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Large-strain thermo-viscoelasticity is described in the framework of GENERIC.
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able. A mixed finite element method is proposed for the discretization in space
which preserves the GENERIC form of the resulting semi-discrete evolution
equations. The GENERIC-consistent space discretization makes possible the
design of structure-preserving time-stepping schemes. The mid-point type dis-
cretization in time yields three alternative schemes. Depending on the specific
choice of the thermodynamic variable, these schemes are shown to be partially
structure-preserving. In addition to that, it is shown that a slight modifica-
tion of the mid-point type schemes yields fully structure-preserving schemes.
In particular, three alternative energy-momentum-entropy consistent schemes
are devised associated with the specific choice of the thermodynamic variable.
Numerical investigations are presented which confirm the theoretical findings
and shed light on the numerical stability of the newly developed schemes.
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1 | INTRODUCTION

Structure-preserving time integration schemes, also known as geometric integrators, have been an active topic of research
in applied mathematics and computational mechanics for decades (see Leimkuhler and Reich! and Hairer et al.? for
a large number of contributions to the field). Geometric integrators are designed in such a way, that the numerical
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method respects the fundamental physics of the problem by preserving the geometric properties in a discrete setting.
Associated with the preservation of the geometric structure excellent long-term performance and numerical stability have
been reported. In the realm of Langragian/Hamiltonian mechanics, many geometric integrators can be gathered around
two classes: Variational integrators (see, e.g., Marsden and Ratiu,® Lew et al.,* and Lall and West® for more details) and
energy-momentum integrators (see, e.g., LaBudde and Greenspan,®’ Gonzalez,® or Betsch® for a comprehensive overview
of previous developments), and energy-decaying variants thereof; see Gebhardt et al.'° and references therein.

Numerous attempts have been made to extend structure-preserving schemes to the domain of
non-conservative mechanical systems, such as port-Hamiltonian systems,!! viscoelasticity,!>!3 elastoplasticity,'* and
thermo-viscoelasticity.'>1” Unlike the Lagrangian/Hamiltonian case, these structure-preserving schemes do not emerge
from an unifying theory.

However, the GENERIC (General Equation for Non-Equilibrium Reversible-Irreversible Coupling) provides a
double-generator framework which expresses thermomechanical models of dissipative materials (or generalized standard
materials) in a unifying formalism. Its formulation is based on an additive decomposition of the time-evolution equations
into a reversible part and a dissipative part and can be seen as a natural extension of Hamiltonian mechanics to the dissi-
pative regime (see, e.g., Badlyan et al.!8 for a relation to Port-Hamiltonian systems). Originally, the GENERIC framework
has been developed in the context of complex fluids'®?° (see Ottinger?! for a comprehensive account of the GENERIC
formalism).

An early application of the GENERIC formalism to finite strain thermo-elasticity is due to Hiitter and Tervoort,?? albeit
in a Eulerian setting which is quite uncommon in solid mechanics. Later the Lagrangian setting has been used in Refer-
ences 23-25 to develop the GENERIC framework for non-isothermal solid mechanics. Moreover, Hiitter and Svendsen?32*
prefer to use the absolute temperature as thermodynamic state variable, while in Mielke?® a special form of GENERIC is
devised which makes possible the free choice of the thermodynamic variable.

In the field of computational solid mechanics Romero?® was the first who recognized the great potential of
the GENERIC framework for the design of structure-preserving time-stepping schemes. Since the GENERIC frame-
work automatically ensures the thermodynamic admissibility of the time-evolution equations, it provides an ideal
starting point for the development of thermodynamically consistent (TC) integrators. In particular, TC integra-
tors comply with both the first and second law of thermodynamics, independent of the size of the time-step.
Therefore, TC integrators may also be termed “energy-entropy” integrators. If TC integrators further respect sym-
metries of the underlying mechanical system, they can be viewed as extension to the dissipative regime of
energy-momentum (EM) integrators previously developed for Hamiltonian systems with symmetry; see, for example,
References 8,27,28.

Consequently, GENERIC provides a solid theoretical foundation for the design of energy-momentum-entropy (EME)
methods, as shown, for example, in References 29-32 for entropy-based and in References 33-36 for temperature-based
formulations.

The construction of GENERIC-based structure-preserving numerical methods is not limited to EME methods. For
example, the so-called GENERIC integrators have been developed in References 37 and 38, which can be regarded as
extension of symplectic integrators for Hamiltonian systems to the realm of dissipative systems. Another example are
GENERIC-based structure-preserving numerical methods for neural networks.!®

Considering the description of large strain thermoelasticity, a GENERIC-based weak form is derived in Betsch and
Schiebl®® which makes possible the free choice of thermodynamic state variable following the approach presented in
Mielke.? It was shown in Betsch and Schiebl®® that application of the standard mid-point rule to the GENERIC-based
weak form already yields partially structure-preserving schemes. For example, choosing the internal energy density
as thermodynamic variable leads to an EM scheme, while the choice of entropy density yields a momentum-entropy
method.

However, despite of their (partially) structure-preserving properties, all of the mid-point type schemes considered in
Betsch and Schiebl® cannot prevent numerical instabilities. This issue was resolved in Betsch and Schiebl*® by resorting
to a GENERIC-consistent space discretization followed by the application of partitioned discrete derivatives in the sense
of Gonzalez.*! The resulting EME schemes satisfy a specific Lyapunov-type stability estimate and thus do not exhibit any
numerical instabilities.

The main goal of the present work is to extend our previous work3>#? to the realm of thermo-viscoelasticity. In par-
ticular, we aim at a material formulation of isotropic large strain thermo-viscoelasticity which makes possible the free
choice of thermodynamic state variable. To this end, we build on previous work by Hiitter and Svendsen?* who laid the
theoretical basis for the GENERIC description of thermo-viscoelasticity.
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The rest of this article is organized as follows. In Section 2, the bracket form of the GENERIC formalism is introduced
for thermo-viscoelasticity with heat conduction. In particular, in Section 3, a new material version of the inelastic dissi-
pative bracket is proposed, which makes possible the free choice of the thermodynamic variable. In Section 4, a mixed
finite element approach is proposed which yields a GENERIC-consistent semi-discrete form of the evolution equations.
The mid-point type discretization in time is dealt with in Section 5 leading to alternative (partially) structure-preserving
schemes. After the numerical investigations in Section 6, conclusions are drawn in Section 7.

2 | GENERIC-BASED FORMULATION OF LARGE STRAIN
THERMO-VISCOELASTICITY

The present work relies on a material description of large strain thermo-viscoelasticity within the framework of
GENERIC. The developments presented herein extend our previous work>® on thermo-elasticity to the realm of inelastic
deformations. For more background on the GENERIC framework the reader is referred to Betsch and Schiebl*® and the
references therein. In the GENERIC framework, the time-evolution of any functional A is governed by

dd_ftt = (A, E} +[A,S]. @

The evolution equation (1) is valid for closed systems in which the boundaries are disregarded. We consider a contin-
uum body with material points X = X“e, in the reference configuration 3 c R* (Figure 1). The material coordinates X4
refer to canonical base vectors e4 € R3. Here and in the sequel, the summation convention applies to repeated indices.
Within the Lagrangian description of continuum mechanics the deformed configuration of the body at time ¢ is character-
ized by the deformation map ¢ : B X I — R3, where T = [0, T] is the time interval of interest. Accordingly, the placement
at time ¢t of the material point X € B is given by x = @(X, ). The corresponding velocity field v : B X I — R3 is defined
by v = ¢, where a superposed dot denotes the material time derivative. The deformation gradient is given by

F = oxg, ()
or, in components, (F)", = dx'/0X*. Furthermore, the right Cauchy-Green tensor reads
C=F'F. (3
In the GENERIC (1), we consider functionals of the form

A = A(¢5 p’ T, C;l) = /a(¢7 F7 p7 T, C[_Jl) dV’ (4)
B

where p = pv is the linear momentum density and p : B+ R, is the mass density in the reference configuration.
Moreover, 7 : BXx I — R is a generalized thermodynamic field which may be chosen from among three alternatives,

®

FIGURE 1 Reference configuration 3 and deformed €2
configuration @(J3, t) at time . For now the focus is on the

motion of isolated thermomechanically coupled solids.

That is, external tractions acting on the boundary as well

heat fluxes across the boundary are disregarded es

€1
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7 € {6,n,u}. The three alternative fields are the absolute temperature 6, the entropy density #, and the internal energy
density u.

To describe inelastic deformations, we make use of the internal variable C;l : Bx I~ R33. Since we focus on
isotropic inelastic deformations, C;l is assumed to be symmetric, that is, (Cgl)T = C;l. Therefore the density func-
tion a in (4) is subject to the same isotropic restrictions as the Helmholtz free energy function, to be introduced
in Section 3.

