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Abstract

We consider an incompressible flow problem in a N-dimensional fractured porous do-
main (Darcy’s problem). The fracture is represented by a (N — 1)-dimensional interface,
exchanging fluid with the surrounding media. In this paper we consider the lowest-order
(RTy, Pg) Raviart-Thomas mixed finite element method for the approximation of the cou-
pled Darcy’s flows in the porous media and within the fracture, with independent meshes
for the respective domains. This is achieved thanks to an enrichment with discontinuous
basis functions on triangles crossed by the fracture and a weak imposition of interface
conditions.

First, we study the stability and convergence properties of the resulting numerical
scheme in the uncoupled case, when the known solution of the fracture problem provides
an immersed boundary condition. We detail the implementation issues and discuss the
algebraic properties of the associated linear system. Next, we focus on the coupled problem
and propose an iterative porous domain / fracture domain iterative method to solve for
fluid flow in both the porous media and the fracture and compare the results with those
of a traditional monolithic approach.

Numerical results are provided confirming convergence rates and algebraic properties
predicted by the theory. In particular, we discuss preconditioning and equilibration tech-
niques to make the condition number of the discrete problem independent of the position
of the immersed interface. Finally, two and three dimensional simulations of Darcy’s
flow in different configurations (highly and poorly permeable fracture) are analyzed and
discussed.

1 Introduction

The numerical approximation of fluid flows in porous media is particularly challenging in
presence of strong heterogeneities of the model parameters. This is a known issue of the



Darcy’s problem in geophysical applications, such as groundwater flows or two-phase flows
for oil migration. In fact, the permeability of the considered medium (the ground, or, at a
larger scale, a geological basin) may easily span several orders of magnitude. Mixed finite
element methods are known to be robust with respect to such heterogeneity, while ensuring
mass conservation properties. However, heterogeneities can be geometrically structured in
the form of fractures (thin regions with a different porous structure). In the relevant case of
fractures whose thickness is very small compared to the characteristic length of the domain,
a reduced model can be set up in which the fracture is represented as an immersed interface.
The development and the analysis of such models for the single phase flow have been exten-
sively addressed in [1], [15], [12], where the fracture flow equations and the proper interface
conditions across the fracture have been identified and mixed finite element schemes for the
coupled porous medium flow / fracture flow have been proposed.

In the aforementioned works, the computational grid of the porous domain is considered
to be matching with the fracture mesh: in practice, the fracture is the (conforming) interface
between two mesh blocks. Non-conforming meshes on the interface could be easily dealt with
by mortaring [3], however, this does not allow having an immersed interface, where some of
the elements of the porous grid may be cut by the fracture. The aim of this work is precisely
to extend the already known reduced models of Darcy’s flow in fractured media to the case
where the porous mesh and the fracture mesh are independent and non-matching. To do this,
we adopt the approach of enriching the classical Raviart-Thomas finite element basis on the
elements cut by the fracture with discontinuous functions. This XFEM concept is borrowed
from the works by Hansbo et al. [14], [6], [5] that focus on the elasticity problem in domains
with fractures.

The aim of this study is to provide a flexible tool for handling the fractures and the
porous bulk of the considered medium independently. This is of interest in several typical
situations. First, it is often difficult to force the computational grid to be conformal with
a given fracture network, especially if the latter has a complex geometry. Moreover, there
are important applications that require to run multiple simulations with different fracture
configurations. Among some relevant instances we mention the geological scenario analysis,
more generally the quantification of uncertainty on physical parameters, or the upscaling
of random fractured media [7]. In this context, the possibility of running simulations with
different fracture geometries while keeping the mesh of the porous domain unchanged is an
advantage of the proposed approach.

2 Formulation of the problem

To make the exposition more clear, we specifically address the (N = 2)-dimensional case;
nevertheless, this assumption will not be a limitation. We consider a bounded open domain
Q) C R? (the porous media or bulk) and a line I' C € (the fracture).

For the sake of simplicity, we shall consider the case where I' separates €2 in two disjoint
domains €2;, ¢ = 1,2. This is not a strict limitation of the proposed method; however, handling
the case of a “partially immersed fracture” is more complex from the analytical point of view
(see [2] for a thorough investigation concerning the proper analytical setting of the continuous
problem).

We shall denote nyr a normal unit vector with fixed orientation on I' from 1 to €29, and
Tr the tangential unit vector on I' (in N > 2 dimensions 7 will be a N x (N — 1) matrix,



whose columns constitute an orthonormal basis for the tangent space at each point x € T').

We will often refer to the canonical local coordinates (s,t) to map a neighborhood of x € I’

by x = X+ sTp + tnp (or, if N > 2, x =X+ 7p0s + tnp where s € RNV—1 ig the vector of the

tangential components).

According to the different porous microstructure of the bulk and the fracture, we consider

a permeability tensor field K in €2, and assume the permeability tensor in the fracture to be
block-diagonal in local coordinates (s, 1), i.e.

Kr, 0

Kr = [ 0 KFJ ’

where Kr ;, is the normal permeability and Kr ; is the tangential permeability tensor.

We assume that the motion of the incompressible fluid in €2 is governed by the Darcy’s
equation. In particular, let u, p be respectively the filtration velocity and the fluid pressure
in Q, and let n = K~'. Assume 02 = T'p ULy, I'p NIy = 0, and let the boundary flux
ug : I'p — R and the external pressure pg : 'y — R be given. The flow equations and
boundary conditions read

na+Vp=f, in u-n=uy onlp, (1)
V-ou=f, in Q, P = po on [y,

where f, f, are given data (representing for instance gravitational effects and mass sources/sinks
inside the domain).

Finally, suitable interface conditions on I' have to be provided. A first example is the
following: ) the fluid pressure in the fracture is the mean value of the fluid pressures on the
two sides of the surrounding porous medium, and i) the mean normal flow rate is proportional
to the pressure jump across I', i.e.

0={p}t—-»p on I,
nr{u-nr}=[p] onT, (2)

where p is the fluid pressure in the fracture, np = KITF, Ir being the actual fracture thickness,
and we adopt the following notations for the jump and the average of any function u that

may be discontinuous across I':

1
[u] :==uy —u2, {u}:= §(u1 +uz), where wja(x)= lim u(x—enr) Vxel.
e—0
This is a particular case (¢ = 3) of the following interface conditions [15]

{ul - nr —|— (1 — 6)112 ‘np = 77;1(])1 —]5) on F, (3)
(1—&uy -nr+&uz-nr =n'(p—p2) onT,

1

where § € [0,1] is a parameter. For § > 5, these interface conditions can be rewritten as

follows,
nefu-nr] = 55 ({p} —p) onT, (4)
nr{u-nr} = [p] on I

Note that (2) are recovered from (4) in the limit £ — %Jr.



