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Abstract

In this work, we consider the popular P1-RT0-PO discretization of the three-field formulation of Biot’s consolidation problem.
Since this finite-element formulation is not uniformly stable with respect to the physical parameters, several issues arise in
numerical simulations. For example, when the permeability is small with respect to the mesh size, volumetric locking may
occur. To alleviate such problems, we consider a well-known stabilization technique with face bubble functions. We then design a
perturbation of the bilinear form, which allows for local elimination of the bubble functions. We further prove that such perturbation
is consistent and the resulting scheme has optimal approximation properties for both Biot’s model as well as the Stokes’ equations.
For the former, the number of degrees of freedom is the same as for the classical PI-RT0-PO discretization and for the latter
(Stokes’ equations) the number of degrees of freedom is the same as for a P1-PO discretization. We present numerical tests
confirming the theoretical results for the poroelastic and the Stokes’ test problems.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

The interaction between the deformation and fluid flow in a fluid-saturated porous medium is the object of study in
poroelasticity theory. Such coupling has been modeled in the early one-dimensional work of Terzaghi [1]. A more
general three-dimensional mathematical formulation was then established by Maurice Biot in several pioneering
publications (see [2] and [3]). Biot’s models are widely used nowadays in the modeling of many applications
in different fields, ranging from geomechanics and petroleum engineering, to biomechanics. The existence and
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uniqueness of the solution for these problems have been investigated by Showalter in [4] and by Zenisek in
[5]. Regarding the numerical simulation of the poroelasticity equations, there have been numerous contributions
using finite-difference schemes [6,7] and finite-volume methods (see [8,9] for recent developments). Finite-element
methods, which are the subject of this work, have also been considered (see for example the monograph by Lewis and
Schrefler [10] and the references therein).

Stable finite-element schemes are constructed by either choosing discrete spaces satisfying appropriate inf—sup
(or LBB) conditions, or applying suitable stabilization techniques to unstable finite-element pairs. For two-field
(displacement—pressure) formulations of Biot’s problem, the classical Taylor—Hood elements belong to the first
class [11-13], as well as the MINI element [14]. On the other hand, a stabilized discretization based on linear
finite elements for both displacements and pressure was recently analyzed in [14], and belongs to the second type.
Regarding three-field formulations, which include the Darcy velocity as an unknown, several conforming and non-
conforming discretizations involving Stokes-stable finite-element spaces were proposed in recent years. For instance,
a stable finite-element method based on non-conforming Crouzeix—Raviart finite elements for the displacements,
lowest order Raviart-Thomas—Nédélec elements for the Darcy velocity, and piecewise constants for the pressure
was proposed in [15]. In [16], a family of parameter-robust three-field finite-element schemes were proposed and
analyzed and a general theory for the error analysis was introduced. Additionally, a novel three-field formulation
based on displacement, pressure, and total pressure was proposed in [17] with error estimates independent of the
Lamé constants, yielding a locking-free approach. Furthermore, in [18], one finds a parameter-robust error analysis
and optimal preconditioning techniques for several discretizations of three-field formulations for Biot’s model. For a
four-field formulation of the problem, which includes the stress tensor, the fluid flux, the solid displacement, and the
pore pressure as unknowns, a stable approach is proposed in [19]. In that work, two sets of mixed finite elements,
one for linear elasticity and one for mixed Poisson, are coupled for the spatial discretization. Finally, stable iterative
schemes, such as the fixed stress method, have also been developed and analyzed for formulations of Biot’s model
(e.g., [20,21]).

This paper focuses on the three-field formulation, which has received a lot of attention from the point of view
of novel discretizations [22-24], as well as for the design of efficient solvers [25-27]. Because of its application to
existing reservoir engineering simulators, one of the most frequently considered schemes is a three-field formulation
based on piecewise linear elements for displacements, Raviart-Thomas—Nédélec elements for the fluid flux, and
piecewise constants for the pressure. This element, however, does not satisfy an inf—sup condition uniformly with
respect to the physical parameters of the problem. Thus, we propose a stabilization of this popular element which
gives rise to uniform error bounds, keeping the same number of degrees of freedom as in the original method.

A consequence of our analysis is that a new stable scheme for the Stokes’ equations is derived. The resulting
method can be seen as a perturbation of the well-known unstable pair based on piecewise linear and piecewise constant
elements for velocities and pressure, respectively (P1-P0). However, this perturbation yields a stable finite-element
pair for Stokes, which has the lowest possible number of degrees of freedom.

The rest of the paper is organized as follows. Section 2 is devoted to describing Biot’s problem and, in particular,
the considered three-field formulation and its discretization. A numerical example is given, illustrating the difficulties
that appear when using the standard, unstabilized, approach. In Section 3, we introduce the stabilized scheme in which
we consider the enrichment of the piecewise linear continuous finite-element space with edge/face (2D/3D) bubble
functions. Section 4 is devoted to the local elimination of the bubbles to maintain the same number of degrees of
freedom as in the original scheme. The well-posedness of the resulting scheme, as well as the corresponding error
analysis are also provided here. In Section 5, we present the Stokes-stable finite-element method based on P1-PO finite
elements obtained by following the same strategy as presented in the previous sections for poroelasticity. Finally, in
Section 6, we confirm the uniform convergence properties of the stabilized schemes for both poroelasticity and Stokes’
equations through some numerical tests.

