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Abstract

We consider the usual linear elastodynamics equations augmented
with evolution equations for viscoelastic internal stresses. A fully
discrete approximation is defined, based on a spatially discontinuous
Galerkin finite element method, and an error estimate is given.

1 Introduction

This is the second in a series of papers, [12, 11], extending spatially dis-
continous Galerkin methods to viscoelasticity problems.

We consider a model for the dynamic response of linear viscoelastic
solids. This comprises the usual equations of elastodynamics, but aug-
mented with evolution equations for the viscoelastic internal stresses. The
spatial discretisation is effected by a discontinuous Galerkin finite element
method (DG FEM), which can be taken as either a symmetric or non-
symmetric scheme, and the time discretisation is a standard finite difference
method of Crank-Nicolson type.

For the analagous quasistatic problem considered in [12] we represented
the viscoelasticity through a hereditary integral. Here we have chosen
the alternative representation through internal variables. The reasons for
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this are, firstly, to show that the error estimates can be extended to this
case and, secondly, because some practitioners prefer to work with internal
variables rather than history integrals (see e.g. [6, 5]). It is important to
realise that, contrary to first impressions, the introduction of internal vari-
ables does not enlarge the discrete system by creating many ‘new’ unknown
functions. Each internal variable is actually associated with a decaying ex-
ponential term in a Prony series Volterra kernel. If the internal variables
were not used then an alternative variable for each term would have to be
introduced in order to carry the ‘history’ implied by the Volterra integral.
For both types of scheme only a basic matrix inversion is required for the
primary unknown function, and then simple updates to either the history
or internal variables can be carried out.

For background to viscoelasticity and the assumptions we make we refer
back to [12], and for more general background to the application of DG
methods we refer to [9, 8, 3, 14, 10] and, in particular, to the elastic problem
studied in [10].

This article is arranged as follows. We finish this section with some
notation and then in Section 2 describe the model problem and the spatial
discretisation. A fully discrete scheme with an a priori error estimate is
given in Section 3, and we conclude with Section 4. Many of the proofs are
long and technical and so, for brevity, we sometimes omit the details and
refer instead to the technical report [13].

Let Q C RY, d = 2,3, be an open bounded domain with polygonal/poly-
hedral boundary and let I = (0,7 be a finite time interval. The following
notation is standard. For w C €,

(v, w), ::/v-wdw,

but we drop the subscript when w = €, We use || - ||, to denote the
H?(w) := (HP(w))? norm and again abbreviate, || - |, = || - [[m.q, When
w = . Since we are dealing with time dependent functions we take the
usual approach of treating these as maps from time into a Banach space

and set,
t 1/p
lolle o) = ( JRLCIE dt) ,

fort <T,1< p < oo and with the obvious modification for p = co. When
t =T we abbreviate: || - |z,(z,) = || - |22(0,7:2,(0)) and so on.

We need also to deal with scalar- and tensor-valued functions and, to
ease notation, we make no distinction with the inner products and norms
in these cases.
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2 Model problem and spatial discretisation

The basic equations are,

puy(x,t) — V- o(u;z,t) = f(x,t) in QxI, (1)
u(x,0) = u(x) in (:27 (2)
ui(xz,0) = 2(x) in Q, (3)
u(x,t) =0, on I'pxI, (4)
o(u;x,t) -n(x) = g(z,t), on I'yxI. (5)

In these Tp UIl'y = 0Q and I'p NT'y = @, and we assume that I'p is a
closed set with positive surface measure. We do not explicitly display the
x dependence in most of what follows. Also, to ease notation, we denote
partial time differentiation with either a subscript, as above, or a dot. Thus
U = Uy, U = Uy, and so on. We also assume that the boundary and initial
data are compatible at ¢t = 0.

The symmetric second-order stress tensor satisfies the constitutive re-
lation,

N‘P
o(u(t)) = De(u(t) = 37 ai(t).

where: g;;(w) := (u;j +uj;)/2; fori=1,..., Ny,

t
01(t) = [ e De(u(s) ds (6)

0

and, the fourth order Hooke’s tensor, D, satisfies the symmetries,
Dijki = Djiri = Dijir = Diiijs
and is positive definite over symmetric second order tensors. Also,
1
()"
Yi =\ — 3
T3

where the ¢; and 7; are positive constants, and we impose the normalisa-
tion,

N
Z p; =1
i=0

with, additionally (see (35) later), ¢o > 0 (note that we have a ¢o but not
a 79). Then it follows that,

N‘P
Z%-zn-:l—goo > 0. (7)
i=1
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From (6), we see that each of the internal stress tensors, *o;, satisfies
an initial value problem,

64(1) + ~*ou(t) = uDe(u(?)) (8)

?

