MIXED VIRTUAL ELEMENT METHODS FOR A STRESS-VELOCITY-ROTATION
FORMULATION IN VISCOELASTICITY*
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Abstract. In this paper we propose a new mixed virtual element formulation for the numerical approximation
of viscoelasticity equations with weakly imposed stress symmetry. The governing equations use the Zener model and
are expressed in terms of the principal unknowns of additively decomposed stress into elastic and internal viscoelastic
contributions, while the rotation tensor and velocity act as Lagrange multipliers. The time discretisation uses Crank—
Nicolson’s scheme. We demonstrate the unique solvability of both semi-discrete and fully-discrete problems by leveraging
the properties of suitable local projectors. Moreover, we establish optimal a priori error estimates for all variables that
appear in the mixed formulation. To validate our theoretical findings, we present several representative numerical
examples that also highlight the features of the proposed formulation.
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1. Introduction.

Scope. Viscoelasticity models are used to explain the macroscopic behaviour of a number of re-
alistic materials which, in addition to exhibiting an elastic strain-stress relationship in the stationary
state, show a dissipation of the kinetic energy in the dynamic state. Viscoelastic materials have various
applications in industry and medical sectors. For instance, in structural engineering, viscoelastic mate-
rials are crucial for modelling the behaviour of polymer, in biomechanics, understanding viscoelasticity
is essential for analysing the response of muscles and in materials science, viscoelastic behaviour plays a
vital role in the performance of composites and damping materials. In the one-dimensional setting, the
viscoelastic behaviour can be represented in a rheological manner by a setup of springs and dashpots
in serial or parallel. For the specific case of the standard linear model, the rheology has a parallel
coupling of one Maxwell component and one spring. Several comprehensive studies and investigation
of applications of viscoelastic materials can be found in [17,28,30,42]. Considering wide applications of
viscoelasticity, one needs to seek efficient numerical techniques that would provide desirable numerical
solution of the viscoelastic model problems. Moreover, numerical approximations of linear viscoelas-
ticity play a crucial role in understanding and predicting the behaviour of viscoelastic materials under
various loading conditions. For the numerical simulation and analysis of a variety of formulations for
the viscoelasticity problem we refer to, e.g., [9,24,33,36—40] as well as the references therein.

In this paper, we explore the employability of virtual element methods (VEMs) — a relatively recent
numerical technique for solving partial differential equations, evolved from 0-Cochains mimetic finite
difference and H'-conforming finite element methods. VEMSs have the flexibility of handling distorted
elements (with very high aspect ratio), hanging nodes, polytopal meshes with non-convex shapes. One
of the attractive features of the VEM is that bilinear forms can be directly computed using degrees
of freedom defined for the local virtual spaces, without requiring the explicit construction of basis
functions for the discrete spaces used in the approximation. The virtual spaces contain polynomial
and non-polynomial functions, and non-polynomial functions can be computed with the help of local
projection operators that are defined from the virtual space to polynomial spaces. Considering the
computational advantages of VEMs, these methods have been employed to wide range of problems in
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2 VIRTUAL ELEMENT METHODS FOR FOUR-FIELD VISCOELASTICITY

mechanics and fluid dynamics. The literature of VEMs for structural mechanics is very abundant, see
for example primal, hybrid, discontinuous, adaptive and other variants in [1,3,5,10,12,16,19,22,25,41,
44] and the references therein. In particular, VEMs for linear elasticity with weakly symmetric stress
have been recently advanced in [46] and later extended to elastodynamics in [13,47]. Also, a mixed
formulation using pseudo-stress and displacement is found in [18]. In addition, formulations based on
the Hellinger—Reissner variational principle and imposing strong symmetry include [6,7,23].

Mixed finite element formulations are often preferred over standard primary formulations for the
simultaneous numerical approximation of displacement and pressure variables, which arise in various
mathematical models in engineering and physics. One advantage is their natural robustness with
respect to material parameters (and in particular producing solutions that are locking-free, that is,
even in regimes of large mechanical parameters the compliance tensor is coercive with a uniformly
bounded coercivity constant). Building on the concepts of mixed finite element methods and the
flexibility of polygonal meshes, the authors in [11, 15] introduced mixed VEMs and these methods
have been subsequently applied to more realistic problems. We here focus on the construction and
analysis of mixed VEM for viscoelasticity in its total stress (additively formed from purely elastic stress
and internal viscoelastic stress), velocity, and rotation tensor formulation. The FEM counterpart of
such formulations has been studied in [31, 38] using mixed schemes for Maxwell, Kelvin—Voigt, and
standard linear solid models with either quasi-static equilibrium equation or fully hyperbolic systems
(see also [27,32] for slightly different formulations splitting the stress into Maxwell and fully elastic
components, eliminating the displacement, and using Newmark trapezoidal rule, [34] for DG schemes
tailored for a modified Zener model, and [43] for a multipoint stress mixed method that leads to reduced
algebraic systems). Meshes with polygons with arbitrary number of sides can be easily handled using
VEM and such meshes are suitable for some particular applications like the simulation of epithelial cells
which are inherently polygons. For further applications of virtual elements in viscoelasticity-related
computations, see [4,8,29,35,45].

The primary goal of this paper is to introduce a virtual element discretisation combined with
a Crank—Nicolson scheme and evaluate its computational performance for the standard linear solid
model of viscoelasticity. The virtual element spaces we employ for the stress variables are the H(div)-
conforming spaces introduced in [11]. We introduce a projection operator for the variables in the
weakly symmetric formulation to facilitate the analysis and demonstrate its approximation properties.