2. Preliminaries: model problem and notation

We consider the quasi-static Biot’s model for consolidation in a linearly elastic, homogeneous, and isotropic porous
medium saturated by an incompressible Newtonian fluid. According to Biot’s theory [2], the mathematical model of
the consolidation process is described by the following system of partial differential equations (PDEs) in a domain



C. Rodrigo et al. / Comput. Methods Appl. Mech. Engrg. 341 (2018) 467484 469

2 ¢ RY, d = 2,3 with sufficiently smooth boundary I" = 32:

equilibrium equation: —dive’ +aV p = pg, in{2, D
constitutive equation: ¢’ = 2ue(m) + Adiv@w)l, in {2, 2)
compatibility condition:  e(u) = %(Vu +Vu'), inf2, 3)
Darcy’s law: w = —MLfK(Vp —psg), inf2, @)

continuity equation: aat ( ! p+a div u) +divw=f, in{2, 5)

where A and u are the Lamé coefficients, M is the Biot modulus, and @ = 1 — —” is the Biot—Willis constant. Here, K,
and K denote the drained and the solid phase bulk moduli. As is customary, K stands for the absolute permeability
tensor, 1 s is the viscosity of the fluid, and I is the identity tensor. The unknown functions are the displacement vector
u and the pore pressure p. The effective stress tensor and the strain tensor are denoted by ¢’ and e, respectively. The
percolation velocity of the fluid, or Darcy’s velocity, relative to the soil is denoted by w and the vector-valued function
g represents the gravitational force. The bulk density is p = ¢ps + (1 — ¢)p,, where p, and p are the densities of
solid and fluid phases and ¢ is the porosity. Finally, the source term f represents a forced fluid extraction or injection
process.

Our focus here is on the so-called three-field formulation in which Darcy’s velocity, w, is also a primary unknown
in addition to u and p. As a result, we have the following system of PDEs:

—dive’ +aVp = pg, where o' =2ue(m) + Adiv@m)l, (6)

K~ upw +Vp =pye. )

88I<1p+ad1vu)+divw=f. ®)
This system is often subject to the following set of boundary conditions:

p=0, for xeI,, o¢'n=0, for x eI}, )

u=0, for xel,, SZ 0, for xel, (10)

where n is the outward unit normal to the boundary, T =T,UT,, with I, and I being open (with respect to ")
subsets of I" with nonzero measure. In the following, we omit the symbol “-” over I} and I, as it will be clear from
the context that the essential boundary conditions are imposed on closed subsets of I'. Non-homogeneous boundary
conditions are also of interest. Note that Dirichlet boundary conditions for p imply Neumann boundary conditions for
w and vice-versa.

The initial condition at ¢ = 0 is given by,

1
(Mp—i—adivu) x,00=0, x € £, 11)

which yields the following mixed formulation of Biot’s three-field consolidation model:
For each t € (0, T, find (u(?), w(t), p(t)) € V x W x Q such that

a(u,v) — (ap,divv) = (pg,v), Vvev, (12)
(K 'ppw,r)— (p,divr) = (psg, 1), YreWw, (13)
1 dp . ou .
(Ma,q)+(otdwa,q)+(d1vw,q):(f,q), VqeO, (14)
where,

a(u,v) = Z,u/ e(u):e(v)+ A/ divu divv, (15)
o) 0]
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corresponds to linear elasticity. The function spaces used in the variational form are
V={uecH ) luls =0}
W= {weH(div, 2)| (w-n)|r. =0},
0 =LY,

where H'(f2) is the space of square integrable vector-valued functions whose first derivatives are also square

integrable, and H(div, {2) contains the square integrable vector-valued functions with square integrable divergence.
We recall that the well-posedness of the continuous problem was established by Showalter [4], and, for the three-

field formulation by Lipnikov [28]. Next, we focus on the behavior of some classical discretizations of Biot’s model.

2.1. Discretizations

First, we partition the domain {2 into n-dimensional simplices and denote the resulting partition with 7, i.e., 2 =
UTGET. Further, with every simplex T' € T, we associate two quantities which characterize its shape: the diameter of
T, hy = diam(T), and the radius, pr, of the n-dimensional ball inscribed in T'. The simplicial mesh is shape regular
if and only if A7 /pr < 1 uniformly with respectto 7.

With the partitioning, 7;,, we associate a triple of piecewise polynomial, finite-dimensional spaces,

vicV, W,cW, Q,cCao. (16)
While we specify two choices of the space V), later, we fix W, and Q) as follows,

W, ={w, € W|wy|r =a+ nx, acR?, nelR, VT €T},

Qn=1{qn € Qlanlr € Po(T), VT € Ty},

where Py(T') is the one-dimensional space of constant functions on 7. We note that the inclusions listed in (16)
imply that the elements of V), are continuous on {2, the functions in W), have continuous normal components across
element boundaries, and that the functions in Q, are in L%({2). This choice of W, is the standard lowest order Raviart—
Thomas—Nédélec space (RT0) and Q}, is the piecewise constant space (P0).

Finally, using backward Euler as a time discretization on a time interval (0, #.x] With constant time-step size t,
the discrete scheme corresponding to the three-field formulation (12)—(14) reads:

Find (), w}}, p;’) € Vi x W), x Q), such that

a(uy ,vy) — (apy', divwy) = (pg,vi), Vvi € Vy, 17)

t(Kwwl ) — (pl, divey) = t(psg, ), Y, € Wy, (18)
1 : m . m ing

(MP’T’ qh> + (adiva), gn) + t(divw)’, g)) = (f, qn), Y qu € Q. (19)

where (£, g) = t(f, q) + (5 p7 ", qn) + (e diva] ™", g4), and,
(uZlﬂ w’]:’:v pZ1) ~ (u('5 Z‘I’I’l)’ W(-, tl?l)? p('y tm)) ’ tm = mT7 m = 15 27 e

Note that (18) has been scaled by 7 for symmetry reasons.
2.2. Effects of permeability on the error of approximation

For V), we start with a popular finite-element approximation for (12)—(14) by choosing
Vi=Vui, with V= {v, €V |wlr e [P, forall T € Ty},

where IP|(T') is the space of linear polynomials on T' € Tj,. Then, V}, | is the space of piecewise linear (with respect to
Ti), continuous vector-valued functions. For uniformly positive definite permeability tensor, K, such choice of spaces
has been successfully employed for numerical simulations of Biot’s consolidation model (see [23,28]). However, the
heuristic considerations that expose some of the issues with this discretization are observed in cases when K — 0. In
such cases, w — 0 and the discrete problem approaches a P1-P0 discretization of the Stokes’ equation. As it is well
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Table 2.1
Energy norm and L2-norm for displacement and pressure errors, respectively, for various values of hydraulic conductivity, & = (k/u 7> and number
of elements in each direction, N. Results confirm poor approximation when « /4 is small.

