, the time evolution of the internal dissipation also shows the
dependence on the approximation error of the time integration rule. However,
the ehG method is stable, and therefore, the internal dissipation decreases
with increasing time, also after the time step size change. We also observe
the fulfillment of the stability estimate during the total simulation time. The
convergence criterion requires a maximal absolute value of tol = 107%J. Again,
the residual equation associated with the local mechanical Galerkin form is
fulfilled, since its absolute values are even of the order of the local tolerance
tolevo = 107%J/m2. As the convergence criterion requires the fulfillment of
the stability estimate, a converged solution allows a small exceedance of the
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tolerance tol by the global mechanical Galerkin form and by the thermal
Galerkin form. The thermal Galerkin form of the ehG(1) method is again
better fulfilled with the greater time step size. Also interesting is that the
greater time step size leads to a smaller spectral norm of the spherical part of
the first Piola-Kirchhoff stress tensor. A possible conclusion is, in turn, that
the greater time step size goes better with the spatial mesh.

In Figure 6.22, we show the reference configurations determined by the
ehG(1) method for the purpose of comparison with the mhG(1) method.
Recall, at the last time point, the mhG(1) method is diverged. We see, the
modified spatial stress approximation by means of the enhanced stress tensor
avoids distinctive overstresses at the inner ring, and high spurious stress
waves. However, depicting the spectral norm of the spherical part pertaining
to the projected first Piola-Kirchhoff stress tensor on a radial line, we identify
small spurious stress waves in the radius interval [0.5m, ~0.86 m]. The stress
distribution in the disjoint interval |~ 0.86m, 1.5 m] is smooth.

In Figure 6.23, it is shown by the plot in the upper left corner, that these
spurious stress waves are also present before the time step size has been
changed. We compare the numerical results with the closed-form analytical
solution pertaining to the steady-state stress distribution of a free rotating
linear elastic ring in the linearised theory (see Appendix D). We see the
corresponding stress distribution in the stress plots as solid lines. The bottom
solid line depicts the radial stress distribution, and the upper solid line the
spectral norm of the spherical part pertaining to the linearised Cauchy stress
tensor. We recognise that the waves lie approximately in the radius interval
[Ri,vR;R,] between the vertical solid lines, in which the linearised radial
stress decrease. The waves are also present in the radial distribution of the
spectral norm of the spherical part pertaining to the projection of the Euler-
Almansi strain tensor

[ee(X)]as = [(F+(X) ™71, [Be(X)]ap [(Fo(X)) 15, (6.26)

which is defined as the push-forward of the Green-Lagrange strain tensor
E,(X), defined by Equation (D.12), at each point X € %, in the reference
configuration. Here, it is noticeable that between the vertical lines the Euler-
Almansi strain decrease, and the waviness in this interval is increasing as the
slope of the Euler-Almansi strain distribution increases. The circles in the
plots indicate the grid points of the spatial mesh which is used for the ring as
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hitherto in this paper. The corresponding grid point distribution is stretched
in radial direction toward the outer radius (compare the radial grid point
distributions). These spurious waves are reminiscent of the spurious note-
to-note oscillations appearing in steady and unsteady convection-dominated
transport problems (see Donea & Huerta [169] and Eriksson et al. [36],
for instance). In these problems, a to course mesh in relation to high
material parameters leads to decaying non-physical oscillations, downhill in
the descending interval of the solution, after a steeply ascending interval
(compare the first shown Euler-Almansi distribution). In our problem, the
operative material parameter for the spurious waves in the strain and stress
distributions is the second Lamé constant A in the volumetric free energy (see
Appendix C). For a given spatial mesh, the higher this penalty parameter
is the higher the spurious waves. Otherwise, in relation to a given second
Lamé constant, we obtain high spurious waves using a to course mesh in the
radius interval between the vertical lines. This shows the calculation of the
ring with an equally-spaced radial grid point distribution. On the other hand,
a finer spatial mesh in the inner region of the ring leads to less waves. In the
comparison of the radial grid point distributions of these three spatial meshes,
the different markers goes with the markers in the corresponding stress and
strain plots.

Finally, in Figure 6.24, we show a simulation of the ring with a lower second
Lamé constant of A = 3000.J/m?, and with the initial mesh denoted by the
circles. We see, the distribution is also more smooth.

6.4. Energy consistent incorporated Neumann boundaries

In Section 2.3, we also specify so-called Neumann boundary conditions on the
initial boundary value problem. That means Piola-Kirchhoff traction loads
for all points X on the boundary 074, of the continuum body, leading to
an added term in the weak form of the second equation of motion, and a
Piola-Kirchhoff heat flux on the boundary 0%y of the body, incorporated
in the weak form of the entropy evolution equation (see Section 3). The
Piola-Kirchhoff traction vector causes an external mechanical power P®**(t),
which is added in the balance of mechanical energy of the body. According
to the inherently energy consistent finite element approximation, this balance
equation coincide with the global mechanical Galerkin form G e, (Z;x*") at

the variations x™™ arising from the rate of change of the deformation field.



6.4. Energy consistent incorporated Neumann boundaries 117

10
308.146
8
308.145
6
308.144
—~ 1
— 308143 RS
i g 2
— 308142 E
<5 a0
) 308.141 <5 .
s 2
308.14 =
4
308.139
-6
308.138
-8
308.137
~10
308.136
0 1 2 3 1 5 0 1 2 3 1 5
" (s) " (s)
4
x10
- 1464
15
4462
1
446
— 05 =
g T ass
NT 0 ii .
+ X a6
—0.5 4464
1 4452
15 145
0 1 2 3 1 5 0 1 2 3 4 5
" (s) " (s)
4000 500
3500 !
35 2
3000 0
= 2500 —
£ Z
’:‘A; 2000 = -
S 1500 =
= S
% 1000 = 1000
2 s
ff———— - ————t ——— —— — —. o ~1500
~500

1000 2000
0 0

Figure 6.20. Time evolutions pertaining to the motion of the ring, calculated by the
ehG(1) method with linear finite elements in time and bilinear finite elements in
space. The time step size h" is equal to 10 ms till the time t" = 2.5, and afterwards
62.5ms. The dotted lines designate the time step size change. The first plots show
the temperature, the vertical velocity and the vertical position pertaining to the
node A at the outside of the ring, opposite the uninsulated portion. Then, the time
evolutions of the relative total energy as well as of the components of the total linear
and total angular momentum, respectively, are depicted. The legends in the last row
indicate the components a of the momenta.
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Figure 6.21. Time evolutions associated with the flying ring, calculated by the ehG(1)
method with linear finite elements in time and bilinear finite elements in space. The
time step size h" is set to 10 ms till the time t" = 2.5, and afterwards to 62.5 ms.
The dotted lines indicate this change of the time step size. In the first row, the
dissipated internal energy and the absolute value of the residual of Equation (2.118)
is shown. The remainder plots, but the last, show the absolute values of the Galerkin
forms in Appendix B. In the right plot in the last row, the time evolution of the
projected first Piola-Kirchhoff stress pertaining to the node A at the outside of the
ring opposite the uninsulated portion is displayed.
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Figure 6.22. The first three plots show reference configurations pertaining to three
time points after the change of the time step at time ¢ = 2.5s from the size 10 ms
to 62.5 ms. The simulation is done by the ehG(1) method with linear finite elements
in time and bilinear finite elements in space. The colour indicates the spectral norm
of the spherical part pertaining to the projected first Piola-Kirchhoff stress field
in Joule per square meter. The vector arrows at the spatial nodes designate the
projected Piola-Kirchhoff heat flux. The plot in the bottom right corner shows the
stress norm pertaining to nodes A on a radial line which ends at a node on the
outside of the ring opposite the uninsulated portion. The radial positions of these
nodes in the reference configuration at time o = 0 are shown on the abscissa.

Hence, we are able to verify exactly the balance of introduced external
mechanical power and saved or dissipated internal energy by applying
the exactly energy consistent finite element method. Analogously, external
thermal power, introduced in the continuum body by means of a Piola-
Kirchhoff heat flux over the boundary dg %, is incorporated by the inherently
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Figure 6.23. Stress and strain distributions of the ring pertaining to three time
points before the time step size change at time t" = 2.5s from 10 ms to 62.5 ms. The
simulation is done by the ehG(1) method with linear finite elements in time and
bilinear finite elements in space. The distributions are spectral norms pertaining
to nodes A on a radial line which ends at a node on the outside of the ring
opposite the uninsulated portion. The radial positions of these nodes in the reference
configuration at time ¢y = 0 are shown on the abscissa. The ordinates of the plots
in the left column indicate the spectral norm of the spherical part pertaining to the
projected first Piola-Kirchhoff stress field. The ordinates of the plots in the upper
right and bottom right corner designate the spectral norm of the spherical part
pertaining to the projected Euler-Almansi strain field. The right plot in the middle
row show the radial grid point distributions of the compared spatial meshes.
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Figure 6.24. Stress and strain distribution of the ring pertaining to three time points
before the time step size change at time t" = 2.5s from 10 ms to 62.5 ms The second
Lamé constant is here A = 3000J/m?, and the initial mesh is used. The simulation
is done by the ehG(1) method with linear finite elements in time and bilinear finite
elements in space. The distributions are spectral norms pertaining to nodes A on a
radial line, which ends at a node on the outside of the ring opposite the uninsulated
portion. The radial positions of these nodes in the reference configuration at time
to = 0 are shown on the abscissa. The ordinate of the left plot indicates the spectral
norm of the spherical part pertaining to the projected first Piola-Kirchhoff stress
field. The ordinate of the right plot designates the spectral norm of the spherical
part pertaining to the projected Euler-Almansi strain field.

energy consistent finite element approximation of the entropy evolution
equation. Therefore, the exactly energy consistent algorithm uses exact the
prescribed value of the mechanical external power and the thermal power in
order to affect the primary variables of the initial boundary value problem. We
show this in the following numerical simulations. Note that a Piola-Kirchhoff
traction vector field and a Piola-Kirchhoff heat flux is also borne in mind in
the recommended convergence criterion (see Appendix B.3). Therefore, we
have not to change the global iterative solution procedure.

6.4.1. The example with boundary traction field. We consider the cross
section of an axisymmetric polymer spring, consisting of the Neo-Hookean
material described in Appendix C. The height of the spring is 10 m and the
width is given by 12.82m. The density po in the cross section is 30kg/m?.
The first and second Lamé constant in the Neo-Hookean free energy function
is chosen to be = 7500 J/m? and A = 30000 J/m?, respectively. The thermal
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Figure 6.25. Configurations of the spring after the first time step. The simulation is
done by the ehG(1) method with linear finite elements in time and bilinear finite
elements in space. The boundary elements on the Neumann boundaries are linear
finite elements in space. The time step size h™ is given by 10ms throughout the
calculation. On the left, the reference configuration of the spring at time ¢ = 5ms is
shown. The projected heat flux is depicted by vector arrows at the spatial nodes. The
colour denotes the spectral norm of the spherical part of the projected first Piola-
Kirchhoff stress tensor field in Joule per square meter. On the right, the current
configuration of the spring is depicted at time ¢" = 10 ms with the uninsulated
portion on its bottom. The colour indicates the Lagrangian temperature field in
Kelvin. The thin vector arrows at the spatial nodes designate the Lagrangian velocity
field, and the bold arrows designate the distributed boundary traction load in vertical
direction.

expansion of the cross section is governed by the coefficient 3 = 1074 K™,
and the storage of heat by the specific heat capacity ¢ = 1500J/m?K. The
heat conduction through the cross section is conditioned by the constant
specific conductivity ko = 0.02W/K. The deviatoric viscosity is set to
Viev = 10000 Js/m? and the corresponding volumetric viscosity amounts to
Vo1 = 50000 Js/mZ. The ambient temperature @, of this two-dimensional
continuum body amounts 298.15 K. The temperature at the bottom of the
spring coincides with the ambient temperature, and represents the only
uninsulated boundary. Figure 6.25 shows the heat flux in the reference
configuration over this uninsulated boundary. The remainder of the spring
is heated about 10 K. The spring bottom is clamped, and the spring sockets
at the bottom and the top can only slide in vertical direction by prescribed
vanishing horizontal displacements of the corresponding nodes on the sides.
A vertical tension, respectively pressure, is initiated by the prescribed time-
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Figure 6.26. Load-displacement curve and time evolutions pertaining to the tensile
test of the spring, calculated by the ehG(1) method with linear finite elements in
time and bilinear finite elements in space. The boundary elements on the Neumann
boundaries are linear finite elements in space. The time step size h" is equal to 10 ms
throughout the simulation. The dotted line in the time evolutions designates the end
of the first loading period. The vertical traction load, the temperature, the vertical
velocity and the vertical position pertaining to the middle node A on the top of the
spring is depicted versus time t". The load-displacement curve of the same node is
shown in a normalised scale. The time evolution of the relative total energy is also
displayed.
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Figure 6.27. Current configurations of the tensile test of the spring. The colour
indicates the spectral norm of the spherical part pertaining to the projected
Kirchhoff stress field in Joule per square meter. The thin vector arrows at the spatial
nodes designate the Lagrangian velocity field, and the bold arrows designate the
distributed boundary traction load in vertical direction. The motion is calculated by
the ehG(1) method with linear finite elements in time and bilinear finite elements in
space. The boundary elements on the Neumann boundaries are linear finite elements
in space. The time step size is chosen to be 10 ms throughout.
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Figure 6.28. Current configurations pertaining to the tensile test of the spring. The
colour indicates the Lagrangian temperature field in Kelvin. The thin vector arrows
at the spatial nodes designate the Lagrangian velocity field, and the bold arrows
designate the distributed boundary traction load in vertical direction. The motion
is calculated by the ehG(1) method with linear finite elements in time and bilinear
finite elements in space. The boundary elements on the Neumann boundaries are
linear finite elements in space. The time step size A" is chosen to be 10 ms throughout
the simulation.
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Figure 6.29. Time evolutions associated with the tensile test of the spring, calculated

by the ehG(1) method with linear finite elements in time and bilinear finite elements

in space. The boundary elements on the Neumann boundaries are linear finite

elements in space. The time step size h™ is set to 10 ms throughout the simulation.

The dotted lines indicate the end of the first loading period. In the first row to the

left, the absolute value of the residual of the relative total energy balance is shown.
The remainder plots show the absolute values of the Galerkin forms.

dependent Piola-Kirchhoff traction components

- N 2
(&) =0 [9%;]% = 40000 — sin (162 t) (6.27)

at the free spatial element nodes a on the top. In this way, we obtain
a distributed traction load. Hence, we perform a kind of stress controlled
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Figure 6.30. Reference configurations (left) and current configurations (right)
associated with the tensile test of the spring, calculated by the ehG(1) method with
linear finite elements in time and bilinear finite elements in space. The boundary
elements on the Neumann boundaries are linear finite elements in space. The time
step size h" is set to 10 ms throughout the simulation. In the reference configurations,
the colour indicates the spectral norm of the spherical part pertaining to the
projected first Piola-Kirchhoff stress field in Joule per square meter. The vector
arrows at the spatial nodes designate the projected Piola-Kirchhoff heat flux. In
the current configurations, the colour denotes the Lagrangian temperature field in
Kelvin. Thin vector arrows at the spatial nodes designate the Lagrangian velocity
field, and bold arrows designate the distributed boundary traction load.

uniaxial extension and compression experiment (compare the real experiments
in Johnson & Beatty [170,171], and the numerical experiment in Nagtegaal
& De Jong [172]). We compute with a time step size h™ of 10ms throughout
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the simulation by using the ehG(1) method. We stop the calculation at time
t" =5s.

In Figure 6.26, we show the load-displacement curve and any time
evolutions pertaining to this enforced vibration of the spring. For example,
the amplitude of the traction load is depicted versus the simulation time.
This harmonic enforcement leads to the shown load-displacement curve. We
plot the curve with respect to normalised axes. The abscissa indicates the
displacement of the middle node on the top of the spring. First, we recognise
that the loading path is different from the unloading path according to the
internal dissipation. Second, we see laterally displaced loops. This indicates
a dynamical simulation by taking into account the inertia of the specimen.
In this figure, we also show the primary variables pertaining to the middle
node on the top of the spring. In the time evolution of the temperature,
we realise an initial cooling while stretching, which changes to a heating at
a certain minimum point. This effect entered into the literature as the so-
called thermoelastic inversion point, at which thermal expansion and entropy
contraction balance. This effect therefore depends on the linear expansion
coefficient of the material (for more details see Holzapfel [135], for instance).
In the time evolution of the vertical velocity, we see that the velocity course
becomes more and more chaotic. Further, it is affected by high-frequent modes,
which expand into the temperature evolution via the internal dissipation and
also in the time evolution of the position. The time evolution of the relative
total energy reveals that the pressure phases lead to greater local increases
of the relative total energy as the tension phases. The reason is the extension
of the free energy to the compressible range by using a high second Lamé
constant as penalty parameter (see Appendix C).