Outline. The remainder of this work is organised as follows. The precise form of the governing
equations in primal and mixed form is presented in Section 2, including the corresponding variational
formulations. The definition of the proposed VEM in mixed form is given in Section 3, also addressing
the properties of the bilinear forms, the definition of the virtual spaces, and specification of degrees
of freedom. There we also show the well-posedness of the semi-discrete (continuous in time) problem.
Next, Section 4 contains the derivation of a priori error estimates in the L?-norm, Section 5 contains the
fully-discretised problem using Crank—Nicolson’s method, along with error estimates, and we conclude
in Section 6 with some simple illustrative two-dimensional numerical results on polygonal meshes.

2. Mixed elastodynamics and viscoelasticity equations.

2.1. Preliminaries. Let us consider a simply connected bounded and Lipschitz domain © C
R2, occupied by a linearly viscoelastic body. The domain boundary 9 is partitioned into disjoint
sub-boundaries where homogeneous displacement and traction-type boundary conditions are imposed
O := T UT'?, and it is assumed for sake of simplicity that both sub-boundaries are non-empty
[T%|-|T?| > 0. Throughout the text, given a normed space S, by S and S we will denote the vector and
tensor extensions S¢ and S4¥¢, respectively. Next, we recall the definition of the tensor-valued Hilbert
spaces H(div, Q) = {r € L*(Q) : divT € L*(Q)}, H(curl, Q) = {7 € L*(Q) : curlT € L*(Q)}, with
. 2 2 . 2 2 2 2
their usual norms |74, o = I7lloq + iV Tl o: ITlcuna = ITllo.q + [lcurl 7[5 o, where the
divergence acts on the rows of 7, and the curl of a tensor is here understood as the tensor formed by
the curl of the rows of 7. We also define the following tensor spaces
H, (div, Q) := {7 € H(div,Q) : 7 =00on T}, L3 . (Q):={necl*Q):n= -, (2.1)
where n is a unit outward normal to the boundary and (-)* denotes the matrix transpose. Next we
recall the notation regarding function spaces defined on a bounded time interval [0, T] and with values
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in a separable Hilbert space S, with norm ||-||g. For a nonnegative integer m, and for 1 < p < oo, we
denote by LP(S) and W™P(S) the spaces of classes of functions f : [0,7] — S for which

T m
1FEIE s gy == / 1% dt < oo and [ £(D)[fymacs) = D 0"w/Ot|7, g, < oo
=0

We also use the space C™([0,T7],S) of m—times continuously differentiable functions. For brevity we
write f and f to denote df/0t and 9%f/0t2, respectively. Finally, for 1 < p < oo we consider the
Sobolev space

WhP(0,T;V) = {f :3g € LP([0,T), V) and 3fy € V such that f(t) = fo + /tg(s) ds Vit € [QT]} :
0

and define the space W*P(0,T; V) recursively for all k € N.

2.2. Model problems. For a sufficiently smooth load f(t) : 2 — R? we start with the elasto-
dynamic equations with weakly symmetric stress imposition. They consist in finding, for each time
t € (0,T], the Cauchy stress tensor, the displacement vector, and the rotation tensor o (t), u(t),r(¢)
such that

Aiog=¢e(u)=Vu-r in 2 x (0,77, (2.2a)

ot —divo = of in Q x (0,77, (2.2b)
o=o" in Q x (0,77, (2.2¢)

u=20 on I'* x (0,7, (2.2d)

on=0 on T x (0,77, (2.2)

(stating the constitutive relation, the balance of linear momentum, the balance of angular momentum,
and the mixed-loading boundary conditions of homogeneous type, respectively) where e(u) = 1 (Vu+
(Vu)*) is the infinitesimal strain tensor, r = 2(Vu — (Vu)*) is the tensor of rotations, and p is the
mass density of the solid.

The material properties are described at each point by the compliance tensor (the inverse of the
fourth-order linear isotropic stiffness tensor Cy) Ay, which is identified as a symmetric, bounded, and
uniformly positive definite linear operator characterised by its action

1 A1
C =2 A1 (divu)l Alo=—|0o————1t I 2.3
1€(uw) = 2ure(u) + A (divu)l, 10 o <0‘ S r(o) >, (2.3)
where A1, p; are the Lamé parameters of Hooke’s law. A stress-velocity formulation might present
analysis-related advantages over more classical stress-displacement approaches, including a more str-
aightforward treatment of dynamic effects [33]. Compatibility relations are written in terms of strain
and velocity v(t) := w(t) in problem (2.2). Using the boundary conditions and the definition of

the function spaces in (2.1), it is possible to write the following weak formulation: find (o, v,v) €
CO([0, T, B (div, 2)) N CL(0, 7], L2(©) x C1([0, 7], LA(Q)) x C1([0, T}, L2,,,,(©)) such that

skew
(A1&7T)(]7Q + (le T, ’U)()VQ + (7, T)()VQ =0 VT1e H*(div, 9)7
(91')7’“])0,9 - (diVU7w)O,Q = (Q.fa w)O,Q YV w € LQ(Q)7
(6'7,’7)079 =0 V’I’] € Lgkew(Q)7

with given initial data

(0(0),v(0),7(0)) = (Cre(u(0)), v(0), %(VU(O) — (Vu(0))%).
If £ € WhHi([0,T],L3(2)) then this problem is well-posed, as established in [2, Theorem 3.1] (see
also [26]).

Asin [31] we now extend (2.2) to a standard linear solid (or Zener) rheological model for viscoelastic
materials (a parallel phenomenological model considering the coupling between one Maxwell component



4 VIRTUAL ELEMENT METHODS FOR FOUR-FIELD VISCOELASTICITY

G

}7

CI

Co

Fic. 2.1. Schematic representation of the rheology for the classical Zener (or standard linear solid) model in
viscoelasticity. Co,C1 are the elasticity tensors associated with the first and second spring units, respectively, while C’
is the tensor associated with the dashpot.

conformed by one spring and one dashpot in serial, and one spring). Apart from the compliance tensor
Ay (cf. (2.3)) associated with the second spring unit, let Ag, Af denote the compliance tensors of
the spring and dashpot components in the Maxwell compartment (see Figure 2.1). For the sake of
simplicity we assume that Ay, A}, are also of Hooke’s type but associated with different Lamé pairs
(10, Ao) and (ug, Ap), respectively.