*;(0) = 0, 9)

and on the other hand, if we eliminate the viscous stresses, our basic equa-
tion becomes a second-order hyperbolic partial differential equation with a
fading memory Volterra integral. For the well-posedness of these types of
equations we refer to [2], and for numerical analysis we cite, for example,
[15, 7, 16, 4, 1]. All of these deal with the Volterra form of the prob-
lem whereas, here, we include the viscoelasticity through the evolution
equations for the internal variables, (8). We are not aware of literature
containing error estimates for this approach.
From our definitions we obtain the following regularity estimates.

Lemma 2.1 For eachi=1,...,N, we have,
n—1 ;
H an*m u
Ot Nionma@) o110 lliyoum )
form=1,2,....

Proof. Taking norms in (6) and using Hoélder’s inequality for convo-
lutions gives, [[*0i||lL,0.t:0(2) < CllullL, 0,601 (). Now use successive
differentiation on (8) and recursively apply the estimates obtained. ]

We also have the following.

Lemma 2.2 For eachi=1,...,N, we have,
"o (O)ll» < Cllu)]lrt1
forr > 0.

The first step towards spatial discretisation is to establish some more
notation. Let &, = {F1, Fa,..., En, } be a nondegenerate quasiuniform
subdivision of {2, where E; is a triangle if d = 2, or a tetrahedron if d = 3.
The nondegeneracy requirement is that there exists p > 0 such that if
hj = diam(E}), then E; contains a ball of radius ph; in its interior. Let
h = max {h; : 1 < j < Ny}, the quasiuniformity requirement is that there
exists 7 > 0 such that h/h; < 7 for all j € {1,..., N,}. We denote the set
of interior edges (faces for d = 3) of &, by I'),. With each edge (or face) e,
we associate a unit normal vector n.. For a boundary edge (or face), n. is
taken to be the unit outward vector normal to 0S).
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We now define the average and the jump operators. For each of the
interior edges, e, suppose the neighbouring elements of e are E! and E?
so that e = OEL N OE?, and for a boundary edge suppose that E. is the

neighbouring element. We define the averaging operator {-} by,

s(wlpy)le + 3(wlgz)le  ifec,

{w} =
(wlg,)le if e C 092

and the jump operator [-] by,

(w]g1)|e — (w|E2)le if e C (),
[w] :=
(w|E,)le if e C OS2
The distinction between [-] and —[] can be made because each edge e has

a unit normal associated with it. The “direction” in which the jump takes
place is unimportant.

These operators are well defined if w|g: € (Hzt<(E1)) for i = 1,2 and
€ > 0. Below, we use |e| to denote the (d — 1)-dimensional surface measure
of the edge/face e. We also frequently use the estimate, |e| < Ch?~! which
arises as a consequence of our assumptions.

Define the broken spaces for any integer r > 0,

Dr(gh) = {v € LQ(Q) : U‘E c ]PT(E) VE € 5h}7 (10)
D, (&) = D(En)Y, (11)
L, (&) = Dy (En) ™. (12)

For these finite element spaces we have the following interpolation-error
estimates. If v € H" (&) N Q(Q)d and g = min{r + 1,n} then there is an
interpolant & € D,.(&,) N C(Q)¢ such that for each E € &,

[0 = Bl < CHE™|[0]|n. for n.>m >0, (13)
[0 = D[,y < CRE ™2 0|0 form=0,1andn>m, (14)
where v C OF.

For positive constants, § and 3, define the bilinear forms,

B = % |5|ﬁ /e[w]-[v], (15)

ecl',Ul'p

XE: /E De(w):e(w)— Y [{De(w)n.}-[v]

ecl',Ul'p ¥ €

A(w,v)

+r Y [{De()n - [wl+ g (w,v).  (16)

eel',Ul'p €
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Here £ is a switch: we set kK = 1 to obtain the non-symmetric DG scheme,
and k£ = —1 to obtain the symmetric scheme.