In Figure 6.27, we depict current configurations pertaining to time points
in the different phases of the first loading period. The two plots in the first row
show the stretching phase. In the plot to the left, the loading rate is positive
and the velocity field is upward oriented in direction to the prescribed loading.
However, in the right plot, we recognise on the midline a stagnation point at
about y = 12m with vanishing velocity, which means a singular point of the
velocity field. Above this point, the velocity field is downward oriented. The
reason is, the loading rate is now negative and the inertia of the spring emerge.
The greatest stress occurs at the suspension. The current configuration depicts
a time point pertaining to the phase with increasing pressure load. Here, we
also realise a stagnation point on the midline and high stresses on edges and at
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the clamping. In the bottom left corner, we show a time point with decreasing
pressure loading rate. We obtain a thermal expansion of the material around
the midline owing to the increased Lagrangian relative temperature field. The
high stress in the middle of the spring arise from this thermal expansion. In
the last calculated time point, we see that the traction load causes also a
second kind of a singular point in the Lagrangian velocity field. We realise
vortex points, which lead to increased stresses in surrounding regions.

In Figure 6.28, current configurations pertaining to the third loading period
are illustrated. We identify an increased temperature level throughout the
cross section of the spring. Particularly, the region from the interior through
to the edges of the bottom are heated.

In order to show the energy comsistent incorporation of the Neumann
boundaries, we depict in Figure 6.29 the time evolutions of the absolute values
pertaining to the Galerkin forms and to the residual of the relative total energy
balance. The absolute values of the latter residual are below the prescribed
tolerance tol = 1076 J of the global iterative solution procedure, owing to the
used convergence criterion. Likewise, the absolute values pertaining to the
spatially integrated and assembled local mechanical Galerkin form. In the time
evolution corresponding to the global mechanical and thermal Galerkin form,
however, we observe violations of the limit, especially at the times t" = 1.86's
and t" = 3.8s in the simulation interval.

In Figure 6.30, we show the reference configurations and the current
configurations pertaining to these time points. These two time points share
vortices in the Lagrangian velocity field, however, the position of the maximal
velocities (longest vector arrows) occur in different regions of the cross section.
At the time point ¢t™ = 1.86s with the highest peak in the Galerkin forms,
the maximal velocities are directly around the vortex centres, while at time
t"™ = 3.8 s the maximal velocities occur at the top of the spring. On the other
hand, the Lagrangian temperature fields at these two time points show no
particularities. In the reference configurations, we see the high first Piola-
Kirchhoff stress in the vortex centres and the clamping on the bottom.

6.4.2. The example with boundary traction field and boundary heat flux. We
simulate a further dynamic tensile test of the spring. The material data and the
traction load is given as in Section 6.4.1, however, we introduce a prescribed
Piola-Kirchhoff heat flux on the thermal Neumann boundary 0g%, on the
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Figure 6.31. Time evolutions associated with the tensile test of the spring with
prescribed boundary heat flux on the top, calculated by the ehG(1) method with
linear finite elements in time and bilinear finite elements in space. The boundary
elements on the Neumann boundaries are linear finite elements in space. The time
step size is 10 ms throughout the simulation. The dotted line in the time evolutions
designates the end of the first loading period. The first row shows the prescribed
vertical traction load and the inward normal heat flux pertaining to the middle node
A on the top of the spring. In the middle row, the corresponding current temperature
and vertical velocity is depicted. The vertical position of the middle node A as well
as the relative total energy is shown in the last row.
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Figure 6.32. Reference configurations pertaining to the tensile test of the spring with
prescribed boundary heat flux on the top. The simulation is done by the ehG(1)
method with linear finite elements in time and bilinear finite elements in space.
The boundary elements on the Neumann boundaries are linear finite elements in
space. The time step size is given by 10 ms throughout the simulation. The colour
indicates the spectral norm of the spherical part pertaining to the projected first
Piola-Kirchhoff stress field in Joule per square meter. The vector arrows at the
spatial nodes designate the projected Piola-Kirchhoff heat flux.

top of the spring, given by

_ W 27
90, = 45000 — sin ( =1 ¢ 2
Q, = 45000 o Sln<1.6s ) (6.28)

at the free spatial element nodes a on the top. The sides of the spring are also
insulated.

In Figure 6.31, we show the corresponding time evolutions. Again, we show
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Figure 6.33. Current configurations pertaining to the tensile test of the spring with
prescribed boundary heat flux on the top. The colour indicates the Lagrangian
temperature field in Kelvin. The thin vector arrows at the spatial nodes designate the
Lagrangian velocity field, and the bold arrows designate the distributed boundary
traction load in vertical direction. The motion is calculated by the ehG(1) method
with linear finite elements in time and bilinear finite elements in space. The boundary
elements on the Neumann boundaries are linear finite elements in space. The time
step size is throughout 10 ms.
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Figure 6.34. Time evolutions associated with the tensile test of the spring with
prescribed boundary heat flux on the top, calculated by the ehG(1) method with
linear finite elements in time and bilinear finite elements in space. The boundary
elements on the Neumann boundaries are linear finite elements in space. The time
step size is 10 ms throughout the simulation. The dotted lines indicate the end of
the first loading period. In the first row to the left, the absolute value of the residual
of the relative total energy balance is shown. The remainder plots show the absolute
values of the Galerkin forms in Appendix B.

the time evolutions of the primary variables pertaining to the middle node on
the top of the spring. Owing to the high specific heat capacity in comparison
to the specific thermal conductivity, the heat flux has only a minor influence
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Figure 6.35. Reference configurations (left) and current configurations (right)
associated with the tensile test of the spring with prescribed boundary heat flux
on the top, calculated by the ehG(1) method with linear time finite elements and
bilinear finite elements in space. The boundary elements are linear finite elements
in space. The time step size h™ is set to 10ms throughout the simulation. In the
reference configurations, the colour indicates the spectral norm of the spherical part
pertaining to the projected first Piola-Kirchhoff stress field in Joule per square meter.
The vector arrows at the spatial notes denote the projected Piola-Kirchhoff heat flux.
In the current configurations, the colour designates the Lagrangian temperature field
in Kelvin. Thin vector arrows at the spatial nodes designate the Lagrangian velocity
field, and bold arrows the distributed boundary traction load.

on the trajectory of the middle node on the top, which can be seen by
the unmodified velocity and position course in comparison to Section 6.4.1.
However, the time evolution of the temperature is directly affected by the
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heat flux course. Therefore, a well-known application of boundary heat fluxes
is to solve the inverse problem of determining a time-dependent boundary
heat flux in order to achieve a prescribed temperature distribution at final
time (see Jiang [173]). According to the major contribution of the mechanical
energies to the relative total energy, the time evolution of the relative total
energy is also not conspicuously modified by the boundary heat flux.

In Figure 6.32, the effect of the boundary heat flux on the projected Piola-
Kirchhoff heat flux in the reference configuration is depicted. The depicted
reference configurations pertain to the first loading period. In addition to the
boundary heat flux over the Dirichlet boundary at the bottom, we recognise
the boundary heat flux over the Neumann boundary at the top.

In Figure 6.33, we see in the current configurations the heating and cooling
of the top of the spring by the boundary heat flux.

Figure 6.34 illustrates the energy consistent incorporation of the boundary
heat flux. We see, the absolute value of the residual of the relative total energy
balance, and the spatially assembled and integrated local mechanical Galerkin
form, are in turn below the limit of 107¢J prescribed in the convergence
criterion. However, the global mechanical Galerkin form and the thermal
Galerkin form show again two high peaks in their time evolutions. Although
the fulfillment of the mechanical Galerkin form is better as in Section 6.4.1
without the boundary heat flux.

In Figure 6.35, the reference configurations and the current configurations
pertaining to these two time points are shown. These time points share the
distinctive first Piola-Kirchhoff stress waves in the reference configuration.
Here, the velocity fields show no particularities as distinctive stagnation points
or vortex points, respectively.
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7. CONCLUSIONS

In this paper, we address the development and implementation of energy-
momentum consistent algorithms for simulating dynamic finite deformation
thermo-viscoelastic problems. Such algorithms provide an extension of energy-
momentum conserving simulation algorithms for nonlinear elastodynamics. In
both problem classes, the key concept is to satisfy a valid stability estimate
as well as momentum balances of the initial-boundary value problem also in
a discrete sense. In this way, unconditionally stable simulation algorithms are
assured.

Since we aim at higher-order accurate space-time discretisations, we apply
the finite element method in the space as well as in the time domain. We
perform the spatial discretisation by means of a common Bubnov-Galerkin
approximation. However, the discretisation in time is designed to be exactly
energy-momentum consistent as follows: First of all, we design an inherently
energy-momentum consistent finite element method in time. That means, we
address to fulfil also in a discrete sense (a) the stability estimate exactly for
exact quadrature in time, and (b) total linear and total angular momentum
conservation also with numerical quadrature. In the final design step, we
transform the accuracy order dependent fulfillment of the stability estimate
in an exact fulfillment by keeping the momenta conserved. The inherently
energy consistency is a matter of the appropriate Galerkin method for
the corresponding time evolution equation. For the first order form of the
equations of motion, it is well-known that the continuous Galerkin (cG)
method is inherently energy consistent. In this paper, we also deduce the
energy consistent Galerkin method for the used internal variable evolution
equation as well as the entropy evolution equation. The former equation is
solved consistently to the stability estimate by using the ¢G method as well.
The reason is the claimed weak equality of two non-equilibrium stress tensors.
Weak in the sense of an equal viscous dissipation with both stress tensors.
However, the stability estimate claim to solve the entropy evolution equation
by a specific discontinuous Galerkin (dG) method. The specific feature of this
dG method is a jump term formulated in the internal energy. The final design
step is realised by a higher-order extension of the discrete gradient method.
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This extension is based on a closed-form minimisation being not restricted to
gradients. In this way, we obtain two additional terms in the weak formulation,
which provide the fulfillment of the stability estimate in the discrete sense, in
spite of using numerical quadrature.

This space-time discretisation leads to a system of algebraic nonlinear
equations, which we solve by using a monolithic solution strategy. The
corresponding Newton-Raphson methods on the global and the element level
are based on a consistent tangent matrix. The used convergence criteria take
the inherently energy consistency into account and compare energy rates,
in contrast to usual solution-based criteria. Thus, different scales in the
independent variables are borne in mind in a natural manner.

Numerical simulations show that the inherently energy conserving method
is higher-order accurate, and that the modifications of the inherently energy
consistent Galerkin method do not affect this accuracy. Further, we compare
the stability properties. In this connection, we show that the stability estimate
is an indicator of the instability, however, that the instability is caused
by insufficient approximations of physical quantities. Therefore, the used
modifications of the Galerkin method arise from the approach of improving
these insufficient approximations subject to the claim of energy consistency.
One numerical simulation also reveals that an improvement can be a proper
spatial mesh, which is adjusted to the material parameters. The reason
for this effect is that the best approximation property of the Galerkin
method depends on the element size in relation to the material parameters.
Numerical simulations with mechanical and thermal excitation show the
energy consistent incorporation of boundary conditions, which means the
identification of the corresponding external power in the energy balances
and the enhancement of the proposed convergence criterion. Thus, only the
introduced external mechanical or thermal power affects the time evolution
of the primary variables, and not spurious algorithmic introduced powers
adulterate the numerical results.



8. OUTLOOK

Having in mind the stability estimate, we realise that the dissipated energy
depends on the time step size, because the total dissipation has to be
integrated numerically in time. Thus, an energy consistent finite element
method can provide, independently of the time step size, only a non-negative
dissipated energy, but with a time step size dependent value. In numerical
simulations, the negative tangent of the decreasing relative total energy
therefore depends on the time step size. A remedy would be a total dissipation,
which coincides with a time derivative from a non-negative smooth convex
potential function. Then, according to the fundamental theorem of calculus,
the time integral in the stability estimate could be replaced, and an energy
consistent finite element method leads to a non-negative dissipated energy
depending not on the time step size. However, it might be that, for the
heat conduction, this can be realised only by means of a non-classical
formulation of thermoelasticity (see Dascalu & Maugin [174] and Maugin
& Kalpakides [175]). Such a non-classical formulation also influences the
appropriate Galerkin method in time (see Bargmann & Steinmann [95] and
Bargmann [93]), so that it is possible that a continuous Galerkin method in
time is energy consistent for the thermal evolution, contrary to the special
discontinuous Galerkin method for the classical thermoelasticity in this work.

Moreover, on both sides of the stability estimate, the spatial integration has
to be approximated by an element-wise numerical integration. The reachable
error of the relative total energy balance (the tolerance tol) therefore depends
on the approximation error of the spatial quadrature rule. However, the
knowledge about the expectable error with a given spatial mesh and a given
spatial quadrature rule would be desirable for energy consistent numerical
simulations of motions.

Simulating motions of quasi-incompressible polymeric materials as rubber,
it is an improvement to incorporate assumed strain formulations in space in an
energy consistent way (see Armero [75] and Miiller & Betsch [176]). Also useful
for dynamics of rubber is a material formulation based on principal stretches,
because important constitutive laws as Ogden’s material are formulated in
eigenvalues (compare Miiller et al. [177]).
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In order to simulate other engineering problems, the energy consistent
incorporation of more complicated boundary conditions is advantageous. For
example, a boundary pressure as configuration dependent traction load (see
Simo et al. [163]), or an energy consistent coupling with a rigid body (see
Betsch & Steinmann [67] and Betsch [178]) in order to simulate with time-
dependent Dirichlet boundaries. The coupling of two distinct solid materials
(bi-material body or body with inclusion) in an energy consistent way also
opens many possible practical applications (see Johnson & Chen [179]). The
problem is here that discontinuities arise in the first Piola-Kirchhoff stress
field (see Mergheim & Steinmann [180]), and a transition condition for the
Piola-Kirchhoff traction vector has to be enforced. Otherwise, the resulting
stress jump is an unnessary burden for the time integration algorithm. This
coupling also includes simulations of one material law, but with two distinct
material parameter sets (see Mergheim [181]).

Also important, for tyre simulations for instance, are energy consistent
contact algorithms for polymeric materials (see Laursen [157], Hesch &
Betsch [182] and Hesch [183]).

In each case, a coupling in such a way, that the involved energy balances
and conservation laws are exactly fulfilled, is advantageous for unconditional
stability and physically meaningful numerical results. Therefore, the presented
energy consistent formulation is derived by the general energy balances, which
can be also formulated for these extensions.



A. DISCRETE WEAK INITIAL BOUNDARY VALUE PROBLEM

The numerical solution procedure of the derived weak initial boundary value
problem involves the transformation of the continuous weak forms into a
nonlinear algebraic problem. We therefore derive the fully discrete weak
forms by employing the space-time finite element approximations. Then,
we introduce a matrix form of this fully discrete weak forms, in order to
obtain a system of nonlinear algebraic equations in Appendix B. According to
the inherently energy consistent discretisation, the fully discrete weak forms
arrive at energy balance equations after substituting the corresponding energy
consistent nodal values for their nodal variations.

In this way, we are able to determine the energy balances by the residual
equations. This is utilised for defining a converged solution in the numerical
solution procedure, and in the post-processing of the numerical examples for
verifying the energy consistency of the solution.