GENERIC (1) decouples reversible and irreversible processes. In particular, the Poisson bracket { -, - } is responsible
for reversible processes, while the dissipative (or friction) bracket [, -] embodies irreversible processes. Accordingly, these
two brackets constitute fundamental entities of the GENERIC framework and shall be specified next. Since inelastic
deformations are purely irreversible, the Poisson bracket retains its thermo-elastic form (see Betsch and Schiebl3)

{A, B} = / <5(,,a + Div <((S)Ta()1:}’]>> - 6pb — <6¢b + Div <‘;’bam>) - pa dV, (5)
B ™m ™

where A and B are arbitrary functionals of the form (4). Furthermore, the functional derivatives in (5) are given by

6oa = dpa — Divoga,

Opa = Opa,
6:a = 0.q,

0c-1a = Oc-1 4. (6)
p p

In (5), n denotes the entropy density giving rise to the total entropy of the system
S(p,7,C,Y) = /ﬂ(F, 7,C;h) dv. (7)
B

The dissipative bracket for the thermo-viscoelastic problem at hand can be additively decomposed into a part due to
heat conduction and a part taking into account inelastic deformations:

[A3 B] = [A5 B]cond + [A3 B]inel' (8)

In analogy to thermo-elasticity with heat conduction, the dissipative bracket accounting for heat conduction is given

by (see Betsch and Schiebl*®)
[A, Bleond = / \Y <5—> - ®*KV <ﬁ> dv. 9)
B a‘z'u aru

Here, K = K(C, 7) is the material conductivity tensor, for which we assume that KT =K and a: K :a > 0 holds for all
a € R3. An important element of the GENERIC framework is that the absolute temperature takes the form

0ru(F,7,C,Y)

OF,7,Cly= ——— =~
Pl 0y (For,CY)

(10)

In (9) and (10), u denotes the internal energy density which, together with the kinetic energy and the potential of dead
loads, constitutes the total energy of the system

_ 1 _ _
e<<p,p,r,cp1>=/(5p 'p-p+ulF.r.C;)~b- ) av. ()
B

Here, b : B~ R3 represent prescribed body forces which, for simplicity, are assumed to be dead loads.
Concerning the contribution of inelastic deformations, we introduce the following form of the dissipative bracket (see
Section 3 for further details):

o:b

6:a _ _
[A, Blinel = /32 <aruacp1ucp1 - 5Cp1acp1> 0N 2 <0Tu

dc: uc,' - bc bc;1> dv. (12)
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The fourth-order inelastic material flow tensor A has the properties N = N (major symmetry)andM : A" : M > 0
(positive semi-definiteness) for all M given in (17).

It can be easily verified that the Poisson bracket (5) is skew-symmetric ({ A, B} = —{B, A}), the dissipative bracket (12)
is symmetric ([.A, B] = [, A]) and further satisfies the non-negativity condition [.A, .A] > 0. Moreover, the two brackets
satisfy the fundamental degeneracy (or non-interaction) conditions {.4, S} = 0 and [A, £] = 0. In conjunction with these
properties of the two brackets, GENERIC (1) ensures for closed systems (i) the conservation of total energy (d€ /dt = 0),
and (ii) a non-decreasing total entropy (dS/dt > 0). Due to these structural properties, the GENERIC-based formulation
offers an ideal starting point for the design of structure-preserving numerical methods.

2.1 | Local evolution equations

We provide a short outline of the local evolution equations emanating from GENERIC (1). With regard to (1) the total
energy £ generates the reversible contribution through the Poisson bracket {.4, £}. Using expression (11) for the total
energy along with formulas (6) for the variational derivatives, Poisson bracket (5) yields

{A,E} = / <5¢a + Div <f;a()p11)> -p"'p+ (b + DivP) - épa dV, (13)
B

™
where the first Piola-Kirchhoff stress tensor P = P(F, z, Cljl) takes the form

P= ()FM - @()Fﬂ (14)

The irreversible contribution to GENERIC (1) is generated by the total entropy S through the dissipative bracket
[A, S]. Inserting expression (7) for the total entropy into the dissipative bracket (8) leads to

[A,S] = /v <gﬂ> -Q dV+/2 <g’aacp1ucgl —5CP1aC;1> N MV, 15)
B B

U Tu

where the material heat flux vector Q = Q(F, 7, Cgl) is given by

Q = @KV (%) = _KVO (16)

and M = M(F, 7, C;l) denotes the material representation of the Mandel stress tensor, which takes the form

M=2 <dC;1u - @acgln) ;. 17)

It is important to realize that in (14), (16) and (17), © is the temperature field which has been introduced in (10). These
relationships are representative for the GENERIC-based formulation.

With regard to the left-hand side of GENERIC (1) and expression (4) for functional .4, the time derivative of .A can be
written as

%Az/<5¢a-(p+5pa-p+61ar'+60;a : @) av. (18)
B

In the last equation Cljl stands for 6C;1 /ot. Substituting (18), (13), and (15) into GENERIC (1), we arrive at
0= /5(,,a- (@—p7'p) AV
B

+ / 8pa - (p — (b + DivP)) dV
B

. 2 1) . . . {6z _ 6.a
+/357a <r— o (acglucpl) SN M) —Dw(a—apn) S lp-v (am> .Qdv

™m

+/5C-1a: <CT;1+2[JV' : M| c;1> dv. (19)
B p
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This equation has to hold for arbitrary functionals A of the form (4). Standard arguments now lead to the local
evolution equations emanating from GENERIC (1):

@=p"p,
p = b + DivP,
. - 1. 1
== (acp_luc;) ‘N M- 50 VG 1p) — 5-DivQ,
C,'=-2(N:M)C,". (20)

We stress again that in the above formulas the first Piola-Kirchhoff stress tensor P, the Mandel stress tensor M and
the heat flux vector Q are given by formulas (14), (17), and (16), respectively.

2.2 | GENERIC-based weak form of the IBVP

Starting from the GENERIC-based local evolution equations (20), we deduce the weak form of the initial boundary value
problem (IBVP) pertaining to finite-strain thermo-viscoelasticity. To this end, we decompose the boundary 93 of the
continuum body into a displacement boundary d,,/3, on which ¢ = @, and a traction boundary 90,13, on which PN = t,
where @ and t are prescribed functions for ¢ > 0 (Figure 2). Moreover, 0,8 U 0,58 = 0B and 9,8 N 0,8 = @. Similarly, for
the thermal part, we consider the subsets of the boundary 0,3 and d, 8, with the properties 0.8 U 0,73 = d3 and 9.8 n
048 = @ (Figure 3). The thermodynamic variable is prescribed on 9,53, that is, = 7, whereas the heat flux is prescribed
on dy/3, that is, Q - N = q. Both 7 and q are assumed to be given for £ >0. We aim at the determination of the motion
@ : Bx I~ R3 the linear momentum p : B x I — R3, the thermodynamic variable 7 : Bx I — R, and the inelastic
deformation C;l : Bx I~ R¥3, The unknown fields are subject to initial conditions of the form ¢(-,0)=X, p(-,0) =
pVo, 7(-,0) = 7" and C,'(-,0) = Iin B. Here, V,, is a prescribed material velocity field, and 7™ is a prescribed field of the
thermodynamic variable = € {6, #, u}. The unknown fields are determined by applying a space-time discretization to the
weak form of the IBVP at hand.

The weak form of the IBVP can be obtained by scalar multiplying the local evolution Egs. 20 by suitable test functions
and subsequently integrating over domain /3. The standard procedure yields

Oz/wq,-((’p—v) dv
B

+/(Wp-(pv—b)+P:VWp) dv- [ w,-tdA
B

o

. 2 -1 . . 1 .
+/BWT <r— - (ac;ucp ) TN Mo+ o Vv> av
—/V<W’>-de+ We g da
B a‘L'u 0qBaTu

+/wc_1 : <§+2(N : M)c;1> av, (21)
B P

0,8

FIGURE 2 Mechanical part of the IBVP. Note
that t = PN denotes prescribed external Piola
tractions acting on the current boundary expressed
es per unit area of the reference boundary d,8
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FIGURE 3 Thermal part of the IBVP.

Note that ¢ = Q - N is the prescribed rate of heat

transfer across the current boundary expressed N
per unit area of the reference boundary 9,8

0,

0-B

€1

€3

where the velocity field v = p~'p has been introduced. In weak form (21), w,, Wy, : B+ R3, w; : B~ R and w1
p
B — R¥3 are test functions that have to satisfy the boundary conditions wg, =0 and wp, =0 on 9,3, and w, = 0 on 9, 3.

2.3 | Balance laws

We verify the pertinent balance laws of the IBVP at hand. For that purpose it suffices to consider the pure Neumann
problem (i.e., 9,8 = 9,13 = 013). We start with the total linear momentum of the continuum body defined by L = /, sp dV.
Choosing (W, Wp, W, Wc-1) = (0,&,0,0), where € € IR3 is arbitrary but constant, weak form (21) leads to

p

dL T
g.E=§-</Bbdv+/aBtdA>. (22)

Due to the arbitrariness of € € R3, (22) coincides with the balance law for linear momentum. Note that the parentheses
on the right-hand side of (22) contain the resultant external force exerted on the continuum body (see also Figure 2).

The total angular momentum relative to the origin of the inertial frame is defined by J = /Bq) X p dV. Choosing
(w(,,,wp,wf,wcp-l) =(pXx & EX@,0,0), weak form (21) yields

g-g=§-</¢xbdv+/(prdA>. (23)
dt B oB

Note that the symmetry condition FPT = PFT has been employed. Since & € R? is arbitrary, (23) corresponds to the
balance of angular momentum. The parentheses on the right-hand side of (23) contain the resultant external torque about
the origin (see also Figure 2).

Next, we substitute (wq,,wp,wf,wc;l) = (=b,p7p,0.u, 60;1 u) into weak form (21). A straightforward calculation
leads to the balance law for total energy

i <1p p p+u> dV:/Bb-('pdV+/aB<p‘1p-f—§> dA. 4)

We choose (W, Wp, W, ch—l) = (0, p7'p, 0.1, 0C;1 n) concerning the balance of entropy in weak form (21) to obtain
0=/B<0F7’I : F+amf'+23c;11’l : ((J\f : M) C;l) _2<6C;IUC;1) N M) qv
af a‘r —
+/ac”1 C_ ( n)-QdV+/_’7qu
B aru B aru
/ ———M LN M-V(l)-(asz(l) dV+/ 1g4da.
? © © e
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Here, use has been made of formula (10) for the temperature along with expressions (16) for the material heat flux
vector and (17) for the Mandel stress tensor, respectively. The above equation can be rewritten as

’K SV M AV > 2
dt /oB gda= / © V(@)J-l-? N Jd 20, (25)

v

_Dcond 20 =Dinel 20

where Dy, is the local production of entropy due to inelastic deformations and Dopq is the local production of entropy
due to heat conduction. The last equation corresponds to the Clausius-Duhem form of the second law of thermodynamics
(see, for example, Gonzalez and Stuart,*? Sec. 5).