N =38 N =16 N =32 N =64 N =128
o= 10-4 lle —uplla 0.0209 0.0089 0.0043 0.0022 0.0011
- lp — pullg2 0.0535 0.0088 0.0015 0.0003 7.38 x 1073
—10-6 luw —unlla 0.0477 0.0271 0.0060 0.0022 0.0011
= lp — pullg2 0.3277 0.3199 0.0763 0.0099 0.0012
= 10-8 lle — uplla 0.0503 0.0497 0.0418 0.0147 0.0019
- lp — pullg2 0.3553 0.7157 1.1509 0.6537 0.1152
« — 10-10 lle — uplla 0.0503 0.0503 0.0501 0.0484 0.0330
- lp — pullg2 0.3550 0.7271 1.4576 2.7836 3.4508

known, the element pair, Vj, 1 x Qj, does not satisfy the inf—sup condition and is unstable for the Stokes’ problem. In
fact, on a uniform grid in 2D, it is easy to prove that volumetric locking occurs, namely, that the only divergence-free
function from V), ; is the zero function. More precisely,

dim(Qj,) > dimV;, > dimRange(div;,), div, = div \V/ .

These inequalities imply that div;, is not an onto operator, and, hence, the pair of spaces violates the inf-sup condition
associated with the discrete Stokes’ problem. More details on this undesirable phenomenon for Stokes are found in
the classical monograph [29] and also in [30, pp. 45-100] and [31].

Here, we demonstrate numerically that for Biot’s model, the error in the finite-element approximation does not
decrease when the permeability is small relative to the mesh size. We consider 2 = (0, 1) x (0, 1), and approximate
(12)—(14) subject to homogeneous Dirichlet boundary conditions for #, and Neumann boundary conditions for p for
the rest of I'. We cover {2 with a uniform triangular grid by dividing an N x N uniform square mesh into right
triangles, where the mesh spacing is defined by & = % The material parametersare A =2, u =1, uy =1, =1,
and M = 10°. We consider a diagonal permeability tensor K = kI with constant k, and introduce the hydraulic
conductivity, k = k/uu . The other data is set so that the exact solution is given by

u(x,y, t) = curlyp = (ngww) e, y) =[xy —x)(1 = P,
px,y,t)=1.

Finally, we set T = 1 and t.x = 1, so that we only perform one time step.

As seen in Table 2.1 the energy norm (||v||f‘ := a(v, v) for v € V) for the displacement errors and the L2-norm for
pressure errors do not decrease until the mesh size is sufficiently small (compared with the permeability). Thus for
small permeabilities, this could result in expensive discretizations which are less applicable to practical situations.

3. Stabilization and perturbation of the bilinear form

To resolve the above issue, we introduce a well-known stabilization technique based on enrichment of the piecewise
linear continuous finite-element space, V}, |, with edge/face (2D/3D) bubble functions (see [32, pp. 145-149]). The
discretization described below is based on a Stokes-stable pair of spaces (V;, Q) with V;, D V), ;. As we show later, in
Section 4, this stabilization gives a proper finite-element approximation of the solution of Biot’s model independently
of the size of the permeability, K, or hydraulic conductivity, k.

3.1. Stabilization by face bubbles

To define the enriched space, following [32], consider the set of (d — 1) dimensional faces from 7}, and denote this
set by £ = £°2 U &7, where £° is the set of interior faces (shared by two elements) and £ is the set of faces on the
boundary. In addition, £'7 is the set of faces on the boundary I, and £%' = £° N E". Note, if I, = 32 (pure traction
boundary condition), then ETt = £9 and £>' = £. For any face e € £%, such thate € 9T, and T € T, let n, 7 be the
outward (with respect to 7') unit normal vector to e. With every face e € £, we also associate a unit vector n, which
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is orthogonal to it. Clearly, if e € T we have n, = £n, 7. For the boundary faces e € &9, we always setn, = n, r,
where T is the unique element for which we have e C d7. For the interior faces, the particular direction of n, is not
important, although it is important that this direction is fixed. More precisely,

n,=n,r+=-n,r- if e=T"NT", and T*eT,. (20)
Further, with every face e € £, e = TT N T, we associate a vector-valued function ®,,
d+1
®, =gn,, with @| =¢,7+, and @, 7+ = ]‘[ A7 (1)
T* k=1k#j*E
where A 7=,k = 1,...,(d + 1) are barycentric coordinates on 7% and j* is the vertex opposite to the face e in T+.

We note that @, € V is a continuous piecewise polynomial function of degree d.
Finally, the stabilized finite-element space V), is defined as

Vi=Vi1®Vy, V,=span{P,},ecor. (22)

The degrees of freedom associated with V;, are the values at the vertices of 7, and the total flux through e € £ of
({ — IT))vy, where I is the standard piecewise linear interpolant, /7, : C (£2) — V}, 1. Then, the canonical interpolant,
II : C(f2) — V,, is defined as:

Dv=1Iy+ Y v®., v= |l7 /(1 — II)v.
ec£0! ¢
With this choice of V), the variational form, (17)—(19), remains the same and we have the following block form of the
discrete problem:

U, Ay, Ap 0 Gy

u | . AL A0 G
w|=b with A=170" 5 m, <G6 |
P G, G/ G" -Mm,
where U,, U;, W and P are the unknown vectors for the bubble components of the displacement, the piecewise linear

components of the displacement, the Darcy velocity, and the pressure, respectively. The blocks in the definition of A
correspond to the following bilinear forms:

A (23)

a@l,v)) — Ap, aluh,vi) — Ay, a),vh) — Ay,
—(apy, divd) = Gy, —(app, divvl) — G, —(pp,dive,) — G,

_ 1
(K~ pwp, ) — My, (MPh»‘M) - M,,

where u, = ul, +u’,ul € V,1,u’ € V}, and an analogous decomposition for v,.
Next, we define the following notion of stability for discretizations of Biot’s model needed for the analysis.

