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Abstract

We consider a general nonlinear poromechanical model, formulated based on fundamen-
tal thermodynamics principle, suitable for representing the coupling of rapid internal fluid
flows with large deformations of the solid, and compatible with a wide class of constitutive
behavior. The objective of the present work is to propose for this model a time discretiza-
tion scheme of the partitioned type, to allow the use of existing time schemes — and possibly
separate solvers — for each component of the model, i.e. for the fluid and the solid. To
that purpose, we adapt and extend an earlier proposed approach devised for fluid-structure
interaction in an Arbitrary Lagrangian-Eulerian framework. We then establish an energy
estimate for the resulting time scheme, in a form that is consistent with the underlying en-
ergy principle in the poromechanical formulation, up to some numerical dissipation effects
and some perturbations that we have carefully identified and assessed. In addition, we pro-
vide some numerical illustrations of our numerical strategy with test problems that present
typical features of large strains and rapid fluid flows, and also a case of singular transition
related to total drainage. An example of challenging application envisioned for this model
and associated numerical coupling scheme concerns the perfusion of the heart.

1 Introduction

Recently, novel challenging applications such as cardiac modeling have required the in-
troduction of general formulations coupling porous flows and hyperelastic formulations, and
compatible with large displacements, finite strains and strong inertial effects both in the solid
and in the fluid. In this context, a general poromechanics formulation was proposed in [10]
based on fundamental thermodynamics principles, see also [41] where the same type of model
was subsequently considered. As inertia effects and large displacements are considered, the
final formulation is very similar to the coupling of hyperelastic dynamics for the skeleton — i.e.,
the solid constituent — with a conservative form of the so-called Arbitrary Lagrangian—Eulerian
(ALE) formulation of the compressible Navier—Stokes equations [15, 33] set on the same domain,
hence, with a domain velocity given by the skeleton physical velocity. The compressible anal-
ogy comes from the product of the fluid volume fraction with the fluid density that, together,
play the role of a varying fluid density. Finally, when compared with standard fluid-structure
interaction (FSI) problems, we have the additional distributed coupling term representing the
interaction between the two phases [6, 13, 14]. From this analogy, [10] introduced a time scheme
with an energy balance at the time-discrete level inspired from the work [32] initially devoted to
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classical fluid-structure interaction problems. The proposed time scheme combined in a mono-
lithic formulation a mid-point energy-conserving extension of the mid-point Newmark scheme
and a second-order Crank—Nicolson scheme for the fluid— with an additional specific treatment
of the Darcy term discretization in order to respect the energy balance in the fluid—skeleton
interaction. This scheme was proved in [10] to be second-order accurate and unconditionally
stable, similarly to its initial fluid-structure counterpart in [32].

However, this scheme has some drawbacks when considering its practical use in simulation
software — in industrial codes in particular — as it implies the use of a Newton-Raphson solution
procedure on a monolithic fluid+solid formulation. Therefore, we propose in the present article
an alternative time discretization inspired from state-of-the-art partitioned FSI time-schemes
[18, 19, 27]. Partitioned solvers aim at solving the interaction problem by coupling independent
solvers for the fluid and the solid [2, 3, 21, 28, 29, 35]. Therefore, they are much more modular
than monolithic approaches and allow the use of existing legacy software [30]. However, the
computational efficiency of partitioned approaches compared with a monolithic approach must
be assessed [4, 8, 27, 28]. Hence, the question of monolithic versus partitioned approaches has
already been raised in other specific poromechanics formulations, typically with Darcy flows
[34].

As we aim at relying on a classical Newmark scheme for the solid with an energy-conserving
extension for general hyperelastic laws [22, 25], we set out in this article to propose our time-
scheme based on the recent partitioned FSI scheme of [1]. This scheme combines a Newmark
scheme for the solid [22] with an effective Chorin-Temam projection scheme in the fluid [11,
23, 39]. The fluid viscous sub-step, taking into account the convective—viscous effects and the
geometrical non-linearities, is treated explicitly. Moreover, at each time step the projection
sub-step is implicitly coupled with the structure with Robin coupling conditions derived from
Nitsche’s interface method [7, 36]. The specificity of this coupling strategy is twofold. First,
it allows to prove stability independently of the added-mass effect typically present in blood
flow simulations, which in particular is known to compromise the stability of explicit coupling
— time-marching — schemes, see [8]. Note that this added-mass effect has also been evidenced
in poroelastic models with an impact that directly correlates with fluid fraction [5]. Secondly,
the coupling strategy of [1] is, to our best knowledge, the only time scheme that allows for
non-linear conservative time-stepping within a 3D general solid, as opposed to the more direct
Dirichlet-Neumann semi-implicit coupling [19]. From this starting point, we propose in the
present article a partitioned scheme adapted to the poromechanics formulation of [10], with
an adequate treatment of the additional fluid fraction variable, and a specific treatment of the
distributed coupling conditions. The resulting scheme is proved to satisfy a discrete energy
estimate, hence, to be unconditionally stable. Compared with [1] from which we draw the
inspiration of our time scheme, our major contributions lie in

e extending this time scheme to our more complex case of a two-phase poromechanical
problem;

e establishing the discrete energy estimate with the total free energy of the mixture, in a
general nonlinear framework.

Furthermore, as our proposed method has the same algorithmic complexity as that of [1], we
can similarly expect very significant gains in computational efficiency compared to a monolithic
approach, as already assessed numerically in [19], in particular.

The paper is organized as follows. In Section 2, we recall the formulation of the general
poromechanical model of [10] that we consider, with the associated energy balance. Next, in
Section 3 we introduce our proposed partitioned time discretization scheme, and we provide a



detailed stability analysis of this time scheme by establishing a discrete energy estimate. One
ingredient of this analysis is an adapted form of the so-called “geometric conservation law”
[16, 17, 38, 40], which in our case is shown to be satisfied by construction, up to perturbations
induced by spatial discretization that we analyse in details. In Section 4, we provide some im-
plementation considerations, and several numerical illustrations for representative test problems
proposed in the recent literature [9]. In addition, we present a test case in which we precisely
monitor the energy balance and quantitatively assess the various sources of perturbations in-
duced by spatial discretization. Finally, we give some concluding remarks in Section 5.

