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ABSTRACT. We propose a new full discretization of the Biot’s equations in
poroelasticity. The construction is driven by the inf-sup theory, which we
recently developed. It builds upon the four-field formulation of the equations
obtained by introducing the total pressure and the total fluid content. We
discretize in space with Lagrange finite elements and in time with backward
FEuler. We establish inf-sup stability and quasi-optimality of the proposed
discretization, with robust constants with respect to all material parameters.
We further construct an interpolant showing how the error decays for smooth
solutions.

1. INTRODUCTION

This paper is the second one in a series initiated by [24], regarding the analysis
and the discretization of the quasi-static Biot’s equations in poroelasticity. (See
(2.1) below for the statement of the problem). The series centers around the use of
the inf-sup theory for the stability and the error analysis, with the aim of highlight-
ing the possible advantages stemming from the proposed approach, which appears
to be new in this context.

The inf-sup theory is a framework for the analysis of general linear variational
problems. The main result therein is the so-called Banach-Necas theorem (see, e.g.,
[14, Section 25.3]), that characterizes the well-posedness of such problems. Suc-
cessful applications of the Banach-Necas theorem additionally provide a two-sided
stability estimate, entailing that the space of all possible solutions is isomorphic
to that of all possible data, cf. Theorem 2.4 below. Such an estimate is of special
interest, as it is the starting point for the derivation of sharp a posteriori error
estimates, since it establishes the equivalence of error and residual, cf. [43, Sec-
tion 4.1.4]. Moreover, if the same approach applies also to the discretization at
hand, then the resulting stability estimate is the starting point for the derivation
of sharp a priori error estimates, see [2] for conforming discretizations and [4] for
nonconforming ones. The inf-sup theory is useful also in the design of robust pre-
conditioners [20, 30] and in the convergence analysis of some adaptive procedures
[16].

The inf-sup theory is well-established for the analysis and the discretization of
stationary linear equations. We refer to [14] for an overview with several examples.
The situation is substantially different for evolution equations, that are usually an-
alyzed by other techniques. While the application of the inf-sup theory to the heat
equation has been recently considered by various authors (see, e.g., [15, Chapter 71]
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and the references therein), we are aware of only a few results for other prototypical
problems, like the wave and the Schrédinger equation [39].

The quasi-static Biot’s equations in poroelasticity are not an exception in this
respect. In fact, on the one hand, some authors have used the inf-sup theory in the
analysis and the discretization of the stationary problem resulting from the semi-
discretization in time, see e.g. [21, 23, 27]. On the other hand, in the quasi-static
case, we are not aware of any result obtained by this approach. For the a posteriori
analysis, Li and Zikatanov [25] used, in a sense, an equivalent argument. For the a
priori analysis, all papers we are aware of build upon a different argument, namely
an energy estimate that seems to go back to a seminal contribution of Zenisek [46].
A far by exhaustive list includes [3, 8, 9, 22, 26, 33, 34, 44].

To our best knowledge, our series is the first contribution making a systematic
use of the inf-sup theory in the design and in the error analysis of a discretization
of the quasi-static Biot’s equations. Our first paper [24] is devoted to the analysis
of the equations. It establishes the well-posedness as well as a two-sided stability
estimate, which is robust with respect to all material parameters. The latter con-
tributions and the functional setting distinguish our results from previous ones by
Zenisek [46] and Showalter [38]. In particular, we consider an equivalent four-field
formulation of the equations, that is obtained from the original one by introducing
the so-called total pressure and total fluid content. In [24] we prove also that, in
certain circumstances, additional regularity in space of the data imply correspond-
ing additional regularity in space of the solution. Establishing a similar result in
time is more challenging, due to possible singularities at the initial time; compare
e.g. with [31, 38] and the discussion in Remark (4.10) below. Further previous
contributions to the regularity theory are in [6, 45].

In this paper we propose a backward Euler discretization in time and an abstract
discretization in space of the Biot’s equations. We establish the well-posedness and
a two-sided stability estimate via the inf-sup theory, by mimicking the argument in
[24]. Then we consider a simple realization of the abstract discretization in space,
making use of Lagrange finite elements for all variables. We prove a quasi-optimal
a priori error estimate, meaning that the error is equivalent to (i.e. bounded from
above and below by) the best error. To our best knowledge, it is the first time that
such a result is established for a discretization of the Biot’s equations.

The error notion we consider is motivated by the inf-sup theory and it is relatively
involved, as all variables are coupled in a nontrivial way. Therefore, we further
elaborate on our error estimate, by showing that the best error can be bounded
by a sum of decoupled best errors in standard norms, that are much easier to
investigate. All constants in our results are robust with respect to all material
parameters and do not require any additional regularity beyond the one guaranteed
by the well-posedness of the equations. Finally, we establish first-order convergence,
with respect to the space and time meshsize, for sufficiently smooth solutions.

Organization. In section 2 we state the equations and recall the main results
from [24]. Section 3 establishes the stability of an abstract discretization. Section 4
is devoted to the a priori error analysis for an exemplary concrete discretization,
which is also tested numerically in section 5.

Notation. Throughout the paper, we denote by || - ||x the norm of a Hilbert space
X. The dual space X* acts on X through the pairing (-, )yx. We denote by L?*(X),
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H'(X) and C°(X), respectively, the Bochner spaces of all L?, H! and C? functions
mapping the time interval [0,7] into X. For a measurable set  C R? we adopt
the simplified notation (-, )q and || - ||q for the scalar product and the norm in
L2(2). We write a < b and a = b when there are constants 0 < ¢ < ¢, possibly
different at different occurrences, such that a < ¢b and cb < a < ¢b, respectively.
The hidden constants are independent of the material parameters involved in the
equations. The dependence on other relevant quantities is addressed case by case,
see e.g. Remark 4.1.

2. INF-SUP THEORY FOR THE BIOT’S EQUATIONS

This section introduces the Biot’s equations and summarizes some results from
[24], that are useful for the construction and the analysis of the discretization in
the next sections.

2.1. Initial-boundary value problem. Let Q C R%, 1 < d < 3, be a bounded
domain with polyhedral and Lipschitz continuous boundary. The flow of a Newto-
nian fluid inside a linear elastic porous medium located in 2, in the time interval
(0,T) with T' > 0, is modeled by the quasi-static Biot’s equations as follows

—div(2uVsu + (Adivu — ap)l) = f, in Q x (0,7T)

(2.1) Oy (adivu + op) — div(sVp) = f,  in Q x (0,T).

The first equation states the momentum balance for the elastic porous medium,
whereas the second one is the mass balance for the fluid.

The unknown functions in the equations are the displacement u : Q — R? of the
elastic porous medium and the pressure p : £ — R of the fluid. The differential
operator Vg is the symmetric part of the gradient and I is d x d identity tensor. The
material parameters, denoted by Greek letters, are the Lamé constants p, A > 0,
the Biot-Willis constant « > 0, the constrained specific storage coefficient o > 0
and the hydraulic conductivity x > 0. Consistently with [24], we assume that all
parameters are constant in Q x [0,77] for simplicity. We refer to [24, Remark 2.1]
for a discussion on possible extensions.

We are interested in the initial-boundary value problem obtained by prescribing
also the initial condition

(2.1b) (adivu + op)ji—o = Lo in Q

as well as the boundary conditions

u=0 on T,gx(0,7)

(2uVsu + (Adivu —ap)[)n =g, on Ty ny x(0,T)

(2.1¢) p=0 on T,zx(0,T)
kVp-n=g, on I,y x(0,T)

where Fu,E UFu,N =00 = vaE U Fp,N and Fu,E N Fu,N =0 = vaE meJ\/. The
letter n denotes the outward unit normal vector on 9€). The subscripts ‘E’ and
‘N’ are intended to assist the reader in distinguishing the portions of the boundary
with essential and natural conditions.

We point out that different statements of the initial and of the boundary con-
ditions are sometimes met in the literature. We refer to [24, Remark 2.2-2.3] for a
more extensive discussion on this point.



4 C. KREUZER AND P. ZANOTTI

2.2. Weak Formulation and well-posedness. For convenience, we introduce a
compact notation for the differential operators in the Biot’s equations (2.1), namely

(2.2) & = —div(2uVs) D :=div L= —div(kV).

Notice that £ and £ act on u and p, respectively, in (2.1a). Comparing also with
the boundary conditions, it looks reasonable that the regularity of u in space in a
weak formulation can be described via

- {Hl(Q)d/RM if Dy v = 00

2.3
(23) Hp ()% otherwise

with RM denoting the rigid body motions. Analogously, for the regularity of p in
space, we consider

HYQ)NIZQ)  if T,y =00
(2.4) Pi={ HL (QNL3(Q) T,y #0%T, =020 =0
HE () otherwise

where L3(Q) = {q¢ € L*(Q) | [,q = 0}. We refer to [24, Remark 2.5] for a
motivation of the nonstandard definition of PP in the second case.

Remark 2.1 (Notation). We are aware of the fact, that the abstract notation in-
troduced here (and the subsequent one for all related spaces and operators) makes
the reading possibly harder. Still, it has the advantage that all combinations of the
boundary conditions (as well as the critical case o = 0) can be treated at the same
time. In our view, this is quite important, because our approach to the analysis
and the discretization of the Biot’s equations is mainly the same in all cases, but
each case may require subtle minor modifications.

The action of the divergence on u in (2.1a) indicates that also the space

L3(Q) ifTy,p =00

(2:5) D:=D(U) = {LQ(Q) otherwise

plays a relevant role in the Biot’s equations. Similarly, since p is involved in (2.1a)
also without the action of any differential operator in space, we repeatedly make
use of

(2.6) 5_ JL3(Q) Ty =000r T, p=020=0
’ " | L3(Q) otherwise,

where the closure is taken with respect to the L?(2)-norm. An important point for
our analysis is that both D and P are subspaces of L?(Q2), but their mutual relation
depends on the boundary conditions and on the parameter o. Therefore, it is useful
introducing

Po:L*(Q) =D and  Pr:L*(Q) =P,
the L?(Q)-orthogonal projections onto D and P, respectively.

Remark 2.2 (Functional setting). The diagram in Figure 2.1 summarizes the rela-
tion among the spaces and the operators introduced up to this point. In addition,
we denote by i : P — P the inclusion operator and D* and i* are the adjoint oper-
ators of D and 1, respectively. The spaces D and P are identified with their duals
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via the L?(Q)-scalar product. Thus, the square on the right side of the diagram
involves the Hilbert triplet

(2.7) PosP=P < P
U+—2 U P—~% P
D* D i i*
D¥ =———=D P—7

FIGURE 2.1. Spaces and operators describing the regularity in
space for the weak formulation (2.8) of the Biot’s equations. The
triple lines on the bottom indicate identification via the L?(€2)-
scalar product.

With this preparation, we are in position to recall the weak formulation of the
initial-boundary value problem (2.1) introduced in [24, section 2.3], namely

Eu+ D*piot = lu in L?(U*)
ADu — prot — aPpp =0 in L2(D)
(2.8) aPgDu+op—m =0 in L?(P)
om + Lp =14, in L%(P*)
m(0) = 4o in P*.

The loads ¢, € L*(U*) and ¢, € L*(P*) result from the data f, and f, in the
equations (2.1a) as well as g, and g, in the boundary conditions (2.1c).

Remark 2.3 (Auxiliary variables). Compared to (2.1a), the weak formulation (2.8)
involves two additional unknown variables, namely the total pressure piot and the
total fluid content m defined by the second and third equation, respectively. Intro-
ducing these variables is not strictly necessary for our analysis, but it substantially
simplifies the definition of the space Y; in (2.9) below. The use of the total pressure
was observed in [27] to help also the design of robust linear solvers.

_ The main result in [24] states that (2.8) is uniquely solvable within the closure
Y; of the space

(2.9) Yy == L*(U) x L*(D) x L*(P) x (L*(P) N H'(P*))
with respect to the norm

||(aaﬁt0ta§7 ﬁl)”% =

T
- 1, - - -
ary [ (1 Ll + 10 2512 ) + RO

T
1 - - ~ - - -
+/ <||/\DuptotaPDp|%z+’y|aPPDu+apm|%).
0o \MFA
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Here U and P are equipped with the energy norm
(2.11) I-5=()y and  [-[E=(L))p

and the parameter vy is given by

1 _
min{’u—z)\,} ifo>0andPCD

« g
A _
(2.12) yi= B2 ifo>0and P D
(0% g
A
ne it o =0,
(0%

Taking the closure is indeed necessary, because Y; is not closed with respect to
Il - |1, cf. [24, Proposition 4.4].

