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In this work, we thoroughly analyze the linearized version of a poromechanics model developed to simulate
soft tissues perfusion. This is a fully unsteady model in which the fluid and solid equations are strongly
coupled through the interstitial pressure. As such, it generalizes Darcy, Brinkman and Biot equations
of poroelasticity. The mathematical and numerical analysis of this model was initially performed for a
compressible porous material. Here, we focus on the nearly incompressible case with a semigroup approach,
which also allows us to prove the existence of weak solutions. We show the existence and uniqueness of strong
and weak solutions in the incompressible limit case, for which a divergence constraint on the mixture velocity
appears. Due to the special form of the coupling, the underlying problem is not coercive. Nevertheless, by
using the notion of T-coercivity, we obtain stability estimates and well-posedness results. Our study also
provides guidelines to propose a stable and robust approximation of the problem with mixed finite elements.
In particular, we recover an inf-sup condition that is independent of the porosity. Finally, we numerically
investigate the elliptic regularity of the associated steady-state problem and illustrate the sensitivity of the
solution with respect to the different model parameters.

Introduction

Poromechanical models aim at describing the mechanical behavior of saturated porous media with the
interaction of a fluid flow within a deformable porous structure through the definition of a multi-phase

continuum framework [51, 55]. The initial introduction of such models concerns geophysics [10, ], but
these models have been recently used for biomechanical applications, in particular to represent perfused living
tissues. If the heart perfusion remains a leading example of application [109, 66, 79, 45, 75, 44], poroelastic
models have also been considered to simulate lipid and drug transport in blood vessel walls [67, 39, 9, 53, 40],
water transport and drug delivery in the brain [13, 99, , , 48, 64, 70], ocular diseases such as glaucoma
[42, 87], fibrosis diagnosis in the lungs [15, (1], or also tissue growth [4, 89, 50].

In these biomedical applications, physical phenomena such as fluid inertia and solid quasi-incompressibility,
generally neglected in civil engineering, may play an important role. Therefore, the original poroelastic-
ity model derived by Terzaghi [101] and Biot [16] must be revised to include inertial effects. Note that
in the many applications of poroelasticity, unsteady behavior for the fluid and the solid is typically in-
cluded when studying wave propagation in porous media, see [93] and references therein. It is also an
important topic for the simulation of fluid-porous structure interaction (FPSI) occurring in living tissues
[95, 9, 34, 33, 35, 43, 5, 3, 1, 40, 20]. In addition to inertial effects, perfused organs such as the heart or the



lungs are subject to finite strains, so their modeling must also account for these non-linear effects and, in
particular, consider porosity — which represents the fraction of fluid in the porous material — as a primary
variable. Such modeling extensions were proposed within the framework of Biot theory were the solid skele-
ton plays a special role [30, 73, 62], or in the context of mixture theory treating equivalently all components
of the mixture [31, , 84]. All these models suppose — explicitly or implicitly — that the frictional effects
within the fluid can be neglected due to its viscosity, and rarely take into consideration the influence of solid
viscosity. Recently, authors in [416] have revisited the framework of Biot theory at finite strain to derive
general formulations adapted to soft tissues perfusion, including inertial and viscous effects both for the fluid
and the solid.

Their formulation is compatible with thermodynamical principles. In particular, the solution of the
linearized version of the fully coupled model proposed in [16] satisfies energy estimates, opening the way to
prove well-posedness. In [38, 10] the case where the structure is compressible is considered for a linearized
system closed to the one considered here. Still, the general resulting formulation can exhibit — when solid
viscosity is neglected — a hyperbolic-parabolic coupling between the structure and the fluid, with — when
the skeleton is incompressible — an additional incompressibility constraint involving a mixture velocity, and
therefore leads to challenging questions of analysis.

From a mathematical point of view, there is a large literature related to the existence and uniqueness of
solutions for linear Biot’s consolidation models, namely systems of the form

{ pOsus — (A + p)V(divug) — pAug + aVp = f, (1a)
O¢(cop + adivus) —div (kfVp) = g, (1b)

where the two unknowns are the displacement of the structure us and the interstitial pressure p, which
corresponds to the fluid pressure in the pores. For the unsteady system (p > 0), the existence of strong
solutions was first derived in [52] using Laplace transform and then completed by [60], and the existence of
weak solutions was obtained in [12] with a Galerkin method and a regularization technique. The quasi-static
case (p = 0) was first studied in [6] where it was recovered using homogenization techniques, leading to the
existence of strong solutions. Existence of weak solutions was shown in [111] using a Galerkin approach,
which was recently refined to get a more regular solution [30]. In [94], existence of strong but also weak
solutions is established by means of a semigroup approach. This article also handles secondary consolidation
phenomena occuring in clays [75], modeled by the presence of an extra term —V (A\*9;(divu,)) in (1a). Non-
linear extensions of (1) were also analyzed [97, 96, 41, 22, 29, 24, 23]. Yet, in the previous models, fluid
inertial effects are neglected and, apart from [94, 23], little attention is paid to the incompressible case ¢y = 0.
Moreover, fluid inertial effects are included in porous wave propagation models [18], whose well-posedness was
studied in [92] and [59] using respectively Galerkin and semigroup approaches. However, the fluid viscosity is
still not considered and the existence of solutions is carried out only for a compressible fluid, while the fluids
present in biomedical applications (blood, lymph, cerebrospinal fluid) are mostly incompressible. Finally,
[38] and [10] take into account inertial and viscous fluid effects as their formulation are derived from the
linearization of [46] and show respectively the existence of a strong solution when solid viscosity is included,
and the existence of a weak solution in absence of solid viscosity, both for a compressible solid. The existence
result for incompressible or nearly-incompressible materials was not covered by their results.

In the present work, we study the well-posedness for a linearized system, obtained by linearizing the fully
coupled system introduced in [46], by unifying semigroup and variational approaches. The considered model
takes into account both fluid and structure inertia, the fluid viscosity, possible damping in the structure, a
friction force between both phases, and the interstitial pressure. The elastic or viscoelastic skeleton can be
compressible or incompressible, so that we consider four different cases. Our results include the compressible
fully viscous case originally studied in [38] and generalize, by relaxing the condition on the fluid mass source
term, the results on the compressible elastic case obtained in [10]. Note moreover that the linearized system
here considered differs slightly from the one studied in [38, 10], since it incorporates the Biot-Willis coefficient
that models pressure-deformation coupling, hence relating the proposed model to the forementioned Biot-
type systems. In addition to the compressible case, we fully analyze the incompressible limit case, which
corresponds to the physiological regime when considering living tissues. Our approach exploits the notion of



T-coercivity [50, 47] to prove, when no damping is added to the structure, the surjectivity of the underlying
operator that involves the resolution of a non-coercive problem. Furthermore, we also take advantage of the
recent parallel between inf-sup conditions and T-coercivity [11] to prove the fundamental inf-sup condition
associated with the mixture velocity constraint that we have to deal with in the incompressible case. It
appears that the inf-sup condition is ultimately independent of the porosity. This result, already conjectured
in [38] and partially justified in [10], is crucial to be able to use generic finite-element discretization. It would
also be essential when considering the discretization of the non-linear model from [46], in which the porosity
is an unknown of the system.

The paper is organized as follows. Section | presents the poromechanics model under study, its connection
with standard Biot models, and general preliminaries such as the formal derivation of energy estimates on
the system. Further details concerning the full non-linear model introduced in [416] and its linearization are
given in Appendix A. In Section 2, we unify the semigroup and variational approaches used in [38] and [10]
by proving the existence and uniqueness of strong and weak solution for a compressible porous material.
We highlight the role of solid viscosity on the model by pointing out the differences that appear in the
variational formulation when this coefficient vanishes. Section 3 is devoted to the incompressible regime and
more specifically to the saddle-point structure of the problem arising in this case, with a particular attention
dedicated to the existence and regularity of pressure. Next, in Section 4, we establish a link between
the results of Sections 2 and 3 by passing to the incompressible limit obtained when the bulk modulus of
the structure skeleton goes to infinity. Finally, these theoretical results are complemented with numerical
experiments exploring the regularity of solutions and the domain of the underlying semigroup operator.

1 Problem setting

The model, close to the one we consider here, was introduced in [38] and further explored in [10, 27].
This model comes from the linearization of the poromechanical model developed in [46]. For the sake of
completeness, we refer the reader to Appendix A for a brief presentation of the non-linear model proposed
in [16] and details about the linearization process in which we introduce the Biot-Willis coefficient that was
not taken into account in [38, 10, 27]. We will explain in Section that the resulting linearized model is
a variant of the well-known Biot systems [16, 17, 19]. Its peculiarity compared to Biot-type models is that
it incorporates inertial and viscous effects for both the fluid and the solid, and satisfies an energy balance
which is formally derived in Section and further rigorously justified.

We consider a porous medium in a bounded domain Q C R? (d = 2,3) with Lipschitz boundary. In each
point of the domain 2, we consider a mixture of fluid and structure and we denote by ¢ the porosity. For all
x € Q, ¢(x) € (0,1) represents the fraction of fluid whereas 1 —¢@(x) represents the fraction of elastic medium.
The fluid phase is assumed to be an homogeneous, viscous, Newtonian and incompressible fluid. We denote
by vy its velocity, py its density and py its viscosity. Since the fluid is incompressible (resp. homogeneous),
py is independent of time (resp. of space). We also assume that the structure is elastic and, to simplify, that
its macroscopic behavior law is linear and isotropic and, thus, characterized by two Lamé constants A and
. They stand for the elastic parameters characterizing the macroscopic behavior of the elastic part of the
mixture (i.e. the homogenized behavior of a perforated elastic medium with no fluid). We denote by ug the
structure displacement and by v; = dyu, the structure velocity. The density of the structure is denoted by ps
and its viscosity by 1. The fluid and the structure are coupled through a friction force that depends linearly
on the relative velocity vy — vs and reads qka;l(vf — ), where ky is the hydraulic conductivity tensor. In
addition, they are coupled through the interstitial pressure p, that is further linked to the incompressibility
of the whole fluid-structure mixture. Finally, a(x) € (¢(z), 1) is the Biot-Willis coefficient, which takes into
account the pressure-deformation coupling. This coefficient depends on space for a compressible material
but tends to 1 in the incompressible limit as the skeleton elastic bulk modulus, denoted &, tends to 400, see
Remark



The fully coupled model then reads

ps(1 — @) Opus — div (as (us)) — div (U;’is(atus))
— > k;l(vf — Oyus) + (o — @) Vp = ps(1 — @) f, in Qx(0,7), (2a)

pf(bath—le (¢Uf(vf))+¢2k;1(vf_atus)_evf+¢vp:pf¢fa in O x (OvT)v (2b)
O[T_d) 8tp—|— div ((O[ — ¢) @us + d)’Uf) = pi, in ) x (O7T)a (2C)
!

where the structure stress tensor is given by Hooke’s law
os(u) = ATr(e(u)) Z + 2ue(u),
with e(u) = 1(Vu + VuT), the structure additional viscosity is given by

0¥ (v) = 2 (v),

and the fluid stress tensor reads
07(v) = Ay Tr((v)) T + 2417 £(v).

In the above system, the data are the applied exterior force f and the additional fluid mass input 6. The
coupled system (2) describes the mixture of an elastic, possibly viscous medium and an incompressible
Newtonian flow. The first equation (2a) represents the momentum conservation law of the elastic phase
including inertial effects, macroscopic elastic behavior, possible viscous damping, friction force between the
fluid and the structure, and the gradient of the interstitial pressure. The second equation (2b) stands for
the momentum conservation law of the fluid phase including inertial effects, macroscopic viscous effects,
friction force and the gradient of the interstitial pressure. The third equation (2¢) traduces the total mass
conservation dynamic, it involves the parameter s, that represents the bulk modulus of the elastic medium
constituting the porous matrix, and the Biot-Willis parameter . When x < 400 it corresponds to a
compressible skeleton, whereas when x = +o0o (that implies @« = 1) we have an incompressible elastic
skeleton. Since the fluid is assumed to be incompressible we deal in the limit case k = +oo with an
incompressible porous medium. This latter case is crucial when considering living tissues since they are
nearly incompressible. Note that when x = +o00 there is no dynamic of the pressure since the term J;p in
(2¢) vanishes, but the pressure is the Lagrange multiplier associated with the mixture constraint py div ((1 -
@) Oyus + v f) = 0 involving the mixture velocity v, = (1 —¢) Oyus + ¢ vy. Further details on the derivation
of this linearized coupled system are gathered in the Appendix

For a presentation of typical boundary conditions for such systems, we refer to [37, 38, 90, 40] and
their analysis will imply further development. In the present work, we limit our analysis to the case of
homogeneous Dirichlet boundary conditions for the structure and for the fluid:

us =0, on I x (0,7), (3a)
vg =0, ondQx(0,T). (3b)

This coupled problem has to be completed with initial data:

us(0) = usg, in Q, (4a)
atus(o) = Us0; in Q7 (4b)
vr(0) = vy, in Q, (4c)
and in the case Kk < +00
p(0) =po, in Q. (5)

Before detailing the well-posedness analysis of the considered coupled system, let us first emphasize its
links to other systems modeling porous media.



1.1 Related poromechanics models

As shown in [85], Darcy, Brinkman and Biot equations can be derived within the framework of mixture theory
under specific assumptions. The system (2), which arises from Biot theory, can be seen as a combination
of these models. Indeed, (2) is close to the fully dynamic Biot system introduced in [18] for the study of
acoustic waves in saturated porous media, but also includes a viscous fluid term as in Brinkman equation.
More precisely, denoting by u; the displacement of fluid particles within the porous medium and by
w = ¢(uy — us) the relative displacement of the fluid phase with respect to the solid one, the model from

[18] reads
p Otis + py Oyw — div (o4(us)) + aVp =g, (6a)
w _
pfattus—l-apfatt(d)) +k‘f 1q—|—Vp:h7 (Gb)
cop + adivug + divw = k, (6¢)

where p = ps(1 — @) + py¢ corresponds to the density of the mixture, a > 1 is a coefficient describing
tortuosity effects, and
¢  a—¢

Co —
Rf K

is the storage coefficient, with x; the fluid bulk modulus.

In our case, the fluid is assumed to be incompressible and thus k5 = 400, so that ¢y = a—:ﬁ To link (2)
and (6), let us assume that we have no additional fluid mass input, namely § = 0, and that we can neglect
viscous effects, which amounts to take n = uy = Ay = 0. Introducing the new unknown

q= ¢(Uf - 8tu5) = atwa

which corresponds to the filtration velocity, (2) becomes

ps(1 = ¢) Bryus — div (04(us)) — ¢k g+ (@ — ) Vp=ps(1—¢) f, (Ta)
prd Ouus + prOig + ok g+ ¢ Vp = pro f, (7b)
co Opp + div (a Opig + q) = pf@. (7c)

Replacing (7a) by (7a) + (7b) and dividing (7b) by ¢, we get

pOus + pyOq — div (05(us)) +aVp = pf, (8a)
q _
pfattus+p,fat(¢) +k; g+ Vo =ps f, (8b)
O(cop + adivug) +divg = p;19, (8¢)
which, provided that a = 1, corresponds exactly to (6) since ¢ = dyw and (8¢) = 0(6¢). Note that if ¢y > 0,
equation (6¢) can be used to eliminate the pressure unknown as done in [112, 92, 59], but it is no longer
the case if we consider (8c¢). The assumption a = 1 indicates that (2) does not take into account tortuosity
effects since they are not compatible with the first principle of continuum mechanics introduced in [16], see
[62, Section 5.3.4] for a discussion on the thermodynamical compatibility of these effects and [73] for a fully

unsteady poromechanical model in which they are included.

If the fluid and solid inertial effects are also neglected, (8a) reduces to (1a) and (8b) implies that ¢ =
—k¢Vp + prkyf. Substituting this result in (%), we recover the quasi-static Biot’s consolidation model,
namely (1) with p = 0. Therefore, the model studied in this paper is connected to Darcy, Brinkman and
Biot equations, but the presence of inertial and viscous terms both for the fluid and the solid requires a
separate study. In particular, because of these extra terms, the functional setting adapted to the problem
differs from the one developped for Biot models. This functional setting is guided by the energy balance
presented below.



Remark 1.1. Darcy, Brinkman and Biot models have been justified a posteriori using homogeneization
techniques, see for instance [7, 05, 76, 86] and references therein. The justification of (2) by homogeneization
is an open problem.

1.2 Energy estimate

Existence of solutions of such a coupled system, in the compressible case x < 400, has been partially

obtained in [38, 10]. More precisely, the case k < 400, n > 0 and # = 0 has already been studied in [38],
where existence of strong solutions thanks to the semigroup formalism has been derived. The case xk < +0c0,
1 = 0 is treated in [10], where existence of variational solutions is obtained under a smallness assumption on

0. Here, we consider all the different cases k < +o00, 7 > 0, and any given 6 sufficiently smooth. We prove
existence of unique strong and mild solutions — in a sense to be made precise later — using semigroup theory,
from which we deduce existence of a unique variational solution. We eventually show that one can pass to
the limit in the weak formulation as k goes to infinity.

