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a deformable porous medium separated by an interface. A five-field mixed-primal finite
element scheme is proposed solving for Stokes velocity-pressure and Biot displacement-
total pressure-fluid pressure. Adequate inf-sup conditions are derived, and one of the
distinctive features of the formulation is that its stability is established robustly in all

fﬁ‘;ﬁ;ion problem material parameters. We propose robust preconditioners for this perturbed saddle-point
Biot-Stokes coupling problem using appropriately weighted operators in fractional Sobolev and metric spaces
Total pressure at the interface. The performance is corroborated by several test cases, including the
Mixed finite elements application to interfacial flow in the brain.

Operator preconditioning © 2022 Elsevier Inc. All rights reserved.

Brain poromechanics

1. Introduction
1.1. Scope

We address the construction of appropriate monolithic solvers for multiphysics fluid-poromechanical couplings interact-
ing through an interface. Particular attention is payed to tracking parameter dependence of the continuous and discrete
formulations so that the resulting numerical methods are robust with respect to typical scales in material constants span-
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ning over many orders of magnitude. We adopt a multi-domain approach, where appropriate conditions for the coupling
through the shared interface need to be imposed. We use the conditions proposed in [1] (although, other forms and ded-
icated phenomena could be incorporated without much effort, such as fluid entry resistance [2,3]). The recent literature
contains various numerical methods for (Navier-)Stokes/Biot interface formulations including mixed, double mixed, mono-
lithic, segregated, conforming, non-conforming, and DG discretizations [4-15].

In [12,16] (and starting from the Biot-Stokes equations advanced in [5,17]) the authors rewrite the poroelasticity equa-
tions using displacement, fluid pressure and total pressure (also as in the poromechanics formulations from [18-20]). Since
fluid pressure in the poroelastic domain has sufficient regularity, no Lagrange multipliers are needed to enforce the cou-
pling conditions, which resembles the different formulations for Stokes-Darcy advanced in [21-24]. Another advantage of
the three-field Biot formulation is its robustness with respect to the Lamé constants of the poroelastic structure. This ro-
bustness is of particular importance when we test the flow response to changes in the material properties of the skeleton
and when the solid is nearly incompressible. The work [12] focuses on the stability analysis and its precise implications
on the asymptotics of the interface conditions when the permeability depends on porosity heterogeneity, whereas [16]
addresses the stability of the semi- and fully discrete problems, and the application to interfacial flow in the eye. Here,
we extend these works by concentrating on deriving robust stability, on designing efficient block preconditioners (robust
with respect to all material parameters) following the general theoretical formalism from [25], and on the simulation of
free flow interacting with interstitial flow in the brain. In such a context (and in the wider class of problems we consider
in this paper), tissue permeability is of the order of 10~'> m?2, and the incorporation of tangential interface transmission
conditions usually involves terms that scale inversely proportional to the square root of permeability. Moreover, the solid
is nearly incompressible, making the first Lamé parameter significantly larger than the other mechanical parameters and
exhibiting volumetric locking for some types of displacement-based formulations. Other flow regimes that are challenging
include low-storage cases [26]. It is then important that the stability and convergence of the numerical approximations are
preserved within the parameter ranges of interest.

Here we follow [27,28,20,29] and use parameter-weighted norms to achieve robustness. However, as we will see, com-
bining proper preconditioners for Stokes and Biot single-physics problems is not sufficient for the interface coupled problem.
In fact, the condition number of the preconditioned system, although robust in mesh size, grows like the square root of the
ratio between fluid viscosity and permeability. This phenomenon is demonstrated in Example 2.1, below. That is, the effi-
ciency of seemingly natural preconditioners varies with the material parameters. In order to regain stability with respect
to all parameters, we include both an additional fractional term involving the pressure and a metric term coupling the
tangential fluid velocity and solid displacement at the interface, hereby increasing the regularity at the interface in a proper
parameter dependent manner. This strategy draws inspiration from similar approaches employed in the design of robust
solvers for Darcy and Stokes-Darcy couplings [30,21,23].

1.2. Outline

We have organised the contents of this paper in the following manner. The remainder of this section contains prelim-
inaries on notation and functional spaces to be used throughout the manuscript. Section 2 outlines the main details of
the balance equations, stating typical interfacial and boundary conditions, and restricting the discussion to the steady Biot-
Stokes coupled problem. There we also include the weak formulation and demonstrate that simple diagonal preconditioners
based on standard norms do not lead to robustness over the whole parameter range. This issue is addressed in Section 3
where we show well-posedness of the system using a global inf-sup argument with parameter weighted operators in frac-
tional spaces, which in turn assist in the design of robust solvers by operator preconditioning. Section 4 discusses finite
element discretization of the coupled problem using both conforming and non-conforming elements; and it also contains
numerical experiments demonstrating robustness of the fractional preconditioner and its feasibility for simplified simula-
tions of interfacial flow in the brain.

1.3. Preliminaries

Let us consider a spatial domain € c RY, where d = 2, 3, disjointly split into 2r and Qp. These subdomains respectively
represent the region filled with an incompressible fluid and the elastic porous medium (a deformable solid matrix or an
array of solid particles). We will denote by n the unit normal vector on the boundary 92, and by X = 3dQf N 3Qp the
interface between the two subdomains, which is assumed sufficiently regular. We adopt the convention that on X the
normal vector points from Qf to Qp. We also define the boundaries I'r = 9QFr \ T and I'p = dQp \ . The sub-boundary
['r is further decomposed between I'f and '} where we impose, respectively, no slip velocities and zero normal total
stresses. Similarly, we split I'p into F,’;P and 1"‘,‘, where we prescribe zero traction and clamped boundaries, respectively.
For the analysis, the setup of trace spaces needs that dist(X, Ffi") > 0 and that dist(X,I'}) > 0, which can be satisfied
if the interface meets the boundary at the Biot displacement and Stokes velocity boundaries (see Fig. 1.1, left), where
F‘,’, = 1"‘1"1, U ngp and T'f=T% U F;"F. Our numerical tests will also include cases where the interface intersects boundaries

'Y and Ff)” on the Stokes and Biot sides, respectively.
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Fig. 1.1. A configuration of subdomains and boundary partition for the Biot-Stokes coupled problem. (Left) Setup assumed for the analysis in Theorem 3.1.
(Right) Example of another configuration investigated by some of the numerical experiments in Section 4.4.

For a normed space X and a scalar ¢ > 0, the weighted space ¢ X refers to X endowed with the norm ¢| - || x. Moreover,
if X,Y are Hilbert spaces, then the intersection X N Y provided with the norm ||v||§my = ||v||§( + ||v||2, is also a Hilbert
space [30,31].

Vector fields and vector-valued spaces will be written in boldface. In addition, by L%($2) we will denote the usual
Lebesgue space of square integrable functions and H™(2) denotes the usual Sobolev space with weak derivatives of or-
der up to m in L%(R), and H™(Q2) denotes its vector counterpart. In addition, Lf(Z) will denote the space of functions
z:Q; — R4, i e {F, P}, such that z—n(z-n) e L2(%).

An L%(Q) (as well as L2(€2)) inner product over a generic bounded domain €2 is denoted as (-, -)q. The symbol (-, )5
will denote the pairing between the trace functional space H!/2(%) and its dual H~1/2(%), and we will also write (-, -) to
denote other, more general, duality pairings. Moreover, for z € H!(Q;) N Lf(E), its normal and tangential traces defined by
bounded surjective maps, will be denoted by Tpz € H'/2(%) and Tz € L?(X), respectively [23]. We also remark that, while
HV2(%) is a subspace of L?(X) as a set, the tangential trace of z € {1H' () N $L2 (D) is in ¢ HY2(Z) N L*(T) and that
in our setting it is important to track the parameter dependence for the sake of robustness.

