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Modélisation Mathématique et Analyse Numérique

A POSTERIORI ERROR ANALYSIS OF EULER-GALERKIN
APPROXIMATIONS TO COUPLED ELLIPTIC-PARABOLIC PROBLEMS *

ALEXANDRE ERN! AND SEBASTIEN MEUNIER?

Abstract. We analyze Euler-Galerkin approximations (conforming finite elements in space and im-
plicit Euler in time) to coupled PDE systems in which one dependent variable, say u, is governed by
an elliptic equation and the other, say p, by a parabolic-like equation. The targeted application is the
poroelasticity system within the quasi-static assumption. An abstract setting is proposed to identify a
natural energy norm for the PDE system. Two a posteriori error analyzes are performed, both yielding
reliable upper error bounds in the sense that all the constants are specified. The first analysis hinges
directly on the stability of the continuous problem and can be used to estimate the dominant term
associated with the p-component in the energy norm. The second analysis is an extension of the ellip-
tic reconstruction technique introduced by Makridakis and Nochetto [SIAM J. Numer. Anal., 41(4),
1585-1594, 2003] for linear parabolic problems. It is used here to derive an a posteriori error estimate
for the u-component in the energy norm that exhibits an optimal convergence rate with respect to
mesh size. Numerical results are presented to illustrate the performance of the various estimators.

1991 Mathematics Subject Classification. 65M60, 656M15, 74F10.

July 23, 2007.

1. INTRODUCTION

The main motivation for this work is the performance assessment by numerical simulations of underground
storage facilities for nuclear waste. The processes involved in near-field models are extremely complex and can
involve multi-phase, multicomponent flows through a porous medium subjected to thermal, hydraulic, chemical,
and mechanical couplings. Here, we focus on poroelasticity problems involving hydro-mechanical couplings. We
consider a linearly elastic and porous medium ) saturated by a slightly compressible and viscous fluid within
the so-called quasi-static assumption in which inertia effects in the elastic structure are negligible. Given a
simulation time 7' > 0, the problem consists of finding a displacement field u : [0, 7] x Q — R? and a pressure
field p : [0,T] x @ — R such that

—V-o(u) +bVp = f, in [0,7] x Q, (1)
O (35p + bV-u) — V-(kVp) = g, in [0,7] x Q. (2)
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Here, o(u) = 2A1e(u) + A2(V-u)I is the so-called effective stress tensor, e(u) = 3(Vu + (Vu)!) the linearized
strain tensor, A; and Ay the Lamé coefficients, I the identity matrix in R3, b the Biot-Willis coefficient, M
the Biot modulus, x the permeability of the medium, while f and g are given data. The system (1)—(2) is
supplemented by initial and boundary conditions discussed below. The poroelasticity system can be traced
back to the pioneering work of Terzaghi [22] and Biot [3]. Equations (1)—(2) respectively express the balance
of momentum and the conservation of mass. The quasi-static assumption means that the term pdyu (where p
denotes the density of the elastic structure) has been neglected in the momentum balance. The Biot modulus
combines compressibility and porosity effects; it is often assumed to be very large when dealing with the so-
called Biot’s consolidation problem, but this assumption will not be made here. For the sake of simplicity, we
will assume that the coefficients b and M are given constants. A mathematical analysis of the system (1)-
(2), including existence and uniqueness of strong and weak solutions based on the theory of linear degenerate
evolution equations in Hilbert spaces, has been carried out by Showalter [16,17]. Boundary conditions can be
prescribed by considering two partitions of the boundary. The first partition is used for the displacement field
(either the displacement itself or a traction force is prescribed), while the other partition is used for the pressure
field (either the pressure itself or a flux is prescribed). For the sake of simplicity, we assume here that any
portion of the boundary is clamped or drained, i.e. at least a Dirichlet condition is enforced on the displacement
or on the pressure everywhere. Furthermore, an initial condition must be enforced on the quantity % p+bV-u.
Although the evolution problem related to (1)—(2) is essentially of parabolic type under minimal smoothness
requirements on the data, we refer to it as a coupled elliptic—parabolic problem to stress the fact that Equ. (1)
is of elliptic type for the displacement and Equ. (2) is of parabolic type for the pressure.

In the present work, we assume that the data (including boundary and initial conditions) are smooth enough
for a strong solution to exist, and we shall mainly be concerned with the a posteriori error analysis of Euler—
Galerkin approximations to the exact solution obtained by using a backward Euler scheme in time and con-
forming finite element methods in space. In the sequel, we restrict our attention to the case where the exact
solution is smooth up to the initial time, as is customary in the a posterior: error analysis of Euler-Galerkin
approximations to parabolic problems such as the heat equation. The a priori analysis of Euler—Galerkin ap-
proximations for Biot’s consolidation problem is covered in the work of Murad, Loula, and coworkers [11-13],
including the semi-discrete and fully discrete cases and long-time behavior. The problem under scrutiny here is
somewhat different since we do not assume that the Biot modulus takes very large values, i.e. we do not discard
the pressure time-derivative in (2). As a result, we shall briefly address below the a priori error analysis of the
Euler-Galerkin approximation to the evolution problem (1)—(2). The natural stability norm associated with
this problem controls on the one hand the L{°(H})-norm (L* in time and H'! in space) of the displacement
and the L$°(L2)-norm of the pressure and on the other hand the L?(H})-norm of the pressure. This key feature
implies that error estimates with optimal convergence orders in space require the use of different polynomial
degrees in the finite element spaces for the displacement and for the pressure, namely one degree higher for the
displacement than for the pressure. Note that the use of different polynomial degrees for approximating the
displacement and the pressure is motivated here solely by the derivation of optimal error estimates, as opposed
to Biot’s consolidation problem where the approximation of the initial data by solving a Stokes problem plays
also a role. The technique of Wheeler [23] originally designed to obtain optimal L{°(L2) a priori error esti-
mates for the heat equation can be adapted to fit the present framework to derive optimal error estimates for
the displacement field. The same technique has already been used in [11-13] for Biot’s consolidation problem.

The a posteriori error analysis of evolution problems related to poroelasticity is a much less explored field.
The first aim is to derive error estimates that are reliable in the sense that they yield an upper bound for the
approximation error (the difference between the exact solution and the discrete solution) that is fully computable
in terms of known quantities, i.e. the problem data, universal constants from polynomial interpolation theory,
and the discrete solution itself. A further important feature of the error estimates is their so-called optimality in
the sense that the estimates are bounded from above by the a priori error estimates. A third desirable feature
of the estimates is that they provide an efficient tool to adapt the discretization parameters (mesh size and time
step). In the present work, we derive fully reliable and partially optimal a posteriori error estimates of residual



TITLE WILL BE SET BY THE PUBLISHER 3

type for the poroelasticity system (1)—(2). The analysis hinges on the stability properties of the continuous
problem, so that the natural norms with which to control the approximation error are the L (H})-norm for the
displacement and the L$°(L2)- and L?(H})-norms for the pressure. The direct approach yields error estimates
that have a form analogous to those derived for the heat equation by Picasso [14], Chen and Feng [4] and
Bergam, Bernardi and Mghazli [2]. The error estimate consists of three terms, a time error indicator (evaluated
from the pressure differences at two consecutive time steps), a space error indicator (evaluated from the finite
element residuals for the displacement and the pressure) and a data oscillation term. Despite these similarities
with the heat equation, there are however important differences. Firstly, since stability is achieved by testing
the momentum balance against the time-derivative of the displacement, the space error indicator contains a
term involving the finite element residuals of the time-derivative of the displacement. This also makes the
analysis of time-dependent meshes much more cumbersome than for the heat equation. Therefore, we have
chosen to restrict ourselves to fixed meshes and to postpone the study of discretizations with time-dependent
meshes to future work. The second important difference is that the estimates derived within the direct approach
are not optimal for the approximation error on the displacement when the discretization of the latter involves
higher-degree polynomials than for the pressure. To tackle this difficulty, we draw inspiration from the elliptic
reconstruction technique introduced for linear parabolic problems by Makridakis and Nochetto [10] and further
analyzed by Lakkis and Makridakis [9]. This technique, which can be regarded as the counterpart of the
elliptic projection method introduced by Wheeler for the a priori error analysis, is designed to obtain optimal
a posteriori error estimates in the L°(L2)-norm (and other higher-order norms) for linear parabolic problems.
In the present work, we extend this technique to coupled elliptic—parabolic problems such as the poroelasticity
equations to derive a posteriori error estimates for the displacement that exhibit optimal convergence behavior.
Other approaches to derive L°(L2) a posteriori error estimates for parabolic equations can be found, among
others, in the work of Eriksson and Johnson [6,7] and of Thomée [18] based on duality techniques, the work of
Babuska, Feistauer, and Solin [1] using a double integration in time, and the work of Verfiirth [21] for quasi-linear
parabolic equations.