A.1. First equation of motion

We start with the left hand side of the weak form pertaining to the first
equation of motion, given by Equation (4.21). First, we employ the stated
finite element approximations

sanc(m) =Y Y M (@) p§(n) Na(n) “sv3™* (A1)
J=1 ae N S\Ag
and .
@um)=>_ Y M(a)Nc(n) xS (A.2)
i=1 ceNS\NS

According to the completeness condition pertaining to the temporal shape
functions M?, i =1,...,Mey,, the time derivative of the Dirichlet boundary
approximation due to Equation (4.17) is vanished in Equation (A.2). Since the
spatial integration concerns only the spatial shape functions and the element
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density, we define the element mass matrices

Me = / o6 () 0 () n™ () JE () @ T (c € H) (A.3)
B

where
“6(77) = [Na(n)]aeK/Q;\K/V; (A'4)

denotes the shape functions column vector and n*¢(n) the corresponding row
vector. The symbol ® designates the Kronecker product of matrices. Since the
nodal positions ;" at the first time node are known, owing to the temporal
continuity in the approximated body motion, we split up the sum over the time
nodes «; into two parts. As the time integration concerns only the temporal
shape functions, we define the matrix components

B = /Mj(a)Ml(a) and  [AJRHL = /Mj(a)Mk+1(a) (A5)

I I
Jok=1,...,meq, for the first and second part, respectively. We obtain a
matrix form by substituting matrix products for all the summations. First,

we generate element matrices by combining the position nodes €zl and
the variations “61}2’:’6 in a column vector x¢ and in a row vector 6v:;’j"’e7
respectively. In this way, we obtain the bilinear form (e € %)

S G Ml = VMR (A)
a,cENG\NE

Now, we assemble all spatial elements Z;. A vector associated with a spatial

node is then identified by a global node number A € A, = {1,...,np,,}. As

usual, the global node numbers and the element node numbers are related

by connectivity matrices. The global numbers of the spatial nodes on the

mechanical Dirichlet boundary are defined as elements of the index set
N ={A € Mol A X € 0,%0}. After the assembling of all spatial elements,
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the bilinear forms in Equation (A.6) leads to a bilinear form

1 1
A vEmIMExE S = v M, (A7)
e€Nel h h

where M denotes the global mass matrix, and the spatial node vectors 5V~A
and x} includes the variations and nodal positions, respectively, indexed
by the set Mo \ Ap. The last step is to substitute matrix products for
the remaining summations over the time nodes or temporal test nodes,
respectively. We put the unknown position vectors xakﬂ, k=1,...,meq ina
column vector x" = [xg_,...,xy | Likewise, we obtain the row vector év*"
including all variations of the first space-time weak equation of motion. We
arrive at the matrix form

1 1 ~
o v la@MxL |+ o v [A ® M} x" (A.8)
for the left hand side of Equation (4.21).

On the righthand side, we employ the approximation of the test function
associated with the Lagrangian momentum field in Equation (A.1), and the
approximation

Men

=5 3 M) Na(m) ol (A.9)

i=1 ac.Ae \mc

en

e

of the Lagrangian deformation velocity field. Again, the spatial integration is
only concerned with the spatial shape functions and the element density, and
leads to the element mass matrices (A.3). Analogously, the time integration,
in turn, is only related with the temporal shape functions. Hence, we obtain
the matrix entries

[b)7 = LMj(a) M (a) and [BFk+1 = /]Mj(a) M*1(q)

’ (A.10)
Jyk=1,...,mcq. As for the integral on the left hand side, we obtain a bilinear
form by defining element velocity Vectors o), which subsequently has to be
assembled to global velocity vectors v We arrive at a full matrix form by

combining the unknown velocity Vectors n k=1,...,me,, in a column
ak+1’ a»
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vector v = [vi_,...,vp ]
In this way, we obtain the discrete weak form of the first equation of motion,

given by

1 _ ~ -

v {[aeMxg ]+ [AoM|x | = v {boMvy |+ [BoM]v |
(A.11)

Note that this equation can eliminate the velocity node vector v" in the

discrete weak form of the second equation of motion, after applying the

fundamental lemma of calculus of variations.

A.2. Second equation of motion

We derive the matrix form pertaining to the second equation of motion
in the same line. In the left hand side of Equation (4.24), we employ the
approximations

Men

‘m)=>_ > M(a)p§(n) Na(n) “v3™* (A.12)

i=1 a€ N\ N

and
Meq
Sprt(n) = Y M/(a)N.(n) szy* (A.13)
Jj=1 (/e'/Ven\'/V
By transforming the variations Céw"’f into the associated covectors °6w*7" ‘

and the covectors avzne of the velocities at the element nodes into the

corresponding vectors *v!,¢, we obtain the components of the element mass
matrices, defined in Equatlon (A.3). Assembling the element matrices, we
arrive at the matrix form

1 *n [x n 1 *n | A n
méx’ [a®Mval]+m5x’ [A@M}v (A.14)

In the boundary integral on the righthand side of Equation (4.24),
we employ the approximation of the Piola-Kirchhoff traction vector field
in Equation (4.25) and the approximation of the test function, given by
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Equation (A.13). According to the boundary integration, the spatial shape
functions N.(n) of the test function leads to the reduced spatial shape
functions N.(7), ¢ € A5¢, on the mechanical Neumann boundary, and zero
elsewhere. Since the boundary integration concerns only the reduced spatial
shape functions, we obtain the boundary element matrix with the entries

He 1 Ne(7) Na(0)J§ (@) ]9, for c,a € A,
[Hca] b= 0B
0 for c,a € A5\ NG\ N

(A.15)

The assignment of the Piola-Kirchhoff traction load ?;’e to any temporal test

node &; in the time element .#, takes over a time integration of the nodal

load vector multiplied with the shape function Mj(a). Thus, we obtain a

temporally averaged element traction load vector, which we combine in a

column vector

Yo aze1b e
/yi\/[ ()]t ]” for ae€ AF, (A.16)
0 for ae€ N5\ N7\ ANF

[ain,e,j]b _

Now, we combine the variations in a row vector. Then, we assemble these
element matrices. We obtain the boundary matrix H, which takes over the
exact assignment of the traction loads to all boundary nodes independent
of the size of the boundary elements. In the end, we obtain the matrix

formulation
Meq

> oxSTHE = ox (A.17)
j=1

ext

where the external force vector F , includes the loads for all nodes on the
mechanical Neumann boundary in each direction, and zeros elsewhere.

In the volume integral, we apply the approximation of the test function in
Equation (A.13), together with Equation (4.26) for calculating its Lagrangian

gradient. We arrive at the internal force vector

[ Find?]" = —/ﬂMj(a)/@ [ Bo () [S5 (m)]™ T () (A.18)

[m]



146 A. DISCRETE WEAK INITIAL BOUNDARY VALUE PROBLEM

where
[B2(m)])%, = [Dep®(m)] [DNe(n)]k (A.19)

denotes the entries of the so-called B-Tensor with respect to the spatial
parent domain %, . The tensor S7,'*“(n) designates the pull-back of the second
Piola-Kirchhoff stress tensor into %,. This operation is analogous to pulling
the Kirchhoff stress tensor 77-¢(n) with respect to the current configuration
back to the second Piola-Kirchhoff stress tensor with respect to the reference
configuration by using the deformation gradient. Hence, we define

[She(m)]Y = (DY) (] A [Sa )P [(Dyg) " (m)] 5 (A.20)

We formulate the double contraction of the second Piola-Kirchhoff stress
tensor with the B-Tensor as a matrix product. Thereby, we use the Voigt
notation for the symmetric second Piola-Kirchhoff stress tensor. For a two-
dimensional ambient space, any symmetric second order tensor S and any
second order tensor T' can be written as column vectors

VBCS(S) = [511, Szg, Slg] and VGC(T) = [Tll,TQQ, {T12 + Tgl}]

(A.21)
The matrix operator vecs maps the upper triangular matrix elements of a
symmetric tensor S into a column vector s with the dimension n,.; x 1, where
the Voigt dimension n.,; coincides with ngim, (Pdim + 1)/2. On the other hand,
to set up the matrix form of the B-tensor, we need the matrix operator vec,
which maps the matrix elements of a tensor T into a n..; X 1 column vector t.
Hence, the element matrices corresponding to the internal force vector reads

Fred = /j V(o) /@ BI (1) 1% (1) J¢ () (A.22)

a (m)

where

BL(m) = (vee [ BR“(m)*="))" ..., (vec([. Bl ()=o) ceNE AN

(A.23)
denotes the matrix form of the B-tensor and s}*”(m) designates the
Voigt notation vecs(Sh¢"(n)) of the second Piola-Kirchhoff stress tensor,

respectively. Assembling the element matrices, and combining the global
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force vectors at the test nodes, we obtain a matrix form analogous to
Equation (A.17).

The matrix form of the additional weak term in Equation (5.18) takes
the same form. Only the second Piola-Kirchhoff stress tensor field in
Equation (A.18) has to be replaced by the corresponding trace tensor.

In this way, we arrive at the discrete weak form

hin Sx* { [ae MV ]+ [/1 ® M] v”} = 0x"" [Fo + Fi, + Founl | (A24)

including the virtual work of the global force vectors. Recall that the velocity
note vector v can be eliminated by the first equation of motion. Then, the
left side coincides with the kinetic energy increment 7 (t"*1) — 7 (") owing
to the exact time integration (compare Equation (5.11)).

A.8. Entropy evolution equation

We use the space-time weak form of the entropy evolution in Equation (4.27)
for determining the time evolution of the temperature. Hence, the temperature
in the spatial notes at the time notes are the primary unknowns. On the left
hand side, we employ only the approximations

561 (M) = > Nu(n)605° (A.25)
cENSN\NS

en

d Men
o 5O (m) =YY Mi(a)Nu(n) 505" (A.26)

J=1ceNe \JV_"

Since the first weak term is only related to the test nodes at the first time note,
we use the notation ¢ @Z;e 87, associated with a Kronecker symbol for relating
these terms to all time nodes. The spatial integration in the first weak term is
related to the jump of the internal energy density, to the relative temperature
field at the first time node as well as to the spatial shape functions. Hence,
we obtain an averaged entropy production vector

sn,e

n,e,l e [ %1 (T’) ége(,’,’) e
sict = [ = gy (A27)
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where
“5(77) = [Na(n)]ae/i/e

AV (A.28)
denotes the shape functions column vector pertaining to the temperature,
and the index 0 designates the initial value at ¢,,_;. We arrange the variations
and the entropy trace at the element nodes in a row vector oy and in a

column vector S™!, respectively. The assembly of these element matrices

tra

leads to matrices in the global numbering A € 4, \ A5. By combining the
variations at all time nodes in a row vector, we obtain the matrix form

mﬁ'll

> b0y o7, Sp! = do™" S]. (A.29)
j=1

tra

n
tra

n,1l
tra

where the column vector S;’ includes the vector S
elsewhere.

In the second weak term, we employ the temporal approximation of the
entropy in Equation (4.10). The time integration is only concerned with the

temporal shape functions, and leads to the matrix components

as first entries, and zeros

A = /ﬂyj(a) Mi(a) Bhi=1,..., Men (A.30)

The spatial integration of the entropy at the time nodes, multiplied with the
spatial shape function N, (n), a € A5 \ A, leads to the spatially averaged
entropies at the element nodes. The assignment of the averaged entropy rate
to the test nodes takes over the entries of the matrix A. We obtain the column

vector
Men

St = >V s )t () Jg () (A31)
i=1 %0
After the assembly of the corresponding element matrices, the second weak
term is given by a multiplication of a column vector S, with the row vector
do*", as in Equation (A.29).
In the first term on the righthand side of Equation (4.27), we employ the
approximation of the assumed entropy flux in Equation (2.59), which is based
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on the temperature approximation

Men

Orc(m) =Y _ > M'(a)Na(n) 08" (A.32)
i=1 a€NE,
where the temperatures “005¢ a € A%, denotes the temperatures of all
element nodes, including the element nodes on the thermal Dirichlet boundary
0o 5. The volume integration is confined only to the Lagrangian conductivity
tensor and the Lagrangian gradient of the spatial shape functions. This
Lagrangian gradient is split into to the Jacobian matrix

D"f)(n) = [DNa( )]ae%gl\ﬂeﬂ (A33)
of the shape functions column vector and the inverse Fréchet derivative of the
isoparametric transformation 1 (n) into the reference configuration. However,
in view of the symmetry of the Lagrangian conductivity tensor, the entries
of the Jacobian matrix in Equation (A.33) and the entries of the Jacobian
matrix pertaining to the temperature approximation in Equation (A.32) are
combined in the matrix form

n,e

°B.(n) = [(vec((DO“(m) DN(m))'] (A.34)

en

of the temperature-B-Tensor, defined analogously to Equation (A.23). Similar
to the pull-back of the stress in Equation (A.20), the inverse Fréchet
derivatives of the isoparametric transformation leads to a pull-back K7*"(n)
of the Lagrangian conductivity tensor. Time integration then leads to a
temporally averaged entropy input arising from conduction of heat, given by

n,e,j __ 900 n.e n,e,0 e
i = o) [ B ) i) (A5)

where k’“”(n) denotes the Voigt notation vecs(K'“”(n)). We assemble these
column vectors, and subsequently combine all the entropy inputs at the time
nodes in a column vector S7,

The next weak term is concerned with the internal production of entropy.
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Employing Equation (A.26) of the test function, we obtain the element matrix
entries

st = [30(e) [ ) e (A.36)

and finally the corresponding column vector S},.. Likewise, we deal
with the additional dissipation term in Equation (5.23). Substituting the
corresponding algorithmic production of entropy for the internal dissipation
in Equation (A.36), we obtain the column vector S, of the algorithmic
production of entropy.

In the boundary integral, we employ the test function and Equation (4.32)
pertaining to the normal heat flux. The boundary integration is then
concerned with the time-dependent boundary element matrix, given by the
entries

1 _ _ _
= /8@59376(77) Ne() Na(1) J5 (M) for c,a € AF,
0 for c,a€ ML\ ANE\ NG

(A.37)
analogous to Equation (A.15). In a column vector q’»¢, we collect the normal
heat fluxes at the element nodes in the set </VQE, and account for the element
nodes in the difference set A5, \ A§ \ A5 by a zero. We multiply this vector
with the quadratic boundary element matrix corresponding to the entries in

Equation (A.37), and obtain the temporally averaged entropy input vectors

ext

Smed = / M (a (A.38)

for each element, which has to be assembled. After combining all time nodes
in one column vector, we obtain the column vector S_, for the entropy input
over the boundary.

Finally, we obtain the discrete weak form

6 o [de + S:ldt

] - hn 60* " [Sn t + scdu + Sdlb + Sdlg] (A39)

of the space-time weak form of the entropy evolution equation.
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A.4. Internal variable evolution equation

We determine the internal variable evolution locally in the spatial parent
domain, by using the temporally weak form in Equation (4.33) in conjunction
with the approximations

Meq Men

e ZMJ )Ory“(n) and  I'p(n ZMl ) T (n)

(A.40)
Due to the symmetry of the internal variable in consequence of the isotropy
of the material, the non-equilibrium stress tensor 1, (n) is also symmetric.
In order to substitute an equivalent matrix product for the summation over
the indices A and D, we apply the Voigt notation

T
yuc(m) =vee (Yo(m)  and 6" (n) = (vees (31" (m)))

(A.41)
where the first matrix is a column vector and the second matrix is a row
vector.

First, we consider the left hand side of Equation (4.33). Since the time
integration in this term concerns the temporal shape functions associated
with the test function as well as the non-equilibrium stress tensor, we define
the temporally averaged column vector

ymed( / M (a) y™° (m) (A.42)

We combine the vectors of the non-equilibrium stress and the test function
pertaining to all temporal test nodes in a column vector y™¢(n) and a row
vector 8i""°(n), respectively. Thus, the left hand side of the weak form in
Equation (4.33) reads

Meq

Z 5i:;,]n7e(n) y’ﬂ,e’j (7]) = 5i*7n7e(n) yn’e(n) (A43)
j=1

On the righthand side, we cannot derive a more explicit form of the discrete
problem, if employ the approximation of the internal variable. Therefore, we
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also use here the test function only. The approximated viscous stress tensor
reads

[Zam)*? = Vae, [LL ()]0 (T0) 7 ()] “P+

g (Vo= 20 ) o () () )2
2 Ndim
(A.44)
Now, we proceed as for the non-equilibrium stress tensor. We define the
temporally averaged stress tensor as in Equation (A.42). After introducing
the Voigt notation and the final matrix form, we arrive at the column vector
z™°. In the end, we obtain the matrix form

|61 () y™ () = 61" () 2 () | (A.45)

pertaining to the temporally weak form (4.33) of the viscous evolution
equation. We refer to the left side as virtual non-equilibrium dissipation and
to the right side as virtual viscous dissipation.



B. LINEARISATION OF THE ALGEBRAIC EQUATIONS

We obtain a numerical solution of the nonlinear algebraic problem derived
in Appendix A by linearising the corresponding equations with respect to
the primary variables, and iterating till a prescribed convergence criterion
is fulfilled. The linearisation is performed by the procedure in Laursen &
Meng [184]. We apply the directional derivative directly on the weak form,
and introduce in the obtained scalar equations a matrix notation for the
implementation.

In this way, we obtain not only the tangent matrices, but also the total
Newton-Raphson method. Hence, typical implementation errors with the
Voigt notation are avoided, and more appropriate convergence criteria as the
norm of the solution vector can be derived.