2 Poromechanical formulation

2.1 Basic definitions

We consider the general poromechanical model proposed in [10]. This is a two-phase mixture
type model, in which a fluid phase and a solid phase are assumed to coexist and interact at
each point, ¢ denoting the volume fraction of the fluid phase — also called the porosity.

The solid phase is primarily described by the displacement field Y (€,t) defined at every
point ¢ in the (fixed) reference domain 20, and at any time ¢ in the time window considered.
We will use the corresponding velocity field

dgs 8 t

The displacement field maps the reference domain Q2 to the deformed domain €, viz.
0 _
£emx=¢ty (6)
and the associated deformation gradient tensor is
F=1+Y,y,

with determinant J = det F. We point out that J represents the local change of volume of
the global mizture, whereas the change of volume of the solid phase itself is given by J (1-—
?)/(1 — ¢p), with ¢g the fluid volume fraction in the undeformed configuration, and we define
Js = J(1 — ¢). We recall the definitions of the right Cauchy-Green deformation tensor and of
the Green-Lagrange strain tensor, i.e., respectively,

C=F"-F, e=3C-1)

The mass per unit volume of the solid phase in the reference configuration is denoted by pgg.

The internal fluid flow is represented by the velocity vy and pressure p, both fields being
naturally defined in the deformed domain §2;. The fluid is assumed to be incompressible, hence,
the fluid mass per unit volume p¢ is constant. The quantity m is defined as the added fluid
mass per unit volume of the reference configuration, i.e.

m = pe(Jo — o).

The fluid is assumed to be Newtonian, with the usual decomposition of the fluid Cauchy stress
tensor into viscous and hydrostatic contributions, i.e.

gf =g -S(Qf) _pl

—V1I



Recalling the classical transformation rule from the Cauchy stress tensor to the second

Piola-Kirchhoff stress tensor
-T

)

14
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IS]
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here written for the global stress tensors of the mixture, we will denote by 2z, the contribution
of the solid in the second Piola-Kirchhoff stress tensor X, i.e.

S =2-¢JE g - FT=X-9¢Z  +¢pJC, (1)

with ;}is = JI .o - FT see Section 2.4 below for more detailed specifications of the

E ] —vis =
constitutive laws.

2.2 Strong formulation

The strong form of the poromechanical model reads [10]
dug -T
pso(1 — ¢O)E Ve (E-Z)+pJE" -Veo
_J¢2§f_1 : (Qf - Qs) = pSO(1 - QSO)i’ in Qov (2&)

1d
——(prJdvg) + Vi - (proo vy ® pe(vy — vg)) — Oug

J dt
+¢2£f_1 : (Qf - Qg) - zg' (¢gv1s) + ¢25p = Pfﬂsi’ in €y, (2b)
1d
\ S 2 (1P + Y- (pro(us — v,)) =0, iy (2)

where k. denotes the so-called permeability tensor that governs the friction forces between the
solid and fluid phases (we will also use its inverse %), f the applied distributed force per unit
mass, and 6 the fluid mass input per unit volume in the deformed configuration that may be
used in some problems to model some specific inflow (§ > 0) or outflow (f < 0) conditions.
This is a coupled system, albeit in essence the first equation governs the solid deformation, the
second the fluid flow, and the third the fluid mass conservation. Note in passing the slight abuse
of notation — that we will repeatedly use throughout the paper — by which we employ the same
notation for fields defined over the domains Q° and €; — e.g., for the velocity fields — which
means that composition by the deformation mapping or its inverse is implicitly used.

Remark 1 (Comparison with fluid-structure interaction)

From a formal standpoint the above system bears some interesting resemblance with a fluid-
structure interaction problem written in the Arbitrary Lagrangian-Eulerian (ALE) formalism,
see e.g. [1]. The main differences here are that the fluid and the solid interact everywhere
— and not only on boundaries — via the distributed friction term J ¢2£;1 - (vy — vg) and the

porosity gradient term pJF 7 -V ¢¢, the ALE domain velocity is substituted with the physical
solid velocity, and the fluid mass conservation is made more complex due to the combination
of fluid and solid at every point (with fluid volume fraction ¢). Nevertheless, the similarities
will allow us to draw some inspiration from a previously-proposed time scheme to design our
discrete problem, i.e. [1].

Of course, the above equations must be complemented with adequate boundary conditions.
Denoting by t the total traction on the boundary of the domain €, and by t, = JHE‘T “nylt
the transported counterpart on the boundary of the reference domain 00, as in [10] we will
consider:



e Dirichlet boundary conditions for both phases, i.e. prescribed skeleton displacements and
fluid velocities
gs = yspr’ Vg = QfPr7
on the subpart of the boundary that we denote by I‘% in the reference configuration and
'}y in the current configuration;

e Neumann boundary conditions — namely, prescribed forces — for both phases together,
with proportional repartition! of boundary traction

IS

on I'Y; (or T'4,);

e Neumann boundary condition for the global mixture, but vanishing fluid flux and propor-
tional repartition of tangential boundary traction

IS]

'E:£¢>£'§'E0:§0a WT(gf'Q):WT@% (Qf_ys)'@:()v

on I‘(])\,nof (or F'}Vnof), where m; = 1 — n ® n denotes the projection onto the tangential
plane;

e Neumann boundary condition for the global mixture with fluid velocity coinciding with
the solid velocity (no sliding)

IS}

n=tsF-X-ny=1, v=u,

on F?VHOS (Or F?VHOS)‘

2.3 Weak formulation

We consider test functions (v, vf,¢*) associated with the main unknowns (gs,yf,m) and
satisfying similar Dirichlet boundary conditions, albeit in a homogeneous form, i.e.

vilre = vflg =0, ((0f —v3) )l =0, (uf —oD)lpg =0,

Multiplying System (2) by these test functions and integrating space-wise yields [10]
dys * * 27.—1 *
pso(l—do)—=-vgdQ+ [ X rdye-vidQ— | (v —vg) ¢k - vgdQ
QO dt QO =S - Qt 7

