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ABSTRACT

A power-law type stress relaxation leads to a fractional order viscoelasticity model. We consider the quasi-
static fractional order viscoelasticity model which is mathematically expressed as a Volterra integral of the
second kind with a weakly singular kernel. Employing the symmetric interior penalty discontinuous Galerkin
(SIPG) method and linear interpolation in time, we derive the fully discrete problem. To mitigate temporal
discretization errors from a physical perspective in the quasi-static state, we introduce an auxiliary discrete
velocity using the Crank-Nicolson approximation. We present a priori stability and error analyses for both
the semi-discrete and fully discrete schemes. Additionally, we provide a residual-based a posteriori energy
error estimation. Finally, we conduct numerical experiments that validate the error estimate theorems and
demonstrate their applicability using real material data.

Keywords: Quasi-static fractional order viscoelasticity; Symmetric interior penalty discontinuous Galerkin method; A priori
analysis; A posteriori analysis
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1 Introduction

Viscoelasticity is a crucial characteristic observed in a diverse array of materials, such as polymers, gels, biological tissues,
and certain metals, as demonstrated in [1} |2 3]. This unique property enables materials to exhibit a combination of elastic
and viscous behavior. In contrast to purely elastic materials, which deform instantaneously and fully return to their original
shape upon the removal of applied loads, viscoelastic materials exhibit time-dependent deformations and energy dissipation
during both loading and unloading phases. To effectively describe the viscoelastic behavior of these materials, several models
have been developed, including the Maxwell, Kelvin-Voigt, and Zener models. These rheological frameworks utilize various
configurations of springs and dashpots to represent the elastic and viscous components of the materials, thereby providing a
robust foundation for capturing the complex viscoelastic responses. For a comprehensive exploration of these models and their
applications, we refer readers to the literature, e.g., [4, |5, 6] and the references therein.

In this paper, we focus specifically on a power-law type constitutive model, motivated by the intermediate behavior observed
between elastic solids and viscous liquids in continuum mechanics. In this framework, the stress g is proportional to the strain
€ in solids, represented as g o g€, while in a Newtonian fluid, the stress is proportional to the rate of strain, expressed as o « €.
Therefore, the power-law constitutive law can be formulated as o « 0j'e, where J;* denotes a fractional order time differential
operator of order o, with 0 < a < 1. For instance, in the study by Torvik and Bagley [7]], the constitutive relationship for
the elastomer 3M-467 is characterized by o oc 99-°¢. This highlights the relevance of fractional derivatives in modeling the
stress-strain behavior of viscoelastic materials. By exploring the implications of such models, we can better understand the
time-dependent mechanical responses of viscoelastic materials, paving the way for improved applications in various fields,
including material design and structural analysis.

McLean and Thomée [{8} |9, [10] developed numerical analysis techniques specifically for fractional order evolution equations,
particularly in relation to scalar analogues of power-law type viscoelasticity problems. Their investigations focused primarily
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on error analysis under homogeneous Dirichlet boundary conditions, offering valuable insights into the numerical aspects of
fractional order evolution problems. However, their analyses are constrained by the reliance on spectral methods, which limit
applicability to purely homogeneous Dirichlet conditions. On the other hand, recent studies by Jang and Shaw]|/11}|12]] have ad-
dressed the well-posedness and error estimates of vector-valued fractional order dynamic viscoelasticity problems with mixed
boundary conditions. These works utilized duality arguments and an L., approach in time, avoiding reliance on Gronwall’s in-
equality and spectral methods. Another fractional order viscoelasticity problem such as Mittag-Leffler type, has been conducted
in [[13}[14] [15]].

The quasi-static state of fractional order viscoelasticity is particularly significant for understanding material if the inertial forces
resulting from the deformation are small. Unlike dynamic problems, where inertial effects and rapid loading rates dominate,
the quasi-static framework allows for a more focused analysis of viscoelastic responses without the complexities introduced by
inertia. This approach is essential in applications across civil engineering, biomechanics, and materials science, where materials
often endure gradual changes in load over time. Focusing on this model enables the development of robust numerical methods
that enhance predictive capabilities and facilitate better material selection and engineering design in real-world applications. We
refer to early works of Simon and Whiteman [16,|17]] for the numerical analysis of quasi-static hereditary linear viscoelasticity
problems. For a posteriori analyses of elasticity and viscoelasticity problems, we also refer to [[17, |18} |19] and [20} 21],
respectively.

In this paper, we approximate the quasi-static fractional order viscoelasticity model of a power-law type using the discontinuous
Galerkin finite element method (DGFEM), specifically the symmetric interior penalty Galerkin method (SIPG) for spatial
discretization. The presence of a weak singularity in the fractional order Volterra kernel requires special treatment to maintain
both accuracy and stability. Typical numerical approaches, such as standard quadrature rules developed for integer-order integral
equations, may not be suitable and may suffer from a loss of accuracy when applied to fractional order problems. To address
these challenges, we employ linear interpolation techniques [22] to manage the weak singularity in the numerical scheme.
Also, the temporal error can be reduced by introducing the discrete velocity with Crank-Nicolson type finite difference scheme,
otherwise it holds 1 4+ « accuracy in time [23| [24]]. We establish stability bounds and spatially optimal error estimates for
the discrete problems providing optimal spatial orders of convergence and second order accuracy in time. Furthermore, we
present a residual-based a posteriori error estimation of the semi-discrete problem. Due to the fundamental characteristics of
the quasi-static state, the error estimator is also applicable to the fully discrete scheme in practice.

To our knowledge, this work is the first to provide both a priori and a posteriori error analyses for the symmetric interior
penalty Galerkin (SIPG) method applied to the quasi-static viscoelasticity model of power-law type with mixed boundary
conditions. Previous studies in this area often made additional assumptions, such as enforcing completely a homogeneous
Dirichlet boundary condition and considering different model problems including those with exponentially decaying kernels
[16}|17] and Mittag-Leffler types [25, |18l |14]. The numerical simulation of the Mittag-Leffler type model tends to be more
computationally intensive because they require handling infinite series. Furthermore, the numerical methods outlined in [18}|14]
only achieve first-order temporal accuracy, and [15] demonstrates optimal spatial error estimates using Gronwall’s inequality
without a thorough temporal error assessment. Consequently, the contribution of our research is to enhance the understanding
of a priori and a posteriori error estimations for more generalized quasi-static fractional order viscoelasticity problems.

The structure of this paper is as follows. In Section [2] we introduce the notation, the framework of the DGFEM, and the
essential definitions of fractional calculus. Section [3| presents the quasi-static fractional order viscoelasticity model, defining
both a semi-discrete and a fully discrete formulation. The stability analysis and a priori error bounds are established and proved
in Section[d] An a posteriori error analysis is conducted in Section[5] Section [6]showcases numerical experiments performed
using FEniCS (https://fenicsproject.org/). Finally, Section[/|provides concluding remarks on the findings of the study.

2 Preliminary

We use standard notation; L,(£2), H*(2) and W;;(Q2) with non-negative s and p, denoting the usual Lebesgue, Hilbert, and

Sobolev spaces, respectively. For a normed space X, ||-|| x represents the norm in the space X. In inner product spaces, this
norm is always the one induced by the inner product. For example, ||-||z, () is the L2(£2) norm, as induced by the L2(€2)

inner product, which we denote simply (-, -) for brevity. However, for any S C €, we use (-,-)1,(s) to indicate the Lo(S)
inner product. When we refer to the Bochner space by L,(0,T; X), for a time-dependent function f € L,(0,T;X), the

corresponding norm is defined by
T 1/p
1Fllzy00 = ( | o dt) ,

for 1 < p < co. When p = oo this is known as the essential supremum norm:

[ f1| 2o 0,7:x) = ess supl| f () x-
0<t<T


https://fenicsproject.org/

A PREPRINT

When convenient, we may replace the upper limit 7" in these expressions with another value e.g., ¢ € [0, 7] and we denote a
time derivative by overdot, for example,
of

fio =

We use the same notation for inner products of vector-valued and tensor-valued functions as in the scalar case. For instance, we

have
d
(v,w):/v-wdQ, (y,w)=/y:wd92 Z /Uijwide,
Q Q Q

ij=1
where v and w are vector-valued functions, and v and w are second order tensors. Also, we use the outer product ® such that
for vectors @ and b, (@ ® b),n = anmb, form,n=1,...,d.

