A mixed discontinuous Galerkin method for a linear viscoelasticity problem
with strongly imposed symmetry*
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Abstract

We propose and rigorously analyse a semi- and fully discrete discontinuous Galerkin method for an initial
and boundary value problem describing inertial viscoelasticity in terms of elastic and viscoelastic stress com-
ponents, and with mixed boundary conditions. The arbitrary-order spatial discretisation imposes strongly
the symmetry of the stress tensor, and it is combined with a Newmark trapezoidal rule as time-advancing
scheme. We establish stability and convergence properties, and the theoretical findings are further confirmed
via illustrative numerical simulations in 2D and 3D.
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1 Introduction

Scope and related work. Viscoelastic models can be used to describe a large class of conventional and un-
conventional materials with time-dependent mechanical behaviour, including polymers and elastomers, metals
at high temperature, and, notably, some types of biological tissues (comprising extracellular matrix, cells,
cell clusters, and so on) [20]. The key constituents of collagen and elastin inherently exhibit viscoelastic and
elastic characteristics (a viscoelastic solid will eventually return to its original shape upon the removal of any
deforming force). The combination of these two properties is observed in many other materials under mechan-
ical loads [31], and they are utilised in a wide range of applications to damp mechanical shocks, to attenuate
resonant vibrations, and to control noise propagation. Viscoelastic material laws are defined fitting tests of
important phenomena such as creep compliance, rate-dependency of stress, hysteresis, and stress-relaxation.
One of the simplest models involving strain history in the constitutive equations is Zener’s (or standard linear)
model in viscoelasticity [36], which is able to replicate creep-recovery and stress-relaxation [31]. It consists of
a spring and a Maxwell component in parallel, where, in turn, the Maxwell component is an assemblage of one
spring and one viscous element (dashpot) in serial. As in, e.g., [10, 15], based on the Boltzmann superposition
principle, it is possible to use the Volterra integral form of the typical constitutive law for Zener’s model to
eliminate the stress and formulate the viscoelastic system as an integro-differential problem written only in
terms of displacement. Pure displacement formulations have been also studied from the numerical analysis
viewpoint, and a number of contributions are available regarding continuous and discontinuous Galerkin meth-
ods including, for instance, [11, 19, 26, 27, 32]. Even if the acceleration term endows the displacement with
additional time regularity, the analysis is still far from trivial.

The analysis of viscoelasticity based only on a differential representation is also feasible. It suffices to
consider a dual-mixed framework where the dual variable, the stress, enters the system together with the
primal unknown (displacement). To the authors’ knowledge, this has been first proposed in [6], introducing
a stress splitting into elastic and viscoelastic contributions and focusing on first-order approximation of stress
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and using special grids. The approach was later extended in [22, 28, 29, 35] to high-order and to more general
finite element discretisations. The analysis of these formulations is based on a dynamical system approach
since the systems are of first-order type involving stress and velocity. In contrast, here we follow the methods
advanced in [12, 23], where one re-formulates the problem as a second-order hyperbolic PDE. This is achieved
by using the momentum balance to remove the acceleration, leading to a second-order in time of grad-div type
written solely in terms of the Cauchy stress, which is separated into elastic and viscoelastic parts.

An important issue in the construction of stable mixed methods for elasticity is the preservation of sym-
metry for the Cauchy stress. Starting from the foundational work [5], there has been an abundant body of
developments in the design and analysis of conforming mixed finite elements on simplicial and rectangular
meshes for both 2D and 3D; see, e.g., [2, 3, 18]. However, even if the simultaneous imposition of H(div)-
conformity and strong symmetry of stress is possible, it typically entails a very large number of degrees of
freedom and schemes that are not trivial to implement using standard finite element libraries. The usual ways
to overcome this difficulty consist in either, (a) maintaining H(div)-conformity and relaxing the symmetry con-
straint, which comes at the expense of adding the rotation tensor as additional field variable playing the role of
a Lagrange multiplier enforcing the angular momentum conservation constraint, see for example [5, 7, 16] and
the references therein; or (b) to renounce H(div)-conformity and use non-conforming or DG approximations
as in, e.g., [4, 17, 34].

Motivated by the ability of DG methods to handle efficiently hp-adaptive strategies and to facilitate the
implementation of high order methods, we opt herein for an H(div)-based interior penalty method to solve
the standard linear solid model of viscoelasticity. The space discretisation strategy amounts to approximate
each stress component by symmetric tensors with piecewise polynomial entries of arbitrary degree £ > 1, in
2D and 3D. We point out that our continuous formulation only asks the Cauchy stress (the sum of the elastic
and viscoelastic stress components) to be H(div)-conforming. Consequently, the present approach penalises
the jumps of the normal total stress on the internal facets. We show that the resulting mixed DG semi-discrete
scheme is robust and accurate for general domains and boundary conditions, and for heterogeneous media.
Additionally, we prove that the fully discrete scheme relying on the classical second-order implicit Newmark
method is stable and convergent. Finally, under piecewise regularity assumptions on the exact solution of the
problem, we derive optimal asymptotic error estimates in a suitable H(div)-DG norm.

Outline. The contents of this paper have been organized in the following manner. The remainder of this sec-
tion contains preliminary notational conventions and definition of useful functional spaces. Section 2 presents
the precise definition of Zener’s model problem along with the derivation of its weak formulation in mixed
form and recalling its unique solvability. Preliminary definitions and auxiliary tools needed for the analysis in
discontinuous finite dimensional spaces are collected in Section 3. The precise definition and the analysis of
convergence for a semi-discrete mixed method are detailed in Section 4, and the fully discrete case is treated in
Section 5. Several numerical results are presented in Section 6, confirming the expected rates of convergence
for different parameter sets including the nearly incompressible regime, and illustrating the use of the method
in relatively simple problems of applicative relevance.

Recurrent notation and Sobolev spaces. We denote the space of real matrices of order d x d by M, and
let S:= {7 € M; 7 = 7"} be the subspace of symmetric matrices, where 7* := (7;;) stands for the transpose
of 7 = (7;;). The component-wise inner product of two matrices o, 7 € M is defined by o : 7 := 3=, . 0i;7ij.

Let D be a polyhedral Lipschitz bounded domain of R? (d = 2,3), with boundary dD. Along this paper
we apply all differential operators row-wise. Hence, given a tensorial function o : D — M and a vector field
u: D — R we set the divergence dive : D — RY, the gradient Vu : D — M, and the linearised strain
tensor e(u) : 2 — S as

(diV U)i = Z ajUij s (Vu)w = 8jui s and e(u) = [VU + (Vu)t] .

J

DO | =

For s € R, H*(D, E) stands for the usual Hilbertian Sobolev space of functions with domain D and values
in E, where FE is either R, R? or M. In the case E = R we simply write H*(D). The norm of H*(D, E) is
denoted |[|-||s,p and the corresponding semi-norm | - |5 p, indistinctly for E = R, R? M. We use the convention
H(D,E) := L?(D, E) and let (-,-)p be the inner product in L?*(D, E), for E = R,R%, M, namely,

(u,v)p ::/ u-v, Yu,v € L*(D,RY), (o,7)p ::/ o: T, Vo, € L*(D,M). (1.1)
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The space of tensors in L?(D,S) with divergence in L?(D,R?) is denoted H(div, D,S). We denote the cor-
responding norm HT”%{(div py = HT||37D + Hdiv7'||g7D. Let n be the outward unit normal vector to dD. The
Green formula

(1,e(v))p + (divT,v)p = / ™ -v Yo e HY(D,RY,
oD
can be used to extend the normal trace operator C*(D,S) > 7 — (T|sq)n to a linear continuous mapping

(loo)n : H(div,D,S) — H~2(0D,R%), where H~2 (9D, R%) is the dual of Hz (9D, R%).

Sobolev spaces for time dependent problems. Since we will deal with a space-time domain problem,
besides the Sobolev spaces defined above, we need to introduce spaces of functions acting on a bounded time
interval (0,7") and with values in a separable Hilbert space V, whose norm is denoted here by |-[y. In
particular, for 1 < p < oo, L[0 T](V) is the space of classes of functions f : (0,7') — V that are Bochner—

measurable and such that || f|| L2 (V) < 09 with

T
p = L, dt for 1 <p< d - = v .
171wy = [ 1@t for1<p<oo. and |fllu, 0 esssupl (1) lv

)

We use the notation CE) 7] (V) for the Banach space consisting of all continuous functions f : [0,7] — V. More

generally, for any k € N, Cf% T}( ) denotes the subspace of C[% T]( ) of all functions f with (strong) derivatives

‘31]7 in C[o T]( ) for all 1 < j < k. In what follows, we will use indistinctly the notations f= and f= dtg

to express the first and second derivatives with respect to ¢. Furthermore, for 1 < p < We consider the
Sobolev space

W&)”ZF}](V) = {f : dg € Lf07T}(V) and 3fy € V such that f(t) = fo +/ g(s)ds Vte [O,T]} :
and define the space W[O’% (V') recursively for all k£ € N. The corresponding norms are given by

d]f y i
< o = e
for 1 <p< oo, and Hfuw[’évﬂ(v) Z d#d

L (V) : §=0 L% 1 (V)

27
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Throughout this paper, we shall use the letter C' to denote a generic positive constant independent of
the mesh size h and the time discretisation parameter At, that may stand for different values at its different
occurrences. Moreover, given any positive expressions X and Y depending on h and At, the notation X < Y
means that X < CY.