Definition 3.1. The triple of spaces Vi, W, éh) is Stokes—Biot stable if and only if the following conditions are
satisfied:
o a(up,vy) < Cylluplly|[vally, for all w, € Vi, v, € Viy;
o a(u, uy) = ayluyll}, forallu, € Vy;
e The pair of spaces (Wy, éh) is Poisson stable, i.e., it satisfies stability and continuity conditions required by the
mixed discretizationNof tge Poisson equation;
e The pair of spaces (V,, Q) is Stokes stable.

Here, || - || and | - || denote the standard H' norm and L? norm, respectively.

As mentioned earlier, the authors in [16] also propose a parameter-robust stable scheme for Biot’s system based on
the conditions above. Following the same idea, here, we introduce a norm on V, x W), x Qp:

) 1/2
@, wa pul = [lanlla + T lwal, -+ 2 N divwal? + glpnl?] (24)

n

where ¢ = /A +2p/d, & = ‘;—i + 45 and lrll g1y, = (K~ pr, )2,
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Further, we associate a composite bilinear form on the space, V;, x W, x Qy,

B, Wiy Pis Vs Ths qn) = a(up, vy) — (apy, divvy) + ©(K " wewp, 1) — ©(pp, divey,)

1 . .
- (Mph, qh> — (adivuy, ) — t(divwy, gp).

We then have the following theorem which shows that on every time step the discrete problem is solvable.

Theorem 3.2. If the triple (V;,, Wy, Qy,) is Stokes—Biot stable, then:

B(, -, - -, -, ) is continuous with respect to ||(-, -, )|, and
the following inf—sup condition holds.
B(un, Wi, Pis Vs Ty qn)

sup >y l@n, ras gl (25)
Onrai) Vi x Wy x O Il @rn, wr, pu)ll

with a constant y > 0 independent of mesh size h, time step size t, and the physical parameters.
Proof. The proof of Theorem 3.2 follows directly from Case I in the proof found in [16, Theorem 6]. [

Remark 3.3. The weighted norm, (24), used here is slightly different from the norm used in [16]. In [16], the authors
are concerned with the tightness of the bounds for the stability analysis. This is not the focus here, but nevertheless,
(24) also provides parameter-robustness, while still involving the bulk modulus A + 2u/d. This gives the norm some
physical meaning and has been shown to be effective in practice for other iterative schemes such as the fixed-stress
splitting scheme [20].

Note that if we replace a(-, -) with any spectrally equivalent bilinear form on V), x V},, the same stability result
holds true. In the next section, we introduce such a spectrally equivalent bilinear form which allows for: (1) Efficient
elimination of the degrees of freedom corresponding to the bubble functions via static condensation; and (2) Derivation
of optimal error estimates for the fully discrete problem, following the analysis in [33].

4. Local perturbation of the bilinear form and elimination of bubbles

A straightforward elimination of the edge/face bubbles is not local, and, in general, leads to a prohibitively large
number of non-zeros in the resulting linear system. To resolve this, we introduce a consistent perturbation of a(-, -),
which has a diagonal matrix representation. It is then easy to eliminate the unknowns corresponding to the bubble
functions in V;, with no fill-in. This leads to a stable P1-RTO0-PO discretization for the Biot’s model and, consequently,
to a stable P1-PO discretization for the Stokes’ equation.

First, consider a natural decomposition of u € V,:

u=u +u,=IMu+ Z u, P, (26)
—
u ec£0!
up
and the local bilinear forms for T € 7;,,u € V;,,andv € V:
ar(u,v) = 2u/ e(m):elv)+ A/ divu div. 227)
T T

For the restriction of a(-, -) onto the space spanned by bubble functions V;, we have

ap(wy, vp) = aup, vp) = Y apr@p,vy)= Y Y uvsar(®y, B,).

TeTy, TeT) e,e’edT
On each element, T € 7}, then introduce

dypr@,v)=(d+1) Y uvear(®., ®,),  dpu,v)= > dyr(,v). (28)
ecdT TeTy

Replacing ay (-, -) with dy (-, -) gives a perturbation, a®(-, -), of a(-, -):

aP @, v) = dy(up, vp) + a(up, v) + a(uy, vy) + aug, vy). (29)
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4.1. A spectral equivalence result

To prove that the form a”(., -) and a(., -) are spectrally equivalent, we need several auxiliary results. First, recall

the definition of the rigid body motions (modes), 2R on R¢:
R={v=a+bx|acR’ besod]},

where so(d) is the algebra of skew-symmetric (d x d) matrices. The dimension of R is %d(d + 1) and its elements
are component-wise linear vector-valued functions.

Next, recall the classical Korn inequality [34,35] foru € H'(Y) for a domain ¥ C R¢, star-shaped with respect to
a ball. As shown by Kondratiev and Oleinik in [36,37],

infd) Ve —mll2r) S le@)ll2y), (30)

meso(

where the constant hidden in < depends on the shape regularity of Y, that is, on the ratio %. For convenience
when referencing (30) later, we state the following lemma, which gives a simpler version of the inequality defined on
simplices, where Y =T € 7.

Lemma 4.1. Let T;, be a shape-regular simplicial mesh covering (2. Then, the following inequality holds for any

T e€T,andu e H(T):

inf ) Vu — m||L2(T) S ”‘9(u)”L2(T)’ (€1}

meso(n

where the constant hidden in “<” depends on the shape regularity constant of Ty,.

Defining the unscaled bilinear form, gb,T,

dp.r(@,v) =Y uvear(®,, d,), (32)

ecoT

we have the following local, spectral equivalence result.

Lemma 4.2. For all T € T, the following inequalities hold:
nrdy,r(u,u) < apr(@u) < (d + Ddyr@,w), forall eV, (33)

where the constant nr is independent of ht and pr.