2.1 Finite element space

Following the DGFEM framework from [26], we subdivide the domain 2 C R? into elements E € &, (triangles in 2D or
tetrahedrons in 3D). The mesh is assumed to be shape regular and quasi-uniform with o < Chg where hg is the diameter of
FE and h is the maximum diameter. We denote the set of interior edges/faces e as I'y,, with unit normal vectors n. defined for
each element.

The broken Sobolev space is given by
Hs(gh) = {U S LQ(Q) |VE € &p, U|E € HS(E)}

Ml 7 e, )» defined as

1/2
vl e e,y = <Z IIUII%s(E)> :

Eecé&y

with the broken Sobolev norm,

This extends naturally to vector fields, and the DG finite element space Dy, (&},) is similarly defined using polynomials of degree
k over each element. Hence we can derive the vector field analogue Dy (€},) = [Dx(Er)]%, where

Di(&r) = {v c HY(&) ’ v|g € Pi(F) foreach E € Eh},
and Py (FE) is the space of polynomials of degree less than or equal to k over E.

For a vector valued function v, we define the average and jump on e shared by elements £; and E; (with the normal vector n,
from F; to Ej):

{v} = (@lE)le + (vlE)le) /2, [v] = (@])l — (v]g,)le;

and similarly for tensors. If e C OS2, we simplify these definitions using boundary values. Finally, we can introduce the jump

penalty operator defined as
, Y0
JPOM (v, w) = E o /E[v] - [w] de,

eCl'y,Ul'p

where g and ~y; are positive constants.
Proposition 1 (Inverse polynomial trace inequalities[27]]). For any v € Pr(E), Ve C OF,

1ol e < Clel'2[E[72|[v]| 1, gy

[ < Ch[Jo] . @1
V0 mell, 0 < Cle 2B 2 V0] |
Vo nell,, ., < Ch;;mHV”HLz(E)’

where C'is a positive constant and is independent of h g but depends on the polynomial degree k.

Proposition 2 (Poincaré’s Inequality[28,26]). Ify1(d—1) > 1 and |e| < 1 forevery e C I}, UT'p, then there exists a positive
constant C' such that

1/2
1 2
ol <€ (Il 3 lbil) 22)

eCI',UI'p

foranyv € HY(Ep).
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Proposition 3 (Inverse Inequality or Markov Inequality[29} 26]). For any E € &, there is a positive constant C' such that

Yo € P(E), vay|L2(E) < Ch,;j|\vy|L2(E), Vi€ {0,1,...,k}, (2.3)
where
v V-Vi~lv  foreven j w0
J . ? —_—
v { V(Vi=tv)  forodd j, and v=v

2.2 Fractional calculus

Here, we present the definition of the (left) Riemann-Liouville fractional derivative and its properties.

Definition 1 (Riemann-Liouville fractional derivative and integral). Let f be a function defined on |a,b] and o € R written
uniquely as & = Ny, + o for ng, € NU{0}, g, € [0, 1). The left Riemann-Liouville derivative of order « is defined by

a 1 d " K / nNn—a— /
ath(t):F(Tl—Oé)(dt) /Gf(t)(t—t) at', t > a,

where n = ny, + 1 and T is the gamma function. If f € L1(a,b), we can define a left fractional integral of order o by
1 t
IPf(t) = — (-t t > a.
20 = o [ IO >

For o € (0,1), we can observe that

N R ]

Furthermore, we have the positive definiteness [8] of the fractional integral of order o € (0, 1) such that

T -« _ 1 g ! 4\« / /
/O oI p(t)p(t)dt = = /O /0 (t — )¢t (t)dt dt > 0. 2.4)

Remark 1. In addition to the Riemann-Liouville fractional calculus, other commonly used definitions include the Caputo [30|]
and Grunwald-Letnikov fractional derivatives [31}32|]. The Caputo derivative is often preferred in practical applications be-
cause it allows traditional initial and boundary conditions to be included in the formulation of the problem and its derivative of a
constant is zero. The Grunwald-Letnikov derivative, on the other hand, is often seen as a more direct discretization of fractional
derivatives, making it useful in numerical approximations. Nevertheless, in this paper, we focus solely on the Riemann-Liouville
formulation due to its suitability for our problem setting and its analytical properties in fractional viscoelastic models.

3 Model problem

We introduce a quasi-static viscoelasticity problem of the power-law type [33]]. For the space discretization, we employ the
SIPG method resulting in a semi-discrete formulation. Then, using linear interpolation [22f], we obtain a numerical solution
from the fully discrete problem.

According to the power-law type stress relaxation [33]], the constitutive equation is defined as
a(t) = poDe(t) + o1l (1 — a)oly~*DE(t), (3.1)

where g is non-negative, ¢ is positive and D is a symmetric positive definite piecewise constant fourth-order tensor. For
instance, using the Einstein’s convention notation and the Kronecker delta, we define D by

Dijri = 201631651 + Adij0p,

where 1 and A are interpreted as Lamé parameters. Unlike the dynamic viscoelastic problem [11}12], the equilibrium condition
of the quasi-static state leads us to obtain the following model problem:

~V.a(t) = f(t), (3.2)
on  x (0,77, and the substitution of (3.1) into (3.2) yields to
—V - (poDe(t) + paol; " DE(t)) = f(t), (3.3)
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where ¢, := ¢1T(1 — ). Let u denote the displacement. The stress and strain are defined by o (¢t) = o(u(t)) and () =
e(u(t)), respectively, where we use the notation of Cauchy’s infinitesimal tensor such that

1 /0v; Ov,; _
Eij(v)ZQ( Y + UJ), fori,j=1,...,d.

8acj 8:@
We suppose a mix of essential and natural boundary conditions so that
u(t) =0 onI'p x [0,7], and o(t)-n=gynt)onTyN x [0,T], (3.4)

where I'p is the Dirichlet boundary (which is assumed to have positive surface measure), I" v is the Neumann boundary given
by 'y = 9Q\I'p, n is the outward unit normal vector defined a.e. on Iy, and g prescribes surface traction on I'y. In
addition, the initial conditions for the displacement and velocity are defined as follows:

u(0) = ug and %(0) = wo (3.5)

for given vector-fields ug and wy.

3.1 Semi-discrete problem

Introducing the SIPG bilinear form in the context of our model problem, we present the semi-discrete formulation of the
problem described in (3:3). We first define a symmetric DG bilinear form a : H*(E,) x H? (&) — R for s > 3/2 by

a /Ds (w)ydE— Y /{De }i[w®n]de

Ec&y, eCl'p,Ul'p
. / (De(w)} : [v®n.]de + J3° (v, w), (3.6)
eCI'pUl'p V€

for any v, w € H®(&). We also define our DG energy norm by

1/2
o]y, = ( / De(v) : g(v) dE + J* (v, v)> . forve H(E)).
Eecé&y,

In the DG bilinear form, the third term is called the “interior penalty” term, while the final term is known as the “jump penalty”.
The bilinear form can be either symmetric or nonsymmetric, depending on the sign of the interior penalty. In this paper, we
focus on the symmetric DG method. For applications of the nonsymmetric approach to viscoelasticity, we refer to [34,[35].

Our choice of the SIPG method is driven by its efficiency. It requires only the standard penalization parameter v, (d — 1) > 1
to achieve optimal spatial error estimates. In contrast, the nonsymmetric interior penalty Galerkin (NIPG) method demands
a higher penalization parameter, v1(d — 1) > 3, for similar error estimates. This higher penalization can result in a more
ill-conditioned linear system, which may create challenges when using iterative solvers. For a more in-depth discussion of the
nonsymmetric method, please see [34] and the references therein.