This paper is organized as follows. §2 presents the setting under scrutiny in an abstract framework. This
setting allows us to pinpoint the mathematical structure of the poroelasticity system that plays a relevant role
in the subsequent analysis. §3 is devoted to the a priori error analysis. The main result is Theorem 3.1 whose
proof relies on the technique of elliptic projection introduced by Wheeler. The arguments are similar to those
considered in [11-13] for Biot’s consolidation problem, and are briefly presented here for completeness. §4
deals with the a posteriori error analysis. The first result, Theorem 4.1, relies on the stability of the continuous
problem and is established by proceeding in a way similar to the heat equation. It yields a reliable error estimate
for the displacement in the L$°(H})-norm and for the pressure in the Lg°(L2)- and L?(H})-norms. The error
upper bound consists of data, time, and space error indicators. The time error indicator is optimal while the
space error indicator comprises three terms, two of which yield local lower bounds of the approximation error.
The last one exhibits an optimal convergence behavior with respect to mesh size when compared to the pressure
error in the LZ(H})-norm, but its optimality with respect to the time step cannot be established because it
depends on the time-derivative of the discrete displacement field. The second result, Theorem 4.2, yields reliable
error estimates for the displacement error in the L°(H})-norm (and also for the pressure in the L$°(L2)-norm)
and these estimates exhibit the optimal convergence order with respect to mesh size. The proof relies on an
adaptation of the technique of elliptic reconstruction introduced recently by Makridakis and Nochetto. §5
contains numerical results illustrating the performance of the various a posteriori error estimators. Finally, §6
draws some conclusions.

2. THE SETTING

2.1. The continuous problem

Let V, and V; be two Hilbert spaces respectively equipped with symmetric, continuous and coercive bilinear
forms a and d. The norms induced by these forms are denoted by |||, and ||-||la respectively. Let V. (resp.,
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V;) be the dual space of V, (resp., V) with duality product denoted by (:,-)a (resp., (:,-)4) and norm ||-[|; =
SUPyvev, | V)al/llvlla (resp., ||, = supgseev, [ @)al/llglla). Let Lq (resp., Lq) be a Hilbert space equipped
with a scalar product (-,-)r, (resp., (-,-)r,) with dense and continuous injection V, — L, (resp., V4 < Lg).
Identifying L, (resp., Lq) with its dual space, the following injections hold: V, — L, = (L,)" — V, (resp.,
Vi — Lq = (Lg) — V). Let ¢ be a symmetric, continuous and coercive bilinear form defined over Lq x Lq
inducing a norm ||-||. such that for all ¢ € V4, |lqlc < 7ll¢lla and ||¢llz, < ¥|lg]la- Finally, let b be a continuous
bilinear form defined over V, x L4 with continuity constant 3, i.e., for all (v,q) € V, X Lq, |b(v,q)| < Bl|v|lall¢lle-

The elements of the spaces defined above are functions of the space variable x. In the sequel, we shall
deal with functions of time and space. The time variable varies over the interval [0,7] for a fixed T > 0.
Henceforth, L?(Z) denotes the vector space of functions f in space and time such that for a.e. t € [0,7],
f(t) == f(t,-) isin Z (where Z denotes any of the spaces defined above) and f(t) is square integrable over [0, T,
ie. fOT || f(s)|%ds < +oo. Similarly, H}(Z) denotes the subspace of L7(Z) of functions f with square integrable
distributional time-derivative d; f over [0,T]. Observe that functions in H}(Z) admit pointwise values in Z for
all t € [0,7].

Given data f € H}(V)), g € H}(V]), and py € Vy, we seek for the strong solution (u,p) € H} (V,) x H} (V)
such that for all ¢ € [0, 77,

a(u,v) = b(v,p) = (f,v)a; Vv € Va, (3)

c(0p,q) + (0w, q) +d(p,q) = (9. 9)a; Vg € Va, (4)

completed with the initial condition p(0) := pg. Note that in the present setting, Equ. (3) holds up to ¢t = 0,

thus uniquely determining the initial value of u in terms of py and f(0). Letting ug := u(0) € V;, the a priori
bound |luglla < B|polle + || f(0)]], is readily inferred by taking v := ug in (3).

Our first result is an a priori estimate for the strong solution. This will allow us to identify the natural
stability norm for problem (3)—(4).

Proposition 2.1. In the above setting, the following holds for a.e. t € [0,T],

sel0,T

2
t T
sl + 3112 + %/O Ip(s)llads < 2 (2 sup_ (PACIIA +/0 |5tf(8)||;d8>
T
+/ lg(s)l17ds + [luollz + lIpollz.  (5)
0
Proof. Since (u,p) is a strong solution, for a.e. t € [0,T], v = Gpu is in V, and ¢ = p is in V. Using these test
functions in (3)—(4) yields
sdellulls + 3dellpllZ + Il = (f, Be)a + (g, D) a-
Hence,
sdellullz + dellpllZ + 3llpll7 < (f. u)a + 59l

Let t € (0,T). Integrating the above inequality over (0,¢) and integrating by parts in time the term (f, d;u),
yields

zlu@llz + 3llp@IIE + %/O lp(s)llZds < (f (1), u(t))a — (f(0),u(0))a —/0 (0ef (), u(s))ads

t
+3 [ lolds + dluol + Hlpol 2
0
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As a result, it is inferred that for a.e. t € [0,T],
t
sllu@®)z + 3llp@)]1Z + %/0 Ip(s)||3ds < Aor(u) + B2,

with o (u) = SUPse(0,T] [[u(s)llas

T T
A=2 s 1+ [ 105Gl awd B = [T lglRds + ol + il
se|0,

Hence, $or(u)? < Aoy (u) + B? so that op(u)? < 4(A? + B?). This yields
¢
12+ 31002+ [ p(o)ds < 42+ orru)? + B < 2042+ B2)

yielding (5). O

An important consequence of Proposition 2.1 is the uniqueness of the strong solution of (3)—(4). In the
sequel, we assume the existence of the strong solution.

Remark 2.1. Proposition 2.1 holds in the slightly more general setting where g € L#(V)), po € Lq, and
pE L%(Vd) N Htl(Ld).

Application to poroelasticity. The evolution problem (1)—(2) fits the present setting. For the sake of
simplicity, we consider homogeneous Dirichlet boundary conditions both for the displacement and the pressure.
Then, letting V, = [Hg(Q)]?, L, = [L2(Q)]3, Va = H}(Q) and Lg = L*(Q), we define the bilinear forms

a(u,v):/go(u):s(v), b(v,p):/prVn), (6)
C(p,Q):/Qﬁpq, d(p,Q):/QHVqu- (7)

The coercivity of a on V, x V, (resp., d on Vg x V) results from Korn’s First Inequality (resp., Poincaré’s
Inequality). The bilinear form b is clearly continuous on V, x Lq with 3 = b(M/E)'/? where the Young modulus
F is associated with the coercivity of the bilinear form a on V,. Proposition 2.1 means that the natural stability
norm controls the displacement in the L{°(H})-norm and the pressure in the L{°(L2)- and L?(H})-norms.
This stability result hinges on the fact that the momentum balance can be tested by the time-derivative of the
displacement.