Proof. Set a.., = ap (P, ®.) and note that a,, = Eb,T(Qe, ®,) for all e, ¢ € dT. The upper bound follows
immediately by two applications of the Cauchy—Schwarz inequality:

2
ab,T(uv u) = Z Aee' Ul < Z \/aeeae’e’lueue’| = (Z \/aee|ue|)

e, e'€dT e,e'€dT ecdT

IA

d+1)) et = (d+ Dy 7 u).

ecdT
We prove the lower bound by establishing the following inequalities for u € Vj:
W el a S apr,w), and  dy G, w) S |l s, (34)

By definition for all # € V,, and all rigid body modes v € R, we have that I[[ju = 0 and II;+ = t. The classical
interpolation estimates found in [38, Chapter 3] give

leell 3oy = Nl = v = Ihi(@ = O35y S hFIV@ = Ol
Taking the infimum over all t € YR and applying Korn’s inequality (Lemma 4.1) then yields

-2 2 : 2 : 2 2
hT ||u||L2(T) 5 r]élDf% ”V(u - t)”LZ(T) = mé?g‘(d) ”V” - m||L2(T) 5 ”8(u)”L2(7‘)'



C. Rodrigo et al. / Comput. Methods Appl. Mech. Engrg. 341 (2018) 467484 475

This shows the first inequality in (34), and to prove the second inequality, we note that from the definition of gb,T(', 2
and the inverse inequality, we have that

5 2 2 : 2 -2 2 2
T, w) S Y w2 [ IV, + 2 div @el2sp | S 172 D w210,
ecdT ecdT

Recalling the definition of &, in (21) and the formula for integrating powers of the barycentric coordinates, gives

.. 1d!
®, = gn,, /xfl b gy =T Pl Pari . (35)
T B+ -+ Bay1 +d)!
It follows that ||<I>g||2Lz(T) = ¢4|T| and fT b, P, = %chTI((See/ + n, - ny), with ¢; = ‘(Ié—dzj. As the Gram matrix

(e - 1y )e e cor 18 poOsitive semi-definite,

2 2 2 2
Y Rl = calTI Y u <cdlTI| Y ul+ Y uete(n, -ny)

ecdT ecdT ecdT e,e'edT

2
Z u, e,

ecdT

2
LXTY

= |lul|l
LX(T)

Multiplying by h;z on both sides of this inequality furnishes the proof of (34), completing the proof of the lemma. [

Next, we show the spectral equivalence for the bilinear forms a(-, -) and a”(., -).

Lemma 4.3. The following inequalities hold:
a(u,u) < a’u,u) <na(,u), forall ueV,

where n depends on the shape regularity of the mesh.

Proof. Letu € V,, u = u; + u;,. From the definition of dj(-, -) in (28), ap 7 (wp, up) < dp.r(up, up), and the lower
bound follows immediately:

a(u,u) — a® W, u) = ap(up, up) — dp(up, up) = Z lap, 7 (up, up) — dp 7 (up, up)] < 0.
TeTy

To prove the upper bound, we use the following local estimate, which is established using an inverse inequality, a
standard interpolation estimate, and II;t = ¢ for all rigid body modes t € ‘R,

ar(p, up) S VUl o0 S b sl 7o, = hy’lle — ull?s o,
= h7ll@ —©) — @ =)o) S IV =070
Taking the infimum over all v € R and applying the Korn’s inequality (Lemma 4.1) then yields
< i — 2 — _ 2 < 2
aT(llb, ub) ~ 'clgif{ ”V(u t)”LZ(T) - mélgof(d) ”Vu m||L2(T) ~ ”8(u)”L2(T)
This inequality, combined with the definition of aP(-, ), and the lower bound in Lemma 4.2 gives,

aP(u,u) = a(,w)+ Y dy 1y, wp) — ar(uy, up)

TeTy
d+1
< a(u,u)+ Z < - 1) ar(up, up)
TeTy T
d+1
fs a(u’ u) + Z <_ - 1) ||8(u)||iZ(T)
TeTy, r

<a(u,u). O
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Since we have shown that the bilinear form a?(-, -) can replace a(-, -) in Definition 3.1, then Theorem 3.2 holds

when the bilinear form, B(-, -, - ; -, -, -), has a?(-, -) instead of a(-, -). Thus, the variational problem,
a®@j' vy) — (apy' . divv,) = (0g.vi), YV vy € Vi, (36)
(K~ wpwit m) — (py. divey) = (pgg.m), Yy € Wy, 37)
(%ipl’f, qh> + (adivouy, gu) + divwy', gn) = (frqn),  Van € O, (38)

has a unique solution and defines an invertible operator with inverse bounded independent of the mesh size h. This
observation plays a crucial role in the error estimates in the next subsection.
For later comparison, we define following block form of the discrete problem:

U, DbTb Ap 0 Gy
p|lU | _ . p__ | Ay Au 0 G
A wl= b, with A” = 0 0o M, G |’ (39)
P G, G/ G" -m,

where everything is defined as before and Dy, corresponds to aD(uZ, vf,).
4.2. Error estimates for the fully discrete problem
To derive the error analysis of the fully discrete scheme, following the standard error analysis of time-dependent

problems in Thomée [39], we first define the following elliptic projections u;, € V;, w, € W, and p, € O, fort > 0
as usual,

aP @y, vy) — (@pp, divvy) = au, vy) — (ap, divvy), Yy, € V,, (40)
(K~ wywn, r) — (Pr, divey) = (K~ ' wyw, r) — (p, divey),  Vr, € Wy, (41)
(divwy, gn) = (divw, g1), VYqu € Q. (42)

Note that the above elliptic projections are decoupled; w;, and p; are defined by (41) and (42), which is a mixed
formulation of the Poisson equation. Therefore, the existence and uniqueness of w;, and p; follow directly from
standard results. After p;, is defined, &, is then determined by solving (40), which is a linear elasticity problem, and

again the existence and uniqueness of #;, follow from standard results. Now, we split the errors as follows,
u(t,) — uy = w(t,) — (1)) — (), — (1)) = py — ey,

Ww(tn) — Wy = W(t,) — Wi(ty)) — (W, — wi(t)) = py, — ey,

n

p(l,,) — p;rll = (p(tn) - p_h(tn)) - (PZ - ﬁh(l”)) = 'OZ - eP'

Lemma 4.4. The following error estimates for the elliptic projections defined in (40)—(42) hold for t > 0,

loulli < ch (llull2 +1Ipl1) (43)
lowll < chllwl, (44)
lopll = ch (lplls + lIwll1) . (45)