Pertaining to the poroelastic domain, and assuming momentarily that |l‘f,| =0, we recall from [32, Section 2.4.2] the
definition of the space

1/2
Hop (Z) = {n € HY2(2) : Eoo(n) € H'2(3%2p)}. (11)
supplied with the norm
Im111/2.00,5 = lEoo (M l11/2.9p»
where Eqo : H/2(Z) — H'/2(3Q2p) denotes the extension-by-zero operator

n onx, 172
E = VneH'/“(%).
00(m) 0 ond2p\ . n (%)

Furthermore, the restriction of ¢ € H=1/2(32p) to %, defined as
172

Wiz, mz =¥, Eoo(M)ag, VN € Hyy (2),
belongs to the dual [Hé(/)z(Z)]/ of Hé(/)z(Z). Its norm is
(Yls, n) (¥, Ego(m))
Wisl-1po0si=  sup  ~=WE g, W Footlagy (12)

= B .
onerie) 1M1/2002 o etz IE0Ml2.a0,

The boundary setup in Fig. 1.1 is such that |Ff,| . |Ff;"| > 0, and therefore a modification of (1.1)-(1.2) is required. With
that purpose, we note that any 7 € H'/2(X) can be continuously extended to ¢ in the space

2
HY? (D) :={n e H/2(2) : En(n) € H2(T)), (1.3)
where T'1:=Z U 1:“{,, U I:gyp (see Fig. 1.1, left), and
n onx, 172
E = VneH ).
01(1m) 0 on Flli” n (%)
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This treatment can be interpreted as replacing Hg)’ (%) by the space of functions 1 € H'/2(S) such that £~1/25 € [X(%),
where & is a sufficiently regular trace function, positive on X, and vanishing only on F‘,’) (see, for example, [33]).
The norm of the resulting extension ¢ € H(l){z(Z) is defined analogously as before,

lellijz.01.5 := lEo1 (@) 112,14 (14)
and therefore the restriction of a distribution to the interface, ¥ |g, is in the dual space [Hé{z():)]’ and its norm is
(Ylz. Mz (¥, Eon(m)r
IWisll-1/2,01,5 == ———= = su 1 (1.5)

osnenl2cmy Mh2o1s oyl g, 1B (/2.

Finally, we consider a problem: Given A: X — X', b € X’ find x € X satisfying Ax =b in X'. From the continuous
perspective [25,34], the problem can be solved iteratively by Krylov methods, however, the operator involved is required to
map the space X to itself. We shall therefore consider a preconditioner R : X’ — X and apply Krylov methods to the (left-)
preconditioned problem R.4Ax = Rb. The Biot-Stokes problem considered further will yield symmetric saddle point system
and we will therefore consider the Minimal Residual (MinRes) method.” Moreover, the left preconditioned MinRes method
has a sharp and well developed theory for indefinite symmetric problems, see the seminal papers [36,37]. In particular, the
method’s convergence is determined by the spectrum of the generalized eigenvalue problem

Auj = M'R_l uj,

and the convergence rate (of the residual measured in the norm induced by R ') can be estimated in terms of the spectral
condition number max; |A;|/ min; |A;|, see [38,34].

2. Governing equations and weak formulation

The momentum and mass balance equations for the flow in the fluid cavity are given by Stokes equations written in
terms of fluid velocity u and fluid pressure pg, whereas the non-viscous filtration flow through the porous skeleton can be
described by Darcy’s law in terms of pressure head pp, and the porous matrix elastostatics are stated in terms of the solid
displacement d. The coupled Biot-Stokes equations arising after a backward Euler semi-discretization in time, with time
step At, read

—div[2pure(u) — prll = prg in QF, (2.1a)

divu=0 in QF, (2.1b)

—div2use(d) — pll = ps f in Qp, (2.1¢c)

@ —app+rdivd=0 in Qp, (2.14)

(Co+af2)lpp S sﬂ—diV<LVpP —,Ofg> =mp in Qp, (2.1e)
7 At (AD)A s

where f is a vector field of body loads, g is the gravity acceleration, w ¢ is the fluid viscosity, €(u) = %(Vu + Vut) is the
strain rate tensor, and €(d) = %(Vd + Vd"Y) is the infinitesimal strain tensor, pf, ps are the density of the fluid and solid,
respectively, A, s are the first and second Lamé constants of the solid, k is the heterogeneous tensor of permeabilities
(satisfying |w|> <w -k (x)w a.e. in Qp and for all w e R%); mp is a source/sink term for the fluid pressure (which also
includes pressures in the previous backward Euler time step); and Cp,« are the total storage capacity and Biot-Willis
poroelastic coefficient. Here we have used the total pressure ¢ :=app — Adivd, as an additional unknown [27,20].

We furthermore supply boundary conditions as follows

u=0 onT}, (2.2a)

2ure(u) — pplln=0 onT?, (2.2b)

d=0 and MLprp'n=0 onT4, (2.2¢)
2used) —@lln=0 and pp=po onTFF. (2.2d)

5 The MinRes algorithm utilizes a short three term recurrence and is thus more memory efficient than, e.g., the Generalized Minimal Residual (GMRes)
method. However, due to accumulation of errors in floating point arithmetic the required orthogonality might be lost leading to slower convergence of
MinRes compared to GMRes which employs (full/partial) reorthogonalization [35].

4
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In order to close the system, we consider the classical transmission conditions on X accounting for the continuity of normal
fluxes, momentum balance, equilibrium of fluid normal stresses, and the so-called Beavers-Joseph-Saffman condition for
tangential fluid forces [7,2], which in the present setting reduce to

1
u-n=(—d—LVpp)~n on X, (2.3a)
At Ky
Cuse) — prhn = 2use(d) — phn on X%, (2.3b)
—n-2uyse(u) —prhn=pp on %, (2.3c)
—n~(2,uf6(u)—ppl)t‘:w(u—Ld)-t‘ 1<j<d-1 onx (2.3d)
Tk At I - ’

where y > 0 is the slip rate coefficient depending on the geometry of the domain, and we recall that the normal n on the
interface is understood as pointing from the fluid domain Qf towards the porous structure Qp, while tj, 1 <j<d—1 are
orthonormal tangent vectors on X, normal to mn.

The challenging model parameters are (s, Co, A, ¥, &, and the magnitude of «. Therefore, we will concentrate on the
specific case where At =1, and the model parameters (in particular «) are spatially constant. Owing to the specification of
boundary conditions (2.2), we define the following Hilbert spaces

H, () ={veH (QF) :viry =0}, H,(Qp)={w e H'(2p) : W|pg =0},
H(Qp) = lap € H'(Qp) :qplpzr =0). (24)

We then proceed to test (2.1a)-(2.1e) against suitable smooth functions and to integrate over the corresponding subdomain,
to arrive at

2up(e(), €(V)g, — (pr.divv)g, — (2ure) — prhn, v)x = FF (v) Vv e H}(QF).
2us(e(d), €(W))a, — (¢, divw)g, + (2used) — phn, w)s = F¥'(w) vw € H! (Qp),
—(divu,qr)g, =0 vgr € LX),
1
~(@Pp — ¢, ¥)g, — (divd, ¥)g, =0 Vi € L2(Qp),
2
—(Co+ ) Pr.qp)ar + = @p. @)y — —(Vqp. VDP)ap + (— VPP - 1.qp)s = G(qp) Vap € H!(2p).
A A g 9]

where

FFv)y=pr(g, vIg:, FP(W)=ps(f.W)a,, G@p)=—(mp.qp)ay, — pr(g Vapr)a, + pr(8 -1, qp)s.

The interfacial term in the Stokes momentum balance satisfies

—(Quysem) —prhn, v)y = —(Tp[2ure() — pehn], Tyv)s — (Te[Cuyse(m) — prhn], Tev) s
=<PP,TnV)z+y—;/g(Tt(u—d),TtV)z, (2.5)

where in the last line we have used the interface conditions (2.3c) and (2.3d). In turn, for the interfacial term in the Biot
momentum balance we get

(2use(d) — phn, w)s = (2use(m) — prhn, w)s
__YHs

JK
where the first equality comes from the transmission condition (2.3b), and the second one from (2.5). Similarly, for the

interfacial term in the Biot mass conservation equation we use the continuity condition (2.3a). Combining such a relation
with (2.5)-(2.6), we readily arrive at the following remainder on the interface

=—(pp, Taw) (Te(u—d), Tew) s, (2.6)

(pp, Ta(v —w))s + M(Tt(“ —d), Te(v—w))s +(Ta(u—d),qp)x. (2.7)
VK

The functional spaces (2.4) provide sufficient regularity for all the terms in the expression (2.7) to be well-defined (implying
in particular that, differently from e.g. Stokes-Darcy problems in mixed form, no additional Lagrange multipliers are required
to realize the coupling conditions). We also define the product space H

5
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H=H}(QF) x H.(Qp) x L*(QF) x L*(Qp) x HL(Qp), (2.8)
and, using (2.7), proceed to rearrange the weak form above to have: Find (u,d, pf, ¢, pp) € H such that
Vibs

21 p(e(u), €(v))qp + W(Tt(u —d), Ttv)x
—(pr,divv)g, + (pp, TaV)x = FF (v) Vv e HL(QF), (2.9a)
V—%(T:(d — ), Tew) s + 2115(€(d). €(W))gy
—(p,divw)g, — (pp, Taw)s = FP(w) vYw e H! (2p), (2.9b)
—(dive, qr)g, =0 vqr € L*(QF), (2.9¢)
1
~(@pp =@, ¥)q, — (divd, ¥)g, =0 vy e L2(Q2p), (2.9d)

2
(07 07
—(Co+ 7)(1?13, qr)ep + X(QR ©)2p

K
+(qp, Tn(u —d))x — M—f(qu, Vpr)a, =G(gp) Vgp € H(Qp). (2.9e)