Theorem 2.4 (Well-posedness of the weak formulation). For all possible data
(Cuy by, o) € L2(U*) x L2(P*) x P*, the weak formulation (2.8) has a unique solution
y1 = (U, Ptot, p,m) € Y1, which satisfies the two-sided stability bound

T
o2 ~ / (10l + 1165

Moreover, we have m € C°(P*) as well as the norm equivalence

B ) + 1ol

T
Iy = llyallf + [Imll7 ey +/0 (MDulig, + 7 lplIg) -
All hidden constants depend only on Q and T.

Proof. Combine [24, Theorem 3.5] with [24, Proposition 4.1]. O
Although we omit the proof of Theorem 2.4, it is worth roughly summarizing
how it is obtained. Indeed, we shall make use of a similar argument in order to
verify the well-posedness of the discretization introduced in the next section, cf.
Theorem 3.9 below.
The weak formulation (2.8) can be viewed as a special instance of the following
linear variational problem: given ¢ € Y3, find y; € Y; such that

(2.13) b(y1,y2) = (£, y2)y, Yy € Y.
The test space is obtained by collecting all possible test functions for (2.8), namely
Yy := L*(U) x L*(D) x L*(P) x L*(P) x P
and it is equipped with the norm
T
10 tocsa.mna)f = [ (ol + 1) + ol
(2.14) * .
[ Dl + ).

The bilinear form b : Y; x Yo — R is defined according to the left-hand side of
(2.8) by

T
b va) i= [ (€T D Fran, o)+ @1t + L) ) + ((0), )
(2.15) 0

T
+ / ( (/\Dﬂ - ﬁtot - Oz'PD}A?'? qtot)Q + (CVIP@D’E + O'ﬁ— T?L, q)Q )
0



INF-SUP STABLE DISCRETIZATION OF THE BIOT’S EQUATIONS 7

for 41 = (@, Pros, p,m) € Y1 and (v, Got, ¢, M, o) € Yo.

The so-called Banach-Necas theorem characterizes the well-posedness of the lin-
ear variational problem in terms of boundedness, inf-sup stability and nondegen-
eracy of the form b, see e.g. [14, theorem 25.9]. These properties are verified in
[24, section 3]. Their combination implies the well-posedness of (2.8) as well as the
two-sided stability bound in Theorem 2.4.

Remark 2.5 (Trial functions). As in (2.10) and (2.15), we use hereafter the super-
script ‘~’ to distinguish a general trial function in Y; from the solution of the weak
formulation (2.8).

Remark 2.6 (Functions and functionals). Owing to Remark 2.2, we often identify
the functions in D and P with their Riesz representatives in D* and P* and vice
versa. For instance, the term D*pyot from the first equation in (2.8) and even the
space L?(P) N H'(P*) proposed for the total fluid content must be interpreted in
this way. As usual, we omit to explicitly indicate the Riesz isometries, accepting
some ambiguity, so as to alleviate the notation. We apply the same principles to
the discretization in the next sections.

3. ABSTRACT INF-SUP STABLE DISCRETIZATION

In this section we design a discretization of the weak formulation (2.8) of the
initial-boundary value problem for the Biot’s equations (2.1). The space discretiza-
tion is challenging, due to the nontrivial coupling of the variables and the various
differential operators acting on them. Therefore, we initially work with a general
discretization, so as to allow for the maximal flexibility. We discuss a concrete real-
ization in section 4 below. The time discretization seems less problematic, because
(2.8) involves only one time derivative. Hence, we directly make a concrete choice,
namely the backward Euler scheme.

The space discretization in this section builds upon a number of assumptions
that must be verified case by case. The set of our assumptions is identified by
special tags with the dedicated enumeration (H1), (H2), etc. With a small abuse,
we actually include among the assumptions also the definition of some relevant
constants. In those cases, the size (and not just the existence) of the constants is
the property to be verified in each concrete example.

The main result in this section is the well-posedness established in Theorem 3.9.
We do not attempt at analyzing the error at this level of generality. Indeed, we
believe that the estimates we would obtain either require too many assumptions
or are too much abstract to be of interest. Thus, we prefer to discuss the error
analysis for the concrete example in section 4.

Remark 3.1 (Notation for the discretization). In general, we mark all spaces and
operators related to the discretization in space by the subscript ‘s’ and those related
to the discretization in time by the subscript ‘t’. The combination ‘st’ of the
two subscripts identifies the full discretization in space and time. To alleviate the
notation, we use capitol letters (in place of subscripts) to distinguish the functions
involved in the discretization from those related to the original Biot’s equations.

3.1. Abstract discretization in space. The general concept of our discretiza-
tion in space comnsists in replacing all spaces and operators in Figure 2.1 by finite-
dimensional counterparts, while preserving the structure of the diagram therein, cf.
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Figure 3.1. In order to discretize the displacement and the pressure, we consider
two finite-dimensional linear spaces

(3.1) U and P

i.e. discrete counterparts of the spaces U in (2.3) and P in (2.4). We replace the
operators £ and L in (2.2) by positive definite and self-adjoint linear operators

(3.2) & Us = Us and Ls: P — PL.
In analogy with (2.11), we equip the two spaces with the energy norms
(3.3) -8, = (€ hu,  and |- I}, = (Ls, ).
Then, the dual norms on U] and P} are given by
<'a V> _
|- I, := sup == (L6,
© vew [Vl
(3.4) (- N)
2 B Ps —1
“||ps 1= sup = (L, )p..
H ||]P’S NP, HN”IP’S < >

Notice that Us and Ps are not required to be conforming, i.e. subspaces of U and
P, respectively. Therefore, in order to define an error notion on the sums U + Ug
and P 4 P, we assume the following.

(H1) The norms Il llv aEd Il e .in (2.11) can be_extende(.i to U+ Us and
P+ Ps with || [lu = || - [lu, in Us and || - [[p = || - [[p, in Ps.

In order to discretize the space D in (2.5), we consider a linear operator
(3.5) D, : Uy — L*(Q)
i.e. a discrete counterpart of the divergence D in (2.2). Then, we set

(3.6) D, := Dy (U).

The proof of Theorem 2.4 given in [24] exploits the norm equivalence p|D* - [|3. ~
| - |4 in D, that is nothing else than boundedness and surjectivity of D, cf. [14,
Lemma C40]. (Note that here D is identified with its dual via the L?(Q)-scalar
product, cf. Remark 2.2.) In order to reproduce this property at the discrete level,

we assume the following.

There are constants ¢ = ¢(Us) and C = C(Us) with 0 < ¢ < C

(H2) and such that c|| - |3 < p[|Df - |5, < O - |3 in Ds.

Actually, this prescribes that Us/Ds is a stable pair for the discretization of the
Stokes equations. Note that also Dy is identified here with its dual space.

The proof of Theorem 2.4 given in [24] exploits also the density of P in P, that
gives rise to the Hilbert triplet in (2.7). Since Ps is finite-dimensional, we are led
to discretize P by P; itself, giving rise to the triplet

(3.7) P, =P, =P, =P

Also in this case, the identification of Py with its dual space is made via the L%(Q)-
scalar product. Hence, the pairing (-, -)p_coincides with (-, ) upon identifying the
functionals in P with their Riesz representative.



INF-SUP STABLE DISCRETIZATION OF THE BIOT’S EQUATIONS 9

Remark 3.2 (Discretization of the Hilbert triplet). As Ps coincides with its closure,
the above Hilbert triplet is trivial from the algebraic viewpoint. Still, the spaces
in it play different roles and are equipped with different norms, depending on their
position, in analogy with (2.7). To alleviate the notation, we omit hereafter the
symbol of the closure.

We denote by Pp, and Pp, the L?(Q)-orthogonal projections onto D and P,
respectively. In particular, the adjoint Pg_of the second projection maps functionals
on Ps into functionals on P. This observation is important for the definition of the
error notion in section 3.4 below, because the trial norm || -||; in (2.10) involves the
dual norm || - [|p~. Thus we assume the following, in order to keep the norm of P,
under control.

There are constants ¢ = ¢(Ps) and C = C(Ps) with 0 < ¢ < C and
such that [ - [[px < [|Pp, - [[p« < C| - [|px in PE.

(H3)

The upper bound here is equivalent to the P-stability of the projection Pp,. The
lower bound can be formulated as an inf-sup condition and it is equivalent to the
existence of a bounded right inverse of Pp,, cf. [23, Proposition 3.5].

Finally, the proof of the inf-sup stability in Lemma 3.8 below for vanishing o
makes use of the following assumption.

(H4) The inclusion Ps C s holds true if ¢ = 0.

Notice that the spaces P and D in (2.6) and (2.5), respectively, satisfy the same
inclusion.

Remark 3.3 (Spurious pressure oscillations). The combination of the assumptions
(H2) and (H4) prescribes that Us/Ps is a stable pair for the discretization of the
Stokes equations if o = 0. This property was observed both numerically [18] and
theoretically [29] to be important to prevent from spurious pressure oscillations
in certain regimes. Indeed, forgetting the time derivative for a moment (or, more
precisely, discretizing it in time) the Biot’s equations (2.1a) are close to the Stokes
equations for vanishing o and small .

Figure 3.1 summarizes the relation among the spaces and the operators intro-
duced in this section. As announced, the structure is exactly as in Figure 2.1. We
refer to Remark 2.2 for the details of the notation.

Ure—2 L2(Q) P,— % P
Dr D i i
Py Pp,
D} ———D, P, ——P*

FIGURE 3.1. Spaces and operators describing the regularity in
space for the discretization of the Biot’s equations. The triple lines
on the bottom indicate identification via the L?(Q)-scalar product.
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3.2. Discretization in time. As announced, we consider a simple first-order dis-
cretization in time, namely backward Euler. To this end, we introduce a partition

(38) O=tog<t1 <---<ty=T

of the time interval [0, 7] with J > 1. We denote the local time intervals and their
length by

(39) I := [tj—latj] and |IJ| = tj — tj—l

respectively, for j =1,...,J.
For X € {Us, Dg, Ps}, we consider the space of piecewise time-constant functions
on the above partition with values in X

SUX):={X e LX) | X, = X; €X, j=1,...,J}.

Whenever useful, we identify a function X € SY(X) with the sequence of its values
(X )}']=1 cX

The space SY(X) is suitable for a first-order discretization in time of L?(X), i.e.
of the first three components in the trial (2.9) and of the first four components in
the test (2.2). The last component in the trial space (the fluid content) is different,
as it involves H'-regularity in time. We discretize it in time by

SY(Py) x P,

where the second component plays the role of the initial value. Then we introduce
a discrete counterpart d; : S?(Ps) x P — S?(P?) of the time derivative d;, in the
vein of the backward Euler scheme, i.e.

M; — M;,

(3.10) de(M, M)y, =
17

for (M7MO) € SY(Ps) x P and for all j =1,...,J.

The proof of Theorem 2.4 given in [24] and, in particular, the control of the
point values of the total fluid content hinge on the following integration by parts
rule 2 fOT (0vm, L7 ), = ||m(T) 13- —[|m(0)||3-, which holds true for m € H*(P*),
cf. [15, Lemma 64.40]. The operator d; defined above satisfies a similar relation.

Lemma 3.4 (Time discrete integration by parts rule). We have

%g* - HMO

tj — — —
2 [ (T, Xo), £ M, = |3, L
0
for all (M, M) € SOU(Py) x Py and j =1,...,J.

Proof. We exploit (3.10), rearrange terms and recall the second part of (3.4). It
results

tj _ o~ Joo_ — —
2/ (de(M, Mo), L' M)p, =2 (Mg — My_1, L5 My)p,
0 k=1

j
= M58, + > 1My — My — | Mo
k=1

2
L

cf. [15, eq. (67.9)]. This readily implies the claimed inequality. a
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3.3. Full discretization. Combining the discretizations in space and time from
the previous sections, we are in position to propose an abstract full discretization
of the initial-boundary value problem (2.1) for the Biot’s equations.

We consider the trial space

(3.11) Y16t := SY(Us) x S2(Ds) x SY(Ps) x SP(Bs) x P.