Then, the governing equations are written in terms of the total Cauchy stress tensor o (t) + o1 (t),
the velocity vector v(t), and the rotation tensor r(t) as follows

Ao+ Ayoo = Ao =e(v) =Vo—r in Q x (0,77, (2.4a)
ov —div(eg+01) = of in Q x (0,77, (2.4b)
oot+o1= (00 +01)" in Q x (0,77, (2.4¢)

v=0 on I'* x (0,7, (2.4d)

(op+o01)n=0 on I'” x (0,7, (2.4e)

and they are equipped with the following initial data v(0) = 0, 0¢(0) = ogo€ Hi(div,Q), o1(0) =
o10€ H,(div,Q). In weak form, this problem reads: find (og,01,v,r) : (0,7] — H,(div,) x
H, (div, Q) x L2(Q) x L% () such that

skew
(Ao oo+ Ayoo, T0)o.o + (divTo,v)o.a + (£,70)0.0 =0 V1o € Hyi(div, ), (2.5a)
(A1o1,T1)0,0 + (divTi,v)e.0 + (£, T1)o0 =0 V7 € H,(div,Q), (2.5b)
(o, w)o,0 — (div(eo + 1), w)o.0 = (of , w)o.0 vVw € L2(Q),  (2.5¢)
(Go+01,m00 =0 vpel?, ., (Q). (2.5d)

The existence of a unique solution to (2.5) (in the case of pure velocity boundary conditions and for
f € LY([0,T],L?(Q)) has been proven in [31] using the theory of semigroups.

3. Virtual element discretisation.

3.1. Preliminaries, virtual spaces and degrees of freedom. Let 7; denote a family of
polygonal meshes on Q (from now on, assumed a polygonal domain) and denote by &, the set of all
edges in the mesh. By hx we denote the diameter of the polygon K and by hr we denote the length
of the edge F'. As usual, by h we denote the maximum of the diameters of elements in 7. For all
meshes we make the following assumptions.

e There exists a uniform positive constant 7; such that each element K is star-shaped with
respect to a ball of radius greater than n1hg.

e There exists 172 > 0 such that for each element and every edge F' € 0K, we have that hp >
n2hi.

Throughout the paper, given two quantities a and b, we write a < b when there exists a constant C,
independent of the mesh-size h, such that a < Cb. By P;(©) we will denote the space of polynomials
of total degree at most k defined locally on the domain ©, and denote by Py (©) and Px(0O) the vector
and tensor counterparts, respectively.
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Consider an arbitrary polynomial degree k > 1. Following [18,46,47], for each K € T}, we introduce
the local virtual space
S(K) := {r € H(div, K) NH(curl, K) :
T™n|p € Pi(F) VF € 0K, divT|gx € Pi(K), curlt|g € Pr_1(K)}, (3.1)
where by convention, P_;(K) = {0}, and a unisolvent set of local degrees of freedom describing

functions in S(K) is given by the so-called K-moments (see, e.g., [18], or also [11] for the case of mixed
Poisson)

/ T™n - wids for all edges F' € 9K, and for all wy € Pr(F),
F

T:g,_,dzx forall g,_; € Gx_1(K),
K

/ T : gjf dz for all gi € Gj (K),
K

where we denote by G (K) := VP 1(K) the local space of gradients of vector polynomials of degree
up to k + 1, and Gj (K) denotes its orthogonal (with respect to the L?(K)-norm) in the tensor
polynomial space Py (K).

The local spaces (3.1) can be patched together to construct the global virtual space for stresses
Sp :={7 €S :=H,(div,Q) : 7|k € S(K), VK € Tp},

(containing the imposition of the traction boundary condition in an essential manner), while for velocity
and rotation we consider the discrete spaces

V5, :={v e V:=L*Q):v|x € Pp(K), VK € Tp},
Ky = {n € K:= L2, (Q) : n|x € Px(K), VK € T},

respectively.

Since the stresses belong to a virtual space which contains non-polynomial functions, the stress-
stress bilinear forms cannot be computed explicitly. Therefore, we introduce appropriate projection
operators that allow us to define fully computable discrete variational formulations. By II{ we denote

the usual L?(Q) — Px(7y) orthogonal projection and Hg,ﬁg will denote the extensions to the vector

and tensor cases. By ﬁ; we will denote the interpolation operator from the space
H} (Q) := {7 € H(div,Q) : 7|x € H(K) VK € Tp.},

into Sp, which, in view of the K-moments above, is characterised by the following identities (see,
e.g., [11])

0= / (t —ﬁir)n cwy ds Ywy, € Py(F),
F

0= [ (r-Thr) gy de Ygi_s € G (K),
K

Oz/(‘r—ﬁ;‘r):gé‘dm ngJ‘egé‘(K).
K

These properties imply the commutativity relation

div(TT, ) = I (div 7). (3.2)

Also, the spaces satisfy the following inf-sup condition, as proved in [46, Eq. (4.17)].

nf sup (div Ty, wp)o.0 + (Th, M)0.0

> Cr > 0. (3.3)
wneVim€¥nryes,  |[Tall(lwall + Im,])
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Fic. 3.1. Schematics of the local degrees of freedom for each row of the stress variable, focusing on polynomial
degree k = 2.