B.1. Discrete mechanical Galerkin forms

We resolve the first equation of motion for the velocity node vector v", and
eliminate this vector in the weak form of the second equation of motion.
First, we transform Equation (A.11) in a residual form and factor out the test
vector ov*™. According to the fundamental lemma of calculus of variations,
the bracket has to vanish, and the velocity node vector reads

1 [a—
v {B 15®x21]+

= [é‘ll\eal] X" — [é_ll;@vgl} (B.1)

1
hn
We employ the velocity node vector in Equation (B.1) in the weak form of the
second equation of motion, given by Equation (A.24), and arrive at the global
mechanical Galerkin form G|... depending on the nodal position vector x”,
the nodal temperature vector 0", the internal variable vectors i"°(n) and the
test node vector §x*". This Galerkin form takes the form

Gmech({xnvonv in7e(n)}; 5X*)n) = Gmech(g; 5X*’n) = 6X*)n Rmech(g) - 0
(B.2)

153
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where we refer to the column vector

Ru(2) = gz [AB™ A M] x4 7oy (A8

1r. Ap Lk n n n
+ hT |:a - AB b:| ® Mvzl - [Fext + Fint + Fenh]

a® MXZJ +
(B.3)

as the residual vector. The above equation is one of two equations, which
constitutes the global iteration of the coupled nonlinear equation system. In
order to apply a Newton-Raphson scheme to these two equations, we begin
by deriving the linearised equation

Gmech(g; 5X*7n) + AXGmech(g; 6X*,n) + Aonech(g; 6X*.’n) +
(B.4)
+ AiGmech<g; 6X*7n) =0

The term A,G.ecn denotes the x-increment of the global mechanical Galerkin
form, and the terms A,Gecn and A;Gpecn represent the o- and i-increment
of Equation (B.2), respectively.

B.1.1. The x-increment of the global mechanical Galerkin form. We start
with the increment of the Galerkin form G .., pertaining to the nodal position
vector, given by

AxGmech(g; 5X*7n) = i

T | Guean{" + 8% 0" ()} 6x°) - (B.5)

s=0

Assuming no displacement-depending external loads in the global mechanical
Galerkin form, the first virtual energy term in the second line of
Equation (B.2) as well as the internal and enhanced virtual work associated
with the internal and algorithmic global force vector, respectively, contribute
to AyGreon- We obtain

1 * ~ ~71~ y d
4G = Ty 0% [AB Ao M} Ax" = X" —

{F;rxlmt,s + F?nh,s}
s=0

(B.6)
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According to Equation (A.22), the x-increment of the internal force vector is
split up into two parts. The so-called geometrical part results from linearising
the B-tensor, and the linearisation of the second Piola-Kirchhoff stress tensor
implies a material part. Going down to the element level, the increment takes
the form

n n
7§X*’n —_ Fﬁ“ s = 75)(*’” {GeoKInt +MatKInt} Axn
s=0

Meq Meq

o Z *,n k+1,,n,] k+1,,n,j n

= — 6X&j E {GeoKInt —+ MatKInt Axak+1
j=1 k=1
Meq Meq

k+1, n.e,j k+1,,n.e,j

=30 A>T (Sl 4 ki A

j=1€e€ENe k=1

(B.7)
where K symbolise a quadratic stiffness matrix. The geometrical part of the
element stiffness matrix is based on the pull-back S7,*°(n) of the second
Piola-Kirchhoff stress tensor in the parent domain, given by Equation (A.20).
With this definition, we obtain the element stiffness matrix

BLKG = — [ 1 (0) ¥ (o) [ Daf (n) S ) (D () Ty ) & 1

(m)

(B.8)

The material part of the element stiffness matrix results from linearising

the stress tensor S7*"(n) with respect to the nodal position vector. First, we

determine the derivative of the stress tensor with respect to the right Cauchy-

Green tensor C™(n), defined in Equation (4.31). A pull-back operation
leads to the components

oSy ()™

CCLn’e>D lkmn _ 2
) el

[(Dy5) ™" (m)]c™ (D)~ (m)]p"
(B.9)
of the fourth-order material tensor CC]LZ’e’j(n) with respect to the spatial
parent domain. Since this material tensor is symmetric in its first and second
slot as well as in its third and fourth slot, we apply the Voigt matrix notation
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in Equation (A.21) to the first and the second double contraction. In this way,
we obtain the square matrix

[CCLZ’S’E ("7)]1111 [CCLZ’B’D('I])]H% [CCLZvevD(n)]llm

O () = | [COLYT )PP [COLY S ()] [COLY S ()22
[CCL">6’5<,,7>]1211 [CCL”ve’D(n)]wQQ [Can’e,D(m]mm
(B.10)

for a two-dimensional ambient space. Finally, we linearise the right Cauchy-
Green tensor C'2*°(n) with respect to the nodal positions of the e-th element
at the time nodes. We obtain a further B-tensor with respect to the spatial
parent domain 4., given by the components

B (M)]mns = [IDNa(m)]m[(Dee ()71, Gob (B.11)

Since we apply the matrix form of the material tensor in Equation (B.10),
we have to introduce a matrix form B (n) corresponding to this B-tensor.
This matrix takes a form, which is analogous to the transpose of the matrix

B.°(n). In the end, the material part of the element stiffness matrix reads

k+1 ,e,7 ~ n.e n,e, *.1,e e
K= - L N9 () M¥* () /@ BI(n) COL () BL™ () JG ()

(m)

(B.12)
where
B () = [veclla B (omt) - veellBE M)y e
(B.13)

Now, we determine the linearised enhanced virtual work associated with
the algorithmic global force vector F. ;. The corresponding stiffness matrix is
composed of four parts. First, we have a geometrical part analogous to that in
Equation (B.8), however, associated with the stress trace tensor with respect

to the spatial parent domain. We obtain the geometrical tangent

k+1,,n,e,j
GeoKEnh = 7/
54

fe

M (a) M"Y (a) /@ Dn®(n) 8, (1) (Dn°(n)) T J§(m) © I

(B.14)
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where

~mn,e,0 Amn,e

[So” " (m)]7 = [(Dyg) ()] 4 [So I*P [(Dyg) " ()]s’ (B.15)

Then, we obtain a material stiffness matrix by linearising the derivative
with respect to a of the approximated right Cauchy-Green tensor in the
reference configuration. In the following, we use a shorthand notation for the
lengthy fraction in Equation (5.18). The numerator is indicated by Ng"(n)
and the scaling term in the denominator is denoted by Dg”(n). We arrive at
the material tangent

e,n0

k+1,,n,e,j ~ o N¢g
Mat KEnn” = — / M MR / Bl =25 wml®” BLS J§ (B.16)

7 %, Ds

The matrix symL®" denotes a matrix form of a fourth order tensor analogous
to Equation (B.10). The corresponding fourth-order tensor coincides with the
pull-back of the double partial derivative of the right Cauchy-Green tensor
in the reference configuration with respect to itself into the spatial parent
domain, given by

[oymlL &2 ()] = [(e§ (1) 1™ [(e5(m) 1" + [(e§(m) 1™ [(ef(m) 1™
(B.17)
where
[e5(Mim = [(DY5(m)) 1,0 a8[DY5 ()7, (B.18)

designates the right Cauchy-Green tensor of the isoparametric transformation
from the spatial parent domain in the reference configuration.

The next step comprises the linearisation of the numerator Ng(n) of the
stress trace tensor, which leads to the tangent matrix

k+1,,m.e,j ~ 1 :
NumKEnh - — Mj BZ’G ~eno symLe’D CZ’e’D Num b*7n’e JS (Blg)
s Jm, & 2Dy

Op+1

where the vector ¢2'*” denotes the column vec(C}, ") of the right Cauchy-
Green tensor with respect to the spatial parent domain, according to the

definition in Equation (4.31) and the time approximation in Equation (5.14).
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The row vector Num b’y™°
k1

to the time node t"*! only, wherefore we introduce the Kronecker symbol
§k+lmen  Then, we obtain

is composed of two terms. The first term corresponds

gt men {smes (i) — v, (m) €50 () | B () (B.20)

The star at the matrix form s3:%7 of the stress tensor at the unknown time
nodes with respect to the spatial parent domain indicates a row vector. The
row vector t3;" 4" arise from the matrix form of the stress-temperature tensor

with respect to the spatial parent domain, given by
£2°() = vees(T1:"(m)) = vees(9o S (m)) (B.21)

The second term is a sum of time integrals, which are associated with the
nodal position vectors at each unknown time node. In this term, we introduce
the matrix form of the tensor B}™¢ which is analogously defined as in
Equation (B.11), however, depends on the Fréchet derivative of the time
approximation, given by Equation (4.17). The second term reads

rk+1 ) *,1,€, *,n,e
A o ) € ) B )

o *x,M,e

= [ s {0 @) B () + M (@) B ) | -
g

° (B.22)
= [ @) e ) SO ) B )+
I

+ [¢ ML) 8™ () TOLY () BL™ ()

The row vector ry™%"(n) coincides with the transposition of the column

vector vec(RL°(m)), arising from the elastic deformation rate tensor with
respect to the spatial parent domain. Analogous to Equation (2.47), we define

o

(R (m)lia = (Dl (m) ) 6as[Dpi () (B.23)
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We transform the first and the second double contraction of the material
operator FC]LZ’E’D(U) in the corresponding matrix form. Since the row
vector iy coincides with the transposition of the column vector vecs(I'¢)
according to the symmetry of the internal variable, we obtain the matrix

n,e,0 n,e,0 n,e,0
[FC]La ]1111 [FCLa ]1122 [FCLa ]1112
n7e7:‘ P 1& 1<
FCLa — [FC]LZ e D]2211 [I‘CLZ e D]2222 [[‘C]LZ e E]2212 (B.24)
9 [FCLZC’D]lle ) [FCL2751D]1222 2 [FCHAZevD]lZlQ

where

a[ Tg’e]AB N 3[ TZ,@]AB
0Ccp dCpc

oL ABIE { } (D)~ TI (D))"

(B.25)

The last part of the linearised enhanced virtual work follows from linearising

the denominator Dg’m(n) of the Lagrange multiplier pertaining to the stress

trace tensor. We obtain two terms. The first is associated with the time

derivative of the right Cauchy-Green tensor, and the second corresponds to
the elastic deformation rate tensor. Thus, we obtain the tangent

n,e, ]\7ED .
]]gtr}KEnhj— / ]\4J//€Bne )2 iymLeD CneD Den b*nEJS (B26)

Q41

where
1
Den ¢ = 5/ &7 ymL® {M’““l R
Fa (B.27)
rk+1 .x,n.e, e,0 p*,Mn,e
—I-‘/]M rom O syml® " B..S

denotes a row vector, which has to be separately integrated over the temporal
parent domain.

B.1.2. The o-increment of the global mechanical Galerkin form. The
next step in the linearisation of the global mechanical Galerkin form in
Equation (B.2) is to determine the o-increment pertaining to the me,
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unknown temperature nodes. Since we assume temperature-independent
external forces, the directional derivative applied to the internal and
algorithmic global force vector leads to

Megq Men
B ed | ky e
DG 25 0x57) = =% A(sx*”ez{ ki + "ken }Aogf
j=1e€ENer k=1

(B.28)

The tangent pertaining to the internal global force vector is based on the

dependency of the second Piola-Kirchhoff stress tensor on the temperature.

Therefore, this tangent depends on the stress-temperature tensor with respect
to the spatial parent domain, and we arrive at

kit = / N (a) M* () / B (n) () n™ J5(m) | (B.29)

Since the denominator and the right Cauchy-Green tensor does not depend
on the temperature nodes, we only have to linearise the numerator of the
stress trace tensor. Therefore, we obtain only one part from linearising the
algorithmic global force vector, given by

k ne,] /M]/ Bne Deu SymLem n,e,0 Z:SJO (B30)

where
Eah ¢ (1) = (§™enh — §1R) 97oe () Done(n) n*¢(n)—

= [ {3 vz Do) + @) i ) ()=

(B.31)
- [ Aty e o )~

- /j MH(0) i () Doy™* () n™ ()
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Note that this row vector includes a part which is associated only with
the element temperatures at the first and the last temporal time node, and
furthermore, the time integration of the rest term is based on two different
quadrature rules.

B.1.3. The i-increment of the global mechanical Galerkin form. Finally, we
determine the i-increment of the global mechanical Galerkin form. Here, we
also obtain vecs(AI'y (1)) as the matrix form of the increment. Applying
the directional derivative to the internal and algorithmic global force vector,

we obtain the increment

*,Mm = *,1, i k+1  n.e,j e e
AiG e (25 0X5™) = — Z A (5x&jn ¢ Z/ ConKl\/IecJ(n)Alak+l(77) J5 (M)
j=1 e€ENer k=17%0
(B.32)
where _ _ .
oAt () ="ehaK e () + ConKEnn (1) (B.33)

denotes the consistent tangent matrix for the internal variable evolution.
Recall that the increments and the tangents depend on the position in
the spatial parent domain. Since the matrix form pertaining to the partial
derivative of the stress tensor with respect to the internal variable follows
from Equation (B.24), we arrive at the tangent

k+1, n,e,j ~ n.e e,
ConKTnc (1) = /]Mj(a) M () B (m) ("L, ()T (B.34)

where the transpose of the negative material operator matrix 7'“L substitute
the matrix form ¢’'L pertaining to the partial derivative of the second Piola-
Kirchhoff stress tensor with respect to the internal variable tensor.

The numerator of the stress trace tensor depends on the internal variable,
because the free energy depends on the internal variable. In analogy to the
tangent in the increment of the temperature nodes, we also obtain one tangent
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part, written as

k+1 ,m.e,j Mj(a) n,e e,0 o mn,e,0 *,M,€
OnK 1 = — ~ e s < B ’ S mL ’ 0 1. I K
C Enh (77) {ﬁa2 D?D(n) a (77) Y (77) Co (77) Enh Qg1 (T])
(B.35)
where

anl3S () = amen b {ane () Doysrs (m) -y (m) |} -

- /7 NI () 97 () Doy ™ (m)+

n
a

[ 2 @) e ) (FOU ()T
54

a

+ [ (A v+ 20 @) ) Mk )
S
(B.36)
I*,n,e

In the row vector eanly, ] (n), we have to employ the matrix form of the second
partial derivative of the free energy with respect to the internal variable. Since
we have on both sides of this fourth-order tensor a matrix form, which is
associated with the symmetric internal variable, we obtain the matrix

Ir Ir Ir

[NonLn,e,D]llll [NonLn’e’E]1122 2 [NonLn’e’D] 1112
EEDLZ’E = [ESD]LZ,E,D]2211 [ggnLg,e,[]ZQZZ 9 [EgnLg,e,D}2212 (B.37)
9 [E{;Lz,e,u]un 9 [ggnlg,e,cpzzz 4 [ggnLg,e,D}1212
where
1 e AB Te BA
[EEHLZ@(T’)]ABCD P 8[ a ("7)] 6[ a (T’)] +
4 Ol'cp Ol'cp
(B.38)
L LTt | ot (m)
4 8FDC aFDC
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denotes the negative components of the second partial derivative of the free
energy.

B.1.4. The increments of the local mechanical Galerkin form. The i-
increment in the global mechanical Galerkin form is determined by the local
mechanical Galerkin form

G, (25 077 () = 017 () RS, (2) 1= 017 () {y™* (m) — 2“(m)}
(B.39)
pertaining to the viscous evolution equation. Since the non-equilibrium stress
tensor generally depends on the nodal positions, the nodal temperatures as
well as the internal variable, the total increment of the linearised equation is
a sum of three increments. Hence, the corresponding linearised equation takes
the form as in Equation (B.4), with the total increment

AGS (2 6™ () = 3 diy™ (n) ChaKEG () Axe, +
k=1
= ok k, n,e,j n.e
+ Y Sig(n) Tkeve’(n) Ao+ (B.40)
k=1
~ RN k+1, n.e,j n.e
+ )6 (n) UK (n) QiR (n)
J.k=1
where
Kivo (1) = NonKEve (1) — visKEve (1) (B.41)

denotes the tangential operators corresponding to the non-equilibrium stress
tensor and the viscous stress tensor. We also assume in this equation constant
viscosity parameters, so that there are no x- and o-increment from the viscous
stress tensor. We only obtain the matrices

Q1

ChaKEG () = /j NI () M*(a) TOL () BL™ ()
) B.42
k, n,e,j ( )

S = /y N (0) M*(0)) Doy (m) n™()

v
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from linearising the non-equilibrium stress tensor with respect to the nodal
positions and temperatures, respectively.

The linearisation of the non-equilibrium stress tensor with respect to the
internal variable leads to the matrix form in Equation (B.37), and the tangent
matrices

NoaKES () = / M (o) M¥ (a)) NonL™ () (B.43)
ja

pertaining to the £ + 1 unknown nodal values of the internal variable.