2 A mixed variational formulation of the Zener model
We aim to study the dynamical equation of motion
pu—dive = f in Q x (0,77,

for a viscoelastic body, with mass density p, represented by a polyhedral Lipschitz domain Q c R? (d = 2, 3).
Here, u : Q x [0,T] — R? is the displacement field, o : Q x [0,7] — S is the Cauchy stress tensor and
f:Qx[0,T] — R? represents the body force. We assume that the linearised strain tensor €(u) is related to
the stress tensor through Zener’s constitutive law for viscoelasticity (see [31]):

o+ wo = Ce(u) +wDe(u) in O x (0,7]. (2.1)

The symmetric and positive definite fourth-order tensors C and D are such that D — C is also positive
definite in order to guarantee that the system is dissipative, cf. [6, Section 3.3]. These tensors are assumed
constant in time. We assume that the relaxation time w € L*°(2) is positive and bounded away from zero:
w(z) > wy > 0 a.e. in Q. Moreover, we assume that there exists a polygonal/polyhedral disjoint partition
{9, 7=1,...,J} of Q such that plo; :==p;>0forallj=1,...,J.

We assume mixed loading boundary conditions: the structure is clamped (v = 0) on I'p x (0,7] where
the boundary subset I'p C I' := 99 is of positive surface measure, and free of stress (om = 0) on I'y x (0,77,



where 'y := T'\ I'p. By n we denote the exterior unit normal vector on I'. Finally, we assume the initial
conditions:
u(0)=up inQ, u0)=u; in, and o(0) =09 inQ. (2.2)

With the purpose of having the (total) stress tensor o as a primary unknown, we additively decompose
this variable into a purely elastic component « := Ce(u) and a viscoelastic component ¢ := o — =y, which
allows us to deduce from the constitutive law (2.1) that

(+5¢=(D—C)e(a).

Hence, adopting the notations A := C~! and V := (D — C)~!, the model problem can be recast in terms of u,
~, and ¢, as follows

pu —div(y+¢)=f inQx (0,77,
(v+O=(+¢O" nQx(0,T]
Ay =e(@) in Q x (0,71,
V¢+ VvE=e(a) inQx (0,7,
u=0 onIp x (0,7,
(y+¢n=0 onTyx (0,7].

(2.3)

One readily notes that the material law splits now into two parts, one for each component of the total stress.
The main unknown consists in a pair of tensors (v,¢) € L?(2,M x M) such that v + ¢ € H(div,,S).
The traction boundary condition on I'y has to be included in an essential manner, for which we require the
following closed subspace of H(div,(2,S)

Hy(div,2,8) :i= {7 € H(div,Q,8); (rn,0)p =0 Vo€ H'/2(0Q,R%), v|r, =0},
where (-, ) is the duality pairing between H'/2(I',R?%) and H~'/?(I',R%). We then consider the energy space
M = {(n,'r) cLXQMxM): n+1e HN(div,Q,S)},
endowed with the Hilbertian norm
1, ). = Inllog + 700 + divin +7)l5 q-

We consider an arbitrary (n,7) € HJ,

sym> test the third and fourth rows of (2.3) with  and 7 and add the
resulting equations to get

(Ag.ma+ (VE+2E0.7) = (st@m+1) = (Vin+r) (2.4)

where the last identity follows from the symmetry of 7+ 7. Next, we integrate by parts in the right-hand side
of (2.4) and take into account the boundary conditions on I'y x (0,77 to obtain

(A3,ma + (VE+ 20, 7) = — (@ divin +7)) . (2.5)
Substituting back & = p~1 (f + div(y + ¢)) into (2.5) yields
A(#: 0, (m.7) + (GVema+ (Fdiviy+¢).divin+ 7)) = —(5f.divin+7)) .

for all (Z) € HZ .., where

sym)

A((1,0), (7)) = (Av,ma + (V¢ Ta,  (7,€), (n,7) € LA(Q,M x M).

It is important to notice that, as a consequence of our hypotheses on C and D, the bilinear form A is symmetric,
bounded and coercive, i.e., there exist positive constants M and «, depending only on C and D, such that

A((7.©), )| < MU Olloall Dl ¥ (7€), (1, 7) € LA(Q,M x M), (2.6)
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A(m,m), (7)) zallmlie V(7)€ L2(Q,M x M), (2.7)

We let
€= {(n,7) € AQMxM); n+ 7€ L}(Q,9)},

and consider the following variational formulation of (2.3): Given f € L? 0 T](L2 (Q,R%)), we look for (v,¢) €
C[o 7] (’ijm) N C[o T]( Sym) satisfying, for all (n, 1) € HZ,

jt{ ((4.€), 0, 7)) + (V¢ o} + (L diviy +¢), div(n + r))ﬂ = —(3f.divin+ 7)) .
(7(0),€(0)) = (v0,:C0)s  (¥(0),£(0)) = (71,€1): (28)
where (79, ¢o) € Hiim and (v1,¢;) € €2, are given by
Yo :=Ce(uo), Co=00-"7p, 71:=Ce(w), ¢ :=De(ur) -~ — ¢ (2.9)

Classical techniques for second order evolution problems with energy methods [9, 25] have been successfully
applied in [12, Theorem 5.2, Lemma 5.1] to prove the well-posedness of (2.8).

Theorem 2.1. Assume that f € W[o T](LQ(Q,R”Z)). Then, problem (2.8) admits a unique solution. Moreover,
there exists a constant C' > 0 such that,

mase |9, €)1y, + max [, < C(U s o moy + 100 €0, + 17 Gl

te[0,T] 09—

3 Finite element spaces and auxiliary results

We consider a sequence {7}, of shape regular meshes that subdivide the domain Q into triangles/tetrahedra
K of diameter hg. The parameter h := maxge7, {hx} represents the mesh size of 7. We assume that 7}, is
aligned with the partition Q = U}-leﬁj and that 7,(Q;) := {K € Tn; K C ;} is a shape regular mesh of €,
forall j =1,---,J and all h. For all s > 0, we consider the broken Sobolev space

H(U;9) = {v € L(Q); vlo, € H(Y), Vi=1,...,J},

corresponding to the partition Q = U}-leflj. Its vectorial and tensorial versions are denoted H*(U;$2;, Rd) and
H*(U;Q;, M), respectively. Similarly, the broken Sobolev space with respect to the subdivision of Q into Tj, is

HY(Th E) = {ve I3 E): v|xeH(K,E) VKeT,), forEei{RR%M]}.

For each v := {vk} € H*(T,,RY) and T := {7k} € H*(T;,M) the components v and Ty represent the
restrictions v|x and 7|x. When no confusion arises, the subscripts will be dropped.

Hereafter, given an integer m > 0 and a domain D C R%, P,,(D) denotes the space of polynomials of
degree at most m on D. We introduce the space

Pu(Th) :={v € L2(Q) : vk € Pm(K), VK € Tp},

of piecewise polynomial functions relative to 7. We also consider the space Py, (Tn, E) of functions with values
in E and entries in P,,(7;,), where E is either R?, M or S.

Let us introduce now notations related to DG approximations of H (div)-type spaces. We say that a closed
subset F C Q is an interior edge/face if F' has a positive (d — 1)-dimensional measure and if there are distinct
elements K and K’ such that ' = K N K’. A closed subset F' C € is a boundary edge/face if there exists
K € Tj, such that F is an edge/face of K and F = K N 0. We consider the set F} of interior edges/faces,
the set }"f? of boundary edges/faces. We assume that .7:,? is compatible with the partition 92 = I'p U 'y
in the sense that, if F” = {F € F{: FcTp} and FY = {F € F{: F CTn}, then I'p = UpczpF and
I'y = UFEF}I"F' We denote

Frn=FpUF] and  F=FpUF,



and we introduce the set F(K) := {F € Fp; F C 0K} of edges/faces composing the boundary of K € 7.
We will need the space (given on the skeletons of the triangulations 7p,) L*(F}) := @pe Fr L%(F). Tts vector
valued version is denoted L%(Fj,R?). Here again, the components vp of v := {vp} € L?(F;,R?) coincide
with the restrictions v|r. We endow L?(F;,R%) with the inner product

(u,v)r Z /uF vp Yu,v € L*(F;,RY),
Fer;

and denote the corresponding norm H’UH?) Fri= (v,v)7;. From now on, hr € L?(Fy,) is the piecewise constant
function defined by hr|p := hp for all F € Fj, with hp denoting the diameter of edge/face F. We also
introduce the piecewise constant function or € L2(F}) defined by or := min{pk, px} if K N K’ = F and
OF ‘= PK lfFﬂKGF}?