The pressure p can be known a priori, or it can be computed solving a fracture flow
problem. This requires the derivation of a reduced model for the fracture flow, for which
we refer to [2], [1], [15], [12]. Following the cited references, we assume that the flow within
the fracture is governed by a reduced Darcy’s equation. Define the tangential gradient V, =
(TFT%)V as the projection of the gradient onto the tangent space. Let ur be the fluid velocity
in the fracture, and let & = Ip(7r7L )ur (which is a “mean flow rate” within the fracture, in
the tangential direction). Denote by fv a generic momentum forcing term and by fq a mass
source term in the fracture. Although different boundary conditions would be admissible, for
the sake of simplicity and symmetry with respect to the boundary conditions of the bulk flow
problem, we will split the endpoints OT" of T in a Dirichlet boundary dpT", where no flow takes
place, and a homogeneous Neumann boundary dyI', where the pressure p is set to a reference
value. In this case, the fracture velocity and pressure satisfy the following problem,

ﬁﬁ+VTﬁ:}v on I, a-7r=0 ondpl,
Vy-ua= fy(u) onT, D= Po on OnT,

()

where 7 = [IrKr -] ', and f,(u) = Irf, + (0 — u) - np.

Equations (1), (5), with interface conditions (3), constitute a system of coupled problems
governing the fluid motion in the fractured domain. In [15], the well posedness of such coupled
problem has been proved for % < & < 1. We will show in the next section that this assumption
is needed also in our formulation. Hence, in general we will refer to coupling conditions (4)
with § <¢ < 1.

In the next sections, we will proceed along the following lines. In section 3 and 4 we
consider the problem of the numerical approximation of (1), (4) with an unfitted mixed finite
element scheme, assuming that p is known, focusing on the treatment of fractures which are
not conformal with the triangulation on €2, studying the algebraic properties of the discrete
problem. In section 5 we introduce an iterative scheme to include the fracture flow equations
and solve the coupled problems. Finally, we will verify the predicted properties by numerical
experiments.

3 Finite element approximation of the bulk flow problem

In order to set up our finite element scheme, let us assume that €2 is a convex polygon, and
consider a family of triangulations 75, being h the maximal diameter of the elements of 7j.
We point out that 7, may not be conformal with the fracture I', so that triangles K € 7,
may be cut by I'.

The technique of enriching the elements cut by an “embedded” interface with discontinu-
ous functions is the basic idea of the extended finite element method [16], originally developed
for the computational analysis of the evolution of cracks in solid mechanics. Recently, this idea
has been applied in combination with Nitsche’s method based on penalization, see [5], [14].
Here we follow a similar approach considering Raviart-Thomas finite elements and coupled
porous domain / fracture domain problems.

In this work the notation a < b means that there is a constant C' > 0, independent of
h and of the physical parameters n, 7, nr, such that a < Cb; we will use a 2 b similarly.
Following [14], we require that the following assumptions are satisfied.

Al. The triangulation is shape-regular, i.e., px < hx S pxg VK € Ty, where hy is the
diameter of K and pg is the diameter of the largest ball contained in K.



A2. ITNK # 0, K € Ty, then T intersects 0K exactly twice, and each (open) edge at most
once.

A3. Let ' j, be the straight line segment connecting the points of intersection between I
and OK. We assume that ' is a function of length on ' j,: in particular, in local
coordinates (s,t) we have ' p, = {(s,£) : 0 < s < [I'gp|,t =0} and ' = {(s,t) : 0 <

! T
local coordinates. This hypothesis is always fulfilled on sufficiently fine meshes if I" has
bounded curvature.

s < [Tk pl,t =0(s)}, where ¢ is positive in the direction of nr, i.e., np = in

We shall denote K; = K N€Q; for any element K € 7p,, and G, = {K € T, : T N K # 0} the
collection of elements that are crossed by the fracture. Let us introduce the finite element
spaces that will be used in the set up of the method. We consider discrete velocities vy, and
pressures g in the following spaces,

Vi, =VinxVan, Qn=QinxQ2p,

Vi = {vi € Hai(Q) : Va|,, € RTo(K;) VK € Tp},
Qin = {an € L*(%) : qn),, € Po(Ki) VK € Tp}.

Each discrete velocity vy, = (vip,Vap) and pressure g, = (qi4,¢2,) is thus made of two
components, associated to the domains ;, ¢ = 1,2. With little abuse of notation, by the
same symbols we will denote the functions defined by v;, = v; j, on €;, g, = ¢; 5 on ;.

For the sake of simplicity, we shall consider the case in which 7 is a scalar rather than a
positive definite tensor; to further ease the analysis, we will assume that n = 7; € R on each
subdomain €2;. The numerical scheme can be easily modified to account for variable, tensor
valued coefficients.

Let us introduce the following bilinear and linear forms:

a(uh,vh) = /Q nuy - vy + /1—\ 'yh_l(uh . n)(vh . n) (6)
+/F77F{uh‘nF}{Vh‘nF}+£O/F77F[[uh'nFMVh'nl“]]a
b(ph, vn) Z—/Qph(v'vh)+/ Pr(Vh - 1), (7)

Ip

F(vnan) = /Q Fo-vi— / po(vi,-m) + / b ug(vy - m) (8)

+/quh—/ UOQh—/ﬁ[[Vh'HF]L
Q r'p r

where v is a positive penalization coefficient, 2y = & — %, and where we denote (with a little
abuse of notation) h a piecewise constant function defined on all edges F C 0K, K € T,
and such that hjp = diam(E). Note that in order to ensure the strict positivity of the
associated interface term, the assumption & > % is indeed required, even if our formulation
also accommodates the limit case £ = 1 (or & = 0).



Figure 1: The porous domain €2 and the fracture I". The boundary 92 = I'p UT' is split in a
Dirichlet boundary (where the Darcy’s normal velocity is imposed) and a Neumann boundary
(where the pressure is prescribed). The inflow I'p;, C I'p is also shown (homogeneous
conditions being prescribed on I'p\I'p ). Standard Py degrees of freedom of the pressure
associated to internal nodes (marked with black triangles) are duplicated (gray triangles) on
elements K € G, crossed by I' (shaded), to provide constant pressure on each sub-element K7,
K. Analogously, the RT( degrees of freedom of the velocity, associated to the edges midpoints
(black squares) are duplicated (gray squares) on elements K € G, leading to independent
RTy functions on K; and K5, as outlined in the box. Note also that a “partially immersed
fracture” I' can be treated as a full interface I' U I', between €2y and €23, and imposing the
continuity of the pressure and of the normal velocity on I', by properly modifying the interface
conditions (4).

Our finite element method reads as follows: given the boundary data ug, po, and the
fracture pressure p, find (up,pn) € Wy, such that

C((nspn)s Vi, an)) = F(Vhsqn)  Y(Vh, qn) € W,
where 9)

C((wn,pn)s (Vi qn)) = a(up, v) + b(ph, Vi) — b(qn, up).

The choice of the (RTy,Py) finite element pair is typical for applications to geophysical
problems. Single and possibly multi-phase flows in porous media require robust, locally con-
servative numerical method to provide accurate solution without mass losses. We also point
out that different formulations using stabilized (Py.1,Py) finite elements (with interior penal-
ties) for the Darcy’s equation have been studied in [9], [10], which allow a unified formulation
in the framework of coupling with viscous flows. On a similar finite element pair is also based



the work presented in [5]. In such works, it has been shown that Nitsche’s method is a flexible
tool to treat interface conditions (IC). We observe that ICs (4) are of mixed (Robin) type,
relating velocity to stress (pressure); no essential IC is considered. Correspondingly, in this
work we insert (4) as natural ICs in our variational formulation. However, we make use of the
Nitsche’s method to impose the Dirichlet boundary conditions. Different formulations could
extend the application of the method also for the ICs.