The linearised form of the viscous stress tensor in Equation (A.44) is
associated with fourth-order tensors for each unknown time node, which are
written in matrix form analogously to Equation (B.37). The corresponding
components read

k+10 e . n.e : ne
VL mIAPEF = 2 {[FFLL () APEF + (LY ()| PAPF | 4

1 n,e n,e
Lz {[k+%ﬂ4a’ (n)]ADFE 4 [k+}]La’ (n)]DAFE}

(B.44)

R

S

where

k+1y n,eJADEF __ MkJrl n,e\—11AFE n,eN\—11DF
[=La] = — o 2Vae (L) 1P () 177 +

Mk+1 2ch n,e\ — n,e\—
# 2 (Vo= 202 ey Py e
Ndim
2 Viey . . _
= 2a (Vi = 2 ) (e P (L () T -
ZVeV n,e n,e\— n,e\—
234 (Vo 205 ) () (e AP 1P -

MR 2V () A (L) () ) -

2 MM 2V, [ (D) T O8 () 1 PF
(B.45)
Here, we have employed the time approximation in Equation (4.15) pertaining
to the viscous deformation rate tensor. For each test node &, we obtain the
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tangent matrix blocks

n,e,j Mj
MK (n) = / 4(“) Ve () (B.46)
84

o

associated with the k + 1 unknown nodal values of the internal variable.

B.1.5. The local iterative solution procedure. In order to determine the
internal variable evolution, we solve the Galerkin form in Equation (B.39)
on each spatial element. Therefore, the increments pertaining to the nodal
positions and the nodal temperatures vanish in this case. Combining the nodal
values pertaining to the temporal nodes, we arrive at a matrix form of a system
of algebraic equations. Then, we apply the fundamental lemma of calculus of
variations, and obtain the increment

(%) (B.47)

n,e -1

A" (n) = — {KE% (n)} Rl
Using locally an iterative solution procedure, we stop the iteration as soon
as the Galerkin form in Equation (B.39) is numerically zero in the sense that
its absolute value is less than a small tolerance tolevo. Therefore, we have to
determine the variations at the test nodes corresponding to each iteration.
Since the internal variable velocity lies in the test space corresponding to the
local mechanical Galerkin form given by Equation (B.39), we solve a linear
algebraic system at fixed and pairwise distinct points Ek, E=1,...,meq, in
the temporal parent domain .#, as in Equation (5.5). We obtain

n,e
=1

i) =i ) o= (W)W o 1) [ BT | By

where W denotes the Haar matrix pertaining to the shape functions M (),
J =1,...,meq, at the points &, and the m¢, X me, rectangular matrix W’ has
the entries M (ék) with the column index ¢. The identity matrix I,.; has the
dimension Nye; X Nye;. As points ék, we choose the Gaussian quadrature points
with respect to the interval .#,, at which we interpolate the time integrals in
the Galerkin form. Employing the determined values at the test nodes, the
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Galerkin form (B.39) leads to the stopping criterion

Gl 2317 ()| =

(n)RE.,.(Z)| < tolevo (B.49)

where tolevo is a small tolerance that indicates the notion ‘numerically zero’.
The virtual viscous dissipation 6i*"™°(n)z™°(n) in the residual can

be rewritten by recalling Equation (4.15) for the approximated viscous

deformation rate tensor. Thus, the last term of the residual takes the form

v {2 vi e (mzemn?) + (v - 25 e mn?} - @so
Ta dim

Since the integrand of Equation (B.50) is identical to the approximated
internal dissipation D™¢(n), this stopping criterion means that the
difference between the temporally averaged non-equilibrium dissipation and
the temporally averaged viscous dissipation is numerically zero, which is a
discrete counterpart of Equation (2.72). Hence, we stop the iteration if the
relation

TKn,e

mnwm—MmewmkwMo (B.51)

holds for a small tolerance tolevo. In this way, we use a physically motivated
stopping criterion in contrast to the usual mathematically motivated stopping
criterion of comparing any norm of the unknown nodes with tolevo. The
advantage of the stopping criterion (B.49) is that the deformation of the
element is taken into account, and so scaling problems are avoided.

B.1.6. The total increment of the global mechanical Galerkin form. Since the
Galerkin form G;..(Z; 6i”™¢(n)) is numerically zero after the local iterative
solution procedure, the increment in Equation (B.40) is numerically zero as
well. Therefore, assuming an especially small tolerance tolevo, the fundamental
lemma of calculus of variations approximately leads to the increment

n,e n,e n.e n,e -1 n,e n.e
Ain7e(n) = — [KEVO (n)] conKEvo (7]) Ax™C — |:KEVO (n)i| kEvo (7]) Ao™
(B.52)
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By employing this equation in the increment A;G eq, Of the global mechanical
Galerkin form, we are able to express the increment Ai"™°(nm) pertaining
to the internal variable vector by means of the increments of the nodal
positions and nodal temperatures. Hence, we have to combine all the temporal
nodes of the internal variable approximation in column vectors, before we are
able to eliminate the increment. Then, we assemble the spatial nodes, and
subsequently, we combine the temporal test nodes. In this way, the increment
AGeon takes the form

Meq
n.e,j n,e,j
AGuean(Z30x°7) = 37 A\ oxye [KEE Axme 4 ki Ao™]
J
j=1 e€Ner

= i 5x2’j" Kl Ax™ + i Ox5 ," ks Ao™
— =

n n
= (SX*’n KI\/IeC Axn + (;X*’n kMeC AO”

(B.53)
where
n,e,j -1 n,e e
KMee = L ConKMec (KEVO( )) conKEvo (?7) JOA(’I'])
. (B.54)
n,e,j n,e,j -1 n,e
kIVIeC = / ConKI\/IeC (KEVO ( )) kEvo (7]) Jg (T’)
)

The total increment pertaining to the discrete mechanical Galerkin form then
depends only on the increments of the nodal positions and nodal temperatures.
After employing this increment in Equation (B.4), we arrive at the linearised
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equation

*,m 1 *,M A 1A n
Gmeen (25 0% )+W5x [AB A®M] Ax"—

n n n
— 5X*’n |:GeoKInt +MatKInt 7KMec:| Axnf

n n n n
— (;X*’n |:GeoKEnh +MatKEnh +NumKEnh +DenKEnh AX”*

— (SX*JL |:k177;1t +k]’gnh —klzl/[cc:| Aon = O

(B.55)
Note that the coefficient matrix of each increment in Equation (B.52) can be
interpreted as the solution X of a matrix equation of the general form AX = B,
which means, in a computational implementation, we have not to calculate
the inverse matrices explicitly.

B.2. Discrete thermal Galerkin form

In this section, we linearise the Galerkin form associated with the discrete
weak form of the entropy evolution in Equation (A.39). We define the residual
of this weak form as the discrete thermal Galerkin form

Gther(g; 60*7”) = 60*7” [S‘:lra + s:;t] -
(B.56)
—h™60*™ [Si, + Sly, + Sii + Sie] =0
We obtain a linearisation analogous to Equation (B.4) pertaining to the
discrete mechanical Galerkin form.

B.2.1. The x-increment of the thermal Galerkin form. We start with the
linearisation in the column vector x" including the nodal positions. Since
the column vector Sy, associated with the internal energy density jump,

n

only depends on the initial positions, we immediately linearise the vector S;.,
associated with the entropy rate. The linearisation leads to the incremental
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virtual energy

d
60" " Axsgat(ff) = do™" E Sgat(x” +sAx™, 0", ime(n))
s=0
= 50"" KRat AX" (B.57)
Men cme k-‘rl ’ﬂ e“] ne
= Z A (SO Z Axak+1
—1 eENY, k=1

According to Equation (A.31), we have to apply the directional derivative
to the entropy approximation at the time nodes. Since the entropy directly
depends on the right Cauchy-Green tensor, we arrive via the linearisation of
C.: , (n) at the third-order B*-tensor, defined in Equation (B.11). Taking
the definition of the stress-temperature tensor into account, we obtain the
matrix blocks

k+1,,n 6, ; e *,m,e,0 *,M,€ e
Kl Ak /@ e () €575 (1) BL (1) J6 () (B.58)
]

of the global tangent matrix KRat.

Since we neglect a heat surface density field @, which depends on the
current position in the ambient space, the x-increment of the external load
vector S, vanishes. The next step is therefore the linearisation of the
temporally averaged entropy input arising from conduction of heat, given by

Men

50" ASEL(2) =Y A doyme Z KSR axze (B.59)

j=1 e€EN k=1

Here, we have to linearise the determinant J2»¢(n) of the deformation gradient.
Regarding Equation (4.20), this determinant coincides with the quotient of the
Jacobian determinant pertaining to the approximated deformation mapping
by the Jacobian determinant J§(m) of the spatial parametrisation. Then, we
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linearise the conductivity tensor on the spatial parent domain, and obtain so
the matrix blocks

&= — [ M M“l/ {96,;” OB gL BL™C JE | (B.60)
Z)

€12 Q41
X o} *

where

n,e,0 deth’e n,e,n0 *,n,e,0 n,e,0
canL e () = ko SO i s () - 6L ()}

5(n)
(B.61)
The column vector ic n) coincides with the matrix notation
vecs((C"(n))~1) of the inverse right Cauchy-Green tensor on the spatial
parent domain. The symmetric fourth-order tensor in Equation (B.61) is
defined by substituting in Equation (B.17) the tensor C,“"(n) for the tensor
c4(n). ,
Since the internal dissipation D*™€ and the algorithmic production of
entropy in Equation (5.23) both do not depend on the nodal positions, we
obtain no further x-increments.

TL€!_\(

B.2.2. The o-increment of the thermal Galerkin form. Now, we determine
the increment of the temperature node vector. First, we linearise the first
bracket in Equation (B.56), and obtain

A 50* ,n,e 1k7’}‘r§ 1A0n € —+ mze” A 50* € ﬂf kk?{aet’]AOn ¢ (B62)
eeNg, =1 eeNS

In the first term, we obtain no temporal summation, because the column
vector S[.. pertaining to the entropy trace at the spatial element nodes

depends only on the first temporal node, and is solely related with the
variation at the first time node. Hence, the tangent includes only one non-
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zero block matrix, which is given by

1, n,e,l e 8772’16(17) [[égf(n)]] *,€e e
kTre _/%n (n){ 96, {192;8(77)}2}" (n) JE(n) (B.63)

In contrast, the column vector S, depends on all unknown temperature
nodes, because, according to Equation (4.10), the averaged entropy rate arise
from an interpolation over the entropy rates at the time nodes. Thus, for each
unknown time node, we arrive at tangent matrix blocks similar to the first
term of Equation (B.63), which means

n,e, i e na;ce n *,€ e
= A [ ) PB e g | (o)
Z| ag

Next, we linearise the column vector S” , of the entropy input over the
boundary. Since we solely assume a time-dependent normal heat flux Q ( )
during the motion, we have to apply the directional derivative only to the
corresponding boundary element matrix in Equation (A.37). Hence, we obtain
the linearised form

50" ASE(2) =S Aoy Z Ko’ Ao (B.65)
j=1 eeNel
where
k, m,e,j R / %NCNQJ(? forc,ae,/i/e,
kExt, :_/M]M aggm{@a7 }2
Tl 0 for ¢,a € NG \ANS\AS

(B.66)
denotes the corresponding blocks of the tangent matrix. In order to arrived
at matrix blocks which corresponds to all free nodes, we extended the matrix
with zero entries, as already shown above in this work.

The linearised form of the assumed entropy flux field in the body is split
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into two parts, given by

50" ASI(2) =S Aoy {Ge’ék&i’j n Ma’ik&i’j} Ao (B.67)

j=1 eENS k=1

First, we obtain a geometrical part by linearising the Piola-Kirchhoff heat
flux, and second, a material part from applying the directional derivative to
the temperature in the denominator. Taking into account the Jacobian matrix
of the shape functions in the first part and the definition of the temperature-
B-tensor in the material part, we obtain the tangent blocks

n,e,j . @)
Gekodw! = —/ M Mk/ %QDHEQ K" (Dn%)" J§
g5 B {905 } (B 68)
R UNCR ] . 2 Qoo n.e .
Ma]ZkCéu,j = / M Mk/ T393a7 kZ,E,D n*° Jg
ﬂc:] B {Qa }

where we used the symmetric conductivity tensor with respect to the parent
domain as square matrix and as column vector, respectively.

The linearisation of the entropy production Sy pertaining to the internal
dissipation leads to one tangent part only, because D™ solely depends on the
internal variable tensor. The corresponding block matrices read

k

n.e.d . Dint,n,e
kb= — | M’ (a) M*(a) / n®(n) =2 ()
gg

= {653°(n))2 n"“(n) Js(m)| (B.69)

We split the linearisation of the additional weak term in Equation (5.23)
in two parts. First, we linearise the temperature quotient behind the test
function. We arrive at a material tangent part. Then, we linearise the
denominator of the large fraction. Thus, we arrive at the linearised form

Men Men )
k, n,e,j

50"" 4,85, (%) =Y Asorme S {Ma"ékﬁﬁ’j + penkiig } Ao¢  (B.70)

j=1€eENG k=1
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In order to write this matrix blocks in compact form, we introduce a shorthand
notation for the large fraction in Equation (5.23). The numerator is denoted
by the symbol Nj;"(n), and the symbol D7;"(n) accounts for the corresponding
denominator. Using this notation, we obtain the element matrices

. €0 9gn,e
k, n,e,j . N 19 = 9
Matkalg = _/ MY Mk/ n® D “oa T ||LZ,6||4n*,e Jéz
g B

m D%D Qn,e 3
e ; } (B.71)
penkis? = — / M / ne B Y e gt pte g
sy Jee {DB'} {64}
where gre(m) ©
4 o \7 [e%s) >
Denng (1) =/2M"(a) e 2o ()] (B.72)
g {05°(n)}

denotes the linearisation of the denominator with respect to the k-th time
node.

B.2.3. The i-increment of the thermal Galerkin form. The column vector
S, arising from the internal energy density jump only depends on the first
time node of the internal variable. However, the column vector S, associated
with the entropy rate and the column vector S[,, pertaining to the internal
dissipation depends on all time nodes. Hence, a linearisation of these vectors

leads to the incremental virtual energy

o™= *,m,e — k41, ,m,e,j k+1 ,m,e,5 e e
Z A 50023_ ’ Z /gg { ConKRat](n)+ ConKDis ](n)} Ala;c+1(7’) JO (77) (B73)
j=1 €€ k=170

The linearisation of the entropy rate with respect to the internal variable at

the time nodes leads to the partial derivative of the non-equilibrium stress

with respect to the temperature. Using the matrix form of this tensor, we

obtain the row vectors yg;™" at the unknown time nodes. We summarise the
*,Mn,e

linearised internal dissipation in a time-dependent row vector d;;"'“ pertaining
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to each unknown node. In the end, we obtain the tangent blocks

k+1 1€, 1 *
Con Krac” () = [AP*+1 n®(n) Doy (n)
_ B.74)
k+1,,n.ej M](O[) e k+1 gx,n,e (
Con KDis n) = n,e n-(n isdoz7 ~n
) = [ o) 2 )

The linearisation of the internal dissipation consists of the incremental value
pertaining to the squared trace of the viscous deformation rate tensor on the
one hand, and pertaining to the trace of the squared viscous deformation rate
tensor on the other hand. Hence, we obtain a sum of two row vectors

* n,e 2 V ev * *
"R dy ™ () = tr (L (m)) (VV01 - d) Rty () + 2 Vae, B0 AR ™ ()

Naim
(B.75)
The first row vector is associated with the ‘viscous’ Lamé parameter, and the
second is multiplied with the deviatoric viscosity parameter. Since both row
vectors are based on the linearised form of the viscous deformation rate tensor,
they are similar in the structure. The row vectors arise via the transposed vec-
operator from the tensor components

ne M+ (a)
[Mada )P = ———

(T () 1127~

2 M (@)L () (T () 71122

[oteda ()P = —— = [Lo ()" g[(La () 7'~

—2 MM (@)L ()] ALy () 5 (T (m) 177
(B.76)
In a final step, we determine the i-increment of the algorithmic production
of entropy, given by the column vector S, in the thermal Galerkin form.
According to Equation (5.23), we divide the tangent matrix corresponding to
this increment in three parts. The first (material) part is associated with the
linearisation of the squared norm of the viscous deformation rate tensor, given

by the row vector lﬂgld:”’e(n) in matrix form. The blocks of the material
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tangent therefore reads

Np5'(n) 29%¢(n)
D3’ (m) {02°(n)}

SRR () = [ 207 (@) )
I

Z Lo (m)lI* "igda™ (n)

B.77)
where
rk+1 o
e le? = S ) L

=2 M (a) (T (m) 1 PALE™ ()] P[0 ()] 57

The second part arise from the linearisation of the numerator N5 (n) in
Equation (5.23). The numerator consists of the time integration of the internal
dissipation D on the temporal parent domain, whose linearisation is already
given by Equation (B.75). The tangent matrix blocks take the form

k1, e, ; 1 I c(n) 4 .
NumKalg™ () = [ M7 (@) n®(n) -2 o L ()| Numd 5 (1)
’ Lz Dp'(m) {or(m)}”°
(B.79)
with
Numd 0 () = [ KRN () — [ KL (n) (B.80)

In the denominator, the derivative in direction of the i-increment also
concerns the squared norm of the viscous deformation rate tensor. However, we
have to integrate this linearisation with respect to time, using the integration
rule pertaining to the entropy evolution equation. Hence, we arrive at the
block matrices

k+1,,m.,] i e NBD 19276 n,e| 4 *,m,e
DenKAlg (T]) = —/ M’n ||La’ || Denda’ ? (B81)
o (D%7Y {oney? ko
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wherein

*,M,e 19276(17) n,e ? 9 *,Mn,e
oodcn = [ 2{ G re ) St @)

denotes the row vector pertaining to the linearisation of the denominator. By
summing up all the tangents in this section, the total increment of the thermal
Galerkin form with respect to the internal variable element vector i is given
by

AGuer(Z5 007" = > A dozme / conK'The(m) A () T (m)  (B.83)
B

j=1 e€ENy o

where

n,e,j n.e,j

Coani]ee’j(n) = conKRat (T’) — h" conKDis (7’)7
(B.84)

n,e,j

— hn {MatKZ’leg,j(’r’) — NumK Alg (77) — DenKK’l‘;’J(n)}

defines a shorthand notation for writing the total increment of the thermal
Galerkin form in the next section in a more compact form.