2.2. The discrete problem

Problem (3)—(4) is approximated by an Euler—Galerkin scheme, namely conforming finite elements in space
and an implicit Euler scheme in time. Let {Vap }r>0 and {Vip, }rso be two families of finite-dimensional subspaces
of V, and Vj respectively. The parameter h refers to the size of an underlying mesh family denoted by {75 }n>0.
Let 0 =ty < t; < ... <ty =T be a sequence of discrete times and for all n € {1,..., N}, set 7, = t,, — tp—1
and I, = (t,—1,t,). Henceforth, a superscript n indicates the value taken by any function of space and time at
the discrete time ¢,. For instance, u™ := u(t,) € V,.

The discrete problem consists of seeking {up})_; € [Von]™ and {pp}Y_; € [Vgn]V such that for all n €
{1,...,N},

a(up,vn) —b(vn,pp) = (fisvn) L., Yoy, € Van, (8)
c(0epy s qn) + b(deuy, qn) +d(pp,qn) = (9n-an)Las  Yan € Van, 9)
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where &pl! = 7,71 (p} — p’,z_l) and Guf = 7, (ul — uZ_l). Given a pair (uon,pon) € Van X Van, the initial
condition is (ul,p?) := (uon,por). The data {fI}N_| € Vo]V < (VN and {g7})_, € [Van]N C [V]]V are

a
approximations of {f"}N_; and {g"}]_; respectively.

Lemma 2.1. The discrete problem s well-posed.

Proof. For all n € {1,..., N}, Equs. (8)—(9) yield a square linear system for the components of (u}, py) once
bases of V,;, and Vyp are chosen, so it suffices to prove the uniqueness of the discrete solution. Testing with
— n n—1 _ n : _ 1 1 1 .
vp = up —uy - and g, = T,pp and using the fact that a(z,z —y) = sa(z,z) + za(x —y,x —y) — 5a(y,y) owing

to the symmetry of the bilinear form a (along with a similar property for the bilinear form ¢) yields

sllunlla + $llug — w2+ SlpRll2 + Slek — i M2 + mallop 2 = $llen 2 + () ufy = up e,
+ %sz_ng +Tn(QZaP2)Ld-

Hence,
sllunlls + 51prl2 + 57allof 13 < 3llun =5 + SI07 + 3R 2 + S7allgnll?

This shows the uniqueness of the solution of the square linear system. (I

The proof of Lemma 2.1 hints at how the discrete scheme (8)—(9) could be modified if time-dependent meshes
were used. In this case, we work with two families {V% }2_, and {V}} }2V_, of finite-dimensional subspaces such
that for all n € {0,...,N}, V* C V, and Vi C V. The discrete scheme takes the general form (8)—(9) with
test functions v, € VJ; and g, € V;. However, if the expression for the time-derivative of the displacement is
kept unchanged, the argument deployed in the above proof breaks down because it is no longer possible to use
Vp = Up — u;fl as a test function since in general v, ¢ V} (unless the restrictive assumption V;};l CcVy is
made for all n € {1,..., N}). To circumvent this difficulty, let R : V, — V} be the Riesz projection operator
defined such that for all v € V,

a(v —RL;(v),vp) =0, Yoy, € Vi, (10)
and use d;ull = 7,7 (ull — R (uf ™)) in (9). Then, proceeding as in the proof of Lemma 2.1 with the test
functions vy, = ul! — R (u) ") € Vi and g, = T,p} € Vi and observing that a(ull,vs) = a(ull,u} —uj ")

since uy € V], the same stability estimate is recovered.

2.3. Continuous and discrete differential operators

To formulate the a posteriori error estimates in the usual form, it is convenient to associate differential
operators (in space) with the bilinear forms a, b, ¢, and d. To this purpose, we define the following continuous
operators: A € L(Vg; V) s.t. (Av,w), = —a(v,w), B € L(Va;Lyg) s.t. (Bv,q)r, = b(v,q) with adjoint B* €
L(Lqg; V) st. (B*q,v)q = b(v,q), C € L(Lg; Lq) st. (Cq,7)r, = c(q,7), and D € L(Vg; V) s.t. (Dg,r)g =
—d(g, ). Observe that C is actually a zero-order operator. With this notation, problem (3)—(4) can be rewritten
in the form

—Au— B*p=f, (11)
Coyp + Boyu — Dp = g, (12)

these equalities holding for a.e. t € [0,T] in V] and V] respectively. For the poroelasticity system, Av = V-o(v),
Bv =bVw, B*q = —bVq, Cq = 3;q, and Dq = V-(kVp).

The discrete version of the above operators will also be used: A, € L(Van;Van) s.t. (Apop,wp)r, =
70,(’0}1,10}1), By € L(Vah;th) s.t. (Bhvh;Qh)Ld = b(vh,qh) with adjoint B;; S L(th;Vah) s.t. (B;;qh,vh)La =
b(vn,qn), and Dy € L(Van;Van) st. (Drhgn,7h)L, = —d(gn,7r). Observe that duality products have been
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replaced by L,- and Lg-scalar products. The discrete problem (8)—(9) can be rewritten in the form

—Anuy, — Bypp, = fi, (13)
Céipf, + Brbruy, — Duply, = gh, (14)
these equalities holding for all n € {1,..., N} in V,;, and Vg, respectively. For later use, we let fy := —Apuon —

Bfpon, so that (13) also holds for n = 0.

2.4. The steady problem

Both the a priori and a posteriori error analysis of the approximation of the steady version of (3)—(4) using
the subspaces {Van}rso and {Van}rso will play a role in the error analysis for the time-dependent case. The
steady version of (3)—(4) consists of seeking w € V,, and p € V such that

a(m,v) — b(v,p)
d(p. q)

(f,v)a, Yv eV, (15)
(9,9)d; Vq € Va, (16)

with data f € V/ and g € V. Tt is straightforward to verify that the problem (15)—(16) is well-posed owing to
its upper triangular structure and the coercivity of the bilinear forms a and d.
The discrete problem consists of seeking uy, € Vg5, and p;, € Vi, such that

a(ﬂhvvh) - b(vhaﬁh) = <75 vh>a7 vvh S Vah; (17)

d(ﬁthh) = <§7 Qh>d7 VQh S th' (18)

Here, we do not consider an approximation to the data f and §g. The discrete problem is conveniently re-

formulated using a Riesz projection operator Ry, : Vo, x Vg — Vo X Vi, such that for all (v,q) € V, x Vy,

R (v,q) = (Ran(v, ), Ran(q)) is defined by

a(v = Ran(v,q),vn) — b(vr, ¢ —Ran(q)) =0,  Vun € Van, (19)

d(q —Ran(q),qn) =0,  Van € Van. (20)

It is clear that (@p,Dy) solves (17)—(18) if and only if @, = Ran(w,p) and P, = Ran(p). The approximation
properties of the operator R, can be found in [11]. The result is restated here for completeness.