4 Consistency, stability and convergence analysis

Under minimal regularity assumptions, the finite element scheme (9) is consistent with (1),
(4). Let us introduce the following spaces

V= {v=(v,vy) : vi € Hg,(), v; -np € L*('), i = 1,2},
Q={¢=(q1,q) : ¢ € H(Q)} c L*(Q), W=V xQ.
Note that the normal component v - nr of a function v € V is discontinuous on I'.

Lemma 4.1 (Consistency) Let (u,p) be the solution of (1) with interface conditions (4),
and let (up,pr) € Wy, be the solution of (9). If (u,p) € W, we have

C((u—ap,p—pn) (Vh,qn)) =0 Y(vn,qn) € W (10)

Proof Let us show that C((ll7 p)7 (Vhth)) = f(vthh) V(Vh,qh) € Wy,. Using the Green’s
theorem in both subdomains® €;, i = 1,2, we have b(p,vy) = [ Vi - Vp — fFN p(vy - n) —
fr [p(vy-nr)]. Hence, replacing nu+Vp = f,, V-u = f,, and using the boundary conditions,
we have

C((w,p), (Vi an)) = /ny *Vh +/F77F{u -nrH{vy-nr} + §O/F77F[[uh -nr][vy - nr]

+/FD vh—ludvh'n)—/FNpo<vh-n>—/F[[p<vh-nr>ﬂ+/ﬂqu-vh—/FD aito.

Thanks to the algebraic identity [ab] = [a]{b} + {a}[b] and to the interface conditions
(4) we can write

/F [p(vh 1)) = / [Pl {va -1} + / (D vn o] = 1+ 1T

where

= / pe{u ne}{va-nr}, 11 =é / pelu-nel[vi - me] + / plvi - nrl,

so that
(). (van)) = [ oot /F T w0V m) - /FN
_/Fﬁ[[vh.nr]] _/ qnuo = F(Vh, qn)-

I'p

pg(vh-n)—i—/ﬂfqv-vh

d

In the case of a “partially immersed” fracture this step would be more complex, see [2], sec. 3.



We will consider the following discrete norms:

VAl =l valZegy + I £va -}z + Sl [va - nellBagy + 15 3vh 02, .
IvalZr, =l1vall? + 192V - val32q):
lanll?, =ln"2aul3> 0y,
and define
(Ve @) i, = IVall%, + lanlld, - (11)

1 1
Note that Hn%V-vhH%g(Q) is in fact a broken norm, since n%V-vh stands for (9 V-vi 4,03 V-
va.,); however, it is sometimes convenient to identify L?(£21) x L?(€2) with L?(Q). Sometimes
we will also make use of the h-dependent norms Hu”i,ﬂ:%,z = [o hFu2.
Lemma 4.2 (F-Boundedness) If & > 0, there ezists a constant Cy, (depending on h and
on the quantities reported below) such that

F(Vh,an) < Ch(fo, for 10,005 80.D) |V anllw,  Y(Vh,qn) € Wi,

Proof We can estimate each term in F as follows,

_1 1 _1 1
F(Vhyan) < 1072 Foll2@lln2vallz2@) + [1m72polln, -1 py 2 ve - orll, 10y

b 27
1 _1
+llwolln g1 op Ve -orlly 1 p, 07 fall2@lln™2anll 29
1 _1 -1 1
+lmzuolly 1 rplln™2anlln 1 py, + e *Bll2 oy llng [ve - ]l o)

Using standard inverse inequalities we have, for ¥ =I'p or I'y,

1 _1
I nrl 15 S vilvi, 10 20l 15 S oo,

By using Cauchy-Schwarz inequality, we get the boundedness result with
. _1 1
Ch(f s Far 10,203 €0,0)” Sl ™2 Follizay + Im72polly s p + 77 luoll 1 r
1 1 1y~
102 follZ2a) + In2wolly 11 rp) + & e 2Bl 72 r)-

Note that for £ — 0 the linear functional F becomes unbounded (we loose the control of
the jump of the normal velocity across the fracture). The dependence on h concerns only the
non-homogeneous boundary data pg and ug, and will not affect the convergence properties of
our scheme when estimating the error. O

Similarly, the following properties are immediately verified.
Lemma 4.3 (Boundedness) The bilinear form C is bounded, i.e.

C((un,pn); (Vhr an)) < llun, prllw, 1ve, anllw,  Y(an. pr), (Vi an) € Wi, (12)
Lemma 4.4 (Positivity) Provided that v 21,

C((vioan), (Vs an)) = [IIValll> Y(vi, qn) € Wi (13)



Proof We have

C((Vhsan), (Vhy an)) =a(va, vi) = [[[val|[®

so that the lemma follows immediately. O

In [5] an “extended” Clément interpolant has been constructed to derive a stabilized inf-
sup condition for the Stokes (elasticity) problem using the (P;,Pp) finite element pair; the
same scheme can be used for the Darcy’s problem, see [9], [10]. In [19] it was numerically shown
that if a inf-sup stable, mixed finite element scheme is extended in the pressure space only,
degeneration of the inf-sup constant may occur (and can be cured by a suitable modification
of the extended space).

Here we prove that using the extended (RTg,Py) pair we can obtain an inf-sup condition
under some additional assumptions on the interface I'. First of all, we split the domain 2 in
three subregions. One is the strip of (cut) elements in Gp,; then, we also define 7;;, = {K €
71, : K C €} the collections of all the elements fully included in each €2;. We shall refer to the
subregions formed by all such elements using the same symbols. Thus, Q =77, UG, U Ty,
is a disjoint union. We denote by I'; j, the interface between 7; ;, and Gj,.

For each K € Gp,, let Fx be the only edge of K that is not cut by I'. For a given index
i = 1,2, there are only two cases: either Ex N = 0, or Ex C I';;,. In the first case, the
sub-element K; is a (curved) triangle: we say that K is of type T and write K ~ T. In the
other case, the sub-element K; is a (curved) quadrangle: we say that K is of type @ and
write K ~ @ (see fig. 2). Note that this classification depends on i.

For each 7 = 1,2, it is always possible to split G, in patches of elements of different types,
that we call P, (see fig. 3 in the case i = 1 for an example).

e Patches of type Py are formed by a single element K ~ T

e Patches of type P, are formed by one element K’ ~ T and n elements K7 ~ Q.

Figure 2: Two elements K7 € G, j = 1,2, cut by an interface I' = ABC. On the left: K' ~T
(K{ is a triangle, Eg1 is outside Q1), K2 ~ @ (K} is a quadrangle, Ex2 is on I'yj, C Q).
On the right: K', K% ~ Q (K7 is a quadrangle, Ex; ison I'1;, C Q5 =1,2).

Hypothesis 4.5 Let K, K2 be two adjacent elements in Gy, (i.e. sharing an edge E). There
exist two constants ¢,C' > 0, dependent on I' only, such that

|K}| < C|K}| if K' ~T and K* ~ Q; (14)
o K}| < |KP| < CIK]| if K'K? ~ Q. (15)



Property 4.6 Hypothesis 4.5 is satisfied if the ratio between the curvature radius p of I' and
the mesh size h is large enough, i.e. p > Crh with Cr a positive constant. Hence, it holds for
a sufficiently refined mesh.