B.2.J. The total increment of the thermal Galerkin form. The increment of
the internal variable vector at any point in the spatial parent domain is given
by Equation (B.52). Hence, we employ this equation in Equation (B.83), and
obtain the tangent matrices

Kitie’ = /@ conKTe (1) (KE;i(n)) conKEvG (1) JE (1)

(m)

(B.85)

kn,e,j N Kn,e,j Kn,e 71kn7e e
The = %Con The (7]) ( Evo (T’)) Evo (T’) JO (’{7)

which express the increment A;Gy,..(Z; 00*™) by means of the x-increment
and the o-increment. We assemble the spatial element nodes, and summarise
the blocks pertaining to the temporal test nodes in global tangent matrices.
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We obtain the matrix form

Men
AGuu(Z;507) = =3 Adoyme {K?fguxw n szfe’]Ao”’e}
j=1 e€ENy
= —§0""KThe AX" — §0""kThe A0"

(B.86)
The other tangent matrices are build up in the usual way. First, we assemble
the increments at the spatial nodes pertaining to each time node, and then we
substitute the summations over the time nodes by matrix products. Since the
temperature increment of the entropy trace is solely related to one unknown
time node and one temporal test node, the corresponding global matrix k'fra
is zero with the exception of the block in the upper left corner. In the end, we

arrive at the linearised equation

Giner(Z; 60%™) — h™ 50" Kéau AX™ + §0*" [KI{M —K%he} Ax"—
— W™ 50" [k%xt +k%is} Ao+

+ 50*”” |:kq‘ra +kgat 7k¥he:| Aonf

— hn 50*7’”‘ |:Gcokgdu +Matkgdu +1\/Iatkglg +Dcnkxlg:| AO" = O

(B.87)
Applying the fundamental lemma of calculus of variations, the corresponding
residual vector can be solved in a global iterative solution procedure, together
with the linearised mechanical Galerkin form in Equation (B.55).

B.3. Global iterative solution procedure

After linearising the global mechanical as well as the thermal Galerkin form,
we determine the increments in an iterative solution procedure. First of all,
we initiate the unknown position nodes by using the mechanical residual
vector. We neglect in the mechanical residual the implicit terms, and solve the
resulting system of algebraic linear equations for the unknown position nodes.
In this way, the unknown position nodes are initiated by initial velocities and
external forces. The unknown temperatures and internal variables are simply
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initiated by the corresponding values at the initial time points, because in the
associated residuals all terms are implicit.

Then, the increments can be determined simultaneously with one large
linear algebraic system, or successively with three small linear algebraic
systems. We choose the last option. We first eliminate the o-increment in
the global mechanical residual, and then determine the x-increment. Finally,
we update the o-increment (compare the solution procedure in Laursen &
Meng [184]). According to Equation (B.87), the temperature increment reads

A0" = — [k " [Riner(2) + Kij o AX"] (B.88)

where Ryp..(Z) denotes the residual vector corresponding to the thermal
Galerkin form. We summarise the tangent matrices of the x-increment in the
matrix KJ},_., and the tangent matrices associated with the o-increment in the
matrix k{},.,.. We employ Equation (B.88) in the residual equation arising from
the global mechanical Galerkin form, and obtain the linear algebraic system

{XnK:Lhcr - Kgcch} Axn = RmCCh(D@p) - X'fl Rthcr(g) (B89)

The coefficient matrix X" of the thermal residual vector Ri..(Z) and the
thermal tangent matrix KJ, ., respectively, defines the coupling to the global
thermal Galerkin form. This matrix can be determined without an explicit
inversion of the matrix k{},., by solving the matrix equation

nyn  _ Ln
X kther - kmech

(B.90)

for the thermal coupling matrix X" as an intermediate step. Having solved
these two linear algebraic systems, we update the o-increment. We employ the
new x-increment in Equation (B.88), and solve the linear algebraic system

_k?heern = Rther(-go) + K?herAXn (Bgl)

for the o-increment.

The iteration proceeds till a prescribed convergence criterion is fulfilled.
Analogous to the local iterative solution procedure, we stop the iteration
loop if the considered Galerkin forms are numerically zero. In the global
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iterative solution procedure, we solve three Galerkin forms in one global
iteration. Hence, we derive from all Galerkin forms one physically meaningful
equation, whose absolute value has to be less than a small tolerance tol. Since
the weak forms are inherently energy consistent approximated, we arrive at
real energy and work terms, respectively, by substituting the variations of
the weak forms by real values. A physically motivated convergence criterion
for all Galerkin forms then follows from the directional derivative of the
approximated negative relative internal energy along the continuous time

curve v (s) = £(t + s) in the n-th time element, given by

L[ 026 = 13 (OLA B (014 + (17 (X)am L (X))

Bo

(B.92)
By using the time transformation in Equation (4.2), we transform the
integral and the time derivatives in this equation to the temporal parent
domain. We are able to relate the first term of Equation (B.92) to the discrete
thermal Galerkin form, because the relative temperature field is an admissible
test function. The relative temperature nodes “;¢ therefore coincide with
the variations 66, of the thermal Galerkin form. Combining the relative
temperatures of the mesh in the global column vector u™, the first term of

Equation (B.92) is equivalent to

Nel

=S [ [0 om0 < sy, (B.93)
e=1 @

e
0

Next, we relate the second term of Equation (B.92) to the discrete
mechanical Galerkin form. Therefore, we determine the corresponding
variations. Since the time derivative of the deformation field is an admissible
test function, the variations of the nodal positions are given by

6X*’n — )~(*,n ——— (W/)T<W)_T ® Iga (B94)

where I, denotes an n, x n, identity matrix. The real n, coincides with
the number |A4,,\.A4,| of the free position nodes of the mesh. Taking these
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variations into account, the second term of Equation (B.92) reads

Nel

2 /,,/ [P (X)), (L (O, =X FL, (B.99)

In the last term of Equation (B.92), the integrals have to be interchanged by
using Fubini’s theorem, in order to employ the local mechanical Galerkin form.
Subsequently, using the corresponding test nodes given by Equation (B.48),
this integral can be written as

Nel

S [ Lm0 i o =3 [ F Ny gt .09

B e=1 m]

by transforming the spatial integral to the corresponding parent domain.
Employing Equations (B.93), (B.95) and (B.96) in Equation (B.92), the
temporally averaged rate of the negative relative internal energy can be
written by the nodal vectors in the corresponding residuals. We arrive at
the sum

Nel

ST KR Y /J 7 )y () JE () (B.97)
e=1Y%0

By definition, each Galerkin form is identical zero. Hence, each Galerkin form
is related to a corresponding residual equation. Each term of the sum in
Equation (B.97) can be therefore expressed by the corresponding Galerkin
form, and we arrive at the residual equation

Goner(Z30°™) 4 G (255" =S [g G225 () JE(m) = 0 (B.9S)
e=17%0

This residual equation is zero only if the global and local mechanical Galerkin
form as well as the global thermal Galerkin form is zero. Hence, we stop the
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global iteration if this residual equation is numerically zero, which means

Gther(g U g ) + Gmech(g x / vac ~* " e( )) JS("?) < tOl

(B.99)

Since the convergence criteria is derived from the temporally averaged rate

of the negative relative internal energy, it has a concrete physical meaning by

taking into account the definitions of the terms in the Galerkin forms. The
first term of Equation (B.98) is given by

Giner(Z5u™") = E(117) — é(t”>+

LJ g / L ‘3? @)

where the index 7 at the n-th time element .7 indicates the time integration
rule in the thermal weak form, and the energy & (%) denotes the relative
internal energy at the first time node 7" (1) of the time evolution. The second
term of Equation (B.98) associated with the global mechanical Galerkin form
reads

™y

Gimea(Z3%7) = T(E"1) 4+ E(4) = T(t") — £(t})-

- [ e cor-
T JABq
[ faweneos [ ] eeons i eor
T B, n
(B.101)
In the last term of Equation (B.98), the local mechanical Galerkin forms of

all elements are spatially integrated and summed up. Accordingly, this term
coincides with the difference of the non-equilibrium dissipation and the viscous
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dissipation pertaining to the entire body, which means
Nel
> [ Guelz® assm = [ [ (1200 (1 0042
e=1 B T JBo

O
- [prex)
T Jaa,
(B.102)

Note that the internal dissipation in Equation (B.100) is integrated
with the quadrature rule associated with the mechanical evolution
equations by virtue of the algorithmic production of entropy. Employing
Equations (B.100), (B.101) and (B.102) in Equation (B.98), the relative
internal energies & (t) as well as the non-equilibrium dissipation and viscous
dissipation terms vanish. Equation (B.98) then reads

T + £ —T(t") — (") + / / O pietn(x)—
Tn

7 Ja, O (X)
[ fEreeeor- [ [ S -0

(B.103)
Assuming conservative mechanical loads and vanishing thermal loads as in
Section 2.3.2, the stopping criterion for the global iteration loop means that
the absolute value of the stability estimate (5.27) is less than the small
tolerance tol. Consequently, we also use a physically meaningful stopping
criterion in the global iterative solution procedure.

The advantage of this stopping criterion is that the unknowns are
naturally scaled while checked. Hence, great different values pertaining to the
nodal displacements and nodal relative temperatures do not lead to scaling
problems. Note that the convergence criterion in Equation (B.99) also works
without the additional weak terms in the global Galerkin forms. However, the
physical meaning is no longer that of a stability estimate.



C. NEO-HOOKEAN MODEL FOR ISOTROPIC MATERIALS

In this appendix, we derive the thermo-viscoelastic free energy, used
in the numerical simulations. We consider elastomeric polymers with
internal damping, which are isotropic and highly deformable. On the
one hand, we have to distinguish between solid and foamed elastomeric
polymers. Solid elastomeric polymers are nearly incompressible, whereas
the foamed elastomers are compressible. Therefore, we apply a model
for an isotropic compressible hyperelastic material, which describes an
incompressible material in the limit.

On the other hand, the free energy of elastomeric polymers at fixed
elongation depends on the relative temperature field of the material. We
assume a constant specific heat capacity and derive a corresponding purely
thermal contribution to the free energy. A constant specific heat capacity is
justifiable for limited compressible materials with a sufficient accuracy (see
Simo [156]). Also known is that a slight thermal expansion of elastomeric
polymers governs the thermoelastic inversion phenomenon, which describes an
initial cooling and a subsequent heating while stretching (see Holzapfel [135]).
Hence, we extend the free energy by a thermo-mechanical contribution,
modelling thermal expansion.

C.1. Model for incompressible hyperelastic materials

The considered polymers are composed of a network of long-chain molecules.
This network is a randomly coiled bundle of molecule chains, which are
chemically cross-linked (see Holzapfel [135]). Purely elastic behaviour occurs
if the chemical crosslinks are permanent, whereas viscoelastic behaviour
is governed by reforming processes of weak chemical interactions (see
Reese [107]). In a stress free configuration, the network is in a state of
maximum entropy. If the molecule chains are extended, the entropy is
decreased.

We consider a homogenous deformation of a specimen %, with the principal
stretches A}, ..., A\j¥™ in the current configuration %;. Recall that a squared
principal stretch coincides with the corresponding principal value of the right

183
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Figure C.1. On the left, the isolines of the free energy ¥,"°(X) with shear modulus
u="17.5J/m? is depicted in the two-dimensional case (naim = 2) in the principal
stretch space ()\1, >\2). The colours indicate the values of the free energy in Joule
per square meter. The local minimum point of this free energy lies in the origin of
the principal stretch space, and not in the intersection point of the dashed lines,
denoting an undeformed current configuration. The value of the free energy in the
origin is negative. On the right, the isolines of the free energy, plotted versus the
first principal stretch A! at constant second principal stretches A%, are depicted. The
colours therefore denote the value of the second principal stretch.

Cauchy-Green tensor. The material is idealised as totally incompressible, such
that there is no change in volume on deformation. The stretching do not lead
to a storage of potential energy in the molecule chains. The change of free
energy is rather determined by the degree of order of the chains, and thus by
the entropy difference

Ap(X) = _NkTm { f (X)) - ndim} (C.1)

i=1

of the network. Here N denotes the number of chains in a unit volume in
the network, and k the Boltzmann constant. The coefficient m arise from
different end-to-end distances of the molecule chains in the network and
detached from their network. The free energy of the network follows from
the change of entropy by integrating Equation (2.48) with respect to the
temperature. We obtain the Neo-Hookean free energy at the point X in the
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Figure C.2. On the left, the isolines of the principal value P} (X) associated with
the free energy Wi"°(X) corresponding to the shear modulus pu = 7.5J/m? are
depicted in the principal stretch space ()\1, /\2). The colours indicate the values of
the principal stress in Joule per square meter. On the right, the isolines pertaining to
the principal stress P} (X)), plotted versus the first principal stretch Al at constant
second principal stretches A%, are shown. The colours denote the value of the second
principal stretch. Since the first principal stress do not depend on A2, only one curve
is visible.

reference configuration %, of the specimen, given by

e (x) = { 3 (X)) - n} (©2)

i=1

The parameter p > 0 denotes the shear modulus or first Lamé constant of the
specimen, and coincides with Nk m©,, for a purely mechanical contribution
(see Holzapfel [135]). The initial free energy in the undeformed reference
configuration is set to zero. Since the sum in Equation (C.2) coincides with the
trace of the right Cauchy-Green tensor C;(X), we arrive at the free energy

v, (X) = % {[C«(X)]ap 6% = N } (C.3)

The free energy in Equation (C.2) or Equation (C.3) vanish in an
undeformed state, achieved by unity principal stretches or a deformation
¢, = id, respectively. However, this state is not a local minimum of the
free energy (see Figure C.1). Therefore, the reference configuration and a
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Figure C.3. The solid line denotes the In(J) function. Its derivative 1/.J is depicted

as chain dotted line, and its tangent J — 1 in the root is plotted as dashed line. The

dotted line designates the function 1+ J?, which is always greater than In(J) or
J — 1, respectively.

rigid body motion is not stress free, which can be verified by means of the
principal stretch space (compare Knowles & Sternberg [185]). We consider
the directional derivative of the free energy ¥/»°(X) along a continuous time
curve, and identify the partial derivative

Winc X .
O] pvix) ()
as the principal value P/(X) of the first Piola-Kirchhoff stress tensor in
direction of the principal stretch Ai(X). Thus, these principal stress values
coincide with g > 0 in the undeformed configuration (see Figure C.2). Further,
the free energy do not tend to infinity, and the stress to negative infinity, under
infinite large pressure load. That means the conditions

e 0w (X)
)\lllglo 7" (X) — oo and )\1}210T — —00 (C.5)

are violated. These properties, however, are necessary for a free energy to
be meaningful in the large deformation range. Therefore, we modify the free
energy function (C.3) in the next subsection.