Defining z(t) := u(t), we first note that if z(¢), u(t) € C(Q)¢ for each
t, then we have,

(p2(t),v) + Alu(t),v) + Jg 7 (2(t), v)

N, N,
+3 ¥ [atetn w-Y % [ weio:ew

i=1 el ,Ul'p ¥ € i=1 E

= L(t;v)  YweD.(&), (17)

where
L(t;v) = (f(t),v) + (g(t), v)ry,

and, for each ¢ =1,..., N,

> Cet)+ %*U(t%wz‘)E =Y i(De(u(t),wi)r

E ! E
- > w / {Dw;n.} - [u(t)]  VYw; €L,_1(E), (18)
ecl',U'p €
and,
(pz(t),v)E = (pu(t),v)E Yo € D..(E). (19)

Equations (17) and (18) arise from elementwise integration by parts, see
[12], and ‘adding zero’.
We will also use the following norm and semi-norm,

1

s, 2
lolla = (o + 77 w,v)",

lvle = De(v) 1 e(v) | .
o (B )

3 Fully discrete estimates

|

Let us define k = T'/N for some positive integer N and set ¢t; = jk. Setting,

1
L;() == 5 (L(t;:0) + L(t;-1:0)),
our fully discrete approximation of the problem described by (17), (18)

and (19) is as follows: for each j =1,..., N, find {z?,u?,...,*a‘?j, ...} E
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D, (&) x D(E) x Ly_1(Ex) N such that,

h h h h h h
FAEE A u; +u FAE A
(pjkjl’v> + A <32lev> _|_ng5 (12J17v>

+Z > /7{ ?’j_lne}-['v]

i=1ecl',Ul'p

N, oh 4+
_Z;ZE:/E%M ce(v) = L;(v) Vo e D, (&),

with, for each i =1,..., N,

U +'U
E E

- > /{Dw n}-

ecI',Ul'p

h h h h
zy + 27 L e
(,)1231,@) - <p1k“,v> Vv € D, (&n).
E E

h
_1] VU% S LT_1(5h%

h h h h
zit+z5 _ U —uj_l.
2 k
For the initial data we set *0'?0 =0,fori=1,...,N,, and,

A(uy,v) = A(a,v) Vv € D,(&),
(pzf,v) = (pz,v)  Yv € D.(&,).

From [13] we now quote a stability estimate.

Theorem 3.1 (discrete stability) Assume that 3 > (d—1)~! along with
k <k and h < h. Then, for § large enough, k and h small enough, and
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m=12,...,N,
N, 1
1 _1
Hp?z?n||%+|\u’,;||§l+§ ;IID 2o lllo
i K3

+z z —|—z
k 4,03 j—1 j—1
ey (e 2
Ne m 1 *o'h—*o'h 1
k D3| 2 %=
kYD p 0

i=1 j=1
1_ _ _ _
< Clpzz| + Cllal3 + Ch 1||g(0)||3rN+Ch Hlg(tm) 18,0

+Ch~ lkZ —31)2 le)

where C represents a generic positive constant.

2

2

0,I'n 0

Note that the factor ‘A1’ is not observed in practical computations; its
presence seems to be due only to a weakness in the proof. However, recalling
that uniqueness implies existence for linear finite dimensional problems,
Theorem 3.1 allows us to assert the existence and uniqueness of the discrete
solution.

Theorem 3.2 (well-posedness) Under the conditions of Theorem 3.1,
the discrete solution exists and is unique.

Our next goal is a fully discrete error estimate and the first step toward
this is to derive an error equation. For this we set,
RN h
X; i =u a(ty), Y= z7 — z(tj), Nij = *o-ij —"i(t)),
£ =u ( §)—alty), ¢ = z(t;) —2(t;), 0y :="0i(t;) —"Fi(t;),

i (
where {u(t), *a1(t), .. } C D,.(&) for each t and with z := u; and 2 := ;.
We choose u(t) D, (&) as the continuous interpolant of w(t) and
g, as the L5(£2) projection of *o; into L,_1(&). We then have, 2(t) =
i (t) € D,(Ex) and if u(t;), u.(t;) € C(Q)? it follows that,

[u(t;)] =0, fa;)] =0,  [§]=0, (26)

and
[ue(t;)] =0,  [a(t;)] =0,  [¢;]=0. (27)

Moreover,

05, w;) = (0;,w;) = (B, w;)=---=0  Vw; € L,_1(&,), (28)
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and from standard arguments we also have,

Furthermore, from (13) we have,

"o

atn

o
0 h H ot

0

10:5llo = ["oi(t;) — "&i(t;)llo < CR"[["oi(t;) ]l -
Now, motivated by the terms that arise below, define,

v(ty) +veltj—1)  v(ty) —v(tj-1)
2 k ’

Ajv =

Then by standard estimates for the trapezoidal quadrature rule and the
Cauchy-Schwarz inequality we have the following result.