Lemma 2.2. The following holds for all (v,q) € Vg x Vg,

v = Ran(v,q)|la < vhiél‘f/' . lv—vnlla + Bllg — Ran(q) e, (21)
lg —Ran(@)lla = inf [lg— qnlla- (22)
qn€Van

Proof. Property (22) is classical. To establish (21), consider the operator R}, defined by (10) (the upper index
n is dropped since meshes are kept fixed in time). Then, observe that since both R, (v) and R, (v, ¢) are in
Vaha

[Ran(v,9) = Ry ()2 = a(Ran(v, q) = Ry, (v), Ran(v, q) — R, (v))
= a(Ran(v,¢) — v, Ran(v,q) — Rgp(v)) + alv — Rop(v), Ran(v, q) — Rap(v)
= —b(Ran(v,q) —R5,(v), 7 — Ran(q))
< Bl1Ran (v, 9) = Ren()llallg — Ran(a) e
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Hence, [|Ran(v,q) — RE, (V) [la < Bllg — Ran(q)||c whence it follows by the triangle inequality that

10 = Ran(v,9)lla < llv = Rep(W)lla + [Ran(v,¢) = Rop(W)lla < o = R5p, (0)lla + Bllg — Ran(a)le,

readily yielding (21). O

To deduce from Lemma 2.2 asymptotic rates of convergence for the approximation error in terms of the
parameter h when the exact solution is smooth enough, we introduce the following assumptions.

Hypothesis 2.1. There exist constants c1 and ca, positive real numbers s, and sq, and subspaces W, C V, and
Wy C Vy respectively equipped with norms ||-||\w, and ||-||w,, such that independently of h,

Yo € W, inf |lv—oplla < crh’®|v||w,, (23)
v EVan

Vg € Wy, inf ||qg — qnlla < c2h™| qlw,- (24)
qn€Van

Hypothesis 2.2. There exist a constant cs and a positive real number 6 such that for all v € Ly, the unique
solution ¢ € Vg of the dual problem d(q,d) = c(r,q) for all ¢ € Vg, is such that there is ¢, € Vyp satisfying

¢ = nlla < csh®|ir]l. (25)

Hypothesis 2.1 is classical in the context of finite element approximations. It will be used in the a priori
error analysis. To keep technicalities at a minimum, a version of Hypothesis 2.1 localized to mesh cells is not
considered. Hypothesis 2.2 is an elliptic regularity property associated with the bilinear form d on Vy. It is
stated here in compact form, the usual statement consisting of assuming that the dual solution ¢ is in a subspace
Y, of V; where the interpolation estimate (25) holds in the form ||¢ — én|la < c3h®||¢|ly,. Hypothesis 2.2 will
serve both in the a prior: and the a posteriori error analysis. In the latter case, a sharper statement localized to
mesh cells will be introduced in §4.2. For the time being, we will only use the following important consequence
of Hypothesis 2.2:

lg = Ran(@)lle < e3h’lg = Ran(a)|la- (26)

Indeed, letting ¢ be the dual solution associated with r := ¢ — Ran(g) and observing that d(r,¢p) = 0 for
on € Van yields

lg = Ran(@)ll2 = c(r,r) = d(r,¢) = d(r,¢ — én) < |Ir]lall¢ — énlla, (27)

whence (26) readily follows. An important consequence of (21), (23), and (26) is that for all (v, q) € W, x Wy,

v = Ran(v, @)lla < crh® ||v]lw, + Beacsh®™ gl (28)

For the purpose of computational efficiency, it is reasonable to balance both sources of error in ||[v —Ran (v, ¢)||a-
This motivates the following hypothesis.
Hypothesis 2.3. s, =sq+ 0 =: s.

In the framework of Hypotheses 2.1-2.3, Lemma 2.2 yields for all (v,q) € W, x Wy,

[v —Ran(v,@)lla < B (erllv]lw, + Beacsllqllw,), (29)
llg — Ran(@)llc < hcacsllqllw,, (30)
g — Ran(@)lla < h*°cal|ql|w,- (31)

As a result, whenever the exact solution of the steady problem (15)—(16) is smooth enough, namely (u,p) €
W, x Wy, the error ||p — Py |la converges asymptotically as h*~ while the error ||[@ —p|o + ||P — Py || converges
asymptotically as h®. Since § is positive, this means that the error ||u — || + [P — Dy ||c converges at a faster
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rate than ||p — Py, ||¢- This difference in the convergence rates will be accounted for in the subsequent analysis of
the time-dependent problem, the goal being to derive a priori and a posteriori error bounds that are optimal
for |[p™ — pj|la on the one hand and for [|u™ — u}}|lq + |[p"™ — p}||c on the other hand.

Application to poroelasticity. Consider the model problem (1)—(2) with the displacement (resp., the pres-
sure) approximated in space by continuous Lagrange finite elements of degree k > 1 (resp., I > 1). Then,
Hypothesis (2.1) holds with s, := k, W, := [HZ(Q) N H**Y(T,)]3, sq == | and W, := H}(Q) N HTY(T,),
where for m > 0, H™(7};,) denotes the usual broken Sobolev space of order m. Hypothesis 2.2 means that the
steady-state version of the pressure equation yields elliptic regularity, namely for all r € L?(Q), the unique
solution ¢ € Hg(Q) to the dual problem [, xV¢-Vq = [,rq for all ¢ € Hj(Q) is in H*(Q). Then, (25) holds
with § := 1. As a result, Hypothesis 2.3 implies

k=141, (32)

i.e. the polynomial interpolation for the displacement is one degree higher than that for the pressure. The most
common choice in practice is k := 2 and [ := 1, i.e. continuous piecewise quadratics are used to approximate
the displacement and continuous piecewise linears are used to approximate the pressure.

3. A priori ERROR ANALYSIS

The a priori error analysis is performed under the assumption that the exact solution is smooth, namely

ue CHW,)NCE(V,),  peCHWy) NCE(Lyg). (33)

For all n € {1,..., N}, define
Ci(u, p) = 29°¢5¢3 sup [[9p(s )i, +26°7% (1 sup [[0pu(s)llw, + fescs sup [Drp(s Mwa)?, (34)
Cy(u,p) = 37 SSéleH w(s)]z + 35%7 sup | Ofu(s)|lz, (35)
C™(f,9) = 1" = 17 +7allg™ — grll7- (36)

Moreover, it is assumed that the initial data ugp and pgp are chosen such that

luo — uonlla < cah®|uollw,  and  |[po — ponlle < esh®|Ipollw,, (37)

and we define
Cluo,po) = (c1 + ca)?[luollfy, + (8233 + g(cacs + ¢5)?)lIpolliy, - (38)
One possible choice is uop = Ran (o, po) and por, = Rarn(po), in which case we can take C(ug,po) = 0.

Theorem 3.1. In the above framework, the following holds for alln € {1,... N},

™ — w2 + Yip™ = ppl|2 < h**C(uo, po) + Z C™(f,9) + Y [rmh CT* (1, p) + 75,C5" (u, p)]
m=1

+ 02 (e u [y, + (8 + 3)ae e 1)
and . . .
> trmlp™ = pitllG < B Cluo,po) + Y C™(f,9) + Y [rmh* CT* (u, p) + 75,C5" (u, p)]
m=1 m=1 m=1 (40)

n
+ 3 b2 Ry,
m=1
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Proof. (i) For all n € {1,..., N}, let us first estimate the quantities
Nan = Ran(u”,p") —upy and 0, = Ran(p") — ph-
Observe that

a(ngha Uh) - b(vhangh) = (fn - f}?a’uh>aa V’U}L S Vaha
e =i s an) + 5 — i an) + Tadns an) = Talg" — gian)a + cOns an) + 00, an),  Yan € Van,

where 07, = Ran(p™) — Ran(p" 1) — 0™ and 07, = Rap(u”,p™) — Ran(u" 1, p" 1) — 7,,0;u". Testing with
R A eV, and an =Ny, € Van yields after some straightforward algebra

I lIZ + Sind, — nl 12+ Sing 2 + S, — 0l 12+ mllngnlld = ks

= e = e + Tl = gnmin)a + (O, m) + b0, i)

Y3+ gl I

Hence,
slhanlla + sl + Frlininlla < gllwg 1% + 5lhngs 12+ C™(F.9) + 7 2 10anlle + 72 8292105415
(ii) Let us now estimate the quantities 67, and 67,. Observe that

- / 00(5) — Ran(Brp(s))]ds — / (5 — tn_1)02p(s)ds.