Proof We will restrict the proof to the case in which I' is piecewise linear, as I' = ABC' in
fig. 2. In this case p will be the radius of the circle passing by three consecutive nodes of T,
p = p(A, B,C). Note also that p(A, B,C) > Crh means that I' cannot change direction too
rapidly from AB in element K? to BC in element K' — precisely, the angle ABC has to be
large enough with respect to the internal angles of the elements, i.e. ABC > ép with ép a
reference angle, that in 2D can be for instance chosen in (27/3, 7), representing the “typical”
mesh curvature, such that Cr ~ A'B/C” in fig. 2.

Consider the estimate (14): the situation is depicted in fig. 2, on the left. K} = BB'C ~ T
is a triangle, and |K}| < BB’- BC. On the other hand, K? = AA'BB’ is a quadrangle having
a fixed edge Ex; C T p, so that |[K2| = O(|E2|- %(BB’—l—AA’)). Thanks to shape regularity,
BC < h < Ege, so that (14) follows (with no assumptions on p).

Now consider (15): the situation is depicted in fig. 2, on the right. K} = BB'CC’ ~ Q
and K? = AA'BB’ ~ @Q are both quadrangles. Let us show that |K}| > |K?| (the opposite
estimate follows by symmetry). We have |K}| = O(|Eg1| - (BB’ + CC")), |K2| = O(|Eg>| -
%(BB’ + AA")). Thanks to shape regularity, Ep» ,S Ex1 S Eg2. To conclude, we need to
show that (BB’ + CC’) cannot degenerate w.r.t. £(BB’ 4+ AA’). This can only happen if
A is kept fixed and B, C' tend respectively to B’, C" so that |K1 |/| K 1| is arbitrarily small,
while K and K? are both of type Q. Note that this implies ABC < A’B’C’ i.e. ABC < Cr
As we said, that would not be possible if p/h is large enough. O

As a consequence of (14) and (15), on each patch {K7 ~ Q,K' ~T,j =1,...,n} of type P,,
we have ' ' ‘ .
K| SIKTL KPS IKP S IKPL Gognje =100 (16)

We will also need the following auxiliary lemma about the surjectivity of the divergence
operator onto L2.

Lemma 4.7 Let Q) be a Lipschitz domain, and let I' C 02, T" £ 092, be a Lipschitz subset of
its boundary. For any q € L*(Q), there exists v € H'(Q) such that

Vev=gq, vpr=0, [vl[g I lalzq

Proof If g € L§(Q) = {f € L*(Q) : o f = 0} and I" = 99, this is a well known result [13].
To deal with the general case in which I' is only part of the boundary, consider any lifting
h € H'(Q) of a smooth boundary datum satisfying hp =0, f@Q h-n # 0. By normalization,
we can then require [, V-h=1. Let § = [, ¢ € R, and consider gy = ¢ — §(V - h). We have
qo € LE(£2). Then, there exists vo € H'() such that

V vy = qo, Voo =0, HVOHHI(Q) S HCIOHL2(Q)

Let v =vq + gh. Since V-v =g+ q(V-h) = ¢, and ||v||g1(q) < [[Vollz1 () + |alhll g1o) S
lollz2 () + 1d] < llgll2(q) the proof is concluded. O
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Lemma 4.8 (inf-sup condition) For any pj, € Qp, there exists v, € Vy, such that

_1
b(phavp, ) 2 ||77 2ph||%2 Q)

IVprllv,, < Mrlpnllq,,
vpr =0 onIp,

where M = max{1, h\/Nr/Mmin }, Mmin = min{n1, n2}.

Proof Let us analyze the three different subregions €2 = 77 ;, U Gy U 75 ;. We will also need
the piecewise constant functions g;j € L2(Qi) such that 9ih| Ki = 1pi,h‘ K, on each K. For
the sake of simplicity, we will consider the case in which I'y N 7; 5, # 0.

Let us start with 7;, C ;. Thanks to lemma 4.7, there exists v; € H'(7; ) such that

vi=00n 07 p)\I'n, V-Vi=—gin, |Villuiz,) S Nginllz -
1 _1
Note that v; =0 on I'; , C 07; , and |07 Vil g1 (7 ) S 17 *pinllr2(z; ), 7 being constant on
7; 1. Owing to the H giy(7; 5 )-conformal RTy interpolant I; j, such that fE (I—=1Iip)vi-ng =0
on all edges FE of all elements K €7y, let us deﬁne Vin € Vy, as the extension of I; ;,v; by

zero on Q\7; . We have ||7h Vil (7)) S Im; pzhHL2 (Tin)» Vi -m=0o0n 97, NT'p, and
_ _ _ _1
b(pn, Vi) = —/ pin(V - Vip) = —/ pin(V - ¥i) = 07 2pnll ez,
Ti,h Ti,h

We are left with finding vy, € V}, such that b(pp, vy) = ||n~ 2th 2(g,,) and Hnl Vil g, S

1
I, 2pinl £2(g,)> With supp(vy) C Gp,. This is not standard, since our finite element spaces is
enriched on Gy. To this end, we exploit the splitting of Gy, in patches of element of type P,
as follows. Let K € Gp,. Note that p | is represented by a couple of real values p; i, © = 1,2,
where p; k = pn|,. Recall that EF denotes the only edge of K which is not cut by I'.

o If K ~ T is a single element P patch, define v; xn € Vi by Vikpn = (me,@p, ).
where ¢EK is the RTy basis function associated to Ex such that ¢EK ‘ng = 1 on
Ex and ¢p, -ng = 0 on the remaining edges. Such functions are “local” in that the
only “active” degree of freedom is not shared with the adjacent elements in G (see
fig. 3, where active d.o.f. are represented by small circles on each edge, whereas we have
zero normal fluxes on the remaining edges, marked with small bars). The support of

such v; i, is thus K;. Let us choose mg, such that V-v; g5 = —nz-_lpi7K. Since on
K we have V - ¢ = |Tl(|va cPp, = |71\f8K¢EK ‘ng = %, it suffices to set
ME, = —0); 1‘53 |‘le, yielding

- - _ 1
b(ph, Vi, k,h) = —/ iV - ViKkh = / npi i = lIn" 2ol e (-
Ki K'L

1 1
On the other hand, we have |[n?V; k nlg1(x,) =1} |mEK|||¢EKHH1(K) Owing to stan-

dard inverse inequalities, we have ||¢g, || 1 (r;) S b K |2 and, thanks to shape regu-
larity, |K|/|Fx| < h. Hence,

In? Vil m ) S - lpikl Kl =
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Figure 3: The strip G, of all elements cut by I' is split in patches of different types: single-
element Py patches and n-elements P, patches. On the restriction to §2; of each patch, a local
discrete velocity v; p, ;, is introduced by activating the RTq degrees of freedom indicated by
the circles on the edges. The remaining (inactive) degrees of freedom are denoted by bars:
on such edges v; p; , -m = 0. Marked are the interface I'; j, between Gy, and 7; (7; », being
the collection of all elements internal to ;)

o If K ~ (), we cannot apply the previous construction of a suitable discrete velocity with
local support. Hence, assume that K is in a patch P, = {K, K'}, sharing an edge E
with an element K’ ~ T; let B/ = Egs. In this case, the idea is to build a discrete
velocity having support localized on the patch K U K'. Specifically, we set

Gz‘,Pl,h = (mE¢E + mE/¢E/)|Qi S V,‘7h.