Lemma 3.3 We have,

1 [t

A]’U:ﬁ

vt ()t — Ot —tj-1)-

tj71

Moreover, if vy € La((tj—1,t;); L2(2)), then,

kB[l
1850l < 5 [ @
1

b
We will also make use of the following ‘summation by parts’ identity,

m m—1

(W — 51:2;) = (o) — (B0rp1) + 3 (.05 — Byar)s (29)

Jj=1 Jj=1

and we also need the following estimate which is proven by using Taylor’s
series with integral remainder.

Lemma 3.4 We have,

A — Ao = k (v(th) —20(t) +o(ti1)  wiltjp) — vt(tj1)> .

k2 2k

Moreover, if, a.e. in Q, we have vy € Lo(tj—1,tj41), then,

tj+1
|Av — Ajv]* < Ck5/ weee (1)

tj71
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Averaging (17), (18) and (19) between t; and t;_1, and subtracting the
result from the fully discrete scheme given by (20), (21) and (22) then gives
three error equations,

(p"/’j _k¢j71 ,v) LA (Xj +2Xj17v> i Jg’ﬁ (T,Z’] +2¢j17v>

S0 M PR LR RN

1=1ecl',Ul'p

—ZZ/ "7w+"w L. e(v)

=1 FE

= (pAjz,v) + (pgbj_]f“w) +A (532@10

(o) 8 5 () o

1=1ecl',Ul'p

_ ZZ/ 9 491 0” Lie(w)  VoeD.(&), (30)

=1 FE
and,
N
¢Z<mj M- 1+l"7ij+"7i,jfl w~>
i=1 E Ti 2 E
ki i X
—ZZ%(Ds(X’;‘“),wi)
i=1 E E
Jr
5SS [ ]
1=1eel',Ul'p
T e 0, — 0 16, +6
_ P ij—0ij—1  16i;+6i;.1
=y Yo, m,wz)E+ZZ< R ,wZ>E
=1 FE =1 FE

+Z > %/{Dwne} [5 RAIE 1}

1=1ecl', Ul'p
N‘P

_Zzw@e(ﬁﬁf—l),wi)E Vw} e L@} (6

i=1 FE
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and,
(pw,v) - (pXj_ka_l,v> = —(pAju,v)p
E E
N <p¢j+¢j—17v> _ <p5j—€j—17v) " eD, (&) (32)
2 E k E

Now, choosing v = (Xj_Xj—l)/k in (30), w; = Dil(nij—m,j_l)/k in (31)
and v = (¢; —,;_1)/k in (32), adding the first two resulting equations
together and noting from the third that,

( "/’j"‘/’j—1 Xj_Xj—1> _( 1/’]‘ +'¢j—1 "/’j"‘/’j—1>
P ) =\P )

k k 2 k
_ <p¢j +2¢j—1’ P, _k"/’j—l) n (pEj —:j—1’ P, —I;/’j—1>

+ <PAJ'U7 Y5~ ¥ic1 _;bj_1> :

we multiply by 2k and sum over j = 1,...,m to obtain,

& (’l/’j +, 0 P+ ¢j—1>

1024l + Ixml + 26D Jg 7 (== 5

j=1
_ Nij —Mij—1
D 1/2 J 5J
k

N,

®
1 _
= "o 8 + Ixoll2+ - — 11D *mioI3
i=1 "

e <Xj _ka‘l) +2k Y H (DI"“ _:“‘1>

J=1 J=1
+ Ty + T+ T3+ Ty +Ts + T, (33)

2

m Ny
+2kZZ

j=1i=1

N,
® 1 7
£ 3 D, )