Before going through the proves, let us first derive formally some energy bounds satisfied by any smooth
enough solutions of the coupled problem. We first derive them in the case kK < 400 and then in the limit
case k = +o00. Let us multiply (2a) by the structure velocity Oyus, integrate over €2 and integrate by parts
in space. No boundary terms appear thanks to the homogeneous Dirichlet boundary conditions (3a) and we
obtain

ps d N 2 li/ . / .
5 & /Q(l @)|Ovus|* dz + 50 os(us) : e(us) dx + 27 Qs(atus) : e(Opus) do

—/¢2k;1(vf—5tus)-8tusdx—/pdiv ((a—(b)atuS) dm:/ps(l—¢)f-8tusdx.
Q Q Q

Let us also multiply (2b) by the fluid velocity vy, integrate over Q and integrate by parts in space. No
boundary terms appear thanks to the homogeneous Dirichlet boundary conditions (3b) and we get

5 dt/¢|”f|2dx+/¢0f vy) e(vy) dz
+/¢2k;1(vf—6tus)~vfdx—/H\vf|2dx—/pdiv(¢>vf)dx=/pf¢f~vfdx.
Q Q Q Q

The last equation (2¢) is multiplied by p and integrated over 2, which leads to

1d
2dt

dx—«—/ﬂdiv ((a—d))@tus—i—gbvf)pdx—/ﬂffpdx. 9)

Adding these three contributions, we see that the terms involving the divergence of the mixture velocity
Um,a = (@ — §)Opus + ¢ vy cancel, and we have the following energy equality

ps d
(

: 2
T e(Orus) : e(Opus) do + = 5 dt/th)f\ dz

1d
6u52dx+ O'S Ug) : €(Ug dx—l—Zn/
o dr+ 3 [ oum)  <(w) [

1d
-l-/ oop(vy):e(vy)de +/ ¢2k;1(vf — Oyus) - (v — Opug) da + 77/ dx
o 0 2dt

:/ps(l—gb)f-@tusd:c—k/pfgbf-vfdx—i-/fpdm+/9|vf|2da:. (10)
Q Q Q Pf Q

Consequently, in order to obtain an energy estimate, we impose the following assumptions on the data:
(hl) The constants ps, py, i, A, p are assumed to be strictly positive, whereas n > 0;
(h2) The porosity ¢ € HY/?+7(Q) with r > 0, and is such that there exists (¢min, Pmax) satisfying

0 < bmin < (@) < Pmax <1, Vo e



(h3) The friction tensor k¢ is invertible and there exists ko > 0 such that

k;lv v > kolv?, VweRE

(h4) f € L*((0,T) x Q);
(h5) 6 € C°([0,T] x Q) ;

(h6) The (non-homogeneous) Biot-Willis coefficient a € HY/2*7(Q) with ~ > 0, and is such that there exists
((a — @) min, (o — gb)max) satisfying

0< (a - (b)min S Oé(.l?) - ¢(l‘) S (Oé - ¢)max < 1a Vr € Qy

Remark 1.2. The hypotheses (h2) and (h6) imply that the porosity ¢ and the Biot-Willis coefficient o belong
to a multiplior space of HY(). These assumptions are needed to define the term div ((a — ¢) Opus + quf)

in (9). Indeed, if a,p € HY?F7(Q) with r > 0, then for any (ws, wy) € [HY(Q)]? we have div ((a — ¢) ws +
quf) S LQ(Q).

Under these assumptions, using Young inequality to bound the right-hand side of (10) by

1 1 1 1
5 [o=)li dot 5 [ pt- )0l do s 5 [ prolf dot g [ prolf do
2 Jo 2 Jo 2 Jo 2 Jo
1/ K 2 1/ a—¢ o 2101l cojo,77x ) 1/ )
i P et s [ PR ey DAC@I) D[ 2 de,
2 Qp?’(a_¢)min| | 2 Q K | | pf¢min 2 Q ! |f|

integrating in time from 0 to ¢ and applying Gronwall Lemma, we obtain the following energy bound

Ps 1 . ' . p
5 Q(lf¢)\8tus(t)|2dx+§/Qos(us(t)).{—:(us(t))d:L'JrQn/O /Qs(atus).5(8tus)dxds+?f/ﬂ¢\yf(t)|2 dz
a—¢

t ¢ ,
+/0 /Qd)of(vf) ce(vy)dads +/() /Qqﬁkffl(vf — Oyus) - (vf — Opus) dzds + 5/Q

2/|6 !
Sexp max(l’””(ﬂ)qw)t (ps(]-_(bmin)‘i‘pf¢max) / / |f|2dxds
pfd)min 2 2 0 JQ

K ¢ Ps
—l——/ 02dxds+—6/l—¢> vgo|* da
29?(04—¢)min 0 Q|| 2 Q( osol

1 1 _
+§/as(uso):s(uso)dx+'%f/ ¢|'Uf0|2dﬂf+§/ M|po|2dx>. (11)
Q Q Q K

p(t)]* dz

Note that the friction contribution induces dissipation in the system since
/ qbZkJ?l(vf — Owug) - (v — Opus)da > 0,
Q

in virtue of (h3).
Moreover, Korn inequality [57, 49] implies that the fluid and structure dissipative terms are coercive in

[H3(2)]4. Namely, there exists Cy > 0 such that

voe M@, [ e): () dr > Cul o (12)



which implies that the bilinear elastic form is coercive in [H(€2)]? and verifies

voe @ [ au(o): (o) do > 2uCalo g (13
For the fluid part, thanks to assumption (h2), one also has

e @), | 605(0): 2(0)dr 2 2gbumCallvlfy ey (14)

Consequently, assuming that (usg,vsg,vsg,p0) € [HH(Q)]? x [L2(Q)]F x [L2(Q)]? x L*(Q), it follows
that us € L0, T;[H§(Q)]9), Orus € L=°(0,T;[L2(Q)]9), vy € L°(0,T;[L2(2)]%) N L2(0,T; [H(Q)]4),
p € L>(0,T;L2(2)), and that dyus € L2(0,T; [H3(Q)]9) if n > 0.

Note that the energy bound (11) depends on the bulk modulus . Nonetheless, if § is regular enough,
we can recover an energy estimate independent of x by coming back to the case where the right-hand side
of (2¢) is equal to zero, as we are now going to perform it in the incompressible case.

Let us now focus on the case k = 400 for which o« = 1. The equation (2¢) reduces to

div ((1 — ¢) vs + ¢ vy) :jf, in Q. (15)

Without loss of generality we can assume that the right-hand side of (15) is equal to zero. Indeed, provided
that fQ f0dx = 0, there exists vg such that divey = %. Considering the system satisfied by vs; — vg and
vf — vg, namely defining the new displacement

t t
uSOJr/ (vgfvg)ds:usf/ vg ds,
0 0

we end up with a system for which the constraint reads div ((1 —@)vs + ¢vf) = 0. To obtain the energy
estimates, we proceed as for the case k < 400 by multiplying (2a) by the structure velocity d;us, and
(2b) by the fluid velocity vy. After integration over the domain and integration by parts, adding these two
contributions and taking into account the mixture incompressibility constraint div ((1 — ¢) v, + ¢vs) = 0
yields

ps d , . 1d /
— : 2 :
5 @ /Q( )| Orus|” dx + = 53 Us(us) e(us)dz + 27 Qs(atus) e(Orus) dx

> dt/¢|vf|2dx+/qbaf vy) e(vy) dx—i—/qﬁ ky Yvp — Oyus) - (vf — Oyuy) da
:/ps(l—qb)f-atusdx—i—/pf¢f~vfda?+/9|vf|2dm. (16)
Q Q Q

Gronwall Lemma then implies

Ps 1 . ' .
5 (1 — ¢)|0pus(t)* da + 3 /Q os(us(t)) : e(us(t)) de + 27]/0 /Qs(atus) :e(Orus) dads

Q

t t
Prf 2 . 27.—1 _ . o
<2 [P ars [ [ oo separds+ [ ] 07 0y =00 (o =0, dads

2|16 K
< oxp maX(L”“cwmxm)t (psu_(bmm”%m)/ /|f|2dxds
pf¢min 2 2 0 JQ

s 1
+ 5 [ (1=l dw+ 3 / 0 (uso) : e(ugo) da + £ / ¢>vfo|2dx>. (17)
Q Q Q



Thanks to Korn inequality (12), coercivities (13), (14), assumptions (h1) — (h5) and assuming that
(Us0, Vs0s Vf) € [HH(2)]4 x [L2(Q)]4 x [L2(Q)]%, we have u, € L>(0,T; [H§(Q2)]%), dyus € L(0, T [L2(2)]%),
vy € L0, T [L2(Q)]4) NL2(0, T; [HE(2)]), and if > 0, dyus € L2(0,T; [HE(2)]?). Here the energy bounds
does not give bounds on the pressure, which is the main difference between the cases k < +o00 and kK = +o0.

We then propose the following milestones for our analysis. We start by considering the compressible case
for which k < +o0. In this case the pressure p has its own dynamic. Then the incompressible case, namely
Kk = +00, is treated and we have to deal with a divergence-free constraint on the mixture velocity. Each
case is split into two cases: the viscous one (namely 7 > 0) for which we have a parabolic-parabolic coupling
between the solid and fluid equations, and the inviscid one (namely n = 0) for which we have a hyperbolic-
parabolic coupling. For each four cases we prove existence of strong, mild and variational solutions and
give the link between the three types of solutions. In particular, existence of strong and mild solutions
relies on the study of the first order system of the form 2+ Az = g associated with (2) and the underlying
unbounded operator A using semigroup theory. By strong solution, we mean that the solution is regular
in time and that the equations are satisfied almost everywhere in the sense that all the components of 2
and Az are defined almost everywhere, whereas mild solutions are solutions satisfying the Duhamel formula.
Note that in the case 7 = 0 in order to prove that the operator is maximal accretive we need to take care of
the non coercivity of the associated bilinear form. This issue is solved thanks to the notion of T-coercivity
introduced in [50, 47]. Next the variational solutions are obtained by an approximation strategy as the limit
of a sequence of strong solutions. Note that, as we will see, the definition of the variational formulations
is different when considering n > 0 or n = 0. The main difference comes from the fact that, in the latter
case, the structure velocity is not in [H}(£2)]? in space but only in [L2(2)]¢. We end up with the study of
the incompressible limit, which allows to pass to the limit in the weak formulation for k < 400, to recover
the weak formulation associated with x = +o00. The theoretical results are further completed by numerical
illustrations to investigate the regularity of the solutions.

2 Existence of solutions for a compressible skeleton x < +oc.

In this section, we study the poromechanical problem for a compressible skeleton, that corresponds to
Kk < 4oo. First, we write (2) as a first-order evolution equation and we define the associated unbounded
operator. Then, by investigating the properties of this operator, we use a semigroup approach to show
existence and uniqueness of strong and mild solutions to the system. The existence of variational solutions
is then obtained by an approximation strategy. The cases 7 > 0 and 1 = 0 are treated separately in order
to emphasize the influence of solid viscosity on the model. But let us start with some general notations and
definitions valid for both cases.

2.1 Semigroup framework

The system (2) can be rewritten as a first order system as follows

Orug — vs = 0, in Qx (0,7T), (18a)
ps(1— @) Opvs — div (o4(us)) — div (075 (vy))

— "k vy —vs) + (=) Vp = ps(1 - 9) f, in 2 x (0,7T), (18b)
prd Oup —div (pos(vy))

+¢%k;(vp —vs) = v+ ¢ Vp=pso f, in Q% (0,7), (18¢)
a;¢8tp+div (o= @) vs + pvy) = pef’ in Q x (0,7). (18d)

Let z = (us,vs,vy,p) and 2o = (usg, Vso, Vg, Po) denote respectively the unknown variable and the initial



condition of (18). We formulate (18) as an abstract evolution problem

{z@) + ARz(t) + G()=(t) = g(t), te[0,T), (19)

2(0) = 2o,

where A; is an unbounded operator specified with respect to the solid viscosity 1 and the bulk modulus &,
and G(t) is a bounded perturbation defined below.
Let us first define the energy space

Z = [Hp()])? x [L2(@)]* x [L2(Q)]? x L*(Q)

associated with (18). Since the functions ps(1 — ¢), ps¢ and %’i’ are bounded and bounded from below by
strictly positive constants, the space Z can be endowed with the scalar product defined by

(z,y)Z:/QUS(uS):E(ds)dx—i—/ﬂps(l—qﬁ)vs-wsdx—i—/QpJ@vf-wfdx+/S)aT_¢pqu,

for any z = (us, vs,vf,p) and y = (ds, ws, wy, q) belonging to Z. The associated norm reads

a—¢
408 = el + [ oot =) loaf do+ [ prolosl dot [ S0, (20)

with

||ug||§ = /Qos(us) s e(ug) da. (21)

This norm is equivalent to the canonical norm on Z according to Korn inequality (13).
Setting
Y = [Hy()]? x [Hg())? x [Hg(2)]? x L*(Q)

as an intermediate space, we introduce the bilinear form ajy defined for all z = (us,vs,vf,p) € Y and
y= (d87w37wf7Q) ey by

ap(z,y) = —/Qas(vs) ce(ds) dx +/chs(us) ce(wg)dx + 27)/{26(’03) e(wsg) da
+ /Q poyp(vy) :e(wy)de + /Q »? k;l(vf —vs) - (wy —w,) da
+ /Q div ((v — @) vs + P vy) gdz — /deiv ((a — @) ws + pwy) da. (22)

The bilinear form a; is continuous over Y x Y.

Associated with this bilinear form, we introduce the unbounded operator (Ag, D(AZ)) defined by
(A%z,9)z = a;(2,y), Vz e D(A}),Vy €Y, (23)

in the domain
DAYy ={z€Y:3g€ Z ai(z,y) = (9,4)z, VyeY} (24)

Finally, for all ¢ € [0,7T], we define the time-dependent operator

G(t) : z = (us,vs,0f,p) € Z —> (O,O7 —9(t>vf,0> . (25)
Pi¢

Taking g = (0, nLF Tiqa . %), the state-space formulation (19) is equivalent to (18) in a sense that will be
specified in Corollary
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Remark 2.1. Note that in the domain of operator the equation stating that the time derivative of the
structure displacement is equal to the structure velocity (that comes from the first order rewriting of a second
order in time problem) will hold true in [H(Q)]¢ in the space variable. This is the reason of the presence of
the term — [, 05(vs) : e(ds) dx in (22). Yet, even if the solid velocity is considered in [H§(Q)]? in the latter
integral, we will see that when 1 = 0 the resulting weak solution does not satisfy (152) in [H§(Q)]¢ but only
in [L2(Q)]4. The same issue appears when studying the wave equation.

For z = (us, vs,vf,p) € D(A}), we can write

.
Ay — | (s (1= ) 7H (=div (o () = div (037 (vs)) + 62 k7' (vs = vf) + (@ = ¢) Vp) (26)
7 (pr¢)~ (—div (¢ oy(vy)) + ¢* k3 (v — vs) + ¢ V) ’
O:qbdiv ((a —¢)vs + qbvf)
so that the operator Ay can be expressed in matrix form as
0 —I 0 0
w1 | —div(es()  —div(ey®() + % k! LT (a=¢)V
An = Ng _ 4271 i 27.—1 )
0 ¢ kf div (¢oy(-) + ¢ kf oV
0 div ((a — ¢) -) div (¢-) 0
where I denotes the identity operator of the space [Hj(€2)]? endowed with the norm (21), and
I 0 0 0
o pi—e) 0 0
Mo=t1o "0 " pe o0
0 0 0 o
Moreover, from (24) and (20), it follows that
us,vs, vy € [Hy(Q))? | —div (04 (us)) — div (07(vs)) + (a — ¢) Vp € [L}(Q))4
D(A47) = peL(Q) —div (¢ as(vy)) + ¢ Vp € [L2(Q)]* - (2D

div ((a — @) vs + pvy) € L2(Q)

Note that belonging to D(Ay) does not mean that all the above terms individually belong to L2(Q2), but
only that their sum does. For instance, (vs, p) does not necessarily belong to [H2(Q2)]4 x H! (), but we know
that —div (¢ of(vy)) + ¢ Vp € [L2(Q)]%. Specifying D(Af) in terms of classical Sobolev spaces requires to
study the regularity of the solution to the static problem Afz = g with g € Z. This issue, delicate from a
theoretical point of view, will be explored in more details in numerical experiments, see Section

In what follows, we exploit the previous framework to prove that Problem (18) has a unique strong and
mild solution for kK < +00. We also recover the existence of variational solutions as the limit of a sequence
of strong solutions. If > 0, the solid equation (18b) is parabolic, while it becomes hyperbolic when n = 0.
For this reason, we distinguish the cases n > 0 and n = 0.

2.2 The case n >0

Let us start with the parabolic-parabolic coupling configuration. This case was treated in [38] for § = 0 and
a = 1. Here, we propose a proof of existence and uniqueness which is valid for a time-dependent 6. Note
that considering o # 1 does not induce additional difficulties.

Theorem 2.2. Assume that (hl), (h2),(h3) and (h6) hold true and that n > 0.

(i) If 0 € CY([0,T];L>(%2)), 20 € D(AF) and f € H'(0,T;[L*(Q)]%), then there exists a unique strong
solution z € C'([0,T]; Z) N CO([0, T]; D(Ay)) satisfying (19).

11



(i) If 6 € CO([0,T] x Q), z0 € Z and f € L2(0,T; [L%(Q)]?), then Problem (19) has a unique mild solution
2 € CY[0,T); Z) such that z(0) = 2o and

/OT 2(£)(t) dt € D(AL), (28)
—/0 z(t)(t) dt + Ay </0 z(t)(t) dt) +/0 G(t)z(t)y(t) dt:/0 g(t)y(t) de, (29)
for all ¢ € CL([0,T);R). Moreover, z verifies the Duhamel formula

z(t) = @ (t)z0 + / o7 (t — s)(—G(s)z(s) + g(s)) ds, (30)

0

where @7 denotes the continuous semigroup generated by Ay in the sense that

K d K
Arx = —a(@n(t)x)lt:m, z € Z. (31)

Proof. Let us prove (ii). We shall first show that the operator A defined by (23) is maximal-accretive,
namely:

o (Arz2,2)7 >0, Vze D(Ap);

o A+ Aol is surjective from D(AF) to Z, for all Ag > 0.