+/ pquﬁ‘v:dQ:/ p80(1_¢0)f'1):d9+/ (1_¢)toy:ds
Q4 0o - r

N
+ to-usdS— [ o(mt)-uldS — RE) (3a)
1—‘S)Vnof U F?Vnos 1—w]:\fnof
PRI + [ -0 vid+ [ (<290 (oond) + g, 2(eh)) a9
Qt Qt pf
—/ pf¢f-v§dﬂ+/ ot-vidS  (3b)
Qt N I‘IJS\TLJI—‘g\fnof
dm , y .
—— AU+ [ Vi (pro (v —vg)) " dQ= [ 0g"dQ (3c)
Qo dt O O

Lproportionality is meant here according to the respective volume fractions of the two phases



with
d
Pz‘f(v*):/ — (Jprovy) 'U*dQ+/ Vx‘(ﬂféf)vf@(vf—ys))'v*dQ—/ Qv - v* dS2,
Q0 dt Q Q

and the residual representing the fluid reaction forces

RE(?) = PHw) + /

(v —vy) - ¢°k; " ‘v2d9+/
Oy -

<—£z§ . (pf(byz) + ngvis : g(@:)) dy
Q ~ Pf

~ [ wosezaa [ ot-azas— [ omt)-tas
Qt - Ft

t
1_‘N Nnof

This weak formulation characterizes the main unknowns (gs, v, m), from which all other quan-

tities can be computed. In particular, we have ¢ = m(]’zz+)¢°, and the pressure p will be given by

a constitutive equation, see next section. Note that — as is usual in computational mechanics,
especially in a nonlinear framework — we do not dwell on the mathematical definition of the
functional spaces, typically considered to be Sobolev spaces of the form W* with s sufficiently
large for all integrals in (3) to be well-defined, see e.g. [12, 31] and references therein for more
details.

In order to transform (3a) into a more compact form, we define the following pseudo-residual
based on the above-introduced residual

Ri(u) = Ri(od) = [ (o =)y atd+ [ 9950000
Qt B Qt

=Pl + [

Q

(-po¥s-vi+ o, ) dQ—/Q prd f - vt dS2

t

/ ot-vdS— [ é(mit) ot ds,
1—‘5\/ 1ﬂ?\’nof

where we have used the identity V - (¢vd) = ¢V« - v + V¢ - v¥. We infer the following
alternative form for (3a)

+/ (1— @)ty - v’ dS +/ ty - vsdS — / ¢(mrt) - vg dS — R (v]).
g I3 nofUl—‘?Vnos I

N Nnof

d
/ pso(1—¢o)%-v;kd9+/ )M} :dye‘U:dQ:/ pso(1 — o) f - v dQ
Qo0 dt Qo —% = QO

2.4 Constitutive laws and energy balance

We consider a total stress tensor given by [10]

g gy o Oem) | ovte)

Zvis de m 0é ’

1S

with U(e,m) the Helmholtz free energy of the mixture, and W4™P (e, ¢) a viscous pseudo-
potential. Due to fluid incompressibility, ¥(e,m) = ¥ (e, Js) with ¥ the solid free energy
— meaning that the fluid cannot store any energy — hence, we have

oV (e, Js) OWdamp (¢ ¢) .
Z == ¢E .+ — + T - pJQ )
= =vis Oe Js e e T




see [10]. Recalling (1), this gives for the solid contribution

9V (e, m)

Opdamp (e,€)
\ + .
Oe m oé

Z:
s

Tt ¢pJC! (4)

_ 0%(e )| owR(e, é)( —(1—¢)pJC!
9 oe e =
In addition, we have
o 0V(em) 0V (e Js)
p=pr 8m e - 8JS g.

Defining the total kinetic energy of the system

1 1
K= / pso(l—aso)vzdm/ provi dQ,
2 QO 2 Qt

and the total Helmholtz free energy

W = U (e, m) dS2,
Q0 -

we can now recall the following energy balance result, see [10, Theorem 7]

ac _aw / owdamp
Q0

- - = _ - ¢ — . — — . 211 . —
at " dt e  ¢dQ2 Qtd)%/is Le(uy) d (vf —vg) - @7k, - (vr — v) O

Q
+ Plotal 4 Ty + Tico + P + Tgo, (5)

the operator ¢ denoting the usual symmetrized gradient, and with

Qy

pquf-ufdm/ £ (1= @)v, + dvy) dS

o
the total power of external forces,

1 1
b = —/ provt (vp —vg) - ndS,  Jko = / vff dQ,
2 Joagq, 2 Ja,

the incoming rates of fluid kinetic energy due to the boundary flow and source term, respectively,
and

Ty = — / prdtm (v — v) -ndS, oo = / 02,
0 Q4

similar incoming rates of Helmholtz and Gibbs free energies. The physical interpretation of (5)
is that total energy variations correspond to dissipation losses — in the fluid and solid phases
separately, and in their interaction — and external source terms.

3 Effective and energy-preserving time discretization

In the sequel we use the standard mid-point notation
n—i—% gn 4 gn+1

g = 9 )



except when otherwise specified for some specific quantities that we then denote by g"*éﬁ, to
then emphasize that a discretization rule other than simple mid-point is being considered.
For any field w}, in VO = H(Q°)3, we define

VO(wp) = {v* € VO | v*|pg = wh}.

Assuming a sufficiently regular mapping between the reference domain Q¥ and the deformed
configuration of time step n denoted by €}, we define

Q" = L*(9f),
and for any (wp,w) in (V™)? = (Hl(Q?)3)2>

Vi(wp) = o € V"

vrn =wp},

V' (wp,w) ={v* € V"

Q*’F% = w ’FNnos - w’FNnc)s’ (Q* - w) ' ﬂ = 0 on FR/'nof}

As in the continuous framework, we will use the same notation for functions defined in Q° and

All the solution spaces considered here are implicitly assumed from now on to be discrete in
space, typically using a finite element type strategy, but we do not dwell on space discretization
in this paper. Nevertheless, we will denote by h the typical maximum diameter of all the finite
elements in the mesh.