0 =1
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where,

T Nij — Mij—1 X; T Xj-1
T, = —kaz ’yi/<{J o ne}-[j J }
j=1i=1e€lUlp ¢ k 2
Mij + M1 X T X
e [ )
m Ny
T, / E(Xj"‘le):nij_ni,jl
Xj = Xj-1\ Myt Mij1
—i—e( 3 ) 5 >7
X; T Xj-1 X5 — Xj-1
s = ZkZ Z /({ <H>ne}[ﬂ}
j=leel',Ul'p 2 k
o (3 )
k 2
_ 5,8 Yt
T, = —QkZJ ( ,2),
Y=Y .
Ty = 2k2<kﬂAJ—u ,
Jj=1
—Xj-1
Te = A A A S
6 Z(P 25 k )

i
M
1]
7

+2kZZZ(Aj*0'i7D_1” l’“) :
j=1i=1 E k E

along with,

Gj(v) = Jg’ﬁ (¢j +2¢j_1,v> + (p¢j _]j)j_l,v)

() g [t

=1 FE

Y w [ (Bt P e}-m,

i=1 ecl",Ul'p
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and,

S % e [

i=1 eel,Ulp

Er (e,

i=1 E
e 0, — 0 10,,+6
iy — Vi j—1 ] 4,j—1
FES (B )
=1 E
To get these we noted first that,
Y+, X T X1

9 k = _Ajit, (34)
because (2 + 2% )/2 = (u} —w!_|)/k, and secondly that,
Git+d; 1 &€ o
J 9 J -2 k J = Aju — Aju.

We can now start estimating the terms on the right of (33) with the goal
of deriving an a priori error estimate for the scheme. To make the proof of
this error estimate easier to digest, the initial estimates are now presented
in a series of lemmas. These lemmas are all subject to the assumptions
made later in Theorem 3.10.

Lemma 3.5 We have,

m Ng 2
_ Nij — M-
Ty +Ts + Tg| < ZZHD 1/2<J — 1)
=1 i=1 0
m—1
T Z ||P1/2¢ 1§ + esllo* 4, 15 + Nl 4o l1§ + & Z ||P1/21/’ I
] 0 j=1
s [ o, CE3 [t 2 4 g 2
+Ck s (£)[1 + . @ (8)]l5 + Ck ||umt(t)||0
0 5 tm—1 0
tn
+ Ck4/ (e6 + Dl zeee ()15 + l[@ess (8) 15 + Z “&:(t)]5
0

Proof. Firstly, T, = 0 by (26) and (27). Now, using (29), we can write
Ty as,

m—1
Ts = =2(p%,,, Amih) + 2(ptho, Artt) — 2 Y (pth;, Aji — A1),
j=1
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From this we estimate with the Cauchy-Schwarz and Young’s inequalities
as follows,

11 < esl 238+ 1233+ 3 173,18
j=1
+ SO a3 + @l + %f%jmm%ﬂaa
j=1
Using Lemma 3.3 results in,
O yaaty < 5 [ ol

and .
ﬂMMm%éCWA\WMm%

while Lemma 3.4 leads to,

Clp)

o
O s agpral < ont [ ol
tj—1

J—

For Ts we have by the Cauchy-Schwarz and Young’s inequalities, Lemma 3.3
and the triangle inequality with (34), that,
—1y2 (Mg — Mij—1
k

€
|Ts| < *Z”PU%/’ ||0+2kzz 0

tm
+Ck4/0 (e6 + D)llzeee ()15 + l[@eee ()15 + ZH*W )

2

j=11i=1 0

These estimates complete the proof. O

The terms 717, To and T35 can be handled in much the same way as in the
proof of Theorem 3.1 (see [13]), although some modifications are necessary.
For brevity, we omit the proof and refer to [13].
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Lemma 3.6 We have

Ty + T + T3 < 2CRDP2712 1314

+ Qki % % D12 ("“ k"”'l)

2

J=1i=1 0
2C/€
||D 1z z]”O
7=0 i= 1
Ny, € ~1/2 9 5 QCQh(d—l)B—l 8
+Z?”D om0 + et ————J0" (Xom> Xm)
i=1 "
| Ny 72h(d Ds-1
FOEY Sl I+ IIXmHAJerZZ TP 0 x5)
3=0 7=0 i=1
+ Cap.
+ 21 P R (28(1 — o) + ¢ Z‘] (d} v 17% 2% 1).