System (2.9) differs from that analyzed in [16] in the ordering of the unknowns, and in that we obtain a symmetric
multilinear formulation defined by a global operator A (the coefficient matrix of the left-hand side of (2.9)) of the form

—2psdive + TR T{T, vl v T,
IR wsdivet TATTG Vo Ty
Zdiv | , (2.10)
—div =11 %1
Tn —Tn ! “1 —(Co+“T)I+lf—fA

where the dependence on the model parameters is clearly identified. In particular, the interface coupling terms on the first
off-diagonal blocks depend on the inverse of permeability.
We note that .4 can be regarded as defining a perturbed saddle-point problem, with

A B
A:(B —c>’ (2.11)

where the composing blocks A:V — V/, B:V — Q’, C: Q — Q' on the spaces

V=H(QF) x H}(2p), Q =L*(QF) x L2(2p) x H(2p) (212)
are defined as
. I
a= (i )= (™ Llae) v (L) e o, @13
_div 0 0 0 0
B=| o —div|, c=|0 }I —-4] (2.13b)
Tn  —Tn 0 —%I (Co+%)I-£aA

In turn, well-posedness of the Biot-Stokes system (2.9) in the product space (2.8) can be established using the abstract
Brezzi-Braess theory [39], after invoking separately the solvability and stability results for the Stokes subproblem [40] and
the Biot subproblem in the three-field total pressure formulation [27]. However, such a decoupled approach does not lead
to stability independent of the material parameters and consequently, preconditioners based on the standard norms (also
referred to as single-physics or sub-physics preconditioners) are not necessarily parameter robust. This issue is demonstrated
next in Example 2.1.

Example 2.1 (Simple preconditioners using standard norms). We consider the Biot-Stokes formulation (2.9) defined on the
subdomains Qf = (0, %) x (0,1), Qp = (%, 1) x (0, 1) with boundary conditions such that the left edge of QF is a no-slip
boundary I'# while the top and bottom edges will form I'?. Similarly, the top and bottom edges on the Biot side are
considered stress-free while the right edge is clamped.

Based on the well-posedness of (2.9) in the space H (cf. (2.8)), we can readily consider a solution space with weighted
inner product leading to the Riesz map (diagonal) preconditioner

6
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Table 2.1

Performance of preconditioners (2.14) and (2.15) for the Biot-Stokes system (2.9) in Exam-
ple 2.1 with different mesh resolutions (h). Only the parameters p¢ and « are varied away
from 1. The problem is discretized by TH; elements, see Appendix A. The lack of convergence
after 750 MinRes iterations is indicated as -. The solver is started from a random initial vector
and terminates once the preconditioned residual norm is decreased by factor 108.

Preconditioner (2.14) Preconditioner (2.15)

wy | h 92 9-3 94 -5 22 93 94 -5

1 1077 211 240 258 264 71 82 89 89
102 76 76 74 73 50 49 48 48
1 41 41 41 41 37 37 36 36

K h 272 273 2-4 2-5 272 273 2-4 275
1233

1 10°8 394 184 - - 693 471 639 -
102 59 59 59 58 58 57 55 55
1 41 41 41 41 37 37 36 36

1
AFF
App
1
Rp = 2 . (2.14)
(l + L)I
A 21t

(Co+%)1 — A
We remark that the first and third blocks of Rp together define a parameter robust preconditioner for the (standalone)
Stokes problem and the remaining blocks form the robust three-field Biot preconditioner [27]. However, in Rp the sub-
problem preconditioners are decoupled.
Alternatively, after observing that the operator A in (2.13a) defines a norm over the velocity-displacement space
H}(Q F) x H1(Qp) we will also investigate the (block-diagonal) preconditioner

Afrr  Afp !

Apr  App )
Re = bl . (2.15)

(Co+%)1— A
We note that in (2.15) the tangential components of the Stokes velocity and of the Biot displacement are coupled. In this
sense, the preconditioner captures the interaction between the subsystems and, in particular, the coupling through the
Beavers—Joseph-Saffman condition (2.3d).

To investigate the robustness of these preconditioners, we set typical physical parameters in (2.9) except for u; and
K, which are to be varied. Using a discretization in terms of the lowest-order Taylor-Hood elements (see more details in
Section 4.1), we next consider the boundedness of the number of iterations of the preconditioned MinRes solver under mesh
refinement and parameter variations. More precisely, using Rp, Rc¢ (inverted by LU) we compare the number of iterations
required for convergence determined by reducing the preconditioned residual norm by a factor 108. The initial vector is
taken as random. These initialization and convergence criteria are kept throughout the manuscript.

We report the results in Table 2.1. It can be seen that the number of MinRes iterations produced with the diagonal
preconditioner Rp is rather sensitive to variations in both w¢ and k. In comparison, when fixing ws =1, the iterations
appear to be more stable in ¥ when (2.15) is used. However, if k =1 is set, there is a clear deterioration of the performance
for small values of 1 also with the preconditioner Rc.

The improved performance of the preconditioner R¢, which preserves the tangential coupling of the Stokes and Biot
problems in (2.3d), over Rp, where the components are decoupled, suggests to strengthening the coupling (involving the
tangential traces) in order to obtain parameter robustness. However, from the point of view of the interface conditions
(2.3a)~(2.3d), it is clear that the coupling in the normal direction is missing in Rc.

With the above idea in mind, we proceed to establish well-posedness of (2.9) in the product space equipped with
non-standard norms that include additional control at the interface reflecting/arising from the mass conservation condition
(2.3a).
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3. Well-posedness of the Biot-Stokes system

Let us group the variables as u# = (u,d) and p = (pr, ¢, pp) and introduce the weighted norm

@, B, == lltll3 + 1BI3 + 1BIE. (31)
with
d—1
)% = 2uslle@llg o, + J/—\;‘Efn(u —d)-tj[§ 5 +2usle@)| g, (3.2a)
j=1
=12 1 2 1 2 1 2
Pl = 5, 1PFlS g, + 5,195 0 + (% + 2MS> IppIzI?; o 5 (3.2b)
=2 1 2 2 K 2
Iplg == X”QD - O‘PPHO,QP + CO”PP”O,QP + M—f”VPP”(),QPs (3.20)

where the fractional norm is defined in (1.5).

In turn, we define the weighted product space He as the space that contains all (u, p) that are bounded in this norm.
The subscript € encodes the collection of weighting parameters «, @, ¥, i f, is, Co, A. Moreover, the space allows for the
natural decomposition:

He = Ve x Qe.
Thus Ve, Q¢ contain all i € V, respectively p € Q (cf. (2.12)) which are bounded in the norms i — [[i]|4 and p — (|p|3 +

1pI2)1/2.

Theorem 3.1. Problem (2.9) is well-posed in the space He equipped with the norm (3.1). In other words, the operator A : He — H in
(2.10) is a symmetric isomorphism satisfying

Al 2 1y < C, (3.3a)
A~ ey 1) = Ca, (3.3b)

where Cq, C, are positive constants independent of €.

Proof. The operator norm is defined as
su (A@, p), (v,9))
@m. . 1A DN DIl

and condition (3.3a) states the continuity of .A. To show this, we first use the Cauchy-Schwarz inequality to derive

Al zHe 1y ==

(A, v) < [|u]|allVla, (CP.q) = IPlclqlc. (34)

It therefore remains to show that B is continuous. Another application of the Cauchy-Schwarz inequality on the different
terms together with a trace inequality provides this result.

In order to prove the second relation (3.3b), we aim to verify the assumptions of the Banach-Necas-BabusSka (BNB)
theorem (see, e.g., [41]). In particular, we aim to prove that

A@.D).(V.9) o o - -
(ABPLYD) > )i ) .. v(i, p) € He. (3.5)
@.p NV, Dlu,

We do this by assuming that (it, p) € He is given and by constructing an appropriate test function (v, g) € He. Following,
e.g., [42,27], we choose ¢ = —p and v = i, giving

(A(u, p), (u, —p)) = (Au, ) + (Bu, p) — (B, p) + (CP. p)
= li|3 + I (3.6)
Lemma 3.1, presented below, allows us to construct v, such that

(BVp, B) =1pl3, 1Vplla < B 1Bls- 3.7)

We now use this test function, scaled by a constant § > 0 to be chosen later, and using (3.2a)-(3.2c) along with (3.4) and
(3.7), we derive
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(A, ), (8Vp,0)) = (All, 5V}) + 5[BV), P]
> =Sl allVplla+81pl3
1.5 1o - 5 =02
>~ il = 582y 13 + 81515
_1 =02 . 1 —2¢24(72
> —=|lully + 6 — 5By 89)Iplg.
2 2
where we have also used Cauchy-Schwarz and Young’s inequality. Setting § = /3(2) gives us

N L= 1.5 1 5.5
(AGL. P). (57, 0)) = — il + 5 31515 (38)
Finally, we take (v, ) = (i1 + 8V, —p) and put together (3.6) and (3.8) to arrive at
= Too  Tooon o
(AL B). (7.) = 5 il + 583115 + 1BIZ
2 1@, )i, -
1. DI, =2 (1 BIE, +8217,13)
<2 (1L B) I}, + 31513
S I, p)lIg, -
The combination of these two bounds shows that (3.5) holds. The BNB theorem now provides (3.3b). O
Lemma 3.1. There exists a By > 0 such that for each p € Qe, ave \7E exists that satisfies
(BV,p)=1pl3.  AollVII} <IBl3.
Proof. The proof follows similarly to [21, Section 3]. Let p = (pf, @, pp) € ée be given. We proceed in five steps.