n n

Hence, owing to the regularity assumptions on the exact solution and estimate (30),

105l < Tah®cacs sup [[9ep(s)lw, + 575 sup [[95p(s)ll.
sel, sely,

Similarly, using (29),

1Oanlla < 7l (2 sup [19u(s) ., + Bezes sup [|9:p(s)llw.) + 3 Sup 107 (3)|a-
scln sel,

Therefore,
T VA N0GE + 7t B2 IOGAIIG < 7h®*CF (u, p) + 7 C5 (u, ).
Summing up the above estimates leads to
n n
Sz + 3102+ > drnllngilla < 3lngulli + 3 1udall2 + Y [C™(f, 9) + Tmh® CF (u, p) + 73, C5" (u, p)].

m=1 m=1

(iii) We now estimate the initial errors 72, and n,. In the case where uo, = Ran (o, po) and pon, = Ran(po), it
is clear that ngh =0 and ngh = 0. In the general case, use the triangle inequality to infer

[m3nlle = |Ran(po) — ponlle < |Ran(Po) — polle + IPo — Porlle < B (cacs + cs5)||pollw,-
Similarly,

175nlla < [1%an (o, po) = wolla + lluo — wonlla < h*((c1 + ca)lluollw, + Beacs|lpollw,)-
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Hence,
%lanhlli 2||77dh||2 + Z 4TmH77dh||d < hQ‘SC (uo,po) + Z [C™(f,9) +Tmh2801n(uvp) +T%C§L(U7P)]-
m=1

(iv) The conclusion readily results from the triangle inequality and estimates (29)—(30)—(31). O

Theorem 3.1 shows that whenever the exact solution is smooth enough and up to data approximation errors
that can be made small enough, ||u™ — u}||s + ||p™ — pil|c converges to order s in space and first-order in time,
while (30 _, Tl[p™ — pi[|3)/? converges to order (s — &) in space and first-order in time.

Application to poroelasticity. When continuous piecewise quadratics (resp., linears) are used to approximate
the displacement (resp., the pressure), ||[u™ — uj|| g + ||p™ — pj||L2 converges to second-order in space and first-
order in time, while (3.7 _, Tm|[p™ — pi||%1)/? converges to first-order in space and in time.

4. A posteriori ERROR ANALYSIS

This section is devoted to the a posteriori error analysis for the discrete scheme (8)—(9). Two estimates are
derived. The first directly relies on the stability of the continuous problem and yields an error estimate that
is suitable to measure the error in p in the L?(V;)-norm. The second is based on an adaption of the elliptic
reconstruction technique of Makridakis and Nochetto and yields an error estimate that is suitable to measure
the error in w in the LY (V,)-norm and the error in p in the L{°(L4)-norm. As is customary in a posteriori error
analysis, we assume in this section that the data (f,g) are in L?(L,) x L7(Lg).

4.1. The direct approach

The a posteriori error analysis relies on the stability of the continuous problem. Therefore, we rewrite the
discrete scheme as equations holding a.e. in (0,7') rather than at the discrete times {t,,}2__;. To this purpose,

let up, (resp., pnr) be the continuous and piecewise affine function in time such that for all n € {0,..., N},
Upr(tn) = up (resp., par(tn) = pj). Observe that O;un, and Oypy, are defined a.e. in (0,7). Similarly, let fy,
be the continuous and piecewise affine function in time such that for all n € {0,..., N}, fu-(tn) = f7r. We will

also need to consider piecewise constant functions in time, namely 7%p,, (resp., 7°gn,) equal to p} (resp., g7)
on I, for all n € {1,..., N}. With the above notation, the discrete scheme (8)—(9) yields a.e. in (0,7T),

a(unr,vn) — b(vh, Phr) = (frrs Vn) L. Yoy € Van, (41)
(Oephr, an) + b(Osunr, qn) + d(7°phr.an) = (7°ghr. an) La» Yan € Van. (42)

To formulate the a posteriori error estimate, it is convenient to introduce the Galerkin residual &, (resp., B4)
which is a continuous and piecewise affine function in time with values in V] (resp., piecewise constant function
in time with values in V) such that a.e. in (0,7,

<®aa 'U>a = (tha U)La - a(uhﬂ U) + b(vaph‘r)a Yo € V,, (43)
<6d7 Q>d = (ﬂ-ogh‘rv Q)Ld - C(atph'r; q) - b(atuh‘l'; Q) - d(ﬂ-oph‘ra q)v VQ S Vd- (44)
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Define the data, space, and time error estimators

T T 2
()= | ||<g—woghr><s>||§ds+(2 s 17~ fir) 9l + / |5t(f—fhf)(8)|gd5>a (45)

sel0,T

Eaat = [[uo — uonlz + llpo — ponllZ +4E(f, 9), (46)
N N 2

Espe = AT || &T 7+ 412 su &S"| + ™ —e™ |, |, 47

o ( ETNLAED N I ()
N

Eim= 3 rallpp — oI (48)
m=1

Theorem 4.1. For alln € {1,...,N},

tn tn
slu™ —upllz + 5lp" — phl2 +/O 1ll(p = prr) ()1 3ds +/O 3l = 7pnr) () 3ds < Eaar + Espe + Evim- (49)

Proof. Let € = u — upr, ( =p — ppr, and * = p — pp,. Observe that a.e. in (0,7),

a(f,v) - b(UaC) = <f - fh‘l' + ®¢lvv>¢la V’U E Va7
(8¢, q) + (8, q) + d(C*,q) = (9 — mgnr + Ba, @)a, Vg € Va.

Testing for a.e. t € (0,T) with v := 9;£ and ¢ = ¢ yields

3ll€llZ + 5l + SlCIZ + 3ICTIE = (f = far + Ba, 0€)a + (g — T gnr + Ba, Oa + 5llphr — 7 par |13,

where we have used the fact that owing to the symmetry of d,

Since f — fnr + 84 € HY(V!) and g — 7w0gp, + &4 € LZ(V})), we can proceed as in the proof of Proposition 2.1
and infer for all n € {1,..., N}, the bound (details are skipped for brevity)

tn tn
sl —ullG + 3llp" — phll2 +/0 1ll(p = pnr)(s)llads +/0 310 = 7pnr) () 3ds < Eaat

T

T 2 T
+ / 4|®d<s>|§ds+4<2 sup €5, + / |3t05a(5)||g> ds + / |(par — 70 )(s) 3ds.
0 0 0

s€[0,T

The second and third terms in the right-hand side yield & and the last term yields Eim. The final bound (49)
results from the fact that &, is piecewise affine, 4 is piecewise constant, and that for s € I,,,, (ppr — 7 pnr)(s) =

T (5 = tw) (D — i ). 0

Remark 4.1. The convergence rate of the upper bound in (49) is optimal for fg” 3110 — prr)(s)|13ds, but not
for $llu™ — w2 + 1|p™ — p}||2. The last term in the left-hand side of (49) is kept only to prove an optimality
property of the time error estimator; see Proposition 4.2.