Proof. Error estimates in (44) and (45) follow from the error analysis of the mixed formulation of Poisson problems.
The estimate (43) follows from the triangle inequality:

lPullt < lluw — Ihally + ([ LI yu — |,

where ITu is the linear interpolant of u. Using the coercivity of a”(-, -) and that a® (ITyu, v;) = a(ILyu, v;) Yv;, € Vj,
for the linear function, IIju, we get,

ap I hu — iy} < a®(Ihu — iy, Ihu — @) = a(llu, u — i) — a® Gy, Do — ).
Taking into account that @, is the solution of Eq. (40),
of | Ihu — ||} < a(Ihu —u, Ihu — i) + a(p — py, div(Iu — i)
< CYLu —uly || ILu — aylly +allp — pulll L — ;.
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Then, it follows that
cP o
loulli < (1 + —LV)) lu — Ihully + —5 eyl
oy oy

The error estimate in (43) is obtained by using (45) and the standard error estimates for linear finite elements. [

We similarly define the elliptic projection, d,u;, d,wy, and 9, pj, of d,uy, d,wy,, and 9, p, respectively. This gives
similar estimates as above for 9, 0, 9; oy, and 9;0,, where on the right-hand side of the inequalities we use norms of
o:uy,, 0;wy,, and 0; pj, instead of the norms of u;,, wy,, and pj, respectively.

Next, we estimate the errors, e, e, and e, using the following norm,

1 172
— 2 2 2
@, Whs pi)llen = <||uh||1 + TIIWhIIK_IM + <_M + 1) Il pnll ) ,

where IIWhIIéqM = (K~ pwywn, wp).
Lemma 4.5. Let R = du(rj) — 207001 1,

1 " )
e ey epllen < e | llegll + o llepll+7 IR | - (46)
j=1

Proof. Choosingv = v, in (12),r = rj in (13), and g = ¢, in (14), subtracting these equations from (36)—(38), and
using the definition of elliptic projections given in (40), (41), and (42) yields,

aP(eyl,vi) — (e, divv,) =0, 47)
(K™ el rn — (e divry) =0, 48)
l - o M . m . m
- (ﬁ ey, 61h> — (divd,e,, gn) — (divey, gn) = —(div R/, gn). (49)
Then, choosing v;, = 5,e;", r, =e, and g = —eg‘ in (47), (48), and (49), respectively, and adding these equations,
yields,

1 1
2 2 2 —1 1 .
leg oo +Tlley i1, + Mlle’;fll < lleg'llaolleg  llo + Mlle'}flllle’;’ I+ Tl div R €51l

Ky
Using the inf—sup condition corresponding to the mixed formulation of the Darcy problem with RT0-PO and using the
equality in (48) gives,

(e™,divry) K1 m
lepll s e sup ~L = E st 1n)

= <clleglig-1,,- (50)
ozr,ew, 7l E@iv) o£r,ew;,  IPnllHdiv)

By applying ab < % + % and the bound in (50), the following inequality holds,

1 1
2 2 2 —1)2 —12 2
lew o + Tlleg iy, + Mlleﬁll <lley " o + —lley 17 + cT IRl

wf M

This implies by recursion that

2 2
lex o + Tlley

1 1 " )
wy gl < el + S oIepIP + et 3 IR
=1

j,
From the coercivity and continuity of the bilinear form, aP(-,-), the estimate in (46) is obtained. [J

Finally, following the same procedures of Lemma 8 in [14], we have

n A In 1
Z||Rz]¢||150(/ ||a,,u||1dr+—f
j=1 0 tJo

Thus, we derive the following error estimates.

In

||3n0u||1dt>- (5D



478 C. Rodrigo et al. / Comput. Methods Appl. Mech. Engrg. 341 (2018) 467484

Theorem 4.6. Let u, w, and p be the solutions of (12)—(14) and uj,, w},, and pj, be the solutions of (36)—(38). If the
following regularity assumptions hold,

u(t) € L ((0, T1, Hy(£2)) N L™ ((0, T1, H*(12))

due L' ((0,T1,HX(), d,u e L' (0, T], H'(2)),

w(t) € L™ (0, T1, Ho(div, 2)) N L™ ((0, T], H'(12)),

peL®(0, T, H'(2), d,p e L' (0, T, H'()),

then,

1 n
[ u(ty) — up, wty) — wh, p(ta) — pllen < c{||e2||1 + Mne?,n + rf |9yl dt
0
In
+h [||u||2 + 72wl + wll + el +f (l3,ull> + ||azp||1>dt”. (52)
0

Proof. The error estimate follows directly from (46), (51), (43)—(45), and the triangle inequality. [J

4.3. Practical implementation

Since dp(-, -) has a diagonal matrix representation, we can eliminate the degrees of freedom corresponding to
the bubble functions in order to have the same degrees of freedom as in the original P1-RT0-PO method for the
three-field formulation of the poroelasticity problem. After eliminating such unknowns from (39), we obtain a (3 x 3)
block discrete linear system with similar blocks:

R Ay —ALD Ay 0 G — ALD,)G,
AP = 0 ™, G ) (53)
Gl —GID,'Ay G" —-M,-G]D, G,

5. Stabilized P1-P0 discretization for the Stokes problem

When the permeability tends to zero in the poroelasticity problem, a Stokes-type problem is obtained. Thus, all the
results obtained above can be directly applied to Stokes’ equations. In particular, after the elimination of the bubble
functions, one obtains a finite-element pair for the Stokes’ system, based on piecewise linear finite elements for the
velocity and piecewise constant functions for the pressure. This gives a Stokes-stable finite-element method with a
minimum number of degrees of freedom.