Inspired by (2.10) and taking the assumption (H1) in section 3.1 into account, we
equip Y s with the norm

||(ﬁ7ﬁt0taf)a M) MO)”?,S?: =
T
~ 1 ~ ~ ~ ~ —~
(3.12) /0 (HU'% + ﬁ”Ptot”?Z + ”dt(Ma MO) + L:SP”]%’:) + HM0||]2P’S*

T
4 / (- INDLT — Prox — aPo, B}y ++|0Pe, DT + 0P — M),
0o “HuEA

Remark 3.5 (Equivalent trial norm). According to the assumption (H3) in sec-
tion 3.1, we could equivalently replace the discrete dual norm |[-[|p; in the definition
of [| - [[1,st by [|[Pg, - |lp=. All the results stated in section 3.4 hold true also in this
case, with the only difference that the hidden constants additionally depend on the
constants in (H3). This observation is important in view of the definition of the
error notion in section 4.2.

For the test space, we proceed similarly and set
(3.13) Yot := SY(Us) x S2(Ds) x SY(Ps) x SP(Bs) x P.

Recalling again the assumption (H1) in section 3.1, we equip Yg & with the norm
-1l in (2.14).

Let (Ly, Ly, Lo) € SY(UZ) x SY(PE) x P: be a discretization of the correspond-
ing data (€y,€,, %) € L?*(U*) x L*(P*) x P* in the weak formulation (2.8) of
the Biot’s equations. We consider the following full discretization of (2.8): find
(U, Py, P, M, My) € Y; & such that

EU +DiPyoy =1L, inS)

ADU — Pyt — aPp, P =0 in Sy

(3.14) aPp, DU + 0P — M =0 in SY
de(M, M) + LP =L,  in S)(P?

My=1Ly inP:.

Note that, also in this case, there are some ambiguities between functions and
functionals, that can be clarified in the vein of Remark 2.6.

Remark 3.6 (Two- and four-field formulation). The weak formulation 2.8 involves
four unknown variables but it can be equivalently rewritten as a two-field weak
formulation of the initial-boundary value problem (2.1), by eliminating the total
pressure pioy and the total fluid content m, cf. [24, Remark 2.7]. Analogously,
we could eliminate the discrete total pressure Pio; and the discrete fluid content
M from (3.14). In this way, we would equivalently obtain a discretization of the
two-field weak formulation, with trial and test spaces given by S?(Us) x SY(Ps) x Ps.
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Since we aim at establishing the well-posedness of (3.14) via the inf-sup theory,
it is convenient viewing it as an instance of the following linear variational problem:
given L € Y3 o, find Y7 € Yy & such that

(315) bst(Y17Y2) = <L’Y2>Y2,st VYé S Yg’st.

Of course, this can be seen as a discretization of (2.13). Here, the bilinear form
bst : Y16t X Yot — R is defined by

bst(i}lu }/2) =

T
(3.16) / (<55U + D Peot, V)u. + (de(M, Mo) + Ls P, N>]P>s> + (Mo, No)e,
0

T —_—~
+ / ((/\DSU — Piot — aPp, P, Qiot)a + (aPp. DU + oP — M, Q)Q)
0

for Y1 = (U, Piot, P, M, M) € Y1 & and Yo = (V, Qior, Q, N, No) € Yo .

A remarkable difference between (2.13) and (3.15) is that, in the latter one, we
do not have to explicitly take the closure of the trial space. Indeed, Y; g is certainly
closed, being finite-dimensional.

3.4. Well-posedness. The goal of this section is to establish the well-posedness
of the discretization (3.14) by means of the inf-sup theory. Since the trial space
Y1, and the test space Ya g are finite-dimensional with equal dimension, we can
use a simplified version of the Banach-Necas theorem, which does not require to
verify the nondegeneracy of the form by, see e.g. [14, Theorem 26.6]. Therefore,
the well-posedness is equivalent to the properties verified in the next two lemmas.
Lemma 3.7 (Boundedness). The bilinear form bs in (3.16) satisfies
ba(V1,Y2) _
sup UL gy,
LIS O HYQHQ

for all 371 € Yist. The hidden constant depends only on the constants in the as-
sumptions (H1) and (H2) in section 3.1.

Proof. The claimed bound follows from the Cauchy-Schwarz inequality applied to
each term in the definition of bg, in combination with (3.3) and with the norm
equivalences in the assumptions (H1) and (H2). O

Lemma 3.8 (Inf-sup stability). The bilinear form bs in (3.16) satisfies

wp P01 Y2)
Ya€Y2 s HYQHQ

N

T
_1 < r i — =
(1+7) 2<|m||§,st+||M||%x(P;)+ / (MIDOIE +~ 1||Pé)>

for all }71 = (ﬁ,ﬁtot,ﬁj\\éf, Mg) € Yi,s. The hidden constant depends only on the
constants in the assumptions (H1) and (H2) in section 3.1.

Proof. See section 3.5. d

The combination of the two above lemmas implies the main result of this section.
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Theorem 3.9 (Well-posedness of the full discretization). For all possible loads
(Lu, Ly, Lo) € SY(U?) x S2(Pz) x Pz, the equations (3.14) have a unique solution
Y1 = (U, Piot, P, M, My) € Y1 &, which satisfies the two-sided stability bound

e + 1Ly

2 ) + Lo

T
(3.17) Wi~ [ (12 2.

Moreover, we have the norm equivalence

(3.18) 1Y1]

%,st ~ ”Yl

T
2 4 M2 ey + / (AP + 71 PI2) -

The hidden constants depend only on the final time T and on the constants in the
assumptions (H1) and (H2) in section 3.1.

Proof. The equations (3.14) are equivalent to the linear variational problem (3.15)
with load L = (L4, 0,0, Ly, Lo) € Y3 . Then, the simplified version of the Banach-
Necas theorem for finite-dimensional linear variational problems [14, Theorem 26.6]
implies existence and uniqueness of the solution, in combination with Lemmas 3.7
and 3.8. The identity bs(Y1,-) = L in Y3 ; further implies

T
1318 e + 113 ) + / (NP1 +5711PIR)

S (L4, 0,0, L, Lo) 3.« < 1Y1]

2
1,st

according to estimates in Lemmas 3.7 and 3.8. The hidden constants depend only on
the ones therein. Here ||-||2,. denotes the dual of the test norm. This readily implies
the second claimed equivalence. The first one follows by recalling the definition of
the norm || - ||2 in (2.14). O

Remark 3.10 (Jumps of the discrete fluid content). Recall that the component M
of the solution Y7 in Theorem 3.9 represents the discretization of the total fluid
content m in Theorem 2.4. While the latter one is guaranteed to be continuous
in time, the former one is not, (indeed it is piecewise constant). Still, a careful
inspection at the proofs of Lemmas 3.4 and 3.8 reveals that the left-hand side in
the stability bound (3.17) controls the jumps of M in time, namely

J
> IM;— M
j=1

This can be viewed as a discrete counterpart of the continuity of m.

B S YAl -

3.5. Inf-sup stability. This section is devoted to the proof of Lemma 3.8. The
argument is similar to the one in [24, section 3.1], which establishes the inf-sup
stability of the form b in (2.15). Nevertheless, some subtleties exist with regard
to the discretization and we therefore include a detailed proof so as to keep the
discussion as much complete and self-contained as possible.

Let }71 = (ﬁ,ﬁtot,ﬁ,M,MO) € Y s be given and set

Hp, := AD,U — Pooy — aPp, P and  Hp, := aPp, DU + 0P — M
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for shortness. Since the projections Pp, and Pp, map onto Ds and Ps, respectively,
we have Hp, € S?(Ds) as well as Hp, € S?(Ps). We consider the test function
4max{1,C} ~ 4~
Ds X35 -
A min{1, c}
L7120 + d (M, Mo) + £oP)x;, £ Mo )

Yo = (((7+5§1D:13m)><j, Hp,x;,

with j =1,...,J, where x; : [0,7] — R denotes the indicator function of the inter-
val [0,¢;]. Here the constants ¢ and C' are as in the assumption (H2) in section 3.1.
We refer to [24, Remark 3.9] for a motivation of the test function.

First of all, notice that we indeed have that Y5 ; € Yo, i.e. it is an admissible
test function. Indeed, recall the definition of the spaces Y; & and Ya o in (3.11)
and (3.13). The operator £ 1D} maps Dy into Us and Ls is an isometry between P
and P}. Moreover, the indicator function x; is piecewise constant on the partition
(3.8) of [0, T]. Hence, the multiplication by x; preserves the inclusion in Y .

The proof consists of two main steps. First, we establish the lower bound

T
(319) bu(V2, Yo+ Ya,0) ZIVAlE o + M3 ) + / (MIDTIE +571PI3)
for a suitable index 1 < j < J. Then, we estimate the norm of the test function
(3.20) Y213 S Y1117 e + 1+ D)Mo

for some hidden constant independent of j. The combination of these inequalities
readily implies the inf-sup stability claimed in Lemma 3.8.

We start with the proof of (3.19). Using the test function Y3 ; in the definition
(3.16) of the form b yields

(2] . - - .
bu(V1,Ya,) = / (60 + DiProg, U + 7D Py, (= 31)
0

tj — ~ —
+ 2/ (de(M, M) + LsP, LT M )p, (=:Ja)
0

tj . .
(3.21) T IVl + / |do(3T, ) + £.P 2.
0

b 4max{1,C} ~
4o IRy g2
|

t .
T4y T2
—||H .
+/O mln{l,c}” PsHQ
Notice that the dual norms on the third line are obtained thanks to the second part

of (3.4). We are led to analyze the terms J; and J, on the right-hand side.
Regarding the first term, we have

tj ~ ~ ~ ~ ~ ~
31 = / (((SSU, U>U5 + 2<D:Ptota U>[Us + <D:P75571D:Ptot>Us) .
0

We rewrite the first summand with the help of the first identity in (3.3). Analo-
gously, we estimate the third summand from below by means of the first identity
in (3.4) and the assumption (H2) in section 3.1

T T T *~ — *~ c D
(EU, Uy, = |U|I5, and (D Piot, &' D} Prot)u, > ;||Ptot||s2z-

S
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We estimate the remaining term by observing that the assumption (H2) implies
also pu||Ds - |3, < C|| - [|3, in Us. This bound and a Young’s inequality imply
<D:ﬁtot7 [7>U5 = —('D5[7'7 ﬁDs)ﬂ + A||Ds[7||?z - a(Ds[7> Pﬂsﬁ)ﬁ
max{1,C}
A

Notice that we were able to omit the projection Pp, in the last term thanks to the
inclusion DU € S?(Ds). Combining this bound with the identities above reveals

3N~ 1,~ ~ ~ o~
> IDUllg - 711U, - | Hp, [ — (DU, P)a.

.
- i1~ .= 3\ ~
3 / LTI + S 1Pl + 2D,
0 2 H 2
2max{1,C}

L 1 - 20(D0 Pha).

Regarding the other critical term in (3.21), we have

(]

, = z/otj (<dt(z\7, Mo), LT Mg, + (M, ﬁ)g).

The use of the L?(Q)-scalar product in the second summand is justified by the
discussion after (3.7). We estimate the first summand from below by invoking
Lemma 3.4

2] — . __ _
2 / (de(M, Mo), £ W), > |G 2. — || V2.
0

To investigate the second summand, assume first ¢ > 0. A Young’s inequality
reveals

(M, P)q = (Hp,, P)o + a(Pe,DsU, P)q + o||P|/3
"~ o~ 1 ~
Za(DsU7P)Q+§||PH?z— %HHPSH?r

As before, we omit the projection Pp, thanks to the inclusion P € SO(Py). Alterna-
tively, for general o > 0, it holds that

(M, P)g = (Hz,, P)o + a(Pp,DsU, P)a + o P},

1, ~ = A~ ~ 1 ~ =~
——(Hp,, Hp,)o + — (Hp,, DsU)a — — (Hp,, Piot)a

«a @ @

+ (Hp,, P — Pp,P)a + a(DsU, P)a + o||P||§,.