Again, note that this function is localized on the patch as all degrees of freedom as-
sociated with edges on I'; ;, or shared with other elements of G, are inactive. Choos-

ing mp = —nfl%p@;{ yields (V - vip n)x = —n;lpi,K, irrespective of mp since
~ E E

supp(¢ ) = K'. Then, we have (V - Vi P )| K= mE/% — mE%, so that for mpg =

E| —1|K’| 1 [IK] |K’ . .

|‘Efl|mE N EPikr = 7N | EPLK + &Pk | We get (V- Vz‘,Pl,h)|K/ =N, PiK'

With this construction, we have b(pp, Vi p, 1) = |]n_%ph|li2(&), A; = K; UK]. On the
other hand, proceeding as in the previous case, observing that supp(¢y) N Q; = A,
supp(¢p) N Q; = K], we have

1 L 1 1 -1 1 1
10295 nll i ay S 2™ (1A2 [me| + 1K 2 lme|) < n; 2 (1Al 2 pix] + K72 |pixo])
-1 1 1 _1
S 2 (K2 | + (K72 i ]) < I 2pnllr2(an

where we used |A;| = |K;|+|K!| < | K;| thanks to (16). Note how we “tune” the velocity
on K; by first acting on mg. Since E is shared with K’, mg affects the velocity also in
K'; but we can still use mpr as a corrector on K’, with no consequences on neighboring
elements of Gy since K’ ~ T (i.e. ¢ has local support in K').

e If K isin a patch P, = {K!,..., K" ~ Q; K ~ T}, we proceed as in the previous case.
Let E' = Eg+, and let E7 be the edge shared by K7 and K/t'if j =1,...,n — 1, and
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by K" and K’ if j = n. Again, the idea is to build a discrete velocity having support
localized on the patch, defining

ViPoh = (Mp1@p + mMpedpe + ...+ mpndpn + mpdp)o, € Vin,

where ¢ -ng; =1 on B, ¢pi-ng; =0 on OK/\EJ. Again, we proceed by choosing:

— _ 1KY . J — 1 :

mpn = —=0;  prPiK! st (VeVip,n)kt = =1 Pikts

_ |BY 1]K?| . S _ 1 .

Mp2 = [gzME — n; B2 Pi,K? st (V- Vi7Pn7h)|K2 = —1; Di,K2;
£ 1]K'| (V¥ _ -1

mpgr = |E’| mpgn — 772 |E/‘pi,K’ s.t.: ( . Vi,Pn,h)|K’ =", DiK’-

We have [mpi| S 0~ h(lps il + -« + Py ga-al), Ime| S 07 h(lps gl + - + [pike).
Let A} = Ug—;. K] U K], and denote by A; = Al the whole patch; we have

l/‘\/
77 Vi Pk

-1 1 1 1
lHt(a) S0 ° (|Ai1‘2 pi k1 | + |AZ2 Di re2| + |A2 i, e8| + -
1 1
KD U K i + K1 g
-1 1 1 _1
;2 (KM pgrl + -+ P2 pi o] + K2 P ) S I 2pnllzaay).

where, again, estimates (16) have been used (note that n is bounded by a moderate
constant due to shape regularity). Note that the position of K’ in the patch is not
affecting the validity of our estimates.

Now consider Vph = Zi:l,Q Vih + Vin € Vh', where v; 5 = ZP]- Vip, h, including all the
patches P; covering G,. We have, by construction,

_1 1
b(pn, Vo) = I 2pallz2) = pnllen, Y Im2vipnllae) S lpalle,-

i
Fmally, let us estimate the terms in ||v,|/v, that are not immediately controlled by

> ||17u Vip.nllH1(0,)- As concerns the boundary terms, ||h~ 2vp B 1r1||L2(F ) = 0. To conclude,
we need to estimate the interface terms ||17F Viph - 0rllp2mry, @ = 1,2, in order to find an

1 1
upper bound for |[ni{vp np}H%Q(F) and ||[nf [vp.n - np]]||%2(r). To this end, we first observe

that Hvi,p,h : nFHiz(p) = ZKth er (vi,h ) nF)2~

vanishing at some point of I';;, (at a vertex, if K ~ T; at some point of the only edge
lying on I'; p, otherwise)' as a consequence, we have [|V;pllr2(r) S hIVipnlpi(k,) yielding

~

For each K € Gy, the function v; is

1
HnF ViphllL2m) S thHnl pinllrz,) =h ( ) llprllg, - Collecting all the estimates, we have

1/2
Immsmmm,mcm%m<m>}.

TImin

In other words, the fact that v;, is zero near I' (but not exactly zero on I') provides us
with a mild dependence of the stability estimate on the coefficients, which is asymptotically
robust for h — 0. O
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Remark The procedure of dividing Gp in patches and constructing velocities with local
support on the patches is rather technical, but also necessary. It seems to us that simpler
approaches do not allow to obtain the same result. As an example, let us consider p; , € Q; p,
supp(pin) C Gn N Q. Let p;h a piecewise constant function such that thl K = Pih|k; for all
K € G. Let v;"p’h be the classical Fortin’s interpolant associated to p;h; we can set v, =
(vipn) € Vin, and since V-v; = —p;, oneach K € G, b(pn, Vipn) = le-7h\|%2(ﬂi). But

we would only have the estimate ||v;pp |%QZ < Yo keg, ||p;-‘7h||%2(K), that we cannot control by

ZKegh ”pZ,hH%z(Ki) = |lpin ‘%2(92') (|K;| can be arbitrarily small w.r.t. |K]).

The inf-sup condition implies the following stability result.

Theorem 4.9 (Stability) Let (up,pn) € Wy, and let My be the constant of lemma 4.8.
Then,

¢ U, Ph)y Vi, Gh
H(uh’ph)HWh 5 MF sup (( ) ( ))
(Vhsqn)EWp, | (Va, an)llw,

Proof Let v, ;, be the function associated to pj, as in lemma 4.8, and let
(Vh,aqn) = (ap + 01vpp, pr + 020V - 1y), 61, 02 > 0.

We shall first show that C((up, pr), (Vi qn)) 2 H(uh,ph)H%vh; next, we will check that ||(vp, qn) H%Vh <
MpH(uh,ph)H%Vh. For the first part, we exploit the bilinearity of C to obtain,

C((an,pn); (vh,qn)) = C((an, pn), (an, pn)) (17)
+ 01C((up, pr); (Vp,p, 0)) 4+ 02C((un, pa), (0,7V - up)).