To illustrate this further, consider the Stokes’ problem for steady flow,

—divQeve(m) — pI) =f, in (2, (54)
divu =0, in {2, (55)
u=0, on I, (56)

where u denotes the fluid velocity, p is the pressure, v is the viscosity constant, f € (L2(£2))? is a given forcing
term acting on the fluid, and e(u) = %(Vu + Vu'). By considering V = H(')(Q) ={ueH'(2)|u=0o0nTI}and
0= L(Z)(Q) = L*(£2)/R as the subspace of L?({2) consisting of functions with zero mean value on {2, we write the
weak formulation of problem (54)—(56) as follows

asu,v) — (p,divv) = (f,v), VvevV, (57)
(divu,q) =0, VgqgeO, (58)

where aS(u,v) = 2v f o €@) : &(v). As in the previous sections, we introduce the following finite-dimensional
subspaces. For velocity, let V), be the space of piecewise linear elements enriched with the normal components of face
bubble functions. For pressure, let Q) be the subspace of piecewise constant functions. Then, the discrete variational
formulation is given by:
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Find (u;,, pn) € Vi, x Qj, such that

a®p, vi) — (pn, divey) = (F,vy), Y, € Vi, (59
(divup, gyn) =0. Vg, € Oy, (60)

This formulation gives rise to the following block form of the fully discrete problem,

U, App Aw Gy
As| U | =b, with Ag=1 AT 4, G|, (61)
P Gl GI o

where U, U;, and P are the unknown vectors corresponding to the bubble component of the velocity, the linear
component of the velocity, and the pressure, respectively. With the aim of eliminating the degrees of freedom
corresponding to the bubble functions, we replace A, by a spectrally-equivalent diagonal matrix Dy, obtaining
the following block form of the coefficient matrix,

Dy,  Ap Gy
As=| a5 A G| (62)
Gl G/ 0
Finally, we eliminate unknowns corresponding to the bubbles to obtain a 2 by 2 system,
o (A,, — ALD; Aw G, — AL D) G;,) | )
G/ —GID,'Ay —GID,)'G,

The resulting scheme is a stabilized P1-P0 discretization of Stokes in which stabilization terms appear in every sub-
block. Optimal order error estimates for this stabilized scheme follow from the estimates provided in [32, pp. 145-149]
for the pair of spaces (V;,, Qp), Vi, = Vi1 @ V.

5.1. Mass conservation

Finally, we briefly comment on an efficient post-processing step to ensure that the numerical solution obtained
above preserves mass. Let (uy, pn) € Vi, x Qp, with u;, = u; + u;, be the numerical solution to Stokes’ equation
obtained in the following way: first, we solve System (63) for u;; and then, we compute u;,. Note that the second step
requires only the solution of systems with Dy, which is a diagonal matrix. A mass-conserving approximation is then
obtained by interpolating the numerical solution using the interpolant from the lowest-order BDM space (see Brezzi,
Douglas and Marini [40], and Brezzi, Douglas, Duran and Fortin [4 1] for more details).

More specifically, let H,?DM be the standard interpolation operator in the BDM space as defined in [29], [42,
Section 5.4]. From the commuting diagram property of BDM elements (see, e.g. [31, Proposition 2.5.2]),

div I1FPMw = 11 divw,

for all sufficiently smooth w € V. Here, H,? is the L2(§2)-orthogonal projection on the space of piecewise constants,
Q. This implies that

/ div I1F"Mu,,q), = / divung, =0, forall g, € Qp, (64)
2 2

which shows that I72®Mu, is indeed mass conservative.

Furthermore, we show that H,?DMuh also approximates the solution, #, to Stokes’ equation in the L*(£2)-norm.
We recall the following classical error estimate for the BDM interpolant (see, e.g. [31, Proposition 2.5.4], [42,
Theorem 5.25]):

lw — I7PMwll < hiwl,. (65)
As a consequence from (65),

IZPMw < lw — IIEPMwl| + lw]| < Riwl, + [Iwll. (66)
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Table 6.1
Energy norm for displacement errors and LZ-norm for pressure errors by considering different values of « and different mesh-sizes, using the
“diagonal” bubble formulation, .A? (39).

N =38 N =16 N =32 N =64 N =128
=104 lle —uplla 0.0151 0.0072 0.0037 0.0019 0.0010
- lp — pullg2 0.0322 0.0168 0.0104 0.0052 0.0020
—10-6 lluw —uplla 0.0153 0.0073 0.0036 0.0018 0.0009
= lp — pullg2 0.0349 0.0161 0.0074 0.0032 0.0012
= 10-8 lle —uplla 0.0153 0.0073 0.0036 0.0018 0.0009
- lp — pullg2 0.0349 0.0162 0.0074 0.0035 0.0017
 — 10-10 lle — uplla 0.0153 0.0073 0.0036 0.0018 0.0009
- lp — pullg2 0.0349 0.0162 0.0075 0.0035 0.0017

Now, using estimates (65) and (66), we obtain the following a priori error estimate,

BDM BDM BDM
lee — 11, un |l < Nl — I w4 1117 (e — up) |

< hluly + bl — wyly + - wy
< hluly + e —uyly S hllulo.

~

Note that we have used Korn’s inequality for (u — u;), which is a function vanishing on the Dirichlet part of the
boundary. Thus, (64) and the a priori estimate above guarantee that the BDM interpolant of the numerical solution,
ITBPMy,,, is a mass-conserving approximation to u, which requires little extra cost to compute.

6. Numerical results

In this section we illustrate the theoretical convergence results obtained in previous sections. We present results
for both the poroelastic problem and for Stokes’ equations. All test problems were implemented in the HAZmath
library [43], which contains routines for finite elements, multilevel solvers, and graph algorithms.

6.1. Poroelastic problem

First we consider the test included in Section 2.2, in order to show the corresponding results when the stabilized
P1-RT0-PO is considered. Table 6.1 displays the energy norm errors for displacement and L?-norm errors for pressure
obtained by applying the scheme after diagonalizing the block corresponding to the bubble functions, AP (System
(39)). For this test, different values of the parameter « and different mesh-sizes are considered to show that the errors
are appropriately reduced independently of the physical parameters, in contrast to the original P1-RT0-PO scheme
(Table 2.1).

We also compare the obtained errors with those provided by the fully enriched element, .4 (System (23)), in order to
see that the same error reduction is achieved. Fig. 6.1, displays a comparison of the displacement and pressure errors in
the energy and L? norms, respectively, for different grid sizes. We choose x = 10~ here, though similar pictures are
obtained for different values of . We observe that the slopes corresponding to both schemes are the same, although the
scheme corresponding to the diagonal version provides slightly worse errors. However, this scheme, when the bubble
block is eliminated, uses less degrees of freedom and is easily implemented from an already existing P1-RT0-PO
code.