1. With a given total pressure ¢ in the Biot domain, we set up an auxiliary Stokes problem: Find (zg, sg) € H'(2p) x
L%(Q2p) that weakly satisfy
—div (€(zp) + sol) =0,
divzp=—¢ in Qp,

subject to the mixed boundary conditions

zo=00n Ttux, and (€(zo) +sohn=0onTh".
By the well-posedness of this auxiliary problem (for a proof see, e.g., [40, Chapter I]), the first component of the solution
satisfies

lzoll1.2p S l@llo.p-

2. We next consider that the trace of pp is a distribution in H=1/2(8Qp), and focus on its restriction to the interface,
prls, belonging to [Hé{Z(E)]/ (cf., the end of Section 1).

Let ¢ € Hé{Z(Z) be the Riesz representative of pp|y € [Hé{z(E)]/, and consider a Stokes-extension of ¢ into Qp by

setting up another auxiliary Stokes problem (and still in the Biot domain): Find a pair (z1,s1) € H (Q2p) x L2(Qp) that
weakly satisfies

—div(e(z7) +s511) =0, (3.10a)
div z1=0 in Qp,
subject to the mixed-type boundary conditions

zy=¢{nonx, (3.10b)

z1=00nT9, (€(z1) +s1hn=00nTh".
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Again, we use the well-posedness of the auxiliary problem (in this case, (3.10)) to conclude that the extension function
z1 satisfies a continuous dependence on data

llz1 ||1,Qp S “CH%,OLE = ”pP”,%’o]jy

3. We combine the two previous steps to form an auxiliary Biot velocity as vp := %ﬂs(zo + z1). By construction, this
function has the following properties

(B(vp,0),p) = —(divvp, @)o, + (n-vp, pp)s

1 .
= (—(divzo, @)q, + (n- 21, pp)x)
S

1 2 2
= (1ol, +peizl?, o, ).
[(ve. 0I5 =2usl€(Vp)IIf o,

< =2 (2ol g, + 112117 o,
= 2us ,Q2p ,2p
1
< 2 2
S 5 (100, +1pelsi?y o, ).

4. Next, we repeat the first three steps with pr substituted for ¢, —¢ for ¢, QF instead of Qp (as well as the relevant
boundaries), and w ¢ substituted for ps. In particular, for step 2 we note that the Riesz representative ¢ is constructed
relatively to dQp, but the trace of Hl(QF) can be regarded as equivalent to the trace of Hl(Qp) provided that the
shapes and measures of each subdomains are similar (see [43,44], where the argument is applied to a normal velocity
trace on the interface). Then, we are allowed to also consider ¢ € Hé{Z(Z) as relative to 9Q2r.

In this case we end up with a Stokes velocity v satisfying the relations

1
(Ve 0).5)= 5. o (Ipelid, +IpelzI? o, ).

1
2 2 2
Ive, 0)[3 <Tf(||pp||QF+||pp|z||,%,m,2).

5. For the final step it suffices to combine steps 3 and 4, and choose as test function the pair of functions constructed
above ¥ = (vf, vp), which leads to

-

(BV,p)=1pl3, 113 S 1pI1%. (311)

Equation (3.11) also contains the right scaling through the use of the |- | seminorm. This step concludes the proof. O

According to the general operator preconditioning framework from [25], Theorem 3.1 yields that a parameter-robust
preconditioner can be constructed based on the Riesz map R : H, — Hc satisfying

IR @ m <1 IR e, my <1,

which implies that

cond(RA) = [ RAl e 1o |(RA ™ [l L o) < C1Ca.
Following Theorem 3.1 a natural block-diagonal preconditioner for the Biot-Stokes problem is therefore the Riesz map with
respect to the inner product in He

Afr Afp, -

Apf APPI

R= el , (3.12)
(4 5t ¢
-¢41 (Co+ % )I——A—i- (=Axo01)7?

1. 1/2

where we have defined pu~ Qus)~ 1+ (Z;Lf)*1 We remark that the fractional operator (—Ax 01)~ '/ induces a norm

on the space [H ]/2(2)]/ (see also [45] for the case of [Hl/z(E)] ).

10
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Fig. 4.1. Error convergence of the finite element approximation of (2.9) with the manufactured solution (4.1) using (left) THy, (center) TH, and (right) CR
families for discretization. Theoretically expected convergence rates are observed in all cases. The legend is shared between the subplots.

4. Discretization and robust preconditioners for Biot-Stokes
4.1. Preliminaries and accuracy verification

In order to define a finite element method for the Biot-Stokes system (2.9) we will use two families of Stokes-stable
elements. The generalized Taylor-Hood [46] (TH, continuous and piecewise polynomials of degree k + 1 and degree k)
type for the pairs [fluid velocity, fluid pressure] and [porous displacement, total pressure], while using continuous and
piecewise polynomials of degree k 4+ 1 for the porous fluid pressure; as well as non-conforming discretizations based on
the lowest-order Crouzeix-Raviart [47] (CR) elements for the pairs [fluid velocity, fluid pressure] and [porous displacement,
total pressure], and continuous and piecewise linear elements for the Biot fluid pressure. A requirement is that the meshes
for the Biot and Stokes subdomains match at the interface. For sake of completeness, the precise definition of the finite
element subspaces is given in Appendix A. We remark that a stable discretization with the CR elements requires additional
stabilization for velocity and displacement, e.g., projection stabilization [48], or a facet stabilization [49] which is used in
the following. Further details about the discrete formulation with the CR elements are provided in Appendix B.

We recall that, provided that the exact solutions are sufficiently smooth, the theoretical convergence order for the THj
element is O (hk+1) (for Stokes velocity in the H'-seminorm and Stokes pressure in the L2-norm). See, e.g., [50, Sect. 8.8.2],
[40, Theorem 2.6], or [46].

Furthermore, we remark that the non-conforming CR element discretization is not covered by the theory presented in
this paper and it is, as such, a case of interest.

For the numerical realization of the methods discussed above, we have used the open source finite element library
FEnicCs [51,52], as well as the specialised module FEnicCS;; [53] for handling subdomain- and boundary- restricted terms
and variables.

We verify the error decay using the THy spaces with polynomial degrees k =1, 2, and the CR family. For this we simply
use unity parameters. We consider synthetic forcing terms and boundary data such that the exact manufactured solutions
to (2.1) are

= <_cglsézrr;2)s$£7(rgj)/)> , DF = exp(xy) + cos(x) cos(wy),
: (x—0.5) (4.1)
d— <cos(7'[x) sin(rry) + L5572

_ 2, .2 _ o
—sin(mrx) cos(r y) ) pp =cos(w (x° + y°)), ¢ =app — Adivd.

Note that these exact solutions require non-homogeneous transmission conditions.

We construct a series of uniformly successively refined triangular meshes for € = (0, 1)2, defining the interface as the
segment {0.5} x (0,1) and considering the left half of the domain as Qf and the right half as Qp. Then, we proceed to
measure individual errors between closed-form and approximate solutions in the usual norms

e(u) =|u—upll1,e, ePr)=IPrF—Pr.nlloor,
e(d)=|ld—dpll1,0,, €@ =9 —@nlloe,. e@p)=Ippr—Dpprnliap-

Fig. 4.1 reports the approximation errors for the three discretizations. In all cases the expected order k + 1 for THj can
be observed. For the CR family we obtain the expected linear convergence.

Having defined suitable finite element discretization for the Biot-Stokes system, we next investigate robustness of the
fractional preconditioner (3.12) which was established theoretically in Theorem 3.1 with the assumption of specific bound-
ary conditions on the sub-boundaries intersecting the interface, namely, that ¥ meets the intersection between the Biot
displacement and the Stokes velocity boundaries. However, the theory and in turn the R preconditioners can be extended
to more general boundary conditions as we will demonstrate by the numerical experiments. In particular, in Section 4.4

11
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we consider the setup where the interface intersects boundaries I'?, Flp,” see Fig. 1.1. Then, in Section 4.6 the interface is a
closed curve.

Due to the Laplace operator on the interface, the discretization of preconditioners R (3.12) is not immediately evident.
Before discussing the results let us therefore comment on the construction of the critical component, that is, the fractional
operators.