Nevertheless, Equation (C.4) implies the strict monotonicity of the first
Piola-Kirchhoff stress, which implies a strictly convex free energy in the
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Figure C.4. On the left, the isolines of the free energy ¥,"°(X) with shear modulus
u="17.5J/m? are depicted in the two-dimensional principal stretch space (A, A\?).
The colours indicate the values of the free energy in Joule per square meter. The
intersection point of the dashed lines indicates the minimum point of the free energy
at the point (1,1), associated with an undeformed current configuration. The value
of the free energy in this point is zero, where the free energy tends to infinity in the
limit zone of zero principal stretches. On the right, the isolines of the free energy,
plotted versus the first principal stretch A' at constant second principal stretches
A2, are shown. The colours denote the value of the second principal stretch.

principal stretch space (see also Figure C.1). A strictly convex free energy
with the equilibrium state as local minimum implies the equilibrium state as
strict minimiser of the Lyapunov-like function in Equation (2.113) (compare
Ciarlet [133]). In turn, this is a necessary condition for formal stability of
the equilibrium state during a motion (see Simo et al. [137]). Generally, a
free energy ¥;(X) is strictly convex in the principal stretch space, if for any
51 € [0,1] and two distinct points A,(X) and A;(X) in the principal stretch
space, the inequality

U(s1X0(X) + (1= s1)M(X) < 51 P (Ae(X)) + (1= 51) T(A(X))  (C.6)

holds (see Ball [186, 187], for instance). Considering a free energy being
symmetric in the principal stretches, which means the free energies of arbitrary
permutations of the principal stretches coincide, the graph of the free energy
is symmetric about the diagonal of the principal stretch space (compare
Figure C.1). Hence, we investigate the free energy as a function of one principal
stretch Ai(X), i € %4, and consider the remaining principal stretches ] (X),



188 C. NEO-HOOKEAN MODEL FOR ISOTROPIC MATERIALS

—~ 3 ~10 g 10
N = 5
o 25 —20 2 -2 ‘
~ _ = _30

2 30 "

0.5 1 1.5 2 25 3 35 4 45 5 0.5 1 15 2 25 3 35 4 45 5

A (1) A (1)

Figure C.5. On the left, the isolines of the first principal stress P} (X)), associated
with the free energy ¥ "°(X), are depicted in the principal stretch space with a shear
modulus u = 7.5 J/m2. The colours denote the stress value in Joule per square meter.
The first principal stress is zero in the equilibrium point, and tends to negative
infinity as the principal stretches approaches to zero. On the right, the isolines
pertaining to the principal stress P} (X), plotted versus the first principal stretch
Al at constant second principal stretches A2, are shown. The colours denote the
value of the second principal stretch. Since the first principal stress do not depend
on A2, only one curve is visible.

j € Az \ {i}, as parameters. We apply Inequality (C.6) twice. First, on \i(X)
as first point and a perturbed state A:(X) + so AN (X)), s2 € (0, 1], as second
point, and then vice versa. Subsequently, for any (non-vanishing) increment
AN(X), we obtain the relation

O (1 + 52 AN (X); M (X))
i

O (LN (X))

AN(X 4
)\t( )> a)\z

ANL(X) (C.7)

by differentiating these inequalities with respect to s; at s; = 0, and by adding
the obtained free energy differences. Here, the positivity of the real number so
has been taken into account. Equation (C.7) implies the strict monotonicity
of the principal values of the first Piola-Kirchhoff stress tensor (compare Kuhl
et al. [188]). Applying Equation (C.7) on the free energy in Equation (C.3),
we obtain the relation

521 (AN(X))? > 0 (C.8)

Since the parameter so and the first Lamé constant p are positive, the free
energy is therewith verified as being strictly convex in the entire principal
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Figure C.6. The left diagram shows the isolines of the free energy ¥y °™(X)
associated with the penalty function In(J;(X)), corresponding to a shear modulus
u="7.5J/m? and a second Lamé constant A = 3000J/m?. The colours denote the
value of the free energy in Joule per square meter. The diagonal of the principal
stretch space indicates the symmetry of the free energy function. The region
above the hyperbola-shaped curve represent the concave domain of the free energy
function. On the right, the isolines of the free energy, plotted versus the first principal
stretch A\! at constant second principal stretches A%, are shown. The colours denote
the value of the second principal stretch. In this perspective, the concave region is
obviously visible.

stretch space.
In cases, where the monotony condition (C.7) is not definitely fulfilled,
differentiation of this condition with respect to sy leads to the inequality

T (N(X); M (X))
ONON

(AN((X))? >0 (C.9)

After substituting an equality sign for the inequality sign, this condition is
useful in order to localise regions in the principal stretch space, in which
the principle values of the first Piola-Kirchhoff stress decrease (see the next
section).

C.2. Model for compressible hyperelastic materials

Since a real solid elastomeric polymer is not completely incompressible, and
foamed elastomeric polymers are compressible, we extend the free energy
in Equation (C.3) to the compressible range, such that a unity Jacobian
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Figure C.7. In the left diagram, the first principal stress P} (X), associated with
the free energy ¥;°™(X) corresponding to the penalty function In(J:(X)), is
displayed in the principal stretch space (shear modulus p = 7.5J /m2 and second
Lamé constant A = 3000J/m?). The colours denote the value of the first principal
stress in Joule per square meter. The region above the hyperbola-shaped curve
indicates a domain of decreasing stress value. The right diagram shows the isolines
pertaining to the principal stress P} (X), plotted versus the first principal stretch
! at constant second principal stretches A\?. The colours denote the corresponding
value of the second principal stretch. In this perspective, the decreasing of stress is
obviously visible.

determinant J;(X) will be reached in the limit of incompressibility.
We start by adding a linear combination of a function H depending on the
Jacobian determinant to Equation (C.3), such that we obtain a free energy

P(X) = U (X) + a H(J(X)) (C.10)

We determine the parameter a and the function H so, that the free
energy (C.3) has a local minimum at a unity Jacobian determinant or unity
principal stretches, respectively. Considering the directional derivative of the
free energy ¥i*(X) along the continuous time curve, the partial derivative

0 (X)
O

Ji(X)
AH(X)

= uN(X) + a DH(J,(X)) (C.11)

denote the corresponding principal value Pf(X) of the first Piola-Kirchhoff
stress tensor associated with the principal stretch A}(X). The function
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Figure C.8. On the left, the isolines of the free energy ¥;°™(X) corresponding
to the penalty function J;(X) — 1 are plotted versus the first principal stretch \!
at constant second principal stretches A\? (shear modulus y = 7.5J/m? and second
Lamé constant A = 3000 J/m?). The colours denote the value of the second principle
stretch. In the limit of incompressibility, the free energy at the lower boundary of
the principal stretch space tends to the half second Lamé constant. On the right, the
isolines pertaining to the corresponding principal stress P} (X)) are plotted versus
A!. The colours also indicate the value of the second principal stretch. In the limit
of incompressibility, the principal stress vanish in the origin of the principal stretch
space, which indicates a saddle point of the free energy.

DH(J;(X)) denotes the Fréchet derivative of the function H(J;(X)). Since
the minimum of the free energy is defined by vanishing partial derivatives of
the free energy with respect to each of the principal stretches, the equation

(N(X))* = —% DH(J:(X)) J(X) (C.12)

has to lead to unity principal stretches \i(X), i € A4q. Further, the principal
values of the first Piola-Kirchhoff stress tensor has to tend to negative infinity,
if each principal stretch approaches to zero. Both is trivially fulfilled if
the parameter a is equal to the negative shear modulus, and the function
DH(J:(X)) coincides with the inverse Jacobian determinant J;(X) for all
times. The last assumption represents an ordinary differential equation with
respect to the Jacobian determinant. Integrating this ordinary differential
equation, we arrive at the function

H(J,(X)) = In(Jy(X)) + (C.13)
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Figure C.9. On the left, the isolines of the free energy ¥7°™(X) corresponding to
the penalty functions J;(X) — 1 and In (J;(X)) are plotted in the principal stretch
space (shear modulus p = 7.5 J/m? and second Lamé constant A = 3000 J/m?). The
colours denote the value of the free energy in Joule per square meter. On the
right, the isolines of the free energy plotted versus A! at constant second principal
stretch are depicted. The colours indicate the value of the second principal stretch.
Obviously, the free energy function is convex in the principal stretch space.

@eom (J/m?)

25 3

.'y)\l (1).

where ¢ denotes the integration constant (compare Figure C.3). Note that
this function H can be also derived from the statistical theory of molecular
chains by taking into account a change of volume in each chain (see Shu &
Wenji [189]). Since we still claim that the free energy in the undeformed state
vanish, the integration constant c also has to vanish. In the end, we arrive at
the free energy

7" (X) = 5 {[Ce(X)]a 6% — ngim — 2 In(Jy(X))} (C.14)

=

Now, we employ the determined parameter a and the function H(J;(X))
in the corresponding principal value of the first Piola-Kirchhoff stress
tensor, given by Equation (C.11). Taking Equation (C.7) into account, the
monotonicity of the first Piola-Kirchhoff stress tensor imply the inequality
condition

1 i
<A;(X) [N(X) + 52 ANL(X)] " 1) paa (AN(X)) > 0 (G13)
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Figure C.10. In the left diagram, the first principal stress P}(X), associated with
the free energy ¥ °™(X) corresponding to the penalty functions In(J;(X)) and
Ji(X) — 1, is displayed in the principal stretch space (shear modulus g = 7.5 J/m?
and second Lamé constant A = 3000 J/m?). The colours denote the value of the first
principal stress in Joule per square meter. The right diagram shows the isolines
pertaining to the principal stress P; (X)), plotted versus the first principal stretch
Al at constant second principal stretches A\2. The colours denote the corresponding
value of the second principal stretch. In this perspective, the strictly monotonically
increasing principal stress is obviously visible.

Since the principal stretch value A¢(X) and its perturbed value in the brackets
are both positive, this inequality is fulfilled for each increment AN (X).
Hence, the principal values of the first Piola-Kirchhoff stress tensor increases
monotonically (see Figure C.5), which imply the convexity of the free energy
in the principal stretch space (compare Figure C.4).

The next step is the extension to the compressible range. We apply a
penalty formulation

m(X) = B7°(X) + AG(J(X) (C.16)

by adding a penalty term, consisting of a non-negative penalty function G and
the positive constant A > 0 as penalty parameter (see Simo & Taylor [190]),
which coincides in the linear theory with the second Lamé constant. Again,
the function G has to vanish in an undeformed current configuration with a
Jacobian determinant J;(X) which is equal to one for all points X in the
reference configuration. Similarly, the corresponding principal values of the
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first Piola-Kirchhoff stress tensor, given by

Ji(X)
AHX)

() = w00 - 25 b+ ADGx0) (ca)

AHX)

has to vanish at unity principal stretches. In an undeformed current
configuration, the last term of Equation (C.17) vanish only if the Frechet
derivative DG vanish at a unity Jacobian determinant. Therefore, we assume
a function G being quadratic in a function G which itself vanish at unity
principal stretches. We obtain the functions

~ 2 ~ ~
X)) = 5 {GXN) and DEUL(X) = GUL(X)) DE(L(X)

(C.18)

Moreover, the function G has to fulfill further conditions to be physically

meaningful. First, when the continuum degenerates to a single point under a

pressure load, which is happened in the origin of the principal stretch space,

the free energy tends to infinity and the first Piola-Kirchhoff stress tends to
negative infinity, which means

Jim {G‘(Jt(X))} e x (C.19)
and
A ~ Ji(X)
lim G(J(X)) {DG(Jt(X)) A%(X)} o (C.20)

These conditions are satisfied if (1.a) G tends to infinity and the limit of DG
is negative, or if (1.b) G approaches to negative infinity and the limit of the
brace is positive.

Second, when the continuum expands to an infinite volume under tension,
which means each principal stretch \!(X) approaches to infinity, the free
energy as well as the first Piola-Kirchhoff stress tends to infinity in the sense

lim {C;‘(Jt(X))}2 0 (C.21)

At —o00
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and

~ ~ X
Tim G(J(X) {DG(Jt(X)) iEX;} I (C.22)
These conditions are fulfilled if (2.a) G tends to negative infinity and DG
approaches to a negative limit, or if (2.b) G tends to infinity and the limit of
the brace on the righthand side is positive.

The function In(J;(X)) and its tangent line J;(X) — 1 in the abscissa (see
Figure C.3) are two functions, which vanish in an undeformed configuration,
and are therefore two penalty functions

Gi(J(X)) =In(Jy(X))  and  Go(Ju(X))=J(X)—1 (C.23)

(compare also Shu & Wenji [189]). The function G satisfies the condition
(1.b) of the first case, however, violates the conditions associated with the
second case, because the corresponding partial derivatives with respect to the
principal stretches tends to zero according to L’Hopital’s rule. Applying the
convexity condition in Equation (C.9), the implicit functions

1+ (X)) + % {1—In(J,(X))} =0 (C.24)

therefore defines a bound of a depression in the profile pertaining to the i-th
principal value of the first Piola-Kirchhoff stress tensor (see Figure C.7). In
turn, this depression in the principal stresses imply a concave domain in the
profile of the free energy, which is extending while the positive quotient A/u
is increasing.

On the other hand, the function G violates the conditions associated with
the first case, because of its finite value at the lower boundary of the principal
stretch space. In the limit of incompressibility, the corresponding free energy
yem (X)) is therefore likewise bounded, and the principal values of the first
Piola-Kirchhoff stress tensor vanish in the origin of the principal stretch space
(compare Figure C.8). Nevertheless, the monotony condition

1
AHX) (AH(X) + 52 AN(X)

MSQ(AAi(X))Q{ +1+;\L(A{(X))2} >0

(C.25)
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corresponding to this free energy holds for any increment AM:(X), and the
penalty function G fulfills the condition (2.b) corresponding to the second
case.

Therefore, when applying both penalty functions, all conditions are satisfied
(compare Simo & Taylor [190]). Firstly, the free energy at any point X € %
tends to positive infinity, if the volume element V, at the corresponding
deformed point = € %; tends to infinity or zero, respectively (see Figure C.9).
Secondly, by applying the convexity condition in Equation (C.9), we obtain
the relation

AN(X)\ o2 o A -
i (S ) {1+ s+ [ w2 -1 <Jt<X>>]}>(t()J )

which holds because the bracket is greater than zero (see the illustration in
Figure C.3). Hence, the principal values of the first Piola-Kirchhoff stress
tensor are strictly monotonically increasing in the entire principal stretch
space (see Figure C.10), and the free energy is therefore strictly convex in
the principal stretch space without restrictions. Accordingly, we arrive at the
recommendable free energy function

7o (X) = £ {[C(X)) a5 674 = s — 2 I(J( X))} + 07°/(X) | (C.27)

I\DR:

where

(X)) = % {(In(J:(X)))* + (J:(X) — 1)*} (C.28)

for a compressible elastomeric polymer undergoing large deformations. The
first term determines the distortion of the material, and the function ¥;°'(X)
describes a change of volume. Further volumetric free energy functions can be
found in Doll & Schweizerhof [191] and in references therein.

C.3. Model for compressible thermoelastic materials

We now extend the free energy for describing absorption of heat and a
thermal expansion of the body (compare Carlson [192] for a contribution
within the linear theory). We show that a constant specific heat capacity
¢ > 0 is a consistent assumption in conjunction with the constant material
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parameters in Equation (C.27) and Equation (C.28). We supplement this
claim through a constant coefficient 8 of linear thermal expansion (compare
Simo & Miche [193]).

The specific heat capacity ¢ at constant volume is the incremental internal
energy de;(X) which is required for producing an incremental temperature
change d@;(X) in the volume element V,, corresponding to the point X € %.
Since a change in the temperature of an isotropic material only affects a change
of its volume, we view only the volumetric free energy in Equation (C.28) as
a function depending on the temperature ©;(X) of the body. According to
Equation (2.70), the corresponding incremental internal energy density reads

de (X) = {mX) + M} 46,(X) + 6,(X) dn(X)+
06 S8 (X) (C.29)

Taking Equation (2.48) as definition of the entropy into account, the bracket
drops out of the summation. Since at fixed volume the incremental change
of the Jacobian determinant is zero, the incremental change of the internal
energy density then takes the form

del*'(X) = 0,(X) 737’5(9"() do,(X) = gq;((" 9(; de,(X) (C.30)
with
v (X)
t = — —_— C.31
ne(X) 50 . (C.31)

Hence, the coefficient of the temperature differential dO;(X) in Equa-
tion (C.30) defines the specific heat capacity ¢ of the material.