Given v € H*(T,R?%) and T € H*(T;,,M), with s > 1/2, we define averages {v} € L?(F;,R%) and jumps
[7] € L3(F;, R by

{v}p = (vk +vk)/2 and [7]p:=Trkng+Trnr VFeF(K)NFK'),
with the conventions
{v}p:=vx and [7],:=Tgnkg VF <€ F(K), FeFy,

where ng is the outward unit normal vector to 0K.
For any k > 1, we consider HLS , := Pp(Ty,S) x Pi(Th,S) and let HE (k) := HI, + HDG . Given

sym sym,
(n,7) € Hdm(R), we define divy(n + 1) € L?(Q,R?) by divy,(n + T)|x := div(ng + Tx) for all K € T;, and
endow M7 (h) with the norm

sym

2
(3.1)

17,7 0 = N D+ Idivatn + DI+ [ b+ 71|
7 h

We end this section by recalling technical results that will be needed in what follows. We begin with the
well-known trace inequality, see for example [24, Proposition 4.1].

Lemma 3.1. There exists a constant C' > 0 independent of h such that
), (3.2)

h%QHUHO,aK <C(|

for allv € HY(K) and all K € Ty,.

Lemma 3.2. There exists a constant Cy > 0 independent of h and p such that

’ obh {ov}

Proof. As a consequence of (3.2), there exists Cp > 0 independent of h such that (see also [24, Proposition
4.1))

S Ctr
0,77

p—%vHOQ Yu € Py(Th, RY). (3.3)

1
higllvlloox < Collvllox Yo € Pr(K). (3.4)
By definition of o, for any v € Py(Tp,, R?),

‘Q/érh/%r {{p_lv}} . > hp Q]%r {{p_l’v}}

0.7y Fer;
and the result follows from (3.4). O

2

9

0,0K

< 3 b [, = 5 hfpiton

Fer;

The Scott-Zhang like quasi-interpolation operator II, : L?(2) — Pp(Tn) N HY(), obtained in [8] by
applying an L2-orthogonal projection onto Py (7;,) followed by an averaging procedure with continuous and
piecewise Py range, will be especially useful in the forthcoming analysis. We recall in the next lemma the local
approximation properties provided in [8, Theorem 5.2]. Let us first introduce some notations. For any K € Ty,

we introduce the subset of Tj, defined by T,X := {K’ € T, : KN K’ # 0} and let D = interior (UK/GT}LKK’).
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Lemma 3.3. The quasi-interpolation operator 11, is invariant in the space Px(Tp) N HY () and there exists
a constant C' > 0 independent of h such that

[~ Wyvlm s < ChY™ 0]y (3.5)

for all real numbers 0 < r < k+ 1, all natural numbers 0 < m < |r], allv € H"(Dg), and all K € T;,. Here
|r| stands for the the largest integer less than or equal to r.

We point out that, as a consequence of (3.5) and the triangle inequality, it holds

Lp 0l S [0]m, Dy (3.6)

for all natural numbers 0 < m < k+ 1, all v € H™(Dg), and all K € T,. Moreover, it is straightforward to
deduce from (3.5) and the multiplicative trace inequality (3.2) that

WP \o = Wyollosx + B3|V (0 — To)

0,0K S h%|’l} D> (37)

forall2<r<k+1(k>1),allve H(Dk) and all K € Ty,

We infer from (3.6) a global stability property for II, on H™(U;8;), 0 < m < k + 1, by taking ad-
vantage of the fact that the cardinal #(7;X) of T,X is uniformly bounded for all K € 75, and all h, as
a consequence of the shape-regularity of the mesh sequence {7,}. Indeed, given v € H™(U;Q;), we let
TE(Q)) = {K' € Th(Q;) : KN K’ # 0} be the subset of elements in 7,5 that are contained in ; and denote

DY, := interior <UK/€7—}LK(QJ,)K/). It follows from (3.6) that
Yoe HMDL), 0<m<k+1, VK eTEQ,).

1ol S 1[0l pa s

Summing over K € T;5(£2;) and using that #(T;5 () < #(T,X) < c for all j < J and all h, we deduce that
HHthm,Qj 5 ”UHM,Qja Vj = 17 ey J. (38)

Finally, it follows from a successive application of the discrete trace inequality (3.4) and the stability estimate
(3.8) for m =1 that

J J
[PV} L. < Co Y IMhvlig, S D lvllg, Vo€ H(UR). (3.9)
, =

h j:l
In the sequel, we use the same notation for the tensorial version ITj, : L2(Q,S) — Pi(Tn,S) N HY(Q,S)
of the quasi-interpolation operator, which is obtained by applying the scalar operator componentwise. It is
important to notice that such an operator preserves tensor symmetry. As a consequence of (3.5) and (3.7) we
have the following result.

Lemma 3.4. There exists a constant C' > 0 independent of h such that
I(n =y, 7 — 7)o o + [|div ((n +7) = Ta(m + 7))

J
1 .
npfdiv((n+7) - +7)Y| <R S (1) g, + 11+ Tlyg,), (3.10)

+ ‘
0,7y j=1

for all (n,7) € H{

sym

such that (n,T) € H"(U;Q;, M x M) and n + 1 € H"1(U;Q;,RY), r > 1.

Proof. Given K € Ty(£2;), 1 < j < J, we obtain from (3.5) that

2mi k41
| =T, 7 = 1) g S B IS g + 11711 50, (3.11)
and
. 2 2 2min{rk
Hdlv ((77 +7) = p(n + T)) HO,K S HV<("7 +7) = Ih(n + T)) HO’K S thm{r }HT’ + 7-H72~—i-1,DfFV<‘ (3.12)



For the last term in the left-hand side of (3.10), we notice that

1 J
‘ hz {div ((n+7) — Ty(n + r))}}H2 <Y Y V(¢ -y +¢) Hz -
0.Fh  j=1 KeT;(9) )
and (3.7) yields
hael |V (v + ) = Ty + ©)) H;K Sy I s VE € T(Q)). (3.13)

Summing (3.11), (3.12) and (3.13) over K € Tp(Q2;) and then over j = 1,...,J and invoking the shape-
regularity of the mesh sequence gives the result. O

4 The semi-discrete DG problem and its convergence analysis

Our DG scheme requires the external force f to have traces at the interelement boundaries of the mesh 7. In
order to make hypotheses on the data that are realistic from the practical point of view, we will only assume
that f is piecewise smooth relative to the partition {Q;, j =1,...,J} of Q.

Assumption 4.1. The body force satisfies f € W&)"Tj(Hl(uij,Rd)).

We are now in a position to introduce the following discontinuous Galerkin semi-discretisation of (2.8):
Find (v4,,¢p) € C[O 1] (’Hsym 5) solution of

A Ca) (1)) + (GVEnada + (§ divaly, + Cu) diva(nn + 7))
- ({{% divp (v, + Ch)}} [+ Thﬂ)]-‘* - ({{% divp(ny, + Th)}} e + Ch]]>]__*
+ (aez'nz Ty + Cal. b+ 7l) = = (3 f divam, + )+ ({57 o+ 7ad) . @)

for all (n;,Th) € ’HS m.pe Where a > 0 is a given, sufficiently large parameter.
We assume that the solution (7, (t), ¢y (t)) of problem (4.1) is started up with the initial conditions

(74(0), €4 (0)) = (v, ITrCo)s  (7(0), €1 (0) = (Mayy, iy ). (4.2)

In this way, the projected error (e,’; (1), eg(t)) = (Ipy ="y, ¢ — ¢}, ) (¢) satisfies, by construction, the vanishing
initial conditions:
(e}, ef)(0) = (0,0) and (&],e)(0) = (0,0).

The convergence analysis of the semi-discrete problem (4.1) requires the following time regularity assump-
tions on the solution (v, ¢) of (2.8) that are not guaranteed by Theorem 2.1.

Assumption 4.2. The solution (v,¢) of (2.8) satisfies
i) (7,€) € W[o T](L2(Q S x8)),
it) and div(y +¢) € VV1 Oc3(112((2 R%)).
We begin by verifying that the DG scheme (4.1) is consistent with problem (2.8).