Following the standard DGFEM approach, we multiply equation (3.3]) by a test function from the broken Sobolev space H*®(E},)
for each £ € &, integrate by parts over each element, sum across all elements, and introduce the necessary penalty terms.
This process leads to the weak formulation of (3.3). Assuming the strong solution is spatially continuous, we incorporate the
interior and jump penalty terms into our DG framework. This yields the following semi-discrete problem:
Find wy, : [0, 7] — Dy (&) satisfying for any v € Dy (&),
poa (un(1),v) + gaa (oI~ un(t),v) = F(t;v)  fort >0, (3.7)
a(uh(o)av) = CL(’LLo,'U) ’ (38)

where the linear form F'(-) is defined by
F(t;v) = (£(t),v) + (gn (1), V) 1,y -
Additionally, we can also impose the initial condition of velocity by
a (4r(0),v) = a(wo,v) . (3.9)

It is straightforward to demonstrate that the linear form F'(-) is continuous when f € C(0,7;Ly(?)) and g5 €
C(0,T; Ly(T')). Henceforth, we assume that the data terms are bounded and smooth enough to satisfy the continuity condi-
tion of the linear form with the initial condition uy € H?*(Q) N C(£2). Also, when we suppose o > 0 is sufficiently large and
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~v1(d — 1) > 1, the DG bilinear form a(-, -) is coercive and continuous on Dy (Ey,). Hence we have the positive constant x and
K such that

n”v”‘z/ <a(v,v), Yv € Dy(E), (3.10)
and
la (v,w)] < Kljv|,||w],, Yv,weDp&), (3.11)
where x and K are independent of v and w, e.g., please see [34}36] for more details.

We recall useful inequalities for a priori estimation theorems.

Proposition 4 (Korn’s inequality for piecewise H' vector fields [26,[37]). If we have v, (d— 1) > 1, then since D is symmetric
positive definite and the jump penalty is defined not only on the interior edges but also on the positive measured Dirichlet
boundary ' p, Korn’s inequality yields, for any v € H*(&p),

2 2
> Vol < Cllolly (3.12)
Ecé&y
for some positive C' independent of v.

Proposition 5 (Bounds for interior penalty term [34, 36]] ). Suppose vo > 0 and y1(d — 1) > 1. For any v,w € Dy(&), and
for any pair E1, Ey € &, we have

/ {De()} : [w ©n,] de

C 2 2
<= (||Ds<v>|L2<E1> T IDe(®)]2, 5

+ |Z|31|Hw]||i<e)>7 (3.13)
C
>, [ [{De): fwendjde <= (loll5 + 7507 (w, ). (3.14)

eCl'pyUl'p €

where e is the shared edge of elements E1 and Fs, and C is a positive constant independent of v and w but dependent on the
inverse polynomial trace inequality’s constants and the domain.

3.2 Temporal discretization

For the fully discrete formulation of the quasi-static viscoelastic model, we require numerical approximations for fractional
order integration concerning the hereditary terms. In this study, we make use of the discrete time integrator defined by the linear
interpolation technique [22} |11]]. In addition, to approximate the velocity, we introduce an implicit temporal discretization of
the Crank-Nicolson type.

Let At = T/N > 0 be a time step size for some N € N. The linear interpolation leads us to define a local interpolation

operator L,, by
Lo(w)(t) = — - (tn )+ I 1) form=1,...,N
n(w =— w(tp— ——w(ty n=1,...,N.
At ! At
Using this local interpolation, we can derive a global piecewise linear interpolation of w. We denote the local truncation error

by E,(t) = w(t) — L, (w)(t). If w is of C? in time, Rolle’s theorem implies that

1.
E,(t) = §w(§t)(t —tn_1)(t —tn) for some &; € [tn—1,tn],
where ¢ € [t,_1,t,], and it satisfies that

At
[En(t)]x < TIIwIIqun_mn;X»a

when w(t) € X for a normed space X. This inequality also holds on the broken Sobolev norm sense. Using the local
interpolation operator and the local truncation error, we can define the numerical quadrature for fractional integral q,,(w) by

ol w(ty) :ﬁ Z /f (Li(w)(t') + Ei(t")) (t, —t')“dt’,

At & 1 tLot
= N Byawt) + —— E;(t)(t, —t')"“dt,
(o 2 Bes0) g 3 Bt )

[
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=q,(w) + e, (w), (3.15)
where
nl=(2—a—n)+(n-1)22, i=0,
Bhi=X (m—i—-1)* 4+ n—-i+1)?*-2n—-9)2%° i=1,...,n—1,
1, 1=n.

Ifwe CQ(O, T; X), the quadrature error is bounded by, foranyn = 1,..., N,

At?

11—« - l—«
len(w)llx = lloly " “w(tn) — g, (w)|x Sml\wlle(o,TﬂoT : (3.16)

For more details of the linear interpolation technique for fractional integral, we refer to [22}34,|11]] and the references therein.

We denote the fully discrete solutions for displacement and velocity by U}, € Dy (&),) and W € Dy (&), respectively, for
each time stepn = 0,..., N. Hence, 4(t,,) is approximated by W, and u(t,,) is approximated by U.. To employ an implicit
time integration, we additionally impose that
wittywy Uyt - Uy
2 B At
Using the notation of discrete solutions, we denote the numerical fractional integration of velocity by

At & ,
== NTB.WL
Qn(Wh) F(3 — Oé) ; n,'LWh

(3.17)

To derive the fully discrete formulation, we first suppose that wy is the initial condition of velocity in H> (). Then the fully
discrete problem follows:
Find W}, € Dy(E,) and Uy € Dy(Ep,) forn =0,..., N such that for any v € Dy (&),

uptt +uy w w 1
o < " 2+ h,v> ' <Qn+1( h);‘ Q,( h),v) = 5 (Fltus130) + F(tai0), (3.18)
forn=0,...,N —1,and
a(Ujp,v) =a(ug,v), and  a(W),v) =a(wo,v). (3.19)

In (3.18), the numerical scheme includes the discrete velocity term W, Indeed, the discrete velocity is an auxiliary variable to
improve the accuracy of approximate velocity. Using the Crank-Nicolson relation (3.17), we can replace the discrete velocity

terms with the linear combination of (UZ)?ZI and WY In other words, we can write

Q7L+1(Wh) + QTL(Wh) — i,

o )
5 =Cor10Wh+ Y en1U, (3.20)

i=0
for some €,41,0, Cn+1,05- -+ Cn+1,n+1. Nevertheless, for simple and clear notation in our proofs, we continue to use (3.18)

with the discrete velocity term.

Remark 2. In the work of Yan et al. [23)], the linear interpolation without the presence of the auxiliary velocity, provides 1 4+ «
order of accuracy. Please see also [|24)]. However, in our numerical scheme, the Crank-Nicolson approximation for velocity
will lead to higher order of accuracy.

4 A priori analysis

In this section, we prove a priori stability and error bounds. We consider the stability analyses of the semi-discrete problem
and the fully discrete problem. Then, as in the classical way [12]], we can show the error estimations by splitting spatial and
temporal errors.
Before providing the stability bound, we want to introduce the following lemma in [[24]]:
Lemma 4.1. Suppose v € C* (0, T; Dy (EL)), o is large enough and v, (d — 1) > 1. It holds that
T ) 1 T ) 1 T
I %o(t t))dt >——— 4 t dt — ——— e 0 t))dt
| ator=i.00) de > [ @0l - g [ e w0).00)
T T 2 1 T
> t dt — ——— t—e 0 t))dt

where £ (t) = (T — )~ +¢7%)/2.
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Theorem 4.1. Let uy, be the solution of (B.1)-(.8). Suppose uy, € Dy (Ep), Yo is large enough and ~1(d — 1) > 1. There
exists a positive constant C' such that

2 e 2 —1pa 2 —a 2
|“h||Lz(0,T;V)§O<T 1F L0 riLaiy + 2 T NON Ly 020wy T T |“0”H2(ﬂ)>'

The constant C'is independent of the solution, h and T.