For any z = (us, vs,vy,p) € D(A}), we have by definition of the bilinear form a; and the operator Ay
(2 2)z = alz,2) =20 [ eI dot [ 6 k7 0 = v (o = v)do+ [ Goy(uy) s eloy) da.
Q Q Q

Since k;l(vf —vs) - (vy —vs) >0, we find that (A}z,2)z > 0.
Let Ao > 0 be a positive real number and let g be an element of Z. To prove that A} + Aol is surjective
from D(A7}) to Z, we consider the variational problem

{Find z €Y such that (32)

vyEK a;(z7y)+)\0(zay)z = (gay)Z

Using Poincaré inequality, we see that the linear form y +— (g,y)z is continuous over Y and that the bilinear
form afi(-,-) + Xo(+,-)z is continuous over ¥ x Y. Moreover,

0t (2, 2) + Mol 2)z =21 / e(wa)|? dz + / 6% k7 (g — vs) - (v — v,) do + / bos(vg) - e(vp) da
Q Q Q
o
ol + [ oo ar s [ ppoleglars [ T2 2a)
Q Q Q Kk
> Aollusll? 4+ 2 2 {9 2 |y (2= Omin o 33
> dolluall2 + 2 + 211y e(w7) |2 + 20 &L (33)

where ||-|| denotes the L? norm indifferently in [L?(Q)]* or L?(Q2). Consequently, the bilinear form afi(-,-) +
Ao(+, )z is coercive on Y thanks to Korn inequality (12).

From Lax-Milgram theorem, we deduce that there exists a unique z € Y solution of (32). Since by
construction ay(z,y) = (9 — Aoz,y)z for all y € Y and g — Aoz € Z, we finally get that z € D(Ay) in view
of (24).

12



Hence, Ay is maximal-accretive and Lumer-Phillips theorem (see for instance [32, Chapter 1, Theorem
4.3]) implies that Ap s the infinitesimal generator — in the sense of (31) — of a C°-semigroup of contraction
(@5 (t))t>0- In particular, we have

125 ®)llez) <1, te[0,T]. (34)

Then, we observe that G/(t) is a bounded perturbation of Ay. Indeed, for any z € Z,

0 2
IG@I1% = /Q oo (pf;) jog? da < P22,

with (pfdmin) " w = [|0]| L ((0,7)x5)- Thus G € C°([0,T]; £(Z)) and

1GO)lz) <w, te[0,T]. (35)

Therefore, the assertion (i7) follows from [14, Part II, Chapter 1, Proposition 3.4] and [30, Corollary 2.19].
If € CL([0,T];L°°(Q2)) then G € C([0,T]); £(Z)), which proves (i) by an application of [14, Part II,
Chapter 1, Proposition 3.5]. O

Remark 2.3. The bilinear form aj(-,-) + Ao(+,)z is coercive on Y precisely because n > 0. It will not be
the case when n = 0. In particular, thzs implies that, here, (®}:(t))i>0 is an analytic semigroup [1., Part II,
Chapter 1, Theorem 2.12].

The solution z € C'([0,T]; Z) N C°([0, T]; D(A})), called strong solution in the foregoing, is sometimes
referred to as strict solution to account for the C* regularlty in time — see for instance [14, Part II, Chapter
1, Definition 3.1]. The next result clarifies in which sense this solution satisifies the original equation under
study.

Corollary 2.4. If § € C'([0,T];L>(Q2)), z0 € D(A}) and f € H'(0,T;[L*(Q)]?), then the strong solution
defined above satisfies (18) almost everywhere in (0,T) x 2.

Proof. The strong solution satisfies

2(t) + Apz(t) + G(t)z(t) = g(t), te€][0,T],
z(0) = 2.

Since z € C1([0, T: Z), we have duy € CO([0, T; [HA(Q)]4]), dyvs € CO([0, T]; [L2(Q)]4), dyvy € CO((0, T [LA(Q)]%)
and 9;p € C°([0,T]; L*(Q)). In view of (27), the regularity z € C°([0,T]; D(Ay)) implies that

—div (05 (us))—div (07 (vs))+(a—¢) Vp € CO([0, T]; [L*()]4),  —div (pos(vf))+¢ Vp € CO([0,T); [L*(2)]9)

and div ((a — ¢)vs + ¢vy) € C°([0,T];L*(Q2)). Thus for every ¢ € [0,T], (15h), (18¢) and (1) are verified
in [L2(Q)]¢, and in particular almost everywhere. O

In other words, Corollary does not mean that each individual term appearing in (18) is defined almost
everywhere. However, each line of (15) is satisfied almost everywhere since 2 and A7z are both defined almost
everywhere.

Theorem provides the existence and uniqueness of two types of solutions: the strong solution and the
mild solution. The strong solution is regular since it belongs to C*([0, T]; Z)NC°([0, T]; D(Ay;)) but it requires
high regularity assumptions on the source terms and on the initial conditions, in particular zy € D(A;).
The mild solution requires weaker assumptions, but the Duhamel formula (30) is quite abstract. The next
theorem establishes the existence and uniqueness of a third notion of solution: the variational solution, that
satisfies a weak formulation in the following sense.
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Theorem 2.5. Assume that (h1) — (h6) hold true and that n > 0. If zo = (usg,vso,Vsq,P0) € Z, t
there exists a variational solution u, € C°([0, T); [H{()]4), dsus € CO([0, T); [L2(02)]4) N L2(0, T; [H(2)
vy € CO([0, T); [L2(2)]%) N L2(0, T; [HA(2)]4) and p € CO([0,T); L2(Q)) such that

(US(O), atus(o)a vf(O),p(O)) = (USOa Vs0, ’Uf()vp0) (36)
and such that the following equations hold true in D'(0,T):
V(ws, wy,q) € [Hy()]? x [Hy(2)]? x L*(9),

G [ = wede [ @) scw)do+ 2 [ SO (0): () da
/ ¢* ky Yop(t) — Opus(t)) - wy do — /Qp(t) div ((a — ¢) wy) do = /st(l —¢)f(t) - wsdx, (37a)

hen
1),

d re(w T 2k (w — -wrdx
G | proste) wfdx+/<z>af 0r(®) s wy)de + [ 6 k7 (07(6) = Bua(0) - wy d

/9 vg(t wfdx—/ (t)div(qbwf)dx:/gpf(bf(t)~wfdx, (37b)
d _ [ 6@)
5 | S tn0ad+ [ v (0= 0) 2o + vz = [ Zlgan (370)

Furthermore, the energy estimate (11) holds true and, if we assume that 0,0 € L>°((0,T") x 2)), this solution
1S unique.

Proof. To show the existence of variational solutions verifying (37), we proceed as follows. First, we approx-
imate the data by sequences of regular functions and we consider the sequence of strong solutions associated
with these regular data. Then, we show that these strong solutions satisfy a variational formulation and we
pass to the limit on this formulation after having established some a priori estimates and strong convergences
of the sequences.

As A} is maximal, D(AF) is dense in Z. Let 23 be a sequence of elements of D(AJ) converging towards
20 strongly in Z. Let f" denote a sequence of H(0,T;L%(Q)) converging towards f in L2(0,7;L%(Q)) and
6™ denote a sequence of C1([0,7];L>(2)) converging towards 6 in C°([0,7] x ). From Theorem 2.2, we
know that there exists a unique strong solution 2" = (uZ, vy, v},p") € C([0,T]; Z) N C°([0, T]; D(Af)) to
the problem

{Z-n(t) + AR (1) + GM()2" () = ¢"(1),  te[0,T],
(38)
2"(0) = 2.

Multiplying (3%) by y = (ds, ws, wy,p) € Y, we see from (23) that (A7z"(t),y)z = a;(2"(t),y). Hence 2"
satisfies the following variational formulation: for all s € [0, T,

V(ds, ws, wyp,p) €Y = [Hy(Q)]4 x [Hg(Q)]4 x [Hg(Q)) x L*(Q),
/ os(Opuy (s)) : e(ds) dx = / os(v2(s)) : e(ds) d,
Q Q

/st(l — @) Ol (s) - wsdx + /

Q
wrpl = R — ) sude— [ () div (o ¢)ws)dx—/ps(1—¢)f"(s)~wsdw7
/prqb(?tv}‘(s)~wfdm+/¢af(vf() dx—l—/(b ky v (s)) - wyda
- [0 ) wpde = [ ) div@upde = [ prof()-wsda.

(-9

a—¢, , . n n _ 0" (s)
/Q - Op (s)qder/lev(af )vs(s)er)vf(s))qd:c—/Q Iy qdz.

os(uy(s)) : e(ws)da + 277/95(1)?(3)) ce(ws) da
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Recalling that 2" € C°([0, T]; D(A5)) € C°([0,T];Y), we can choose ds = uZ(s), ws = v (s), wy = v}(s)
and g = p"(s) as test functions. Integrating in time from 0 to ¢ and applying Grénwall Lemma like in Section
, we get the energy inequality

%/Qas(u;‘(t)):s( ())dx+ (1— ®) v ( |2dx+277// "y dwx ds

+ 2 [ ol de+//¢afvf <vf>dxds+2/0‘—;¢| (o) da
2[16™ | co « n n n
§exp<max(1 | E;;r:l: m) )( /|f |2dxds+0//|9 2dzds + - / July) : e(uly) de

s 1
+ 2 (1—¢)\v?0|2dx+p—f/¢|v?0|2dm+f/ Q=P rdz ). (39)
2 Jo 2 Jo 2 Ja

Thanks to the assumptions done on the data, the right-hand side of the latter inequality is uniformly bounded
with respect to n. Consequently, taking into account the assumptions (h2) and (h6) on ¢ and «, Korn
inequality (12), the coercivity of the elastic and fluid forms (13) and (14), we deduce that «? is uniformly
bounded in CO([0,77]; [H§(2)]9), v™ in C°([0,T]; [L2(2)]%) N L%(0, T} [H(l)(Q)]d), 7 in C(]0, T] [L2(2)]%) N
L2(0, T; [HY(9)]) and p in C([0, T} L2(52).

In the same way, one can show that 2™ is a Cauchy sequence in C°([0, T; [H§(€2)]4) x (C°([0, T; [L2(22)]*)N
L2(0, T [H§(Q2)]4)) x (CO([0,T]; [L2(2)]4) N L2(0, T; [H()]4)) x C°([0, T]; L?(2)). Indeed, denoting z™™ =
z™ — 2™ using the linearity of the coupled problem, the uniform bound we just obtained and taking into ac-
count the fact that [|6™ || Lo ((0,7)x) is bounded uniformly in n, we obtain that there exists C' > 0 independent
of n such that

d s n,m n,m n,m
G0 < oxm ()+%/(1—¢)If’ (t)\deJr%f/QW* (O dw + CII™ ™| = (0,7 0,

with

) = "’;/Qu— Dz OF dot 5 [ am o) @) de + 5 [ oo ar

+§/Q |p d$+277// 1€ )dads + //¢Uf Uf g(vf’ )dx ds.

Gronwall Lemma and the fact that the sequences associated with the data are Cauchy sequences imply
that
Ve>0,AN e N,Vn > N, Vm > N, x™"(t) < eexp(Ct).

As a consequence, there exists us € C°([0,T]; [HA()]4), vs € CO([0, TT; [L2(2)]4) N L2(0, T; [HA(2)]9),
vy € CO[0, T); [L2(2)]%) N L2(0, T; [HY(2)]4) and p € CO([0, T); L2(2)) such that
Wy in OO0, TE[EYOIY), o — v, in CO0, T LA, of—s vy in CO(0, T [LA(@)]%),
p" — p in C([0,T);L%(Q)), v — vy in L%(0,T; [H(l)(Q)]d)7 vi—r vy in L%(0,T; [H(l)(Q)]d)
Note that since v = Gyul, it also holds true in the limit and dyus = vy € CO([0,T]; [L2()]4) N
L2(0,T; [H§(€2)]%). These convergences enable to pass to the limit in (V F)", except for the inertial terms.

Yet, these terms can be rewritten thanks to an integration by parts in time as follows: for ¢ € D(0,T), we
have for example

/OT/QPs(l—@atU?() wep(t) do dt = / /ps (1— @) v (t)  weth(t) dadt
a0 / /Ps — @) vs(t) - wep(t) dw dt.
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By similar arguments and thanks to the strong convergences, we get, in D'(0,T),

V(dsawsawfap) € K

G [ otustt) s <ty dr = [ oot s (i) o o
%/st(l — @) vs(t) - wsdx -s—/QaS(us(t)) s e(ws) dx+277/ e(vs(t)) : e(ws) da

Q

- / 62 17 (wp(t) — v, (1)) - ws da — / p(t) div (o — ¢) w,) dz = / pa(1— $)f(t) - wy dz, (40D)

%/QWW) rwpde / $oy(vs(t)) : e(wy) da + / 6k (v (1) — vs(1)) - wy da
_/9(t)vf(t)-wfdx—/p(t)div(¢wf)dx:/pf¢f(t)-wfdx, (40c¢)
Q Q Q
d a— ¢ ) - @ )
i ) e pade de((a—dﬂvs(t)+¢vf(t))qu_/Q e (40d)

To obtain (37), it only remains to rewrite (40a) and (40b) as a second order equation in time, which holds
true since v, = Gyu, in CO([0,T7]; [L2(2)]%) NL2(0, T; [H(22)]9). Lastly, we recover the initial conditions (36)
by simply passing to the limit in the second line of (38).

To ensure uniqueness, we observe that every variational solution satisfying the energy estimate is unique.
Indeed, for f = 0, # = 0 and 2y = 0, we obtain z = 0 in virtue of (11). Therefore, it is sufficient to prove
that every variational solution satisfying (37) verifies the energy identity (10) and thus the energy estimate.
To do so, let us first derive a bound on (Oyus, Osvs, Oyvy, Op). From (40), we deduce

T

vyey, - / (2(8),9) () dt + / af (=(0), 9) b (t) dt

T T
n / (G(t)=(t).y) ylt) dt = / (9(t),9) H(B)dt. (41)
0 0

Since f € L2(0,T;[L*()]%), 6 € C°((0,T) x Q) and by continuity of the bilinear form a; over ¥ x Y, we
have

Vyeyv, - /T (2(t),y) ,2(t) dt = /T (h(t),y) ,(t)dt  with h € L2(0,T;Y").
Thus # € L2(0,T;Y"), name(iy 0
(Dyus, Oyvs, Opvy, Oyp) € L0, T; [H™H(Q)]?) x L0, T; [HH(Q)]4) x L0, T; [H1(Q)]4) x L2(0, T; L2(Q)).
Since Oyus = vy, finally, it holds
Opus € L2(0,T; [H(Q)]?) and  dyu,s € L2(0,T; [HH(Q)]4),
Orus € L2(0,T; [HE(Q)]Y) and 9wy € L2(0,T; [HH(Q)]D), (42)
p€L2(0,T;1%(Q)) and ;p € L?(0,T;L%(Q)).

Using a standard result of functional analysis (see for instance [54, Chapter XVIII, Proposition 7]), the
previous regularities imply that the following relations hold in D’(0,T'):
d2

Vs € [Ho(Q))7,

42 [, P ) uslt) - wydr = <ps(1 — ) Bupus (1), w>

[H-1 ()], [HE (Q)]¢

d
Ywy € [Hé(Q)}d, T provs(t) wpdr = <pf¢8tvf(t),wf>
Q

d a— a—
Vg € L*(Q), a/, ﬁgbp(t)qclw:/Q H%tp(t)qu-

[H-1(Q)]4,[H}(2)]¢
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Moreover, since functions in [H§(2)]?® D(0,T) and L?(Q2) @ D(0, T) generate respectively L2(0, T; [H(2)]9)
and L2(0,T;L%(€)), we obtain the space-time variational formulation

¥(ws, wy,q) € L?(0, T3 [Hy(Q)]7) x L(0, T [H5(Q)]7) x L*(0, T; L*(Q)),

T
s(1 — s, Ws s(us)  e(ws) de dt + 2 s) re(ws)dadt
/0 <p (1 —¢) Onus,w >[H71(Q)] -~ / / os(u (ws) dzdt + 77/ / (Orus) : e(ws) dx
T
—/ (;SQkJTl(vf—atus)-wsdxdt—/ /pdiv((a—qﬁ)ws)dxdt:/ /ps(l—gb)f-wsdxdt,
)
T
)dzdt *k — Oyu) - wydzdt
/0 <pf¢8tvf,wf>[H @) @ / / por(vy) :e(wy)de —|—/ / ok vf Ovug) - wy da
/ /va wydrdt — / /ple pwy)dadt = / /pf¢f wy dz dt,
0
8tpqudt+ d1V a—d)) Oy —&—d)w)qudt —qdzdt.
o JaPf
Now, since we know that d;us € L2(0,T; [H§(2)]9), vy € L2(0,T; [H§(2)]?) and p € L2(0,T;L2(Q)), we
can choose (ws, wy,q) = (Oyus, vy, p) as test functions in the above formulation, which provides the energy
identity (10) and thus the energy estimate (11). O

Remark 2.6. The method used to prove Theorem 1s standard and close to the Faedo-Galerkin method.
The difference with Faedo-Galerkin method is that the approzimated sequence is directly recovered from the
ezistence of strong solutions instead of being constructed on a suitable finite dimensional space. This allows
us to obtain strong convergence for the whole sequence, whereas Faedo-Galerkin method provides only weak
convergence of subsequences. In addition, it directly provides the continuity with respect to time of the
solution and the strong convergence of the initial condition z(0) = 2z in Z.

Remark 2.7. The variational solution could also be defined without assuming that it is continuous with
respect to time, but only assuming that the regqularities (12) are satisfied. The time continuity of the solution
can then be recovered using the existence of a continuous and linear mapping of the space

W(0,T) = {u € L*(0,T; [H}(2)]%) such that dyu € L*(0,T; [HH(Q2)]1)}
into C°([0, T); [L2(Q)]4), see [71, Chapter 1, Theorem 3.1].

The mild solution and the variational solution are two notions of solution whose existence and uniqueness
here require the same hypotheses on the data. In fact, the following result states that these two types of
solution are the same whenever f € L2?((0,T) x Q) and 6 € C°([0,T] x Q). Thus, they can be used
indifferently depending on the context. For instance, the mild solution is widely used in control theory
because of the practical aspects of Duhamel formula, whereas the variational solution formulation is usually
the one implemented at the discrete level when considering finite element discretization.