Thanks to lemma 4.4 we have

C((un, pn), (an, pn)) =|[[an||>. (18)

Let us consider the second term of (17). Thanks to lemmas 4.3, 4.8, for all ¢; > 0 we get

1 1 _
a(un, V) S |lanl[HH[vpalll < allluhlll2 +ell[vpunlll* £ allluhlll2 +e1lln ™ pallFa ()

so that
C((an,pn)s (Vph, 0)) = a(upn, vpn) + b(pr, vpn)
Cq
> b(ph, vp) — Crellpnld, — g|||uh|||2-

Then, thanks again to lemma 4.8 we have

C

C((wn, pn)s (Vp,0)) 2 (1 = Cren)llpally, — g”|uh”|2-

Now consider the third term in eq. (17). Thanks to standard inverse inequalities, we can
estimate

1 1 1 1
—/E(nv'uh)(uh'n) < [[h2n2(V -up)lr2my)llh2n~ 2up - 0|12k
1 1, 11
S €2||772V'11h||%2(1<)+;|\h 202wy, -7
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for all edges E C I'p N 0K, K € Tp, and any ez > 0. As a consequence,

C((up, pr), (0,9V -up)) = HWéV'UhH%%Q)—/ (nV - up)(uy - m)

I'p

1 Cg 1
> (1 —Cs€)|n2V - uhHaQ - g””Quh : nHi,-i-%,FD'

Collecting the previous results, and observing that Hn%uh . nHi ‘i, < lanll], we get
bl 27
C((an o). (v an)) 2 (1= 012 = o2 ) lfwalI2 + 81 (1 = Cren)lpall (19)
hyPh)s\Vhy4n)) < 161 262 h 1 1€1)1IPrllQ),

1
+02(1 = Coea) 72V - w72 (-
Now, let us choose sufficiently small parameters €; and J; such that all the norms in (19) are
multiplied by positive coefficients. For instance, take ¢; = 1/(2C;) and §; = 1/(8C?). From
(19) we get
_1 1
C((un, pr)s (Vhs an)) Z 10l + 1072 pal T2y + 112V - unll720) = [1(un, pa)llRv, - (20)

For the second part of the proof, since §; < 1, and [[(0,7V - up)||w, < ||(an, pr)|w,, we have

|(Vhs gn)llw, S I[(an, pr)llw, + 011l (Vph, 0)|lw, . Moreover, using lemma 4.8,
61/l (vp,n, 0)llwy, S Mrlipnllg, < Mrll(an, pr)llw,-
O

Based on this stability result, we can state in a standard way the convergence of our numerical
scheme.

Theorem 4.10 (Convergence) Let (u,p) € W be the solution of problem (1). There exist
a unique solution (up,pp) € Wy, of the discrete problem (9), and

[(up —u,pp —p)llw, SMr inf |[(vi —u,qn —p)llw,- (21)

(Vh,an)EW,

In particular, if w; € H*(Q), p; € H' (), we have

1 _1
l(up, = w,pp = p)llw, S M |h D <\772V ‘Wil + 0 2pi|H1(Qi)> : (22)
=12

Proof By theorem 4.9, the matrix associated with C evaluated on Wj x W}, is non-singular
(precisely, its smallest singular value is positive). Hence, there exists a unique discrete solution
(up, pr) of (9). Moreover, by using stability, consistency and boundedness (theorem 4.9 and
lemmas 4.1, 4.3) we get, for any (vy,qn) € W,

[(an — v, pr = p)llw, < [1(vi =W gn = p)llw, + [1(vi = wn, gn = pr)llw,

C - _ o
< I(vh—wan—p)llw, + M sup  CLVA = Wh G~ Pn), (Vi 4h))
(Vh.ah)EWn (v @) lw,

C —u, —p), /7 /
= (vh —w,qn —p)llw,, + Mr  sup ((vp —u /‘Jh : p), (Vh: )
(Vi) EW (V5 @) w,

S MFH(Vh —u,qgp _p)Hwha
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so that (21) follows. Eq. (22) is then obtained by taking v; = Iju, ¢, = C}p, where
If : H* () x H?(Q2) — Vy, is an extended Raviart-Thomas intepolant and C; : H*(€;) x
H'(Q2) — Qy, is an extended piecewise constant interpolant. Based on the results obtained in
[5], these interpolant can be easily constructed. In particular, given u = (uy, up) € H?(£;) x
H?(Q2), let uf = Efu; where Ef : H?(Q;) — H?(Q) is a continuous extension operator.
Let I;}, be the standard RTy interpolant, and define Iju = (I;pug,lopuz) € Vy. The
interpolant C} is defined similarly (and is the same of [5, th. 3]). Proceeding as in [5, th. 3],
1

estimates of the interpolation error for of the form [|[v — Iiv|v, < h).; |17 Vilp2(q,) and

_1
lg — Cralle, S h>2;1m; *dilm(q,) are obtained. O

Let us comment on the robustness of the stability estimate in lemma 4.9, i.e., on the depen-
dence of Mr on the coefficients. Since My = max{1, hy/1r/Mmin}, the estimate is asymptoti-
cally robust with respect to the coefficients nr, 1, as h — 0 (in which case Mp — 1), the only
issue being having a large nr compared to nmin when using “coarse” grids. We recall that
this behavior is due to the fact that we are not allowed to choose function v, j, of lemma 4.8
such that v; , - np = 0 on I' (the proof only ensured that the normal components are O(h)).

We also recall that the norms are depending on parameters: for instance, 1 appears in the
norms || - ||v, and | - ||g,, weighting the velocity and the pressure with antagonistic actions.
Velocities are weighted by 77%, pressures by n_%. This means that in highly permeable regions
(n < 1) our norms mostly control the pressure, whilst in almost impervious regions (n > 1)
they mostly control the velocity.

Finally, our assumption that 7; is constant on each subdomain €); is obviously very re-
strictive; in the more general case 1 € (0, Mt would also depend on the ratios 7; max /i min
(see [5]).

4.1 A natural preconditioner

Let us consider the algebraic properties of the discrete problem (9). As in [11], we expect
the robustness of the stability estimate to be an advantage at the algebraic level. With little
abuse of notation, uy, € Vj, and p;, € @ will also denote the vectors uy € RAm(Vr) and
pn € RIM@r) a550ciated to the respective finite element bases of the spaces V},, Qp, and so
for vp,, qn, etc. According to this notation, the linear system corresponding to problem (9)

reads -
up A B up f :|
C = =", 23
Lﬂh] {—B 0 ] [ph] [fq 23)
whose blocks are related to the bilinear forms by a(up,vy) = (vp, Aup) and b(gp,up) =

(gn, Buy,), where (+,-) is the Euclidean scalar product.
Let us equip RI™(Vr) x RAM(Qn) with the norm

Vi, anl||? = (vi, Hyvi)2 + (ph, Hopn)2,

being Hy and Hg the symmetric, positive matrices inducing the natural norms on V;, and
Qp, i.e. (vp, Hyvp)o = thH%,h, (gn, Hoqn)2 = th||2Qh. Consider the following block-diagonal,
symmetric and positive definite matrix,

P= [If)‘/ f?@] . (24)
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With a simple algebraic manipulation (see also [11] for a similar analysis), the boundedness
and stability properties 4.3, 4.9 lead to the following estimates: for all u, € Vy, pn € Qp,

1 1
- u b 7P_§CP_§ VvV s
M| (up, pr)ll2 S sup ((up, pn) (Vh,qn))2

S [[(ap, pr)lf2- (25)
Vhdn (Vi qn)ll2

Thanks to (25), we have that the singular values of the matrix P~2C P2 are lower and upper
bounded by positive constants ¢, &, such that o 2 M 1 and 7 is independent of h, n and nr
(see also [8], section I1.3.1, and [11], section 3 and theorem 3.8; a general presentation of block-
diagonal preconditioning of saddle point problems arising form stable mixed finite element
approximation of Darcy’s problem is also addressed in [17]). It follows that o < |\;(P~1C)| <
@, being \;(P~1C) the eigenvalues of the preconditioned matrix P~!C. By changing the sign
in the mass conservation equation, system (23) can be recast in a symmetric (indefinite) form.
It follows that the P-preconditioned MinRes methods can be successfully employed at each
time step: for a fixed tolerance, the number of iterations will be independent of h, and also
of the physical parameters (at least asymptotically for h — 0).