3.2. Semi-discrete formulation and its well-posedness. The semi-discrete problem reads
as follows: starting from the initial datum (67,4(0),01,4(0),v4(0),r,(0)) € Sp X Sp x Vi, x Ky, find
(Uo,h, O1,h,Vh, I‘h) S Cl([O, T], Sh) X Cl([O, T], Sh) X Cl([O, T], Vh) X Cl([O, T}, Kh) such that

ao,n (60,10, Ton) + ag p(00n: Ton) + (divTon, vn)oo + (Ton Th)oo =0 V7o € Sy, (3.4a)
a1, (61,0, T1,0) + (div T p, V)00 + (T1,h,Fh)o,0 = VT1,n €S, ( )

(00n, wp)oe — (div(oon + 010), wa)on — (of , wr)on = Vwy, € Vi, (3.4c)

Joo = )

(Uoh+0'1 hyMh)o 0 vn, € Kp, (3.4d

where a.n(on, Th) = X ger, a’, (o, 7s), and thanks to the model assumptions adopted in the
previous section, the local bilinear forms are defined as

*

2t 4 dX\F

—0 —0
afh(a*h,‘r*,h) = / tr(IT, o ) tr(I0, 7. ) de
K

2u*
K —0 —0
+ Sh (U*,h - Hko'*,haT*,h - HkT*,h)a

where * specifies which compartment of the rheological model and which parameter set the bilinear
form is describing, and where SX is defined as follows:

S}i((o'*,/uT*,h) = ZXi(o'*,h)Xi(T*,h)a

%

where y; are the degree of freedom operators introduced in Section 3.1. Clearly, SX is positive definite
and symmetric, and satisfies the following scaling property (see [11])

=0 =0 =0 =
a1||T*,h - HkT*,hHg,K < S}{((U*,h - Hka*,ha Tsx,h — HkT*,h) < 052||T*,h -

with a1, as positive constants independent of A, of K, and of A*. The bilinear forms af ,, thus defined
satisfy the following properties:

K
Ao (Thyon) < YTh,0h €S,

aly(Th, ) = Cllallf x VT, €8S.

The semi-discrete formulation (3.4) can be expressed as a system of linear ordinary differential
equations in time, for which existence and uniqueness results are well established in the literature.
Therefore, we do not provide a detailed proof, but instead, below we offer a brief outline of the
argument.

We proceed by writing the sem-discrete problem in terms of operators. Let A, : S, — Sy be
defined by A.on, = Rs,(a.«n(on,®)) where Rs, : S, — Sj, gives the Riesz-representation of the
operand. Similarly, we define H : Sy, — K, as Hop, = Rk, (0h,9)00, M : Vi, = V), as Muy, = ouy,
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J Sy, = Vi as Jo, = Ry, (divey,,e)q and F = Ry, (of,e). Finally, let us define the block
operators

A 0 0 H* A, 0 —J* 0 0
=10 oow ol A0 00 o e
H H 0 0 0 0 0 0 0
With this, it readily follows that system (3.4) reads
ATy, = By +C,  with Ty = (Gon, 010, Vs Th)" (3.5)

Note that, if we prove that & is invertible, we can write the system as #, = F (Zp,t) where Z is
continuous in ¢ and Lipschitz-continuous in Z. Thus, by Cauchy—Picard’s theorem (see, e.g., [21,
Chapter 2]), we will have a unique solution of the semi-discrete problem in [0, 7.

On the other hand, from the fact that afh and (.,.)o,o are coercive and symmetric on S;, and K,
respectively, we get that Ag, A1 and M are positive definite. Thus, to prove the invertibility of &7, we
only need to show that H* is injective.

Suppose that for some n;, € K;, H*n;, = 0. Then, for any 75, € Sy, we have that

0= (Th,H*'r’h)O,Q = (HThaTIh)O,Q = (Th777h)079-

As this is true for all 75, € S, we readily get the following relation by using (3.3).

Th, ,
0= sup TEIL 5 gy

mes, 7l
This is only possible if ||n,|| = 0, that is i, = 0. As 1, was any generic element of K, satisfying
H*n, = 0, we get that H* is injective, thus proving the invertibility of 7.
We also prove the following stability result.
THEOREM 3.1. The solution of the semi-discrete system (3.4) satisfies the following estimate

T
Jmax (loor)l + lon(s)l + loa()I) S llooa O + e O)l + lon )] +/O 1 ()l ds .-

Proof. Substituting 79 5 = oo,n, T1,h = 01,1, Wy = v}, and wy, = vy, in the first three equations of
(3.4) and adding them all, we get the following.

1d

~—(ao,n(00.n,00,n) + a1,n(01h,010) + (0Vh, VR)) + ag (00n, T0n) = (0f ,08) — (Ton + 010, Th)-
2dt ’

The term (oo, + 01,1, T1) is zero owing to both (¢ 1 (0) + 01,,(0),n,,) and (6o, + 61,1, M) being
zero for all i, € Kj,. Thus, we are left with the following relation

1d
3 @0n(@on Ton) + arn(@Ln, o) + (evn, vn)) + ag n(T0.n, 00n) = (0f ,vn). (3.6)

Next we apply the continuity of the bilinear forms and Cauchy—-Schwarz’s inequality to get the following
bound

d
3 Ulgonll® +lounl® + llonl®) + lleonl* < ClLfllvall (3.7)

Then, discarding the positive term || ||* and integrating in time from 0 to ¢ for t < T, we readily
get the estimate

loeon®I® + ot + lon®)]?
t
< lloon (O + o1 (0)[* + o (0)]* + C/O £ ($)[lvn(s)] ds.
Further, using standard inequalities, it is possible to obtain

(loon@®l + llosn @l + lvn®)])?