To localize the space error estimator &g, we need to introduce some additional notation and assumptions.
We assume that the various bilinear forms in the model problem (3)—(4) can be localized as follows: for all
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(v,q) € Vo x Vg and for all (£,¢) € V, x V such that either £ € V,p, or A € L, and either ¢ € Vg, or D¢ € Ly,

a(é,v) = Z [ (A&, V)L, (1) + (Ja&, V) L, 0m)]5 (50)
TeTh

d(¢,q) = Z (= (D¢ @) Lor) + (Jal, @) Lyom))- (51)
TeT,

Here, for a mesh cell T' € 7, Lq(T) and Lg(T') are local versions of L, and Lg respectively, (-,-)r, o) and
(*+)La(ar) are scalar products for functions defined on the boundary 0T of T' and J, and J; are suitable (jump)
operators such that J,& = 0 if A € L, and J4¢ = 0 if D( € Ly. In addition, for all v € V,, and for all ( € Ly
such that either ( € Vg or B*( € Ly,

b(’Ua C) = Z [(Ua B*g)La(T) + (Jbga ’U)La(BT)]a (52)

TeT

with Jp¢ = 0 if B*¢ € L,. Moreover, the bilinear forms b and ¢ are also localized as follows: for all (v,q,r) €
Va X Ld X Ld,

bv,q) = > (Bo,q)r,ry and  c(gr)= > (Cq,r)L,1)- (53)
TeT), TeT),

Finally, we assume that there exist two (Clément-type) interpolation operators iqp : Vo, — Vap and igp 2 Vg —
Vap, such that for all (v,q) € V, x Vy,

Y v —ian @)L, ) + bt o = ian ()L, )] < collvllz, (54)
TeT,

> Pl = ian(@|Z,cr) + hrtla = ian @)1 om) < erllallZ, (55)
TeT)

where for all T' € 7, hr denotes the diameter of T'. This assumption is classical in the context of a posteriori
error estimation; see, e.g. [8,20]. In the context of poroelasticity where V, = [H}(Q)]? and V; = H{(Q), the
usual Clément [5] interpolation operator (modified to account for homogeneous Dirichlet boundary conditions)
or the Scott—Zhang [15] interpolation operator can be used.

We define the following elementwise and jump residuals for all m € {1,..., N},

uh = Jh" A+ Aup’ + B i, Juh = Jaup” — Jopy', (56)

u

oh = gn — Copy' — Boguy' + Dpj', Jpn = Japp'- (57)

For m =0, R%,, J?,, and J;?h are defined similarly, while we set Rgh = (D — Dp)pon, for later use in §4.2. We

also define for all m € {0,..., N}, the space error estimators
Er =Y IR, vy + hrll Tkl or)s (58)
TeT)
Er = BRI RG o) + PTG L omy), (59)

TET,
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for a real parameter > 0. We will also use the time-incremental version of these estimators, namely for
me{l,...,N},

~

&L (1) = Z T W16 R 1T 1y + hrll6eTih 17 omy)s (60)
TeT,

Epa(0r) = Z W T B R |7 oy + B ll6e TR N17 o)) (61)
TeTh

where &, R} = 7. (R™ — R4, 6, = 7.1 (J™ — J™m~1), and so on.

Proposition 4.1. In the above framework, for all m € {0,...,N},

6717 < eollr (62)
and for allm € {1,...,N},
|67 — &0 7 < ol (30), (63)
I8 < erEim, (64)
Hence,
N N 2
Expe < D AermEy +16¢6 sup  E + 8cg <Z(5;n(5t))1/2> . (65)
m=1 0smsN m=1
Proof. The proof is only sketched since it uses classical techniques of a posteriori error analysis. Observe that
m @Zn,va nglav_iah 'U) a
e, = sup e g (e,
orveve  lvlla ozvev, [v]la

since (41) and (43) imply that (&7, v3,), = 0 for all v, € V4. Then, use definitions (50) and (52), estimate (54)
and a Cauchy—Schwarz inequality to infer (62). The proof of (63) and (64) is similar. Finally, (65) results from
the definition of Egpe. [l

We now investigate the optimality of the space and time error estimators derived above, namely that these
quantities yield lower bounds for the errors estimated in Equ. (49). The optimality of the time error estimator
is straightforward.

Proposition 4.2. The following holds

Evim < 2/0 1(p = pr)(s)llads + 2/0 I(p = 7°pnr)(s) ]l 7ds. (66)

Proof. Observe that Eim = fOT | (phr — 7%pnr)(s)||Ads and use the triangle inequality. O

To investigate the space error estimator, we consider the three terms in the right-hand side of (65). The
first two can be bounded using the technique of bubble functions introduced by Verfirth [19,20]. Since this
technique is well-known, the arguments below are only briefly sketched. To alleviate the notation, we denote
by & < y the inequality z < cy with positive and mesh-independent constant c. We assume that the bilinear
forms a, b, ¢, and d can be localized elementwise as a(v,w) = > oz ar(v,w) and so on; this induces a
localization of the norms in the form [[v[|2 = > ,c7. ||v]|2 7 with [[o]|2 7 = ar(v,v) and so on. For all T € Ty,
the elementwise residuals Ry}, and R} are in finite-dimensional spaces P,(1') and P4(T"), respectively, while
for a face F' in the mesh, the restrictions of the jump residuals J; and Jyp, to Fare in finite-dimensional
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spaces P,(F) and P4(F'), respectively. For all T' € 7, we assume that there is a bubble function v, € V,
(resp., vgr € Vg) with support localized in T such that for all v € P,(T), Hv||%a(T) < (Varv,v) 1, (1) and
Iva,z0llz, 7) +hrllvarvllar < [vllz, ) (vesp., for all g € Pa(T), lall ) S (vare, @)Ly and [[varal L, +
hrllvarqllar < llgllL.(r)). Moreover, for a face F' C 9T, we assume that there is a bubble function v, r € V,
(resp., vg,r € Vy) with support localized in F and a lifting operator 7, p (resp., mq r) from F to Ap (the
set formed by the one or two elements of 7;, to which F' belongs) such that for all v € P,(F), Hv||2La(F) <

(Va, 70, 0) o (py and B2 |70 # Vo, r0) | Loy + B Ta,r (Va, 7o)

—1/2 1/2
1912, (ry S (Va.r @ @) rur) and b2 ma p (Ve r)l|Loar + b |70 r@ardllaar S lalL.e).

anr S |vllL,r) (resp., for all ¢ € Py(F),

Proposition 4.3. For all T € Ty, let Ar denote the set of mesh cells that share at least a face with T. Then,
the following holds

W\ RGNS ory + bl TR omy S D (RRI™ = F M3y + ™ = w22 + 1lp™ = PR320, (67)
T eAr

Tl W1 BpA 1T, vy + BTl k2, 0m)] S [/1 W ll(g = m°gne) (8)I12,, () ds (68)
T eAr m
™ =g =™ R ™ i =™ T

+[H@—wm»@mmﬁy

m

Proof. Letting ¥r = v, 7R}, vields

IRGZ. ) S (R, ) pocry = (FR = ™ %1 Loy + (A(up! —u™) + B*(pi' — p™), 1)L, (1)
=(fy = ™).y +ar(w™ —up', Yr) — br(Yr, p™ — pi'),

so that
hrl| Ry llp.ry S hrllfy' = "Ly + 0™ = ui'lla + 12" = 23 e

Similarly, using Y r = ve rJ;);, yields

(Juh: P La(r) = Z la: (u™ —up', 7o, PYF) — b1 (Ta, FYF, D™ — Pp')
T eAr

— (R, Ta,rYR) Loy + (R = ™ Mo VP L, (7]

whence (67) is readily deduced. The proof of (68) is similar. O

Estimates (67)—(68) show that the first two terms bounding Espe in (65) yield local lower bounds for the
approximation error. A similar result cannot be inferred for the last term in (65) because this term involves
time-derivatives of the discrete u-component whereas the error in the u-component is only bounded in the
L$°(V,)-norm. Hence, this term behaves optimally with respect to the mesh size, but not necessarily with
respect to the time step if the error in the u-component is not smooth in time. This observation is directly
linked with the fact that the analysis relies on the natural stability norm for the continuous problem which
provides a control on the u-component only in the L{°(V,)-norm. Further theoretical work is needed to tackle
this issue. In the present work, we will only verify in the numerical experiments presented in §5 that if the exact
solution has a smooth behavior in time, this last term also converges optimally.
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4.2. Estimates using elliptic reconstruction