Bounding the term (I:jps, P ,PDS}B)Q conveniently is subtle. Whenever Ps C D,
we have Pp P = P, hence (Hp,, P — Pp,P)a = 0. When the above inclusion fails,
we have ¢ > 0 due to the assumption (H4) in section 3.1. Then, we apply Young’s
inequality to obtain (Hp,, P — Pp,P)q < |Hp,||3/(20) + o||P||3/2. Combining this

observation with other applications of Young’s inequality, the previous lower bound
and the definition (2.12) of v, we arrive at

~ ~ max{1,C} ~ o ¢ = 19 A~

M,P)g >— ————=||H, — —|| P — —=||DsU

(VF, P)o 2 = 55 S iy — o WPl — 51D
o, ~ 3y ~ ~ ~
—||P||3 — —————||Hp,||? DU, P)q.
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By combining the last two bounds with the above identity for J5, we obtain

T3z > || M1, — || Moll3:
tA
i max{1,C} ~ 5 C .= 19 A9 ~ 9
AL |3 — = [ Protll — 2| DT P
w7 - 1wl - SIDT1R + ol Pl
3y T2 T D
— 2 a3 + 20(DT, P)g ) .
ot Wl + 20(P.T, Pha)

After this preparation, we are in position to choose a specific test function in
order to establish (3.19). We let j € {1,...,J} be such that [ M5 |les = | M || oo )
Then, we insert the previous lower bounds of J; and Jy into (3.21), resulting in

bee(Y1,Yy 5 + Yay) >
2 )
P;

T
1 T 112 7112 A 72 D12 A2
+ / (WHHDJQMHHRM2||DSU||Q+0||P||Q + 1Mo o).

T
1, ~ ¢, ~ S -
[ (G101, + 55 VPl + 00T, 3 + £.P
0 H

In combination with the definition (3.12) of the norm || - |1 & and the assumption
(H1) in section 3.1, this almost establishes (3.19). Indeed, we have

T
bee(V1, Yy 5+ Yo.s) ZITANZ o + 1M1 sy + / (AIDTIE + o1 PIR) -
The proof that we can indeed replace ¢ by v~ ! in the last summand follows verbatim
the argument in the proof of [24, Proposition 4.1].
The last step of the proof consists in establishing (3.20). According to the
definition (2.14) of the test norm || - ||z, we have for all j =1,...,.J, that

ty o, ~ — —_ - ~
Yol = [ (10 -+ &1D; Pl + 11657 (23 + (0, 3o) + L))
0
b /16 max{1,C?} ~ 16y ~ ~
———————||Hp, |3 + ———~ || Hr.||2 L Mol|3.
+ [ (S + o s I ) + 15 B

We exploit the identities (3.3) and (3.4) and the norm equivalences in the as-
sumptions (H1) and (H2) from section 3.1. We extend also the integrals from the
interval [0,¢;] to [0,T]. Hence, we obtain

1Y2,51

T
~ 1~ ~ ~ ~ >
2 < / (IT1E WP s DI, + (A, M) + £5P ;)

T
+ [ (s Vol + 21 ) + I3l
Finally, we recall the definition (3.12) of the norm || - ||1 & and exploit the upper
bound fOT Il - ]%,: <T|- ||%W(P:). This establishes (3.20) for some hidden constant
independent of j and concludes the proof.

Remark 3.11 (Time-dependent space discretization). In our framework the space
discretization does not change in time and this is important for the proof of the
inf-sup stability in this section. Indeed, a change in the space discretization would
imply the change of the operator L in time and this would have an effect on our
use of the integration by parts formula from Lemma 3.4. For the same reason,
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we argued in [24, Remark 2.1] that the parameter x in the Biot’s equations (2.1a)
could be allowed to vary in space but not in time.

4. DISCRETIZATION WITH LAGRANGE ELEMENTS IN SPACE

In this section we propose an exemplary concrete space discretization, based on
H'-conforming Lagrange finite elements for all variables. Hence, we first verify the
assumptions (H1)-(H4) from section 3.1, in order to infer the well-posedness. Then,
we discuss the a priori error analysis.

Our notation and assumptions for the finite elements are as follows. We denote
by ¥ a face-to-face simplicial mesh of ). The shape constant of ¥ is given by

(4.1) max —

where ht is the diameter of a d-simplex T € ¥ and rr is the diameter of the largest
ball inscribed in T.

We denote by § the set of all faces of T and by F* the interior faces. We assume
that the mesh is compatible with the boundary conditions (2.1c). This means that
each face F € §\ §* (i.e. each boundary face) satisfies

either FCT'y yor FC I, g and either FCT', y or FC T, E.

Hence, we have two partitions of the boundary faces §, g U§u,~n and §p g UFp, N,
where each set §. is defined as

(4.2) §. = {FeF|FCT.).

We let the meshsize h and the normal n be the piecewise constant functions on
% and on the skeleton of T (i.e. the union of all faces) defined as

h‘T = hT and n||: = nNnF

for all T € ¥ and F € §, respectively. Here ng is a fixed unit normal vector of F,
pointing outside €2 if F is a boundary face.

The space Pi(S), k > 0, consist of all polynomials of total degree < k on an
n-simplex S C R? with 1 < n < d. The corresponding space of (possibly discontin-
uous) piecewise polynomials on the mesh ¥ is denoted by Pi(%).

4.1. Concrete space discretization. A concrete realization of the abstract space
discretization from section 3.1 requires a specific choice of the spaces Us and Ps and
of the operators & and L in (3.1) and (3.2), respectively. We have to prescribe
also the operator Ds in (3.5) and to characterize its range D in (3.6). Finally, we
need to verify the assumptions (H1)-(H4).

For the discretization of the displacement, we consider H'-conforming Lagrange
finite elements of degree k + 1 with k > 1, i.e., we set

(4.3) U := P ()N T.

The intersection with the space U from (2.3) enforces the global continuity (hence
the H!'-conformity) as well as the boundary conditions. As usual in conforming
finite elements, we discretize the operator £ in (2.2) by & : Us — UZ defined as

(4.4) (EU,V)y, := (EU,V)y
for all (NJ,V e Us.
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Recall that the operator Dy should be a discretization of the divergence and that
the pair Us/Ds with Dg = Dg(Us) should enjoy a discrete Stokes inf-sup condition
in order to satisfy assumption (H2). Given the above definition of U, one option
for Dy is suggested by the so-called Hood-Taylor pair, cf. [14, section 54.4]. Hence,
we consider H!-conforming Lagrange finite elements of degree k

(4.5) D := P(T) N HY(Q)ND
and we define Ds : Us — D by
(46) (’Dsﬁa Qtot)ﬂ = (’Dﬁ, Qtot)Q

for all U € Us and Qior € Ds. According to (2.5), the intersection with D in (4.5)
simply enforces the vanishing mean value when I';, g = 0. Note also that DU is
nothing else than the H-orthogonal projection of DU onto Ds.

Finally, the assumption (H4) suggests that also the space P, for the discretiza-
tion of the pressure and of the total fluid content, should consist of H'-conforming
Lagrange finite elements of degree k. Therefore, we set

(4.7) P, := P (%) NP.

The intersection with the space P from (2.4) enforces global continuity, the bound-
ary conditions and, possibly, the vanishing mean value. In this case, we define
Ls: Ps — Pf in terms of £ in (2.2) by

(4.8) (LP,Q)p, == (LP,Q)r
for all 1757 QeP.

Remark 4.1 (Hidden constants). In order to simplify the statement of the next
results, it is implicitly understood hereafter that all hidden constants in our esti-
mates potentially depend on the final time T', the shape constant (4.1) of ¥ and the
polynomial degree k. In particular, the latter is arbitrary but fixed in our setting.
The possible dependence on other relevant quantities is addressed case by case.

Having introduced all the spaces and the operators required for the space dis-
cretization in section 3.1, we can verify the validity of the assumptions (H1)-(H4).

Proposition 4.2 (Verification of the assumptions). Let the spaces Us, Ds and P
and the operators &, Ds and Ls be defined by (4.3)-(4.8).

(1) The assumption (H1) holds true and the equivalences therein are actually
identities.

(2) The assumption (H2) holds true and the constants therein depend only on
the quantities mentioned in Remark 4.1, provided that each d-simplex in T
has at least one vertezr in the interior of ).

(8) The assumption (H3) holds true and the constants therein depend only on
the quantities mentioned in Remark 4.1, provided that the grading of ¥,
defined as in [12], is strictly less than (v2k + d + Vk)/(vV2k + d — Vk).

(4) The assumption (H4) holds true.

Proof. (1) Owing to the inclusions Us C U and Ps C P, there is no need to extend
the norms || - ||y and || - ||[p. Moreover, the combination of (3.3) with (4.4) and (4.8)
readily implies || - ||y, = || - |[u in Us as well as || - ||p, = || - [|p in Ps.
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(2) The upper bound in (H2) follows from the boundedness of Ds, which satisfies
IDs- 12 < D113 < w7t - I3 in Us, according to (2.2), (2.11) and (4.6). The lower
bound can be rephrased as

DV, o\
C|'||?z§#(sup H)

Veus ||V||U

in Ds. The definitions (2.2) and (2.11) reveal that this is equivalent to the discrete
Stokes inf-sup stability of the pair Us/Ds, i.e. of the Hood-Taylor pair. The latter
condition is known to hold true under the above assumption on the mesh; see [14,
sections 54.3 and 54.4].

(3) We have
<'7P]P75w>]]3’5 ('77DP5w)Q

px = sup = Sup
weP ||w||IP weP ||’IU||]P>

IPe, -

in PX. The inclusion P; C P implies the lower bound in (H3) with ¢ = 1, because
Pp, is a projection onto Ps. The upper bound is equivalent to the P-stability of
Pp,; cf. [41]. Owing to (2.11) and (4.7), this is the H!(Q2)-stability of the L?()-
orthogonal projection onto H'-conforming Lagrange finite element spaces. Such a
condition is known to hold under the asserted grading assumption thanks to [11,
Theorem 4.14(ii)] together with [11, Theorem 4.4] and [11, Remark 4.4].

(4) Let 0 = 0. The combination of (4.5) and (4.7) with (2.4) and (2.5) implies,
for Fu,E = 0N that

Ps = P(T)NHy () NL5(Q) and D, = B(T)NH'(Q) N LF(Q).
For Iy, g # O we have instead,
P, C P(T)NHE () and Ds= P(T)NH ().
In both cases we have P C Dy, i.e., assumption (H4) is verified. O

Remark 4.3 (Assumptions for (H3)). We refer to [12, Definitions 1.1] for the exact
definition of mesh grading. Clearly the grading of quasi-uniform meshes equals
1 and thus satisfies the grading condition in Proposition 4.2(3). It follows from
[12, Theorem 1.3], that the grading condition is also satisfied for all polynomial
degrees k > 1 and dimensions d < 6 provided ¥ is obtained by adaptive bisection
of a colored initial mesh; see [12, Assumption 3.1] for the notion of colored mesh.
Note that assumption (H3) can be verified under different assumptions. Indeed,
the H'(Q)-stability of the L?(Q2)-orthogonal projection onto finite element spaces
has been extensively analyzed by various authors; we refer [11] for an overview of
the existing results.

Having verified all assumptions in section 3.1, we deduce the well-posedness of
the discretization (3.14) with the spaces and the operators proposed in this section.
In particular, the inclusions Us C U and Ps C P suggest to define the data in the
discretization by restriction of the data in the weak formulation (2.8)

(49) Lu = EU|S?(U5)’ Lp = EP‘S?(PS) and L() = Eolps.

Theorem 4.4 (Well-posedness with Lagrange elements). Let the spaces Us, Ds and
Ps and the operators &, Ds and Ls be defined by (4.3)-(4.8). Assume that T is ob-
tained from a colored initial mesh by newest vertex bisection and that each d-simplex
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in T has at least one vertex in the interior of Q. Then, the discretization (3.14)
with the data (4.9) has a unique solution Y1 = (U, Pior, P, M, M) € Y1 & with

Y1

T
T~ ||Y1||f,st+\|M||2Looap;)+/O AIDUE +~7HIPIE)
T
(4.10) ;/ (L.l
0
T
s [ (el
0

All hidden constants depend only on the quantities mentioned in Remark 4.1.

3+ Lol ) + Lol

5 + 1y

fv*) + | 4o][3-

Proof. The combination of Theorem 3.9 with Proposition 4.2 implies the existence
and the uniqueness of the solution and guarantees that the two equivalences in
(4.10) hold true. Then, the upper bound follows from the discretization (4.9) of the
data and the inclusions Us C U and P C P. O

4.2. Quasi-optimality. In order to quantify the accuracy of the proposed dis-
cretization, we need an error notion that is related to both the trial norm || - ||; in
(2.10) and to the discrete trial norm || - ||1,& in (3.12), cf. (4.12) below. A major
issue is that the former one involves the dual norm in P, whereas the latter one
involves the dual norm in P.