3.1 Time-discrete partitioned coupling method

We now define our proposed partitioned method, drawing some inspiration from the method
previously proposed in [1] for fluid-structure interaction, see above Remark 1.
Given the solutions (y7,vg) and (vf', m™) up to time step n, perform the following steps:

» Ug
e Step 0. Mesh and porosity updates: Q?H = (Igo + ¥ M0 and ¢" = %'

e Step 1. Explicit step: find 77! € V(v (¢"*+1)) such that Vo; € V"H1(0)

n -~ n+1 ~* o n— 1 _~>|<
/Qn+1 Atqﬁ ot dQ mA L ot dQ

nol
[ Vel g e ol ) R [ e (@) a0
n Qn = =

f f

n—1 n—1
S e - mas+ 2 [( an R, 2)-n]®?-nd8
h Fn+1 h n—+

Nnof

_ n_(>n+ly o ~x 5 n+1 ~ %
= u/FnH Fnﬂqﬁg(yf )nvfd5+/? 0"opT - UF dSY, (6)

Nnos Nnof
where v denotes a stabilization parameter, see Remark 2 below.
e Step 2. Implicit step (implicit coupling of two sub-steps, fluid and solid)

. .. O |ntst
— Step 2a. Fluid projection sub-step (where p"*!1<p;— T , see below)



1
Find (v T, m"H1) € Vil (of (¢ ), ve 2)x Q"+ such that V(vf, %) € V"TL(0,0) x

Qn—f—l

n+l _ . n L
Hq*d9+/ A\ (v?+1—vs+2))q*dﬂz/ 0" dQ (Ta)
At QT T

Qo Q?+l

ﬁ n(n+l _ ~nt+ly B n41 ny %
/Q;H—l At (yf Vg ) - vf d2 /Q;H—lp (Zng ) - vf dS

_ n, n+1 Lk n+l nJF%_ n|2 e
/Q?Hqﬁ PN k- d9+/w1(0f vs ) - |9"7 Dy - uf dS) (7b)

n+1
Nnof

=/ . peo” [P of dQ+/ Pt dS
Qrt ryttur

— Step 2b. Solid step (Newmark mid-point scheme)
Find (y" ™, o5 € VO(yP*(t"+1)) x VO(gPr (¢ 1)) such that Yol € V0(0)

( Q:—H _y: B Q:J'_l _i_%z (8a)
At - 2
[ )t - ) a2
1 damp 1
+/ (%‘I’ " aw@. n+2ﬁ) Ldye 3 oF dQ
Qo € € -
1 _1
+/ 1<15"p”“2x -us dQ + % ¢"(y§+2 —vy 2)-utdS
Qn+ - Fn+1
f fyu +l fzos (Sb)
o 1¢"[(v§ 2wy 2)%]@;*-7%15
rnt

Nnof

= [ et =00t udn s [ (- et asas
Qo o

N

+ g s — [ omam) af dS - REGE)
o urQ rett

\ Nnos Nnof Nnof

Here, 7@? denotes the discrete version of 7@‘5, such that for any v* in V7 t!

RA(p*) = Pt on, ntl s _ Pt on—1,n %
Rf(v)_/g?ﬂAtd) o v* df) Q?At(b of - v*dQ

_1
+ [ Vi (peo" o @ (of —ve 2)) vt dQ - / "5 -t d)
ap

- / ¢ "IV vt dQ 4 2p / ¢t e(u”) dQ
Q;’H»l - Q?+1 = =

_ / pf¢nfn+1 X Q* do — ¢n£n+1 X Q* ds — / ¢n(ﬂ7tn+1) 'Q* dS,
ptt r

n+1
FN

the strain-related quantities are discretized as follows

n+l _
n+it _ _on+d ontly £ €
g g(gs )’ g At )
3 * 1 1 * * 1
dQ:n‘i‘Qr‘ v = 5 (i(g:'f‘z)T ziy _I_Zgy g(ggﬁ-z)) ,



and the discrete solid stress tensor contribution is obtained using (4), with the following dis-
ov |n

cretization choices for Fe (see [22]) and p"t!
€
OV |nt3 ﬁ 8\1’( n+s ﬂ n+1)
8§ Oe
+1 yntly +1 snt3
+ e, mt) - Wi m™) _ ag(emr%ﬂ,m"ﬂ) s 7% - r (9a)
At 82 = = Qn+§ :€n+§
prtt oW g W(e"mM) — W(e",m")
= = . (9b)
Pr 0m mntl —mn
In the sequel, we will choose W9mP = I tr(¢)?, with the discretization
Opdamp oy 41
/_”2:d vt dQ = / Nadye™ 2 ug T eIt ot dQ.
0o Bg -

Remark 2 (Splitting and Robin boundary conditions rationale)

In essence, Step 1 takes care of the advection-diffusion part of the fluid problem, with an
explicit treatment of the advection term (linear problem), and no coupling with the solid part
other than via the Robin-type boundary conditions on the “fluid-proof” boundaries, namely,
r %nofUF Amos- Lhen, Step 2 corrects the velocity computed in Step 1 by taking into account
the coupling of the solid component with the pressure part of the fluid problem, including for

the distributed friction term. Eventually, the fluid inertia term / %(J prd yf) - dQ) of the
00

continuous problem is decomposed in the discrete problem into two contributions that appear
in Steps 1 and 2a, i.e., respectively,
n+1 7~)n+l

nn+1 *Q— nln Q0 n Uf =f Lot dO.
/Qm Atd) d a At¢ 'g7d} and /Q; pro At v d

As for Robin boundary conditions, they are introduced in Steps 1 and 2b — with the associated
stabilization parameter v — to take care of Dirichlet boundary conditions that relate the fluid and
solid velocities, while ensuring stability in the coupling, as will be demonstrated in the below
stability analysis. This combination of splitting strategy with Robin boundary conditions is
similar to that proposed in [1] for fluid-structure interaction, albeit here extended to a more
complex problem.