Proposition 4.1. Under Assumptions /.1 and 4.2(i), the solution (v,¢) of (2.8) satisfies the identity
A(F: 0, gy m0)) + (Ve ) + (B diviy + ), divalm, +74))

-(Faver+of o+ n) - ({Fdivaem o} b+ <),

+ (aoz" hE' Ty + <1 [nn + rhu) (5t divamr o) o+ ({3} e nl) o @)

*

for all (ny,, Th) € Hsymh



Proof. Let us first notice that the acceleration field &4 = %(div(’y +¢)+ f) € Lig (L2(92,RY)) satisfies,
by virtue of Assumption 4.2(i), e(#) = AY € Ligp (L3(€,S)). It follows from Korn’s inequality that i €

L[OST](HI(Q, R9)). Hence, using that [y 4 ¢] = 0 yields

A0, (1)) + (3VE ) + (§ diviy + ). divalm, +74))
({{ div( 7+C)}}7[[77h+7'h]]) s ({{ leh(thrTh)}} [[’YJFC]D
+

(207" hz" by + I+ 7al) . = A((5: ), (mns 7)) + ( vcjrm + (& diva(m, +71))

h

= (@ + i) (fdwh<nh+rh) ({5} b+ mal) (44)

for all (n;,Th) € Hsym 5. Now, taking into account that u|r, =0,
(il,[[ﬂh+7'h]]> *:( [[nh‘i'Th]] Z / “(Mp +Th)NEK
Fr Fa
= 3 {(e@),my + 1) g + (1, divimy, +74)) 1}

KeTy

and keeping in mind (2.4), we deduce that
. . .. . . . . 149
(& diva(ny + 7)) — (@ Imy + Th]])f; = —(eC@).m, + 1) = =A(F 0. () = (EVET1)q,

Substituting back the last identity in (4.4) gives the sought consistency result. O

Let us consider the splitting (v —v3,(—¢p) = (Zf; Ih’) (eg, eg) defined by (ef,, e?)(t) = (Ipy =, OpC—
¢p) € HPC . and (Z,’;,Ié‘)(t) = (v — Oy, ¢ — II¢) € HE,

sym, sym- Next, we begin the convergence analysis by

providing a stability estimate in terms of a DG energy functional &, given, for all (n, ) € C[o 7] (Hdm(h)), by

& ((m. ) 1) = 3 A(G ), 7)) + 5 (Sdivaln + 7). divilg + 7))+

5 (aQ]:Ih}‘l[[n + 7], [n+ Tﬂ)

It is straightforward to deduce from (2.6) and (2.7) that &, satisfies

2 11 2
(I, )13, + || 2 diva(m + T)HQQ + HQ]__2h]__2 [+ 7] OP) <&(mm)®
' h
<M g + || & divam+ 1))+ Hgféhf%[[nw]] 2 ). (@5)
0,2 0,7}

for all (n, 1) € C[IO,T] (Hm (), with C~ := min{a, 1,a}/2 and C* := max{M, 1,a}/2.

Lemma 4.1. Under Assumptions 4.1 and 4.2, there exists a positive parameter ag depending only on Cy, such
that for all a > ag, the estimate

div(zZh + Ih)H2
v T w2 rY))

maxé’h((eg,elg)) < C(H(I’};;IQ)HWQOC [0,T]

0.7] 20 (120, Mxm)) T |5

" AT (4.6)
e ava+an}| ),
Wio (L2 (F5RY))
holds true with C > 0 independent of h.
Proof. We have seen in the proof of Proposition 4.1 that, under Assumption 4.2(i), i %(dlv(*y +¢)+ f) €

L (H 1(Q,R?)). Using Assumption 4.1 and Assumption 4.2(ii) we can also assert that

Tu _
de3

d3 a3
u .A ")/

(d1v(7 +8)+f) ¢ Ly T](L2(Q,Rd)) and (= = ) = T

€ Lisn (L3, 9).



Consequently, i € W% (HL (€, RY)) and it readily follows that
[0,7]
div(y +¢) = pis — f € W (H' (U;Q5,RY),

which implies that the interlement traces of % div(l',}yl + Ig) involved in (4.6) are meaningful. This also allows

us to introduce the linear form (n;, 75) — G((I,’;,Ig), (M4, 'Th)) defined on Hsym 5 by

G((Zf;,Iél),(nh, Th)) = —(% div(If; —i—Ié‘), divy(n, + Th))Q + ({{% div(If; +I<};L)}} s, + Th]])]__*y

h

and we deduce from the Cauchy—Schwarz inequality that, if a > 1,

’G((If;vzg)v (nhv Th)) ’
(4.7)

1/2
OP) Sh((nha Th))1/2'

Next, using the consistency property (4.3), it is straightforward to deduce that

oZhE {2 aivzt + )}

<H\[dlv Ih—l—l’h)H +’

A((Ey ). (mymn)) + (SVel,ma)g + (§ divilel +ef). divam, +7a))
- (B avuceh+ e} tm+ 7). = ({5 divam + 7}l +ell) (4.8)
+ (aoz'hz'leh + el Imy +7al) . = —A(E20). () — (SVEE70) o + G((Z5. 28, (7).

for all (n,, 74) € HEPC ;. The choice (0, T) = (éz,ég)(t) in (4.8) yields

sym,h*

(e et)) < g ({baivateh + by} 1k +el), — A((E20). (.2
—(%Vfg,é?)ﬂ + G((Ih Ig) (ev,elg))

where we took into account that the term (%Vé?,éé) o Is non-negative. Integrating the last estimate with
respect to time we get

Sh((e,y,ec)) <{{ dlvh(e +ec)}},[[ef;+eg]])]:* _/OtA((Ih IC) (e,wec)) ds
_/0 (iVih,éZ)st—i—/OtG( IC> (8’7’64’)) ds.

We will now estimate the different terms of the right-hand side of (4.9) by using repeatedly the Cauchy-Schwarz
inequality, (2.6) followed by Young’s inequality ab < % + b%. Thanks to (3.3), the first term can be bounded
as follows:

({3 e+ et} oieh el < obnd {amncel + b} ortnrttes +eli]
»h “h

(4.9)

1 .. _1 _1
< Cy —dlvh(ez +€Z) 0r>hz? [[eg +6£~L]] (4.10)
VP 0,0 . f{
<}m Xé’h((e e ))+2C’2 max||o -
4 o71] U 0.7 = ]_-*'
For the second term we have
t t .
—/ A((@, 2, (éﬂl,ec))ds—/ Ly}, eb), ds
0 0
1/2 VMU
.h -h h h Th
< s A((64,20). (&5, €0)) / (¢ @ 20] 0+ oy @2 ) @y
<! axsh((e e )) +2MT2(1 H (zh,7V) H
4 70,7) e 2% (L2 (Q.MxM))’

10



Finally, an integration by parts gives

tG((Ih }), (eh,ed)) ds = — tG((Ih 1), (e, el)) ds + G((Zh, 7). (eh, ed)),

0 v =¢ 0 v =¢ v v =¢
and applying (4.7) we deduce that

|/ IC e,y,ec)) ds| <2(T+1) (H L le(Ih +I?)H
“|

Plugging (4.10), (4.11), and (4.12) in (4.9) and rearranging terms we deduce that (4.6) is satisfied for a >
ap := 8C3Z + 1. O

wh

b (L2 (@)

(4.12)

11 , 2 1
Qé?h]é: {{% dlv(ﬂ} " Ig)}}HW[}J (L2 Rd))) "1 I[I(}%( gh<(ez7 62)).

Theorem 4.1. Let (v,¢) and (v,,() be the solutions of problems (2.8) and (4.1), respectively. Under
Assumptions 4.1 and 4.2, the error estimate

mae 1107 = 1 € =€) ()l oy + oo [ (3 =& = &) 1)

t€[0,T] t€[0,7) 0,2
= C(H Ih Ih H Wio 5 (L2(QMxM)) + H 1 le(Ih +IQ)HW[};;°](L2(Q,Rd)) (4.13)

|

holds true for all a > ag, with C > 0 independent of h.

bt i)

Proof. We deduce from (4.6), the lower bound in (4.5), and

/Ot (é,};, éZ) (s)ds

ety

_ h ok
0.2 = TmaXH(e‘f’eC)Ho,Q’

0,0 [0, 7]
that
.h -h h _h < h Th
max|[(e, ey 1), + max| ek )], % H(zﬁ,,zguwé,;] o)
+|| L div@k + || +‘ zhy? {1 div(zl + 1)} H :
H ¢ HW[B’,T] (r@r) |7 {{ W3 (L2(Fy R))
and the result follows from the triangle inequality. O

Corollary 4.1. Let (v,¢) and (’yh,Ch) be the solutions of problems (2.8) and (4.1), respectively. Under
Assumptions /.1 and 4.2, and if v, € W ](HT(UJQ M)) and (y+¢) € W[E%O](HTH( i, M), withr > 1,
we have that

(h) + max H(’Y - ’7haé - Ch)H

max ||(y — v, ¢ — Ch)”}ﬁ e

t€[0,T7] sym 0,02

J
min{r,k}
<Ch Jz::l (H(n’T)HW[%:O;](Hr(Qj’MXM)) + ”"7 + T”W[B’,'OTO](HTJFl(Qj’M)))’

for all a > ag, with C > 0 independent of h.
Proof. The result is a direct consequence of (4.13) and Lemma 3.4. O

Remark 4.1. Note that if the mized-loading boundary conditions of (2.3) are non-homogeneous

u=gp onlpx(0,T], (y+¢n=gy onITyx(0,T], (4.14)

11



for sufficiently smooth displacement and traction data gp,gy, then the semi-discrete formulation (4.1) is
modified as follows: Find (v, ¢) € C[o 7] (Hsymh) solution of

A €0 (0,7)) + (VG o + (Fdivi(ya + Ca).divi(n +7))
- ({{% divp, (v, + Ch)}} s [+ Th]])}_;: - <{{% divp(ny, + Th)}} e+ Chﬂ);*

h

+ (agﬁlh}lﬂ’m + Culls [mn + Th]])f}* = —(%ﬁdivh(nh + "'h))Q + ({{%f}} s [+ Th]]) .