Proposition 2.8. If f € L?>((0,T) x Q) and 6 € C°([0,T] x Q), then the mild solution given by (30) and
the variational solution satisfying (37) coincide.

Proof. The mild solution and the variational solution are both unique. Hence, it is sufficient to show that
the variational solution defined in Theorem 2.5 is also a mild solution, namely that it satisfies (28) and (29).
Let ¢ be given in D(0,T). Since vs € L2(0,T; [H}(2)]) and vy € L2(0, T; [H§(2)]9), it holds that

ay Tz(t)q/}(t)dt,y = Taf](z(t),y)d)(t)dt
0 0

for all y € Y, so that we can rewrite (11) as

Yy €Y, —/OT<Z(t)7y)Z¢(t)dt+aZ(/o

T

vt aty) + [ (G00.9) 00 = [ (o0.0) 00)

17



From the definition of D(A}), it follows that

/T 2(t)(t) dt € D(AT)
0
and thus
- [ e i (a5( [ stowra).n) + [ (@m0 o000 = [ oto.0) poar @
forally € Y. As Y is dense in Z, (44) is also true for all y € Z, which proves (29). O

Remark 2.9. Note that the mild and variational solutions coincide only under the assumption f € L?((0,T)x
Q) and 0 € C°([0,T] x Q). If f € L?(0,T;[H~1(Q)]%), we can readily extend the existence and uniqueness of
variational solutions proved in Theorem 2.5, but the existence of a mild solution is not guaranteed.

2.3 The casen =0

Without solid viscosity, the solid formulation becomes hyperbolic. This hyperbolic-parabolic coupling was
studied in [10], where existence of variational solutions is derived. In [10], the fluid mass input 6 is supposed
to be small enough, namely there exists C'y > 0 such that

oy € [HY Q)Y /Q b0 (vg) - evg) dz - /Q 0 lug? do > Cpllogl3gs -

Here, we are going to prove existence results of strong and mild solutions thanks to semigroup theory and
deduce existence of variational solutions directly, without any smallness assumption on 6.

The main issue in this case is that the underlying bilinear form is not coercive. Indeed if 7 = 0, then the
bilinear form introduced in the proof of Theorem is no more coercive on Y in view of (33). Despite this
lack of coercivity, we are going to show that Problem (32) is still well-posed when n = 0. To do so, we use the
T-coercivity approach [50, 47], which is an alternative to Banach-Necas-Babuska theory and that has been
designed especially for non-coercive problems. For the sake of completeness, the definition and properties of
T-coercivity are recalled below.

Definition 2.1. Let V be an Hilbert space and let a(-,-) be a continuous bilinear form over V.x V. We say
that a is T-coercive if there exists a bijective application T € L(V) and o > 0 such that

la(2,T2)| > allzlly,, z€V.

Proposition 2.10. Let V' be an Hilbert space. Let £(-) be a continuous linear form over V and a(-,-) be a
continuous bilinear form over V.x V. The problem

Find z € V. such that
{Vy eV, alzy) =Ly
is well-posed if and only if a is T-coercive.
The following theorem states existence and uniqueness of solutions to Problem (19) in the case n = 0.
Theorem 2.11. If n =0, then the conclusions of Theorem remain true.
Proof. Let us show that Af is maximal by proving that the variational problem

Find 2 € Y such that
VyeY, ag(zy)+ X (z,9)z = (9,9)z
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is well-posed, where

() + Mo(z)z = [
+/Q)\0p5(1—¢)vs~w8dx+/ﬂas(us):s(ws)dx—i—/ﬂ(bzk;l(vf—vs).(wf—ws)dm
+/§2A0pf¢vf~Wfd$+A¢Uf(Uf)I€(1Uf)dl‘+/ﬂ>\0a7

,/pdiv((a7¢)ws+¢wf)d9:+/div((a—d))vs+¢vf)qu
Q Q

Ao 0s(us) : e(ds)de — /Q(fs(vs) te(ds) dx

¢pqd$

for any z = (us,vs,vy,p) and y = (ds, ws, wy, q) in Y. From Proposition , it is sufficient to show that
af () + Mo(+, )z is T-coercive.

For a given z, we look for a y* depending continuously on z such that a§(z,y*) + Xo(z,y*) z > a|z||? for
some constant o > 0. Choosing w} = v, w;; =y, ¢* = p and d} in the form Su, + vy v, yields

ag(z,y*)—i—)\o(z,y*)zz/Q)\oﬁos(us) :s(us)dx—i—/gx\ofyos(us):a(vs)dx
—/Qﬁas(vs):E(us)dx—/gvas(vs):E(US)da:
—|—/ Aops (1 — @) [vg|? dx—l—/ﬁas(us):E(US)dsc—l—/q/)Qk‘*l(vf—vs).(vf—vs)dx
/Aopf¢|uf| dx+/¢gf vp) e (vf)dx+/)\0 —9 p*d

By setting 3 = 4 and y = 2)\ , the terms of the form [, os(us) : €(vs) dz vanish so that

K * * )‘O 1 (a - ¢)min
ag(2,y") + Xo(2,47)z = 7||us||§ + %Hvsllz + 2415 Gminl|e(vp) |* + AOTHPW

Therefore, af(,-) + Ao(, )z is T-coercive for the mapping T defined by

1 1
T: (US,US,Uf,p) — <2us - 2/\0115,’057'Uf,p> ) (45)

which is continuous and bijective on Y.
The remainder of the proof follows the very same lines as for the viscous case.
O

Next we recover the existence of variational solutions from the existence of strong solutions. However, we
obtain a variational formulation that slightly differs from (37) because of the hyperbolic-parabolic coupling
between the solid and fluid equations.

Theorem 2.12. Assume that (h1) — (h6) hold true and that n = 0. If zg = (uso,vso,vfo,po) € Z, then there
exists a variational solution us € CO([0,T]; [HY(2)]4), dyus € CO([0,T]; [L2(2)]9), vy € CO([0, T; [LQ(Q)] n
L2(0,T; [H(Q)]Y) and p € C°([0,T); L2(2)) such that

(US(O)a 8tu8(0)’ Uf(0)7p(0)> = (u807 Us0, Ufovpo) (46)
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and the following equations hold true, in D'(0,T),
V(ws, wy,q) € [H()]? x [Hy(2)]? x L*(9),

d2
& st(1—¢)us(t)-wsdx—i—/gas(us(t)) : e(w,) dz

(;52 kj_l(vf(t) — Opus(t)) - ws dx — /Qp(t) div ((a = ¢)ws) dz = [ ps(1—¢)f(t) - wsdw, (47a)

Q

jt/pfmf() wpde+ [ Gop(ur(0) s etwg)do+ [ 6 k7 wr(0) = duus(e) -y o
Q Q Q
% a—¢p( )leﬂ+% div ((a¢)us(t))quJr/Qdiv(quf(t))qu/Qap(?qu. (47¢)

This variational solution is unique, and coincides with the mild solution. Furthermore, the energy estimate
(11) with n = 0 holds true.

Remark 2.13. Theorem sheds light on the influence of solid viscosity on the model. Since n =0, Orus
does not belong to L2(0,T; [H5(2)]%) but only to CO([0,T]; [L2()]%). For this reason, equations (37¢) and
(17¢) are not similar because, when 1 = 0, the term div ((1— ) dyus(t)) is not in L2(Q) in the space variable.
One has only div ((1—¢) dyus(t)) € C°([0, T); H™()). This confirms that viscoelastic effects have an impact
on the reqularity of the solution, as it was already observed for other linear or non-linear poroelastic models

[94, 22, 105].

Proof. We follow the same steps as for the proof of Theorem 2.5. The input data are approximated by
regular functions, a priori estimates are established for the approximated solutions and we pass to the limit
on the variational formulation (V F)"™ with n = 0.

The estimate (39) still holds true even if n = 0 because 2" € C°([0,T]; D(Af)) € C°([0,T];Y), in partic-
ular v € CO([0,T7]; [H§(2)]?), which justifies that 2™ is regular enough to reproduce the formal calculations
made in Section 1. As previously, this estimate implies that 2" is a Cauchy sequence in C°([0,T]; Z). How-
ever, since 7 = 0, estimate (39) only implies that v} is a Cauchy sequence in L>(0, T} [H$(2)]%). Hence, the
convergence

v —s vy in L2(0, 7 [H(2)]%)

is still valid but now v = 9;u” does not converge in L2(0, T; [H§(22)]¢) but only in C°([0, T7; [L2(2)]¢). This
changes the way to pass to the limit on (V F)™ and in particular in the first equation. Let ¢ be an element
of D(0,T). For any d, € [L?(2)]%, we consider the unique solution 7, € [H§(Q)]* of —div (o,(ns)) = ds as a
test function, so that

/ /JS ( t)dzdt = / / vl (t)) : os(ns) P (t) da dt
/ / dxdtn:;/ /vs : t) dx dt.

This proves that for all ds € [L2(€2)]%, we have
d
L0 -dsdx—/vs(t) cdydz =0 (48)

and we recover that vy, = dyu, in D'((0,T) x Q). In particular, it holds that d;u, € C°([0,T]; [L2(2)]%).
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We can obtain (47a) and (47h) in a similar way as for the viscous case. Finally, to get (17¢), we observe

that
[ [ ta-oaoasmaa = [ [ a (oo wa

e //d“’ (a — @) us(t))qi(t) dz dt,

where we have integrated by parts in time and used that u” converges in C°([0,77; [H5(€2)]%).

In the same way as for the viscous case, we notice that the weak formulation (47) provides some regularity
on the time derivative of the solution. For instance, the fluid equation (17h) implies that for any ¢ € D(0,T)
and wy € [H} ()], we have

//pf¢vf cwp(t) dzdt = // ) - wp () dz dt,

with F = pyo f + div (¢ os(vy)) — d* k ( vy —vs) +0vy — ¢ Vp € L2(0,T; [H1(2)]9). Since functions in
[H(Q)]? @ D(0,T) generate L2(0,T; [H (Q)] ), it follows that dvy € L2(0,T;[H~(Q)]?) and that, for any
test function wy € L2(0, T; [H§(2)]),

T T T
¢ O, w dt+/ /QSG vf) e(w dxdtJr/ /¢2k_1 vf— OQpug) - wydedt
/0 <Pf hv f>[H71(Q)]d1[Hé(Q)]d A rvp) s e(wy) R (vf = Opus) - wy

_/OT/QHW.wfdxdt_/OT/deiV(qswf)dxdt:/OT/pr¢f-wfdmdt. (49)

Similarly, we infer from (172) and (47¢) that 9yus € L2(0,T; [H~1(Q)]?) and & ¢6tp + div ((ov — ¢)Oyus,) €
L%(0,T;L%(Q)), and that for any w, € L2(0,T; [H(22)]¢)

T
/0 <Ps(1 — ) 3ttus,ws>[H (@) L ()] / /05 (us) : e(ws) dedt
T T
—/ /¢2k;1(vf—8tus)~wsdxdt—/ /pdiv((a—qﬁ)ws)dxdt:/ /ps(l—qi))f-wsdmdt,
o Ja 0o Ja 0o Jo

(50)
and for any ¢ € L2(0,T;L?())
T
/ / Btp—i-dlv (e d))@tus))qudt—i—/ div (¢ vy) gdx dt = 0. (51)
Q o Ja

Note that the main difference compared to the viscous case is that d;p is not in L2 (0,T;L3(2)) any more
since the structure velocity dyus does not belong to L2(0,7T; [H}(22)]4). Yet at( 2y + div (( ¢)us)> €
L2(0,T;L%(Q)) and 9;p € L2(0, T; H~1(Q)).

Let us now prove that the weak solution is unique. Let (us, vy, p) be a solution to (47) with zero initial
conditions and source terms, and let 7 be given in (0,7). Contrary to the viscous case, we can not take
ws = Oyuy as test functions in (50) because dyus ¢ L2(0,T; [HE(2)]4). To overcome this lack of regularity, we
consider the so-called Ladyzhenskaya tests functions [68]. For the solid and pressure equations, we use the
same tests functions that were considered in [12, Theorem 3] and [91, Section 4.2.2.] for Biot’s consolidation

model, namely
—/ us(o)do if 7>t / / o)dodv if7>1
¢ and (1)

0 ifr<t 0 ifr <t

Ps(t) =
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To these tests functions, we have to add a fluid test function which is built in the very same manner and
corresponds to the fluid counterpart of the previous structure and pressure test functions. Therefore we

consider .
— ve(o)dodv if7>1¢
P B A R

0 ifr<t.

The functions 5 and ¥ belong to C([0,T]; [H§(2)]?), 1, belongs to C([0,7];L?(£2)) and they are ad-
missible tests functions. For ¢ < 7, remembering that the considered solution is associated with zero initial
conditions, they satisfy

Ys(1) =0, Ophs(t) = us(t), Ophs(0) = 0. (52)
Yp(1) =0,  Oup(t) = /0 plo)do,  Ouip(t) =p(t),  Outpp(0) =0, (53)

and ,
Yp(r) =0,  Owpy(t) = /0 vp(o)do,  Ouipp(t) = vp(t),  Outos(0) = 0. (54)

Taking 1), as a test function in (50) we compute the different terms. Due to (52), we have in a standard way
(see [71] in the case of an abstract second order equation or [91] for the Biot’s consolidation model)

T 1 9
s(1 — @) Oppug, Vs dtz—f/ (1 — ug(7)|” da,
[ ptt= iy = =5 [ = 0) (o)

/OT/Qgs(us) ce(s) dedt = —%/Qgsws(o)) : £(15(0)) da,

Moreover, since v¢(t) = Ou1)f(t), Opus(t) = Ouths(t), Oth(0) = O41hs(0) = 0 and 1)5(7) = 0, the friction term
writes, after integration by parts in time,

7/0 /Q¢2k;1(vf - atus) : ws dxdt = A /9(252147]71(8,51,[1)‘ — 8,51/13) . 6‘th dz dt.

Finally we obtain the following identity

_ % /stu — ¢) [us(r)[? dz — % /Q 75(¥5(0) : £(t)5(0)) dar

+/0 /Qqﬁzlc;l(atwf—atws)'8t1/13dxdt—/0 /deiv((a—gb)ws) dzdt =0. (55)

Let us now focus on the fluid equation. We take ¢ as a test fonction in (19). Due to the properties (51),
the fluid inertial and viscous terms become respectively

T T 1
/0 <Pf¢atvfa1/’f>[H—1(Q)]d7[H(1)(Q)]d dt = _/0 /prgzﬁvf Oy dadt = _§/pr¢ |at7pf(7—)|2 du,

and
/ / (;SO'f(’Uf) : 6(1[Jf) dxdt = —/ / ¢Jf(at¢f) : E(aﬂ/Jf) dx dt.
0 Q 0 Q

Once again the friction term can be transformed as follows

/0 /Q 67 vy — Opua) - Uy dardt = — /O /Q Ph; N Oy — ) - Oty dardlt,
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and, thanks to (54), (53), an integration by parts in time in the pressure term yields

/OT/deiv(‘f”/ff)dxdt/OT/Qatwpdiv(¢8t1pf) da dt.

The last term, involving 6, writes

—/ /Qvf~wfdxdt:/ /9|8t1/}f|2 d.’[dt-i—/ /atwaﬁtwfdxdt.
0 Q 0 Q 0 Q

Summing up all these contributions implies

1 T T
=5 [ oro 0w do= [ [ vop@wn):c@uacdr= [ [ i 0ws - a0y doa

+A /Qatwpdiv(fb@ﬂ/ff)dxdt:—A /{20|3t1/’f|2 dxdt—/o /Qatm/’f'atd)fdzdt. (56)

Next we take 9, as a test function in (51). As in [91] we have

i a—¢ ) 1 fa—-9¢ 2 i .
/O/Q( - 8tp—|—dlv((a—d))@tus))wpdzdt——i/ﬂ - |01, (1) dx+A /delv((oz—d))ws)dxdt.

Moreover

/T/div (mf)w,,dxdt:—f/div (¢ Opiby) Dby da dt,
0 Q 0 Q

and thus we obtain the following identity

1

,i/ﬂaT“%t%(T)\? dx+/0 /deiv((afgh)ws)dxdtf/o /Qdiv (68by) by dadt = 0. (57)

Summing up (55), (56) and (57), we obtain

1 1 1
3 [ o =0) [P dot 5 [ pro 0wy a5 [

1 T i
+ 5/5203(¢s(0)) 2 e(s(0)) d$+/0 /QQZSO'f(aﬂﬁf) : 5(at¢f)dl‘dt+/0 /§z¢2k;1(8t¢f _8t¢s)2 de dt

:/ /e EXs dxdt—i—/ /atez/)f-atwfdxdt. (58)
0 Q 0 Q

a—¢

K

|00, (7)[* da

To conclude, we observe that

/ /Q 0 100012 dadt < (pyummm) 101l (c0.)x) / /Q prd |0 ddt
0 0

and that, since 17 (t) = — [ 9;¢07(0)do, we can estimate the last term of (55) as follows

0 Q 0 Q t
< 1048] 1~ (0.1 xe) /Q / / 100 £ ()] 10036 (£)] do dt da
0 0
<

T(pfquin)il”atHHLOO((O,T)XQ)/ /préf’ 0y |* dadt.
0

Consequently, using Gronwall Lemma, we deduce that us = 0y = 0410, = 0. Hence us = vy = p = 0,
which proves the uniqueness of the variational solution.
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Now that we know that the variational solution is unique, it follows that it is necessarily the one obtained
by the approximation process built from (V F)™. Since this approximation process is based on the energy
estimate (39) with n = 0, we can pass to the limit in this estimation to get (11).