This definition can be viewed as a partial differential equation for the
entropy, wherefore we integrate this equation with respect to the temperature
at constant Jacobian determinant. We obtain the entropy

m(X) = ¢ In(6,(X)) + M(Ji(X)) + K/ (X) (C.32)



198 C. NEO-HOOKEAN MODEL FOR ISOTROPIC MATERIALS

with the last two terms as integration constants. We choose K;'(X) such
that at ambient temperature @, only mechanical entropy M (J; (X)) remains.
We specify the mechanical entropy function M by incorporating a constant
coefficient a of thermal expansion, which determines a relative change of a
volume element by the relation

Ve =V
a{Qt(X)—QO(X)}:TXEJt(X)—l (C.33)
Determining the total differential of Equation (C.33), the coefficient o of
thermal expansion relates the incremental change of the Jacobian determinant

to an incremental change of the temperature of the body. For isotropic
material, the coefficient of thermal expansion coincides with ng;, 3, such that

0J(X)
00

(C.34)

ndim/B =

Accordingly, the coefficient of thermal expansion is a differential relation
between the arguments of the volumetric free energy ¥;°'(X).

According to Maxwell, there exist relations between primary variables
and their cotangent vectors after applying a Legendre transform (see
Holzapfel [135]). Therefore, we transform the volumetric (Helmholtz) free
energy into the Gibbs free energy

gi°(X) = (X)) = pu(X) (J(X) — 1) (C.35)

After considering the total differential of this Gibbs free energy, the
incremental change of the Jacobian determinant drops out if p;(X) coincides
with the cotangent vector of the Jacobian determinant, called the hydrostatic
pressure. Thus, the Gibbs free energy is a function depending on the
temperature and the hydrostatic pressure

oV (X) A

X)= —L "~ = ——{In(Jy(X Ji(X))? — J(X

pe(X) a7 orx) T(X) {In(J:(X)) + (J«(X)) (X))}
(C.36)

in the case of employing the volumetric free energy in Equation (C.28). By a

comparison of the total differentials pertaining to the left hand side and the
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righthand side of Equation (C.35), we arrive at the so-called Gibbs relations
corresponding to this function, which here defines the Jacobian determinant
and the entropy as partial derivatives of the Gibbs free energy. Applying
Young’s theorem of the symmetry of mixed partial derivatives of a continuous
function, we arrive at the Maxwell relation

0J(X)
00

377t(X)
Op

(C.37)

pe(X) 0:(X)

This Maxwell relation represents another partial differential equation for the
entropy. According to Equation (C.34), the left hand side coincides with the
coeflicient of thermal expansion. Therefore, integration with respect to the
hydrostatic pressure at constant temperature leads to the entropy

ov (X)

77t(X) = ndimﬂ o

+T(6:(X)) + K (X) (C.38)
A comparison with Equation (C.32) identifies the first term as the mechanical
entropy M, the second term as the thermal entropy arising from the constant
specific heat capacity, and the last term as the integration constant K;'(X)
in Equation (C.32).

Finally, employing the definition of the entropy on the righthand side and

integrating over the temperature at constant Jacobian determinant, we arrive
at the thermal volumetric free energy

PN = o3 2R

(C.39)
where we have taken into account that the total volumetric free energy has
to coincide with the purely mechanical volumetric free energy ¥y°'(X) at
ambient temperature. Thus, starting from a constant specific heat of the
material, we actually arrive at an additive split of the purely mechanical part
and a thermal part.

wie(X) = c{ﬁt(X) — 6,(X) In <
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C.4. Model for compressible thermo-viscoelastic materials

For describing a viscoelastic isotropic material, we introduce in Section 2.1.10
a symmetric Lagrangian internal variable field by transforming the right
Cauchy-Green tensor in the argument of its hyperelastic free energy. Thereby,
the elastic properties of the material remain unchanged. Here, we transform
the elastic Neo-Hookean free energy ¥;°™(X) in a viscoelastic Neo-Hookean
free energy

7 (X) =

=

{[At(X]AA s — 2 In( det(At(X)))} n
vy /det(4,(X)))

(C.40)

depending on the unsymmetric tensor A;(X). Then, we arrive at a thermo-
viscoelastic Neo-Hookean model for isotropic compressible materials, which
introduce viscous behaviour as well as the affects of absorption of heat and
thermal expansion, by defining the total free energy

| 0(X) = 05 (X) + 0 (X) + 9 (X) | (C.a1)

The iterative solution procedure of the weak forms is based on the first and
second partial derivatives of the free energy. Therefore, we state the second
Piola-Kirchhoff stress tensor according to Equation (2.45). By differentiating
the pure mechanical free energy ¥;°™(X) with respect to the components of
the right Cauchy-Green tensor, we obtain the mechanical part

(S (X)]4P = 6P 4+ F(J(X)) [(Cu(X)) 1P (C.42)
where

F(J(X)) = p(X)Jo(X)—n

(C.43)
= MIn(J(X)) + (Ju(X))? = J(X)} —

denotes a scalar function depending on the Jacobian determinant. The viscous
part of the free energy depends directly on the trace and the determinant of the
tensor A;(X), defined by Equation (2.39) via the right Cauchy-Green tensor.
Hence, we apply the chain rule of differentiation, and obtain the viscous part
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of the second Piola-Kirchhoff stress, given by
(ST (X))AP = u (LX) 4P + F(V/det(44(X)) [(Co(X)) AP (C.44)

The last term of the total second Piola-Kirchhoff stress tensor originate from
the mechanical entropy, which leads to the thermal expansion of the material.
We differentiate the free energy ¥ "°(X) with respect to the right Cauchy-
Green tensor, where we apply the chain rule for determining the partial
derivative of the Jacobian determinant. In the end, the thermal part reads

n imﬁ A9 (X _
1m0 (X))~ (H(X))? 1} (X)) AP
Ji(X)
(C.45)

In the viscous evolution equation, we need the non-equilibrium stress
tensor. According to Equation (2.44), it coincides with the negative partial
derivative of the free energy with respect to the internal variable. In the total
free energy in Equation (C.41), solely the viscous part depends on the internal
variable. Using a further abbreviation, we arrive at

S =

O = D 10,01 + 5 F(JATA ) [(T(X) 14 (C.46)

[2:(X)147 = [(L(X)) A9 [CuX)]en[(Te(X)) P77 (C.47)

denotes a symmetric tensor. By multiplying the non-equilibrium stress tensor
with the internal variable from the left, we obtain a stress tensor which
depends only on the tensorial argument A;(X) of the viscous free energy.
According to Equation (2.74), this tensor coincides with the Mandel stress
tensor. For the considered Neo-Hookean material, we obtain

[M (X)) 47 = p[A(X)] 47 + F(y/det(A4(X))) 5,7 (C.48)
Note that this tensor function is isotropic, according to the first representation

theorem, and therefore a consistent response function for the viscoelastic stress
of the considered isotropic material.
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Since the function ¥"¢(X) include the only terms of the total free energy
depending on the temperature field, the entropy are given by

Nim B A
Ji(X)

6, (X)

o0

ni(X) =

{In(J(X)) + (Jo(X))? — Jy(X) }+c In ( > (C.49)

In the material part of the x-increment pertaining to the global mechanical
Galerkin form, for instance, the partial derivative of the second Piola-Kirchhoff
stress tensor with respect to the right Cauchy-Green tensor is used (see
Equation (B.9)). This material tensor corresponding to the total free energy
in Equation (C.41) also consists of three parts. The mechanical part is given
by

[CCLAPOP = K (1) [C AP (O P = F(T) [saLa] PP (€.50)
with
K(J:(X)) = J((X) DF(Jy(X)) = M1 = J«(X) + 2 (J(X))*}  (C.51)

The fourth-order tensor syth(X ) is defined by the fully symmetric tensor
in Equation (B.17), applied to the right Cauchy-Green tensor C¢(X) instead
of to the right Cauchy-Green tensor cf in the spatial parent domain. The
viscous part ““LL,”(X) of the material tensor has the same structure as the
mechanical part, however, the Jacobian determinant J;(X) has to be replaced
by the square root /det(A;(X)) in the arguments of the functions F' and K.
The thermal part of this material tensor is given by

he Ndim AU _ _

[CC]Ltt ]ABCD _ % {2 . ln(Jt) o (Jt)z} [Ct I]AB [Ct I]CD+
Ndim AU

et f S{1 = () + (Ji)?} [yl APOP
t
(C.52)
In the linearised enhanced virtual work associated with the algorithmic global
force vector, we employ the partial derivative of the non-equilibrium stress
tensor with respect to the right Cauchy-Green tensor (see Equation (B.25)).

Since the internal variable tensor I';(X) is included only in the viscous part
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of the second Piola-Kirchhoff stress tensor, the total material tensor reads
1 _ _ 1
FOLJAPOP = K (y/Aet(A) [T 4 (GO 44 [5hL) 45D (C53)

The i-increment of the global mechanical Galerkin form is based on the
partial derivative of the non-equilibrium stress tensor with respect to
the internal variable tensor. Therefore, we differentiate the stress tensor
in Equation (C.46), and obtain the corresponding material tensor in
Equation (B.37) in the form

[NoaL PP = —E ([T ACIQ PP + (1)) 4P (2] PO+

HRJACIETEP + (24P (07 ]PC) -
F(v/det(A) {[T7 "A€L PP + (07 AP (071150} —
K (V/Aet(Ay) [T7 1A% (1717

(C.54)

Next, we determine the stress-temperature tensor T:(X), defined by
Equation (B.21), which occur in the linearisation pertaining to the numerator
of the stress trace tensor. Since only the thermal part Si"°(X) of the
second Piola-Kirchhoff stress tensor depends on the temperature, the stress-
temperature tensor reads

T,(X) = " (X)) — (R(X)P =1} (C/(X) P (C5)

For the o-increment of the global mechanical Galerkin form, we give the partial
derivative of the non-equilibrium stress and the entropy with respect to the
temperature field of the body. The former partial derivative vanish for the
total free energy (C.41), however, the incremental temperature change of the
entropy is given by
87715 (X ) - C
00  0,(X)

where ¢ denotes the specific heat capacity.

(C.56)
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D. FREE ROTATING ELASTIC RING IN THE LINEAR THEORY

In this section, we derive the steady-state stress distribution of a free rotating
linear elastic ring in the linearised theory, in order to validate the simulation
result of the exactly energy consistent finite element method (for more details
see Timoshenko & Goodier [194], Hahn [195] and Roark & Young [196]). Since
we calculate with the Neo-Hookean model for isotropic compressible materials,
given by Equation (C.41) in dependence of Lamé’s first and second parameter,
we also relate Poisson’s ratio and Young’s modulus in the case of plane stress
to these two parameters.

D.1. Stress distribution in radial and transverse direction

We consider the dynamic equilibrium of a small element with a surface area
of rdrdy cut out from the ring, where r and ¢ denote the polar coordinates
(see Figure D.1). In the steady state, there is no transverse component of the
inertia vector in the dynamic equilibrium. Only the radial component, also
called the centrifugal force, remains in the radial direction. Further, owing to
the symmetry of the ring, the stress do not dependent on the polar coordinate
. Hence, the dynamic equilibrium is reduced to the equation

o drdp + do,rdp — o, drde + r?w?pdrdp =0 (D.1)

after neglecting terms not part of a differential 2-form, and employing the
infinitesimal mass pdr dep in the centrifugal force of the element. The stress
components o, and o, pertains to the radial and transverse direction,
respectively (see Figure D.2). We factor out the product drdy, and arrive
at the differential equation

d

— (roy) — o, +pw’r* =0 (D.2)
dr

according to the arbitrariness of the infinitesimal change of the polar
coordinates, and taking into account the chain rule of differentiation in order
to simplify the terms pertaining to the stress in radial direction.

205
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Figure D.1. A circular ring rotating around its center.

As next step, we introduce Hooke’s law for plane strain in polar coordinates,
given by

> du,

e and Eu, =ro, —vro, (D.3)

where w, denotes the only displacement in radial direction, and the
material constants v and E designate Poisson’s ratio and Young’s modulus,
respectively. We differentiate Equation (D.3.2) on both sides with respect to
the polar coordinate r, and employ the resulting equation in Equation (D.3.1).
We obtain a second differential equation for the stress distribution, which takes
the form

(roy) (D.4)

opr — VO, =—(ro,) —v—
! ¢ dr ( SO) dr
By using Equation (D.2), we eliminate the stress o, in transverse direction
in Equation (D.4). Then, by also running the chain rule of differentiation
backward, we arrive at an ordinary differential equation of second order, which
can be integrated with respect to r successively. This equation reads

d [ 3do.\ 9 3
dr(r dr>_ B+v)pwr (D.5)

The integration leads to two integration constants, which has to be determined
by boundary conditions. In the case of a free rotating circular ring, there are



D.1. Stress distribution in radial and transverse direction 207

no forces acting on the inner and outer boundary. Therefore, the radial stress
o, vanish at the inner radius R; and the outer radius R,. In the end, the
radial stress distribution takes the form

2 p2
or(r) = quﬂ (Rf +R2 — % - 7“2) (D.6)

According to the boundary conditions, the minimum values lie at the
boundaries. Thus, there exist a maximum value on the ring. We determine
the only root pertaining to the derivative of the concave function, given by
Equation (D.6). We obtain the position v/R; R, at which the maximum stress
in radial direction amounts to

3+v

omax — S pw? (Ry — R;)? (D.7)

The stress distribution in transverse direction simply follows from employing
Equation (D.6) in Equation (D.2). We obtain a function o, (r) with negative
slope throughout the ring, and an inflection point at which the function
changes from convex to concave with increasing polar coordinate r. Hence,
the maximum value of the stress distribution

2 2
RiR; 1+43v 7"2) (D.8)

72 34+v

3
ooty = g (B2 4 m2 4

is at the inner boundary, and the minimum values lies at the outer boundary.
In comparison to the maximum value of the stress in radial direction, given
by Equation (D.7), the stress in transverse direction is greater throughout the
ring. We obtain the bounds

; 3+v 9 s 1—-v ,
e R; R, D.9
089 4 pw ( Z+3+y a ( )

and

3+v 2 2 1—v 2
max 2 D.1
0'@ = — pw (Ra+3 VR,L ( O)
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2
Figure D.2. An infinitesimal sector cut out from the circular ring.

of the stress in transverse direction.

D.2. Lamé’s first and second parameter in the case of plane stress

In the case of linear elasticity, Lamé’s first and second parameter p > 0 and
A > 0, respectively, are related to Poisson’s ratio v and Young’s modulus F.
However, the relations for plane stress differ from that valid for a three-
dimensional body. Therefore, we derive the relations valid for a plate by
starting with the second Piola-Kirchhoff stress tensor of linear finite elasticity,
given by the components

[S:(X))AB = 2u [Ey(X)])cp 62908 P + X\ tr(Ey (X)) 647 (D.11)
where )
[Ev(X)]ep = B ([C«(X)]ep —dcp) (D.12)

denotes the components of the Green-Lagrange strain tensor. After linearising
the kinematic measures, the Green-Lagrange strain tensor in Equation (D.11)
has to be substituted by its linear part, which means Cauchy’s infinitesimal
strain tensor €;(x). A further consequence of the geometric linearisation is,
that the deformation gradient F;(X) coincides with the shifter with the
entries 6%, in the corresponding matrix (see Guo [197]). Hence, we have not
to distinguish between X and « as argument, and the Piola-Kirchhoff stress
tensors P;(X) and S:(X) both pass into Cauchy’s stress tensor o:(x) (see
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Pabst [198]). In this way, we arrive at the components

o11 = 2perr + A (€11 + €22) 022 = 2p€zn + A (€11 + €22) 012 = 2p€12

(D.13)

by omitting the time index ¢ and the argument x referring to the material

point of the plate. The indices 1 and 2 indicate the axes of a Cartesian
coordinate system.

On the other hand, according to Hooke’s law, there are linear relations
between the components o;; of stress and the components €;; of strain. In the
case of a plate, loaded by forces parallel to the plane of the plate, the stress
components are given by

011 = 1-.2 (€11 + vegr) 099 =

T T2 (€22 T ven) 012 = 2Geny
(D.14)
where E > 0 denotes Young’s modulus, and v < 1 designates Poisson’s ratio.
Comparing the stress 012 in Equation (D.13) with that of Equation (D.14),
the shear modulus G coincides with the first Lamé parameter p. A comparison

of the main diagonal elements o;; of the stress furnish the relations

A A
E—dy2tH
A+ 2u A+ 2u

(D.15)

after solving a system of algebraic linear equations, which are obviously
different from the well-known relations for the three-dimensional case (see
Ciarlet [133]). Particularly, in the case of plane stress, Poisson’s ratio is smaller
than one and not smaller than a half.
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