3.2 Stability analysis

Our objective in this section is to establish the stability of our proposed scheme, namely,
a discrete energy balance similar to (5) up to some numerical dissipation terms. We will then
naturally assume that there exists a solution (y: ve, v, m™) to the discrete equations (6)—(8)

y Ys
up to time step n, and that this solution is admissible, which we characterize by
mn
J(y") >0, 0<¢”:M<1,
= J(y)

everywhere, with obvious physical interpretations for these conditions. In fact, in the stability
analysis, for technical reasons we will make a stronger assumption on the jacobian J (g;‘), ie.

maxgeqo J (y!') oy

_ 5 1
mingego J(y;l) ’ ( 0)

with M independent of n. This is in order to be able to invoke the following inverse inequality.

10



Lemma 1
Assuming that (10) holds, there exists a constant C;e such that

* 2 * 1 3
IVE ) nllZagis) < CENNVT W) Ragpery, W € HAQP). (1)
This inverse inequality is obtained by a standard scaling argument when noting that

m /Pf + ¢O (g(y ) HLl (e

IV e nllpay ) = 19" €@ 2 g = 17505 (ORh)

Nnos

where (m"/ps 4+ ¢o)e(v*)? is a polynomial — hence, in a finite dimensional space — due to the
spatial discretization of m™ and v*. By contrast, 1/.J (22) is not a polynomial in general, which
leads to Condition (10).

Remark 3 (Inverse inequality and condition (10))

First of all, it should be noted that the inverse inequality (11) is rather ¢ conservative” in itself,
due to the fact that only the mesh elements adjacent to the boundary It Nnos are concerned in
the left-hand side, hence, in the starting point of the scaling argument. Moreover, in the course
of the scaling argument, Condition (10) could clearly be relaxed in the form

max§eK J(gg) < M
minger J(y") ’

for every finite element K in the mesh. A particular case arises when considering linear finite
elements for the solid displacements, in which case the Jacobian is constant within each element.

For the sake of simplicity in the stability analysis, we will assume that ¢ = 0 on I' ypoes,
Tnot =9, [ =0,0=0,y* =0 and vf" = 0. We then have the following result.

Proposition 2
Assuming that (10) holds and that v > Cje, the time scheme (6)—(8) satisfies

gn+l _ gn N ﬂll n+%H2 _ 'WH
At s n’FTltftie 2h J
8\pdamp

n+
< (tn—H ?+1)¢n ot <tg+la'Us 2) —/ —
N 1_¢n,r(])v 0o 8§

n+2

n n+l n n
_/Qn+1( f+1 vs ?)- ¢ |2Qf'(yf+1_vs )dQY—Th

H~n+1

2 2
|| TL’F?]G;(%G

n—&—%jj

Pt n+l _ @n+1H2
¢n

_Q?qufl,m T oAt [iae Qrt!

2At

- +l
H P e, (12)

Nnos

— CM H n+1 Hj)n’Q;FFl -

with C' a positive dimensionless constant, L. homogeneous to a length, €™ the total discrete
energy at step n, i.e.

£" = K+ K7 AW = E a2 g + P2 R, g +/ (", m") del,
Qo
and Ty the discrete flux of outgoing fluid kinetic energy that crosses the domain borders

1 1
Timy [ e PR - o) nds,
0P\

2
Nnos
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Proof. Respectively evaluating the equations (6), (7b) and (8) with the test functions

1
~ ~ n+3 n+
oF = U?H, vF = v’f”l vs 2, and v =wvs ?,

we get, defining
vn+1 _ ®n+1
Rp(y*) — / pf¢n =f —f 'Q* do — / ¢npn+lyx 'Q* do / ¢ntn+1 _y* ds
; op ) i

and using the weighted L?-scalar product notation (g, h)%g = fQ Y gh dS,

ﬁ (~n+17@?+1)¢n79?+1 - % (9?7@?+1)¢n—179}1

At
_1
Ve o™ (o — 7)) 5 2@ g
£
_1
+ % (17?-1—1 _ g? 2,?7?‘*‘1) =24 (g@?-&-l) ‘n, Q?—H)(z;n i (13a)
(]5",1’5%3)5 > Nnos

Pr 1 1 1 1 1 n+l
A U o )w,a?“_/Q P ") - (T —us ) dO

f

o (bn n+1v . ’Un+1 dQ + (vn+1 o 'l)n+%) . ‘¢n‘2D . (Un—l—l o U”+%) dQ
Qn+1 p —X = Qn+1 =f =S =f =t =S
f f

1
(thvQ?H)qﬁn,r?V“"i_Rp(% ?), (13b)

PO |yt 12 o — 220y 2
oAt 1=go00 T HA; s T1-go.00

O n+it  gydamp pyly 1 1
+/ oY 2 i ‘ 2 d Qn+%ﬁ -y:+2 dQ +/ ¢npn+1yx‘yg+2 dQ
qo \ Oe oe Z= Qrtt x
1 1 1 1 _
(e I TE T = gttt — R{ (v nts ). (13c)
h oI, 1-m.T%,

For the first two terms of (13a), we use 2(a,b) = a® + b*> — (a — b)? to obtain

Pt /- ~ p ~
Kft (—nﬂvﬂ?ﬂ)w,gp“ - Kft (9?79?“)@71,9?

~ 7 1 v
£ (0P s = 1 s g = R g ST~ 2By ) 19

Then, the next term in (13a) can be rewritten as in the proof of [10, Theorem 7]

n—1 -n
/ Vi (" 'of T @ (of —vs 2))- 0P dQ

f

/ L Py (e o — ) A0+ T (1)
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Now, recalling ¢" = % we evaluate (7a) at time step n — 1 with ¢* = [o7"!|? — assuming

this is allowed by the spatial discretization, see Section 3.3. This gives

n—1 1 m’ — mnfl
~n+12 n—1 — vy 2 dQ _ _ - ~n+1 QdQ
3, BT ™ e ey an = [

1 [ ¢"ped(y") — " e (y0 )

N Zs ~n+1 2 a0
2 Jao At |

oo (I, s = N s ) - (16)

Gathering (14), (15) and (16), we get

Pf (~ntl ~n+l ~n+1 1antl =3\ ~ntl
At( e )¢" ot At( Poof )¢"1,9?+/9an'(”¢" ey —us ?)) 3T dQ

f

— o (I g — N ns ap 18 = 2 s ) + Tie (17)