In particular, to show that the mild solution is equal to the variational solution, it is sufficient to prove
that it also derives from this approximation process. Let us denote by z the mild solution given by Theorem

, and remind the notation G"(t)(us,vs,vs,p) = (0,0,—(pr¢) 20" (t)vs), with 6™ € C'([0,T];L>(R2))
converging towards 6 in C°([0, T x €2). From Duhamel formula, it holds that

z(t) — 2" (t) = 5 (t) (20 — 25) + /0 OF(t — s)(g(s) — g”(s)) ds — /0 OG(t —s) (G(s)z(s) — G”(s)z(s)) ds

Writing G(s)z(s) — G™(s)2"(s) = (G(s) — G™(s)) 2"(s) + G(s) (2(s) — 2™(s)) and recalling that ®f is a CO-
semigroup of contraction, we infer

12(8) = 2"l z < ll20 —ZSIIZJF/0 lg(s) = g"(s)ll z ds

t t
+(Pf¢min)_1||9—9"||CO([0,T]xQ)/O 12" (s)ll ; d5+w/o [2(s) = 2"(s)ll ; ds,

where w is defined in (35). Thus, for any § > 0, we can find n large enough such that

() — ()]l < 6+ w / () = 2(s)ll 5 d.

Using Grénwall Lemma, we conclude that ||2(¢) — 2"(t)|| , < de*T, and hence 2" — z in C°([0,T]; Z). O

Remark 2.14. In the previous proof, we took advantage of the semigroup framework to show the existence
of the variational solution. Note that it could also be shown by reqularization of the viscous case, see [12,
Theorem 2] where such a regularization is performed on Biot’s consolidation model.

Remark 2.15. As in the viscous case, we could also define the variational solution without assuming that
it s continuous with respect to time, but rather by seeking for

us € L0, T; [HE(Q)]Y),  dpus € L0, T; [LA(Q)]Y)  and  Oyus € L2(0,T; [H1(Q)]),
vp € L2(0,T; [Hy()]4) nL>=(0,T; [L*()])  and vy € L?(0,T; [H™H(Q)]Y),

a—¢

—Zp+div ((a - d))us)) e L2(0,T; L2()),

pe L0, T;L2(Q) and at(
such that (16) and (47) are verified. With this definition, the continuity in time of the solution can then be
recovered using, for instance, a parabolic reqularization, while it is obtained directly in the above proof.

In the next section, we analyze the poromechanics problem for an incompressible elastic skeleton, modeled
by the assumption £ = +o00. This assumption is crucial for targeting biomedical applications since the tissues
in our body are mostly composed of water, and thus are close to being incompressible.

3 Existence of solutions for an incompressible skeleton v = +00

When k = 400 — and thus @ = 1, see Remark — the system of equations (18) reads
Orus — vs = 0, (59a)
ps(1—¢) Opvs — div (U:is(vs» —div (US(US)) - ¢ kfl(vf —vs) +(1—=0)Vp=ps(1—9) f, (59b)
pro Oy — div (¢af(vf)) + ¢ k;l(vf —vs) —Ovr+oVp=psod f, (59c¢)
0
div (1 — ¢)vs + pvy) = P (59d)
f
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It has to be completed with boundary conditions (3) and initial conditions (4). Note that, in the present
case, there is no initial condition for the pressure anymore.

Equation (59d) traduces the mixture’s incompressibility, which comes from the assumption that the solid
and the fluid phases are both incompressible. It takes the form of a constraint on the divergence of the
mixture’s velocity.

But, as already noticed in Section 1, it is sufficient to consider the case

div ((1 = ¢)vs + ¢vy) =0, in Q2 x (0,T). (60)

Indeed, assuming for instance that § € H'(0,T; L2(2))NL2(0, T; H(Q)) and that the compatibility condition
Jo 0(t)dz = 0 is satisfied for all t € [0,T], we consider the Bogovskii’s operator [20] and we build vy €
H(0, T [HE(2)]4) N L2(0, T; [H2(2)]4) such that

divog = i (61)
Py

The change of variables ¥, = vy —vg and 0y = vy — vy gives div ((1 — @) 05 + qﬁ@f) = 0 by construction.
Furthermore, (usf fg vg(s)ds, s, 0y, p) verifies (592), (59b) and (59¢) with right-hand sides that are different
but still regular since vy € H(0, T [H§(€2)]%) N L2(0, T; [H2(2)]4).

The first part of this section is devoted to the functional analysis of the coupling constraint (60).

3.1 Functional framework

We consider the space
Vo = {(Us,vf) € [Hy()]* x [HH(Q)]? : div ((1 — ¢) vs + dvs) =0 inQ}

of functions in [H§(0)]4 x [H§(€2)]? satisfying the constraint (60). Let us also define the space Hy as the
closure of Vy in [L2(2)]4 x [L2(Q)]4.
Then, we introduce the mixture’s divergence operator defined by
B: [Hy(Q)x Hy(Q)* — L§(Q)
(vs, vy) — div ((1— @) vs + duy).

The bounded operator B satisfies the following inf-sup condition.

Proposition 3.1. Assume that ¢ € Hd/2+”(Q) with r > 0. There erists 3 > 0 such that, for all p € L3(Q),

/Qdiv ((1 — @) v +¢)vf)pd:v

sup > Blpl|- (62)
(vs,v05)E[HL ()] x [HA (2)]¢ | (vs, Uf) ||[Hé(Q)]d><[Hé(Q)]d

Proof. There exists Cg;y > 0 such that for any p € L3(Q), there exists v, € [H}(2)]¢ satisfying
dive, =p and |[[Vyp| < Caivllpll- (63)

Setting v = (vp,vp), we have Bv = p by construction and ||v|[m @yaxmiye < Cllp|| from the above
inequality. O
Remark 3.2. Note that the constant 3 of the above inf-sup condition does not depend on the porosity ¢
and is although valid for ¢ =0 (resp. ¢ = 1) which are the limit cases for which there is no fluid (resp. no
structure).
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This inf-sup condition allows us to state the following result, which is a generalization of De Rham
Theorem [100, 63, 32]. It is a key ingredient to show the existence of pressure in the incompressible case.

Theorem 3.3. Assume that ¢ € HY?+7(Q) with r > 0. If f = (fs, fr) € [HTHQ)]? x [H™1(Q)]? satisfies
(fyw) = (fs, ws)p-1(Qa, e + (frowp) -1 @) myape =0, Yw = (ws,wy) € Vs,
then there exists a unique p € L3(Q) such that fs = —(1 — ¢) Vp and f; = —¢ Vp.

Proof. The proof follows standard arguments and is based on the Closed Range Theorem. Note that Vg =
KerB. Let us characterize the adjoint of B. Since ¢ € H¥/?*7(Q) with r > 0, ¢ is a multiplier of [H}(2)]¢,
namely

vo € [Hy(Q)]%  ¢ve [Hy(Q)]? and [V(gv)|| < Oyl V|
for some positive constant Cy. Therefore, for all p € LE(Q), (1 — ¢) Vp and ¢ Vp belong to [H71(2)]¢ so
that we can define the adjoint operator as
B*: Lj(Q) — [HH(Q) x [H Q)
p o (-(1-9¢)Vp,—¢Vp).

Thanks to Proposition 3.1, the Closed Range Theorem implies that (KerB)° = Rg B*. Consequently, for
any f € (KerB)° = (V,)°, namely for any f = (fs, fr) € [H71(Q)]¢ x [H71(Q)]? satisfying

(frw) =0, Ywel,,
there exists a unique p € L(Q2) such that fs = —(1 — ¢) Vp and fy = —¢ Vp. O
Theorem allows us to characterize the space Hy in the following way.

Proposition 3.4. The space Hy can be expressed as

Hy = {(vs,vy) € [L2(Q)] x [L2(Q)]? : div ((1 - ¢)vs + dvy) =0 inD'(Q)
and ((1—@)vs+ ¢vg) -n=0 ondQ}.

Proof. We denote by H the space

{(vs,v5) € [L2(Q)]% x [L2()]? : div ((1 — @) vs + dvs) =0 inD'(Q)
and ((1—¢)vs +dvs) - n=0 ondQ}.

Let v = (vs,vs) be an element of Hy. By definition, Hy is the closure of V,, in [L#(Q)]¢ x [L3(Q)]4,

so there exists a sequence (vf,v}) belonging to V; that converges towards v in [L2(Q)]4 x [L2(Q)]4. Since

div (1 — ¢) vl + qbv?) = 0, the equality div ((1 — ¢)vs + ¢vs) = 0 holds true in the limit. Further,
(1—9¢)vs+ ¢vy € Hyiv (). The continuity of the normal trace operator then implies that
(A=) v+ dvg) n— (1 —¢)vd + ¢vy) 'nHH*1/2(352) e 0,

which implies that ((1 — @) vs + ¢vy) -n =0, since (1 — @) vl + ¢v§}) -n = 0. Hence, Hy C H.

Now, let us prove the other embedding. Let denote by H* the orthogonal complement of Hy into H
and let f = (fs, fr) be an element of #*. Noting that H* C Hj; and V, C Hy, it follows from Theorem

that there exists a pressure p € LZ(Q) such that f; = —(1 — ¢) Vp and f; = —¢ Vp. Moreover since
Vp = —(fs + fr) and (fs, fr) € [L2(Q)]? x [L2(Q)]%, we get p € HY(2). Since f belongs to H, we have
div (((1 = ¢)? +¢*)Vp) =div ((1 = ¢)> Vp+ ¢? Vp) = 0 in D'(2) and ((1 — ¢)*> Vp+ ¢? Vp) -n = 0. Thus
p is equal to zero (up to a constant) as the unique solution of an elliptic Neumann problem, so Vp = 0 and
f =0. In conclusion, #* = {0}, which proves that Hy = H. O
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Remark 3.5. If ¢ € C*°(Q2), one can show that V and Hy correspond to the closures of the space Vg in
HA@) x [HY(Q)]? and [L2(Q)] x [LA(Q)]1, where

Vo = {(vs,v¢) € [D(Q)? x [D(Q)] = div (1 — ¢) vs + dvp) =0}

We are now going to combine this functional framework adapted to the constraint (60) with the semigroup
approach in order to study Problem (59). Here again, we investigate the cases n > 0 and 1 = 0 separately.
To simplify the proof we consider that ¢, which appears now only in the term —6 vy in the fluid equation,
does not depend on time: 6 € L°°(). It simplifies the proof, but it could be easily modified to include the
time-dependent case as in the proofs of Section

3.2 The case n >0

We formulate the problem in the functional framework established previously. We seek for a solution z =
(us,vs,vy) in the energy space H = [H}(Q)]? x Hy endowed with the scalar product

(Z’y)H:/QUS(US):5(d8)+/gps(1*¢)vs'wsdeF/pr‘lSrUf'wfdxa

for any z = (us,vs,vs), y = (ds,ws, wy) belonging to H, and with the corresponding norm

<16 = sl + [ pu1 =)o o+ [ pyolol ao
Setting V = [HA(€2)] x Vi, we consider the bilinear form
0 (2,y) :—/Qas(vs):E(ds)dx—l—/gas(us):E(ws)dx+277/ﬂa(vs) : e(w,) dz
+ /Q ¢kt (vp —vs) - (wy —wy) da + /Q pos(vf) : e(wy)de — /Q vy -wy da (64)

defined for all z = (us,vs,vy) and y = (ds, ws, wy) in V. This bilinear form is the same as (22) but without
the terms involving the pressure because of the test functions in V. Note that here, since we have assumed
that # does not depend on time, we can include the term fQ Ovy - wy in the definition of the bilinear form
associated with our coupled problem. When 6 depends on time, one can not and we have to introduce the
operator G(t) which is a bounded perturbation, see (25). As in (23) and (24), we define the unbounded
operator (A, D(A®)) associated with the bilinear form (61) by

(AYz,y)m = a;°(z,y), Vze D(AY),Vy eV,

in the domain
D(AX)={2€V:3g€ H, a;°(2,9) = (9,9)u, yeV}

The above definitions are quite abstract, in particular because they rely on test functions in the con-
strained space V. In the next proposition, we recover a more explicit expression of Ap® and D(Af,o) thanks
to the generalization of De Rham’s Theorem established previously.

Proposition 3.6. The operator’s domain can be characterized as

Jp € LE(Q) such that
us, vs, vy € [Hy(2)] —div (0(us)) — div (07 (vs)) + (1 — ¢) Vp € [L2(Q)]* (65)
—div(¢oy(vy)) +¢Vp € [LQ(Q)] '
div (1 = @)vs + pvy) =

D(AY) =
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In addition, for all z = (us,vs,vy) € D(AY®) and g = (gu,gs, 95) € H, we have

Gu = —Us,
A;,’Oz =g&dlpe L%(Q), ps(l— @) gs = —div (O’S(Us)) —div (U:is(ﬂs)) — ¢ k;l(vf —vg) + (1 — ¢) Vp,
prdgr = —div (pos(vy)) + ¢* k;l(vf —vs) —fBur+ @ Vp.
(66)

Proof. Let z = (us,vs,vy) be an element of D(A}°). By definition, there exists g = (gu,9s,9y) € H such
that a;°(z,y) = (9,y)u for all y = (ds, ws, wy) € V, namely

/ o4(gu)  £(dy) dz = — / oo(vy) s e(dy) dw, Y, € [HY(Q)]Y, (67)
Q Q
and

/ ps(1— @) gs - wsda +/ progy - wydr = / os(us) : e(ws) do + 277/ e(vs) @ e(ws) de

Q Q Q Q
+ /Q $* k;l(vf —vs) - (wy —w,)da + /Q pog(vy) :e(wy)de — /Qva ~wypde, V(ws,wy) € Vg (68)

The relation (67) implies that g, = —v, in [Hj(22)]¢. From (63), we deduce that

((99:90); (waswp) y, = { =div (00(ws)) = div (0¥°(v,)) = 6% k7 (v = v3), )

+ <*div (por(vp)) + ¢* k7 (vf —vs) — Oy, wf>

(=1 ()], [Hg ()¢

V(ws, wy) € V.
H-1 ()], [y ()] (s, wp) € Vo

Applying Theorem 3.3, we get the existence of a pressure p € L3(Q2) such that

{ps(l — ¢) gs = —div (0, (us)) — div (07 (vs)) — ¢ k;l(vf —vg)+ (1 —¢)Vp in [H™1(Q))4,
progr = —div(¢or(vs)) + ¢* k' (vf —vs) —Ovp + ¢ Vp in [H(Q)]7,

which proves (66). Since gs and g belong to [L2(£2)]¢, the above relation essentially holds true in [L2(2)]4,
which yields (65). O

Remark 3.7. The characterization of the Lagrange multiplior p associated with the constraint on the mizture
velocity as the weak solution of an elliptic problem, as done in [S] in the context of fluid-structure interaction
problems, is not straightforward precisely because the constraint involves the mizxture velocity which is not a
natural unknown of our coupled problem.

Lastly, we set g = (0, f, f) and we denote by II the Leray projection operator from [H{(Q2)]¢ x [L2(Q)]? x
[L2(Q)]? into H. We are now ready to state the following existence and uniqueness result.

Theorem 3.8. Assume that (h1) — (h3) hold true, that n >0 and that [, 60dz = 0.
(i) If z0 € D(A°) and f € H'(0,T;[L2()]%) so that Ilg € H'(0,T; H), then there exists a unique strong
solution z € C*([0,T]; H) N C°([0,T]; D(A;®)) satisfying

{z‘«(t) + Apz(t) =Tlg(t), te[0,T], (69)

z(0) = 2.
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(ii) If zo € H and f € L2(0,T;[L2(Q)]9) so that Tlg € L2(0,T; H), then Problem (69) has a unique mild
solution z € C°([0,T); H) such that z(0) = zo and

T
/0 2(£)(t)dt € D(A),
T . T T
- / 2(E)d(t) dt + A < / (t)(t) dt) - / g (e)(t) dt,
0 0 0
for all 1 € CL([0,T);R). Moreover, z is given by the Duhamel formula

t
z(t) = ©°(t)20 + / . (t — s)llg(s) ds, (70)
0
where ®7° denotes the continuous semigroup generated by A in the sense that

d
Af]ox = ——

i ((I)%O(t)x)‘t:w, x € H. (71)

Proof. The proof of this result is almost similar to the proof of Theorem 2.2, replacing Z by H and Y by
V. The only difference is that the term —f vy is treated within the operator A7° instead of being considered
as a perturbation.

For any z = (us, vs,vy) € D(AJ°), we observe that

ay(z,2) = 277/Q le(vs)[? dx—|—/g¢2 k;l(vf —vg) - (vf — V) dx—|—/ﬂ¢of(vf) ce(vy) de —/99|vf\2 dz.

Thus (A5°z, 2)i > — wl|z[|%; with w = (pfdmin) " 0]l ()-
Moreover, for all Ag > w, the operator AP® + Aol is surjective from D(A;,’o) to H because

ay°(2,2) + Moz, 2)m = AolluslZ + 20lle(vs)I* + 2pp duinlle(w)l* + (Aopsdunin — [10]l= o) lvrll*.

From Lumer-Phillips theorem, we deduce that AJ° is the generator — in the sense of (71) — of a strongly

continuous semigroup and the conclusion follows from [14, Part II, Chapter 1, Propositions 3.1-3.3] and [30,
Corollary 2.25]. O
Remark 3.9. By reproducing the proof of Theorem 2.2, we can extend the result of Theorem for a

time-dependent 0 satisfying the compatibility condition [,0(t)dx = 0 for all t € [0,T]. The existence of
a mild solution then requires that 0 € C°([0,T] x Q) and the existence of a strong solution is guaranteed
under the assumption 6 € CL([0,T];1°°(2)). However, because of the lifting (61), more regularity on 0 is
needed for the original problem to be well-posed. More precisely, when performing the change of variables

(us,vp,p) — (ug - fot vg(s)ds, vy — vg,p>, the right-hand sides of (59b) and (59¢) become respectively

t
p5(1_¢)f_ps(1_¢)at7)0+div (Us (/ Vo ds) ) +div (U:is(ve)) and pf¢f—pf¢8t’l}9+div (¢O'f (119)) +0vg.
0

The existence of a mild solution requires that all these terms belong to L2(0,T;[L2(Q)]?) and thus that the
lifting v € H(0, T; [L2(2)]%) N L2(0, T; [H2(Q)]4), which is ensured if € H(0,T;L23(Q)) N L2(0, T; H (£2)).
Similarly, the ewistence of a strong solution is guaranteed under the assumption 6 € H2(0,T;L%(Q)) N
H(0,T;HY()).