8 VIRTUAL ELEMENT METHODS FOR FOUR-FIELD VISCOELASTICITY
T
2
< C | (loon(O)] + llornO0)l + lva(0)[)” + /0 1F(s)lllvn(s)llds

< (oo + lov s+ 1on @1 + max (o)l [ 1761 )

<C <(||0'0,h(0)| +llorn O] + lva(0))* + max (loon(s)] + lon(s)] + IIvh(S)II)/O ||f(8)|d5) -

s€[0,T]
And finally, dividing both sides by max,cjo,7]([lo0,n(s)[| + [[o1,n ()] + [[va(s)]]), we end up with

max ([[aon(s)|| + [lo1n(s)] + llvn(s)l)
s€[0,T]

T
§C<Ilffo,h(0)||+Im,h(O)ll+||vh(0)||+/0 ||f(5)||d8>- 0

REMARK 3.1. Equation (3.6), shows the dissipation of the total energy consisting of the kinetic and
elastic potential energy for the viscoelastic material. Specifically, when the load term is zero, it shows
that the energy decays to zero with time.

4. Error analysis. In this section we aim at the derivation of optimal a priori error estimates
for the solutions of the semi-discrete problem (3.4) in their natural norms.

To that end, we first define a weakly symmetric elliptic projection operator M:SxSxVxK—
Sy x Sy, x Vi, x Kj, which maps (09,01, u,r) to (00 5, 01,5, Ur, rr) Where the latter is the solution of
the following equations

(0o, — 00, Ton)o,o + (divTop, ur — oo+ (Ton, rr — oo =0 V7o, € Sh, (4.1a)
(01— 01, Tin)o0+ (divrip, ur —uw)o o+ (Tih,rx —T)oo =0 V71,5 € Sh, (4.1b)
(div(oo,x +01,x —00—01),wr)o,0 =0 Ywy, € Vy, (4.1c)
(6or+017—00—01,M,)00=0 vn,;, € Ky, (4.1d)

The operator II is well-defined due to the following lemma.
LEMMA 4.1. The problem (4.1) is well posed.

Proof. We want to show that given any (0,01, u,r) € SxSxV xK, there exists a unique solution
0 (4.1). As 'Sy, xSy, x Vj, x K}, is finite dimensional, the square system of linear equations has a unique
solution if the following system of equations possesses only the zero solution.

(00,7, T0,n)0,0 + (divTo n, ux)o.0 + (Ton, rr)oo =0 VTo,n € Sh,
(0-177”7-1"‘)0)9 + (div Tlvh’uW)O,Q + (Tl7h7r7r)0,ﬂ =0 VTl,h € Sy,
(diV(UU,ﬂ' + 0'1,7r)7'wh)0,ﬂ =0 Ywy, € Vy,
(@ox+01,5,M)00=0 vn, € Kp.
Substituting 71 5, = T, in the second equation and then taking the difference of the first two equations,

we get that (60,r — 017, Ton)oo =0 Y7o €Sy, implying that ¢ = 01 . Now, substituting o1 »
by o, in the equations and dividing by two, we get the following system of equations.

(@0.m Ton)o.q + (divTon ur)og + (Ton Troo =0 YTo.n € Sh,
(div(eo,x), wr)on =0 Ywy, € V,
(UO,wvnh)O,Q =0 V’f]h e Ky.
This is a well-posed system by [46, Theorem 4.1], hence, the kernel of the above system is zero. |

Next, we establish the projection error estimates, which will be used to prove the optimal error
estimates between the exact solution and the solution of the semi-discrete problem (3.4).

LEMMA 4.2. Let (09,01, u,r) € WETL2(Q) x WEHL2(Q) x WETL2(Q) x WEHL2(Q) and its projec-
tion be (00,x,01 7, Ur,Tr) =1l(00,01,u,r). Then, there exists C > 0 independent of h such that

ltr =l + e — vl + 000 — 0ol + lo1m — oull < CH oo, 00,2 T yrsnsga-
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Proof. Taking 7o = 71, = Tp in the first and second equations of (4.1), adding them, and

defining o = é(a’o +o01)and o, = %(Uo,ﬂ + 01,x), we get the following system
((J’Tr — O',Th)o,Q + (diVTh,'uﬂ- — ’U,)QQ + (Th,rﬂ- — I‘)07Q =0 V1, € Sh,
(diV(O’Tr — 0’), ’wh)oﬂ =0 Ywy € Vy,
(or—0,M)00=0 vn,;, € Kp,

which clearly satisfies the conditions to apply [47, Lemma A.1], whence we get
s = wll + ez — 1] < CH* lorg.0r1, v (4.2)

In order to bound |[';,» — o for i = 0,1, we use the triangle inequality [0 —0oil| < [0 x —ﬁ;aiH +

| o — oi]|. Norm of each row of (II,o; — &) is bounded by the H'-norm of that row according
to [11, Section 3.2]. Thus, we have

[0 — oil| < CR* |0 ks1 (4.3)

In order to derive suitable bounds on ||o; » — ﬁ20i||, we write the first and second equations of (4.1)
as follows

(dai + ﬁ;tn — o, Ti7h)07Q + (diV Tihs dy + ng — 'UJ)()7Q + (Ti,ha de + ng — r)O’Q =0 V‘l’@h €Sy,

where dg, = 04 x — ﬁZO'i, dy = Uy — ng, dr =T; — ng. Taking 7; j, = do, in the above equation
and adding for i = 0, 1, we readily obtain

”dtJ'OH2 + ||d0'1 H2 + (div(do'o + d0'1)’ dU)O,Q + (div(do'o + d0'1>7H2u - u)O,Q
= —(T,00 — 00, doy )00 — (01 — 01,de, )o.0 — (doy + doy s de + IIpr — 1)0 0.