Foralln € {0,..., N}, we define the elliptic reconstruction of (u},p}t) € Van % Vg, as the functions (U™, P™) €
Va x Vg such that

a(U",v) — b(v, P") = a(up, Pupv) — b(Papv, pj), Yo €V, (69)
d(P",q) = d(py, Panq) — b(6tup,, ¢ — Pang), Vg € Va, (70)

where P, (resp., Pg) denotes the L,-orthogonal projection from V, onto V,j (resp., the Lg-orthogonal pro-
jection from Vj onto V). Henceforth, we use the convention that 5tu2 =0 and 5tp2 = 0. Observe that

AU™ + B*P™ = Apu} + Bip}, (71)
DP"™ = Dyp}! + (B — Bp,)du}. (72)

Indeed, for all ¢ € Vy,
(DP",q)a = —d(P",q) = —d(py,, Panq) + b(0ruy,, q — Panq)
= (Dnphs Panq)ry + ((B — Br)otuy, q)r, = (Dapp, + (B — Br)duy, q)r,, (73)

since Dyp} € Vyp,. Equ. (71) is proved similarly.
The key idea to estimate the errors ||u™ — u}||, and |[p™ — p}||c is to consider the decompositions

u” —uy = w, — pr, wr=U" —uy, pn=U"—u", (74)
Pt =ph=wy —pp,  wy =P —py,  py=P"—p" (75)

The quantities w;; and wy can be bounded by a posteriori error estimates for the steady problem, while the

quantities py, and pj; can be estimated in terms of w; and w), and other computable quantities. The analysis
requires a refinement of Hypothesis 2.2 by localizing the approximation property to mesh cells. In the context
of poroelasticity, this assumption means that the steady-state version of the pressure equation yields elliptic
regularity and that the finite element space Vy;, satisfies the usual approximation properties.

Hypothesis 4.1. There exist a constant cg and a positive real number & such that for all v € Ly, the unique
solution ¢ € Vy of the dual problem d(q, ¢) = c(r,q) for all ¢ € Vy, is such that there is ¢p, € Vap satisfying

> b2 — nll7 oy + hrt 6 — énllT,om)] < esllrll2. (76)
TeT,

We first estimate the quantities w;, and wy.

Lemma 4.1. In the above framework, the following holds for all n € {0,..., N},
lwill? < 2c6€y; +26°csEys, (77)
lwpll? < cs&ps- (78)

Proof. (i) Estimate of [|w}||c. Let ¢ be the dual solution associated with the data r := w} in Hypothesis 4.1.
Then,

lwp 2 = c(r,r) = d(r,¢) = d(r,é — ¢n),
since owing to (70), d(r, ¢r) = d(P™ — p}, o) = 0 for ¢, € Vgu. Using (51) and (76) leads to

n 5 n n
lopll? < es > B (W Dwp 7 ) + brllJawy |17 om))-
TeT)
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Using (14) and (72) yields for n > 1,
Dwy = DP"™ — Dpj, = Dppp, + (B — Bp)dtuy, — Dpy, = =Ry,

and this relation also holds for n = 0 by definition of Rgh. In addition, for all n > 0, JzP™ = 0 since
DP™ € Vg, C Lg. As a result,

lwp |2 < cs€ys-
(i) Estimate of [|w!!||4. Observe that

a(w?, v a(wl,v) —blv,w])
loilla = sup ) _ gy ( x AT
0A£vEV, [v]la 0#£vEV, [v]la
a(wWl, v —ign(v)) — b(v — ign(v), WD
oy (SO i)Y gy
0#£vEV, vlla

owing to (69) since iqp(v) € Vup. Using (50), (52), and (54) leads to
iz < 2e6 D Wl Awy + B*wpllZ, r) + hrllJawy — JuwpllZ, or)] + 26°lwp 2.
TeT,

Owing to (13) and (71), AU"+B*P"™ = Apu}+Bjp} = —f} so that Aw]!+B*w)) = AU"+B*P"—Au}—B*p}} =
— Ry, Moreover, Jowy — Jyw, = —J7;, since AU™ + B*P™ € L,. This yields (77). O

We now turn our attention to the quantities pj; and pj. Define the data, space, and time error estimators

Eaar = U° = uo|2 + | P° — pol? + 2£(f, 9), (79)
N
Espe = Tt [27%es (1 + 268Y)E)5(8¢) + 4827 c6EL (6:)], (80)
m=1
R N
Eiim = 37°71||Coipy, + Boruy, — Dupon — 9ill7, + Z 37 Tll6:(Copi + Bguy — gin)|17,- (81)

Lemma 4.2. The following holds for alln € {1,...,N},
HlpnlI2 + 311p2112 < Eaar + Espe + Etim- (82)

Proof. The estimates for py, and pj rely on the stability properties of the continuous problem. Thus, it is again
convenient to handle equations holding a.e. in [0, T rather than at the discrete times {t,}2_,. Let U, (resp.,

P;) be the continuous and piecewise affine function in time such that for alln € {0 ., N}, UM =U" (resp.,
P = P"). Let wy, and wy, be constructed in a similar way from {w?}_, and {wp N . Define p,, =U, —u
and p,r = P- — p. Observe that for a.e. t € [0,T] and for all v € V,,

@(pur,v) = b(v, ppr) = a(Ur, v) = b(v, Pr) = (f,v)1,

a(unr, Panv) — ( ahVs Phr) — (i V)L,
(fh'ra ah’l)) (f7 ) (fh‘f' 7f5/v)La7

while for all ¢ € Vg,
(Otpprs @) + 0(0tpur, @) + dppr, @) = c(0:Pr, q) + b(0:Ur, q) + d(Pr,q) — (9,9) L.
= C(atwp‘rv Q) + b(atwu'rv Q) + (Dﬂ'OPT, Q)Ld + d(P'm Q) + (ﬂogh'r -9, Q)Ld
= C(atwp‘ra Q) + b(atwu‘ra Q) + (D(ﬂ-OP‘r - PT)) Q)Ld + (71'09}”_ -9, q)L,ia
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where 7" P, is the piecewise constant function in time equal to P™ on I, for all n € {1,..., N}. Indeed, on each
time interval I,,,

c(Oepnr, q) + b(Osunr, q) = (Corpy, + Boruy,q)r,
= (gy + Dpp} — Bpowuy + By, q)r, = (97 + DP™,q) 1,

Testing the above equations with v := O;pu- and ¢ := pp, yields

%dt”PuTHi + %dtllp;u‘rlli + HpPTH?I = (th — [,0¢pur)L, + C(@twp.,.,pw) + b(atWUT; Pp‘r)
+ (D(WOPT - P'r)a pp'l')Ld + (Wogh'r - gvpp'r>Ld7

so that

%dt”PuTHi + %dt||PPT||2 < (th — [, 0¢pur)L, + '72”815“177'”5 + 62'72||atwu7|‘3
+ 7D Pr — P12, + [7°9ns — glI7.

Proceeding as usual yields for all n € {1,..., N} the bound (details are skipped for brevity)
N T T T
L2 + 3512 < B+ [ 2o s + [ 2870 () s + [ 21D, - P ()R s
0 0 0

The second and third terms in the upper bound yield the space error estimator fj‘spc owing to the fact that w,,
and wy, are piecewise affine in time so that

T N
/ 10upe ()25 = 3 it — w12,
0 m=1

A similar bound holds for w,,. By linearity and proceeding as in the proof of Lemma 4.1 yields

i — w2 < 266EM(5) + 20%csEN5(8:)  and [l — w2 < esE ().