The preconditioner P has a block-diagonal structure, each block being a symmetric posi-
tive definite matrix. Whilst the pressure block is a pressure mass matrix and is easily dealt
with, the velocity block features a div-div term (nV - u, V - up,)q, requiring suitable a sub-
preconditioner to be used to efficiently solve systems associated to matrix Hy. A detailed
analysis and an effective sub-preconditioning strategy was proposed by Arnold in [4].

4.2 Condition number of matrix C and interface location
4.2.1 Full P-preconditioning

In this section, we report numerical tests that support the fact that the extreme eigenvalues
of matrix P~1C are independent of both h and the position of the fracture I" with P defined
as in (24), i.e. we numerically verify (25). If h-optimality is an important feature of any
preconditioner, I'-optimality is even more important. Indeed, since each element K € Gy, is
divided by I' into two sub-elements K7, K5, one could expect the conditioning of the matrix to

degenerate as u(7,I") = [Erélgh Eig ’|KKZ‘| tends to zero. This is a potentially critical situation,
that must be carefully handled since we want the mesh to be irrespective of the position of
I'. We refer to [20] for a detailed analysis of this issue for the FEM approximation of contrast
problems.

To study the spectrum of C for different fracture configurations, we solved problem (1)
on a square domain © = [0, 1] x [0, 1], with (non-homogeneous) Dirichlet boundary conditions
on 0. We considered a regular triangulation, cut by a vertical embedded interface I' =
{z} x [0,1], for different values of z € (0,1) in order to obtain smaller and smaller values of

w(7Zp, ') by creating elements K with small ||[I(("|‘ ratios.

That was obtained using structured meshes on €2 such that vertical midline I'y; = {(x, y)|z =
0.5} was always covered by triangle edges, and taking & — 0.5, i.e. taking the interface I" very
close to I'yy.

Table 1 shows the maximum and minimum eigenvalues of the matrix C' for z — 0.5 (i.e.,
for u(7;,,T') — 0) for two grids of 200 and 800 triangles respectively. As p(75,I") tends to
zero the eigenvalue of lowest module decreases, and the ratio between the maximum and
minimum |)\;| is larger for the finest mesh. The maximum and minimum eigenvalues of the
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preconditioned matrix instead are constant for any position of the interface and independent
on the mesh size h, confirming the optimality of the preconditioner (24).

‘ T ‘ w(7p,,T) ‘ max |A;(C)] ‘ min [\ (C)] ‘ max |\ (P~1C)| ‘ min |\;(P~10)|
0.49 1.00e-2 0.2805 0.1005e-3 1 0.9895
(a) 0.495 2.50e-3 0.2805 0.0337e-3 1 0.9897
0.4975 | 6.25e-4 0.2805 0.0128e-3 1 0.9898
0.499 1.00e-4 0.2805 0.0045e-3 1 0.9898
0.4995 | 2.50e-5 0.2805 0.0025e-3 1 0.9898
0.4999 | 1.00e-6 0.2805 0.0001e-3 1 0.9898
0.49 | 1.00e-2 | 0.1411 0.10050-4 1 0.9895
(b) 0.495 | 2.50e-3 0.1411 0.0337e-4 1 0.9897
0.4975 | 6.25e-4 0.1411 0.0128e-4 1 0.9898
0.499 1.00e-4 0.1411 0.0045e-4 1 0.9898
0.4995 | 2.50e-5 0.1411 0.0025e-4 1 0.9898
0.4999 | 1.00e-6 0.1411 0.0001e-4 1 0.9899

Table 1: Extreme eigenvalues of C' and of P~'C for different positions Z of the interface. Two
regular meshes of N, =200 (a) and Nj, = 800 (b) triangles are considered.

4.2.2 Matrix equilibration

As mentioned above the preconditioner P is not easy to deal with due to the div-div term,
therefore a simpler alternative would be desirable. We will provide experimental evidence
of the fact that matrix equilibration (that is an instance of diagonal preconditioning) can
make the conditioning of the discrete problem independent of the position of the interface.
Of course, we loose the optimality with respect to h; nevertheless, the fact that the simple
equilibration procedure (implemented by automatic routines in most linear algebra packages)
can cure the potentially severe ill-conditioning due to small ratios |K;|/|K]| is obviously very
important. Here, we consider the following equilibration method. Consider the block diagonal

- TA 0
P_[O HQ},

matrix

and denote by P, its lumped diagonal matrix, such that (Pr); = Ej (]5)1] This diagonal
preconditioner performs an effective scaling of the matrix: as shown in Figure 4 (left) the
eigenvalues of P, 1C remain constant as ;(75,,T') tends to zero and depend mildly on the
mesh size. Of course, the equilibration algorithm is not unique and many other techniques
could be applied as well, including automatic equilibration routines.

Finally, we point out that the limit case in which px(75,I") = 0 can be handled in practice
eliminating the extended DOFs associated to “small” sub-elements [19].
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Figure 4: Extreme eigenvalues of C' preconditioned by the lumped preconditioner P for
different positions of the interface. Three different meshes of N, = 200, 800, 3200 triangles
are considered.

5 The coupled problem: an iterative method

5.1 Fracture flow

The weak formulation and finite element approximation of the fracture flow problem (5) is
obtained following the same method employed for the bulk flow problem (1). Moreover, we
now consider standard (i.e. not extended) finite element spaces Vi = {Vn € Hg(I')_
Vi € RTo(K) VK € T}, Qn = {qgn € L*(T) : G, € Po(K) VK € Tp}, Wy, = Vi X Q.
Let us introduce the following bilinear forms related to the fracture flow,

d(uh,vh) :/ ﬁflh -V + / ’)/hfl(ﬁh . TF)(\A’h . TF), (26)
I opT

b(Pn, V1) Z—/Fﬁh(v"?’h)Jr/a Fﬁh({’h’TI‘)v (27)
F(¥n, dn) :/F}v"A’h+/r(l1“fq+[[uh‘n1"]])Qh_/ar Po(¥ - ). (28)

Our finite element method reads as follows: given the normal velocity jump [uy, - nr], find
(Gp, pr) € Wy, such that

C((0n, Pn)s (Vh @) = F(¥ndn)  Y(¥n,Gn) € W,
where (29)
C((@n, Bn), (Vhr Gn)) = a(@n, V) + b(pn, Vi) — b(dn, tn)-
Note that problems (9) and (29) are coupled, since 7 depends on the pressure within the

fracture, and F on the normal jump of the bulk velocity. We also observe that the bilinear
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forms C and C associated to problems (9) and (29) have exactly the same structure, although
they are related to Darcy’s problems on domains having different dimensions, and no extended
element is introduced in the fracture flow problem. In particular, all boundedness, stability
and convergence properties of (9) are immediately extended to (29) (with M = 1, since there
is no embedded interface).