4.2. Discrete preconditioner

From (3.12) we observe that in the pressure block of the preconditioner R the operator acting on (¢, pp),

((% ") o )_], (42)

2 1
—41 (Co+ ) — A+ (—Axon) 2

contains a sum of a bulk term coupling the two pressures and a fractional interface term u‘l(—Az,m)‘l/z. Thus, the
action of the operator implicitly involves the trace of the Biot pressure at the interface X. In the discrete setting, mirroring
this property requires a discrete trace space Sy and a restriction operator. In the following we choose Sj as the space of
piecewise continuous polynomials of order k 4+ 1 whenever the THy family is used. For the CR family, S, is constructed from
piecewise continuous linear functions. The restriction operator is then realized as an L2-projection.

Once on the interface we approximate the fractional operator based on the spectral decomposition, see, e.g., [54]. That
is,
1/2

(N (=As o)V Puv)p =) AT (T g ws (T g, Vs YU, v e Sy, (4.3)
i

where (uj, i) € S, x R are solutions of the generalized eigenvalue problem

(W 'y, Vv)s = A ug, vy YV € Sh, (4.4)

satisfying the orthogonality condition (1~ 'u;, uj)s = §jj. Note that in (4.4) the Dirichlet boundary conditions are prescribed
on 3% reflecting the trace spaces of velocity and displacement when T'} and F‘,’, are incident to ¥ (as was assumed in
Theorem 3.1).

Remark 4.1 (Approximate fractional norms). In the context of finite element error estimation, the fractional order norms
/
are often replaced by discrete approximations, e.g. the norm of [HMZ(E)] is approximated by weighted L? norm as

q— \|h1/2q||0,>:, see [55,56]. The appeal of such approximations for preconditioning is then that the potentially expen-
sive fractional operator (and the eigenvalue problem (4.4)) is avoided. However, as we shall illustrate next, the discrete
norms in general do not lead to robust preconditioners.

In Fig. 4.2 we consider the modified preconditioners (3.12) where the fractional block (—Ax 1)~ /? is replaced by h'Iy,

t=-1,0,1 where h is the mesh size on X. That is, for t = 0 the block is simply discretized into a mass matrix on the

/
interface while t =1 induces the discrete approximation to a norm on [Hé{Z(E)] . Considering the setup (geometry and

Krylov solver settings) of Example 2.1 with unit parameters except for the permeability x and TH; discretization, it can
be seen that hly leads to iterations bounded in mesh size for large values of k¥ (x =1 in the figure). However, for small
k the iterations stabilize under mesh refinement only for sufficiently small mesh sizes. The iterations are thus sensitive to
parameters. We remark that t < 1 seems to lead to an increased parameter sensitivity.

1/2

Going beyond the theoretical analysis, we demonstrate in Section 4.4 that for the configuration with "¢, Ff,” intersected
by the interface, the operator (4.2) (and in turn the preconditioner (3.12)) needs to be modified. Specifically, the fractional
term then reads u~'(—Asx + Is)~1/2. The operator is defined analogously to (4.3), where, in contrast, the H!-norm (cf. the
H'-seminorm in (4.4)) is now used in the eigenvalue problem: Find (u;, ;) € (Sy, R) such that

(', Vv)s 4+ ( tui, v)s = A ug, v)s Yy e Sy, (4.5)

and (u~'u;, uj)s = §jj. Note that here the Neumann boundary conditions are prescribed on 9X.

We remark that the fractional operators and in particular the boundary conditions in (4.4) and (4.5) must be set based
on the configuration of the boundaries with respect to the interface. The fact that the conditions cannot be chosen freely
is investigated next in Example 4.1 together with the observation that parameter stability of the preconditioners (3.12)
is affected by enforcement of Dirichlet boundary conditions in construction of the fractional operators via the eigenvalue
problems (4.4) and (4.5).

12
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Fig. 4.2. Modified Biot-Stokes preconditioners (3.12) with the fractional operator replaced by weighted identity (from left to right) hIs, t = —1,0, 1. Setup
of Example 2.1 is used with « varied while other parameters are held fixed at 1. Discretization by TH; elements. MinRes iterations under mesh refinement
and different values of x are shown. Missing values (in first three subfigures) indicate lack of convergence in under 100 iterations. The considered ap-
proximations to the fractional term do not yield parameter robustness. For reference, performance with the preconditioner (3.12) is given in the rightmost
subfigure.

Example 4.1 (Boundary conditions in fractional operators). In the following, given the geometry of Example 2.1, let Co =0,
& =1071% while the remaining problem parameters of the Biot-Stokes system (2.9) are set to unity. This choice is made to
put emphasis on the fractional term in the preconditioner (3.12).

Assuming first that ¥ intersects I'Y and Ff;" , we consider (2.9) either with a preconditioner (3.12), where Dirichlet
boundary conditions are (strongly) enforced on the fractional operator, or a modified preconditioner which uses the operator
w1 (—=Ax+1I5)"1/2 constructed with the Neumann boundary conditions, see (4.5). Using a discretization by TH; we observe
in Table 4.1 that the Dirichlet conditions result in a lack of boundedness in the mesh size. On the other hand, when
Neumann boundary conditions are imposed on the fractional operator the spectral condition numbers of the preconditioned
problem seem to converge along with mesh refinement.

Repeating the experiment for the configuration where the interface is incident to I'} and 4, it can be seen that Neu-
mann boundary conditions lead to a growth similar to what was observed in the previous setup with Dirichlet datum.
Furthermore, in Table 4.1 the condition numbers blow up also with g~ (—Ag,m)*l/z. However, in this case the growth can
be traced to the (two) eigenvalues that correspond to the degrees of freedom® of the space S, on 3% which are set strongly
by the Dirichlet boundary conditions. This observation motivates using the Nitsche technique [57] in order to enforce the
conditions on =1 (—Ax 01)~1/2. With a suitably chosen Nitsche penalty parameter, Table 4.1 (column Dyjsche) reveals that
(3.12) yields mesh independence.

The fact that for X intersecting T'¥ and F‘,’, the numerical issues with Dirichlet boundary conditions of the fractional
operators are related to their strong enforcement, can be further illustrated using a discretization for which the intermediate
trace space Sj, has no degrees of freedom on the boundary dX. To this end, we here consider a modification of the CR family
where the Biot fluid pressure space is made of piecewise constants. The discrete Laplace operator in (2.9) as well as in the
eigenvalue problem (4.4) is then defined analogously to the finite volume method, and in particular utilizing two-point
flux approximation, see, e.g., [58]. After using ~1(—Asx 01)~!/2 with Dirichlet boundary conditions enforced weakly, stable
condition numbers are achieved, as observed in column CR? of Table 4.1.

In order to show that strong enforcement of the Dirichlet boundary conditions can be used depending on the boundary
configuration, we finally consider a setup where the interface meets I'# on the Stokes side while on the incident Biot

boundary (which we denote by F];,) we assume Dirichlet data on the displacement d and on the pressure pp. Then, using a
TH; discretization together with the preconditioner (3.12), bounded condition numbers are produced, which can be observed
in the last column of Table 4.1.

We finally remark that the spectral realization (4.3) is not scalable to problems where the interface and the trace space
are large. However, the representation is well suited for the applications pursued here, specifically the robustness study
where we are interested in exact (inverted by LU) preconditioners.

4.3. Parameter sensitivity

We demonstrate robustness of the fractional preconditioner (3.12) by a sensitivity study where the physical parameters
in (2.9) are varied such that 107° < s,k <1, 1 <2 <102, 1072 < y <102, 1078 <& < 1. Since s is commonly used
for rescaling we fix its value to 1. Moreover, the storage capacity is set to 0 as this is the more challenging limit of the
parameter’s range. The chosen parameter ranges are motivated by applications of the Biot-Stokes type models in brain
mechanics where the models are used at various scales. For example, in large scale applications (see later Section 4.6), the
characteristic length scale is decimeter as e.g. in [59,60,28] whereas other applications are of micron scale [61-63]. As such,

6 The number of unbounded modes is finite (and independent of refinement) when X is a curve. However, when the interface is a manifold in 3d the
number of unbounded modes grows with h (as d% is refined).