In order to compare functionals defined on the two spaces, we can use the adjoint
P* . P; — P* of a bounded projection P : P — Ps. The specific choice of P is critical
because of the term d;m + Lp in the norm || - ||;. Since this term acts in space
via the pairing (-,-)p, one may want to employ the L?(Q)-orthogonal projection,
because the pivot space in the Hilbert triplet (2.7) is equipped with the L?(£2)-norm.
Still, according to (2.11), the action of £ induces the P-norm, thus suggesting to
make use of the P-orthogonal projection. Of course, similar comments apply to the
counterpart of Oym + Lp in || - |1 st-

Both options have advantages and disadvantages. The latter one, being related
to the P-norm, suggests the use of piecewise polynomials of degree k + 1 for the
discretization of P, but this would be critical for the assumption (H4), as D consists
of piecewise polynomials of degree k, cf. (4.5)-(4.7). The former option does not
have this issue, therefore we go for it. Still, the derivation of higher-order decay
rates in space appears critical in this case, c¢f. Remark 4.12.

In accordance with the above discussion and with the inclusions Us C U and
Ps C P, we consider the error notion Err : Y; x Y ¢ — [0, +00) defined as

= T ~ 1 -
ean(, 71 = [ (=TI + Sl — Bl )
0
T —~— ~ ~
+ / |0 + Lp — P (de(M, Mo) + LsP)||3
0

(4.11) + [|m(0) — Pg Mo|j3.

T

1 _ _ _ ~ ~ ~

+/ >\7||ADU — Ptot — aP]D)p - ()\DSU — Ptot — QPDSP)H?)
0o ATH

T
+ / v||aPsDU + op — m — (aPp,DsU + o P — M)||3
0
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for 71 = (U Prot, prm) € Y1 and Yy = (U, Pyoy, P, M, M) € Y1 &. Notice that this
is not a norm on the sum Y; + Y. For instance, in general, we have DU # DU
for U € S?(Us) C L?(U). Still, the above error notion measures the accuracy in the

approximation of all functions and functionals involved in the trial norm || - ||; and
it holds that
(4.12) ERR(71,0) = |ali and  ERR(0,Y}) = ||V3[l1.et.

Indeed, the second equivalence follows from (1) and (3) in Proposition 4.2.

The equations (3.14) with the spaces and the operators defined by (4.3)-(4.8) are
not a conforming Petrov-Galerkin discretization of the weak formulation (2.8). In-
deed, the trial space Y & in the former problem is not a subspace of its counterpart
Y in the latter one. Nevertheless, we have for the test spaces the inclusion

Y2,st - YQ-

This property and the definition (4.9) of the load in (3.14) by restriction of the one in
(2.8) ensure that we can still guarantee the fundamental quasi-optimality property

of inf-sup stable conforming Petrov-Galerkin methods by a standard argument; cf.
[2].

Theorem 4.5 (Quasi-optimality). Let all assumptions in Theorem 4.4 be verified.
Denote by y1 € Y1 and Y1 € Y1.&, respectively, the solutions of (2.8) and (3.14)
with (4.9). Then, we have

(4.13) ERR(y,,Y1) < _inf ERR(y;, V).
Y1€EYy st

The hidden constant depends only on the quantities mentioned in Remark 4.1.
Proof. For Y; € Y1 st, the triangle inequality and (4.12) imply

ERR(y1,Y:) < ERR(y;, Y1) + ERR(0, Y] — ;) S ERR(y1, V1) + [[V1 — Vi1 sc-
According to the inf-sup stability in Lemma 3.8, we have

HY] ?1”1 < sup bst(Yl - ’vala }/2) _ b(y17 Y2) - bst(i;la Y2)
- St~ - )
Y2€Ys [1Yz]|2 Yacvh [¥zl|2

where the identity follows by comparing problems (2.8) and (3.14). We exploit the
definitions (2.15), (3.16), and (4.4)-(4.8), as well as the invariance of the projection
Pp, onto Ps. For y1 = (u, ptot, p,m) and Y7 = (U, Piot, P, M, Mp), this results in

b(y1,Ys) — b (Y1, Ys) :=
T i ~
/0 <<5(u —U),V)y+ (prot — Ptot,pv)ﬂ)

T
+ / <8tm + LP — Pp (de(M, My) + L P), N>p
0

(4.14) _
+ <m - ,PH)ZMO’ N0>]P’
T
+ / (/\DU — Prot — @Ppp — (ADU — Pioy, — aPp, P), Qtot)Q
0

T
+/ (aP@Du—i—ap—m — (aPp, DU + o P — M)7Q)Q~
0
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Then Cauchy-Schwarz inequalities, the bound ||[DV[|3 < p~'||V[|3 and the defini-
tion (2.14) of the test norm || - ||2 yield

Y1 = Yi]1s < ERR(y1, Y1)

Inserting this estimate into the first inequality above concludes the proof. O

Remark 4.6 (Augmented error notion). Our definition of the error notion is in a
sense minimal, because we have included only the terms that arise by applying the
Cauchy-Schwarz inequality in (4.14). Still, the first equivalence in (4.10) clarifies
that that the statement and the proof of Theorem 4.5 will remain unchanged if we
augment ERR(-, -) by adding any of the following terms

T T
|7~ PNy [ AIDT-DOIR,  and [ ylE- PR
0 0

4.3. A priori error estimates. The quasi-optimality stated above has two re-
markable properties and (at least) one clear disadvantage. One the one hand, the
estimate (4.13) holds true for any solution of the weak formulation (2.8) (i.e. no ad-
ditional regularity is required) and the hidden constant is robust with respect to all
material parameters. On the other hand, it is not immediate how (and even if) the
error decays to zero, because the definition (4.11) of ERR(:, ) involves a nontrivial
coupling of the various components of the solution.

In this section, we investigate the latter aspect. Roughly speaking, we aim at
showing that the best error in the right-hand side of (4.13) is equivalent to a sum
of best errors. In order to preserve the two above-mentioned properties, we make
sure also that the constants in the equivalence are independent of the material
parameters and that no additional regularity of the solution of (2.8) is required
beyond the minimal one, namely y; € Y;. When such a result is available, the
decay of the error to zero can be easily discussed in terms of classical results from
approximation theory.

The precise statement of our main result is as follows. Notice that the last term
on the right-hand side of (4.15) does not appear in our definition of the error notion,
but we could equivalently include it according to Remark 4.6.

Theorem 4.7 (Best error decoupling). Let all assumptions in Theorem 4.4 be
verified and denote by y1 = (u, ptot, », m) € Y1 the solution of (2.8). Then we have
that

_inf  ERR(y1,Y1)? <

Y1€Y s
T =N T 1 R
_inf / |lu—U|3 + _ inf / = [Ptot = Protll?,
Teso(u,) Jo Poesi(D) Jo M

(4.15)

2.+ inf [m(0) — Pz M,
Mo €Ps

2
P*

T
+ inf / |0sm + Lp — Pp. W]
wWes? () Jo

T 1 N
+€;1 _inf / f||p—P||S27.
PesY(®)Jo Y

The hidden constant depends on the quantities mentioned in Remark 4.1 and on
the constant in (4.20) and &5 is defined in (4.24) below.

Proof. See sections 4.4-4.6. (]
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A first consequence of Theorem 4.7 is plain convergence: the error converges to
zero as the mesh-size converges to zero, both in space and time. This holds true
irrespective of the regularity of the solution. Moreover, first-order convergence can
be established under additional regularity assumptions.

Corollary 4.8 (First-order convergence). Let all assumptions in Theorem 4.4 be
verified. Denote by y1 = (u,ptor,p,m) € Y1 and Y1 € Yy, respectively, the
solutions of (2.8) and (3.14) with (4.9). Assume additionally

we HY(U) N L2(H2(Q)%) Pror € HY(D) N L2(H(Q))
(4.16)  pe HY(P) N LA(H'(Q)) (Bym + Lp) € HY(P*) N L2(L*(Q))
m(0) € L2(Q).

Then, the error can be bounded from above as follows

2
ERR(y1, 1)* S (maxh) {Hnm(om

T
1 1 1
+ [ <MIIVZUII?2 L1 Vpuarld + 1Rl + Ljaem + z:pn%) }
0 M EsY K

( |I I)Q/ 1Byull + *1H5 16 + !
+ max 1 u o
j=1ynd 7 0 i 0 tPtotlle Es7Y

The hidden constant depends on the quantities mentioned in Remark 4.1 and on
the constant in (4.20) and & is defined in (4.24) below.

10rpl3 + 19, (@m + £p)||%»*> .

Proof. Combine Theorem 4.5 with Theorem 4.7. Then, use standard Bramble-
Hilbert-like estimates (see, e.g., [40, Chapter 7]) in order to bound each term on
the right-hand side of (4.15). O

Remark 4.9 (Regularity in space). According to [24, Theorem 5.4], the solution y;
of (2.8) satisfies the space regularity in (4.16) at least in some circumstances. To
be more precise, we have

u € L2(H*(Q)?) Prot € L2(H' ()
p € L2(HY(Q)) (Oym + Lp) € L*(L?())

when the data are such that
b, € L2(LA(Q)?), £, € LA(L*(),  fo € L*(Q),
upon additionally assuming that Q C R? is convex, the boundary conditions (2.1c)

are posed on I'y, g = 0Q =Ty y, and X 2 p.

Remark 4.10 (Regularity in time). According to [31], the time regularity in (4.16)
may fail to hold even for smooth data. For a rough explanation, assume the data are
smooth in time, the solution enjoys the time regularity in (4.16) and, in addition,
we have m € C*(P*), i.e. we have one more time derivative than in Theorem 2.4.
Then, on the one-hand, the fourth equation in (2.8) implies p € C°(P). On the
other hand, the evaluation of the other equations at ¢ = 0 implies that the pair
(u(0),p(0)) solves the Stokes-like problem

(€ +AD*D)u(0) + aD*Ppp(0) = f,(0) in U*
aPpdivu(0) 4+ op(0) = £y in P.
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In general, the solution of this problem is in UxP. Hence the condition p(0) € P can
hold true only for compatible data, otherwise some singularity must be expected
at the initial time. We refer to the Terzaghi test case discussed in section 5 below
for a numerical illustration.

Remark 4.11 (Grading of the time partition). The constant in Theorem 4.7 depends
on the one in (4.20), which measures the grading of the partition employed for the
discretization in time. The latter constants enters into play because Theorem 4.7
does not assume additional regularity in time of the solution. This calls for a Scott-
Zhang-like interpolation in time, see section 4.4 below for the details. When all
components of the solution are continuous in time, a Lagrange-like interpolation
is possible and the constant in (4.20) does not enter into the error estimation, cf.
[40, Theorem 4.5]. Still, according to Remark 4.10, the continuity at ¢ = 0 is not
obvious.

Remark 4.12 (Decay rate). The space discretization considered in this section is
actually of higher-order, because we make use of H!'-conforming Lagrange finite
elements of degree k + 1 for the displacement and of degree k for the other com-
ponents of the solution with k > 1, cf. (4.3)-(4.7). Therefore, the question arises
if a higher-order decay rate with respect to h can be obtained under higher regu-
larity assumptions on the solution. On the one hand, the P*-norm errors on the
right-hand side of (4.15) appear to be critical in this respect, because the space
Ps, possibly incorporating boundary conditions, is used to approximate functional
from P*, which have no prescribed boundary conditions. On the other hand, it is
unclear to us if the above-mentioned regularity of the solution can be expected in
general. Indeed, the regularity result mentioned in Remark 4.9, assumes I', g = 0.
Due to the subtlety of this matter, we postpone any further investigation on this
point to future work.

The remaining part of this section is devoted to the proof of Theorem 4.7. For
this purpose, we aim at constructing a bounded interpolant Z : Y; — Y1,s. The
operator Z cannot be obtained by just approximating each component of the solu-
tion irrespective of the others, because of the nontrivial coupling of the components
in the error notion (4.11). Thus, to make sure that Z is bounded and robust with
respect to the material parameters, we must guarantee that it is compatible with
the coupling. Roughly speaking this means that, when the error notion involves
some combination of the components of the solution, it must be possible to ac-
curately approximate it by the corresponding combination of the components of
the interpolant. We achieve this goal with the help of a number of commutative
diagrams, cf. Figures 4.1 and 4.2.

We divide our construction into three parts. In Section 4.4 we first discuss the
interpolation in time. In Section 4.5 we discuss the interpolation in space. Finally,
in Section 4.6, we combine the interpolation in time and space in order to prove
Theorem 4.7.