Finally, the last term in the upper bound yields the time error estimator fj‘tim since

T N
/O ID(OP, — Po)(s)[2,ds = 3 Lr | D(P™ — PP)2
m=1

and for all m > 0, DP™ = Dpj" — Ry, (|

Theorem 4.2. For alln e {1,...,N},
Tl = uhlla + 11" = PhlIZ < Eaat + Espe + Euim + co&yy + es(5 + 7)€ 5. (83)
Proof. Use Lemma 4.1, Lemma 4.2, and the triangle inequality. (I

We will not attempt here to prove lower error bounds for the above error estimators; this goes beyond the
present scope. We will verify numerically in the following section that these estimators yield the expected,
optimal, order of convergence with respect to mesh size.
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ho' | u—unrlla | lp—paclle | (fy llp—pur DY ] (Jy o — 70pnrl12)"?
4 8123 — |b5.66e-3 — |2.75e-2 — 2.75e-2 —
8 | 2.15e-3 1.92 | 1.49¢-3 1.92 | 1.45e-2 0.92 1.45e-2 0.92
16 | 5.34e-4 2.01 | 3.73e-4 2.00 | 7.33e-3 0.98 7.33e-3 0.98
32 | 1.32e-4 2.02 | 9.21e-5 2.01 | 3.68¢e-3 0.99 3.68e-3 0.99
TABLE 1. Errors at final time and convergence rates under space refinement ; 7' = 0.1, 7 =
2.50e-4
T T
T | Mu—unrlla | Ip=puclle | Uy I =puclD? | (g P = 7%Pnr [5)'?
0.25| 5.10e-3 — | 5.64e-3 — | 1.68e-2 - 1.81e-2 -
0.2 | 4.13e-3 0.94 | 4.55e-3 0.96 | 1.39e-2 0.84 1.48e-2 0.93
0.1 | 2.12e-3 0.96 | 2.31e-3 0.98 | 7.58e-3 0.87 7.74e-3 0.93
0.05 | 1.07e-3 0.99 | 1.16e-3 0.99 | 4.24e-3 0.83 4.26e-3 0.86
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TABLE 2. Errors at final time and convergence rates under time refinement ; T=1, hg = 1/128

5. NUMERICAL RESULTS

We consider the following analytical solution of (1)-(2) on the domain Q = (0,1) x (0,1),

_exp(—=At) [ cos(nz)sin(my)

o sin(rz) cos(ry) |’ p(t, x,y) = exp(—At) sin(nz) sin(my),

u(t,z,y) =

2
with A = 25
b+’

ratio v = 0.4 and a Young modulus F = %. Convergence rates in space are evaluated on a series of uniformly
refined structured triangulations based on a boundary mesh step hy.

Tables 1 and 2 present the convergence results (under space and time refinement respectively) for the ap-
proximation errors measured in various norms. All the convergence rates match those predicted by the a priori
error analysis. An important observation is that in all cases, the total error is dominated by the L7(H})-error
on the p-component.

To assess the a posteriori error estimate obtained with the direct approach, see (49), we evaluate the quantities

k= 0.05, b = 0.75, % = 2%. The Lamé coefficients are \; = % and A\ = %, yielding a Poisson

N 2 N N b
& Sma & 1 _
m = <Z ng;?o) ) T2 = sup (5;”)27 N3 = Z (5;”(615))27 N4 = (Z TmeT}? —P;ln 1”3) 5 (84)
m=1 Osms<N m=1 m=1
as well as the efficiency indices
m+mn2+ns+m « mtn2tnz+m

T o= Bt o= B2 T =l o — 2R )
Recall that 71, n2, and 73 are associated with the space error estimator and that 74 is associated with the
time error estimator. For brevity, we concentrate here on these two estimators. Tables 3 and 4 present the
results obtained under space and time refinement, respectively. All the observed convergence rates match the
theoretical predictions. Moreover, the efficiency index Z.g takes values between 2 and 3, indicating that the
present estimators behave quite satisfactorily to control the pressure error in the L?(H})-norm. As expected,
the situation is quite different if one attempts to control the displacement error in the L$°(H})-norm. As
reflected by the efficiency index Z; which increases as the mesh is refined, this latter error converges faster to

zero than the estimator derived using the direct approach.
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ho m 2 3 N4 Texg Il
4 6.34e-2 — 9.53e-2 - 8.17e-3 - 1.45e-3 — 3.13 11.43
8 3.33e-2 0.93 | 2.57e-2 1.89 | 2.75e-3 1.57 | 7.67e-4 0.92 | 2.18 15.33
16 | 1.71e-2 0.96 | 6.63e-3 1.96 | 7.13e-4 1.94 | 3.89¢-4 0.98 | 1.70 23.81
32 | 8.62e-3 0.98 | 1.68¢-3 1.98 | 1.80e-4 1.99 | 1.96e-4 0.99 | 1.45 41.19

TABLE 3. A posteriori error estimates using the direct approach and convergence rates under
space refinement ; T = 0.1, 7 = 2.50e-4

T m 2 73 74 T Tl
0.25 | 4.33e-3 1.07e-4 1.15e-4 | 4.70e-2 — 1.48 4.80
0.2 | 4.37e-3 1.02e-4 1.04e-4 | 3.85e-2 0.90 | 1.51 4.95
0.1 | 4.45e-3 9.93e-5 8.25e-5| 2.0le-2 0.93 | 1.62 5.58
0.05 | 4.49e-3 1.02e-4 7.38e-5| 1.03e-2 0.96 | 1.77 6.69

TABLE 4. A posteriori error estimates using the direct approach and convergence rates under
time refinement ; T'=1, hg = 1/128

hg'! 15 6 17 s Tett
4 [132e0 — |1.1462 | 15502 2182 — |169.43
8 | 2.0le-1 2.74 | 7.82¢-3 | 5.70e-3 1.44 | 5.83e-3 1.90 | 120.26
16 | 4.36e-2 2.21 | 7.58¢-3 | 1.79¢-3  1.67 | 1.50e-3 1.96 | 97.49
32 | 1.04e-2 2.07 | 7.55¢-3 | 4.93e-4 1.86 | 3.77e-4 1.98 | 19.59

TABLE 5. A posteriori error estimates using elliptic reconstruction and convergence rates under
space refinement ; T =1, 7 =0.1

To assess the a posteriori error estimate using elliptic reconstruction, see (83), we evaluate the quantities

N 3
15 = (Z Ton (E51(8¢) + 55”(&))) com=EN)E =)V (86)
m=1
N 3
N6 = <71|C5tp;11 + Boyuh, — Dapon — ghll2 + Y 7 |16:(Copy + Boyup’ — 92")|3> ; (87)
m=2
as well as the efficiency index
+ 16 + 17 +
Togt = 5 ™M N7 T8 (88)

[u? = up o + PN = phzlle

Recall that 75 is associated with the space error indicator and that 7g is associated with the time error indicator.
Moreover, 777 and ng control the error between the discrete solution and its elliptic reconstruction; see Lemma 4.1.
Table 5 presents the results obtained under space refinement. The observed orders of convergence match
theoretical predictions, with a slight super-convergence for 15 and a slight sub-convergence for 77 on the (very)
coarse meshes. The quantity 7g, which is related to the time error, remains at a fairly constant value under
space refinement. Additional tests (not reported here for brevity) indicate that ng converges with order close
to 1 under time refinement. Finally, we observe that the efficiency index is quite large, especially on the (very)
coarse meshes.
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6. CONCLUSIONS

We have analyzed Euler—Galerkin approximations to coupled elliptic—parabolic problems with application to
poroelasticity. In particular, we have obtained a posteriori error estimates delivering certified upper bounds
for the approximation error in the sense that all the constants in the estimates have been specified. This
can be an important feature in numerical simulations aiming at performance assessment of underground waste
repositories. Furthermore, we have proposed an extension of the elliptic reconstruction technique introduced
by Makridakis and Nochetto for linear parabolic problems to the present setting. This technique yields a
posteriori error estimates that converge optimally for the w-component, but at the price of less favorable
efficiency indices especially on (very) coarse meshes. Finally, we point out that the present work can be
extended in many directions, including the use of time-dependent meshes and adaptive simulations driven by
the present a posteriori error estimators.

Acknowledgment. The authors are grateful to Olivier Boiteau, Clément Chavant and Gérald Nicolas (EdF
R&D) for fruitful discussions and instrumental help with the implementation in Code_Aster.
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