+ (gDv (nh + Th)n)]__D + (ag;‘lh;‘lgN7 (Tlh + Th)n)]__N7 V(TI}N Th) € %symh

h h

5 The fully discrete scheme and its convergence analysis

Given L € N, we consider a uniform partition of the time interval [0, T'| with step size At := T'/L. Then, for any

continuous function ¢ : [0,7] — R and for each k € {0,1,..., L}, we denote ¢* := ¢(t;), where t, := k At. In

thirtte ks . oFtI4gk gl gkagh! To . $FTIagRTE | ghmlioghyghnl
P ’ (b 2= 9 ) ¢ 2= 2 ¢ T 2 - 4 :

addition, we let tk+% = , and

We adopt the same notation for vector/tensor valued functions. We also introduce the discrete time derivatives

k41 ok k_ 4k—1 k+1 _ k=1
at = = g =T g =
At At 2At
In what follows we utilise the Newmark trapezoidal rule for the time discretisation of (4.1)-(4.2). Namely,
fork=1,...,L—1, we seek (’yf”lﬂ, ’fLH) Hsymh solution of

A(0Dulh, €h), (0,7)) + (3V0PCh ) + (L divi(a + ), diva(n + 7))
~( {{}) div, (vF + ZE)}} I+ ‘rh}])f; ~ ({Ldiva(my + )} I + ZE]])IZ
+ (aer i b+ G I+ ) = = (300, divam 7)),
+({iren) I +mﬂ)f;, ¥(nn,Th) € HEG 1.

In practice, if we denote by mF the L?(Q2)-orthogonal projection onto Py (73) and let v, g, v; and ¢; be
given by (2.9), we can start up (5.1) with the following initial data

(’Ym Ch) (7Th’)’ WhCO)

A2 .
(18- Ch) = (98 60) + Al et + S (wh(0), 7E ),

where 7f is applied elementwise. We also notice that the pair (4(0), {(0)) = (Cs(z’l(O)), (D—-C)e(u(0))— %Cl)

1
p
forthcoming analysis we assume that the scheme (5.1) is initiated with

(v3-€¢2) =Ta(v°,¢"%) and  (v4,¢h) = Ma(v(t), (1)) (5.2)

In this way, the projected error (e’fw, eic) = (M (ty) — 8, ¢ (te) — CF) € Sym ,, vanishes identically at

is explicitly available through #(0) = ( f(0) + 0'0). However, for the sake of simplicity of exposition, in the

the first two initial steps, namely, (8277, 62’4) = (0,0) and (8;117,7, eilz,g) = (0,0).
We begin our convergence analysis by providing a stability estimate in terms of the fully discrete energy
functional £ ,’f given by

1 k k k 1 1 k+ 2 1
& = §A(8t(ez,weh,g)aat(ehmeh,c)) + B} d“’h (eh»y te h(z) +5 9 32@f h}'Q[[eh 72 + eh ]]

0,2 0,Fy

We realise that 5,? =0 and

12



k:+

C"(H@t(eﬁmeﬁyc)Hz,Q + H\[dlvh(e: ‘y; + ehC ) k+1

+ HQ;Qh Qﬂeh'yz +‘9hg2]]
0

07Q ' h

2

k+ k+1 ) k+1
< C+(Hat eh,»y’ehg H\[dlvh(eh,f ey’ ) 0.0 HQIQh 2[[eh72 +e thH 07*)’ (5.3)
) h,
with the same constants C~ and Ct appearing in (4.5).
Lemma 5.1. We consider, for 1 <n < L — 1, the consistency functions
f{? = Hhatét’)’(tn) - ’Y(tn)v xg = HhatétC( ) - C(tn)7
§ o= d)(tn) — C(tn), 2 = Ha(y(ta) + C(ta)) — (7 + € (t).
Under Assumptions 4.1 and /.2, the estimate
< n an\|2 (2 . n
(o &8 < O( | max | 250+, max X550+ max [divE][og
% 1 3: n 2 n % 1 3: n 2 (5.4)
+ 1§I7§122{—1 h;{{;dw%};}} 0,7 + 1<r7?<ai{ 1”dlv(at% )HOQ + 1<r£131%{ 1 h;{{;dw(@t%@}} )’

0,
holds true for all a > ag, with C > 0 independent of h and At.

Proof. Tt follows from (4.3) that the projected error (efl i€ ) € Hsym p, Solves

A(0uD(ef o ef o), (o)) + (SVOPef ¢, mh)g + (L diva(el , +ef o), diva(my, +71))

0
- ({{ div(el ~ e g)}}7[[77h+7'hﬂ)}_; - ({{%divh(nh +Th)}}7[[e§,7+6'i,cﬂ)f; (5.5)
+ (a0 hz'leh o, + ef (. Imy +7al) . = GH(m 7).
h
for all (n;,,Th) € Hsym 5, Where
GH (1)) 1= A((XF,X5), (7)) + (BVRE ) + (3 div X diva(my, + 7))
— ({aival} fm + i) 5
_1 _1
Taking (1, Th) = a?(ei;ﬁ, e’fhc) = 8t(eZ’72 ) e]};c?) in (5.5) yields the identity
A(8, ler 2 e} 2)) + (Lvolel ., o€l
t t(eh77€hg) t(eh7 1€h ¢ )) + (w t €h,¢> teh,c)g
1 -3 1; -1 k=3, k=3
(; divy (e + en c) divy, 8t(eh7 + ehc )) - (aé’f hx [[( v T €n g)]] [0c(ep, " +eng )]])

k—1

({{ leh + eh()}} ’ [[@(e:;f + ehEQ)ﬂ)]_-; _ ({{/1) divh 8t(ez:y§ —+ ezgé)}} ) [[e/;i; + %H)F;
=G (at (€ - €k, c))

Unfolding the first bilinear form of the previous identity according to the decompositions

k k-1 k-1
€h ~ € k—1 * h +e €

(iefih = AL and Ch = f (* S {77 C})7

and the last four bilinear forms according to the decompositions

k : k=g _ ¢ "
e*,h =22 and &geh* = T Aa. (* € {77C})7



we readily deduce that

EF — & + At(Lvodef o 81962’4)9 = AtGF (8? (eﬁq, eﬁyc))

+ ( {{ divy, (elz A+ ZJE )}} , [[ez—;% + eizé]])f; — ({{; divy, (e:;% + eizé)}} ) [[e:;% + ei}%])f;.
n, we obtain the estimate

n = . ntl gl ntl g
ER<AtY G (8,? (e} > eﬁ,C)) + ({{; divy, (e}, ,° + ehch)}} le;, S te 2]]) (5.6)
k=1

Summing the foregoing identity over k =1,...,

Proceeding as in (4.10) we obtain

‘({{;divh (‘%;2 +eh2‘2)}} [[eh'yQ 1€, gzﬂ)

Next, we turn to estimate the first term on the right-hand side of (5.6). We begin by performing a discrete

integration by parts in the summations containing the term %]j to obtain

1
Qf2hf2[[ehJ~ry2 + eh—?]] - + 6 (5.7)

' h

< 2C%

MY GH (e ehe)) = 83 A((eh 2 der el ch) + A (Ve aer
k=1 k=1

n—1 . .
— At Z (% div@tﬁf,divh( :h + eIZ; ))Q + (% div X7, divy, (e:? + 6222))9

- Atni:l ( {{% divﬁt%i}} [[67 h2 + e?}]]) ( {{% divaejf}} [[67 hz " 6222]])
k=1 Fr
It follows now from the identity 8t(e:;%7 e:;
inequality that

Z G* (80 ef e C))

k=1

1
—|—Atz Lvx§ x5)2 (Lvoref o o€ )2

1
2) = 18t(eh7,e o+ 1(%(6;‘; Vl,ei Cl) and the Cauchy-Schwarz

NI
=

< Ay A((Ex8), (24, 38)7 A(0uleh ek o), ulel ek o)

k=1

At

M\»—A

+Ath::1H\},3div6t3€§ 0.0 \}dlvh( 3 —|—elz—; +Hfd1V%nH H\[dlvh( th +en+ ) .
n—1 1, . k+
+Atk§1 0%h? {{;dlvat%fj}}Ho HQIQh 2[[6 h2+ ChQ]] -

Qé?h];-‘{{};di"ﬂf}}H HQ]-‘Zh %[e h2+eg ]]
0.F;

0,7y

|

Finally, a repeated use of Young’s inequality ab < - + # with adequately selected parameters € > 0 yields

<L-1

1 n
1. max & +01< Jmax [I(XY 36)Hm+1<m3§ |

i H(09(eppehe))| <

+ max_|div X} + | Jmax | 1div (2. X1)15 0 (5.8)

1<n<L
2

O]-'*)

forall 1 <n < L —1, with C; > 0 independent of h and A¢. Combining (5.7) and (5.8) with (5.6) gives the
O

result for all a > ag with ag selected as in Lemma 4.1.

+ | max Hh]_- {div(0;X})}

0,7y
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We need further regularity hypotheses to estimate the different consistency terms appearing on the right-
hand side of (5.4).

Assumption 5.1. The body force satisfies f € W[%OTO](Hl(U Q;, RY).

Assumption 5.2. The solution (v,) of (2.8) satisfies
) (1,€) € WA= (12(2,8 x 5)),

i) and div(y + ¢) € W?’OO}(LQ(Q R%)).