The previous theorem only involves the displacement and velocity fields. The existence of pressure and
the relation between (69) and the original system (59) are precised below.
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Corollary 3.10. Assume that zg € D(A;®), f € H'(0,T;[L2()]?) and let z = (us, vy, v5) € CH([0
CO([0,T); D(A°)) be the strong solution of (69). There exists a unique pressure p € C°([0,T]; L3
that (z,p) satisﬁes (59) pointwise almost everywhere.

, T, H) N
() such

Proof. Let z = (us,vs,vy) be the solution of (69). Since z € C*([0,T]; H) N C°([0,T}; D(A;?)), for almost
every t € (0,7, the equation
A z(t) = Tg(t) — 2(t)

holds true in the energy space H, where we recall that g = (0, f, f). Thus for almost every ¢ € (0,T),
Proposition ensures the existence of a pressure p(t) € LZ(Q) such that

_8tus = —Us,
ps(L =) f — ps(1 = ¢) Bpvs = —div (o V‘S(Ue)) —div (05(us)) = ¢* ky H(vf —vs) + (1 — ) Vp,
prd f—pro oy = —div (¢ oyp(vy)) + ¢ kf (vf —vs) + ¢ Vp.

In virtue of (65), the two last lines of the above system are verified at least in [L2(Q2)]¢ (the first one is
satisfied in [H}(Q)]4). Hence (59) is satisfied almost everywhere. O

If the input data are less regular, we get the existence of displacement, velocities and pressure in the
following weak sense.

Theorem 3.11. Assume that (h1) — (h4) are satisfied, n > 0, [,0dx = 0 and zy = (usg, vso,vypy) € H.
Then there exists a unique variational solution us € CO([0,T]; [HA()]?), dius € CO([0,T]; [L2(Q)]4) and
vy € C([0,T); [L2(Q)]9) with (Oyus,vy) € L2(0,T;Vy) such that

(Us (0)7 Oyus (0), vy (0)) = (Usm Vs, Uf())
and, for all (ws,wy) € Vg, the following equation holds in D'(0,T):

2

d
FTE] p5(1—¢)us(t)~wsdx+/

os(us(t)) : e(ws) do + 277/ e(Orus(t)) @ e(ws) do
Q

Q

(;.it pfdwf() 'wfdx+/¢)af ’Uf( )) :5(wf)dx+/ﬂ¢2k;1(vf(t)fﬁtus(t))'(wffws)d:c
- /Q 0u(t) - wsdo = [ pu(1=0)f(0) wedo+ [ prof(e)-wsda, (72)

The energy estimate (17) holds true and the variational solution coincides with the mild solution given by
(70). Furthermore, there exists a unique pressure p such that (us,vs,vy,p) satisfies (59) in the distribution
sense, with vs = Oyus.

Remark 3.12. The incompressibility constraint is satisfied since (Opus,v¢) belongs to L2(0,T;Vy). It can
be written in variational form as

Vq € L3(Q), A div ((1 — ¢) dyus(t) + puvs(t)) gdz = 0.

Proof. The proof of existence of (us,vs) follows exactly the same lines as in the compressible case. We build
a sequence of strong solutions for smooth data. These solutions (u”,v”, v ) satisfy the energy estimate (17)
and constitute a Cauchy sequence in C°([0,T]; H). Moreover (v? ;v}) is a Cauchy sequence in L2(0,T; V)
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and we can pass to the limit as we did in the proof of Theorem 2.5. We get the first order system:

vt € [0,T),V(ds, ws,wy) € V = [HH(Q)]* x Vj,

%/Qas(us(t)) : e(dy) da /Qas(vs(t)) : e(dy) dz = 0, (73a)
jt ps(1— @) vs(t) - ws da + /Qos(us(t)) e(ws) da + 277/95(1)5(16)) ce(ws) da

+% [ provi®) wpdn s [ oas0s0): stwpydot [ 607 wr) = 6 (g w) do

- / 0oy (t) - wy do = / po(l— &) F(1) - w, da + / prof(t) - wy da, (73D)

which can be rewritten in second order to obtain (72).

Apart for the regularity provided by the energy estimate (in particular (vs,vy) € L%(0,7T;Vy)), like in the
compressible regime, the previous system provides some regularity on the time derivatives of the solution.
The first equation (732) states that d;us = vy in L2(0,T; [H(22)]¢) and the second equation (73h) implies
that

(attus, 8{0)0) S L2 (O, T, VQZ)

These regularities, together with the density of V, in Hy, yield

d2

G [ = wede+ [ oot wpde = (o1 = ) 0 0).p100105(0). (w1107))
in D'(0,T), for all (ws,wys) € V. Since functions in V; ® D(0,T) generate the space L?(0,T; V), we get
V(ws, wy) € L*(0,T3Vy),

T
/ <(p5(1—¢)8ttus,pf¢8tvf) (ws,wf L dt+/ /O’S (us) : e(ws) da dt
f

—|—2n/ / e(vs) @ e(ws dxdt—i—/ /qbaf (vg) re(wy dxdt—i—/ /cb ky vf—vs) (wp —w,)dadt
f/ /va~wfd:cdt:/ /ps(1—¢)f~wsdmdt+/ /pf¢f~wfdxdt.
o Ja o Ja o Ja

The energy estimate (17) then follows by choosing (ws, wy) = (Oius, vy) above and guarantees uniqueness.
The equivalence between the variational and mild solutions can be proved in the same way as in the
compressible case (see Proposition 2.8). We only need to notice that V is dense in H.
To show the existence of pressure, we integrate (73b) in time over (0,¢) (see for instance [100] for a similar
argument for the Stokes system). Let us define

U, (t) = /Ot ws(s)ds,  Vi(t) = /Ot vy(s)ds, Vy(t) = /Ot vi(s)ds and F(t / £(s
it follows that
(01— 6) (04(8) = v0) = div (a3(Vi(1))) — v (o (U(1))) = 62 K5 V(1) = Va(1) = pu(1 = 6) F(D).,)
+ <Pf¢ (v5(t) = vrg) — div (o (Vi (1)) + 6" k7 (Vi () = V(1) — pro F (1), wf> =0

for all (ws,w¢) € V5. Combining Theorem 3.3 and Ne¢as Lemma provides the existence of P € C°([0,77]; L§(£2))
such that

ps(l - ¢) (Us - 'USO) le( VIS(‘/;)) — div (US(US)) - ¢2 kfl(vf - Vs) - ps(l - ¢) F= _(1 - (b) VP,
prod (vp —vpo) = div (0o (Vy)) + ¢ k' (Vs = Vi) = ppo F = —¢ VP,

As a consequence, p = 0, P satisfies (59) in the distribution sense. O

ViV
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Remark 3.13. We could also define the variational solution without assuming time continuity. Time con-
tinuity would then follows from the continuous injection of the space

Wy(0,T) = {(vs,vf) € L2(0,T; V) such that (Oyvs, dpvy) € L2(0,T; Vé)}
into C°([0,T]; Hy).

3.3 The case n=10

This case combines the two difficulties encountered earlier: the incompressibility constraint and the absence
of solid viscosity. To handle this case, an option is to combine the functional framework adapted to the
incompressibility constraint with the T-coercivity approach used in Section 2.3. This method provides the
following result.

Theorem 3.14. If n =0, then the conclusions of Theorem and Corollary remain true.

Proof. To prove that the operator AS® + Aol is surjective from D(A§°) to H for all A\g > w, we show that
ag®(-,+) + Ao(+, )i is T-coercive for the mapping T : (us,vs,v5) — (Fus — ﬁvs,vs,vf) defined by (45).
To do so, we reproduce exactly the same calculations as in the compressible case (see the proof of Theorem

), but replacing Y and Z by V and H respectively. This mapping is bijective from V into itself because
it does not affect the velocity components and thus the mixture’s divergence constraint. The rest of the

proof is the same as in Theorem and Corollary . O

Yet, we present here another approach to prove that A5°+ Ao/ is surjective. This proof is based on a mixed
formulation of the problem and is more suitable for numerical approximation. Indeed, the formulation (64)
involves a constrained space V; that we would like to relax for numerical purpose, most numerical strategies
relying on mixed formulations. Note moreover that the space V; depends on the porosity and thus on a
specific data set. The mixed problem we would like to solve writes

Find z € Yy such that (75)
Yy €Yo, ax(2y) = (9,9)z,
with
ax,(2,y) = )\0/ os(us) : e(ds) do — / os(vs) 1 e(ds) do + )xo/ ps(1 — @) vs - w,s da +/ os(us) : e(ws) de
Q Q2 Q@ ¢

—i—/ngSQkJTl(Uf—vs)~(wf—ws)dx—i—)\o/ﬂpfqbvf~wfd:£—|—/9¢of(vf):E(wf)dx—/990f~wfdx
—/pdiv((1—¢)ws+¢wf)dx+/div((l—cb)vs—l—q’)vf)qdac
Q Q

for any z = (us, vs,vy,p) and y = (ds, ws, wy,q) in Yo, where Zo = [H3(2)]¢ x [L2(2)]¢ x [L2(Q)]¢ x LE(2)
and Yy = [H(Q)]4 x [HF(Q)]4 x [H(Q)]4 x L3(£2). The spaces Zy and Y; are almost similar to Z and Y but
include the additional condition fQ pda = 0 that is required to ensure pressure uniqueness.

Proposition 3.15. Let g € Zo. If Ao > (pfdmin) |0l (02), then Problem (75) is well-posed in Y.

Proof. According to Proposition , it is sufficient to find y* depending continuously on z such that the
inequality ax,(z,y*) > allz|]3, is satisfied for any z € Zy, with a > 0.

From the properties of the divergence operator, we know, as already stated in (63), that for any p € L3(1),
there exists v, € [H§(Q)]¢ and Cg;y, > 0 such that

dive, =p and vap||2 < CdiV||pH2~
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For some constants «, 5 and 7 to be adjusted, we choose d
and ¢* = ap. Thus

ax, (z,y") )\O/ﬂag Ug) : (ug)der)\o/’yag(ug): e(vs) dxf/ﬂag vs) : (us dxf/Q'yarg s) 1 e(vs) da
+/\0/st(17¢)(a|vs\ — Vs - Up) der/Qaas(uS):5(vs)dx7/as(us). e(vp) dz
—1—/904(;52]4;;1(1;1‘-—vs).(vf—vs)dm—i—/ﬂ()\opf(bfe)(awf‘?fvf.vp) dx
+/¢(aaf(vf):€(vf)—0f(vf) te(vp)) dx—i—/pdiv (1= o)v, + ¢v,) da
Q Q

_ * *
= fus + yvs, Wi = vy — Up, wi = vy — vy

Note that the term [, pdiv ((1 — @) v+ up) dz is equal to [|p||* thanks to the choice of v,. As in the proof

of Theorem ;weset § = § and v = —55- in order to remove the terms in the form Jo os(us) = e(vs) da.
Consequently, we have

ax, (z,y") > /\O—a/ os(us) : e(us) da — / os(us) : e(vp) de + — / os(vs) : e(vs) d
2 Ja Q 2o
+ )\Opé(l - ¢max) /S;(O[ |rUs|2 — Vs Up) dx + (Aopfquin - ||9||L°°(Q)) /Q(a |Uf|2 —Uf- Up) dz

—|—¢min/ﬂ(aaf(vf) ce(vy) —op(vy) :E(Up)) dx + / p? dx. (76)

Q

We choose Ag such that Xops@dmin — [|0]|Lc () > 0. Next, for all § > 0, Young inequality yields

— /Qos(us) te(vp)da > —g /Qas(us) te(us)de — % os(vp) : €(vp) da,
6

~ [oston) et doz =5 [ aso) et de - 5 / or(vy) + (vy) da,
5 (
—/vs-vpdxz—f/h)s d:c——/|vp| dz,
Q 2 Jo
—/vf'vpde—é/\vﬂ dm——/\vp| dz.
Q 2 Ja

Furthermore, it holds

lpll* < CpllVupll* < CypCaselipll?,

/Q a1 (vp) : €(vp) da = Aglldivvy|* + 2uslle(vp) I* < (Af + 201y Caiv) I,

/Qas(vp) te(vp) dz = Adiv vy ||* + 2plle ()1 < (A + 2uCaiv) 2],

where (), denotes the constant of Poincaré inequality.

Using (77) and (78) to bound from below the right-hand side of (76) and rearranging terms, we obtain

)\004

N 1) « )
a30(2,) 2( 55 = 5 ) uall2 + 502 4+ 209 (1 = Guma) (0= 5 ) s
J 2 4 2 2
£ apgmin — 100~ @) (2 = ) 071” + 21156min (00— ) lelwr) I + (1 - 2 ) ol
where 0% = )‘+2MCd1v+)\0ps(1 _¢max)cpcdiv + ()‘Opf(bmin - HQHLx(Q))CpCdiV+¢min()\f +2Mfcdiv)a 0" > 0.
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Hence, setting § = §* and a = a* = max(é* 207 ) we get

o* 1
@r0(50) 2 Gl + S 02 i (o) [P + 5 1.

Finally, we infer that ay, is T-coercive for the mapping

* *

e @
T : (us,vs,vf,p) — (—us — =V, Q" Vv — Vp, "V — vp,oz*p>, (79)
2 20
which is bijective since p — v, is a bijection. O

Remark 3.16. This mized formulation is also applicable to the case k = +o0o and n > 0. In that case, the
proof can be simplified by considering the mapping T : (us, vs, vy, p) — (us, @ vs — vp, @ vy — vy, @*p).

Remark 3.17. The mized formulation is equivalent to the constrained formulation thanks to the inf-sup
property proved in Proposition 5.1. Note moreover that, as for the proof of Proposition 5.1, the T'-coercivity
only relies on the standard inf-sup condition for the divergence operator and therefore is independent of the

porosity ¢.

Finally, as for the compressible inviscid case, we can prove the existence of a variational solution.

Theorem 3.18. Assume that (h1) — (h4) are satisfied, n = 0, [,0dx = 0 and zo = (usg,vso,vs,) € H.
Then there exists a unique variational solution us € CO([0,T]; [H§(Q)]?) and (Opus,vys) € CO([0,T]; Hy) with
vy € L2(0,T; [H(Q)]9) such that

(us5(0), By (0),v£(0)) = (s, V505 Vpg)
and the following equations holds, in D'(0,T),

d2

@/ps(l—qﬁ)us(t)~wsdx+/ﬂas(us(t)) : e(wy) dz

44 /pfmf() wfdx+/¢af or () :6(wf)dx—|—/g¢2k;1(vf(t)—atus(t))~(wf—ws)dx

dt
7/ Ovs(t) wrdr = / ps(1— @) f(t) - wsda Jr/ prof(t) - wrde, V(ws,wy) € V.
Q Q Q
(80)
The energy estimate (17) holds true (with n = 0) and the variational solution coincides with the mild solution.
Furthermore, there exists o unique pressure p such that (us,vs, vy, p) satisfies (59) in the distribution sense,
with vs = Osus.

Proof. We follow the same steps as in Theorem , but within the functional framework adapted to the
incompressibility constraint Existence of solutions is obtained by an approximated sequence of strong
solutions 2" = (u? v}) € CY([0,T); H) N CO([0,T); D(AZ)) verifying

s .S’

{zn(t) + AR(t) =TIg(t), te[0,T),

where IIg™ = TI(0, ", f*) € HY(0,T; H) and 2} € D(AS) denote respectively an approximation of source
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terms and initial conditions. This sequence of solution satisfies the variational formulation

vt € [0, T),¥(ds, ws,wy) € V = [H5(Q)]* x V,

/Qos(ﬁtu?(t)) ce(dg)dx = /Qas(vg(t)) :e(dy) de, (81a)
(VF) /st(l — @) O (t) - wsda + /Q os(ul(t)) : e(ws) dx

-l-/ﬂpfqﬁatv?(t)~wfdx+/g¢af(v}1(t)):s(wf)dx+/§2¢2k‘;1(v;}(t)—v?(t))-(wf—ws)dx

= [0 wpdn = [ p 1= 00 wido+ [ pror)-upde (81b)

Moreover, by taking (uf, v, v}) € C°([0,T7]; V) as test functions in (812), we get that it satisfies the energy
estimate (17) with n = 0. Hence 2" is a Cauchy sequence in C°([0,T]; H) and vy is a Cauchy sequence in
L2(0, T; [HL(€2)]?), which allows us to pass to the limit in (51h). For a given d, € [L?(2)]¢, we choose the
unique solution 7, € [H§(Q)]¢ of —div (05(ns)) = ds as a test function in (%1a), which yields

vt € 0,71, Vd, € [L2(Q)]7, %/us(t)-dsd:c—/vs(t)~d5dx:0
Q Q

after passing to the limit. Putting these two limit formulations together gives (80). As for the viscous case
the equation (80) implies that
(8ttus, 8t11f) (S L2 (O, T, ng),
and for any test functions (ws,wy) in Vg
d? d
o ps(1— @) us - ws da + it . pf¢vf ~wypde = <(ps(1—gb)attus,pqu@tvf),(ws,wf)>vé$v¢.
Q

To show uniqueness, we are going to use the same Ladyzhenskaya test functions as in the compressible
case. The difficulty then lies in justifying that the calculations done in the compressible case remain valid in
the constrained functional setting. Let (us,vs) be a solution to (30) with zero initial conditions and source
terms, and let 7 be given in (0,7). We first write the weak space-time variational formulation satisfied by
(us,vs). In a standard way, by multiplying the weak formulation (30) by a ¢ € H'(0,T) such that ¢(7") =0
and integrating over (0,7") and by parts in time we obtain

/ /pS 1— @) Opus - Optp(t wsdxdt+/ /as (us) @ e(ws)(t) dxdt—/ /pf(;SUf Op(t)wy dz dt

+ / [ osup) st d i + / 62 k7 (vg — Dyuy) - (wy — w,)(t) dw dt

_/OT/ngf-wf1/J(t)dxdt=0.