Lemma 3.7 Assuming that h < h, 8 > (d —1)71, |e| < Ch?' and
|v]lo,. < ChR™Y2||v|lo.5 if € is an edge of E, we have,

2> H, (D‘lmj _:i’-"‘l)

j=1

2
—172 (i — Mij—1
k

!
o €m

<2k gt

j=1

£

Proof. Using (28) we have,

where,

nef e 5],

1=1ecl',Ul'p

§+& 1\ My —Mij
SR (o050 ),

=1 FE

and
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Now, T1 = 0 due to (26), and for T» we have,

N,
- §+Ei —1/2Mi — Mij—
< ) 1/2 J J 1/2 71ig ,J
|T2|\Z%HD e( 5 P - o
N, N,
Z 1/27’2] Mij—1 2+ZL¢2 €j+£j—1 2
= k A dey 2 <
This completes the proof. Il
Lemma 3.8 We have,
m
QkZG ( — X 1) ZkZ SPINT
1 Al 0 +6;
+2k2 +eG 1/2¢ ¢j 1 +2kZZC/ a+ =1
0 Jj=11i=1 0
58 (Y5t iy P +¢ 1
+fZJ o (Bt i~ +2k22 17,1

+ ChQT((l +ed)|ullf_ (Ot HP () T ||“t||L2(o bt HP1(92))
1
+§||XOH?4 % ///HXmHA+ Z HX]H.A’

for all positive e, et and €.

Proof. Using (28) we have,

X; — Xj—1 sp (Pt di1 X5~ Xj-1
Gj<JkJ>JOﬁ< J 2] s k;J )

I <p¢j _]j)jilv X _kal)

PSS [, ) pumen]

1=1ecl',Ul'p

A (gj +&1 X, — le)

2 k
=T + Ty + T3+ Ty,
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but, firstly, 71 = 0 by (27). Secondly, for T3,

b —@j1 ;TP b — P
Tyl < J J J J J J Al
| 2‘ (P k 9 ) + 14 k 9 ]u 9
¢ — P hy+p; y
< ’p1/2 J - j—1 p1/2 J 5 j—1 +Hp1/2A]’uH0 ’
0 0

1 y
< + 51102 A [

et+1
2

2
P2 b — qu,l
0

g L (107295513 + 10729, 1)

Thirdly, for T3 we use (34) and (26) and get,

NV’
0,;+06;; 1 Y+
RNy ey
i=1 ecl'p,Ul'p 0,e 0,e

N,

S ()
(=)

N,

<3 Ot D82 0ij +6i,1
2 0
=1
o (Bt i i)
0 2 ) ) )
Ny 2
Z 6 +9u 1 L o (Vit¥im ¥ %
— o 270 2 2 '

Turning to T4 and noting (26) we have,

A (ﬁj ‘5‘2‘53‘71 , Xj — Xg 1) Z/ <€j +2£j1> e <Xj _kxjfl

() ]

ecl'p,Ul'p

17

)

Taking the sum over j as needed by the lemma we use a variant of (29)



DG FEM for dynamic viscoelasticity 18

and get for the first term that,

2S5 [ pe (875 o (M 0m)

j=1 E

= _ Z_: Z/]3D€(£j+l —&-1):e(x;)

j=1 E

N ZEj /E De(e, +£, 1) elx.) — ZE: [E De(€, +£): €(xo).

Hence,
S [ Dete,+ €, 1): elx,)
o JE
1
< G/C/}'/Cném + €m—1||%,9 + W|Xm|g'7
G
. 1
< €GO [ulll o1 prr+1()) + W‘Xm@h
G
because,
[€m + &m—1llio < CR"[lu(tm) + w(tm—1)|lr+1-
Similarly,

1
S OR"[ully 0.0, mrm+1(52)) + i\Xo\g-

;/EDS(& +&0): e(xo)

And,
- [ =&
SN [ Dol &0: el < 0k Y|P e
j=1 B 7E J=1 1
km—l

< C’h2r||ut||iQ(o,tm;HT+1(Q)) + D) Z |Xj|§’
j=1

where we used,

Ei1— &1
k

_ HU(th) —ultj-1)  w(tjy1) —a(t-1)
k k

u(tjs1) —u(tj-1)
k

1 1

Ch"