3 | INELASTIC PART OF THE DISSIPATIVE BRACKET

The present model for large strain thermo-viscoelasticity relies on the introduction of the internal variable C;l 1 BX
I — R¥3, whose time-evolution accounts for local inelastic deformations. Following Reese and Govindjee,** C," can be
associated with the multiplicative decomposition of the deformation gradient**

F = F,F, (26)
into an elastic part F, and an inelastic (or viscous) part F,. Decomposition (26) gives rise to the relationship
C, =F,F,. 27

The restriction to the isotropic case implies that the free energy takes the separable form (see, for example Reese and
Govindjee*)

¥ =Y(F,7,C;") = YI(F, 1) + Y"I(F, 7,C; ), (28)

where W4 is the equilibrium part and ¥"*? is the non-equilibrium part.

Since inelastic deformations are purely irreversible in nature, they lead to a contribution to the dissipative bracket in
GENERIC (1), cf. (8). To derive the inelastic dissipative bracket (12), we resort to the dissipative bracket derived in Hiitter
and Svendsen?* within a temperature-based framework for GENERIC. In particular, Hiitter and Svendsen?* consider
functionals of the form

A(@,p.0.F)) = / a(g,F,p,0,F,) dV, (29)
B

with associated density function a(g, F, p, 6, F,). The inelastic dissipative bracket from Hiitter and Svendsen?* is given by

[K’Einel = / <§e—aap u— 6f 8.) :ON : <ﬁap u-— of b) dv, (30)
B

/188 ()gu

where u(F, 6, F,) is the internal energy density and N is a fourth-order inelastic flow tensor which has the properties
NT =N (major symmetry) and A:N: A >0 for all A € R¥3. In components, these properties read

NG =5 and AL N5 @A) > 0. (31)
As has been shown in Hiitter and Svendsen,* inelastic dissipative bracket (30) comes along with the flow rule
F,=-N:Z,

where
X= appl_l - ®0Fpﬁ.

In the last equation, n(F, 6, F,) is the entropy density of the temperature-based formulation.
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3.1 | Change of variables

We perform a change of variables to transform the inelastic bracket (30) to the present setting which is based on func-
tionals of the form (4). In particular, to link the current density functions a(e, F, p, 7, Cljl) to those in (29), we express the
generalized thermodynamic variable = € {6, 5, u} in terms of the temperature by inverting relation (10) to get

t=7(F,0,C;"). (32)

Moreover, relation (27) implies

-1 _ p-1p-T
C, =F,F,. (33)
Now, the two density functions under consideration can be connected through
5’(¢’ Fa p’ 97 Fp) = a(¢7 F’ p7 ?(F7 9’ C;l), C;1)7

where relationships (32) and (33) are employed on the right-hand side of the last equation. A straightforward application
of the chain rule to the last equation yields

()95 = draag?
Op,a = 0p,a + 0a0g,T. (34)

Note that §ya = dga, and 5Fp5 = 6sz_1. Furthermore, with regard to (10) and (32) we have 8 = O(F, 7(F, 0, C;l), C;l),
from which follows that

1 =0y® = 9,00,7,
0= 0FP® = 0,@6}:})? + 0}:})@.

‘We thus obtain

— 1
=56
_ appe)
anT = - 0T® . (35)
Substituting from (35) into (34) yields
- 0.a
a b
T 9.0
dpi=opa— %00 (36)
Fa=0F 207"

Note that §,a = d.a and 0F,a = 0p,a. Making use of (36), the terms in the parenthesis of (30) can be rewritten as

dpa . — —  6a
a(‘:—ﬁappu — op,a = :uanu — 5, a. (37)
Taking into account the relationship
Jp,a = —2F5Tacglac;1, (38)

the inelastic dissipative bracket (30) can be recast in the form

6 6.b
[A, Bline = /B 2 <£acgluc;l _ 6C;1aC;1> TON 2 <;70C;1uc51 _ 5C;1bC;1> dv.
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This bracket coincides with the one introduced in (12). Note that in the above formula, 6c-1a = dc-1a. Moreover, N is
p p
the material form of the fourth-order flow tensor N in (30). In components,

(NS = F DL EHE @) (39)
Accordingly, the material flow tensor inherits symmetry and positive semi-definiteness. That is, in components,
WFL=W)T;  and (M) (N)FE (M) >0 (40)

for all M introduced in (17). As has been shown in Section 2.1, the above inelastic dissipative bracket gives rise to flow
rules of the form (cf. (20)4)

C,'=-2(N:M)C,". (41)
It is worth noting that this flow rule can be viewed as material version of the viscoelastic evolution equation
Lybe=-2(V7': ™) b, (42)

derived in Reese and Govindjee*>** and applied in, for example, Budday et al.*® In the last equation, b, = F.F,” =

FC,'F", £,b, = FC,'F", "4 = 2Fgc¥"*’F", and V™" is an isotropic, positive definite fourth-order tensor. Using these
relationships, flow rule (42) can be recast in the form

@ =—2F"' (V7' : (F"MF")) FC,", (43)

where the relation

2CocY"d = 2001 P"IC, = M
p

has been employed. Note that in the last equation, definition (17) of the Mandel stress tensor has been taken into account.
Comparing (43) with present flow rule (41), leads to the conclusion that the respective fourth-order flow tensors are
related by

NE = EDHLELEEDHE®LHLE.
We further remark that the present viscoelastic evolution equation (41) can also be brought into the form
Cp =2C,N : M.

This version of the viscoelastic evolution equation has been used in Kriiger et al.;> see also GroR et al.'® Thus we con-
clude that the newly proposed inelastic dissipative bracket (12) gives rise to evolution equations for the internal variables
that have been previously developed in the context of finite deformation thermo-viscoelasticity.

4 | DISCRETIZATION IN SPACE

Concerning the space discretization of the present GENERIC-based formulation, we essentially apply an isoparametric
finite element approach (see, for example, Hughes*’). Our main goal is to achieve a GENERIC-consistent space dis-
cretization in the sense of Betsch and Schiebl.*’ In particular, a GENERIC-consistent space discretization ensures that
the discrete formulation inherits the fundamental balance laws for both the energy and the entropy from the underlying
continuous formulation (cf. Section 2.3).

We first restate the governing equations of the IBVP to be discretized in space and time. With regard to the
GENERIC-based weak form (21), we consider the following set of equations:

0=¢-v,

0=C,"+2(N : M)C;",
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0 =/Wur (0.u—u,) dv,
B

0 =/Wt1, (0:n—n) dV,
B

0=/(wp-(pv—b)+P:pr) dv - w, -t dA,
B 0,
O=/WT (r‘—£<ac-1ucgl) N M+lapi’] : Vv) dv
B T P N
—/v <&>-de+/ Wi g dA dv. (44)
B Uz 0,8 Uz

Here, the first equation represents the local form of the kinematic relationship ¢ = v, while the second equation is
the viscoelastic evolution equation. The third and fourth equation serve the purpose to introduce the new fields u, and
n.. This procedure facilitates a mixed finite element approach which turns out to be crucial for a GENERIC-consistent
discrete formulation. Due to the arbitrariness of the test functions w,_and w,_, (44); and (44), impose the conditions
u, = d,u and 5, = d.n, respectively. Moreover,

P= 6Fu - @api’],
- _ ) -1
M =2 <()C;1u ®6cp1n> C; (45)
are the GENERIC-specific representations of the first Piola-Kirchhoff stress tensor and the material Mandel stress tensor
previously introduced in (14) and (17), respectively. Similarly, the material heat flux vector Q has been introduced in (16).

We emphasize again that the GENERIC-based formulation is based on expression (10) for the temperature field. In the
present mixed formulation this implies

0= (46)
Nz
The finite element method is based on finite-dimensional approximations of the following quantities
9" = Nq,,
Vvl = N,
P = Nz, 47)
and
up = N*u.)q,
7 = N1 )a (48)
As before, the summation convention applies, where a=1, ... ,N, and N denotes the total number of nodes in the

finite element mesh. Moreover, N® : B — R are the nodal shape functions with associated nodal values q,,v, € R3
and 74, (U;)a, (1:)a € R. Analogous approximations are used for the test functions w,_,w, ,w,, and w,, denoted by
W, wh wg, and wh.

In what follows, we summarize the space-discrete version of (44). Nodal collocation of kinematic equation (44);
yields

qa = Va ’ (49)

fora=1, ... ,N.Viscoelastic evolution equation (44), is collocated at the integration points X, € 53 used for the numerical
evaluation of the volume integrals in (44). Accordingly,

(C;Dg = =2 (N : My) (G, (50)
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for g=1, ... ,G, where G denotes the total number of integration points. Here and in the sequel, index g indicates
evaluation at the integration point X, € 5. For example,
(€1 = Cp' (X, 1),

M, = 2 (¢ 11 — Oy 11 ) (C; 1), (51)

where
Ug =u (Fg’fg’ (Cgl)g) ,

ng =n (F8, 70, (C; 1)) (52)

are the internal energy and entropy densities at point X,. Furthermore, the discrete deformation gradient at X, Fg, and
the discrete generalized thermal variable, 1 follow from (47)1 5 and thus take the form

Fi = q,(t) ® VN*(Xy),

73 = N*X)7a(t). (53)

Similarly, the discrete temperature at X, follows from (46) and is given by

()

= 54
(”?)g G4

4

where, in view of interpolations (48), (ul)y = ul(X,, 1) and (1), = #"(X,, 1). In the discrete setting, the fields u! and »"
are determined through (44); 4. In particular, inserting the approximations (48) along with the corresponding formulas
for W},}T, Wlan into (44); 4, we obtain

G
0= D NX,) (9ettg — N°(Xg)(uc)p) W,
g=1
G
0= Y NXy) (0cr — N°(Xg)(ue)y) Wy, (55)
g=1
fora=1, ... ,N. To calculate the spatial integrals, appropriate numerical quadrature formulas of the form
G
/ fX) dV ~ Zf(xg)wg (56)
B g=1

have been applied to obtain (55).” Here, w, play the role of generalized weighting coefficients resulting from the specific
quadrature rule along with the isoparametric description of reference domain /3. Now, (55); can be solved for the nodal

quantities (u,)q, a=1, ... ,N. To this end, we introduce the components H® of the positive definite Gram matrix [H?],
G