We point out that, with Assumption 5.1 and Assumption 5.2 at hand, we can proceed as in the proof of
Lemma 4.1 to deduce that

div(y +¢) =pit— f € W[%;O(Hl(u €, RY)).

Moreover, we can perform Taylor expansions centered at ¢t = t¢,, to obtain the expressions

. § At? dty
X =15 (tn) — 5(tn) + 5 _1(1 — |s])3 = e (t + At s) ds,
. AtQ 4
X = () — (i) + - 71<1 )T S (b + AL ) ds,
. At? d3
X = () — () + o [ (1= Jsl?m, S, + Avs) ds,
2 Ja dt
At?

%= (I~ D(y(t) + 60 + 5 [ (0 DAy + 8t + At5) s,

and

(v + Q) (tn+2) = 3(v + Q) (tn+1) +3(v + O (tn) — (v + ) (tn-1)
4 AAL

= /1(Hh — D)+ &) (tn + At s)ds + At? /1(1 — 5) La(s) ds,
0 0

87&%2 = (Hh - I>at(7(tn) + C(tn)) + II

v Py +0) 3%y 1 ¢)
als) = = T

Applying the stability property (3.8) of II;, with m = 0 we deduce that

1d(v+¢)

n+ 2Ats) —
(tn +2At s) FRYE

(tn + At s) + (tn — At s).

| Joax 1 X3)llo.o + | max [1X3llo.0 S 107 = 1) Yllwzee 2@y + 10 = Ta)Cllw2e r2um)

+ A0 (Ml g2@u) + 1<tz g2@u)) (5:9)

while (3.8) with m = 1 yields

max Hdiv%iH + max Hdiv&«fﬁ”
1<n<L-1 0,2 1<n<L-1 0,2

S ||diV(I_Hh)(’7+C)HW[BO;](LQ(QRd)) + (At) ZH’Y‘FCHWMO(Hl(Q M))*
: o

Finally, by virtue of (3.9), it holds

1 1
max Hh}r {div X} h%{div(0,X})}

1<n<L-1

+ max ‘
0,7 1<n<L-1

0,7}

+ (A?) Z||7+C||W300H1(Q - (5.10)
j=1

h‘;_. {div(I —II) (v + <) }H 1 g LQ(}‘* ]Rd))
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As a consequence of (5.9)-(5.10) and the stability estimate (5.4), we have that

1<mgzc 1gh < ||(I Hh‘)’YHWQOO(LQ(QM) + H(I Hh)CHWQOO(L?(QM))

[0 T] LZ(F* Rd))

2 .
+ (At) (H’Y||W§)’:}°](L2(Q7M)) + ||CHW[%)*’°;](L2(Q7M)) "‘jz:lH'Y + CHW;»}O](Hl(QjM)))u (5.11)

for all a > ag. We are now in a position to state the following error estimate.

Theorem 5.1. Let (v,¢) and {(v},€h), n=0,...,L} be the solutions of (2.8) and (5.1), respectively. Under
Assumption 5.1 and Assumption 5.2, we have that

3Ot ) = 0 C] o + me[divey + )t = divar ™+ 67

0,2 1<n<L-1

1<ne L 1” 0.0

)

o max nF Iy + Ot ) — (7 4+ G )]

1<n<L-1

O’Ih

< (110 = I vlyze oy + 1 =Tl oy

VT = T+ Ol ooy + th{dlv(l nh)(wc}H
[0

7 (L2 (Fj; RE))

2
+ (At) (HFYHW[‘;J’;O](LQ(Q,M)) + HC||W[‘(1):°T°](L2(QM)) +JZ::1H'Y + CHW[%}OTO] (Hl(QjM))))a (5-12)

for all a > ag, with C > 0 independent of h and At.
Proof. 1t follows from (5.11), the triangle inequality and the lower bound of (5.3) that

n+2)

max [0y, €)(tn) — B(VE, ¢ o + mazc_l‘

. T +1
1<n<L—1 , 1<ns div(y + C)(tn+%) leh( +¢

0,2

1
-3 2 ”'*‘2
R RO A A
< i -
0 =¥ aonpay + [0 =0 o)+ 19V =T+ Ol 0
+||hZ {div(I —II + + max & 5.13
|1 gaiv(r - )+ €} e ey 1A (5.13)

Moreover, using again the triangle inequality, the bound

e (3.€)(t, ) = A G| < max 193 €)ta) = AR Pl
T [CRIICHT R ICASICH] I
and the Taylor expansion
. At? 1 d3(x, A
5. Otny) — A1) == [ (1= 1P, Shas

we obtain the estimate

max (4, E)(t,y 1) = O Ch)|| S max (1807, €)(t) — (i Clo

1<n<L-1 0,2 ~ 1<n<L-1
2
+ (At) H(77 C)HW[%:O;](L2(Q’MXM))7 (5.14)
and the desired result follows by combining (5.11), (5.13) and (5.14). O
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Corollary 5.1. Let (v,¢) and {(v},€h), n=0,...,L} be the solutions of (2.8) and (5.1), respectively. If
Assumptions 5.1 and 5.2 hold true and if v, ¢ € W[%OTO](HT( iQ2;,M)) and v+ ¢ € W1 OO](HTH( 95, RY),
with r > 1, then we have

s 65260 p) — 0 G0 + s |

1<

divly +Q)(t,y) — diva(r; * + ¢ )

1<n<L—1 0,0
+ max B2 1+ Qltgy) — (5 + G
1<n<i-1|| © nty h h 0.F,
< Cpinirk} Z (H Y, C)HWQOO(HT(Q Mxm)) T |y + C”Wl = (HHL Rd)))
7j=1
J
+ OO0 (Il renny + 1wt ey + 20 + St (g, my)s - (515)
7=1
for all a > ag, with C > 0 independent of h and At.
Proof. The result follows by using the error estimates (3.10) in (5.12). O

Corollary 5.2. Under the conditions of Corollary 5.1, we achieve the following asymptotic error estimate in
the energy norm

< pmin{rkl 4 (Af)2, (5.16)

Hiym(h)

(9, )t 1) — CENeat)

max
1<n<L-1

Proof. We first notice that
(9.0 tgi) — (T 2.¢8) = (1 O ts) — (4 2¢h D)
= (1O t1) = (7, Ote-t) — %((%é’)(t,ﬁ%) + (3, )(t_1))
+ %((% Otsn) = 0V CR) + (3. Ot 1) = A ¢CETD). (5.17)

Then, using a Taylor expansion centered at ¢t = t;, we find that

At .
(7 O ts ) = (1 O t) = 5 (7 Oty 1) + (. Q) (1)) =
(5.18)
(At)? /1 *(v,¢) At oo
t — —1)ds.
6 ) ap et ge)ls —Dds
In this way, substituting (5.18) in (5.17), and summing up the resulting identity over k = 1,...,n, we deduce
that
n+2 n+% < 2
200t = 0G| @02 (10 Ol sy
e (3.t ) —aui | )
Combining the last identity with (5.15) we can assert the desired result. O

6 Numerical results

We now present a number of computational tests in 2D and 3D, which have been realised using the finite
element library FEniCS [1]. Examples of the implementations are available from the public repository https:
//github.com/ruizbaier/ViscoelasticityDGSymmetricStress. The stabilisation constant is taken as a =
a*k?, where k > 1 is the polynomial degree and where a* is specified in each example.

Example 1: Accuracy verification. In order to investigate numerically the error decay predicted by
Corollary 5.1 and Corollary 5.2, we proceed to compare approximate and closed-form exact solutions for
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1 1 1 1
Hk: DoF  h ‘E""’%(O') rate‘eTOH_Q(a') rate ez::,i(a') rate eﬁ;zp(a) rate eg+2(u) rate H

144 0.707 | 3.59e+0 * 2.18e-01 * 2.48e+0 * 8.94e-01 * 3.58e-01 *
576 0.354 | 1.84e+0 0.964 | 5.81e-02 1.908 1.32e4+0 0.915 4.68e-01 0.933 1.84e-01 0.963
2304 0.177 | 9.17e-01 1.006 | 1.47¢-02 1.977 6.68e-01 0.978 2.34e-01 0.998 9.24e-02 0.991
9’216 0.088 | 4.56e-01 1.006 | 3.70e-03 1.994 3.35e-01 0.995 1.18e-01 0.995 4.63e-02 0.998
36’864 0.044 | 2.28e-01 1.003 | 9.26e-04 1.999 1.68e-01 0.999 5.90e-02 0.995 2.32¢-02 0.999
147456 0.022 | 1.14e-01 1.002 | 2.32e-04 2.000 8.39e-02 1.000 2.96e-02 0.996 1.16e-02 1.000

288 0.707 | 1.13e+0 * 4.85e-02 * 8.68e-01 * 2.10e-01 * 2.94e-01 *
1’152 0.354 | 3.07e-01 1.875 | 6.45¢-03 2.912 2.31e-01 1.910 6.95e-02 1.593 8.49e-02 1.794
4’608 0.177 | 7.87e-02 1.963 | 8.18¢-04 2.978 5.87e-02 1.976 1.92e-02 1.856 2.20e-02 1.949