To demonstrate the method on a realistic test problem, we also consider a three-dimensional footing problem
(see [44]). The computational domain is a unit cube modeling a block of porous soil. A uniform load of intensity
3 x 10* N/m? is applied in a square of size 0.5 x 0.5 m? at the top of the domain. The base of the domain is assumed to
be fixed while the rest of the domain is free to drain. For the material properties, the Lame coefficients are computed
in terms of the Young modulus, E, and the Poisson ratio, v: A = % and pu = H% We fix E = 3 x 10* N/m?
and v = 0.45 to simulate a somewhat stiff material, and consider K = 10~°I.

Fig. 6.2 compares the solution of this footing problem using both the fully enriched element, .4 (System (23)), and
the scheme after diagonalizing the block corresponding to the bubble functions, A” (System (39)). For simplicity,
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b e wlawing o) || | [l g et |
107 ] Jlu — wp|a using aP(,-) | ——|lp — pnllz, using a”(-,-) f
wp —h I 100F [—h
w0t T~ 1w T~
02| \\ 1 10z) .

070 F g 10_3% B\S\S\S\S\G %
74: Ll Lol \\: 74: Lol Lol \\:
10 4 8 16 32 64 128 10 4 8 16 32 64 128
N(=1/h) N(=1/h)
(a) (b)

Fig. 6.1. Two-dimensional Biot’s problem. Reduction of the (a) displacement and (b) pressure errors for different mesh-sizes, by using the enriched
finite element scheme, A (23), as well as the scheme with diagonal block used for the bubble functions, AP (39).

Vertical Displacement, us, using A. Vertical Displacement, us, using A”.

Pressure, p, using A. Pressure, p, using AP.

Fig. 6.2. Three-dimensional footing problem. Results are on a 64 x 64 x 64 element grid.

we compare the vertical displacement and the pressure. We see little difference between the two sets of results. We
confirm this by computing the difference in the two solutions using the energy norm for the displacements and the L?>
norm for pressure. Fig. 6.3 shows convergence of the two approaches with mesh size.

6.2. Stokes’ problem
While it is well-known that the P1-PO finite element pair is not stable for Stokes’ equations, we show here that the

new formulation, AD (63), resulting from the elimination of the normal components of the bubbles, does provide a
stable method. Cons1der (54)—(56) on a unit square (0, 1) x (0, 1), where the right-hand side f is chosen such that the
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103 : .
—=—|pp — pr L2
10! | +HUD_UFHA [
—nh
e A\AN‘\A_\A |
1073 1
10-5 |- \ -
10_7 I D\S\S\B\B,
I I |

Fig. 6.3. Comparison of the displacement and pressure on the three-dimensional footing problem, using the fully-enriched formulation, A (23)
(subscript F) and the scheme with diagonal block used for the bubble functions, AP (39) (subscript D).

1035 R ——— R ——— —T—T13 104E s i e o —T T
b o u — w4 using a® ()| 103 |78 P = prllr, using a®()  f
E | [lw — unlla using a5 P(,-) | 102 F | llp — pallL, using a®P(-,-) ]
S - F|—h
i ] 10"
100 ¢ E 100 | :
101 | y 107"k 1
2? 1 1072 A
1077 1) 1073 | \ ]
1073’ Ll Ll T 1074: Ll Ll L
2 4 8 16 32 64 128256512 2 4 8 16 32 64 128256512

N(=1/h) N(=1/h)

(a) (b)

Fig. 6.4. Two-dimensional Stokes’ problem. Reduction of the (a) velocity and (b) pressure errors for different mesh-sizes, by using the enriched
finite element scheme, Ag (61), as well as the scheme resulting from using a diagonal block for the bubble functions, A? (62).

analytical solution is given by
u(x, y) = (sin(zrx) cos(ry), — cos(wx)sin(wy)), p(x,y)=0.5—x.

Fig. 6.4 compares the error reduction for both the velocity and pressure using the bubble function enhanced schemes
described by Ag (61) and Af (62).

We perform a similar three-dimensional test, solving (54)—(56) on a unit cube, where the right-hand side f is chosen
such that the analytical solution is given by

u(x,y) = (—sin(zx)sin(zw (y — z)), sin(rwy) sin(zw (x — z)), —sin(zwz) sin(wr (x — y))), plx,y)=0.5—x.

The results are shown in Fig. 6.5.

For all test problems, the energy norm for the velocity is defined as ||v||f‘ =a’v,v) = 2u(e(v), e(v)) forv € V.
Both methods give the same, optimal, order of convergence, demonstrating that the inclusion of the bubble functions
guarantee the stability of the method. Moreover, though the errors are slightly higher, the elimination of the bubble
functions would provide a stable convergent method, but reduces the problem to one that contains the same number
of degrees of freedom as the P1-P0 discretization. Thus, we get a stable scheme with no increase in cost.

7. Conclusions

In this paper, we have shown how to stabilize the popular P1-RTO-PO finite-element discretization for a three-field
formulation of the poroelasticity problem. By adding the normal components of the bubble basis functions associated
with the faces of the triangulation to the P1 element for displacements, we have demonstrated that an inf—sup condition
is satisfied independently of the physical and discretization parameters of the problem. Moreover, the degrees of
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10° F———— 104
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Fig. 6.5. Three-dimensional Stokes’ problem. Reduction of the (a) velocity and (b) pressure errors for different mesh-sizes, by using the enriched
finite element scheme, Ag (61), as well as the scheme resulting from using a diagonal block for the bubble functions, A? (62).

freedom added to the faces can be eliminated resulting in a stable scheme with the same number of unknowns as
in the initial PI-RT0-PO discretization. Furthermore, this idea has been extended to the Stokes’ equations, yielding
a stable finite-element formulation with the lowest possible number of degrees of freedom, equivalent to a P1-P0O
discretization. Future work includes investigating such formulations and their performance for various applications
in poroelasticity, and extending the discretization to other PDE systems which have similar properties to the Stokes’
equations.
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