13
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Table 4.1

Spectral condition numbers for the Biot-Stokes problem (2.10) with fractional preconditioners (3.12). Boundary
condition configurations from Fig. 1.1 are considered; ¥ intersects I'? and I'}* or I'* and I'%. In addition, on FL
we prescribe both d and pp. The fractional preconditioners differ by the boundary conditions enforced on 9%;
Dirichlet condition, cf. (4.4), enforced strongly (D) or with Nitsche’s method (Dyjtsche) OF Neumann condition (N),
cf. (4.5). Systems are discretized by TH; family except for CR* where the modified CR family is used with the Biot
pressure space constructed from piecewise constant functions. For the finest refinement level the discrete linear
system contains approximately 350 thousand degrees of freedom.

logy h~! e, by i, rd i,
D N D N Dnitsche D with CR? D
2 10.61 16.67 3369 2448 7.02 8.07 6.77
3 1217 17.58 13879 30.29 743 8.45 731
4 13.90 1812 56254 35.91 7.59 8.60 753
5 15.73 18.53 - 41.66 7.67 8.60 7.64
6 17.63 18.83 - 47.66 7.71 8.57 7.69
7 19.58 19.06 - 53.96 7.72 8.54 7.71
Table 4.2

Number of MinRes iterations for Biot-Stokes problem from Example 2.1 and unit parameters.
Discretization by TH; elements. Preconditioning by block-diagonal preconditioner (3.12) and
preconditioner (4.6) is considered. Convergence is determined by reducing the preconditioned
residual norm by factor 108. The solvers are started from a random initial vector.

[Henl 5927 23111 91271 362759
Rr (46) 13 12 12 12
R (312) 35 34 34 33

for instance the value of the permeability which scales as m? will change by 10 orders of magnitude (from dm? to pm?)
depending on the application. Further, the elastic parameters scale linearly with the length scale whereas for instance the
storage coefficient scales inversely with the length scale. For a review of parameters, consider [64,65].

The Biot-Stokes system is then considered on the geometry from Example 2.1 with the boundary configuration satisfying
the assumptions in Theorem 3.1. That is, the interface intersects I'} on the Stokes side and F‘,‘, on the Biot side. In turn, the
fractional operator is constructed as given in (4.3). Finally, following Example 2.1, the convergence criterion for the MinRes
solver is a reduction of the preconditioned residual norm by factor 108. As we are here interested in performance of the
exact preconditioner, the action of (3.12) is computed by LU factorization of the 2 x 2 velocity-displacement and the 3 x 3
pressure blocks, respectively. Because of LU limitations, we restrict our experiments to lowest order discretizations, i.e. only
TH; and CR families are considered. However, we did not observe any noticeable deterioration of performance (i.e., lack of
boundedness in mesh size or parameter variations) with higher order elements.

Using TH; elements, Figs. 4.3 and 4.4 present slices of the explored parameter space. More precisely, in each subplot
column-indexed by fixed value of ¢ and row-indexed by scalar permeability ¥ we plot dependence of the MinRes itera-
tions on system size for varying Lamé parameter A (indicated by color), the Biot-Willis coefficient « (in Fig. 4.3, y is set
to 1) and the slip-rate coefficient y (in Fig. 4.4, « is set to 1). We observe that for each of the parameter combinations the
MinRes iterations are bounded in mesh size. In addition, the solver converges in 21-56 iterations despite the large param-
eter variations spanning several orders of magnitude. These results demonstrate the robustness of preconditioner (3.12) in
material and discretization parameters.

Remark 4.2 (Triangular preconditioners). The Schur complement preconditioner in the block diagonal operator R in (3.12) can
be utilized to construct more involved upper/lower triangular preconditioners [66] or full factorization preconditioners [67,
68], which are known to yield convergence in fewer Krylov iterations. Here we illustrate the potential savings by considering
the latter preconditioner type, namely,

_A-1p/
Rp = ByRBy, By:= <’ A B). (4.6)

We recall that the operators A and B are defined in (2.13). Note also that the product ByR defines the upper block
triangular preconditioner of [66].

The symmetric preconditioner (4.6) allows for using the MinRes Krylov solver and thus a direct comparison with the
block-diagonal preconditioner (3.12). Using unit parameters and the setup of Example 2.1, the iteration counts required
for convergence are reported in Table 4.2. The full factorization preconditioner converges in less than half the number of
iterations. Though the single application of (4.6) is more costly than that of (3.12), the fewer iterations in this case translate
to faster compute times.
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Fig. 4.3. Performance of the Biot-Stokes preconditioner (3.12). Geometry of Example 2.1 is used with ¥ intersecting I'f and I",’,. We set (s, y to 1 while
Co = 0. The parameters py, k, A, a are varied. Values of the Biot-Willis coefficient are indicated by markers. In this case, the discretization uses TH;
elements.

4.4. Other boundary configurations

The Biot-Stokes preconditioner (3.12) can be extended beyond the boundary configurations assumed in the theoretical
analysis, namely, the requirement that X is incident to I'} and F‘l’,. We illustrate this here by letting the interface intersect
the boundaries I'?, I'h*. Following Section 4.2, the configuration leads to the fractional operator u~1(—Ax + I5)~1/2, see
(4.5).

Employing the experimental setup of Section 4.3 the performance of the (4.5)-adapted preconditioner (3.12) is illustrated
in Fig. 4.5 where the slice of the parameter space for Co =0, y =1 is shown (cf. Fig. 4.3 where T is incident to T'¥ and
F‘,’, ). For all the tested parameter values the preconditioner led to convergence in 23 to 58 iterations thus indicating that R
is indeed parameter robust and mesh independent.

For CR family, the MinRes iterations are reported in Fig. B.2. Here, for the sake of brevity we present results only for the
stronger tangential coupling, i.e., y is fixed at 10% and we explore robustness for varying i f» &, A and «. It can be seen
that the fractional preconditioner leads to convergence in 22-57 iterations for all the parameter combinations considered.
We remark that the stability of CR discretization for the three-field Biot formulation is explored in Appendix B.

4.5. Diagonal pressure preconditioner

From the point of view of computational efficiency a possible drawback’ of preconditioner (3.12), is the fact that due to
the C-seminorm in (3.1) the pressure block contains a 2 x 2 operator (4.2). However, for the three-field Biot problem, the
authors in [27] show that parameter robustness can be obtained also if (¢, pp) are controlled in a simpler norm, cf. the Biot
block of the operator Rp in (2.14). Following this observation we next consider a Biot-Stokes preconditioner of the form

7 In addition to the presence of the fractional operator on the interface.
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Fig. 4.4. Performance of the Biot-Stokes preconditioner (3.12). The problem is setup on the geometry from Example 2.1 with boundary conditions prescribed
such that T intersects I'* and I'}. We set 15, o to 1 while Co = 0. Parameters ji7, &, A, y are varied. Values of the slip-rate coefficient y are indicated
by markers. A discretization by TH; is used.

Afrr Afp, !

R= ol : (4.7)

2 1
(Co+ )1 - A+ L (=Axon) 77

and we note that the pressure block is diagonal.

Using the computational setup of Section 4.3 we compare the preconditioner (3.12) derived in Theorem 3.1 with the
[27]-inspired operator R defined in (4.7). For the simple geometry of Example 2.1 we set us=1,y =1, Co =0 while
the remaining parameters are varied. As before, uniform grid refinements and discretization by TH; elements were used.
The preconditioners are compared in Fig. 4.6 where we report the number of preconditioned MinRes iterations required
for convergence (determined by reducing the preconditioned residual norm of a random initial vector by a factor of 108).
Here, both preconditioners were inverted exactly by LU. We observe that the performance of the preconditioners in terms
of iteration counts is practically identical, except for A =1, o« =1 where (4.7) requires more iterations (about 20) for
convergence.

4.6. Interfacial flow in the brain

In the examples presented thus far the fractional preconditioners were applied to the Biot-Stokes problem posed in
geometries where the interface formed a simple curve (a straight segment in fact). In addition, the number of degrees
of freedom associated with X, and in turn the discrete fractional operators, were small. To apply the proposed fractional

preconditioners in a more practical setting our final example concerns the interfacial flow in a brain. The chosen problem
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Fig. 4.5. Performance of the Biot-Stokes preconditioner (3.12). Geometry of Example 2.1 is used with ¥ intersecting I'Y and I“,';P . The fractional operator is
changed to =1 (—Ax 4 Ix)~1/2. We set s, ¥ to 1 while Co = 0. The parameters Wy, K, A, a are varied. Values of the Biot-Willis coefficient are indicated
by markers. In this case, the discretization uses TH; elements.

is motivated by applications such as the modeling of the glymphatic system [69] where poro-elastic models of the brain
interact with the surrounding cerebrospinal fluid [70]. Here, e.g. cardiac pulsations [71] create pressure pulsations in the
cerebrospinal fluid that surrounds the brain, which again propagate through the poroelastic brain. Notably, the interface
between the viscous and poroelastic domains are large and complex.

As realistic brain geometries currently cannot be tackled with our spectral approach (4.3) due to the size of the interface,?
we choose the problem geometry as two-dimensional slices, see Fig. 4.7. The chosen axial and coronal geometries® could
in principle be used in simplified simulations of hemorrhage or the effects of incoming cerebrospinal fluid flow from the
spinal canal. For relevance in real applications, however, three-dimensional geometries/simulations would be needed. Here
the 2d geometries are thus primarily used to investigate performance of our preconditioners in a more practical setting
with large and irregularly shaped interface and realistic parameter values. In addition, differing from the assumptions of the
theoretical analysis in Section 3, the geometries lead to closed interfaces.