Then, substituting this result in (13&) and summing with (13b) and (13c) while applying

the identity (a — b,a) = 1a® — 36 + 3(a — b)? to (vt — ?+1,Q?+1)¢n79n+1, we get (using
n+2 _,m+l _ .n
Atvs * =y’ YY)

ntyt  gydame
0¢

s

crtt —n o gentl e OV
f f + S S + / -
At At de

n+§ﬁ) . d n+%ﬁ.£+% d
B " ntlyy [ ntl ”Jr% Ao — n+1(v (bn) . ( n+l n+%)d9
Qn+1 p -—x f Ls Qn+1p —X Qf Us
f

2At [HWH U qu" vop llor - Q?“Hin@?#} 2“( @) - n, (o —v;”é))

¢
T2
TH n+ ~nt+1 Nt ~nt1 n ~n+1
+ = vs ° ?+ y Us + U?Jr —vs ? ?Jr
h n+1 n+1
¢n’ Nnos d)n’ Nnos
T3

_ (tn+l n+1) + tn+1 ntg .
L Uy on, 1'*"+1 »y Us 1
1—¢n I

2 n+3 2 n+3
=2 [|e@ ) gu gy —/Qm(v?“—vs 2) 16" P Dy - (0f T —wg ?)dQ. (18)
f

1
We used here the following identity that comes from (6) evaluated with of = Q;HQ

RIwI?) - Ryt )

- n+3 Y - n—1 n+l
=2u (@t n,us 2 L IR :
- ¢n,r‘”+1 h d)n Fn+1

’> Nnos
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Considering now

_ K nt3 _ ongl  nty Hn+1 n=3 -n+l
T [l f o g @ — e L g,
BT, by apgl nty apgd g ptl ~ndtl
=7 (vs > —2¢" v * — T )¢n7pmis+(ys — 0", oy )¢,n7pm;
n+1 ”*% n+
+ (v - v +1
(7f =5 'Lt )¢n 1—‘7]7\‘1'1105
1
~n+1 ”+2 TH n-‘,—— n=3 ~n+l
+ — —v v +1
H ||¢n Fnt(ljs h ( YUs y Ut )qbn,l“?\]nosv
we have that
1 1 1 1 1 1
nty "M% ~n+tl nty  n—g ppl ity nty  n—g oty
(vs Us B0 )gnpntt = (us T s 0T —us P g prn +(0s Us %05 ) gn pnt

Using 2(a,b) < ||a||?> + ||b||? with the first term, and 2(a — b,a) = [|a|* — ||b]|? + |la — b||? with
the second one, we obtain

(v:% —ngéiﬁl)m,rmés > = ” . ni%”imr’fvﬁl - ”~n+1 n+2”¢" ihos
fu”ffﬁ%ﬁmm;+ ”ﬁﬂbwml—%mg”bwv“
hence, 1
T2 Gl = s+ g I s — o W (19)

For the term 73, we use Young’s inequality (a, b) < 5=|lal|? + 5|b]|?, with L homogeneous to a
length here, to get

Nnos

~ +1
T < g L@ -l g+ I = 2, |
'~ Nnos

and the inverse inequality (11) then gives

n+1y(12 _ Hygntr a2
s 20
(@)l jn gna H [y (20)

’* Nnos

7'2>u

h
Using the bounds (19) and (20) in (18), we obtain

ntlg  gydamp

’Cn—i-l _Kn K:n+1 —_Kn ov n—i—ljj n+ L
f L4 s > +/ ) dyertat ol an

At At e de ¥
e - e [ eyt - ) de
qn+l Qntt
Ta
2At [ 2At (B ~n+1H¢n Qn+1+ RaE: [ —f;ZHJ g [y
+u@ QJ)H’“HMWH+M<>WH1 G,

+
= @nH ?H)w,r;{#l + (ﬁgﬂ U: I 1—¢n, I — Ti

= [ =T P D T - a

[
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n+1

Now, using V - (¢vg) = V¢ -vp + ¢V - vg, and (7a) evaluated with P

is allowed by the spatial discretization, see Section 3.3 — we have

— again, assuming this
Pt

1 n
u=—/ P (T 0" - (0] - "“wm—/ Y (ol do
Qn+1 Q?‘H
1
— _/ pn+1z (¢n( n+1 Q?+2))dQ
Qptt

pn-l—l mn—i—l —mn
= ds?
jgo pr At

_/3‘1’
_Qoam

Furthermore, thanks to (9) we have

ntztmntl —mn

At

Q. (21)

O |n+35t 19U ntifmntl —
sdgertat.ttr 2 D
86 = om At
OV nt3t et —e"  JU ettt —
N de At om At
\Ijﬂ-i-l _n
B At
Finally, we are led to
+1 _
T L e
At S " FT;\I";OS 7S d)n F”]]\(Iflos
a\IJdamp n+i4 1
< @m_l ?+1)¢n ottt (t{)‘“ U:+ ) - Y T dy,n—%Tj 'Q;H_Q ds)
N 1 qbn,FO 0o 8§ -

n+1 ”Jr% n n+l "Jr%
- Ye — Us Us — /1
mﬂw o262 D, - (v )dQ T,

~n+1 +1 _ ~ +1 2
L -l g — o e = 52 g
CzeL +1 2 ~ +1 ’fl"r
(2= G eI g () U~ 22
. CieL Y 1
Therefore, we can have (12) provided we can find L such that 2 — and I > 0,

i.e. when v > Cle.

Remark 4
Proposition 2 ensures the energy stability of our scheme provided yuAt = O(h). This CFL-like
1

condition and the interface term %Hy: 3 ||3¢n oo Uhat could be incorporated to the numeri-
cal energy if I'nnos was fixed, already appeared in the Robin based fluid-structure interaction
splitting scheme of [1].

Remark 5

All the physical dissipation terms already seen in the continuous energy balance (5) are present in
n+1 n+1 ~?+1H2
¢n

this discrete balance. In addition, as in [1], the terms ||of

““fH¢n Lop optt

g2

and [|7f — s e bring numerical dissipation.