Proof. Testing (3.7) with v = w, and using Lemma[4.1]leads us to obtain

1 T
/Hw Hvdt+ /éa en(t Hvdt</ Fun(t))dt + (17(1)/ £ (wn(0), () dt.  (4.1)

We shall show the bounds of the right hand side of {I). By Cauchy-Schwarz inequality, inverse polynomial trace inequality
(2.1) and Poincaré’s inequality (2.2), expanding the integration of the linear form yields

[ rtoa <c ([ 1Ol 17 [ gyl e, @] ).

where C'is a positive constant from the trace inequality and the Poincaré inequality. Using Young’s inequalities, we can deduce
that

" Flun(t)dt < T(i‘lﬁ—b) [an ()| dt + € ' 1 s | 7Oyt + 17 Ti“ O podt ], @2
0 h - 0 2 2 h 174 0 L2 () 0 25b gn Lo(T'N) 3 .

for any positive €, and €p,.
Similarly, applying Cauchy-Schwarz inequality, Young’s inequality and the continuity of the DG bilinear form yields

1 1

/Tta 0), w (t dt</T€C Dl + 5 /Tlt20 2dt, (43
F(l — a) 0 a(uh( )auh( )) —F(l _a) 0 iuuh( )HV + F(l _a) 0 2% Hu )HV ’ (4.3)
for positive €. Since (3.8) implies that

[l )], < Clluoll (4.4)
we can write (4.3) as

L [ ety < [ @l s [ ol e @9
T(1-a) GURLE) Gh STA—a) fy 2T =0y fy 26 Oll2(e) '

0

Here, the positive constant C' is independent of the solution,  and time and we refer to [38] for more details of (@.4).
Tidying up the results of (#.2) and ([@.3), the setting of €,, €, and €. by

€a(t)

ma and €c=E&a (t)7

€q — €p —

gives

/Ouuh(t)HidtSC(/ () F O qpdt + 1 /0<£a<t>)—1HgN<t>Hi2(FN)dt
n / <sa<t>>-1t-2adt||uoip(m),

for some positive C. We note that for any integrable ¢(¢ )

MO tdt:/ / t<2T°‘/
| oo = [t o(t)
r r 2t =2 T o2 27!~
—1;,—2« _ _
/0 (€)1t dt—/o —(Tit)faﬂfadtg/o T
Consequently, we have

T T T
| ol < (7o [T 1501t 27T [ g Ol e+ T ol ).

and
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The stability bound in Theorem reveals the presence of h~! term. This term arises from the inverse polynomial trace
inequality but does not significantly affect practical applications. It implies only that the Neumann boundary condition is
weakly imposed; see also [26, |38 for further discussion.

In this stability analysis, we do not employ the positive definiteness (2.4). On the other hand, as described in [[12]], we can show
Lo (V) stability using the positive definiteness. Unlike typical momentum equations, our quasi-static model problems do not
involve acceleration. Consequently, to manage the spatial stability of velocity, we need to introduce additional regularity in the
data terms.

For the convention of notation, let us denote a Laplace convolution by #, and define 31— (t) = t~*/T'(1—«a) and A = —V-De.
With these definitions, we can rewrite (3.3) as
F(t) = poAu(t) + pafi—a * Au(t). (4.6)
Differentiating (4.0) gives .
F(t) = poAu(t) + pafi—a(t)Awo + 0o i—a * Au(t). (4.7)
If the quasi-static state allows for negligible acceleration, we have
F(t) = @oAu(t) + ¢afi—a(t) Awg, (4.8)

and f is clearly L, integrable in time for L, integrable .A%. However, since (31 _, is only L; integrable, the necessary condition
of L, integrability of f follows
Aw € Ly(0,T) and wy € ker(A), 4.9)

where ker(.A) is the kernel of the differential operator A.
Theorem 4.2. Let uy, be a solution of the semi-discrete problem (3.7)-(3.8). Suppose wp, € Lo, (0,T; H*(E)) and gy €
C'(0,T; Ly(T'x)). Furthermore, we assume that @9) holds or f € C*(0,T; Lo(T'n)). If Yo is large enough and v, (d —1) >

1, there exists a positive constant C' such that

— 2
sl o2y < O( et sy + 171 o acen + T[] L P A

L2(0,T;L2(2))

—1 . 2
+h T|gN||L2(07T;L2(FN))>'
The constant C'is independent of the semi-discrete solution, T and h.

Proof. The proof follows similar arguments to those in [12, Theorem 1]. Instead of testing with the displacement, we use the
velocity. This allows us to immediately apply the positive definiteness property of fractional integration 2.4). However, due
to the absence of acceleration in our model problem, we need further estimations of velocity terms in the linear form with
integration by parts.

Let v = wy(t) in (3.7). For 0 < 7 < T, integration over time gives

Eun I + 00 [ ot (0. (0) dt = /0 Fan(t) + @Huh@ui

o > / {De(ur(0))} : [un(0) @ n.| de, (4.10)

PCF}LUFD

by expanding the bilinear form. Since

/ a (oI ~*un(t), un(t)) dt > 0,
0

by (2:4), we have
%H%(T)HQVS/O Dlunl +00 2 /{Dsuh } ¢ Jun(r) ® ne] de
eCl'pyUl'p
o Y /{Dr—: un(0))} : [un(0) ® ng de. (4.11)

eCFhUFD
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Also, (3.14) implies that

C
S [ 4Dt} s funtr) 9] = {DeCun(0)) : n(©) &))< = (Junll v + ol
eCI',Ul'p \/’%
(4.12)
for some positive C. Hence, with (4.4), we can obtain
¥o 2 i . ©o C C
I < F t — 4+ — 4.13
B) H“h(T)Hv —/0 (un (1)) + ( 5 T ﬁ) HU0||H2(Q) +— /7 H“h”L (0,T;V) (4.13)

Next, we shall show the bound of the linear form term. From the definition of the linear form, integration by parts leads to
| Pt = [ (o anma [ @ an®)e, b
— () un(r) = (FOun0) ~ [ (F(0)wn(0)) e
0

+ (gN(T)’uh(T))LQ(FN) - (gN(O)vuh(O))Lg(FN) - /OT (gN(t)auh(t))Lz(FN) dt. (4.14)

As in the proof of Theorem using Cauchy-Schwarz inequality, Poincaré inequality and inverse polynomial trace inequality,
we derive

[ Ftn e < (150 oy s Oy + 15O, ol
o L N e PR TP L

17 g ) O 4572 [ Ol ). @19

Taking into account L, arguments in time for u;,, employing Young’s inequalities and (#.4)) yields

T €q + €+ €.+ €g 1
/0 F(ap(t))dt < C<2 lwnlln . ,7502 ) T o0 ”.fHL (0,T:L»(2))

+3 I o |4
2 1 Lo 0T L2 (@) T 96, (17 ] 10,7510 (02))
h— 1
+ ||u0||H2(Q) T 5 ”gNHLOO(OTLQ(FN))
h- ) h1T
+ 7 ||gN||LOO(O,T;L2(FN)) + T ||9NHL2(0 T; LQ(FN))) (4.16)
for any positive €4, €, €. and €4. After noting that 7 is arbitrary, combining {@.13) with {.T6) gives
¢ C 2 2 2 |12 - 2
(5 - 7= Tl oy < €Tl + 191 ctomizton + T, ooy 0000200

— . 2
+ R TGN T, 0,700 (0 ) ) (4.17)

by setting €, = €, = €. = €4 = ¢o/(8C). Therefore, taking large vy satisfying ¢o/4 — C/\/70 > 0 completes the proof. [

The L stability analysis in Theorem[4.2]is similar to the stability bound in [[12]. However, in our proof, since our primal model
problem does not contain the inertial force, we rather introduce integration by parts to deal with discrete velocity. As a result,
our stability bound requires more regularity in the body force and the traction force. In this manner, we can provide a stability
bound of the fully discrete case. For example, as in the semi-discrete problem, using trace inequalities, Poincaré inequalities,
Young’s inequalities, etc., allows us to prove the L, stability bound. Instead of introducing the positive definiteness property in
fractional integration, we employ mathematical induction. We refer to the work of Jang and Shaw [12]] for all technical details.

10
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Theorem 4.3. Ifv1(d — 1) > 1 and v is sufficiently large, there exists a unique discrete solution to (318)-(3-19) that satisfies

N-1
omax, U HV + AP ZO [Whitt + W HV <|w0|12q2(sz) + l[ol 72 o)
2
+oglna<XN||f HLz( Hf’ Ly(0,T;L2(Q))

-1 2 —1 . 2
+h OQH?ZXNHQN )HLQ(FN)‘Fh T||gN||L2(0,T;L2(FN))>'

where C'is independent of the solution, At and h.