N

r+1
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and (by the fundamental theorem of calculus),

m—1

kD

j=1

u(tjpr) —u(tj—1)
k

< Ollwell Ly 0., 741 ()
r+1

For the second term in T we proceed similarly:

a4y ¥ / foe (3552 e} [

j=lecl',UI'p

= /{D€£ +£m 1)”6} [Xm]

ecl'p,Ul'p
+ 3 [ete+ggn bl
ecl',Ul'p
Z > [(De(g - & e )
j=1 ecl'p,Ul'p
Now,
S [(Dete + €uime) -l
///Ch (d—1)B 1
S Z ||‘D€ ém +€m 1)n€ + % /// JO (vaXm)
///Ch2r
< 25 ||u(tm) + u(tm*1>||72"+1 + % ///J (Xm7Xm)7

since (d — 1) —1 > 0 and,
IDe(& + &m-1)melloe < CH™ 2 lult) + wltm—1)r1-

Similarly,

) / (De(€, + €)ne) - [xol

ChQ?"
< 5 llult) + ulto) 1741 + Jo (X0, X0)-
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We also have,

i Z/{D€(£j+1 —&_1)ne} - [x]

<k Z ze: HDE ( (tjr1) — . u(tj—1)  a(tj+1) kﬁ(fj—1)> -

0,e
< [Ix;lllo.e,

m—1 2 m—1

Ch2r—1+(d-1)8 u(t ,+1) _ ’U,(t 471) k 5

gk 25 H J A J +§ ZJO7ﬁ(XJ7XJ)7
j=1 r+1 j=1
ChQT k m—1
\ ||ut||L2(0 t"“Hr+1(Q + = Z vaX])

j=1

where we used,

HDE (u(tj+1) = w(ty1)  ltje) . ﬁ(tjl))

Ne

0,e
u(tjy) —u(tj-1)
k

< Chr71/2

r+1,E

Assembling these estimates then yields,
2k2T4 < CP (1 + €ul  o.0rri () + 18l L0, 001 ()

1
+3Il + gl + 5 Z I, 1%

which completes the proof. O
Before stating the error estimate we need one more estimate—connected
with a term in the previous lemma.

Lemma 3.9 We have,
A N S et [

k /273 J

2 JZ 2 |° K

0
h2T||utHL (0ytm HT+1(Q))+C(1+Eg‘)k4”uttttH%Q(O,tm;Lg(Q))'
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Proof. By the triangle and Young’s inequalities we have,

S I +eg 1/2¢j — P ’ - 1| A1/2 2
2y GBI <ok S (14 ) 02yt 12)
j=1 0 j=1
m 2
¢ — P
r2 1+ ) | (@t - S22 |
j=1 0

< CtthT||ut||ioo(0,tm;H7'+1(Q)) + Ck’4(1 + GIC/;’)||¢ttt||%2(0,tm;L2(Q))'

Now use [ @yl 1.,(0,tmsL2()) < Clltteetl| 15(0,t,05L2(2))- O
Now we can give the error estimate.

Theorem 3.10 (fully discrete ‘energy’ error estimate) Assume that
we have h < h, k < k, B > (d-—1)"" we HT(Q), z € H(Q) and
w € HY(Ly) N H2(HY) N WL(H™) n CY(C(Q)?). Then, for h and k
small enough, and § large enough,

I (e (tn) = 25)llo + l[u(tm) — g |4
N,

. 1 — * * T
+Y D2 oi(tm) — "ol < C(A" + k),
i—1

where C' is a ‘Gronwall’ constant independent of h and k.

Proof. We start with (33) and invoke Lemmas 3.5, 3.6, 3.7, 3.8 and 3.9
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to get,
k k 1/2 2
(1= =g = ) Il
e’ 1 Ck
e Y Il

1= 5 | i@_np_1 | 2C? Nw’Yz 1,8
X2 + ROV 2 4 Ok Y 2 | I (s Xon)
i=1 *

+ 2k (1 ~ 5o RUA=1DE=1(2¢(1 — ) +e’))
el
— 5.5 (Vi +w3 L ;b 1)
< (& ;

€i €6 —1/2 (Mg — Mij—1
) D ) )T
w-3)] k

2

0

i=1

N,
2Ck 21 _
+@EV)Z,D”%M3
€ Ti
T+ T+ T3+ Ty + Ts,
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where,
N,
1/2, 112 4 (3 PRUSLILES 2 S 1 —1/2 2
Tioi= 2 ol + (34 20R T xd+ S S ID T
i=1 "
tm 5 m 1 y
Tooi= O [ i@ + 203 5 1A ul
0 .
7j=1
t 3
o Ck .
2o [0l + S [ ol
0 5 tm,—l
tm
rort [T @ eollzud®l + i ®IF + §]| 13
0
N b;— ;1|
T = 9%k G 1/273 J
3 Z 2 P k Ov
+0 ?
T, = 2kz S +2kZZCG B4+ 8iy
j=11i=1