HY = ZNG(Xg)Nb(Xg)wg, (57)
g=1

so that (55); can be rewritten as
G

H%(ue)p = ) N (Xg)0: UgW. (58)
g=1
The components Hy, of the inverse Gram matrix, [Hyp] = [H] !, satisfy the relationship

HypH" = 8¢, (59)

*The summation over g will always be stated explicitly, so that the summation convention does not apply to index g.
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where 6 denotes the Kronecker delta. Now, interpolation formula (48), along with (58) lead to the result

G
uh = NaHabZNb(xg)a,ugwg, (60)
g=1

which will be utilized below. Similarly, interpolation formula (48), in conjunction with (55), yield the result

G

ne = NHap ) N°(Xg)0, g, (61)
g=1

Next, we turn to the discretization of (44)s, which can be done in a straightforward way to obtain

G G
My, — ZN“(Xg)bgwg + ZPgVN“(Xg)wg =0. (62)
g=1 g=1

For simplicity, we have neglected the contribution of the external tractions which could be easily added to the above
equation. In the above equation, first Piola-Kirchhoff stress tensor P, at point X, € B is given by

P, = dplUg — Og0pr,. (63)

Moreover, in (62), the components M' ab of the mass matrix are given by
G
M = (XN (XN (Xg ). (64)
g=1

We further introduce nodal momentum vectors p® conjugate to nodal position vectors q, through the standard relation

p°® = M%v,. (65)

Eventually, we consider the space-discrete version of (44)s. Straight-forward application of our approach yields

G

_ e, N 2V Xe) RN
0= H% gZ{ . (0,1 us(C51e) = Ny : Mo
& N(X,) . S [ NUXy)
+Ver ) ——0pn VN Xwg — DV [ ——= ) - Qg (66)
g=1 (ﬂr)g g=1 (ur)g

where the material heat flux vector Q, at point X, € 13 is given by

h
Q, = 0K,V <@> :

(u?)g
For simplicity, in the space-discrete evolution equation (66) for the generalized nodal thermal variable 7, the term

accounting for heat transfer across the boundary has been neglected. To summarize, the resulting evolution equations for
the space-discrete system at hand can be written in the form

qa = Clbpb7

G G
P° =) N“(Xp)bgwg — ) P VN (Xg)wy,

g=1 g=1
G b
2NE(X,)
to=Hap Y — % (acflug(c;l)g) : Ny : Mgw,
g=1 (ur)g i
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G Nb G b
N°(Xe) N°(Xe)
— Ve - Hap ) —— 01, VN X)Wy + Hap )V ( £ ) Q Wy,

g=1 Ul)g g=1 (u?)g
(Cz:l)g ==2 (Ng : Mg) (Cgl)g’ (67)
for1,...,Nand1, ...,G. In (67);, My, stands for the components of the inverse mass matrix satisfying M ,M?® = 85.

The set of Equation (67) constitutes nonlinear first-order ordinary differential equations for the determination of the
unknowns which can be collected in the state vector

z=(q ... qu.P" ... PV 7. oo (CODFEL L (GDEP). (68)

In the sequel, state vector (68) will be viewed as column vector. In particular, this implies that the six independent
components (C;l)g‘B, g=1, ... ,G, of the internal variable (Cljl)g (at quadrature point X,) are arranged in a column vector.
The set of evolution equations (67) fits into the GENERIC framework for discrete systems, as shown next.

41 | GENERIC-consistent space discretization

Our discretization approach presented above is GENERIC-consistent in the sense of Betsch and Schiebl*® and thus can
be framed in the context of GENERIC for discrete systems. To see this, the set of evolution equation (67) needs to be put
into the form

z=LVE®) + MVS(2). (69)

Here, the focus is again on closed systems in which the boundary contributions are disregarded. In analogy to (1), the
time-evolution of the state vector is decomposed additively into a reversible part generated by the total energy £ and an
irreversible part generated by the total entropy S. Poisson matrix L needs be skew-symmetric, while friction matrix M
needs be symmetric positive semi-definite.

In the above equation, the total energy of the discrete system under consideration is given by

G
£@) = Mup® - * + X [ (Fh. 2. (C;1)) — N (Kb(X)] w. (70)
g=1

This is the space-discrete version of total energy (11). Similarly, the space-discrete version of total entropy (7) takes
the form

G
S(z) = 2’7 (BB, 20, (C;Y)g) w. (71)
g=1

To get the gradient of the total energy, VE(z), we consider the derivative of (70) with respect to time. Accordingly, the
left-hand side of (70) yields

G .
d . . . p—
@ =00, 4y + 0 P+ 0, tat Za@;])gwg (C; 8, (72)
g=1
while the right-hand side of (70) gives

G

d g . a a
€@ =D P"Mas +d, - Y [Orus VN (Xg) — NU(Xp)b(Xp)]
g=1
+ ta ) N (Xg)0rttgWg + ) Wede-ilg + (Cp)g. (73)

g=1 g=1
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Comparing (72) with (73) yields the following expressions for the respective derivatives of the total energy

G
0q,€ = ). [Opug VN (Xg) — N*(Xg)b(Xg)] wy,

g=1
OpeE = Mypp®,
G
0e,€ = ) N*(Xg)0Ugwy,
g=1
0E dug

=w .
-1\AB g -1
A(C; 1) a(Cy 1B
In particular, inserting from (74); into (60), we obtain the important relationship
ul = NHgp0y, €.

Similarly, the derivatives of total entropy (71) take the form

G

0q,S = ) Opng VN (Xg)wy,
g=1

0 aS = 0,

0:, S = Y N (Xg)0; gy,
g=1
0S —w ang
-1 - g -1 :
a(C AP a(Cy 1B

Inserting from (76); into (61), we obtain

nt = N®Hap0s, S.

(74)

(75)

(76)

(77)

Now, guided by discrete GENERIC (69), the evolution equations in (67) can be recast. In particular, taking into account

(74),, kinematic relation (67); can be rewritten as

d, = Ope€.
Next, evolution equation (67), for the nodal momentum vectors together with (63) and (54) yields

G G h
(uz)
pe = _2 [Opug VNO(X,) — N(Xg)b(Xo)| Wy + ZnTgaanVNa(xg)wg.
g=1 g=1\lz /g

Taking into account (74); and (75), we obtain

: Ne(X,)
P =—0q € +0,E Hbcz £ Opng VN® (Xg)wg.

g=1 rIT 8

Concerning the evolution of the nodal thermal variable z,, (67); along with (51),, (54), and (77) lead to

S ANDP(X IN(X,)
fa=Ha Qo UM)g()g

g=1

DR

g=1

(ac; ug(c;l)g) N (ac; ug(c;l)g)wg Hea0:,S

4Nb

(ac 1’7g(c_1)g> PN (‘)C‘;l“g(cﬂl)g>wg

(78)

(79)
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N°(X,)
— 0peE - Habz ——2 Opng VN (X)W,

g=1 ’71 g

i Nb(X NeX

g=1 7/8 /8

Eventually, evolution equation (67), for the internal variable, together with (51),, (54), and (77) result in
4N“(X,)
(U?)g
+40, (N : (cm(C1) ) (€51 (81)

(W o (9c1(C5 M%) ) (€51 Handr, S

(€N = -

Next, we aim at introducing relation (76), into the last term of (81). To this end, we introduce the fourth-order tensor
M with components

(MY = (CH PN K. (82)
Note that M enjoys major symmetry, (M)*5Y = (M)Y4B due to the major symmetry of the material flow tensor N
and the symmetry of C,'. Now, (81) can be recast in index form

oug NXp)
ACHY (),

9S
AC;HY

(G128 = —a(M)LBY Hap 0:,S + 4 (M)QB” (83)

Altogether, evolution equation (67) pertaining to the state variables of the discrete system at hand can be recast in the
form

qa = apag,
p¢ = —0g,& + lf‘b' 0, €,
G
S
_—(l )T vE + Mgp 0, S + mk —,
p a b gZ 8,a a(cpl)éf
(c l)AB mAB 05, S + my P 05 (84)
g d(c—l)[] ’
where
G c
1 = Hy, )’ ——0png VNgw,,
g=1 (’71 g
G 4 d
N N
Mab _HQCZ@)ZV — KV [ —=— | wg Ha
P Ul (ul)g
S 4ANINY  ou ou
g8 g ABIJ 8
Hacz b h =) B( )g =] UWg Hgp,
a1 W)g(7)g 9(Cp o)A o(C,")
AB _ ABU 0ug Ng
mih = —4(MFP ——— — S Hy,
' o(C, Y (n7)g
(C)
m?BU = 4—g(M)§‘BU . (85)
Wq

For simplicity of exposition, in (85), Ny = N*(X,). Note that the properties ma, = my, and mg®” = mg* hold.
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Now, evolution equations (84) give rise to specific forms of Poisson matrix L and friction matrix M in GENERIC (69).
In particular, the Poisson matrix takes the form

0 I 0 0
I 0 | 0
L= T , (86)
0 [-1{3] 0 0
0 0 0 0

where I is the identity matrix (with appropriate dimension corresponding to the partitioning of the state vector (68)), and
matrix [lflb‘] consists of vectors lf’b' defined in (85);. Specifically, we have

| AR ¥
[13;] =l: - (87)
1o 1

0 0 0 0
0 0 0 0
M= : (88)
0 0 ma| | [mi.]
AB T ABIJ
0 0 | [mz] | [me]

Here, the block matrices [mg,] € RV, [mgb] € RN%6G and [mg‘BH ] contain the components defined in (85),_4 and
take the form

Iy yu)
My ... WN [ml’1 [mG,l]
— . . . jig _ . .
[mab]— : . : ) [l‘ng,a]— : :
L I
mn ... MNN [mI{N] cee [mé,N]
and
[mzl4BI]] 0
ABIT | — .
[ mg | -
ABIJ
0 [mG ]