The fourth term on the left-hand side in the equation above is zero by the definition of the polynomial
projection and the fact that for 7 € S, divT € V. In addition, the third term can be analysed as
follows

(div(dey + doy )s du)o.a
= (diV(O’O,ﬂ- + 01— 00— 0'1), du)07Q + (diV(O’o +o01 — ﬁ;ﬂo — ﬁ;o’l), du)O,Q.
In turn, the first term of above is zero by the third equation of (4.1). By (3.2), the second term is equal

to (div(og + o) — Iy div(og + 61),dw)o.a, Which is zero by definition of the projection operator,
and d,, being in the projected space. In all, we are left with the following relation

||d<70||2 + [|de, ||2 = _(ﬁ;ca'() — 0o, dao)O,Q - (ﬁ;crl -0, dm)O,Q — (dgy +doy s de + Hir - r)O,Q

=1 =1
< OVl [P + o, 2 (T = oo | + [T = oy + [l + TEr — x]])

Thus we have the following estimate

Vdoo? + ldo 2 < C (||Hk00 = oo +|Mo1 — o] + [|rx — rl| + [Thir — rll) ;

where we have also used the triangle inequality. Now the desired estimate can be obtained from this
using (4.3), (4.2) and standard polynomial approximation theory (see, e.g., [14]). d

REMARK 4.1. We note that the operator II defined by (4.1) commutes with differentiation in time,
that is,
d ~ = ...
&H(Uﬂa o1,U, I‘) - H(UOa o1,U, I‘).
The proof of this result is the same as in [47, Lemma 6.2], and this property is used in the subsequent
analysis.
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As a notational convenience, for any symbol ¢ in {og,o1,v,r} and its discrete approximation ¢,
in {@0,,01,n, Uy, Iy}, we define the following error quantities

€Cic—4h, eléic_cﬂ‘? GZiCﬂ_Ch'

We now prove the main result of this section.

THEOREM 4.1. For (0, 01,u,r) € WH(0, T; WrFHL2(Q) x WEHL2(Q) x WETL2(Q) x WE+1.2(Q)),
the solution (o7o.n, 01,1, Un, Th) of (3.4) satisfies the following estimate for all time t, where the constant
C is independent of h ort:

lon = o]l + llen = xll + oo = aoll + o — o1l] < CH* i, 01, vllwos o zwnsszqay.

Proof. Subtracting the corresponding continuous and semi-discrete equations, we get the following
system with v, = u,:

ao(60; To.n) — ao,n(G0.ns Ton) + ag(ao, Ton) — ag p(To.n Ton) (4.4a)
+(div 7.5, €v)o.0 + (To,hs ér)oo =0 V710, € Sh, (4.4b)

a1(61,T1,n) = arn(G1h, T1in) + (diVTin, ep)oo + (T1n, ér)oo =0 VT1,n € Sh, (4.4c)
(0€v, wp)o.0 — (div(eg, + €0y ); wr)oo =0 Ywy € Vyp, (4.4d)

(oo +€ovr, Mo =0 vn,, € Kp. (4.4e)

Substituting 7o, = €% , 71, = €l and w, = €l in the first, second and third equations respec-
tively, and adding them, we get the following relatlon

aOh(éZ(ﬁ Z-o)+a6 h( Zoﬁ 0.0)+a1 h( Zlaegl)+(gé2’e};)07ﬂ

= —(0éh,el)oqn + (€, e Voo + (€2, ek Do

—ag(oo,elk) +ag p(00x ek,) — ao(Go, el ) + aon(Gox eh,) — ar(1,el) + a1 n(61,x €),

where we have also considered that o, 0. L K;. Then we proceed to rewrite the result in its energy
form, leading to

h h h
e (A T W = R
- (er )0 o+ ( €oos Z-D)O o+ ( €oqo h1)079 - a67h(€2;.0, eho) - (CL6(O’0, 62-0) - aé),h(o-(% 6};’0))
— ao,n(éh €oo) 6?,0) (ao(do, 620) — ag,n(00, 6.};0)) - al,h(eglvfi};l) —(a1(o1, 6};1) —a1n(01, 6};1))-
Now, using the definition of the discrete bilinear forms and their stability property, we can apply
Cauchy—Schwarz’s inequality to each term on the right-hand side, to readily get the following

1d
537 (b P, + et I, , + 1eblZ) + lleh, I,

. . . —0
<C(lle5Illlesll + lleb, llleq, | + b, leg, | + lleb, llleq, | + Moo — oollles, |
. h =0 . . h .
(165, [lleh, Il + ITTaéo — Gollllel, Il + €5, ek, | + Tees — oalllleh, 1.
Next, applying algebraic relations to the norms on the right-hand side of the above inequality, it is not

difficult to arrive at the following estimate

1d
e (e N S A N N o

<Cllég,: ehy s o &0, 60 — &0, )0 — U()aHk01—01|\\/||€ oM, Flleb 1%, , + llebll2.

Dividing both sides by \/||ef;0 1%, , +llek %, , + llek]|2 and integrating in time, we are left with

leholPo + ety I, + lekl2 < © / et eb b b Tiég — b, Thhog — oo, Ty — 61| dt.
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Again, by the commutativity of II with differentiation in time, we have, for any symbol ¢ in {0, 01, v},
that é’é = eg. Thus, from Lemma 4.2 and standard polynomial approximation theory, it is clear that

the right-hand side of this last inequality is bounded by Ch¥*1|oy, o1, |lwio,rwrr12())- Again,
an application of the triangle inequality and Lemma 4.2 gives us the desired estimate.