Nnos
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Remark 6

In line with Remark 1, let us mention that this stability analysis can easily be reduced to a fluid-
structure interaction problem in the ALE formalism. Nevertheless, one noticeable difference is
that (16) — a crucial ingredient of the stability analysis that rests here on (7a) and the definition
of ¢ — would then require a “geometric conservation law” (GCL), see e.g. Proposition 4.7.1 in
[37], or (9.53) in [20]. Indeed, this type of condition is classically used to ensure stability at the
discrete level with moving domains [16, 17, 20, 24, 38, 40].

3.3 Consistency considerations pertaining to spatial discretization

In this section, we provide some insight on consistency perturbations that may arise in the
above energy estimate due to spatial discretization. First of all, since the porosity is computed

explicitly at Step 0 of our algorithm, it is natural to compute it exactly as ¢" = % at

the quadrature points, and store these values for use in the next steps. Then, in order for (21)
to hold, we recall that the discrete spaces for the pressure and the mass need to coincide, a
reasonable choice that we will make. However, in this case we need to adapt the pressure law

at Step 2a into
1
n+1 - < ov ”+2ﬁ>7 (23)

- vr
p m| Pf om

where 7, denotes a projection operator onto the discrete space chosen for the fluid mass.

In our case we will consider L2-projection. Then, in our above stability analysis, the only

modification induced pertains to (16), for which we now have by testing (7a) at time step n — 1
+1| )

with ¢ = m,(|2f

1 n—1
5 | B I (g o — 28 2+ S
f

1 m" —m"1 11,2
_ w2y an
L P s
1 [ e (y?) — " o (yi ) "
_ 1 Ys Ys ) (e P da+ S
2 Jao At T (125 ) A2+ 81
P nt112yy 5 12 N2\ 3 (12
2At <||( m(125 1)) 2 M50 g — ([ (1257 ))2||¢n1,gp> + 81

- 2At (||~n+1||2n,ﬂ?+l ||Nn+1||¢n7179?> + 81 —+ 827

with the following consistency perturbations induced in (16), i.e. our specific version of the
GCL,

Si=1 /Q (57 = T (T ) V- (6" (0 — i 2))
f

] L P )

1 1
= 1 =
= o (2 ) 210 gt + (127 ))2H§w—1,gp>
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Therefore, the final energy balance (22) is modified into

E T, L -
A v g ren, = glos G pen
d 1
< (" ?+1)¢nrn+1+ <t3“,v;‘+§) —/ OUTR M g et o 4
= N 1_¢n FO 0o 62 -
l l
= [ =P D - = T - S -
f
Pt |~n+1 +1 _ ~n41()2
+ AL H”? s H¢n Lap + oA7 2At an of Hqsn,Q"“
C L - n+
i (2= S Nela s = (3~ 1) 1~ - (2

Remark 7 (Pressure discretization)

When the free energy V¥ is quadratic in m — a rather common assumption — the pressure and fluid
mass are linearly related by the pressure law, and therefore assuming that the corresponding
discrete spaces are identical we can drop the projection in (23). In addition, it should be pointed
out that specific numerical issues — namely, numerical locking and pressure instabilities — are
likely to arise when the solid constituent is considered as nearly incompressible — i.e. with a
large bulk modulus associated with Js in W (e, Js) — due to the similarity of (7) with a Stokes
problem, but this topic lies beyond the scope of the present article.

4 Numerical illustrations

In this section, we present various numerical results to illustrate the behavior of the poroe-
lastic model under large deformations, simulated with our proposed method, namely, two test
problems inspired from [9] — see also [41] — and the detailed numerical monitoring of the energy
balance considered in the above stability analysis. The free energy considered in these examples
is given by

U = \Ijskel + \Ijbulk + \Ilp0r7

\Ilskel

where is potential of Ciarlet-Geymonat type, i.e.

1 2
\I,skel _ Kfl(Illg 3 _ 3) + /{2(]2[3 3 _ 3) + ,‘{/(\/E —1- ln(\/g))v

with the classical invariants

Ilztr(g), 1225 ¢

The term

\I/bulk(Js):Hs< L —1—In( Js ))

governs the compressibility of the solid constituent, and the last term
m
PPor = —Tlpor ln(* + CZ)O)
Pt
aims at preventing the porosity ¢ from taking negative values, see [10]. The parameter values

common to the three test problems are kK = k1 = 2103, ko = 33, ps = pr = 103, u = 0.035,
¢o = 0.1 and v = 20 (all SI), while Table 1 gives the parameter values that differ. The same 2D
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Parameter H 10| ‘ At ‘ K ‘ Nd ‘ Npor | D, ‘
Swelling 100411072 [210°]0 |0 1071

1076 | 21076 | 210° | 68 | 1.5 | 410°L
107* [ 107* 2100 |0 |107L

Drainage
Energy

Table 1: Parameters with different values among test problems (SI units).

square geometry is considered in all test problems, albeit with different dimensions as specified
in the table. The mesh is obtained by a regular splitting of the domain into 72 triangular
elements, as shown in Fig. 1. As discretization spaces we use continuous-P1 elements for the
solid displacement and for the fluid mass, as well as for the pressure. For the fluid velocities, due
to the Stokes-like nature of Step 2a we use continuous-P1 with an additional internal “bubble”
degree of freedom.

Remark 8 (Calibration of stabilization constant)

Regarding the choice of the stabilization constant ~y, the mathematical analysis of Proposition
2 has shown that it should be conditioned by the lower bound given by C;., the constant in the
inverse inequality (11). For the latter constant, a rough estimate obtained by assuming linear
shape functions and constant fluid fraction would be 2 in 2D (3 in 3D). In practice, we have
chosen v = 20 to be conservative — see also Remark 3 — and after numerically checking that in
this case the impact of the penalization term in the overall energy balance remains small.

4.1 Implementation considerations

We implemented our proposed method in FreeFem-++ [26], for the two-dimensional version
of the poromechanical model.
Three Newton algorithms are implemented in the code, namely,

1. for the solution of the fluid-pressure problem (7);
2. for the solution of the solid problem (8);
3. for coupling these two sub-steps within the implicit step.