JrChzr(l ) |“HL (0, ; HTH1(02)) JF”utHLz(Ot HT+1(Q)))

N,
20k "~ 11
T, = gZZimmmw%Z( 7 ) Il

§=0 i=1

m1 Ne  of(d-1

)6
Vi 5,8
TS D) DRSS L
7=0 =1
m—1 1
#kY (14 5 2 ) I8
0 N€

Jj=

We now choose,

9 _
6// = ¢0/4 5 el = Yo, éi = la €= 1? 6/GN = QOO’
1 —0/2 4 ©o
1
Ezl—%, €& =3 €c =€ = — for some C' >0
EI = 1 EI *1 6/ :1
G 1_3007 H 67 6 37

and insist that,
402(2 _ (pO)Q]Al(d—l)B—l

>
(2 = 2¢p0) w0
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These lead to,

(3 - 08) Il + (55— = ) Il
(14 o) (1 = AV fﬁ (%W’ L Vit Y )

2
2
—1/2 (Mg — Mij—1
k

mng
A3y
J

i=1 0
Ny o
+ (5= Ck) > —ID P
izl i
ST +To+ T3+ Ty + Ts.

Now, for T, using Lemmas 2.1, 3.4 and stability properties of the inter-
polant,

5| < Ck4(||uttt||Loo(0,tm;L2(Q)) + 1wl 20,0, 51 ()
+ ||uttt||L2(0,tm;L2(Q)) + ||utttt||L2(07tm:L2(9))) :
For T3, using Lemma 3.9,
T3] < ChQT||Ut||ioo(o,tm;HT+1(Q)) + CkM w75 0.4, :L0 ()
For Ty,
ITa) < O (Jllg 0,041 (@) + 104l 0 10071 (2
2
+omax el o)

and use Lemma 2.2, and, for T3,

|T5] < Ck‘z o'/ e, ||0+||X]||A+Z Sy isllo
j=0 =1 Ti

Now select b and k small enough, use the initial conditions *o;(0) = 0 and
apply the discrete Gronwall lemma to get,

[T ||o+||XmIIA+Z ID_l/mello

<O +K2) + O||p1/2¢o|\o + Cllxoll a-



DG FEM for dynamic viscoelasticity 25

Now, by (25) and (13), we have,

1 1 o
102 %ollo lp= (26 — 2(0))llo,
lp? (26 — 2)llo + llp2 (2(0) — 2) o,
1.0 _ —
2[[p%(2(0) = 2)llo < CA7[|Z],-

NN

Also, using standard results for the elliptic projection (see e.g. [12]) we
have,

[ug — @(0)] 4,
w—uglla+ ||t —a(0)].4,
@ —ul|a+|@—a(0)|e < CA||@||pir.

Ixoll.4

NN

Using the triangle inequality we now obtain,

10" (we(tm) — 2 )llo + lle(tn) — up, 4

NW
1 — * *
£33 DT o) = *ah)lo
i=1
N, 1
<llp" 2o + 1€t a+ Y- 1D 8:(t)
i=1 "

N4P
1 —1/2
+ 102,10 + IIXmHA+Z;HD Y20 llos
i=1 "

< OhJug(tm)[lr + CR [u(tm) |7+
+Ch" max ||*o(tm)|l» + C(h" + Ek?).
1<i< N,

To get this we noted that, ||€(¢;)]|a = |€(tj)|e < Ch™||u(t;)|lry1 for j =
0,1,...,m. Finally, using Lemma 2.2 completes the proof. O

4 Conclusion

In this article we have extended the application of the DG FEM to dy-
namic linear viscoelasticity problems. This builds upon the algorithm and
estimates in [12] in that we have now included the inertia term. It also
varies the approach in [12] in that here we have chosen to represent the
viscoelastic history through evolution equations for internal stress tensors,
rather than augment the momentum equation with a Volterra (hereditary)
integral.

The technical report that accompanies this article, [13], also contains
semidiscrete energy and Ly error estimates. They are not given here be-
cause the latter seems to require rather restrictive assumptions.
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This article with [12] represents the extension of DG FEM to elliptic

and (second-order) hyperbolic problems with viscoelastic memory. The
analogous parabolic problem is currently under study in [11]. Since code
development for these type of problems is non-trivial, we do not present
numerical results here. Instead, numerics for all three problems will be
presented elsewhere at a later date when all the numerical issues have been
identified.
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