4.4. Time interpolation. The error notion ERR(,-) involves several terms with
L? regularity in time, so we initially consider the problem of approximating function
from L?(X) into SY(X) for some Hilber space X. Since we cannot control the point
values of a function in L?(X), we cannot use Lagrange interpolation; cf. remark 4.11.
Thus, we resort to Scott-Zhang-like [37] interpolation in the vein of [40, Section 4].
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Recall (3.8)-(3.9). For j € {1,...,J}, the polynomial ¢; € P;(I;) defined as

t—ti_1 2
417 (t) =6t 2
(10 =T T
is such that,
(4.18) /I QU =Qly) Qe R,

We define J : L*(X) — SY(X) by

(T)1, ;:/ w1
I;
forzx € L*(X) and j =1,...J.
Since the error notion in (4.11) involves the discrete time derivative dy, it is
useful to introduce another interpolant J : L?(X) — S?(X), defined as

/Ij ( / t x(S)ds> wars [ (/ " ats) as) a0

j—1

T\, = .

/ (/ tx(s)ds> $a(t)

|11

The first part of Lemma 4.13 below ensures that both Jz and j x are near best
approximations of x in the L?(X)-norm. The second part additionally clarifies that
the two interpolants are related, through the weak and the discrete time derivative,
as summarized by the commuting diagram in Figure 4.1.

for j =2,...J and

(jx)|11 =

Lemma 4.13 (Time interpolation). The operators J and J defined above are such
that

T T
4.19a r—Jz||i <4 inf / r— X|2
(1.192) | le-gelt<a e [ la-xE
T _ T
4.19b x—jx2§ inf / z— X2
(119b) | le=Felgs ine [ le-x)E
for all x € L*(X). Moreover, for x € H'(X), we have
(4.19¢) d(Tz, 2(0)) = T,
The hidden constant in (4.19b) is an increasing function of
I_

(4.20) max 1=l

I

Proof. According to [40, Remark 4.1], the operator J is invariant on SY(X) and it

is bounded with
T T
2 2
[ 1l <a [ e
0 0

for all 2 € L?(X). The combination of the two properties implies (4.19a).
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Invariance of J on S?(X) follows by elementary calculations employing (4.18).
In order to prove stability for 7, we observe for z € L?(X) and j > 2 that

~ 1 1
(T2 llx < 7 [ lellx [ [5]+ 77 [l]|x -1
I I
| J| 1; I; | J| I 1 Ij—1
1

2 ’ 12 ' |Ij71| 2 ' 2 :
s([ju&) (ﬁj%) +|Q|<[jjum> ([_J%ﬂ) .

J
By recalling (4.17)-(4.18), we arrive at

~ I
/njw§s4@+f”>/ S
Ij |Ij| 1’71'\_)[_1'

J

The same argument applies for j = 1. Summing over j = 1,...,J proves (4.19b).
Finally (4.19c¢) follows from the fundamental theorem of calculus and (4.18). O

X —2 L 12(x)

(7, ()(0)) 7
SOX) x X — &4 §9(X)

FIGURE 4.1. Commutative diagram representing the relation be-
tween the time interpolants. The second component in the opera-
tor (J, (-)(0)) on the left is the evaluation at t = 0.

4.5. Space interpolation. Regarding the approximation in space, the error notion
ERR(:, ) leads to the problem of interpolating functions from U into Us, from D into
D as well as from P and P* into P;. Moreover, the spaces are related via the
operators D and £ and their discrete counterparts and the error notion involves
various L?(Q)-orthogonal projections. Therefore, commutative diagrams like the
one in Figure 4.1 are of interest also in this context.

In order to deal with all these tasks, we invoke the existence of an operator
which maps H'-conforming piecewise polynomials into H?2-conforming ones and
enjoys several other properties, whose importance is made clear along the proof of
the next results in this section. The operator is defined on the Lagrange space of
degree k without boundary conditions, namely

St = P(T) N HY(Q).

Moreover, we denote the jumps and the averages across faces by the usual symbols
{3} and [-], cf. [14, Section 38.2.1].
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Lemma 4.14 (Smoothing operator). There is a linear operator S : S} — H?(Q)
which satisfies the following properties

(4.21a) S(P) CP
(4.21b) VS8Q -n=0 onTp N
(4.21c) /(SQ)N = / QN VN e P(T), Tex
T T
(4.21d) /F(SQ)N = /FQN VN e P, 1(F), FEF UZ, N

as well as the stability estimate

(4.21¢) ID7(Q - SQ)IIF < fh}>~#IIve] - nf?

FEFIUSp N, FNT#D YT

forall@Q € S} and j € {0,1,2}. The hidden constant depends only on the quantities
mentioned in Remark 4.1.

Proof. See Appendix A. a

Having the operator S at hand, we define Zq, : L*(Q) — S} via the problem

(4.22a) (Zapiot, @) = (Drot, SQ)a vQ € Sy
for proy € L2(R2). Analogously, we define Zp- : P* — P via the problem
(4.22D) (Te-iit, N)q = (7, SN)p YN € Py

for m € P*. Note that the main difference between Zp, and Zp- is in the range. We
introduce also Zy : U — Ug by

(4.22¢) Tyt := U + Rs(Zo D — DU)

for u € U, where U is the U-orthogonal projection of u onto Us and R : Ds — Us is
a right inverse of Ds. The existence and the boundedness of the latter operator are
equivalent to Proposition 4.2(2), cf. [14, Lemma C.42]. Notice also that we have
ZaDu € Dys in view of Lemma 4.15(2) below.

Let us clarify the logic behind the definitions in (4.22). The interpolant Zq is
intended for the approximation of the total pressure, Zp« for the total fluid content
and the pressure, and Zy for the displacement. It is important for our purpose that
Tp~ is P*-stable and this requires the use of an operator S in the right-hand side of
(4.22b), mapping the test functions (at least) into P. (We mention, in passing, that
S is actually required to map into even more regular functions, in order to enforce
the L?(Q)-stability of the interpolant Zp introduced below, cf. Lemma 4.17.) In
principle, the use of S is not needed in (4.22a), when only stability in the L?()-
norm is required. Still, it is important at some point relating Zo and Zp- via a
commutative diagram, cf. Figure 4.2 below. Therefore, we use S also in (4.22a).
Finally, the interpolant Zy is nothing else than the U-orthogonal projection plus a
correction, that is necessary for another commutative diagram.

Lemma 4.15 (Space interpolation — Part 1). The operators Zg, Ip- and Iy defined
in (4.22) enjoy the following properties.
(1) I, maps D into D and, for all p,y € L?(Q), we have

||15tot - IQﬁtot”Q ,S Ainf L Hﬁtot - ﬁtot”ﬂ-

Pi€S)
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(2) For all m € P* and p € P, we have, respectively,

|77 — Py Te-i||e- S inf || — PgM
M

s

P*

and
[P — Zp-pllo < inf |[p— Plla.
PeP,

(3) For all u € U, we have DIyu = ZoDu as well as

[u—Zvuflu < inf ||z —Ulu.
UeUs

(4) The following identities hold true in L*(§2)
P]D)SIQ = IQP]D) and P[PSIQ = Ip* 'P@.
The hidden constants depend only on the quantities mentioned in Remark 4.1.

Proof. (1) We first check that Zg indeed maps D into Ds. Recall (2.5) and (4.5).
For D = L?(2) there is nothing to prove. If D = LZ(Q), then (4.22a) implies, for
Dtot € D, that

(Iﬂﬁto‘m 1)Q = (ﬁtotasl)ﬂ = (ﬁtoty 1)9 =0.
Note that the identity S1 = 1 follows from (4.21e) with j = 1. This confirms the
inclusion Zgpiot € Ds. A similar argument reveals that Zg is invariant on S&. In
fact, owing to (4.21c), we have, for pior € S, that

(Zapiot, @)a = (Prots SQ)a = (Prot, @)a VQ € 51}-
Finally, for general pot € H, the boundedness (4.21e) of S with j = 0, combined

with a discrete trace inequality [13, Lemma 12.8] and an inverse estimate [13,
Lemma 12.1], yields

~ 5 7SQ Q ~
[Zopiotlla = sup LouS@a <5 0
Qes; 1Qlle

The claimed estimate follows by the invariance and the boundedness of Z,.
(2) For m € P* and M € Ps, we have
m — Pp Tp-mh = m — 73];5]\7[+ P@'ﬁs(l\?f Ip-m).

We bound the norm of the second summand on the right-hand side with the help of
Proposition 4.2(3), the inclusion Py C L?(2) and (4.21e) with j = 1 and a discrete
trace inequality

(M — Tp-in, N)p,
Pr = Sup
*  Nep, |V
(Pg. M — i, SN)p
= sup

NeP, [NV

|Pg. (M = Te-in) ||+ = ||M — Tpo i

< [P M — e

The first claimed estimate follows by combining this bound with the above identity.
The other estimate follows by establishing invariance on Ps as well as boundedness
in the L?(Q)-norm exactly as in (1).

(3) Recall that the operator Rs in (4.22¢) is a right inverse of Ds, i.e. DsRs
is the identity on Ds. Then, the first part of the statement directly follows from
the definition of Zy. We verify the second part as in (1), i.e. we prove that Zy is
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invariant on Us and bounded in the U-norm. For @ € Uy, we have U = @ in (4.22¢).
Then, according to (4.21c) and (4.6), we infer

(ZaDu, Qior)o = (DU, SQiot)o = (DU, Qror)o = (Dst, Qrot)0 VQ+ot € Ds.
This implies ZoDu = Dsu and, in turn, Zyu = u. Next, for general u € U, we have
|Zvily <10 lw + 1 Za D — DU o
Indeed, the boundedness of Rs is equivalent to 4.2(3); see [14, Lemma C.42]. We
conclude the proof of (3) with the help of the boundedness of Zg, D and Ds in the

respective norms and by the definition of U as the U-orthogonal projection of w.
(4) Recall that Pp and Pp, are the L?(2)-orthogonal projections onto the spaces

D and Dy, defined in (2.5) and (4.5), respectively. For pyor € L*(Q2), we have
ZaPopiot € Ds, in view of (1) above. Then, for all Qo1 € Dy, it holds that

(IQPDﬁtota Qtot)Q = (’P]D)ﬁtotv SQtot)Q = (ﬁtoh SQtot)Q = (IQﬁtOta Qtot)Q-

In particular, we can remove P, after the second identity, because S maps Dy into
D, thanks to (4.21¢). Hence, the first claimed identity is verified. The proof of the
other one is similar. Recall that Py and Pp, are the L?(2)-orthogonal projections
onto the spaces P and Ps, defined in (2.4) and (4.7), respectively. For p € L?(Q)
and N € Pg, we have

This time we could remove Py after the second identity thanks to (4.21a). Thus,

also the second claimed identity is verified. (I
D L *
U———D P————P
BIU hzg s Tpw
D, Ls
U ——— D P —— Pt
2 Pp 2 Pr
L*(Q) ——— D L(Q) ——— P
Za Zao Za Tp*
Po, P2,
Sp ——=—— D, Sl— P,

FIGURE 4.2. Commutative diagrams representing the relations
among the space interpolants.

The interpolants defined up to this point are compatible with the divergence, i.e.
with the operators D and D, and with the various L?(2)-orthogonal projections,
as summarized in Figure 4.2. Still, the compatibility with the Laplacian, i.e. with
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the operators £ and L, is not guaranteed. Since £ and L are one-to-one, the
diagram on the upper right corner of Figure 4.2 uniquely defines Zp : P — Ps as

(4.23) Tp = L Tp L.

The next lemma reveals that also Zp has favorable approximation properties. To
this end, we introduce the following broken HZ2-norm

I Wiy =5 | DD ey + Do IO} 2TV IIZa )

TeX FEFUFp, N

as well as the constant

L]
4.24 €= inf ——,
(4.24) <= 0 N

Remark 4.16 (Discrete elliptic regularity). The constant e in (4.24) is certainly
finite, because Ps is finite-dimensional. The size of the constant is related to the
control of a H?-like norm by the L?-norm of L, i.e. our discretization of the
Laplacian. Therefore, the constant is a discrete measure of the elliptic regularity.
Note also that 5 can be equivalently interpreted as an inf-sup constant

(LN, P)p

» per, [Nzl Pllo

&= Nep
where the stability of the standard weak formulation of the Laplacian is analyzed
in a nonstandard (i.e. nonsymmetric) setting, cf. (4.8). We are aware of only a few
results regarding the size of ;. For H!'-conforming Lagrange finite elements and
convex (), Makridakis established a lower bound in terms of the shape parameter
(4.1) of ¥, provided that the mesh is not too much graded, see [28]. It is unclear
to us whether the latter condition is necessary or not. When 2 is not convex,
the connection with the elliptic regularity suggests that a lower bound of €5 only
in terms of shape regularity might be not possible. As for the question raised in
Remark 4.12, we postpone further investigation on this point to future work.