Proof. Our proof follows the approach outlined in [[12, Theorem 2], where all arguments are thoroughly explained and appli-
cable to our context. Without providing all technical details, we show the bounds for the linear form.
Let m < N be an arbitrary positive integer. With using
v=20(WIT L W) =4UT - UY)
by @) for 0 < n < m — 1, the substitution of v into (@ and the summation from n = 0 to n = m — 1 lead us to get

m—1

2000 (U3, U) + 9ot Y a(Quiy(Wh) + Q, (W), With + W)
n=0
m—1 m—1
:2<P0a (U(})m U(})L) +2 Z (f(tn-H) + .f(t'rb)a UZ+1 - UZ) +2 Z (gN(tn-H) + gN(tn)a UZ+1 - UZ)LQ(FN) )
n=0 n=0

and expanding the discrete fractional integration and the coercivity yield

aAt n
20 [ U7 [y + L Z (Wit + Wil

INGES
m—1 m—1
<2000 (U UR) +2 D (Fltart) + F () U = UR) 42 (gn(tart) +9n(ta). UL =UR)
n=0 n=0
0 AtQ o m—1 .
—5237 Z (ZBn+uWh+ZBm z,W;:+1+W2>, (4.18)
We consider the bound of the second term in the right hand side of @.I8). By summation by parts, we have
m—1 m—1
23 (Fltasa) + £(0). UG = UR) = 2(£(0n), UR) = 2(£(0),UR) =2 3 (Fltass) = f(ta), UG+ U)
n=0 n=0
(4.19)
The fundamental theorem of calculus immediately gives
m—1 ) m—1 tny1 )
2 (Fltwsa) + (1) U™ = UR) =2(£(tn). U) = 2(F(0),UR) =2 ) ( / F(t)at, U,* +U7¢)
n=0 n=0 tn

m—1 tnt1 .
=2(f(tm), U) —2(£(0),U}) —2 Z /t (f(t), Ut 4 U;;) dt, (4.20)

n=0

then combining Cauchy-Schwarz inequality, Poincaré inequality, Young’s inequality and (3:19) as in a previous manner implies

m—1
2 (Ftasr) + £(tn). UL —U)
n=0
<C(€ 02L8L<XNH )HL2(Q) +6aHUiTHV+OE}La<XNHf Hi2(£2) + ol 2 q)

11
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m—1 ., 1. - 2 1 12
w3 [ IO+ olUET S U

n=0 v "r

1+6 ) N—-1 t
SC( = max [ £(n)][7, ) + (6 + 26 Z/
a T t

n=0 n

n+1

dt) max [UR5 + ol g2y

n+1 1

N-1 t . )
=3 [ Ll )
n=0 vtn b

_ 1+e€, 2 2 1 -2
_C( . Ogl'naSXN H‘f(tn)HLz(Q) + (Ea + 26bT) Og'lnagXN HUhHV + ||UOHH2(Q) + ; H‘f‘ L2(07T;L2(Q))>7

where C' is the positive constant depending on Poincaré inequality. In the same way in (4.21)), we can obtain the bound of the
third term of the right hand side of @.18).

To end the proof, the bound of the last term in is required. Using mathematical induction, we can observe the cancellation
of the last term by the initial condition of velocity and the left hand side term,

4.21)

m—1

Ko At?—2 n n
mA S e wyl
n=0

We refer to [12]] for the induction process in our context. Consequently, we complete the proof by taking a large enough v, and
defining appropriate coefficients of Young’s inequality. O

Our stability analysis implies the existence and uniqueness of the solution for the discrete quasi-static viscoelastic problem of
the power-law type. The stability bound has been shown in similar ways with the dynamic viscoelasticity cases but it requires
higher regularity of the data terms. More specifically, due to the absence of the inertial force in our primal model problem,
we must introduce integration by parts or summation by parts to replace discrete velocity with discrete displacement. As a
consequence, we need more smoothness of the body force and traction.

Next, we consider the a priori error analysis of the fully discrete problem. For the a priori error estimate, we first introduce an
elliptic projector. The DG elliptic projector [26,39, 20, |40], R, is defined for w € H*(E,) and s > 3/2 by,

R : H?(&,) — Dy(&r) suchthat a(u,v) = a(Ru,v), Yv € Di(&).
Note that we have the Galerkin orthogonality such that a (u — Ru,v) = 0 for any v € Dy (&), and the following elliptic-error
estimates,

[ — Rul|;, < CH™ 0 | e, and - flu— Rul| o) < CR" ] (4.22)

for uw € H®(E,) with s > 3/2 and for sufficiently large penalty parameters 7o > 0 and 3 > (d — 1)~!. Here, the positive
constant C' is independent of w but dependent on the domain, its boundary, and the polynomial degree k.

Theorem 4.4. Assume that
uwe C?(0,T;C*(Q) N H*(&,)) NW2,(0,T; H*(E)),

g N and initial conditions are sufficiently smooth to hold .Theorem and (U Z)T]Y:o and (WZ)TZLO are the fully discrete
solution. Then we observe optimal orders of Lo error estimates as well as energy error estimates with respect to h, and
second-order accuracy in time by Crank-Nicolson type approximations. Thus, we obtain

OgLaSXNHu(t") _ UZHLQ(Q) < o (hr T At2)7 and OglagNHu(tn) - UZHV < (OT?* @ (hr—l + Atg)’

where r = min(k + 1, s) and C is a positive constant independent of h and At.

Proof. Using the DG elliptic operator, we can decompose the spatial error by
u(tn) = Uj = (u(tn) — Ru(tn)) + (Ru(t,) — Uy) .

The proof follows the same approach as that of the dynamic problem. Please refer to the work of Jang and Shaw[12] for
details. We remark that the quasi-static state can impose negligible acceleration hence the Crank-Nicolson scheme provides
the optimal second order accuracy without further regularity of solution such as H* regularity in time as is necessary in the
dynamic problem. O

Remark 3. Compared to the dynamic model problem||1 1,12, our fully discrete formulation does not require any jump penalty
of velocity or acceleration. Indeed, we can add it to the fully discrete form but it would not affect the stability and error
estimates but only enables us to control the spatial discontinuity on numerical velocity.

12
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5 A posteriori analysis

In this section, we present a posteriori error estimation of the semi-discrete problem. Following the approach used in the linear
elastic problem [20} 21], we construct an error estimator 7 (¢) and a data oscillation term osc(t). Our goal is to demonstrate
that

[w(®) = un(®)]|,, < C (nene(t) + 05¢(1)) ,
for the exact solution u and the semi-discrete solution wj, where C' is independent of solutions. For the sake of simplicity, we
use the notation ‘<’, for instance, A < B indicates that A < C'B, where C is a positive constant independent of A and B.

To define the error estimator and the data oscillation term, we first denote the discrete version of data terms. For example, ug ,,
J and gy, are the Lo projections of ug, f and g onto the finite element space, respectively. Using the discrete data terms,
we can define the a posteriori error estimator by

New(t) = D (0 () + 03 5(1) + 13 (1)) . (5.1)
Ecgy,
where
5 (&) =h ]| £1.(0) + V- e (@), 5y (5.2)
Be®= > el ([, + ol @], ) - (5.3)
eCﬁEﬂ(F;LUFD)
o)=Y Il + > llle@®) n—gva®], .- (5.4)
eCOENT, eCOENT N

Also, we can introduce the oscillation term:

0sc?(t) = ||ug — Uo,hH?p(Q) + o0sc3(t) + Z (oscng(t) + oscng(t)) , (5.5)
Ecgy,
where
2 . i
osci(t) =|gn(t) — gN,h(t)HLQ(FN) +lgn = I wll 220,652 n)) (5.6)
2
0sc3 p(t) =hg|[ £ (t) = Fa®I[L, e (5.7)
2
OSC?’;,E(t) = Z lel||gn (t) — QN,h(t)HLz(e), (5.8)
eCOENT'N

For the analysis of the a posteriori error estimation, we follow a similar process to that used in the linear elasticity problem[21].
Although our model problem contains a weak singularity in the constitutive equation, it remains a linear problem. Therefore,
we can show the error estimation by introducing an auxiliary continuous problem and splitting the error using a conforming and
nonconforming decomposition. We refer to [20} 40} 21} |41] and the references therein for the technical details of a posteriori
analysis.