Since linear combinaisons of fonctions of the type (¢ (t)ws,(t)ws) with ¢» € H'(0,T) such that ¢(T) =
and (ws,ws) € Vy are dense in the space of functions w of H'(0,T;V,) such that w(T) = 0, we obtain

r T
_/0 /Szps(1—¢)atus-8twsd$dt+/o /QO's(us) s e(wg) dz dt
T T
_/ / provs - Opb(t)wy dxdt—‘r/ / poyp(vy):e(wy)dedt
0 Q 0 Q

T T
+/ ¢2k;1(vf—6tus)-(wf—ws)dmdt—/ Qv -wrdrdt =0,
0o Ja 0o Ja

V(ws,wy) € HY(0,T;Vy) such that ws(T) = ws(T) = 0.

(82)
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Then, we consider the same tests functions as in the compressible case, namely

— ug(o)do if 7>t —//v o)dodv ifr >t
T A T and byt ={ S Jo
0 ifr<t 0 ifr<t.

These test functions are still admissible here. Indeed, we know that (Qyus,v¢) € C°([0,77; Hy). Recalling
the characterization of the space H, established in Proposition 3.4, it follows that

div ((1 = ¢) dyus + ¢vg) =0, in CO([0,T]; D' ().

Note that, as in the inviscid compressible case, div ((1— ¢) dyus + ¢ vy) belongs to L2((0,T); H1(€)). Next,
by integrating two times in time, we obtain

div <(1 — q’))(— /tT /Ov Opus (o) dadv) + ¢(— /tT /0” vy(o) dadv)> =0.

Since u5(0) = 0, we conclude that (vs,1¢) € CH([0,7T7]; Vy).
Choosing (15, %) as test functions, the calculations are exactly the same as in the compressible case —
see (58) — but without the pressure terms, and with 6 independent of time. We get

1

3 | 2= 0) o) dot 5 [ 0 10y (0 dot 5 [ . (000) (0. (0)

+/0 L¢”f(3t¢f)i€(3t¢f)dxdt+/) /Q¢2k;1(8twf—8t¢s)2dxdt=/0 /Qo 0ss|* dzdt.

Estimating the right-hand side as in the viscous case shows that u; = vy = 0 by an application of
Gronwall Lemma.

Using Duhamel formula (70), one shows exactly as in the compressible case that the sequence 2™ also
converges towards the mild solution in C°([0,T]; H), so that the mild solution coincides with the varia-
tional solution built from the same approximation process. Finally, the existence of a pressure p such that
(us, vs, vy, p) satisfies (59) in the distribution sense is obtained by combining Theorem 3.3 and Necas Lemma,
like in the proof of Theorem . [

4 Incompressible limit

In this section, we show how to pass to the limit in the weak formulation for kK < +00 as k goes to infinity
and obtain the incompressible system. Similar incompressible limits were considered for Biot’s consolidation
model, both in linear [94] or non-linear [24] regimes, and the influence of compressibility was analyzed in the
1D linear case [21].

For this purpose, we need to get an energy estimate independent of k in the compressible case. This
can be achieved by lifting the right-hand side of the pressure equation. We consider vg o = év.g where vy is
defined by (61), so that

div (vg,q) = p?le. (83)

Note that to ensure that vg ,, is in [H?(2)]%, we need more assumptions and more regularity on the Biot-Willis
coefficient «v. Therefore, (h6) becomes

(h6)ose 1 © € HY?+7(Q) with d/2 +r > 2,
PEAVE €, 0< (@ - @)min < @) — 6(2) < (@ — B)max < 1.
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As already noticed in Remark , in order to have the adequate regularity for the right-hand side of
the equation verified by the new unknowns, such a lifting requires additional assumptions on the fluid mass
input 6, namely

(55 {9 € CO([0,T] x Q) NH(0, T; L2(2)) N L2(0,T; HY(Q)),
S\ vtelo,T], [,0(t)dx=0.
Consequently, under (h5)pis and (h6)pis, the lifting vy o satisfying (33) belongs to H!(0,T; [H§(2)]4) N
L2(0,7T;[H%(2)]?), and we make the change of variables (us,vy,p) — (us - fot vg.a(s)ds, vy — U97a,p)
so that the right-hand side of the pressure equation reduces to zero.

In order to recover the initial conditions in the incompressible limit, we are not going to pass to the
limit in (37) and (417) which are written in D’(0,T'), but rather in the following weak formulation: for any
(Us0,Vs0s Vfg, o) € Z and f € L2(0,T; [L2(Q)]4), find uf € CO([0,T]; [H5(Q)]?), dus € CO([0, T]; [L2(Q)]4) N
L2(0,T; [HL(Q)]9) if n > 0 or dput € CO([0, T); [L2(Q)]4) if n = 0, vf € CO([0, T); [L2 ()] NL2(0, T; [HE(2)])
and p® € C°([0,T]; L?(£2)) such that

T
/ /ps(l— attwsdxdt—i—/ /as e(ws) dmdt+2n/ / (Opul) : e(ws) da dt
0 Ja
T
—/ /(;52 k;l(v?—atug)-wsdxdt—/ /p“div ((a — ¢)ws) dzdt
0 Ja 0 Ja

:/T/psu_qs)f.wsdxm/ps(l—¢>)uso-ws<o>dx—Aps(1—¢)us(]-atws<0>dx,<84a>

/ /pfqbvf 0twfdxdt—|—/ /(baf vy) s e(wy)dzdt
T
+/ /¢2k;1(0?—8tu§)-wfdxdt—/ /9v?~wfdxdt—/ /p”div((;bwf)dxdt
0o Ja 0o Ja 0o Ja

T
=/ /pf¢f'Wdedt+/Pf¢vfo'wf(0) dz, (84b)
0 Q Q

T T
_/0 0 s /0 /Qdiv (o — ¢) Qpul)qdz dt
+/OT/Qdiv(¢v?)qudt/Qa;
£ T
_/0 Qan _/0 /Qdi"(<a—¢)US)8tqudt
Jr/OT/QdiV(Qb’U?)qudt/Qad)pgq((])der/QdiV((a¢)uso)q(0)dx if =0, (85h)

for all admissible test functions
ws € H2(0, T [L2()]7) N L2(0, T3 [H (2)]9),
wy € HY(0, T3 [L2(Q))9) N L2(0, T; [Hy ()]),
q € Hl(oa T L2<Q))a
ws(T) = Oyws(T) = wy(T) = q(T) = 0.
The main difference between the weak formulation (84) — (85) and (37) or (47) is that the test functions
depend on space but also on time. Besides, the initial conditions are weakly imposed in (84) — (85), while

they are strongly imposed in (36) or (46). This space-time weak formulation can be obtain from (37) or (47)
with the same arguments used to derive (82).

and

¢p0q(0) dx ifn >0, (85a)

(86)
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Remark 4.1. By choosing (ws, wy,q) = (bs(x), 05 (x),4(z)) »(t) with (@, 0y, q) € [H(Q)]¢ x [HF(Q)]4 x
L2(Q) and ¢ € D(0,T), we see that the weak formulation (31) — (85) implies the variational formulation

(37) or (47). Hence, from the uniqueness of the variational solution, the solutions of these two formulations
coincide.

We are now ready to establish how the solution in the compressible case converges towards the solution
in the incompressible regime as k goes to infinity.

Theorem 4.2. Assume that (h1) — (h4), (h5)pis and (h6)pis are satisfied. For zo = (usg,vs0,vf,) € Z,
let (ug, v, p™) be the solution of (31) — (85). As k goes to infinity, (uj,Owuf,v§) converge weakly towards
the solution of the following formulation: find us € C°([0,T]; [H5()]9), dus € C°([0,T]; [L2(2)]9) and
vy € CO([0, T); [L2(Q)]%) N L2(0, T3 [HA()]4) or (yus,vy) € L2(0,T; Vy) if n > 0, such that

T T T
/ / ps(1 — @) ug - Oppws da dt +/ / os(us) : e(ws) de dt + 277/ / e(Opus) : e(ws) da dt
0o Ja o Ja 0o Ja
T T T
—/ / pf(bvf-(‘)twfdxdt—i—/ / doyp(vyr) :E(wf)dxdt+/ / ¢ k;;l(vf—atus)-(wf—ws)dxdt
0o Jao 0o Ja o Ja

T T T
—/ /va~wfdmdt:/ /ps(l—gb)f~wsdmdt+/ /pf¢f~wfdxdt
0o Jo 0o Ja 0o Ja

+ [ =) v @ do = [ g1 = 0 g B ©)d+ [ proogy - wi(0)de.

(87)
and

T T
—/O /Qdiv((l—(b)us)&quxdt+/0 /Qdiv (¢vf)qudt:/ﬂdiv((1—¢) us)q(0)dz  ifn =0, (88)

for all admissible test functions
ws € H2(0,T; [L*(Q)]9),
wy € H'(0,T; [L*(2)]%),
(ws,wy) € L2(0,T; Vy), (89)
q € H'(0, T;12()),
ws(T) = yws(T) = wy(T) = q(T') = 0.

Proof. Let us prove this result in the inviscid case n = 0, the viscous case being similar. Since we can lift the
mixture’s divergence constraint as in (83), let us consider the case where the right-hand side of the pressure
equation is equal to zero. The resulting energy estimate reads

& _ K 2 1 K . K ¢ K\ . K p7f K 2
L /9(1 )0 (0)| dx+2/ﬂas(us(t)).a(us(t))dx—i—Qn/O /Qa(atus).a(atus)dxds+ e /Q¢|vf(t)| dz

¢ ¢ _
+/ / pop(vy):e(vf)drds —|—/ / ¢>2k;1(v? — Quy) - (v§ — Ouy) drds + 1/ u|p”(t)\2dm
0 JQ 0 JQ 2Ja K

2/|6 t
< exp max(l,MW‘W)t <p5(1_¢min)+f’f¢max)/ /|f|2dxds+& (1 = &)[vso|? d
PfPmin 2 2 0 Jo 2 Jo

1 : 1 o—
+*\/O'5(uso):€(u50)dﬂi+p*f/ ¢|vf0|2d:z:+f/ ¢|po|2d:17 . (90)
2 QO 2 Q 2 O K
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We deduce that, up to subsequences, the following weak convergences hold true as k goes to infinity:

u® — u2® weakly star in L°°(0, T; [HE (Q)]),
Dy — 9ul® weakly star in L>(0, T; [L%(€2)]9),
v — v3” weakly star in L>(0, T} [L2(Q)]),
v — 07 weakly in L2(0, T; [H{(Q)]9),
for some elements ug® € L>°(0, T; [Hj(2)]%) with dyuf € L>°(0,T;[L*(Q)]%) and vy € L>(0,T; [L*(Q2)]%) N
L2(0, T [H)(©)]%). ,;
We have no bound on the pressure p” but (90) implies that % is bounded in L°°(0,7T;L?(2)). Hence,

we can select a subsequence (still denoted by p™) such that % converges in the weak—* topology of
Le°(0,T;L2(1)).

By adding (344) to (31h) and by restricting the velocities test functions (ws, wy) to functions in L2(0, T'; V),
it follows that (u'g,v}'ff, p") satisfies

T T T
/ / ps(1— @) uly - Opws dedt +/ / os(uf) : e(ws) de dt + 27]/ / e(Ouy) s e(wy) dar dt
0o Jo 0o Ja 0o Ja
T T T
_/ / pro v - pwy dadt —|—/ / pop(vy):e(wy)dadt —|—/ / ¢? k;l(v'; — Ol - (wy —ws)dadt
0o Ja 0o Ja ' 0o Ja

T T T
—/ /OU?wfdxdt:/ /p5(1—¢)f~w5dmdt+/ /pfgbf'wfdxdt
0o Ja 0o Ja 0o Ja

+ [ 1= ) v O do = [ g1 = 0 g B (0)da+ [ proogy s (0)da,

T B T
—/0 /Q QT¢p“ Oyqdx dt — /0 /Qdiv ((a — &) u?)@tq dx dt
T —
+/0 /Qdiv (qﬁv?)q drdt = /Q @ - (bpoq(O) dx + /Q div ((a - ) uso)q(O) dz,

for all admissible test functions verifying (89).
Thus we can pass to the weak limit in this formulation by noting that o« — ¢ — 1 — ¢,

T ra—¢ 1 (T pr
7p“8qudt:—/ / a—¢)——=0qdxdt — 0,
[t Vil IO

/ a- ¢p0q(0) dz — 0
Q K

and that

as Kk goes to infinity.

In conclusion, (ug®,v7°) satisfies exactly (57) and (25) in the incompressible limit. Moreover u3°, dyug®
and v{° are continuous functions in time because they also satisfy ( ) and hence coincide with the mild
solution. Indeed, (80) can be recovered from (87) — (88) by taking admissible test functions of the form
(ws,wy,q) = (ws(x),wf(x),(j(x)) P(t) with (s, D, §) € Vy x L2(2) and ¢ € D(0,T). O

Remark 4.3. In the case where the right-hand side of the pressure equation is not equal to zero, we need to

perform a lifting. Note that without this lifting step the energy estimate does mot provide a uniform bound

in kK as Kk goes to infinity because of the coefficient W appearing in the right-hand side of (11).
f min

Moreover once the lifting is performed under assumptions (h5)pis and (h6)yis, the new right-hand sides of the
structure and fluid equations depend on «. Yet, it is easy to verify that they converge strongly in the proper
spaces ensuring the convergence of the right-hand sides as a goes to one in Hd/2+"(Q) with d/2+r > 2.
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Remark 4.4. Theorem provides the weak convergence of the displacement and wvelocities in the in-
compressible limit. If the incompressible regime solution is more regular, we can also obtain the pressure
convergence and Tecover strong convergence for the displacement and velocities. More precisely, following
the same guidelines as in [58, Lemma 75.1], we can show that

1
e o+ ores— By p

2 K oo 2 K oo 2
(0,73 [HL(Q)]9) HLoo(o,T;[LQ(Q)]d)+H”f_”f HLoo(o,T;[L2(Q)]d)+ [ ||L°°(0,T;L2(Q))

+11|[Opuf — Oy HLQ(O,T;[H})(Q)]d) + H”f Y ||L2(O,T;[H(1)(Q)]d) B ?Haﬁp ||H1(0,T;L2(Q))'
Thus, if 9yp>= € HY(0,T;L2(Q)), the above error estimate specifies the convergence speed of (u', dyu’, v?,p”)
towards (ug®, Oyug®,v$°, p™) as K goes to infinity.

5 Numerical experiments

In this section, we present some numerical examples to illustrate the theoretical results presented earlier.
In particular, we numerically investigate the regularity of the solutions to the static and time-dependent
problems. Note that there is an extensive literature on the numerical approximation of Biot-type systems, see
[88, , , 83,74, 77, , 81, , 28, 69, 98] and references therein. The numerical analysis of the specific
model (2) presented in this work was performed in [38, 10], where the time discretization is performed with
a monolithic backward Euler scheme. Moreover, an alternating minimization splitting scheme was proposed
in [27], which leads to a solver closely related to the undrained and fixed-stress splits of Biot’s equations.
We follow here the monolithic scheme of [38, 10]. In addition, all simulations in this section were performed
using the FEniCS finite element software [72, 2].

5.1 Spatial discretization

For small values of bulk modulus, our equations can be discretized with standard finite elements. However,
when the coefficient k becomes large, we have to take into account the saddle-point structure of the problem
involving the mixture’s divergence constraint and to chose finite element spaces that satisfy the inf-sup
condition (62) at the discrete level.

In the incompressible or nearly incompressible case, the expression of the mapping

* *

« « * * *
Vs, Vg — Up, & Vf — Up, & P

T: (us,vs,vf,p) — (?Us‘ - 2o

defined in (79) suggests us how to select convenient finite element spaces in order to discretize the problem.
Indeed, to get a stable discretization, it is sufficient to reproduce the construction of v, at the discrete level.
This is possible by choosing finite elements that are stable (in the Brezzi [25] sense) for Stokes equations.

More precisely, let us suppose that we use a conforming approximation of the space Y = [H}(Q)]¢
[HA ()] x [HE(Q)]¢ x L2(2) by a finite dimensional space

X

Yi=Vin X Vs x Vi xQpCY,

where V; 1, V¢, and @, denote respectively the finite element spaces chosen to discretize the solid part, the
fluid part and the pressure of the mixture. Assume further that (V; 5, Qn) and (Vi n, Qp) are two inf-sup
stable pairs associated with the standard Stokes problem and verify Fortin Lemma [25, Proposition 5.4.2],
i.e. there exists two operators s : [H§(Q)]? — Vi and Iy 0 [HY(Q)]Y — Vy, satisfying, for each
v e ()],

e For all g5, € Qp,
/ divo gy de = / div (I; 4 (v)) gndz, i€ {s, f}; (91)
Q Q
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e There exists a constant C; » > 0 independent of h such that

IV(ILa (@) < CinlVoll, i€ {s, f}. (92)

Under these hypotheses, we claim that the bilinear form ay, defined in the mixed formulation (75) is uniformly
Ty-coercive. Namely, it holds

VYh > 0,3Ty, € L(Y}),Vz, € Y, |a,\0(zh,Thzh)| > QHZ}ZH%I and H|Th||| <C, (93)

for some constants o > 0 and C' > 0 independent of h.
Indeed, setting
* a*

5 Ush = 53~ Usihy @ Us,h = s n(vp,)s @™ v — g p(vp, ), Ot*ph>7 (94)

Ty : (Us)h,vs,h7vf,haph) — ( 20

where vy, is defined by (63), the property (91) enables us to reproduce the calculations from the proof of
Proposition at the discrete level, so that the first condition of (93) holds true. The second condition
then follows from (92) since

HV(Hi’h(vph))H < Ci,7r||vvl7h,|| < Ci,#Cliv||pnll

for each i € {s, f}.