Lemma 4.17 (Space interpolation — Part 2). The operator Ip defined above has a
unique bounded extension (denoted by the same symbol) to P which satisfies for all
p € P the estimate

1P~ Zeplle S et inf [P - Plla.
PelPs
The hidden constant depends only on the quantities mentioned in Remark 4.1.

Proof. As for Lemma 4.15(2)-(3), we verify the claimed estimate by showing that
Tp is invariant on P and that it is bounded in the L?(2)-norm. Note that the
latter property implies also the existence of a unique bounded extension of Zp to P,
because P is a dense subspace thereof. Assume first p € Ps. Owing to (4.23) and

(4.21a), we have
(Ipp, LsN)p, = (Lp,SN)p = (p,LSN)p N €Ps.
We recall (2.2) and integrate by parts element-wise [1, eq. (3.6)]

@ LN =n (-3 [@psn+ 3 [qvi-nsy

Tex FEFUZp, N
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Then, we make use of (4.21c)-(4.21d) and we integrate by parts back. It results
(Zep, LsN)p, = (p, LN)p = (P, LsN)p,

where the last identity is obtained with the help of (4.8). Since Ls is one-to-one,
we conclude Zpp = p.
Next, for general p € P, a similar argument as before yields

HI]P’ﬁHQ = Ssup M = sup w
ner, [[LsNllo ner, [[LsN|lo

Recall the inclusion SN € H?(Q) and (4.21a)-(4.21b). We integrate by parts, then
we invoke (4.21e) with j = 2 and (4.24)

1 Zepll = £(B, —ASN)a < [PlellN | r2(x) < &5 IpllellLsN||q-

The combination of this bound with the previous identity implies the announced
boundedness of Zp. O

4.6. Space-time interpolation. We are in position to combine the interpolants
from the two previous sections in order to conclude the proof of Theorem 4.7. To
this end, let us preliminary recall that the operators acting in time commute with
those acting in space. Our main device is the space-time interpolant Z : Y; — Y; &
defined as _

Iy == (ZuTu, ZoT Drot, IeJI D, e« T, Ip-m(0))
for y1 = (4, Prot, p,m) € Y.

Our strategy to verify Theorem 4.7 is as follows. We first establish (4.15) for
y1 € Y;. Then we extend the result by density, because the right-hand side of
(4.15) is bounded with respect to the norm || - ||1, ¢f. Theorem 2.4.

First of all, we recall the definitions of Y; and Y; & in (2.9) and (3.11), respec-
tively, and notice that Z is well-defined. In fact, the discussion in the previous
sections shows that the interpolation of each component acts as follows

L2(U) -Ls sQ(U) 22 SO(Us) for @
£2() - §9(D) 22 SY(D,) for Pros
2@) L so(p) I sO(B,) for §
HY(P*) -L s0(P*) 25 sO(Py) for
P+ I p, for m(0).

In particular, the second line makes use of Lemma 4.15(1) and the last one exploits
the inclusion m € HY(P*) C C°(P*).

In order to verify Theorem 4.7, we bound the left-hand side of (4.15) by
(4.25) _inf ERR(71,Y1)? < ERR(j1,Z71)>%

Yi€Yy s

Then, we recall the definition (4.11) of the error notion and we bound the six
terms therein (denoted by (i), (ii), ... for brevity) one by one. Lemma 4.13 and
Lemma 4.15(3) state that J and Zy are bounded linear projections. Therefore,
their combination JZy is a L?(U)-bounded linear projection onto S{(Us). This
implies

T
s it [ -0l
Ues{(Us) Jo



32 C. KREUZER AND P. ZANOTTI

The same reasoning with Lemma 4.15(1) implies
T4 R
()5 it [~ Bl
Pt €S2(Ds) Jo M
Regarding the third term, we first recall (4.19¢)
de(Zp- T, Tp-m(0)) = Ip-de (T, m(0)) = Ip+ T Oy,
then, we make use of (4.23)
LIpTp =T TLD
and, combining the two identities, we arrive at
de(Zp- T, Tp-m(0)) + LTpT P = Tp- T (Opi + LP).
The same argument used in the above bounds for (7) and (i), with Lemma 4.15(2),

implies

2
P* -

T
(i) < inf / |04+ L5 — P2V
Wes?(P,) Jo
For the fourth term, we directly use Lemma 4.15(2) to obtain
(iv) S _inf [7(0) P, Mo

0€Ps

2
P* -

Concerning the fifth term, we invoke Lemma 4.15(3)
AD Iyt~ ToT pror — aPo,Tp TP =
ToJ (D — Prot — aPop) + 0ZoJ Pop — o Py, Ie T p
The reasoning from the bound of (i7) shows that the first summand in the right-
hand side is a near best approximation of (D — pyor — aPpp) in S(Ds). The other

two summands can be rewritten as aPp, (ZoJ — ZpJ )P, thanks to Lemma 4.15(4).

Arguing as before, we see that both Zg Jp and ZpJp are near best approximations
of p in SY(P), the latter one in view of Lemma 4.17. These observations, the
triangle inequality and the definition (2.12) of 7 reveal

T T
. 1 ~ =~ 1 1. 5
(v) S inf / [ (Du—pror—aPop) —Quosl[+e5* _ inf / —[Ip—PIIE-
Quores?@) Jo A+ p Pespp) Jo Y
The sixth and last term can be treated similarly. We invoke again Lemma 4.15(3)
and Lemma 4.15(4), so as to obtain
aPe, DTy T + oL TP — Te- T
= Ip- J (aPsDU + 0p — ) + 0(TpT — Tp-J)p.

Again, all operators yield near best approximation in the respective spaces. In
particular, for Zp«J, we make use of the second part of Lemma 4.15(2). Thus we
arrive at the following estimate

T T

. o ~ 1. 1. 5

(vi) < _ inf / W(PsDu + op —m) = Qg +e; " _ inf / —llp— P&
QeSV(Ps) Jo Pest(p) Jo Y

with the help of the definition (2.12) of v. We insert the above bounds of (7)-(vi)
into (4.25). This establishes (4.15) for 77 € Y; and the right-hand side in the
resulting estimate is bounded in terms of the norm || - ||1, c¢f. Theorem 2.4. Thus,
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we can extend the estimate by density from Y; to Y;. We conclude by noticing
that the bounds of (v) and (vi) simplify to

T

. _ . 1 . =

(v) + (i) S e _inf / LiF- B3
PesY(p)Jo Y

if 73 = y1 is the solution of (2.8).

5. NUMERICAL RESULTS

In this section we test the performance of the concrete space discretization pro-
posed in Section 4 on two well-established benchmarks for the Biot’s equations.
Owing to Corollary 4.8 and Remark 4.12, we restrict ourselves to the lowest order
case k = 1, corresponding to quadratic (resp. linear) H!-conforming Lagrange fi-
nite elements for the displacement (resp. for the other variables). All experiments
have been implemented with the help of the library ALBERTA 3.0, see [19, 35].

5.1. Terzaghi’s problem. The consolidation of a vertical soil column of total
depth H > 0 is a classical one-dimensional test case in poroelasticity. The column
is subject to compression and it is drained on top, whereas it is impermeable and
no displacement occurs at the bottom. Moreover, there is no other force acting in
the interior of the column, the initial fluid content equals zero and there are no
sources nor sinks. Therefore, in this case, the initial-boundary value problem (2.1)
for the Biot’s equations reads

—(2u+ Nus, + ap, =0, Or(au, + op) — kp,, =0, in (0,H) x (0,T)
—(2u+ Nu, +ap = F, p=20, on {0} x(0,T)
u =0, p.=0, on{H} x(0,T)
au, +op=0, in (0,H) x {0}

(5.1)

with the subscripts (-), and ()., denoting the partial derivatives with respect to
the depth z € (0, H) and F' the modulus of the force acting on top of the column.

Remarkably, the exact solution of (5.1) is explicitly known, cf. [32, Section 4.1.1].
In particular, the pressure equals

+oo ~
4 . /(2m+ )mz (2m + 1)27%ykt
(52) pwi):pOE:(mn+1hsm( 2H )emo(— IViE )
m=0

with the auxiliary parameters

2

- -1 ayF
5= <2M+)\+O'> and Do 1= STy
The displacement can be derived via the relation
" — ap — F
T 2u4 A

and the other variables are obtained through their definition, c¢f. Remark 2.3.
In analogy with [32, Section 4.1.1], we set

H=1, T=1, F=10°
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as well as !
w=41667, A =27778, a=1, oc=01, k=105

The explicit knowledge of the exact solution makes this test case particularly
suited to observe the error decay rate. Owing to (2.12), (4.11), Remark 4.6 and
Theorem 4.7, we consider the following error notion

T
1
(5.3) / (||uU||%+ I Pmtuawinn%z)

where the pressure L?(L?(f2))-error is included for a better comparison with the
literature. For the evaluation of the exact solution, we take into account the first
5000 summands in the series (5.2).

We first consider a fixed time discretization with J = 5000 intervals of equal size
and observe the error decay rate with respect to the space discretization. For this
purpose, we begin with a mesh in space consisting only of the interval (0, H) and
refine it 10 times by dividing all intervals each time. We report on the left side
of Table 1 below the evaluation of the error (5.3) and the experimental order of
convergence (EOC) with respect to the number of degrees of freedom in the space
discretization, namely

(5.4) #DOFs = dim(Us x Dg x Pg x Ps)
cf. (3.11). By increasing the number of refinements, the EOC appears to converge

to 1.5, with only a slight decrease in the last refinement, which is likely due to an
insufficient number of intervals in the time discretization.

#DOFS error EOC
9 1.42 x 1072 J error EOC
14 1.08 x 1072 | 0.63
24 7.65 x 1073 | 0.63 5 | 1.17 x 10~*
44 5.41 x 1073 | 0.57 10 | 7.23 x 1072 | 0.70
84 3.82x 1073 | 0.54 20 | 4.41 x 1075 | 0.71
164 2.54 x 1073 | 0.61 40 | 2.67x107°| 0.72
324 1.33 x 1073 | 0.95 80 | 1.61 x 107° | 0.73
644 5.61 x 107 | 1.26 160 | 9.70 x 1076 | 0.73
1284 | 2.14x 1074 | 1.40 320 | 5.85 x 1076 | 0.73
2564 | 7.86 x 107 | 1.45
5124 | 2.94x 1075 | 1.42

TABLE 1. Error decay in Terzaghi’s problem with respect to the
space discretization (left) and the time discretization (right).

The decay rate 1.5 is consistent with the one observed, e.g., in [32, Section 4.1.1].
There the EOC is actually 0.5 and the difference is explained by the different
space discretization and error notion. Indeed, our discretization is of second-order
(cf. Remark 4.12) whereas the one in [32] is of first-order only. For a theoretical
justification note that the exact pressure (5.2) is singular, because the initial value

More precisely [32] sets the Young’s modulus to E = 10° and the Poisson’s ratio to v = 0.2.
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p(+,0) = po does not satisfy the Dirichlet boundary condition on top of the column.
More precisely, for s € (0,1), we have

+oo T 400
Pl e oy & D m%/ exp(—m’t) & Y m* 2,
m=0 0 =0

where the symbol = indicates that we neglect all multiplicative constants apart of
those depending on m. Therefore, we have p € L*(H'**(Q)) if and only if s < 0.5.

Second, we consider a fixed space discretization with the mesh obtained by 13
global refinements of the interval (0, H). In other words, the mesh is two levels finer
than the last one on the left side of Table 1 and it is such that #DOFs = 40964. We
use time discretizations with J intervals of equal size and observe the error decay
for increasing J. According to the data on the right side of Table 1, the EOC is
somehow close to 0.75. Although we were not able to find a similar convergence
test in the literature, the observed value is in line with our expectation. Indeed, by
arguing as before (see also [36, Section 7.1]), we observe that

+oo T +oo
Il ~ D mt* [ exp(-mit) w3 et
m=0 0 m=0

for s € (0,1). Therefore, we have p € H*(L?(2)) if and only if s < 0.75.