Next, we give a continuous problem to manage the data oscillation. Suppose U (¢) is the solution to

—V.oU) = £()  inQx (0,T], (5.9)
Uit)=0 onT'p, (5.10)
aU(t)) n=gyn,(t) only, (5.11)
U0) =ugp in Q, (5.12)
and U(t) € H'(Q). We define the continuous analogue of energy norm by
o]}, = / De(v) : g(v)dQ, (5.13)
Q
for v € H'(Q). If v is continuous, it immediately gives
lollp = lIolly-
Also, the symmetric positive definiteness of the tensor D and Korn’s inequality imply that
1V 0 S o]l o (5.14)

Furthermore, it holds that ||v||D S liq)-

13
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Lemma 5.1. For any t, we have

lu®) — U@}, < lluo = wonlln g + lon® = axa®l, .y + 1985 0) = ax a7, o
t
[ o) =yt

Proof. 1t is easy to show the argument using linearity and continuity of the solution. Let us denote 6(t) = u(t) — U(t). By
subtracting from (3.2)), we obtain
—V.-a(6(t)) = 0.

Expanding the constitutive relation, multiplying it by 9(75), using the boundary conditions, and integrating over the space and
the time, we can derive

LQ(FN)

Llell, - S1005 < [ (ant) - ana).6)), - ar. (5.15)

by the positive definiteness (2.4). As seen before, using the continuous version of Trace inequality, Cauchy-Schwarz inequality,
Young’s inequality, and integration by parts, we can complete the proof. O

We refer to [[11,|36]) for the weak formulation of the continuous problem. This auxiliary problem is only required to decompose
and control the errors systematically. In practice, we do not need to compute the continuous solution.

With our DG formulation, we aim to separate the error into the conforming part and the nonconforming part. Hence we define
the conforming DG space by

D5 (En) = Di(En) N HY (Q),

and decompose the DG finite element space as
Dy (&) = Di(En) P D (€n),

where Di- (&) is the orthogonal complement of D% (). Furthermore, we define the subspace ’DZ (&) of the conforming
space that strongly imposes boundary conditions. As in the work of Bird et al.[21], we assume that the interpolation operator
T : Di(En) — D (Er) satisfies that

hg'|lv = Z(v ||L2(E) S vaHLz(E)’ (5.16)
[V (v —Zp (v ||L2(E) ~ HVUHLQ(E)’ (5.17)
|€|71/2||"’ — (v HLg(e) ~ HVUHLZ(E)’ (5.18)
where F € &, and e C JF, for any v € Dy (&},). Finally, we introduce the splitting form of the solution as
up(t) = LU (1) := uj(t) + up(t), (5.19)
where uf (t) € ﬁ;(é‘h) and uj (t) € Dit (Ep). Consequently, we have
Jos(t) — w61 <[fut) ~ U@, + [00) w6},
=|ut) ~U®)|, +[|UE) - TuU ) - ui(t) - uj ()],
<Jlu(t) - U@, + [U6) ~ L@ - wi @), + ko), (520

by triangular inequalities and (5.19). Since w(¢) — U(t) is continuous over the spatial domain, the first term of the right hand
side of (5.20) is bounded by the data oscillation term:
= Jutr) -

Hu(t) - < osc(t), (5.21)

(t)HV HD

by Lemma To complete a posteriori error estimate theorem, we shall show the upper bounds of the conforming and
nonconforming parts, respectively.

Consider ||U () — Z,U (t) — u§ (t)||,,. We can rewrite it as

[

[U(t) — TU (1) — w5 ()| = || (u(t) — u(t) + Ut) — un(t) +uj (1)]]3,

14
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by adding zero and (5.19). Let us define x(t) € D, (Ex) by

oUW - T - w0
X = 50— 200 — w0

v

and introduce the bilinear form b (-, -) by

b(v / De(v w)dE + JJ*7 (v, w),
Eecé&y
so that b (v,v) = ||vH‘2/ Then, using linearity, we have
@), =b(Ut) — TU(t) — ug(t), x(t))

=b ((u(t) - ( ) +U(t) — un(t) + up(t), x(t))
=b (u(t) — un(t), x(¥)) + b (U () — u(t)), x(t)) + b (up,(t), x(t)) - (5.22)

Noting that ||x(t) HV = 1, the Cauchy-Schwarz inequality and (5.21) lead to the bound

b(U(t) —u(t),x(t) < [lult) = U@, [[x®]], < osc(t). (5.23)

|U@t) - TU(t) -

In a similar way, we obtain

b (ui, (1), x (1)) < [up ()] (5.24)
In the following lemma, we show the bound for the nonconforming part.
Lemma 5.2. Let u(t) be the solution to and u}, (t) be its nonconforming part. Then we have

|wh, )] S Tere(2)-

Proof. First, let us recall the work of Karakashian and Pascal [42] to define a projection operator 7 : D (&) — ’DZ (&n).
The projection operator satisfies the following property:

Z ||V('u—7rkv)||2L2(E) le|~ 1/| ]|2de, Yo € Di(Er). (5.25)

FEecé&y, eCFhUFD

We refer to [42, Theorem 2.1] for more detail and to [21]] for the extended application.

We note that the decomposition of the solution implies [ (t)] = [w} (¢)] on the interior edges. Hence, we have
T 2 T 5 V1
luh @)}, = / De(uj (b)) : e(u) ()dE + JJ°7 (un(t), un(t)) . (5.26)
Ecé&y,
It is obvious that
Jo0 ™ (wn(t) Z 15 5 (
Eecé&y,

For any v" € Dj (&), we can denote v” = v — 1w for some v € Dy, (E),). Therefore, (5.23) implies that
> [ De(uit): e(wi(0)ie < ! [l OlPde s 3 (5.27)
Eeg, ' F eCFhUFD Ecé&y,
since D is symmetric positive definite. Consequently, we derive
HuZ(t)HV N nerr(t)'
O

Lastly, we focus on the bound of the remaining term b (w(t) — wp,(t), x(t)). Recall the semi-discrete problem (3.7) and define

B such that B (v, w) = a (v, w) — b (v, w) corresponding to interior penalty terms. As w(t) is the strong solution to (3.3), we
have

@ob (u(t) — un(t), v) + @ab (oI ~*(@(t) — n(t), v) = F(t;v) — @ob (un(t),v) — ab (oI ~“un(t),v),  (5.28)

15



A PREPRINT

for any v € D}, (&). Since, from (377).
F(t;v3) — @ob (un(t),v1) — ab (oI}~ in(t), vi) — 0o B (wn(t),v) — 0o B (oI} “un(t),vs) = 0,
where v, € Dy, (&},), adding zero into (5.28) gives
pob (u(t) — un(t),v) + @ab (o1 ~*(w(t) — wn(t)),v) =F(t;v — va) — wob (un(t), v = vs) — wab (oI, an(t), v — vy)
+ 0B (un(t), vn) + @B (oI}~ “an(t), vs) . (5.29)

Using this relation, we provide the following lemma.

Lemma 5.3. Let u(t) and wy(t) be the exact and the semi-discrete problem, respectively. For any continuous v subject to
homogeneous Dirichlet boundary condition on I p, it holds that

b(w(t) — un(t),v) +b (oL}~ (@(t) — @n(t),v) S (err(t) + 05c(t)) [[0]] -

Proof. Consider (3.29) with letting ©, (t) = woun(t) + ©aoll ™%y, (t). Note that
a(unp(t)) = De(wn(t)).