Note that the last matrix is block-diagonal and symmetric. It can be easily observed that friction matrix (88) is
symmetric and positive semi-definite.
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4.2 | Conservation properties

We next verify the conservation properties of the semi-discrete formulation of the closed system dealt with in Section 4.1.
Since the evolution equations pertaining to the semi-discrete formulation can be brought into GENERIC form (69), (i)
conservation of total energy, and (ii) non-decreasing total entropy are automatically satisfied. To see this, we first consider
the time-derivative of the total energy,

d _ .
aé’(z) =V&(z2)z
=VE@Z)LVE(zZ) + VE@Z)MVS(2), (89)

where (69) has been used. The first term on the right-hand side of the last equation vanishes due to the skew-symmetry
of Poisson matrix (86). The second term vanishes too, since the non-interaction condition

MVE®Z) =0 (90)

holds. The last equation can be easily verified by a straight-forward calculation. Accordingly, (89) yields the conservation
law d€ /dt = 0. Similarly, the time-derivative of the total entropy yields

d _ .
&S(z) =VS(z)z
=VS(z)LVE(Z) + VS(z)MVS(z). 91)

It can be verified by a straight-forward calculation that the second non-interaction condition
LVS(z)=0 (92)

is satisfied. In addition to that, the positive semi-definiteness of friction matrix (88) implies the result dS/dt > 0. In par-
ticular, this result represents the semi-discrete version of (25) (apart from the boundary term in (25) originating from heat
flux across the boundary). Thus, the total entropy of the closed system at hand is non-decreasing, due to the irreversible
nature of heat conduction and visco-elastic deformations.

Since the material response is assumed to be frame-indifferent (or objective), specific symmetry properties are inher-
ent to the discrete system under consideration. In particular, invariance under rigid rotations implies satisfaction of the
following conditions (see Appendix A for further details):

0=q,X0dqC,
0=gq, x1j, (93)
forall b=1, ... ,N. We tacitly assume that no resultant external torque is acting on the system (i.e., the right-hand side

of (23) is assumed to vanish). The semi-discrete version of the angular momentum relative to the origin is given by
Jh=/p(ph><vh dv =q, xp*, (94)
B

where formulas (47); , along with definition (65) of the nodal momentum vectors p* have been used. The time-derivative
of (94) reads

d . .
aﬁ=%xw+%xw

= Mapp® X p +q, X (—0q,& +1¢ 0,,€) (95)

where (67); and (84), have been used. Now the right-hand side of the last equation vanishes due to (i) the symmetry of
M, together with the skew-symmetry of the vector cross product, and (ii) symmetry conditions (93). Result dJ*/dt=0
implies conservation of total angular momentum.
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4.3 | Choice of the thermodynamic variable

We shortly outline the impact of the specific choice of the thermodynamic variable, = € {6,#,u}, on the structure of
GENERIC (69). For simplicity, in this section we neglect body forces, that is, b= 0 and still focus on closed systems.

Choosing the internal energy density as thermodynamic variable, that is, = = u, the total energy (70) takes a
particularly simple form given by

G
2 1 a b h
E(z) = 5Marp” - P +g§=lqug (96)

As before, ug stands for uh(Xg, t). In particular, interpolation formula (53), gives rise to ug = N*(Xg)ug(t). The
derivatives of the total energy in (74) simplify to

>

0q, 0,
apa g = Mabpb,

G
0y, & = Y N (Xg)wy,
g=1

0&
— =0 97
o 97)
Consequently,
d%é‘(z) =VE(2)z
G
= Mgpp® - B° + ) N*(Xg)itawy. (98)

g=1

Moreover, for the choice 7 = u friction matrix (88) attains a particularly simple block-diagonal form, since mglg =0,
and coefficients m,;, only contain contributions due to heat conduction (cf. (85)).

Choosing the internal entropy density as thermodynamic variable, that is, = = #, yields a particularly simple form of
the total entropy (71) given by

G
S() = ) ngwy, (99)
g=1

where interpolation formula (53), gives rise to né‘ = N*(X,)n,(t). Consequently, the derivatives of the total entropy in (76)
simplify to

1]

aqa = 0’
0pa§ = 0,
G

05,8 = D N“(Xg)wy,
g=1

0S

— __—0. 100
a(C;l)g‘B (100)

Thus

d - PN
aS(z) =VS(z2)z
G
= ZNa(Xg)ﬁan' (101)
g=1

Moreover, the choice 7 = # leads to I, = 0 (see (85)), so that Poisson matrix (86) yields a particularly simple form.
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In contrast to the above considerations, selecting the total temperature as thermodynamic variable, that is, r = 6,
essentially does not lead to any simplifications. We eventually remark that these conclusions also affect the discretization
in time, which will be treated next.

5 | DISCRETIZATION IN TIME
We now turn to the discretization in time of the semi-discrete GENERIC-consistent evolution equations derived in
Section 4.1. To this end, we focus on a representative time interval [¢,, t,+1] With corresponding time-step size At =
th+1 — tn- We aim at second-order accurate, implicit time-stepping schemes based on the mid-point rule. Application of
the mid-point rule to (69) yields

Zny1 — Zn = AtL(z, 1)VE(Z, 1) + AIM(z,,1)VS(Z, 1) (102)

2 2 2 2
Here, z, stands for the discrete vector of state variables at time t,,, and

1
Zol =3 (Zn + Zn41) -

Provided that the state variables z, are given, the state variables z, ;.; can be determined by solving (102).

5.1 | Partially structure-preserving schemes

Next, we check whether, or under what conditions, structure-preserving properties hold in the discrete setting. In this
connection, we shall see that the specific choice of the thermodynamic variable = € {0, 5, u} plays a crucial role. It can be
easily verified that non-interaction conditions (90) and (92) are still satisfied in the sense that

M(z,,1)VE(z,

1
2

+1)=0
L(z,, 1)VS(z,,1)=0 (103)
2 2
To see whether the fundamental balance laws are correctly reproduced in the discrete formulation, we proceed along
the lines of the time-continuous formulation in Section 4.2. In particular, concerning the balance of energy, similar to

(89), we consider

VE@y,1) - (Znn = 20)
= AtVE(z,,1) L(z,,1)VEZ,, 1) + AtVE(Z, 1) - M(z,,1)VS(Z, 1),
2 2 2 2 2 2

where (102) has been used. In analogy to the time-continuous case the right-hand side of the above equation vanishes
due to the skew-symmetry of L(z,, 1) and non-interaction condition (103);. Thus
2

V£(zn+§) “(Znt1 — Zn) = 0.

On the other side,

VEZy,1) - (Zny1 =~ Zn) # E(Znr1) — E(Zn) (104)

in general. This inequality complies with the well-known fact that the mid-point rule is not capable to conserve non-
linear first integrals in general. However, there exists the exceptional case related to the choice = = u, for which (104)
turns into an equality. This is due to the fact that for r = u the total energy takes the form (96) and thus E(z) is merely
quadratic. Since the mid-point rule preserves quadratic first integrals (see Leimkuhler,! Sec. 4.4.2), the choice 7 = u yields
a structure-preserving scheme which is capable to conserve total energy.
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Concerning the evolution of total entropy, guided by (91), we consider
VS(ZIH,%) *(Zn+1 — Zn)
= AtVS(szr%) . L(zn+§)V€(zn+%) + AtVS(zM%) . M(zn+§)VS(zn+§),

where again (102) has been used. Employing non-interaction condition (103),, we obtain
VS(szr%) (Zng1 — 2Zpn) = AtVS(zm%) . M(zn+%)VS(zn+%) >0, (105)
where the positive semi-definiteness of friction matrix M(z,, 1) has been taken as a basis. On the other hand, in analogy
2

to (104), we have

VS(Zy,1) - (Zni1 = 2Zn) # S(Zns1) — S(2n). (106)

This implies that, despite the encouraging result (105), the mid-point scheme in general does not guarantee a

non-decreasing entropy. However, there again is an exception related to the choice = = #. For this particular case, the

total entropy takes the form (99) and thus S(z) is merely linear. Accordingly, the choice 7 = 5 turns inequality (106)

into an equality and the entropy-based mid-point scheme is therefore capable to correctly reproduce the second law of
thermodynamics in the discrete setting.

We eventually verify that all mid-point-based schemes under consideration are capable to conserve angular momen-
tum. The incremental change of angular momentum (94) can be written in the form

J}I;+1 - Jg = qan+% X (p?1+1 - p‘rl1+1) - pa 1 X <qa - qan> . (107)

n+l it
Mid-point scheme (102) gives rise to
Q,,, — 9o, = AtMabpﬁ e
Phus — iy = A (04,8020, ) + 12, 1) 0,£(2, ) ). (108)

Inserting from (108) into (107) yields

LY Arg, |, x (—aqae(zmé) FL(2,0) afbe(zmé)) ~ AtMasp? , xP°, . (109)
2 2

Symmetry conditions (93) imply

0=q, , Xdq,Ez,0).
2

0=q, , X lg(zm%). (110)
Inserting from (110) into (109) and taking into account the symmetry of M,; together with the skew-symmetry of the
vector product leads to the result J? | = Jb.

To summarize, depending on the choice for the thermodynamic variable we get three alternative mid-point schemes
which are partially structure-preserving. Correspondingly, the resulting schemes are denoted by (EM), (EM scheme
related to = = u), (ME), (momentum-entropy scheme associated with = = #), and My (momentum scheme related to
T =0).