5.2. Cantilever bracket problem. We consider the extension to poroelasticity of
a well-established two-dimensional test case in linear elasticity. The elastic material
initially occupies the region = (0,1)2, it is clamped on the left side, a uniformly
distributed load is applied on the top side and the entire boundary is assumed to
be impermeable. Moreover, there is no other force acting in the interior of €2, the
initial fluid content equals zero and there are no sources nor sinks. Therefore, in
this case, the initial-boundary value problem (2.1) for the Biot’s equations reads

—div(2uVsu + (Mdivu — ap)l) =0, O (adivu + op) — kAp =0, in Q x (0,7

u =0, Vp-n=0, on Iy x (0,T)
(2uVsu + (Adivu — ap)l)n = —F, Vp-n=0, onTr x (0,T)
(2uVsu + (Adivu — ap))n = 0, Vp-n=0, onTgg x (0,7)

adivu + op =0, in Q x {0}

with I't, I't and ['gg as on the left side of Figure 5.1.
In analogy with [32, Section 10.1] and [44], we set

T = 0.005, F=1
as well as 2
w=23571.4, A=14286, « =093, o=0, k= 1077,

For the time discretization, we consider J = 5 intervals of equal size. For the
space discretization, we use the mesh on the right side of Figure 5.1 involving 5861
degrees of freedom, whose number is computed as in (5.4). Since the exact solution
is unknown in this case, we confine ourselves to a qualitative investigation. More

2More precisely [32, 44] set the Young’s modulus to £ = 10* and the Poisson’s ratio to v = 0.4.
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GURE 5.1. Boundary conditions (left) and computational mesh
right) for the cantilever bracket problem.

—~

precisely, we plot the approximate pressure at the final time along four vertical lines
at the following abscissas

21 =026, 25=033, 13=04, 24 =045

The plot in Figure 5.2 is qualitatively similar to the corresponding ones in [32, 44]
and, in particular, no pressure oscillations are observed.

0.4 1 1 1 I
0 0.2 0.4 0.6 0.8 1

FIGURE 5.2. Pressure profile in the cantilever bracket problem
along the vertical lines x = x5, j =1,...,4.
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APPENDIX A. PROOF OF LEMMA 4.14

The construction of a linear operator S : S} — H?(Q) satisfying all properties
listed in Lemma 4.14 is rather technical but it makes use only of classical tools
from finite element analysis. To simplify the discussion as much as possible, we
detail the construction only for the lowest degree and dimension, namely k = 2
and d = 2. This case minimizes the technical aspects but, at the same time, it
illustrates all relevant issues. We address the extension to the other cases at the
end of the appendix, in Remark A.4.

Our construction builds upon two preliminary steps. In the first one, we ex-
hibit an operator mapping S} to H?(2), which satisfies the first, second and last
conditions in Lemma 4.14. This can be done by some sort of averaging into a
H?(Q)-conforming finite element space. Similar operators exist in the literature
but typically differ in the boundary conditions, see e.g. [7, 17]. In the second step
we show that the third and fourth conditions in Lemma 4.14 can be enforced by
combinations of smooth bubble functions. Both techniques are common in the a
posteriori analysis of (nonconforming) discretizations of fourth-order equations.

Let us begin with the first step. For the sake of presentation, we use the abbre-
viations

I'e =Ty TE=73pE and I'vy=TpnN, SN=3FpnN
in what follows. The condition (4.21a) can be rephrased as
(A1) S32Q=0 onTg = SQ=0 onlg

cf. (2.4) and (4.7). The condition (4.21a) actually requires also the inclusion in
L3(€) in some cases, but that can be obtained by enforcing (4.21c), so we do not
care about it here. Hence (A.1) and (4.21b) are nothing else than Dirichlet and
Neumann boundary conditions on I'g and I'y, respectively.

We construct a first operator S; : S — H?(Q)) by mapping into the so-called
HCT space, which is obtained by the finite element shown in Figure A.1, see also
[10, Section 6.1]. The degrees of freedom in this space are the normal derivative at
the midpoint mp of each edge F € § as well as the evaluation of the function and of
its gradient at each vertex. For convenience, we denote by U the set of all vertices.

FIGURE A.1. Schematic representations of the HCT finite element

For the normal derivative at the edges, we set

0 if Fegn,

Fe
VQr.(mg) -n otherwise, §

(A.2a) V& Q(mE) -n= {

where Tg € T is a (arbitrary but fixed) triangle in the mesh containing F. For the
point values, we just exploit the continuity of @) and take

(A.2b) SIQW) =Qv), ve.
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We set the gradient at the interior vertices in analogy with the second case in (A.2a)
to

(A.2¢) VS&1Q(v) = VQr,(v), veunQ

where T, € T is a (arbitrary but fixed) triangle in the mesh containing v.
I'g
I'y
v
Ty Y
I'g
(a) ()
I'g I'n
Ty /v v
(p) (F)

FN 1—‘E
FIGURE A.2. Different cases for the definition of the gradient of
S1Q at a boundary vertex v. Note that the highlighted edges are
aligned in (A)-(B) but not in (D)-(E) and that they meet at a right
angle in (C) but not in (F)

(®)

The definition of the gradient at the other vertices is more involved. Indeed, the
boundary conditions suggest to treat the normal and the tangential components
differently. Of course, this is especially critical when v is a corner of  and/or
if it lies at the intersection of 'y and I'y. Figure A.2 summarizes all possible
cases. We treat all cases simultaneously by Algorithm 1. The underlying concept
is that we first set the gradient to zero in the normal direction(s), so as to comply
with (4.21b). Then, we treat the tangent direction(s) to enforce (A.1). Moreover,
special attention is needed to make sure that the gradient is neither over- nor
under-determined.

Within Algorithm 1, we denote by ng and tg, respectively, the outward normal
unit vector and a tangent unit vector of a boundary edge F € §N0S). We make use
also of the unique triangle Tg € T which contains F. The set £ is the linear space
spanned by the directions used in the definition of the gradient, so it grows from
{0} to R2.

Remark A.1 (Simplified averaging). In (A.2a), (A.2c) and in Algorithm 1 we define
S1Q in terms of the restriction of @ to only one triangle in mesh. Therefore, we
refer to S1 as a simplified averaging, so as to distinguish it from classical averaging
operators, which take averages over all triangles containing the support of the degree
of freedom under examination. Apart of the different definition, the simplified
averagings reproduce all relevant properties of the classical ones, cf. [42, Section 3].
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Algorithm 1 Gradient of §;Q) at boundary vertices

Require: v € YN IN boundary vertex
Provide: VS&1Q(v)
for all F € §n with v € F do
vle(V) -ngp <0
£« £+ span{nf}
end for
for all F € §g with v € F do
if tr ¢ £ then
VSlQ(V) “tp < VQ\TF (V) - tF
£ < £+ span{tf}
end if
: end for
: if dim(£) =1 then
choose w € R? with w L £
choose T € T withveT
VSIQW) - w e VO (v) - w
. end if

e e e e
AN T

Lemma A.2 (Simplified averaging). The linear operator Sy : S3 — H?(S2) defined
by (A.2) and Algorithm 1 satisfies (A.1), (4.21b) and (4.21e). In particular, the
hidden constant in (4.21e) depends only on the quantities mentioned in Remark 4.1.

Proof. Let F € § N 0N be a boundary face. For Q € Si, the restriction of S;Q
to F is a third-order polynomial, owing to the definition of the HCT element. If
@ =0on I'g and F € §g, then both $1Q and its tangential derivative along F
vanish at the endpoints of F, thanks to (A.2b) and Algorithm 1. This proves that
S1Q vanishes on F and verifies (A.1). Similarly, note that the normal derivative
of §1Q on F is a second-order polynomial. If F € §p, then the normal derivative
vanishes on F, because it vanishes at the midpoint and at the endpoints of F, in
view of (A.2a) and Algorithm 1. This verifies (4.21b).

Regarding the claimed stability estimate, let T € €. The scaling properties of
the HCT basis functions (see e.g. [42, Lemma 3.14]) imply

ID7(Q - S1Q)1F = hT™ D 1(Qr —$1Q)(v)?

veunT
(X V@ -SQWIP + X V(@ ~SiQ)me) nl?)
vesinNT FesnT

for j € {0,1,2}. The first summand on the right-hand side vanishes because of
(A.2b), while the other ones are bounded in terms of jumps. Indeed, the definition
(A.2a) immediately yields
0 it F e §g,
v -8 ‘nigl <
Vi@ = S me) el = {[{vcsz | otherwise,

for all edges F € § N T. Similarly, according to Algorithm 1, we have
V(Qr —S1Q)(v)| < Z IIVQIF - n|.

FEFUF N, vEF
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for all vertices v € U N'T. The proof of this estimate is tedious, as it must be
verified for each case in Figure A.2, but it builds only upon a classical argument
for (simplified) averaging operators, see e.g. [42, Lemma 3.1]. We insert the two
bounds above into the previous equivalence. Then, we obtain (4.21e) by an inverse
estimate on the edges, noticing that ht = {h}f for all edges F touching T. |

For the second preliminary step in our construction, we make use of bubble
functions. In particular, we use ‘element’ bubbles to enforce (4.21c). For T € ¥,
let bt € Ps(T) be the unique polynomial of degree 6 in T such that both br and
Vb vanish on T and [;br = 1, cf. [43, Section 3.2.5]. We extend by to an H?(Q)
function by zero.

Similarly, we use ‘edge’ bubbles to enforce (4.21d) on interior edges. Thus, for
F € 3%, we denote by T, and Ty the two triangles in the mesh containing F. Let
be € P5(T1 UTs2) be the unique polynomial of degree 8 on T; U T4 such that both
be and Vbg vanish on 9(T; U Ts) and fF be = 1, cf. [43, Section 3.2.5]. As before,
we extend br to an H2(2) function by zero.

The condition (4.21d) must be enforced also on the edges in §x. Here we must
employ bubble functions with vanishing normal derivative on the respective edge,
because of (4.21b). Let T € T be the unique triangle in the mesh containing F and
define T’ by mirroring T through F. We define bg as before on T U T’. Hence, the
symmetry of the support implies Vb -n =0 on F. Then, we extend bg 1 to H?(Q)
by zero.

Having all these bubble functions at hand, we define Sz : H'(Q) — H?(Q) by

(A.3) $0Q = S5Q + S=(Q — S3Q)
for Q € H* (), where

S;Q= > (/FQ)bF and SgQ::Z</TQ>bT.

FEFUSN TeX
The next lemma summarizes the properties of Sy that are relevant to our purpose.
Lemma A.3 (Bubble operator). The operator Sy : H'(Q) — H?(Q) defined by
(A.3) satisfies (4.21b),(4.21c) and (4.21d). Moreover S2Q wanishes on I'y and

satisfies the estimate

182Q[Ir < IQIIT + brlVQllr
for all Q € HY(Q) and T € T. The hidden constant depends only on the quantities
mentioned in Remark 4.1.

Proof. The properties (4.21b),(4.21c) and (4.21d) and the identity Se@Q =0 on I'g
for @ € H*(Q) hold true by construction. The local stability estimate follows by
the scaling of the bubble functions. We refer to [42, Lemma 3.8] where a similar
result is proved. (I

We conclude the construction of the operator S : S3 — H?(f2) announced in
Lemma 4.14 by combining the operators &7 and Ss introduced in the two steps
above. More precisely, we set

SQ =850+ 85(Q - 51Q)
for Q € Si. The properties of S; and Sy listed in Lemmas A.2-A.3 imply that
(4.21a)-(4.21d) hold true. Regarding the local estimate (4.21e), note that we have

1D7(Q - SQ)|IT S I1DY(Q — $1Q) |7 + h7]|Q — S1Q| -
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for j € {0,1,2} and T € T, by Lemma A.3 and inverse estimates. We conclude by
invoking the stability of S; established in Lemma A.2.

Remark A.4 (Higher degree/dimension). Our construction extends to higher poly-
nomial degree k > 2 and/or to higher space dimension d > 2 up to some additional
technicalities. The construction of the simplified averaging S; requires H?2({)-
conforming spaces, that can be obtained by, e.g., higher-order HCT finite elements
for d = 2 (cf. [17, Section 3] ) or the virtual elements in [7] for d = 2,3. The
operator Sy employs the same bubble functions mentioned above, but one has to
define it via the solution of local problems on the simplices and on the faces of the
mesh, in the vein of [42, Lemma 3.8].
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