Therefore, a stable discretization of the incompressible system is offered by standard inf-sup stable
conforming finite elements associated with the Stokes system. For instance, as it was observed in [10],
one can use Taylor-Hood elements [Pji1]¢ — Py (k > 1) for the pairs (Vs n,Qn) and (Vyn, Qn). More
broadly, the previous T},-coercivity argument implies the stability of the MINT element P — Py, the Py — P
element, or also Scott-Vogelius elements [Py]% — ]P’,;_l1 with £ > 4 and d = 2. Besides, we can select different
finite element spaces for the solid and fluid parts, as long as each of them form a Stokes-stable pair with the
space chosen for pressure.

Finally, note that the mapping (94) is independent of the porosity ¢ and that the obtention of (93) does
not require any assumption on the size of the permeability tensor ky, as it was assumed in [10]. Hence, our
approach provides a robust discretization regardless of porosity and permeability.

5.2 Regularity of the operator’s domain

In both compressible and incompressible cases, we proved the existence and uniqueness of a strong solution
in CO([0, T]; D(Aj)), with 7 > 0 and 0 < & < +00. The operator’s domain D(A;) was defined by extension
from a continuous bilinear form (see e.g. (23) and (21)) but we did not express it as a standard Sobolev
space. In what follows, we give some numerical evidences that the operator’s domain is not regular, namely

D(Afs0) # Q)] 0 [Hy ()] x [H2 ()] N ()] > [H2(9)]" N [H5())4 x H(Q)

and

D(A7R) # [H* (@) N [H ()4 x ([H*(@))4 x [H*(Q)]7 N V) x H(Q).

To do so, we compute numerically the solution of the static problem z + Afz = g with g € Z or g € H,

viz.

Us — Vs = Gu;

ps(1 = @) vs — div (05(us)) — div (01(vs)) + (@ = ¢) Vp = ps(1 = ) gs;,

provy —div (¢ oy (vs)) + 6 Vp = psé gy, (95)
a—¢ gp if K < 400,

a=¢ : — K
2=¢p +div (o — ¢) v =
K P v ((Oé ¢)U +¢Uf) {0 if k= +o0,

with (gu, gs, 97, 9p) € [L2(Q)]? x [L2(2)]? x [L2(2)]¢ x L2(Q) and where we have assumed that k; = 0 and
0 = 0 without loss of generality.
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We consider Q = {x € R?, |z| < 1} a very smooth domain and (73,);, a regular family of meshes of Q,
made of triangles. The coarsest mesh size H corresponds to a uniform mesh constructed with 8 subdivisions
along each axis direction. Setting ps = pf = Af = pf =17 = A = p = 1 and taking a constant porosity
¢ = 0.5, we compute the error in L?-norm between the approximated solution (usp,Vs n,Vfn,pn) of (95)
and a reference solution computed on a very refined mesh.

The resulting convergence graphs are presented in Figure | for k = 1 and smooth data g, g¢, gp. The
convergence rates depend on the regularity of the solid displacement data g,. If g, is smooth, we obtain
optimal orders of convergence, as expected by the theory. However, if g, € [H3(2)]?\[H?(22)]¢, Figure
(right) exhibits suboptimal convergence rates, thus indicating that the solution of (95) is not in H?. The
same occurs in the incompressible case, as shown in Figure

gu € [H2(Q))¢ gu € [Hg(Q)\[H?(Q))¢
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Figure 1: Approximation errors and computed convergence rates for the discretization of the compressible
(k = 1) steady-state problem (95) with [P1]? x [P1]? x [P1]? x P; elements.

5.3 Regularity of solutions

Even if the operator’s domain is not regular, we are now going to shed light on the regularizing effect for
the solution of the unsteady problem. For this purpose, we use the time discretization introduced and fully
analyzed in [38], which consists of a midpoint scheme for the solid fields and an implicit backward Euler
scheme for the fluid and the pressure. The major interest of this scheme is that it preserves energy balance
at the discrete level.

As before, we perform the simulation on the smooth domain Q = {x € R?, |z| < 1} meshed by a regular
family of triangulations (7)n. Weset ps =pr=Af=ps=A=p=1,k; =0,0 =0 and ¢ =0.5. We take
k = 1019, but smallest values of x would lead to comparable results. All the simulations are run during a
hundred of time iterations, with a time step At = 10~2 and up to the final time T = 1.

Figure 3 illustrates the possible regularizing effect of time. Indeed, although the initial velocities and the
applied exterior body force belong to [Hg(€)]%\[H2(2)]¢, we recover optimal convergence rates in L>(0,T; Z)-
norm between the approximated and reference solutions. Indeed, when using P4 x P? x P4 x P; elements for
spatial discretization, the optimal convergence rate in this norm is equal to 1 for the displacement and to 2
for the other quantities since Z = [H}(2)]? x [L2(Q)]¢ x [L2(2)]? x L2(£2). Note that putting n = 0 slightly
degrades the convergence order of the solid velocity, but does not affect the regularity of solid displacement,
fluid velocity and pressure.

If the initial conditions and the right-hand side belong strictly to the energy space, Figure 4 highlights
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Figure 2: Approximation errors and computed convergence rates for the discretization of the incompressible
(k = +00) steady-state problem (95) with P? x P} x P4 x P; elements.
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Figure 3: Approximation errors and convergence rates for the discretization of the time-dependent problem
(59) with P? x P} x P4 x Py elements and vy, vy, f in [H§(€2)]\[H2(Q)]“.

that the convergence rates are considerably diminished, which confirms the regularity found in Theorems
and . Moreover, the solution is less regular when n = 0, as predicted by our theoretical results.

Conclusion

In this work, we study the well-posedness for a fully unsteady and strongly coupled poromechanics model.
Using an original combination of semigroup theory and T-coercivity, we demonstrated the existence and
uniqueness of strong solutions in the compressible and incompressible cases, with or without solid viscosity.
By unifying semigroup and variational techniques, we also recovered the existence and uniqueness of weak
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solutions. From the methodological point of view, this unified approach enabled us to take benefit of the
best of both theories depending on the hyperbolic-parabolic or parabolic-parabolic nature of the coupling, in
particular to prove uniqueness. To handle the incompressible case, we developed a functional framework and
an extension of De Rham Theorem adapted to the mixture’s divergence constraint. When the incompressible
regime is reached, our analysis offers a spatial discretization of the problem with conforming finite elements,
including Taylor-Hood elements but also any Stokes-stable elements such as the MINI element. Moreover, this
choice of finite element discretization spaces is robust with respect to porosity and permeability. Finally,
our theoretical results are corroborated by numerical experiments. We have shown numerically that the
operator’s domain is not regular, and illustrate the possible regularizing effect on the unsteady problem.

A Model origin

The model studied in the core of this article results from the linearization of a general poromechanical model
presented in [40], where the Biot theory was revisited for finite strains to obtain a non-linear formulation
compatible with the principles of thermodynamics, leading to a generic energy balance. In [38] it was
linearized for a porous material satisfying Terzaghi’s effective stress principle. In what follows, we perform
the same linearization without assuming that this principle is satisfied. This leads to a model where the
Biot-Willis coefficient may be different from 1, which allows us to relate the resulting linearized model to
the standard Biot equations in Section

A.1 The general formulation

We consider a deformable porous material that occupies the space domain Q(t) at time ¢. The deformed

~

domain is obtained from a reference configuration domain €2, namely Q(t) = A({2), where

Al 1) - O — Q1)
Tr— x =71+ 0s(2,1)

denotes the deformation mapping and @, is the displacement field defined in the reference configuration. We
then introduce usual mechanical quantities in the reference configuration such as the deformation gradient
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tensor £ = VA = 1+ Vi, the Cauchy-Green deformation tensor C' = ETF, the Green-Lagrange strain
tensor £ = %(C’ — ﬁ), and the apparent change of volume of the material J = det F. By convention, we use a
hat superscript for lagrangian quantities (defined in the reference configuration), and no superscript for the
corresponding eulerian quantities (defined in the deformed configuration). For instance, J is the function
satisfying

J(x,t) = J(A(&,1),t) = J(&,1).

The porous material is modeled as a mixture of a fluid phase and a solid phase called the skeleton. At
each point of the deformed domain, we assume that the material contains a volume fraction ¢ of fluid and
1—¢ of solid, with ¢(z,t) the porosity, and that the fluid and solid parts interact with each other. Moreover,
we suppose that the fluid is incompressible, as it is the case in most of biomedical applications.

Let us denote by (;ASO () = é(ﬁ:, 0) the initial porosity in the reference configuration, by p, the solid density
in the reference configuration, by py the fluid density in the deformed configuration, by k; the hydraulic
conductivity tensor in the deformed configuration — and k ¢ in the reference configuration — which represents
the friction between the fluid and solid phases, by m = p f(j QAS — qgo) the added fluid mass per unit volume in
the reference configuration, by f an exterior body force applied to the material and by 6 a distributed fluid

mass source term. From [16, Theorem 6], a general form of the fluid Cauchy stress tensor J}Ot is given by

o =os(vy) — pl, with

or(v) = Ay Tr(e(v)) T+ 2p5 e(v), e(v) = %(VW-FVUT),

and the skeleton contribution to the second Piola-Kirchhoff stress tensor is given by

& \ils \i/am
g _ 0% OWamy

= +opJC1, 96
Y Y ¢p (96)

where U, denotes the skeleton free energy density potential and \i/damp is a viscous pseudo-potential, here

chosen as a function of E for simplicity.

The macroscopic governing equations derived in [40] for a general poromechanics formulation valid in
large strains and adapted to soft tissue perfusion then read:
A 7 6ﬁs . 1 A A A
ps(l - ¢) ot —div (F Zs(usavsap))
—JQ ki op —0) +DTFTTVE = p(1— @) f, V(@1 eQx(0,T), (97a)
10 . .
ja(Jpﬂbvf) » T div (provr @ (vp —vy)) — div (¢ o (vf,p))
+ 0"k (vp —vs) —Ovp = pyod f, V(z,t) € Q(t) x (0,T), (97b)
10
S|+ div (pro(or —v.) = 6, ¥(z,t) € Qt) x (0,T). (97c)

In this system, the first two equations correspond respectively to the solid and fluid phases momentum
balance equations, and the third one to the mass conservation equation. Finally, noting Js = (1 — ¢)J, the
system is closed by the relation

ov,
0,

b= (99)

One fundamental property of such model is its thermodynamical compatibility. Mathematically speaking,
this imply that the solution of (97) satisfies an energy balance as proved in [416, Theorem 7]. Assuming in
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our case homogeneous Dirichlet conditions for the fluid and the solid, we have

Edi— pog(vy):e(vy)da — ¢2k;1(vf—vf)-(vf—vs)da:
oF Q(t) Q(t)

% n d)7\/\s - _/ a\i/damp
dt dt  Jg -

+ Plotal 1+ Fo + Tge, (99)

with ) )
/czf/ ps(1 = o) vs]? dm—i-f/ pré |vs|? da, WS:/\ifsd:E
2 Jaw 2 Jaw Q

the mixture’s kinetic energy and the skeleton free energy,

1
j;c@ = */ 0 ‘Uf‘2 dﬂ;‘, jgg :/ £9(1.’);‘
2 Jagw o) Pf

the incoming rates of fluid kinetic energy and Gibbs free energy, and
’Pégtt‘ll:/ pf¢f~vrdx+/ pf~vsdx:/ pf¢f~vfdx+/ ps(1—9)f - vsda
Q(t) Q) Q(t) Q)

the power of external forces, with v, = vy — v5 the relative velocity between the fluid and the solid and
p = ps(1 — ¢) + pr¢ the porous material total density. One benefit of considering the linearized version of
(97) is to keep such energy balance after linearization.

But before linearizing the coupled system, let us specify the skeleton constitutive law. Following the

guidelines of [16, Section 5.4], we consider a free energy density potential of the form
T Tirskel [ T Tirbulk [ 7 1 7&
B, = kel (B) 4 i (=20 (100)
Xs(J)

where Xs(j ) is a function representing the variations of solid volume directly due to macroscopic volume

changes in the absence of pore pressure. In other words, (100) means that the energy bulk term depends on

the ratio between the change of volume for the solid part J, and the change of volume X(j )= %(Z) occuring
—Po

in each cell of the microstructure when assuming that the pore pressure is constant during the deformation.

We suppose that ¥(J) is affine with respect to J and that {(J) =1 when J = 1, namely

X -1=8J-1) & %) =0-0)(1+5(J-1)),

with 0 < 8 <1 a coefficient vanishing for incompressible materials.

*mgf;ulk. From (96), it follows that

Combining (98) and (100), we see that p =

o oWkl afc Wtk 9F  0W e,
Zs == —P——= + = . + s —
OF oE o] oE 9p

Observing that 8%(jq§) = 0%(% + ng) = 0 because 1 corresponds to the fluid mass entering into the
pores in the reference configuration and thus does not depend on the deformation of the material, we get
0J. _ 0] _ jA-1 Gipee QWU _ Joxi())

e = B4 57 = nih we obtain
R OWskel o um js o (] N
S = ——x— + —Lamp _ (1 - w - ¢>ﬁJC‘1. (101)
oK OFE Xs(J)
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Note that this expression is valid for any potentials Wekel and \i!damp. To further develop the computations,
we can for example use a Ciarlet-Geymonat-like potential [19] for the bulk potential W*“* which yields

Wbulk(jslA_? ) :@,f(AJSA —1—log<AJSA)>,
() s(J) Xs(J)

where £ denotes the solid grains bulk modulus and 4 is a scaling factor. In order to recognize the storage

coefficient in the pressure equation, we choose from now on 4 = % Using (98), we get

(1—¢3>n( 1 1) (1=d)r Rs(J) = Js
1=8 \%(J) Js '

Remarking that ¥s(J) = J, = Jo— o+ B(1—do)(J — 1) +1—J = p; ' — (1= B(1— o)) (J — 1), we obtain

p

- K oyt = (1= B(1 = 0))(J — 1)
' =) Jatpi-n) (102)

This closure relation will be the cornerstone of the linearization process. As a matter of fact, it involves the
interstitial pressure p, the fluid added mass 7 that is related to the porosity ¢, and the change of volume J
that is close to 1 when linearizing the coupled system.

A.2 Linearization

We linearize (97) for infinitesimal transformations around the configuration (s, Us, vy, $) = (0,0,0, ¢o). This
first amounts to assume that

A=T+0(Vis|), E=¢é+0(Vi|*),

where |Viig |2 = Vi : Vis. Thus, the reference and deformed configurations reduce to a single domain, which
will be denoted by Qz allowing us to drop from now on the hat superscripts used previously to distinguish
variables defined on €2 or Q(t). Besides, it holds that

J=14+Tre+ (9(|5|2) =1+divus + (9(|Vu5\2)

and, in virtue of (102), that

¢ = o+ O(|(divus, p)]).
Furthermore, any choice of potentials W**!(E) and W g,m,(F) satisfies

awskel
OF

a\:[/damp
OF

=ATr(e) I+ 2ue + O(\Vus|2) and =vTr(e) I+ 2ne+ O(\VUS\Z)

for some Lamé constants A\, u, v and 7, where n represents the solid grains viscosity. To simplify, we suppose
that ¥ = 0, but note that choosing ¥ = A\* > 0 would mean taking into account secondary consolidation
effects as in [78].

. Jsxt(J) _ JsB(1— . . . .
Since XT(L(])) — i(S(J)d)O) and x;](J) =14 O(|(divus,p)|), (101) implies that

o5 = ATr(e) T+ 2ue +2né — (1— B(1 — do) — ¢o)pI+ O(|(Vus, Vs, p)[*).

The Biot-Willis coefficient, denoted by «, is then defined as the coefficient multiplying the pressure term in
the porous material linearized total stress tensor ¥ = o + ¢g O’}Ot. Therefore

a=1-p(1-¢o), (103)
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and (97a) becomes

ps(1 — o) Opvs — div ()\ Tr(e(us)) I+ 2pe(us) + 2n s(vs))
— G ki (vg —vs) + (@ —0) Vo = ps(L = ¢o)f, ¥(z,t) € Qx(0,T),

which corresponds exactly to (2a).
The fluid equation (2b), namely

pyd Opvg —div (¢pos(vy)) + »? k‘;l(vf —Owus) —0vp+dVp=pro f, V(z,t)eQx(0,T),

readily results from the linearization of (97b). To recover (2¢), we infer from (102) that

(1-B)(1—¢o) _ py'm—adivu,+O(|Vu,l’)
k P 1+ O(|divus|) '

Since (1 — B)(1 — ¢o) = a — ¢o, it follows that
o — ¢o

K

p]jlm: p+adivus+0(|(vusap)|2)~

Differentiating this relation with respect to time and using (97¢), we finally get

a— ¢

K

Oyp + div ((a — ¢o)vs + qSovf) = p}jle, V(z,t) € Q@ x (0,T),

which coincides with the pressure equation (2¢) studied in the core of the article.

Remark A.1. The coefficient ajfo is known as the storage coefficient and is often denoted by cq. The
KQ

Biot-Willis coefficient, given by (103), is usually computed by the formula o =1 — %2, with ko the drained
bulk modulus. Hence kg = B(1 — ¢o)k and we have in particular

k—toosa—-1e 8208 x(J)— 1 — ¢,

so that (100) reduces to
\IIS — Wskel (E) + Wbulk(Js)

for nearly-incompressible materials. Such a decomposition for Uy corresponds to a material satisfying Terza-
ghi’s effective stress principle, for which the microstructure Poisson effects are not taken into account.

As previously mentioned, let us observe that the non-linear energy balance (99) also holds true after
linearization. Indeed, replacing each quantity of (99) by its linearized counterpart, we recover exactly (10).
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