We then model flow of a water-like fluid in free-flow domain that is the space surrounding the brain known as the
subarachnoid space and in the poroelastic domain that is the brain parenchyma. We remark that the interface thus forms
a closed surface. The material parameters of the Biot model are adapted from [64,59]. We let py =1- 103Pa-s, a =1,
Co =2-10"°Pa~! while the slip-rate coefficient is set as y = 1. Finally, the Lamé constants are based on the Young modulus
16 kPa and the Poisson ratio of 0.48.

8 The coarsest yet still reasonably well resolved surface mesh of a 3d brain at our disposal has circa 50 thousand cells. The resulting eigenvalue problem
is roughly 4 times larger than what can be computed on a computer with 24GB RAM.

9 We generate the meshes based on smoothed slices of a real brain. The scripts for creating and meshing the coronal and axial geometries, together with
the required input data can be found at https://github.com/MiroK/slash/blob/master/demos/get_coronal_mesh.py and https://github.com/MiroK/slash/blob/
master/demos/get_axial_mesh.py.
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Fig. 4.6. Number of MinRes iterations required for solving the Biot-Stokes problem with geometry from Example 2.1 and ¥ intersecting I“; and I‘f,” . Two
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w1 (—=Agx +Ix)~1/2 in both preconditioners. Except for cases where A =1, a = 1, performance of the preconditioners is practically identical.

Table 4.3

MinRes iterations with different preconditioners for the Biot-Stokes problem from Section 4.6 and two-dimensional geometries from Fig. 4.7. The solvers
are stared random initial guess and terminate once the preconditioned residual norm is reduced by 10%. Gradually refined meshes of the geometry are
generated with mesh size in mm given in the h column of the table. Dimensionalities of the corresponding finite element solution space based on TH;
elements are shown together with the size of the trace space Sy, cf. Section 4.2. The fractional preconditioner (3.12) leads to bounded iterations, and also
fewer iterations are required compared to the simple preconditioners from Example 2.1.

Axial Coronal
h[mm] [He nl [Shl R Rp Rc h[mm] [He nl [Shl R Rbp Rc
3.21 12919 266 77 445 98 2.46 11681 178 80 406 106
193 41545 530 75 473 104 1.67 36677 355 85 435 116
1.05 134980 1066 81 513 114 0.86 132775 710 88 446 121
0.53 482371 2118 83 525 119 0.44 496680 1420 86 440 124
0.27 1840764 4234 82 521 119 0.21 1895459 2838 85 435 121

For both axial and coronal geometry the boundary of the outer spaces is assumed impermeable with u =0 prescribed
on most of the surface, except for regions (marked with red and orange in Fig. 4.7, left) where traction is set in order to
drive the flow.

We discretize the system by TH; elements in order to reduce the number of unknowns on the interface such that
the eigenvalue problem (4.5) as well as LU inverse of the preconditioner blocks remain computationally tractable.'® For
each level of (uniform) refinement the flow problem is then solved by a preconditioned MinRes solver starting from a
random initial vector with relative tolerance of 10~8. As the preconditioner (3.12) is used, where the fractional term reads

10 Specifications of our hardware setup used can be found Section 4.7.
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Fig. 4.7. Idealized brain sized geometries (plotted not-to-scale). The brain is enclosed in a water-filled fluid space. For axial slice (left) |X| ~ 690 mm,
[Tl ~ 391 mm, %]~ 140 mm while in coronal slice (right) |X| A 825 mm, |I'}| ~ 440 mm, |I'7|~ 24 mm. The outer boundary of the fluid space is
assumed impermeable except for orange and red segments that form the traction boundary I'?. (For interpretation of the colors in the figure(s), the reader
is referred to the web version of this article.)

Wl (=Asx +15)~"2, f. Section 4.4. Note that, while = is now a closed surface, the fractional operator is well defined (and
invertible) since the spectrum of the eigenvalue problem (4.5) is positive due to the H'-inner product used in the definition.

The number of iterations required for convergence is tabulated in Table 4.3. With both geometries the iterations are
bounded in mesh size. While the axial geometry yields approximately twice as large interface (in terms of the number of
degrees of freedom on the interface, |Sy| in Table 4.3), the iteration counts are fairly similar. Moreover, even though the
interface is more complex and the interface problem much larger, the number of iterations is in fact comparable to that
in the simple setup of Example 2.1 and Section 4.3. We note that the fractional preconditioner leads to convergence in
fewer iterations of the MinRes solver especially compared to the simple block-diagonal preconditioner Rp, see Example 2.1.
However, the lower setup cost of preconditioner R¢ results in faster solution time (compared to R) despite the increased
number of Krylov iterations, see Table 4.4 and Section 4.7 for more detailed discussion.

The resulting Stokes velocity, displacement, and Biot-Stokes fluid pressure fields for the two sets of simulations are
shown in Fig. 4.8. Regarding the transverse slices (top panels), the excess pore pressure that develops in the parenchyma
drains through the whole interface. However, for the flow and loading rate regime under consideration, the localization
of Stokes fluid pressure and the arrows of Stokes velocity (determined by boundary conditions on I'{ ;) yield interfacial
flow patterns where the pore pressure has a much higher gradient near the bottom-left region of largér velocity. The Biot
fluid pressure then dissipates towards the remainder of the deformable porous domain and the permeating patterns seem to
match the directions of brain displacement (arrows in the parenchyma region, on the top-right panel). As the flow eventually
reaches the interface near the boundary Fg’ r» the displacement arrows provide an indication of the direction of interface
deformation (which is very small compared to the displacement near the center of the parenchyma. In this case, and for
sake of visualization, we portray magnified arrows). In the coronal slices (bottom panels) we can observe that both fluid
pressure distributions on the subarachnoid space and brain parenchyma exhibit a higher gradient near the portion of the
interface that is closer to I'7. The bottom-right panel shows a very smooth displacement field with of relatively higher (but
still very mild) magnitude near the bottom-center part of the interface. In average, the fluid pressure in the subarachnoid
space remains higher than that on the parenchyma. We remark that, as the application here is in 2d, we are careful not to
draw any conclusion regarding the phenomena in 3d. However, our methodology constitutes a promising starting point for
accurate and robust algorithms in patient-specific geometries.

4.7. Cost comparison of preconditioners

We have demonstrated parameter robustness (cf. Section 4.3) and efficiency of the Biot-Stokes preconditioner (3.12) in
terms of reduced number of Krylov iterations relative to other approaches (cf. Table 4.3). However, realization of R requires
inverses of the 2 x 2 displacement-velocity block A in (2.13) and the 2 x 2 Biot pressure-total pressure block (4.2) which
includes the fractional Laplacian (4.3). Due to these components, the exact preconditioner R might be more costly than the
simpler preconditioners Rp or Rc.

To address the cost efficiency we compare the CPU cost of the preconditioners using the coronal slice geometry (since the
problem size [Hc | is then typically larger than with the axial slice). In Table 4.4 we list the setup time of preconditioners
R from (3.12), Rp from (2.14) and R¢ from (2.15) as well as the timings of the respective preconditioned MinRes solvers
together with their cost per iteration. Furthermore, we consider both the exact preconditioners, with the blocks realized
by LU decomposition (using the MUMPS library [72]), and approximate preconditioners, where the action of each block is
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Fig. 4.8. Interfacial flow in an idealized geometry. The traction boundary conditions in the top right and bottom left corners (axial slices), respectively at
the bottom (coronal slices), induce the fluid flow (left) and the brain displacement (right). The simulations display fluid and displacement fields of localized
pressure gradients arising in the cerebrospinal fluid.

computed by single V-cycle of algebraic multigrid BoomerAMG'! from Hypre [73]. In all cases the timings were obtained
on Ubuntu workstation with AMD Ryzen Threadripper 3970X 32-Core processor and 128GB of memory. The solvers were
run in serial without MPI parallelism.

Using the exact preconditioners we observe that the setup time of R¢ is up to four times shorter compared to R and
the difference translates to fastest overall solution time despite the larger number of MinRes iterations (121 vs. 85 on the
finest mesh). We remark that in R¢ the pressure preconditioner is block diagonal (cf. the 2 x 2 operator in R) and the
operator does not include the fractional Laplacian. However, both preconditioners require inverse of the 2 x 2 displacement-
velocity block. The difference in setup times then points to the 2 x 2 pressure preconditioner (4.2) as the most expensive
component of R. Here the large cost is due to assembly of the fractional operator (4.3) and the subsequent inverse of (4.2)
which includes a dense block due (4.3). Comparing R¢ and Rp we note that the additional inverse of A in (2.13) does not
seem to introduce significant overhead in setup relative to the fully diagonal preconditioner Rp. Finally, we remark that in
this test example the setup and overall solution times of all the preconditioners scale approximately linearly.