Hence, by integration by parts and the Leibniz integral rule, we have

F(t;v —vy) — b(wn(t),v —vp) + B (wu(t),vy) =F(t;v — vy,) Z / V-o(up(t)) - (v—vp)dE
Ecé&y
— J3O" (wop(t), v — vp)

_ Z / o(un(t)) : (v —vp) ®@nede + B (wy(t),vy), (5.30)
OF

where v;, = Z,v. By the spatial continuity of v, it yields

B (o (t), vp) Z / s (v —vyp) @nede
Ecéy
=— Z /wh @ ne| : {De(vp,) }de—Z/ o(up(t)): (v—vp) @n.de
eCTUlD eCon
- Z/[o’(uh(t))] {(v —vy) @ n.}de — Z/ a(un(t)) : vy @ nede
eClI'y, € eCl'p
=— Z /wh ®@n.] : {De(vp) }de—Z/ o(up(t)) : (v—vp) @nde
eCl',Ul'p eCl'n
=Y [lotw O v endde— 3 [otwnv):ve e 530
eCI', ¥ ¢ eCl'p

since

>/ Eg(uhu)) (0~ vn) & mede

Ee&y,
_Z/ o(up(t)): (v—vp ®nede+2/ o(up(t {(v —vp) @n.}de
eCoN eCl'y,
_ Z /{g(uh(t))} : [vn @ ne]de.
ecIp V€

Combining with (5.30) and (5.31)), (5.29) can be rewritten as
@ob (u(t) — un(t),v) + pab (ofl_a(ﬁ(t) —ap(t),v)
—(Fv—w)+ 3 / V- gun(t)) - (v - vp)dE — I (o (t),v — op)

Ee&y,
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— Z /[wh(t) ®@mn.| : {De(vy)}de + (gn(t),v L2 'n) Z / o(up(t)) : (v—vp) @nede

eCTyUlp eCly
_ Z /[g(uh(t))] {(v —vp) ® netde — Z / o(up(t)) : v ® nede. (5.32)
ecI'y, V€ eCl'p

Next, we will determine the bounds for each term on the right hand side of (5.32):

s (ft)v—vi)+ X [V a(un) - (v—v,)dE
E€&y
Using the Cauchy-Schwarz inequality and m gives that

(f(t),v—vp) Z/V o(up(t)) - (v—vp)dE

FEeé&y
-3 [uw ) =vdE+ 3 [ (i) = V- alun() - (0 = v,)aE
FEecé&y, Eecé&y,
= Z Hf(t)_-fh(t)HLQ(E)H'U_vhHLQ(E) + Z Hfh(t)_v'g(uh(t)>HL2(E)HU_vhHLz(E)
EES}L Eegh
1/2 1/2
2 _ 2
(z w0 fh<t>HL2(E>) (z h;Hv—vhuw)
FEe&y Ee&n
1/2 1/2
(Z W40 = V- funt >u;<E>) (z hEsz—vhHl(E))
Ecé&y, Eec&y,
1/2 1/2
(z nf,Eu)) N (z osca,Em) fofl,
Ec&, Ec&y,

© —Jo"" (walt), v —vn)
As seen before, we employ the Cauchy-Schwarz inequality and (3.18)) to derive

1/2
—JJO" (wp(t), v — vp) (Z 772 B > H'vHV

Eecgy,

*— > Ll=at)®ne]: {De(vn)}de
eCI'y,U'p
By applying the Cauchy-Schwarz inequality, the trace inequality and (5.17)), we can obtain

1/2
Z /wh ) @ ne] : {De(vy,)}de < (Z 772E > ||"HV

eCcl'pUl'p Ecéy

* (gN(t)’v - vh)Lz(FN Z f 'Uzh N * ('U — ’Uh)de

By adding zero and rearranglng the equation, we have

(g (0.0 o)y — 3. / o (un(t)) : (v — vp) ® node

eCl'ny
=(gn ), v = Vn),ry) Z/ o(up(t)) - ne - (v —vy)de
eCl'n
-y /gN ~ g alt) - (v = vn)de - Z/ o (wn(t)) 1.~ g (1)) - (0~ vn)de
eCl'n eCl'y

hence the use of the Cauchy-Schwarz inequality, the trace inequality and (5.17) immediately implies that

(gN(t)a Lg(l"N) Z / Uh v—vh)®n de

eCl'ny
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1/2 1/2
(z n;Em) . (z oscg,Ew) lofl,-

Ecé&y, Ecéy

-2 e (v —vn) @nelde

eCI'y,
In the same manner in the previous bounds, we have

1/2
-y / o (un()]: {(v — va) @ ne}de S (Z n?,,E(t)> o]l

Eecgy,

- > |o 1V @ nede

eCl'p
Due to the homogeneous boundary condition of v, it straightforwardly gives

—Z/ o(up(t)) : v ® nede = 0.

eCI'p

Tidying up all the results, we complete the proof. O

Remark 4. To obtain the bound of b (u(t) — up(t), x(¢)), we set v = x/(t) in Lemma For any t, since ||x(t) Hv =1, the
upper bound can be derived.

Finally, we have the following a posteriori error estimate theorem.

Theorem 5.1. Let u and wuy, be the exact and semi-discrete solution of our model problem. Then, it holds that

lw = unll, 0.0y S 1errll Lo 0. + ll0sell e 0.1

Proof. The proof can be done by splitting the error as in (5.20), constructing the upper bounds from G27), (5:22), (]3_2_3])
(5.24) with Lemma5.2]and[5.3] and taking into account L., norm in time.

For the a posteriori estimates in the fully discrete case, temporal errors must also be taken into account. Due to space limitations,
we provide only a brief description and outline of the analysis for the fully discrete problem.

As in the semi-discrete case, the Scott-Zhang-type reconstruction [43| |44]] is required for the spatial component. For the tem-
poral part, such methods like elliptic reconstruction [45] 41] are commonly used in parabolic problems. However, elliptic
reconstruction is not applicable to fractional-order integro-differential equations. Recently, Banjai and Makridakis [[24] pro-
vided an a posteriori error analysis for time-fractional subdiffusion problems with pointwise representations. Their approach
yields optimal a posteriori error estimates, though their discrete scheme achieves only a 1 4+ « order of convergence in time in
the a priori analysis.

In contrast, our numerical scheme introduces a discrete velocity via the Crank-Nicolson method, achieving second-order ac-
curacy. Hence, a simple temporal linear reconstruction is inadequate for our approach. Instead, to handle the hereditary term
in the fractional integral, the Ritz-Volterra reconstruction [46| |47] is more appropriate for establishing temporal components
with memory effects. However, due to the weak singularity of our kernel, a modified Ritz-Volterra reconstruction is necessary-
potentially combined with Crank-Nicolson reconstruction [48]].

Remark 5. This paper does not address p- (polynomial degrees, denoted by k in our work) or hp-adaptivity in DG methods.
For simplicity, our discretization assumes a quasi-uniform mesh, uniform time discretization and a constant polynomial degree.
However, the techniques and analysis presented here can be extended to the hp-adaptive DGFEM framework without loss
of generality. The additional complexities arising from varying mesh sizes h and polynomial degrees p can be introduced in
our error estimates with appropriate modifications. Variable time stepping can also be employed. For a more comprehensive
treatment of hp-adaptivity and related theoretical results, we refer the reader to standard works such as Melenk [43|], Houston
et al. [|20|], and Bird et al. [21]].

6 Numerical experiments

In this section, we present a series of numerical experiments designed to validate our proposed DGFEM for quasi-static vis-
coelastic problems characterized by fractional-order behavior. Our primary objectives are to assess the accuracy of the method,
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investigate convergence rates, and demonstrate our error analysis. To conduct these experiments, we utilized the finite ele-
ment method library FEniCﬂH of version 2019.1.0, a robust computational framework that facilitates the implementation of
our numerical method. This tool enables efficient handling of the complexities associated with fractional-order viscoelasticity,
providing a reliable environment for testing our approach. The numerical simulations discussed in this paper were carried
out using code that can be found in the author’s GitHub repositoryﬂ We emphasize the importance of open and reproducible
research, encouraging readers to examine our code for a deeper insight into the proposed methodology.

We consider two test cases: the first involves a user-defined exact solution that meets the regularity conditions outlined in
the error estimate theorem. This allows us to analyze the convergence and accuracy of our approach in a controlled setting.
The second test case utilizes real-material data, providing a practical context to assess the applicability of our methods to
actual viscoelastic problems. Through these experiments, we demonstrate the effectiveness and robustness of our numerical
framework.

Define the numerical error as e” := u(t,) — U},. Given that the DG energy norm relies on the penalty parameters 7o and 7y,
we instead consider the H' norm of the errors. By Korn’s inequality, we can derive error estimates in the H' norm that exhibits
the same convergence rates as those obtained from the DG energy error estimates. Consequently, according to Theorem[4.4] for
a solution possessing H?® regularity in time, along with adequately smooth functions for f and the initial conditions, the error
estimates are as follows Vn:

el i1y = O™+ A)  and  [[e"],, o = O + AF).

Here, r = min(k + 1, s) represents the spatial convergence rate, o denotes the fractional order of the time derivative, and h
and At refer to the mesh sizes in spatial and temporal spaces, respectively. The numerical convergence rate can be calculated
by taking the logarithmic difference between two error values divided by the logarithmic difference in the corresponding mesh
sizes.