5.2 | Fully structure-preserving schemes

In this section, we show that one specific modification of the three alternative mid-point-based schemes considered
above turns all of them into EME schemes. That is, independent of the choice of = € {0,#5,u}, all scheme are (i)
thermodynamically consistent in the sense that they obey discrete versions of the two fundamental laws of
thermodynamics, and (ii) capable to conserve angular momentum.
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To reach this goal, the aforementioned modification of the mid-point integrator should (i) maintain the
structure-preserving properties (103), and (ii) ensure that inequalities (104) and (106) are turned into equalities for gen-
eral nonlinear functions £(z) and S(z). For that purpose, we resort to the notion of discrete derivative introduced in
Gonzalez.* In particular, we replace the mid-point derivatives VE&(z,,1)and VS(z,, 1)bydiscrete derivatives d€(zy, Zn41)

2 2
and dS(zn, zn41), respectively. Accordingly, starting with the discrete derivatives of the total energy, based on (74), we
introduce the discrete derivatives
G
dg € = Z [drug VN (Xg) — N(Xg)b(X,)| Wy,
g=1
dpe€ = Mabpfl+%,

G
d,, & = ) N(Xg)d gy,
g=1
de dug
ac; e e
(c;H )

(111)

where the discrete derivatives of the internal energy density function u(F, , C;l) are denoted by du/ d(C;l)AB ,d,u,and

dpu = 2Fn+1dcu, (112)
2

respectively. In the last equation, the frame-indifferent representation of the internal energy density has been accounted
for (see Appendix A). We refer to Appendix B for the specific definitions of the discrete derivatives dcu, d,u, and
du/d(C;" )8, respectively.
Similarly, the discrete derivatives of the total entropy rely on the application of the discrete derivative to the internal
entropy density. That is, based on (76), we introduce
G

dg,S = ) drn VN (Xg)wy,
g=1
dpas = 0,

G
d,, S = Y N(X,)dngwg,
g=1
ds dng

=w . 113
d(C, 1B td(chE (113)

where the discrete derivatives of the internal entropy density function #(F, , C;l) are denoted by di/ d(CIjl)AB ,d.n, and

dpy = 2Fn+§dc?7, (114)

respectively (see Appendix B for further details). In addition to (111) and (113), the derivatives of u and # contained
in Poisson matrix (86) and friction matrix (88) need to be replaced by the corresponding discrete derivatives. The thus
obtained discrete versions of the Poisson and friction matrix are denoted by L(zy, z, +1) and M(zy, Z, + 1), respectively.
These modifications to mid-point integrator (102) yield fully structure-preserving EME schemes of the form

Zny1 — Zn = AtL(Zn, Zn41)dE(Zn, Znta) + AIM(Zn, Z441)dS(Zn, Zns1). (115)

It is important to note that the above-described modifications of the mid-point rule retain the crucial non-interaction
and symmetry conditions. In particular, non-interaction conditions (103) are now replaced by

M(zn, Zn11)dE(Zn, Zny1) = 0,
L(z,, zn+1)dS(zn7 zn+1) =0, (116)

while symmetry conditions (110) are replaced by
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0= qan+l X dqug(zna Zni1),
2

0= qan+l X IZ(Zn, Zn+1)- (117)

Note that I has been introduced in (85),. Accordingly, following the present procedure, the discrete derivatives dgy
and d. 7 are used in (85)y, to get I (zn, Zn41).

The so-called directionality property of the (partitioned) discrete derivatives (cf. Gonzalez*') ensures that inequalities
(104) and (106) are now replaced by the equalities

d&(zn, Zn41) - (Zns1 — Zn) = E(Zn) — E(Zn),
dS(Zn’ Zni1) * (Zng1 — Zp) = S(zn+1) - S(zn)' (118)

Note that directionality properties (118) are also verified in Appendix B.

The new schemes are indeed fully structure-preserving, independent of the choice for r € {0, 5, u}. This can be shown
in a straightforward manner by following the steps in Section 5.1. For obvious reasons, the new EME consistent schemes
are abbreviated with (EME),, (EME),, and (EME),.

6 | NUMERICAL INVESTIGATIONS

In this section, the alternative mid-point type schemes newly developed in the present work are applied to representa-
tive numerical examples dealing with finite strain thermo-viscoelastodynamics. Depending on the specific choice for the
thermodynamic variable = € {6, 5, u}, the following methods are applied:

Variable T=u T=1 T=0
Section 5.1 (EM), (ME), M)y
Section 5.2 (EME), (EME), (EME)y

In the numerical investigations, we shall focus on momentum maps associated with symmetries of the mechanical
system at hand, and the balance laws associated with the two fundamental laws of thermodynamics. In this connection,
we also consider the functional

L=E-0S. (119)

According to Gurtin,*”® for certain types of environments, £ is a natural Lyapunov function and thus qualifies as
estimate for the numerical stability of the schemes under consideration.

In each time step, the schemes emanating from (102) and (115) generate a system of nonlinear algebraic equations
for the determination of the state variables z, , 1. To this end, we apply a Multilevel-Newton algorithm;" see Hartmann*’
and references therein for more details.

6.1 | Material model

In order to particularize the Helmholtz free energy density (28) used in the numerical examples, we start from a
temperature-based description. In particular, we consider

v(C.0,C,Y) =y*U(C.0) + y™U(C.0.C; M),
Y*U(C, 0) = y1(C) + w2(0) — (8 — o)y3(J),
" U(C, 0,C;1) = wi,ise(C. C 1), (120)

In the numerical examples the local Newton tolerance refers to the solution of the material evolution equations while the global Newton tolerance
refers to the solution of the whole system, cf. Tables 1 and 2.
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_H(lc-1-3- 20—
wi(© =4 (C: 1-3-2l0g7 - 27 = 1) + Waat),

_ _ 2
Vise(C.C;) = £ (C : €5 =3 - 2logJe = $U. = 1) + WaoruiscUo)

w2(0) = c (6 — 0, — 01og(0/6y)) ,

w3(J) = 3pWya(J),
2

/1 3/4 2 2
Woall) = — (dog?+ (T —1)?),

/19 + %ﬂe 2 2
Waolisele) = ——— (dogJe)* + Je — 1)%). (121)

Here,J = y/det C is the determinant of the deformation gradient, J, = 4 /det(CC;l) and u, ue, 4, and A, are prescribed
parameters, ¢ > 0 is the specific heat capacity at constant deformation, g is the coefficient of thermal expansion, and 6y
is the reference temperature. We refer to Betsch and Schiebl® and the references therein for a detailed investigation of
the thermoelastic part of the specific Helmholtz free energy density (120). Further, for the viscoelastic part, we refer to
Grof3> and the references therein. For simplicity, we assume incompressible material behavior. Quasi-incompressible
material models for finite strain thermo-viscoelasticy are considered in, for example, References 50 and 51. It is now
a straightforward exercise to calculate further quantities emanating from (120), depending on the specific choice
for the thermodynamic variable 7 € {u, 8,75} (see also Betsch and Schiebl*® for additional details). In particular, the
temperature-based formulation yields

1(C,0,C,") = clog(6/6o) + y3(),
u(C,0,C;") = wi(C) + y4isc(C, C; ) + ¢(6 = o) + ows ().

The formulation based on the entropy density gives

i(C.n.Cp) =n,
n-v3()
B(C,1,C51) = y1(©) + Y1,se(C, C;1) + ¢ (B0e ™5 = ) + Boys(0).

Moreover, the formulation based on the internal energy density leads to

A _ u— y1(C) — yiuisc(C, C_l) J
n(C,u, Cpl) = clog (1 + o o W3c( )> + w3(J),

i(C,u,C,") = u.

Concerning the constitutive equation for the material heat flux vector, we assume thermally isotropic material, with
material conductivity tensor given by

K = kJC™L. (122)

Here, k is a prescribed coefficient of thermal conductivity and, as before, J = 4/det(C). Finally, the constitutive
equation for the isotropic fourth-order material inelastic flow tensor is given by (see Grof3 and Betsch!? or Reese
and Govindjee** and references therein for the spatial representation of the isotropic fourth-order inelastic flow
tensor)

-1 (ic _1 1
N_sz([c oI c 31®I)+9W1®1, (123)

where vp > 0 and vy > 0 represent the deviatoric and volumetric viscosities, respectively, and where (A © B)S‘BFD =
> [(@%®)p + ArPm)g].
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6.2 | Flying L-shaped block

The first numerical example deals with the L-shaped block depicted in Figure 4.

The spatial discretization of the block relies on 117 tri-linear finite elements leading to 224 nodes. The initial temper-
ature field is varying linearly over the height (x; direction) of the block. In particular, at x;3 =0, the initial temperature is
prescribed as 6,, while at x; = h, the temperature is prescribed as 6,. The whole block is assumed to be thermally insu-
lated (g = 0 on 9, /3 = 913). Starting at rest, Piola traction vectors t, and t, are acting on two parts of the boundary surface
of the block (Figure 4). The external loads are applied in the form of a hat function over time. In particular, the traction
vectors are given by

256/9 t for 0s<t<2s
t, = —t, = f()|512/9|Pa, f)=<4—1¢ for 2s<t<4s (124)
768/9 0 for t>4s.

Table 1 provides a summary of the data used in the simulations. During the loading phase (¢ < 4s) the time step size for
all simulations is At = 0.05, such that all systems start from the same energy- and entropy level directly after vanishing
external loads. No Dirichlet boundary conditions are applied. Since in the initial loading phase the external forces are
equilibrated, the total linear momentum of the block is a conserved quantity. In addition to that, after the loading phase
(t > 4s) no external torque is acting on the block.

Consequently, the total angular momentum is conserved as well. All of the integrators under consideration are capa-
ble to exactly conserve both momentum maps (up to numerical round-off), independent of the chosen time step. This
can be observed from Figure 5, where representative numerical results of the EM integrator (EM), are shown. After
the loading phase, the total energy must be a conserved quantity. As expected, the (EM), scheme does exactly repro-
duce this conservation law (up to numerical round-off); see Figure 6. In contrary, the schemes (M), and (ME), are not
capable of conserving the total energy for larger time step sizes. Depending on the time step size, both schemes tend to
increase the energy which can be observed from Figure 7. Typically, such energy blow-ups eventually lead to a failure of
the iterative (Newton-Raphson) solution procedure. In the diagrams, the break down of the simulation is indicated by
vertical lines.