Note that by differentiating equations (4.4) in time multiple times, and repeating the steps in the
proof above, we can prove that the following holds for all time ¢ and for all [ € {0, 1, ...}, with D' being
the [-times differentiation operator

| Dy, — Dlo|| 4 ||D'ry, — D'r|| + | Dloon — Dlool| + || Do, — Doy (4.5)
< Ch* oo, 01, vllwiea o, mwz (o)) '

We also prove a result about error in divergence of the total viscoelastic stress.
THEOREM 4.2. The semi-discrete solution satisfies the following error bound for all time t € [0,T]:
|| diV(O‘oJL +o1,,— 00— 0‘1)” < Chk+1HO’0, o, 'UHW2,1(O7T;L2(Q)). (46)

Proof. Let 0 = 09+ o1 and o), = 0 + 01,,. By the third equations of (2.5) and (3.4), we get
the following relation for all wy, € Vy,

(o(® — 0p,),wy) = (dive — divey,, wy,) = (ML div o — div ey, wy,).
Taking wy, = Hg div o — div o, we can assert that
|TI) div o — divey,||? = (o(v — 0p), Ty dive —divey) < |lo(v — o) |||TIL div o — div o).
Dividing both sides by ||TI} div o — div o,||, we readily obtain
1M1 div o — div o] < [lo(o — on)]]
Finally, owing to triangle inequality, polynomial approximation theory and (4.5), we get (4.6). O

5. Fully discrete formulation. We proceed to discretise the time derivative by employing the
absolutely stable Crank—Nicolson scheme. This yields a fully discrete version of the semi-discrete
scheme (3.4). For that purpose we choose a positive integer N for the number of divisions of the time
interval. Let t,, = n7, where n = 0, %, 1, %, 2,---N.

Take & = (00,01,v,r)%, and following (3.5), the semi-discrete system is represented as & =
(60,1011, V1, Th)" satisfying ATy, = BEp+C fort € [0,T]. We use the notation " and Z} to denote

Z(t,) and T (t,) respectively. The fully discrete scheme is to find X ~ Zp for alln € {1,2,...,N}

such that,
Xn _ Xn—l )Z'n )Z'n—l 1
o =% +2 +‘€<(n—2) T). (5.1)
T

Now, we state and prove the result concerning the time-discretisation error.

LEMMA 5.1. The solution of the fully discrete problem satisfies the following error bound, where the
constant ¢ is independent of h or T:

e |X" — @] < er?||oo, o1, v, vl|ws.e (0.1:12(0) - (5.2)

Proof. Denoting Xn - a} by g", we readily obtain
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Next, we use the following relation

=n =n
T, + T,

n

/ / £)dt ds + / / £)dt ds o4

< T2||$h||Loo(o,T;L2<Q))~

tn | o1,
= / Zn (S)ds—/ * 2 (s)ds
t 71 tn—1

And in order to bound the other term, we consider the following

Ty — ~1
h h i
7—:5,1

tn t n—1 tn,
/ / / r)drdtds + / ’ /
tn—1 S

<73 & hHLoo(o,T;L?(Q))-

[N

t,_1 ..
/ * Zp(r)drdtds (5:5)
¢

By the continuity of o/ and £ (with continuity constants ¢, and cg respectively) the coercivity of

&/ with constant C./, using (5.4) and (5.5) in (5.3), and then multiplying by %

following estimate

, we get the

[0 — [lo" |
T

S‘nQ S’n712
SC(II [

5 7—2(||£h||L°°(O,T;L2(Q)) + || fh”Lx’(O,T;LQ(Q)))”gn + 5n1||> )

where ¢ = C‘;z_{l max(1, ¢, c). Applying the discrete form of Gronwall’s inequality (see [20]), we are
left with

peix ) X0 =@l < (| Znllue 0, m120)) + | Z nlluee0m120)))-

To complete the proof, we proceed to find h-independent bounds for the quantities ||£Eh||Loc(0 TiL2(9))
and || 7 p, || (0,512 (02)), Which we derive as follows

D' & L (0,7:1.2(02)) =[P'@0,1, D' o1, D'vn, D'y |roe 0,712 ()
§||Dlo'0aDlo'laDl”aplr”Lw(o,T;m(Q))
+C (|ID'wy, — D'o|| + || D'ry, — D'r|| + | D'oo,, — D'ool| + |D'orn — Do)
§||D1007D1017Dl'U7Dlr||Loo(O7T;L2(Q)) + Ch** oo, 01, Vw0, 0w 12(0))-

Here, in the last inequality, we have used (4.5). Now, for a sufficiently small h, the second term is
dominated by the first. Thus, we get the desired estimate. ]

We finally state the full-discretisation error estimate which is obtained from (5.2), Theorem 4.1,
and triangle inequality.

THEOREM 5.1. Assume that the solution to (2.5) is such that og,01 € WHL(0,T;WFL12(Q)) N
W3(0,T;L2(Q)) and v € WH1(0,T; WF1L2(Q)) 0 W32°(0, T; L2(Q)). Then, the solution X" of
(5.1) satisfies the following estimate for all n € {0,1,,..., N}

[ X" — 2| < ChF Yoo, o1, v]lwra o mwriiz )y + €200, 01, v, T ws.e (0,7 02(0)) -

6. Numerical verification.
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Fig. 6.1. Error history for the system wvariables in the L?-norm using the manufactured solution w(z,y,t) =
(e™¥ cos(t) sin(x), et ®)t, with polynomial degree k = 1 and on square meshes (a). Using the manufactured solution
u(z,y,t) = (t2x(1 —z)y(1 —y),0)* with polynomial degree k = 1 and on square meshes (b), on hezagonal meshes (c) on
square meshes (d), with degree k = 2 on hezagonal meshes (e) with k = 2 on square meshes (f), with k = 3 on square
meshes (g), and with k = 3 on hexagonal meshes (h). The solid lines indicate fitted convergence rate slopes.