To ensure the stability of our numerical scheme, it is essential to select sufficiently large penalty parameters. The coercivity,
continuity, DG elliptic error estimates, and bounds for the interior penalty are all dependent on these parameters. For an
illustration of the issues that can arise in DG simulations when penalty parameters are inadequate, we refer the reader to [36].
In the subsequent numerical experiments, we set o = 20 and ~; = 1 for the 2D problem:s.

While we present the a posteriori error estimator of the semi-discrete problem, we introduce and compute the following error
estimator of fully discrete variant:

nnz—z(h%nfh(tmv.pe(vz)w.De(Qn(Wh))Hiz(E)+ >l (I + @uwllls,.)

Ecgy, eCOEN(I',Ul'p)

+ Y e} + De(@u (Wi,
eCOENT,

1/2
+ Y [el|De(U})  ne + De(@Q,(Wh)) - e — gN,h(t)Hiz(e)> : ©6.1)
eCOENT'

The error estimator does not include a temporal error. Nevertheless, in our a posteriori error estimation, we focus primarily
on the spatial discretization error. This choice is justified by the quasi-static nature of the problem and the sufficiently small
time step size used in our numerical experiments. In quasi-static problems, the time evolution is slow enough that temporal
variations are relatively small. This reduces the significance of the temporal error, making the total error dominated by the
spatial error. Thus, the spatial error estimator provides a reliable measure of the total error in our computations.

6.1 Validation with analytical solution

Let us consider an exact solution to the primal model problem in the strong form defined by

sin(mx) sin(my)
z(1 =)yl —y)

with 7' = 0.01, Q = (0, 1)? and its boundary splitting in 'y := {(z,y) € 9Q |z =0} and I'p := IQ\I'y. We set a = 1/2,
wo =1, p1 =1/T(1/2) and De = € so that u solves

U(t,.]?,y) = (1 + t4) on [OaT] X Qa

~V-£(t) — Vol Pe(t) = £(b), 6.2)

'https://fenicsproject.org
thtps ://github.com/Yongseok7717/quasi_visco_frac_dg
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for some f that can be readily determined analytically. Also, the traction g, can be obtained from the exact solution. We
note that the computation of fractional integrals of polynomials is easily obtained in algebra, for example, OItl Pk = Tk +
1)/T(k 4 3/2)t*+1/2. Here, we have the sufficiently smooth solution and data terms.

Let N denote the number of time stepping. Then we define the time step size At by T'/N. For the spatial discretization, we
use the uniform right-triangle meshes with h = 1/N. Therefore, N also indicates the number of subdivision where the total
number of triangle is 2NV 2.

Table 1: Numerical errors and convergence orders with & = 1.

H{ norm error L5 norm error a posteriori error estimator
N N N

N He ||H1(Q) Rate He HL2(Q) Rate n Rate

8 3.238e-01 5.225e-03 1.035e-00

16 1.627e-01 099 1.318¢-03 1.99 5.295e-01 0.97

32 8.146e-02  1.00 3.305e-04 2.00 2.672e-01 0.99

64 4.074e-02 1.00 8.272e-05 2.00 1.341e-01 0.99

128 2.037e-02  1.00 2.069e-05 2.00 6.719¢e-01 1.00

Table 2: Numerical errors and convergence orders with & = 2.

H{ norm error L5 norm error a posteriori error estimator
N N N

N He HHl(Q) Rate He HL2(Q) Rate n Rate

8 2.791e-02 2.771e-04 8.306e-02

16 7.016e-03 1.99 3.478e-05 299 2.080e-02 2.00

32 1.757e-03  2.00 4.351e-06 3.00 5.211e-03 2.00

64 4.394e-04 2.00 5.441e-07 3.00 1.305e-03 2.00

128 1.099¢-04 2.00 6.802¢e-08 3.00 3.265e-04 2.00

Tables (1| and 2| present the numerical errors, a posteriori errors and numerical convergent orders for linear and quadratic
polynomial bases, respectively. When k = 1, we observe the optimal convergence rates, specifically d = 1 in the H; norm and
d = 2 in the Ly norm. Since the temporal error is small enough in our experiments, even the Ly norm errors with the quadratic
polynomial bases exhibit the third order accuracy. Furthermore, as seen in the tables, the error estimator ™V provides reliable
values approximating the energy norm errors with the optimal order of convergence. These numerical results clearly validate
the a priori and a posteriori error estimates established in our theoretical analysis.

6.2 Quasi-static viscoelasticity of butyl rubber

Based on the real material data for butyl rubber (Butyl 70821) from [49]], we demonstrate the behavior of quasi-static fractional-
order viscoelasticity for butyl rubber in a 2D setting. The material parameters are given as o = 0.449, ¢y = 0.685 MN m 2,
01 = 1.3TMNm~2, u = 0.228 and A = 0.456.

We define the spatial domain as 2 = (0,2) x (0,1). Both the initial conditions are assumed to be zero. The boundary
conditions are specified as follows: the Dirichlet boundary is T'p = {(z,y) € 0Q | z = Oora = 2} and the Neumann
boundary is I'y = 0Q\I'p. Homogeneous boundary conditions are applied on the Dirichlet boundary I'p (the left and right
edge) and on the Neumann boundaries along the top and bottom edges. The body force f is given by

so=7] v

where 7 = 1MNm~2. Thus, the system is subject to a constant body force, and homogeneous Dirichlet and Neumann
boundary condition.

With the initial condition and boundary conditions, our discrete scheme ensures the stability. Consequently, if the exact so-
lution possesses sufficient regularity, the numerical solution will satisfy the a priori error estimates. As the exact solution is
unavailable, direct computation of error norms cannot be carried out, but we are able to provide a posteriori error estimates. To
highlight the differences between elastic and viscoelastic mechanical responses, we additionally solve a linear elastic model by
setting 1 = 0, for simplicity. The constitutive equation of the linear elasticity model is given by o ejasic (t) = woDe(t).
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For discretization, we employ a piecewise quadratic DG finite element space on a 60 x 30 uniform mesh composed of right-
angled triangles with a small timestep of At = 0.001 and N = 50. During the simulation, our error estimator yields an
estimated energy error of n™V = 5.160 x 10~

Figure[T]illustrates the values of the displacement vectors of the linear elasticity and fractional order viscoelasticity problems at
the center of the space domain. In the elasticity problem, we observe an uniform oscillation in the displacement, characteristic
of elastic materials, which return to their original shape after the removal of stress, without energy dissipation. In contrast, the
viscoelastic case displays a gradual increase in displacement over time due to the memory effect, indicating energy dissipation.
As depicted in Figure[2] the elastic material exhibits instantaneous deformation and recovery, whereas the viscoelastic material
shows slow deformation and stress relaxation.

. Elasticity Viscoelasticity
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Figure 1: Displacement over time at the center point in the z-direction: the discrete solution (1, 0.5) for the elastic problem
(left) and the viscoelastic problem (right).

7 Conclusion

In this study, we developed and analyzed numerical methods for the quasi-static fractional-order viscoelasticity model of power-
law type using the symmetric interior penalty Galerkin method. Through the a priori error analysis, we demonstrated the
stability and convergence of the proposed method, achieving optimal spatial and second-order temporal accuracy. Moreover, we
provided the residual-based energy error estimator suitable for complex boundary conditions. Numerical experiments validated
the theoretical results, exhibiting the reliability of the error estimator. Furthermore, we compared mechanical responses between
elasticity and viscoelasticity, highlighting the importance of fractional-order models in capturing time-dependent behavior.
These results contribute to a deeper understanding of viscoelastic materials and provide a robust numerical framework for
future research in engineering, material science, and structural analysis.

While our work does not include adaptive algorithms, we can extend our analyses to adaptive hp-DG methods for the model
problem with minimal additional effort. Temporal residual error estimates, though not presented here due to space limitations,
can be derived using a combination of the Ritz-Volterra reconstruction and Crank-Nicolson reconstruction. These topics are
planned for further investigation in our future research.
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Figure 2: Snapshots of displacement in the x-direction: the discrete solution u; for the linear elastic problem (left) and the
viscoelastic problem (right) at ¢ = 0.015 (top), t = 0.030 (middle), and ¢ = 0.045 (bottom).
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