18’432 0.088 | 1.98e-02 1.990 | 1.03e-04 2.994 1.47e-02 1.994 4.98e-03 1.946 5.55e-03 1.987
73’728 0.044 | 4.96e-03 1.997 | 1.29e-05 2.989 3.69e-03 1.999 1.26e-03 1.978 1.39e-03 1.996
294912 0.022 | 1.24e-03 2.000 | 2.19e-06 2.560 9.21e-04 2.001 3.18e-04 1.990 3.48e-04 1.997

480 0.707 | 2.69e-01 * 9.54e-03 * 2.20e-01 * 4.08e-02 * 4.47e-02 *
1’920 0.354 | 3.60e-02 2.905 | 1.64e-03 3.918 2.93e-02 2.909 6.11e-03 2.740 6.06e-03 2.884
7680 0.177 | 4.57e-03 2.977 | 3.58e-04 3.978 3.72e-03 2977 8.1le-04 2.912 7.74e-04 2.971

30’720 0.088 | 5.74e-04 2.993 | 5.69e-05 3.731 4.67e-04 2.995 1.04e-04 2.960 9.72e-05 2.992
122’880 0.044 | 7.32e-05 2.969 | 8.50e-06 2.945 5.85e-05 2.995 1.32e-05 2.981 1.22¢-05 2.994
491’520 0.022 | 1.01e-05 2.833 | 1.19¢-06 2.821 8.65e¢-06 2.759 1.66e-06 2.990 1.59e-06 2.985

—_

Table 6.1: Example 1. Error history associated with the space discretisation for polynomial degrees k = 1, 2, 3,
obtained for a fixed At = 107%, going up to T = 5At, and setting the parameters Ec = 1,1 = 0.25,
Ep =10,vp = 0.4, leading to the Lamé constants uec = A¢ = 0.4, up = 3.5714, A\¢ = 14.2857. The error decay
in the energy norm, predicted by (5.16), and its associated convergence rates are highlighted.

various levels of spatio-temporal refinement. Let us consider the unit square domain © = (0,1)? and the
following parameter-dependent smooth displacement

2
cos(mz) sin(my) + +—%—~—
u(w,y,t) := 2exp(—t) Ac o

i

— sin(mz) cos(my) + )\c?—Jl-i)\D

where the parameters come from the constitutive equations characterised by the elastic and viscous stress
fourth-order elasticity tensors, here simply assumed as Hooke’s law

Ct =2uct + Aetrrl, Dt =2upt + Aptrrl. (6.1)

The exact displacement is used to construct exact elastic and viscous stresses as well as appropriate initial
conditions (2.2) and non-homogeneous boundary conditions as in, e.g., (4.14) (for these first tests of conver-
gence, we only consider them as of displacement type, meaning that 'y = () and I'p = 9€2). The remaining
model and numerical parameters are chosen as w = 0.01, p =1, a* = 5.

For tables and figures presenting accuracy verification, we use the following notation for the norms in
Corollary 5.1, as well as in Corollary 5.2, and denoting separately the L?—, discrete divergence, and jump
contributions

n+i nt+l o ontd
€o 2<U) = m,flix (77 C)(tn+%) - (7]1 2?Ch 2) s
0,2
+1 : : +1 | ntl
eZivi(U) 1= max d1v(’y+C)(tn+%) — leh(")/Z 2 +CZ 2) o
1 1 nael ol
o) = maxi ey + )t ) - (T R
Fh
1 n+l n+l n+l n+l
(o) =m0 )~ 00 G e = )
sym 3

where the approximate displacements are postprocessed using the fully-discrete form of the momentum balance
equation and applying a classical finite difference quadrature

1 _1 _3 At)? . 1 1
qu:m£2—u22+(;[f+¢wwﬁf+¢“>.
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Error history with pe = 3.7593, A¢ = 7.2976 Error history with pe = 34.4827, A\¢ = 310.3448 Error history with pe = 333.5557, A¢ = 1664447.2961

pp = 35.7142, Ap = 142.8571 pp = 338.9830, Ap = 6440.6779 pp = 3333.5555, Ap = 16664444.2962
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Figure 6.1: Example 1. Error history with respect to the space discretisation with polynomial degrees k = 1,2
and varying the parameter space (top), and sample of approximate stress components (zx, xy = yx and yy)
and postprocessed displacement magnitude at ¢ = 5At for the second parameter set obtained with k =
(bottom row).

First we assess the convergence with respect to the space discretisation. As usual, we take a fixed At
(sufficiently small not to compromise the spatial accuracy), run the simulation over a short time horizon (here,
of five time steps), and consider a sequence of six successively refined uniform meshes. The rates of convergence
in space are computed as

rate = log(e()/é(y)[log(h/h)] ",

where e, € denote errors generated on two consecutive meshes of sizes h and h, respectively. We test with three
different polynomial degrees. Table 6.1 presents errors against the number of degrees of freedom (DoF). We
can observe that the sum of elastic and viscous stresses and the postprocessed displacement converge to the
corresponding exact fields approaching an optimal rate of O(hk). Note that, for the case k = 3, the convergence
of the first contribution to the stress error is slightly affected for the finest level as the error approaches the
chosen value for the time step At = 1076, The convergence has been assessed using mild parameters for
Hooke’s constitutive laws of elastic and viscous stresses. Varying these parameters does not seem to affect
the convergence order of the method. We consider three other parameter sets (Young’s modulus and Poisson
ratio)

Ec € {10,100,1'000}, v¢ € {0.33,0.45,0.499}, FEp € {100,1'000,10'000}, vp € {0.4,0.475,0.4999},
which give Lamé constants Ay = % 2(1E+—(V)()) In view of (6.1), we recall that the dissi-
pativity condition requires that up > pc¢ and Ap > A¢. The error decay for these three cases is collected in the
top panels of Figure 6.1, where we only display the energy error and that of the postprocessed displacement.
These results demonstrate the ability of the proposed family of numerical schemes to produce accurate approx-
imations also in the regime where A\p ~1.6e6 (nearly incompressible viscoelasticity). For sake of illustration
we also present the obtained approximate stress components and the postprocessed displacement for one of
these additional tests.

and () =
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Hk‘ At ‘E"'H/Q(O') rate‘eg+1/2(0') rate egitlh/z(a) rate e;lufnlpm(a) rate eg+1/2(u) ERH

0.500000 | 6.19e+01 * 1.51e+01 * 4.69e+01 * 5.44e-02 * 2.72e+01 *

0.250000 | 1.41e+01 2.138 | 3.37e+00 2.158 1.07e+01 2.135 3.35e-02 1.216 5.39e+00 2.337
0.125000 | 2.97e+00 2.246 | 6.73e-01 2.325 2.27e4+00 2.230 1.95e-02 0.782 1.16e+00 2.217
0.062500 | 7.84e-01 1.920 | 2.01e-01 1.811 5.67e-01 2.003 1.08e-02 0.855 2.69e-01 2.105
0.031250 | 1.91e-01  2.039 | 4.92e-02 2.063 1.38e-01 2.041 3.26e-03 1.757 6.49¢-02  2.053
0.015625 | 4.84e-02  1.978 | 1.24e-02 1.993 3.49e-02 1.982 8.16e-04 1.958 1.60e-02 2.024

0.500000 | 6.19e+01 & 1.51e+4-01 * 4.69e+01 * 7.40e-03 * 2.72e+01 *

0.250000 | 1.40e+01 2.141 | 3.37e+00 2.158 1.07e+01 2.135 2.45e-03 1.724 5.39e+00 2.337
0.125000 | 2.95e+00 2.252 | 6.73e-01 2.325 2.27e4+00 2.230 1.62e-03 1.200 1.16e+00 2.217
0.062500 | 7.74e-01 1.929 | 2.0le-01 1.811 5.67e-01 2.002 7.17e-04 0.953 2.69e-01  2.105
0.031250 | 1.88e-01 2.044 | 4.92e-02 2.063 1.38e-01 2.040 2.33e-04 1.730 6.49e-02 2.053
0.015625 | 4.75e-02  1.982 | 1.24e-02 1.993 3.50e-02 1.980 6.56e-05 1.972 1.60e-02 2.024

Table 6.2: Example 1. Error history associated with the time discretisation, and obtained for a fixed mesh
with h = 0.022 and setting the parameters E¢ = 10,vc = 0.4, Ep = 20,vp = 0.45, leading to the Lamé
constants uc = 3.5714, A\¢ = 14.2857, up = 6.8966, A\p = 62.0689.

On the other hand, Table 6.2 portrays the convergence results obtained after varying the time step dis-
cretising the time interval [0, 1]. The rates of convergence in time, are computed as

I'/at\e = 10g(e(.)/é(,)) [10g(At/&)]717

where e, € denote errors generated on two consecutive runs considering time steps At and &f, respectively. For
this we choose a uniform mesh with A = 0.022 and consider the manufactured solutions
2

xy + Y
w(z,y,t) = exp(—t) Ac 4, Ap

)

Yy
Y+ X

together with the parameters a* = 10, w =2, p = 1, uec = 3.5714, A\¢ = 14.2857, up = 6.8966, A\p = 62.0689.
The expected convergence rate of O([At]?) is attained as the time step is refined. Similar parametric studies
to those performed before (now shown here) have also confirmed robustness with respect to other values in
the parameter space.