We used the same convergence criteria for these three iteration loops, i.e. tolerance parameters
for the absolute and relative — with respect to initialization step — values of the residuals, set
to 1077 and 10713, respectively.

The FreeFem++ environment is very powerful, in particular for prototyping purposes, but
does not allow as much control as an in-house finite element software on the numerical operators
to be implemented. For this reason, we resorted to several simplifications in this numerical study,
namely:

oW |n+3t

o for — we used the simpler rule
€

OV n+3t QU
e Cas )

as already considered and assessed in [25], instead of the approach of [22] considered in

(9b);
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e in addition, the convective term in (6) — namely, the third term — was computed on the
domain Q! instead of O, which leads us to changing S; into

1 ~n n— n n—3
Si=y [P (oo 0 — o) a0
Qptt

1 1
—/ T ([T 2)Y - (prd™ (o — ol 7)) d:
Qp

2 =S

e finally, the computation of ¢ at Step 0. is performed weakly by L? projection in the finite
element space, instead of exactly at quadrature points as specified. This introduces an
extra consistency perturbation to be added to &1 and Ss, viz.

S5 = 1/90 (¢npr () = ¢" oY) mn - m) (5 2) d2

2 At At

Nevertheless, we provide below a numerical assessment of the energy balance in order to check
that these simplifications do not significantly affect this balance. In what follows, we introduce
the following notation

n+
Sy = ﬁ”y : ”¢>n7r7]i]7;és - 2h HJ 2 H¢n rett -

Nnos

4.2 Swelling test under porous flow

In the swelling test, no external force is applied to the system, and a gradual pressure
increase is prescribed on the inlet side, see Fig. 1, in the form pey; = 103(1 — exp —t2/0.25)
as a Neumann boundary condition applied on the fluid only, while maintaining pexy = 0 on
the outlet side (on the right of the sample). The top and bottom sides are assumed to be of
no-sliding type (v; = vg), and normal displacements are prevented for the solid on the left and
bottom sides. We have no volume-distributed fluid source nor sink. As expected, the system
is gradually filled with fluid until a stationary state is reached, in which the fluid pressure is in
equilibrium with elastic forces. The simulations results presented in Fig. 1 are consistent with
those given in [9].

4.3 Drainage test

In the drainage test, geometry and solid essential boundary conditions are the same as in
the swelling test. An external pressure pex; = 10%(1 — exp —¢2/0.04) is applied on all the sides
of the square. All sides are of no-sliding type, and a volume-distributed sink linearly related
to the pressure (0 = —p¢3(p — Psink), With psink = 0 and 8 = 0.01) allows the fluid to escape
the material. As shown in Fig. 2, in a first phase, the fluid is drained out of the system nearly
completely, until m/ps approaches —0.1 (i.e. ¢ ~ 0). Then, only the solid phase remains,
and the material behaves like a standard solid, that compresses according to its bulk modulus
Ks. Solutions are here homogeneous in space, and we can verify that the solutions satisfy the
following identity that comes from (7a)

n+1 n

m —m

L By,
prAt Pp

This illustrates how the penalization term WP used in the energy is effective to prevent ¢ from
reaching negative values.
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Figure 1: Swelling under porous flow. Top row: geometry and boundary conditions — Bot-
tom row: (left) fluid pressure and mass at three points shown on top-right; (right) fluid velocity
and pressure at steady state on deformed configuration, with initial configuration contour in

white
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Figure 2: Drainage test. Pressure, fluid mass and jacobian of deformation in time

Remark 9

In the end of this simulation, m is stable and the denominator of (9b) vanishes. In an in-house
finite element software, a test could be performed at quadrature points in order to replace, when
it is not well defined, the finite difference definition of p (9b) by its asymptotic expression. As
FreeFem—++ does not allow this, we used in this simulation for the pressure law the mid-point

rule
pttt1 ov

pr 2™ |om

n n ov n n
(J , M +1)+87m(‘] , N )

4.4 Energy balance monitoring

We consider here a test case that satisfies the assumptions of the stability analysis, with
no external loading, and no energy sources, but only an initial deformation prescribed on the
skeleton (of about 20%). Geometry and boundary conditions are the same as in the drainage
test, but the fluid remains in the skeleton as there is no volume-distributed fluid source nor sink.
The monitoring of the energy increment gives an illustration of Proposition 2 and of the various
perturbations induced in the energy balance by spatial discretization, see Fig. 3. We observe
that the departures from exact energy stability — namely, when the energy rate is positive — are
very limited, and appear to be primarily explained by the perturbation &3 induced in the GCL
due to computing ¢ by projection instead of exact expression at quadrature points. Of course,
this perturbation could be easily removed in an in-house finite element software.
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Figure 3: Energy balance monitoring in a homogeneous test case. Top: bound of the
energy increment by the consistency term —&] — Sy — S3 — Sy in time, according to (24), and
—&83 alone — Bottom: plot of the separate contributions —8j, —Sa, —S3 and —S&4; note that Ss,
and then Sy, are an order of magnitude larger than &1 and Ss
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5 Concluding remarks

We have proposed an effective partitioned time scheme adapted to the poromechanics for-
mulation of [10], and established a discrete energy estimate for this time scheme. This energy
estimate is consistent with the continuous energy balance, up to some numerical dissipation
effects, and some perturbations that have been carefully identified and numerically assessed.
Among these perturbations, our assessment reveals that the major effect — albeit quite limited
quantitatively — lies in a departure from a GCL type property that can be easily treated by
evaluating the fluid fraction quantity at the Gauss quadrature points, when this is possible in
the finite element software.

In addition, we have provided some numerical illustrations of our numerical strategy by
reproducing some test cases proposed in [9], with typical features of large strains and rapid
flows as enabled by our general poromechanical formulation, and also a singular transition
related to total drainage in the second example.

Further work will focus on spatial discretization issues, and in particular on the treatment
of numerical locking — and associated pressure instabilities — phenomena that arise when the
solid behavior approaches incompressibility.

Acknowledgement: The authors are grateful to Miguel Angel Ferndndez (Inria) for some
insightful discussions on partitioned methods with Robin coupling conditions.
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