Regardless of the capability of the (EM), scheme to conserve the total energy, the simulation still breaks down at about
the same point in time as the break down of (M), and (ME),, occurs. The numerical instability of (EM), is accompanied
by a nonphysical decrease of the total entropy as can be observed from Figure 8. Although not as pronounced as (EM),,
(M) occasionally yields an incremental decrease of the total entropy (Figure 8). However, the total entropy ought to be
a non-decreasing function of time. In contrast to (EM), and (M),, (ME), is capable to correctly adhere to the second law
of thermodynamics, independent of the time step (Figure 9). Indeed, in each time step, the total entropy does increase,
as can be observed from Figure 9.

360.00 2 o
333.33 1k -
306.67 0 ! L
0 2 4 6 8 10
t [s]
280.00 - f(t)

FIGURE 4 L-shaped block: Discretized block with initial temperature distribution and mechanical boundary conditions (left), load
function over time (right)
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TABLE 1 L-shaped block: Data used in the simulations

Lamé parameters " 997.5 Pa Geometry
A 4544 Pa '\bA
He 49.875 Pa re O -
Ao 272.2 Pa
Specific heat capacity c 100 JK'm™3
Expansion coefficient B 2.233-107* Kt
Thermal conductivity k 10 WKm™! h
Viscosities Vb 500 Jsm™3
v 100 Jsm™3 br
Ref. temperature 6o 293.15 K
Mass density p 100 kgm™3 v. b
Initial temperature 0, 290 K
0, 360 K 4/b'
Geometry h 10 m
b 3 m
Newton tolerance global Eg 108 -
Newton tolerance local £ 107° -
Simulation duration T 300 s
Time step At 0.05, 0.5, 0.6 S
1079 -10*
T T T T T T T
1+ n 21 -
) - - g
9 0.5 é
FR ) 'MW 20T )
) o
0.5 | -
I I —9 I I I I I
0 100 200 300 0 50 100 150 200 250 300
t [s] t [s]
— 1, (EM),-At=0.05 —1J, (EM),-At=0.05
— Ly (EM) -At=0.05 — Jy (EM),-At=0.05
Lz (EM),-At=0.05 Js3 (EM),-At=0.05

FIGURE 5 L-shaped block: Algorithmic conservation of linear momentum (EM), scheme (left), Total discrete angular momentum
(EM), scheme (right)
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FIGURE 6 L-shaped block: Total energy (EM), scheme (left), Incremental change of total energy (EM), scheme (right)
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—— (M) ,-At=0.5 — (ME),-At=0.5
(M) ,-At=0.6 (ME), -At=0.6

FIGURE 7 L-shaped block: Total energy (M), scheme (left), Total energy (ME), scheme (right)

103 103
1.07 T T T T T 1.07 T T T T T
g 1.06 L / . E Lol / _
) .
- ;
(/5 Los k- % | 41.05 - .
/
1.04 I I I I I 1.04 I I I I I
0 50 100 150 200 250 300 0 50 100 150 200 250 300
t [s] t[s]
— (EM)U—At:().O"S — (M)Q—At:0.05
—— (EM),-At—0.5 —— (M),-At—0.5
(EM)u-AtZO.G (M)G-At:().ﬁ

FIGURE 8 L-shaped block: Total entropy (EM), scheme (left), Total entropy (M), scheme (right)
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FIGURE 9 L-shaped block: total entropy (ME), scheme (left), Incremental change of total entropy (ME), scheme (right)

The incremental change of total entropy of the closed system at hand is related to heat conduction and inelastic
deformations. For the mid-point rule, it can be directly calculated from (105). A straightforward calculation taking into
account friction matrix (88) yields

inel

G
Sna1 — Sn ® At <Z Dfndl.. n+lwg> : (125)
g=1 2

wg + DF
2

where

1 1
Dg = 2 K
cond|p 1 (®g“+%) v ®g 1 g"*% v ®g 1 ’
n+3 n+ 5
1 .
inel n+1 = @g L Mgn-+-2 Ngn+% . Mgn+%
n+ 5

Note that (125) can be viewed as discrete version of (25). Accordingly, for sufficiently small time steps, the incremental
change of total entropy can be calculated for the mid-point schemes from (125). Similarly, for the EME schemes, the
incremental change of total entropy can be calculated from (118),. The two contributions to the discrete evolution of the
incremental change of total entropy are visualized in Figures 10 and 11.

After the loading phase, the environment of the present example can be characterized as thermally perfect in
the sense of Gurtin.*® Thus £ defined in (119) plays the role of a Lyapunov function that has to decrease with
time (Figure 12). However, the partially structure-preserving schemes (EM),, (ME),, and (M), do not correctly repro-
duce this behavior, as can be seen from Figures 13 and 14. That is, depending on the time step and the duration
of the simulation, all of the schemes inevitably exhibit numerical instabilities characterized by increasing values
of L.

Only the EME schemes developed in Section 5.2 completely reproduce the required behavior and thus can
prevent numerical instabilities. This can be concluded from Figures 12 and 14, where the results of (EME),
are shown. The corresponding results of (EME), and (EME), are practically indistinguishable from those
of (EME),.

Eventually, the motion of the L-shaped block is illustrated in Figure 15 with snapshots at successive points in time. In
addition to that, the distribution of the temperature over the block is shown.
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FIGURE 10 L-shaped block: Contributions to incremental change of entropy (EM), scheme (left) and contributions to incremental
change of entropy (M), scheme (right)
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FIGURE 11 L-shaped block: Contributions to incremental change of entropy (ME), scheme

-10° 108
3.32 T T T T T 1.07 T T T T T
3.3 B
= 1.06
= =
_ -
+ —
of 3.28 |- B 1
n 1.05
3.26 - B
| | | | | 1.04 | | | | |
0 50 100 150 200 250 300 0 50 100 150 200 250 300
t [s] t [s]
e (EME)W-A‘GZO.OL’) e (EME)n-AtZO.OB
— (EME)W—At:O.5 — (EME)T’—At:O.5
— (EME)n-AtZO.ﬁ — (EME)n-AtZO.G

FIGURE 12 L-shaped block: Total energy (EME), scheme (left) and total entropy (EME), scheme (right)
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L-shaped block: Lyapunov function (EM), scheme (left) and Lyapunov function (M), scheme (right)
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FIGURE 14 L-shaped block: Lyapunov function (ME), scheme (left) and Lyapunov function (EME), scheme (right)

FIGURE 15 L-shaped block: Snapshots of the motion along with the temperature distribution over the block at
t €{0, 40, 80, 120, 160, 200, 240, 280}s, obtained with the (EM), scheme and time step At=0.05s
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FIGURE 16 Rotating disk: Initial configuration and thermal boundary conditions (left) and function f(¢) for the prescribed heat flow
over part of the boundary surface (right)

6.3 | Rotating disk

The second example deals with a rotating disk subjected to prescribed heat flow over part of the boundary sur-
face (Figure 16). The spatial discretization of the disk is based on 200 tri-linear finite elements leading to a total of
360 nodes.

The initial velocity distribution over the disk results from a prescribed angular velocity @, € R3 and is
given by

[

Vo(X) =y X X, @y =

o
©» | =

[

The initial temperature of the disk is homogeneously distributed and equal to the reference temperature 6. In an initial
period of time, ¢ € [0, 4]s, heat flow is prescribed over one quarter of the lateral boundary surface (Figure 16). In particular,
the heat flow into the disk is described by

g=-
wm? for > 4s.

. 4
2000W iy = {sm( Zty for 0<t<4s
0

A plot of function f(¢) can be found in Figure 16. The rest of the boundary surface of the disk is assumed to be thermally
insulated (g = 0). Note that the prescribed heat flow vanishes after t =4s. For t > 4s, the complete boundary surface of
the disk is assumed to be thermally insulated (g = 0 on d,/3 = 0/3). Then the environment of the disk is thermally per-
fect in the sense of Gurtin.*® A summary of the data used in the simulations of the rotating disk can be found in Table 2.
During the loading phase (¢ <4s) the time step size for all simulations is At = 0.04, such that all systems start from the
same energy and entropy level directly after vanishing external loads. Due to the fact that neither external loads act
on the disk, nor displacement boundary conditions are imposed, the mechanical system at hand has translational and
rotational symmetry. Consequently, the corresponding momentum maps are first integrals of the motion. All integrators
under consideration are capable to conserve the respective momentum map. Representative numerical results are shown
in Figure 17.
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TABLE 2 Rotating disk: Data used in the simulations

Material parameters A 3000 Pa Geometry
u 750 Pa
He 120 Pa
Ae 37.5 Pa 6 a4t
Specific heat capacity c 150 JK'm3
Expansion coefficient B 1-107* K!
Thermal conductivity k 20 WK~1m™!
Viscosities Vb 50 Jsm™3
vy 10 Jsm™3
Ref. temperature 6 293.15 K
Mass density ) 8.93 kgm™3
Radius r 0.8 m
R 2 m
Thickness t 0.4 m
Newton tolerance global £ 108 -
Newton tolerance local £ 107° -
Simulation time T 30 S
Time step At 0.04, 0.08, 0.1 S

Since heat flow into the system is prescribed in the initial time period [0, 4]s, the total energy is expected to increase.
For t > 4s, the system is closed and the total energy should stay constant. Again the (EM), scheme is capable to correctly
reproduce the first law (Figure 18).

However, despite the algorithmic energy conservation (for ¢ > 4s), the (EM), scheme is not devoid of numerical insta-
bilities, depending on the time step. The corresponding point in time of the break down of the simulation is indicated
with a vertical line in the diagrams. At about the same points in time, (ME), and (M), break down as well (Figure 19).
For these schemes the break down is accompanied by a sudden increase of the total energy leading to the divergence of
the Newton-Raphson iterations. For the considered duration of the simulation (¢ € [0, 30]s), a time step of At = 0.04s is
small enough to retain numerical stability of the three partially structure-preserving schemes at hand. The EME schemes
developed in Section 5.2 do not lead to any numerical instabilities even for the large time step At = 0.1s. In particu-
lar, all of the EME schemes are capable to conserve the total energy for ¢ > 0.4s. This is shown exemplarily for (EME),
in Figure 24.