6.1. Preliminaries. In this section we show the results of simple computational tests that confirm
the theoretical error estimates from Section 5, and we also showcase properties of the proposed mixed
virtual element method. The implementation has been carried out using an in-house C+-+ code and
following the guidelines in [11,13]. The discretisation leads, at each time step, to a system of algebraic
equations and all linear solves are done with a direct method. We confine the results only to the
two-dimensional case, for which the total number of degrees of freedom are

DoFs :=2-2(k + 1) - f(edges in &) + (k + 1)(5% + 3) - f(polygons in Ty).

6.2. Convergence tests. First we investigate the convergence of the method using different
smooth displacement solutions. We consider the time horizon T' = 1, the spatial domain Q = (0,1)?,
and the following model parameters that characterise the elastic and viscous stress components of an
isotropic, homogeneous viscoelastic material pg = 3, A\g = 2, p1 = 4, My =5, py = 4, A\{j = 3 and
0 = 1. The units in this and the following examples are taken consistently with mm for length, mm/s
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Fic. 6.2. Convergence plot on the square-hexagonal partitioned mesh using the manufactured displacement solution
u(z,y,t) = (321 — 2)y(1 — y),0)* and polynomial degree k = 1.

for velocity, g/mm? for density, N/mm? for body forces, N/mm? for tractions, stress, Young modulus
and Lamé parameters.

We use manufactured smooth displacement solutions from which we obtain the exact mixed vari-
ables and calculate the corresponding load function, initial conditions required to initialise the Crank—
Nicolson scheme, as well as boundary conditions that satisfy (2.4). The traction boundary T'? is
composed by the segments z = 0 and y = 0 while the remainder of the boundary is I'*. We consider
partitions of the domain into a sequence of successively refined meshes of squares and hexagons (see
Figure 6.4), and compute approximate solutions using the virtual element scheme for different poly-
nomial degrees, as well as errors with respect to the manufactured smooth solution at the final time
t = T. The Crank—Nicolson time discretisation is done so as to achieve optimal convergence rate by
having 72 oc h*T1. The rates of convergence in space are computed as

rate = log(e.)/€(.)) llog(h/h)] 71,

where e, € denote errors generated on two consecutive meshes of sizes h and h, respectively.

The manufactured displacements we choose in the different tests are u(z,y,t) = (2zy(1 — z)(1 —
¥),0)%, u(z,y,t) = (e7Y cos(t) sin(z), e!T®)*, and u(z,y,t) = (3x(1—2)y(1—y),0)*, for (z,y) € Q and
t € [0,1]. These functions have been selected to test the convergence in presence both homogenous and
non-homogenous boundary conditions. We observe that the convergence order of the method seems
to be robust with respect to the choice of the exact solution and polynomial degree. These results are
collected in Figure 6.1. In all plots (except panel (b) which refers to the verification of convergence of
the divergence of the total stress as stated in Theorem 4.2) we display the decay of the L?-norm of the

T . . =0

individual error contributions (except that for the stress components, we compute |II, o, — o5 ),
showing in all cases the expected optimal rate of convergence O(h**1) for all unknowns, consistently
with the theoretical bounds from Theorem 5.1. Other tests (now shown here) confirm that the method
is also robust with respect to other physical parameter values. Specifically, we followed [27] for tests
for nearly incompressible materials. As an example, keeping all other settings in the same way as
in the first test, we perform two experiments with the parameters g = 3, Ao = 1.5 x 102, py = 9,
A1 = 4.5 x 102, puf = 3, \j = 1.5 x 10% in the first additional experiment and o = 3, A\g = 1.5 x 104,
pr =9, Ay = 4.5 x 104, pf = 3, \j; = 1.5 x 10* in the second (leading to Poisson ratios of 0.49
and 0.4999, respectively). The results are portrayed in Figure 6.3, confirming a convergence rate of
approximately O(h%®) and a slightly higher O(h?:®) for the first and second case, respectively, that
is, no degeneration of the error decay even in the nearly incompressible regime. In the later case the
magnitude of the stress errors is much closer together, and in both cases the lowest contribution to the
total error is given by the velocity.

In another experiment, we test the convergence of the method when different discretisations are
used for different portions of the domain. This introduces hanging nodes and arbitrarily small edges
relative to the element diameter (see an example of hanging nodes in Figure 6.5). The results for the
case k = 1 are shown in Figure 6.2, again indicating optimal convergence rates.
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Fia. 6.3. Convergence plots for a nearly incompressible material with Poisson’s ration 0.49 (a) and 0.4999 (b).

Fic. 6.4. Sample of coarse meshes of the two types (squares - left and hezagonal - right) employed for the
convergence tests.

6.3. Qualitative tests. As a demonstration of the viscoelastic behaviour, we plot the time-de-
pendence of the velocity in z-direction of a marker placed at the centroid of the domain at ¢ = 0, while
a constant uniform body-force f(z,y) = (1,1)* is applied to the material. The displacement was fixed
to zero on the entire boundary. We consider two cases. In one, the physical constants are same as in
previous experiments except that ¢ was 1000. In another case, along with ¢ = 1000, we choose reduced
viscosity coefficients pf) = 1075 and A) = 1075. For both sets of simulations, we take T = 100 and
7 =0.1. We can see quickly damped oscillations in the first part of Figure 6.6, which is expected due
to higher viscosity.
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Fic. 6.5. Example of the partitioned mesh-type. Hanging nodes for the left and right partitions are shown in red

and blue colour, respectively.
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Fic. 6.6. Plots of the marker velocity [mm/s] versus time [s], under constant uniform force [N/mm?]. The second

plot shows the result when py and X, were changed to 10~5 and 10~6 respectively.
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