1 parameters of the AMG algorithm were identical for each block, specifically, we used the default parameter values.
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Table 4.4

Cost comparison of Biot-Stokes preconditioners R in (3.12), Rp in (2.14) and R in (2.15). Material parameters from Section 4.6 and meshes based on the
coronal brain geometry from Fig. 4.7 are used. Discretization by TH; elements. (Top) Exact preconditioners inverted by LU and (bottom) approximated by
algebraic multigrid are considered. The numbers for each preconditioner show respectively the setup time of the preconditioner, time spent in the MinRes
iteration loop, the number of iterations required for convergence and time per iteration (listed in the square brackets). The timings are given in seconds.
MinRes solvers are started from random initial guess and converge once reducing the preconditioned residual norm by factor 103. No convergence in 750
iterations is indicated by ——.

|He nl R(LU) Rp(LU) Rc(LU)

11681 06 04 80[0.01] 04 19 406[0.00] 04 05 106[0.01]
36677 17 24 85[0.03] 10 113 435[0.03] 11 33 116[0.03]
132775 6.9 8.9 88[0.10] 32 439 446[0.10] 36 125 121[0.10]
496680 35.7 347 86[0.40] 11.2 1633 440[0.37] 126 492 124[0.40]
1895459 159.6 1265 85[1.49] 22 564.9 435[1.30] 476 1743 121[1.44]
He | R(AMG) R (AMG) Rc(AMG)

11681 05 12 182[0.01] 04 2.0 392[0.01] 04 15 244[0.01]
36677 14 11.0 293[0.04] 0.9 143 507[0.03] 1.0 145 410[0.04]
132775 54 831 533[0.16] 2.7 92.7 ——[012] 28 107.5 ——[014]
496680 246 4536 ——[0.60] 9.1 363.4 ——[0.48] 94 4017 ——[0.54]
1895459 99.3 1804.2 ——[241] 334 1575.6 ——[210] 35.8 1606.8 ——[214]

For scalability of R in 3d problems, the preconditioner blocks need to be computed by more efficient methods than LU.
To this end, tailored algorithms are required. We illustrate this need in Table 4.4 where the preconditioners are realized
by algebraic multigrid. It can be seen that, while the setup times have been reduced, the chosen multigrid provides poor
approximation of the inverse, resulting in slow convergence of the Krylov solvers.

The lack of convergence with both R and R¢ suggests that specialized solvers/improved AMG are required both for the
displacement-velocity block A in (2.13), which includes the metric term on the interface due to the tangential coupling,
and the pressure block (4.2). To the best of the authors’ efficient methods for these two components are currently missing
in general. However, auxiliary multigrid developed in [74] could be applicable in approximating the first block A of (3.12)
and (2.15). Moreover, numerous scalable algorithms exist for the fractional Laplacian, e.g., quadrature methods [75], rational
approximations [76,77] or multilevel methods [78-80]. These algorithms could serve as building blocks in solvers for (4.2).

5. Conclusions

In this paper, we considered discretizations of a multiphysics model describing interaction between the free flow of a vis-

cous Newtonian fluid and a deformable porous medium separated by an interface. The problem was formulated in terms of
Stokes velocity-pressure and Biot displacement-total pressure-fluid pressure; no additional variables were introduced on the
interface to account for the coupling. The investigations carried out here have been motivated by both theoretical numerical
analysis and computational experiments. The well-posedness of the resulting five-field formulation was established using
appropriately weighted operators in fractional Sobolev and metric spaces at the interface resulting in stability in all material
parameters. In turn, parameter robust block-diagonal preconditioners were proposed for the underlying saddle-point linear
system. On the other hand, parameter robustness of the exact preconditioner was demonstrated through several test cases
using conforming and non-conforming finite element discretizations. Efficiency of the preconditioner was assessed on an
application to interfacial flow in the brain with realistic two-dimensional geometries. Our results have demonstrated that,
in scaling the preconditioner to large scale (three-dimensional) problems, black-box algorithms might not be sufficient. In
this regard, the construction of tailored efficient solvers for the components of the proposed preconditioner constitutes a
very much needed avenue for future research.
We emphasize that the methods and analysis put forward in this work can be readily generalized to address more complex
boundary and interfacial conditions, spatially heterogeneous material parameters, anisotropy, including gravity and osmotic
pressure effects, other types of stable discretizations, and other parameter regimes observed in brain poromechanics, such
as traumatic brain injury, treatment of hematoma development, blocking of aqueducts in hydrocephalus, and magnetic res-
onance elastography where the brain tissue is loaded under small strains at high frequencies. However further effort is
needed in validating the current results against clinical data.
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Appendix A. THy, and CR finite element families

We denote by {75}y-0 a shape-regular family of partitions of €, conformed by tetrahedra (or triangles in 2D) K of
diameter hg, with mesh size h := max{hg : K € T3}, and denote 7;,F and ’Thp the restrictions of the mesh elements to the
subdomains Qf and Qp, respectively. Similarly, by é'hF and S,f we will denote the restrictions to the interior mesh facets
(edges in 2D) to the Stokes and Biot subdomains, respectively. We assume that the two partitions match at the interface.
Given an integer k > 1 and a subset S of RY, d =2, 3, by Py(S) we will denote the space of polynomial functions defined
locally in S and being of total degree up to k. The methods that we use are based on the generalized Taylor-Hood [46] and
Crouzeix-Raviart [47] finite element families that give an overall k4 1 order of convergence. Their definition is recalled next

Vi = {(vi. wh) € V: Vylk € Pey1 (KT, whlp € P (DL VK € T Le T,
THi Y Gy = {(Gh € Q NIC(RF) x C(Rp) x L2(Qp)] :

arnlk € Pe(K), Ynlr € Pe(L), qpplL € Py (L), VK € T Le T,T),
Vi = (v, wy) € L2(QF) x L2(R2p) : ik € P1(K)?, wyp € Pr(L)Y,

/[[T,,evh}]_o /[[T,,th]]_o Ve CdK, £ CdL, KeT,,LeT" ),
CR

Qn= {qh eQn [Lzmp) x L2(2p) x C(2p)]: qr.nlk € Po(K),
YulL € Po(L),qpnlL € P1(L), VK e T,, .Le Th }.

Appendix B. CR discretization for the Biot system

Due to the chosen facet stabilization required by the CR family, the discretization of the velocity-displacement operator
A defined in (2.13) includes addition terms. More specifically, we consider

(An(u.d), (v, w)) = /2ufe<u> €w)+ Z/ P Tl [Tav]

ee& he

fzﬂsf(d) €(w) + Z / 2Hs [Tnd][Tnw]

y“f/n(u—«ﬂ Te(v — w),

for all (u,d), (v,w) e Vh, while the remaining components B, C of the Biot-Stokes operator remain unchanged. We remark
that the discrete operator Ay is also used in the discretization of preconditioner R in (3.12).

We investigate numerically the stability of the three-field (total pressure) formulation of Biot equations discretized by
the CR family. Assuming momentarily that 0Q2p = 1"‘,', the discrete weak problem reads: Find (dy, pp p, ¢n) € Wh X th x Zp
such that for all (Wy,, qp . Zy) € Wy x Q' x Zj it holds that

/Zﬂsé(dh) €(wp) + Z/ P [ Tudy ) [Twwy] - /@h diVWh:/f'Win
Qp

Qp Qp
/O‘ / K Vppn-v +/ al —0
A Pp.hqp.h I DPpr.h-VA4p,h )L(/)hCIP,h— ) (B.1)
Qp
f¢ divd, + & !
—div - - - =
h h )LPP,h A(ﬂh
Qp

In Fig. B.1 we report the number of iterations required for convergence of MinRes solver started from random initial
vector until reducing the preconditioned residual norm by a factor of 108. Here the preconditioner analyzed in [27] (that is,
the preconditioner is formed by the second, fourth and final blocks of the operator Rp in (2.14)) is used. We remark that
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Fig. B.1. Total pressure Biot formulation (B.1) with preconditioner from [27], and using a discretization by CR family.
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Fig. B.2. Performance of Biot-Stokes preconditioner (3.12). Geometry of Example 2.1 is used with ¥ intersecting I'} and I‘f," . The fractional operator is
changed to i~ '(—Ax + Ix)~"/2. We set s =1, Co =0, y = 102. The parameters Wy, Kk, A, a are varied. Values of the Biot-Willis coefficient are indicated
by markers. The discretization is done using the CR family.

in the numerical experiment Qp = (0, 1)2, and |Ff,” | - |F‘I',| > 0. We observe that the iterations are bounded with respect to
the mesh size as well as to variations in material parameters.
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