Due to the prescribed heat flow into the disk, the total entropy of the disk is expected to increase in the initial
time period [0, 4]s. For t > 4s, the system is closed and the total entropy should be a non-decreasing function of time.
The (EM), scheme does not correctly reproduce the second law as can be seen from Figure 20. Accordingly, the diver-
gence of the iterative solution procedure is accompanied by a nonphysical decrease of the total entropy. The (M)y closely
adheres to the second law as can be observed from Figure 20. As expected, the (ME), scheme is capable to exactly sat-
isfy the second law, independent of the time step. This can be observed from Figure 21. In particular, Figure 21(right)
confirms that the change per time step of the total entropy is always positive. As expected all of the EME schemes are
capable to correctly reproduce the non-decreasing evolution of the total entropy. This is shown exemplarily for (EME),
in Figure 24.

In addition, the two contributions to the discrete evolution of the incremental change of total entropy, see (125), are
visualized in Figures 22 and 23 for the mid-point-based schemes. Most of the contribution is due to conduction of heat,
only about 5.9% is due to inelastic deformations in the present example (Figure 24).

To shed further light on the numerical stability of the present schemes, we consider the Lyapunov function £
defined in (119). For ¢ > 4s the system is closed and the function £ should decrease with time. As expected, the partially
structure-preserving schemes (EM),, (ME),, and (M), in general do not correctly reproduce this behavior, depending on
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FIGURE 17 Rotating disk: Algorithmic conservation of linear momentum (EM), scheme (left) and total discrete angular momentum

(EM), scheme (right)
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FIGURE 18 Rotating disk: Total energy (EM), scheme (left) and incremental change of total energy (EM), scheme (right)
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FIGURE 19 Rotating disk: Total energy (M), scheme (left) and total energy (ME), scheme (right)
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FIGURE 22 Rotating disk: Contributions to incremental change of entropy (EM), scheme (left) and contributions to incremental
change of entropy (M), scheme (right)
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FIGURE 26 Rotating disk: Lyapunov function (ME), scheme and Lyapunov function (EME), scheme (right)
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FIGURE 27 Rotating disk: Snapshots of the motion along with the temperature distribution over the block at
te{0,4,8,12,16, 20, 24, 28}s, obtained with the (ME), scheme and time step At=0.04s

the size of the time step and the duration of the simulation (Figures 25 and 26). In particular, it can be seen that the
smallest time step, At = 0.04s, yields a stable numerical simulation, at least in the considered time interval [0, 30]s. How-
ever, for larger time steps At = 0.08s and At = 0.1s, the numerical instability of each scheme becomes visible through the
increase ofL. Again the fully structure-preserving EME schemes developed in Section 5.2 provide enhanced numerical
stability. All of them lead to a steadily decreasing £, independent of the time step size. This is shown exemplarily for EME
in Figure 26.

Eventually, the motion of the disk is illustrated in Figure 27 with snapshots at successive points in time. In addition
to that, the distribution of the temperature over the disk is shown.

7 | CONCLUSIONS

Starting from a GENERIC-based formulation of large-strain thermo-viscoelasticity, we have developed alternative
structure-preserving schemes based on the implicit mid-point rule. Depending on the choice of the thermodynamic
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variable, already the plain mid-point rule yields partially structure-preserving schemes (see Section 5.1). Despite this,
these schemes cannot prevent from numerical instabilities as has been shown in the numerical examples. Specifically,
choosing the internal energy density as thermodynamic variable leads to an EM scheme (called (EM),). For Hamilto-
nian mechanical systems, EM schemes typically provide enhanced numerical stability. However, this situation does no
extend to thermomechanically coupled dissipative systems. Here, EME schemes such as those developed in Section 5.2
are required to prevent numerical instabilities.

The three EME schemes newly proposed in the present work essentially rely on the following features:

« The underlying GENERIC formulation in bracket form (Section 2) leads to characteristic expressions such as (14) and
(17) for the first Piola-Kirchhoff stress tensor and the Mandel stress tensor, respectively.

« The transformation properties of the GENERIC description facilitate the use of alternative thermodynamic variables
such as the absolute temperature, the internal energy density, and the entropy density used in the present work.

« The newly proposed material form of the inelastic dissipative bracket (Section 3) makes possible to include into
the GENERIC formulation often used nonlinear evolution laws for the internal variables associated with inelastic
deformations.

« The mixed finite element discretization in space (Section 4) has been shown to be GENERIC-consistent. This means
that the evolution equations for the state variables of the semi-discrete system fit into the GENERIC framework for
discrete systems. This is an essential prerequisite for the development of fully structure-preserving EME schemes.
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APPENDIX A. ROTATIONAL SYMMETRY

Due to invariance under superposed rigid rotations, the present problem satisfies symmetry properties (93). To see this,
we consider a rotation tensor Q° = exp(e/é\), expressed through the Rodrigues formula.? Here, ¢ is a scalar parameter and
E is a skew-symmetric tensor with associated vector & € R3, such that Ea = & x a for all a € R3. Now, a superposed rigid
motion gives rise to rotated nodal position vectors

=Qq,. (A1)

Note that q° = q, and iQE = 5 Nodal pattern (Al) of the rigidly rotated discrete system gives rise to the
corresponding expression for the dlscrete deformation gradient (cf. (53);)

F'¢ = ¢ ® VN® = Q°F". (A2)
Furthermore, the corresponding right Cauchy-Green deformation tensor follows from (3) and is given by
¢ = (Fh")phe = Ch, (A3)
where property (Q?)T = (Q?)~! of the rotation tensor has been taken into account. A frame-indifferent formulation implies

that the internal energy density takes the form u(F, r,C,") = u(C, 7, C,"). Thus, taking the derivative of u(F™, z, c,H)=
u(ch, z, C;l) with respect to parameter € and subsequently setting € =0 yields

_4d 1
G ACRY
. d e
= aFUg . E 5=0qa ® VNg

= Opg - (Eqa ® wvg)
= (¢xq,) - opuy VN
=& (q, X OpugVNE) (A4)

where u, is given by (52);. Due to the arbitrariness of £ € R* (and vanishing body forces), the last equation coincides with
symmetry condition (93),, that is

g, X dq,€ = 0.
Note that this condition holds as well for the specific choice = = u, due to (97);.

Similarly, symmetry condition (93), results from the frame-indifference of the entropy density function #(F, , C;l) =
n(C,7,C,"), or from (100); in the case 7 = 7.
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APPENDIX B. DISCRETE DERIVATIVES

This appendix provides the specific definitions of the discrete derivatives dcu, d,u, and du/ d(C;l). To this end, we resort
to the notion of “partitioned discrete derivative” introduced in Gonzalez.*' Accordingly, with regard to the internal energy
density u(C, r, C;l), we introduce the discrete derivative

1 _ _
dete = = (Det(s. 7er, Cp) + Det(s. 7. C;.)) (B1)
where

Dcu(e,7,C;') = dcu(Cyy 1.7, ch

U(Cn1,7,C;") = U(Cn, 7,C; 1) = cu(C,,1,7,C;1) 1 AC
2
+ AC.
AC : AC
Here, AC = C,,;; — C,. Furthermore, we have
1 _ _
dTu = 5 (D‘ru(cl’la o, Cpnl+1) + DTu(Cl’l+17 o, Cpnl)) ) (BZ)

where

u(C, Tn+1» Cgl) - u(cs Tn, Cl;l)

D.u(C.e.C;") = <
T

and At = 7,1 — 7. Eventually,

du _ 1
dc,’ 2

(D, 1(Cat, s, ) + D1 U(Ca, s ®) ) (B3)

where

DC: u(C,r,e) = 5c;1 u(C, , C;:Jr% )

u(C,7,C;1 ) — u(C,7,C;Y) = 9gu(C,7,C;l ) 1 AC,!
n+ n ) nt 3 1
+ - — AGY,
AC,' @ AC;

and AC;1 = C;nlﬂ - C;nl. Analogous expressions are used for the discrete derivatives of the entropy density #(C, , C;l).
Note that the above expressions for the discrete derivatives are typically evaluated in the integration pointsg {1, ... , G}.

Next, we verify directionality property (118);. For that purpose, we make use of the discrete derivatives of the total
energy introduced in (111), to obtain

d&€(zn, Znt1) * (Zns1 — Zn)

= dqag ’ (qaml - qan> +dpe€ - (p?l+1 - pg)
G

+d,, € (ta,, = 7a,) + Zﬁ ((Che2, - (ChP)
g=1 P /8

Mo

We <2an+l dC”gVNg> : (qan+l - qan) +Mabpz+1 ’ (plrll+l - pg)
2 2

]
—_

&
G

C du
+ ZWgNgdfug (Tap, = 7a,) + ng__gl F (€ Dg, = (€, )
g=1 = 4G
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c
= Y wydeug : (C} —Ch) +Ton - Tn
g=1

G

G
du
+ ngdr”g (T;nﬂ - Tz?n) + ng_i (€ Dg,n = (€1, ) -
g=1 = 4G

Note that, for simplicity, body forces have been neglected in the above equations. Moreover, the total kinetic energy
of the semi-discrete system at time ¢, is given by

1
Tn = 5 abpg pg

Now, making use of expressions (B1), (B2), and (B3), for the discrete derivatives dcu, d,u, and du/ d(C;l), respectively,
it can be shown by a straightforward calculation that

du
dcug : (C}glnﬂ - an) + drug (T;nﬂ - Tgn) + dc—gl : <(C;1)gn+1 - (Cgl)gn)
P

= Ug,,, — Ug,-

n

Note that expression u, has been introduced in (52). Correspondingly, u, stands for the internal energy density at
point X, and time t,. That is, ug, = u ( an’ Tz?n ,(CpM), ). Upon introduction of the total internal energy of the semi-discrete
system at time f,,

G
VL = ng”gn»
g=1

we eventually obtain the result
d&(zn, Zny1) + (Zng1 — Zn) = Enpr — &n,
where the total energy of the semi-discrete system at time ¢, is given by
En=Un+Th

The validity of the second directionality property (118), can be shown in an analogous way.