Example 2: Plane stress viscoelasticity in perforated plates. Our next example simulates the tran-
sient behaviour of perforated plates in the viscoelastic case, focusing on plane stress conditions. We adapt
the configuration proposed in [14] to Zener’s rheological model and take Hookean constitutive laws for the
elastic spring and viscous dashpot stresses selecting the density p = 1 Kg/m?, characteristic time w = 0.15s,
stabilisation parameter with a* = 10, and Young moduli and Poisson ratios:

Ec=30Pa, vc=03, Ep=40Pa, vp=0.49.

The domain is a square plate with a circular hole of radius 0.25m: Q = (0,1)? \ By.25(0.5,0.5) m? and the
domain boundaries are split into the bottom segment I'p on which we impose zero displacements, and the
remainder of the boundary I'y where we prescribe normal stresses. On the top segment we set a time-dependent
traction gy = (0, —3H(t < 1)sin(rt/ 5))t Pa, where H is the Heaviside function (meaning that a sinusoidal
load is applied on the top edge until t = 1s and then it is suddenly released), and on the vertical and circle
sub-boundaries we set a traction free condition (v 4+ ¢)n = 0. We use the numerical method in (5.1) (but
with non-homogeneous boundary conditions as in Remark 4.1) with polynomial degree k = 2 (yielding an
overall quadratic order of convergence) and consider a final time of 7" = 155, with a time step of At = 0.1s.
The unstructured mesh contains 23’275 triangular elements. We plot in the left panels of Figure 6.2 three
snapshots (at times 0.5s, 1s, 1.5s) of the elastic and viscous stress magnitudes portrayed on the deformed
domain (where the displacement is magnified by a factor of 10 to assist a better visualisation). Moreover, we
show in the rightmost two panels, the evolution (only until ¢ = 7s) of axial stress in the vertical direction (in
Pa) and vertical displacements (in m) at a point located between the circular hole and the top sub-boundary,
as well as the dynamic behaviour of the L?—norms of stresses and displacement. The results illustrate the
expected dissipation property.
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Figure 6.2: Example 2. Snapshots at 10x displacement magnification taken at times 0.5s, 1, 1.5s (left and
two middle columns, respectively) of elastic and viscoelastic stresses for a viscoelastic material (top and bottom
row, respectively). Solutions were obtained with a second order method. Right column plots: transients of
vertical displacement and yy—components of elastic and viscous stresses at the point (0.5,0.82), as well as
L?-norms of all quantities.

Example 3: Creep and cyclic loading of a viscoelastic slab. The model and the implementation are
tested on a 3D scenario by computing numerical solutions of Zener’s model on the domain € = (0,1) x (0, %) X
(0, %) m3. The following Lamé constants are employed

He = 20 Pa, )\c = 100 Pa, UD = 50 Pa, )\D = 200 Pa.

We run different tests to retrieve well-known behaviours of viscoelastic materials in the quasi-static case. We
simulate a quasi-static process by simply considering a small mass density p in our model problem, namely,
in this example p = 1073 Kg/m?3. We first carry out a creep test (a constant normal stress is imposed over a
short period and then released) and then a test related with a cyclic loading (the applied traction is periodic,
generating an oscillatory deformation pattern). For the first case, an instantaneous traction (in the x direction)
of intensity 1Pa is applied on the sub-boundary at x = 1 at ¢t = 0.3s during 2.7s and then it is suddenly
released. The boundary located at x = 0 is maintained clamped, and the remaining parts of the boundary
are considered stress-free. The test is run until ¢ = 5s and the behaviour of the different stress components
is plotted in the bottom-left panels of Figure 6.3. The obtained profiles show the evolution of the L?-norms
of the approximate viscous and elastic stress as well as of postprocessed displacements. These results are
qualitatively comparable to the expected behaviour shown in, e.g., [29, Section 6.2.2 and Figure 6] for 2D
tests with the standard linear model and without inertia (that is, an instantaneous displacement increase at
t = 0.3s, and the decrease of viscous stress and increase of elastic stress needed to maintain a constant total
stress, all of them eventually decaying with time). For the case of a slab subjected to cyclic loading, we apply
the traction (0.5sin(nt)H(t < 3),0,0)* Pa on the sub-boundary at z = 1, and record in the bottom-right
plots of Figure 6.3 the evolution of z—displacement and zx—stresses, and we also plot the stress—strain curve
(where the strain tensor is accessed through the inverse constitutive equation Ay = e(u)) at the midpoint of
the domain, exhibiting the typical viscoelastic behaviour. The remaining parameter values are a* = 15 and
w=1/6s. We use a time step of At = 0.03s and a structured tetrahedral mesh with 20’736 elements, which,
for k = 1, represents 995’328 DoF'.
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Figure 6.3: Example 3. Snapshots at 10x displacement magnification taken at times 0.33s, 3s, 3.6s (left,
middle, right) of displacement (top) and distribution of total stress (middle row) for the creep of a viscoelastic
slab. Solutions obtained with & = 1. Bottom left: transients of L?—norms of displacement, and elastic, viscous,
and total stresses for the case of creep. Bottom right: transients at the point (0.5,0.25,0.25) of x—displacement
(magnified) and xx—stresses; and stress-strain curve for the cyclic loading case.

Example 4: Localisation of viscous stresses in a multilayered cross-section of spinal cord. To
conclude this section we consider a simple viscoelastic model for a segment of cervical spinal cord (consisting
of white and grey matter), surrounded by the pia mater (represented as a thin layer of elastic material).
The problem setup mimics indentation tests as in, e.g., [30, 37], which in turn replicate problems arising
due to degenerative factors. We only take a transversal cross-section of approximately 1.3cm in maximal
diameter, and in this case the indentation region is simply a curved subset of the anterior part of the pia
mater, having length 0.4cm. The geometry and unstructured mesh have been generated from the images
in [33] using the mesh manipulator GMSH [13]. In this region we will impose, as in the previous tests, a
traction (v + ¢)n = (0,—P)~*, with P a given time-dependent pressure profile with maximal amplitude
6’500 dyne/cm?. The posterior part of the pia mater will be considered as a rigid posterior support and
therefore zero displacement boundary conditions will be prescribed. The remainder of the boundary (of the
pia mater) is taken as stress-free (see the sketch in Figure 6.4, top left).

An advantage of the DG-based formulation advanced herein is that it permits us to readily consider discon-
tinuous material parameters. For the three different layers of the domain we use the following values for Young
modulus and Poisson ratio (values from [21, 33, 37, 20, 30]), EP?® = 23000 dyne/cm2, vPia = (.3, pyhite =
8400 dyne/cm?, yyhite = 0.479, Ephite = 20/300 dyne/cm®, vghite = 0.49, EE'™Y = 16/000 dyne/cm?, v&'® =
0.49, EX® = 20'300 dyne/cm?, vy = 0.49. Note that in [37] the pia matter is considered elastic and the
white and grey matter subdomains are considered hyperelastic, in [30] there is only pia mater and homo-
geneous spinal cord (all visco-hyperelastic), in [21] the spinal cord is homogeneous and linear viscoelastic,
whereas in [33] a poroelastic model has been used for all layers. The density in the three layers is taken as
pEY = 1.045g/cm?, pVhite = 1,041 g/cm?, pP* = 1.133 g/cm?.

Here the elastic behaviour of the pia mater is modelled with a much smaller relaxation parameter than in
the rest of the domain (wP® = 1/1'000s < w™hite:srey = 1/6.75). A fixed time step At = 0.01s is used and we
run the simulation until 7' = 1s. The top-centre and top-right panels of Figure 6.4 shows a sample of deformed
configuration and distribution of total stress and elastic stress magnitude at time ¢t = 0.35s. For this problem
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Figure 6.4: Example 4. Top left: Transversal cross-section of a cervical spinal cord with three material layers
(from outer to inner: pia mater, white matter, grey matter), and schematic representation of front-to-back
loading indicating regions where the outer layer is clamped (posterior, bottom), and where it undergoes an
indentation (anterior, top); the axes units are in cm. Top right: total and elastic stress after indentation
during T" = 0.35s. Bottom: Transients of viscous and elastic stresses and magnified displacements at three
given points in the pia mater, white matter, and grey matter. Bottom right: computed L?-norms, magnified
energy Eelast, and stress energy norm.

we investigate numerically the decay of the elastic energy % Jo o : €(u), which, using the definition of viscous
and elastic stress contributions, can be written as

gelast(t) = ;/Q-A(’Y) : (7 + C)

In addition, we also track the value of the energy norm defined in (3.1). These quantities are plotted in the
middle and bottom rows of Figure 6.4 together with transients of the principal stresses and displacements at
three different locations in the domain layers. The deformation vs load, as well as the stress distribution on
the white and grey matter regions is qualitatively consistent with the behaviour reported in [37]. In the pia
mater, as expected, only the elastic stress is visible.

Acknowledgement. We are thankful to Prof. Kent-André Mardal for assisting with model considerations
used in Example 4.
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