5.2 Iterative solution of the coupled problem

The reduction of the solution of the coupled problem to successive solutions on decoupled bulk
flow and fracture flow problems has the clear advantage of allowing the use of different solvers
and possible parallel implementation. As already observed (without convergence analysis) in
[15] in the case of matching meshes, this implies exchanging data on the “immersed” interface
I' and building suitable Steklov-Poincaré operators acting on interface variables.

In our case, we follow a similar approach providing some more information about the
convergence of the related iterative algorithm. In particular, we introduce the following
operators.

e Let (Hy, Hy) : L?(I') — Wy, be the (porous bulk) resolvent operator associated to (9)
corresponding to ug = 0, po = 0, f, = 0, f; = 0 (the only nonhomogeneous datum
being the fracture pressure Z = py,), i.e.

CU(Ho2 Ho2), (Vi i) = /Fz[[vh-np]] V(v qn) € Wi (30)

e Analogously, let (H,,H,) : L>(T) — W), be the (fracture) resolvent operator corre-
sponding to f, =0, f; = 0 (the only nonhomogeneous datum being the trans-fracture
normal velocity jump z = [uy, - nr]), i.e.

C((Hoz, Hg2), (Vhydn)) :/Zﬁh V(1. dn) € Wi, (31)
r

e Denote by (u?,p?) and (@), 59) respectively the solution of problem (9) for p, = 0 and
the solution of problem (29) for [uy - nr] = 0.

e Thanks to linearity, we can express the solution of problems (9) and (29) by
(uhaph) = (u(})up(})z) + (Hvﬁha qu)h)a (ﬁhvﬁh) = (ﬁgvﬁg) + (ﬂv[[uh . nl—‘]]a ﬂq[[uh . nrﬂ)-
Lemma 5.1 For all z,% € L*(T") we have

I(Ho2, Ho2) B, S ClelBay NFoz Hg2)ly S CllzlZa, (32)

2
1%,

2
MI‘

with C = o

C= 7, where Mr is the constant of lemma 4.8.

Proof By lemma 4.2 and theorem 4.9, we get immediately

_1 _1
I(Ho2, Ho2) W < &0 * Mrlinp * 2| z2(r,

and the first estimate in (32) follows since nr is constant. The second estimate is obtained
analogously. O

20



Now, we reformulate our coupled problem (9), (29), as an equation for p, € O,
DPh = 252 + 7:(q[[uh -np] = 152 + ﬂq[[“% -nr] + 7:(q[m'fvﬁh) -nr]. (33)

Let us introduce the operators S : L*(I') — L*(T), S : L*(T) — Qj, defined by S% =
—[(Hy2) - nr], Sz = H,2, and respectively associated to the bilinear forms

()= [ 10) el 305.0) = [ (Fapha (34)
Then, equation (33) becomes
P = 8(=Spn + [u) - nr]) + 5. (35)

Let w > 0 be a relaxation parameter; we shall first consider the following iterative method
for the solution of (35),

Theorem 5.2 The following properties hold true.

i) S is symmetric positive semidefinite and S symmetric positive definite on Qp, i.e. s(qn, qn) >
0, §(ﬁh,qh) >0VO0 75 qn € Qp,.

-

ii) The iterative method (36) converges for w 2, Mlgg .
onr

i11) The convergence rates only depend on w, and not on h, at least asymptotically for h
small (Mp ~ 1). Moreover, there is an optimal relazation parameter w, > 0 that
mazximizes the convergence speed.

Proof Let us consider each point separately.
i) By (34) and (30) with 2 = G, we have b(gn, Hudn) = 0 Van € Qp, s(Pn,dn) =
a(HvGn, Hopn) + b(Hqdn, Hypr), so that

S(ﬁhv th) = a(Hvdhv Hvﬁh)- (37)

This shows that if a is positive definite then S is positive semidefinite. Note also that in
our case a is symmetric, and so is S. Similarly, by (34) and (31) we have a(H,pn, Vn) +
b(Hqﬁh,Vh) =0 YV, € Vyp, §(ﬁh,(fh) = —b(Hqﬁh,HUQh), so that taking v, = H,qn

8(Pn, Gn) = a(Hvdn, HoPn)- (38)

We observe that, from (31) we have [ G = B(Qh,ﬂv(jh) Vdn, € Qp, which implies dnllz2r) S

7=t Hﬂv%”\?h' This shows that H, is injective, and so, by eq. (38), S is positive definite. Note

also that we cannot upper bound ||7:[Uz||3, by &(7:{1,2, ﬂvz) unless using inverse inequalities,
h

which would give a coercivity constant depending on h. Nevertheless, as we will see, we do
not need uniform coercivity for S.

i1) Introduce the operator T := SS. T is obviously non-negative, thanks to i). Note that S
and S are bounded; in fact, by (32) and (37), (38), we have s(pp, ¢n) < \@HﬁhHLz(p)HthLg(p),
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$(Pn, dn) \/>thHL2 ylldnllz2ry- As a consequence, T' is bounded, i.e. (Gn, T'Pn)r2r) <
Crllpnll 2y lldnll L2y, Cr = V CC-

Now, let us focus on the iterative method (36). Consider first the case of homogeneous data

(p?z = ug -np = 0), i.e. given ]320) compute the sequence defined by

oYy -0 = ~1h. (39)

We claim that sequence to be convergent to zero for all p( ) Observing that

G T8 ) = G TH T ey = G TG~ ) e,
(K (K k 1 (k oy
G B = )iy = 5 I = B ey + 188 ey — 1B 12y

by multiplying eq. (39) times 132 Y and integrating on I', owing to the positivity of 7', and

to the Young inequality, for any ¢ > 0 we get

(k+1) ~(k+1 ~(k ~(k+1) ~(k
B ey + 5 (185 = B ey + Hiapfnpg)niz

~(k+1) (k+1)

< eCr||p;, ”L2 + CTHP — Dy, H%Q(F)

where C7 is the boundedness constant of 7' with respect to the L?(T") norm; note that C2 <

MR L. Taking e = 1/(2C7), we get

[ )2

~(k+1 ~(k
%Q(F) + (w— 4C:2F)HP§L - by, )”L2(r + W”P r2(r) = WHP; )”%2(1“)-

(k+1)

Summing over k, exploiting the telescopic terms w|| Dy, ||%2(F) and w|| ﬁ;lk) ||%2(F)7 we conclude

that for w > 46’%

o0 . k )
ST 1Ry < @by 2
k=0

(0)

As a consequence, Hﬁg{) lz2ry — 0 as k — oo for any p,” € Qp,. This in turns implies that
the spectral radius of the iteration operator associated with eq. (35) is strictly smaller than
one, and the iterative method is convergent also for non homogeneous data.

i11) We observe that since S is positive definite, it is invertible; the iterative method (36)
can be recast in the following preconditioned Richardson form,

A ) X . 1
pgﬁl) — p]g ) v ol {b - Rpg‘”)}, b = [up -nr] + Sp), a= 1o (40)

where the linear operator R := R+ S is preconditioned by R = §-!. Note that R and R
are both symmetric positive definite, and R~'R = I + T. This provides us with a further
convergence proof. In fact we have

(2,2) 20y < (£, D)2y + (5. T2) poqry = (3, RTRE) p2ry < (14 CF) (2, 2) 121y,
and we can bound the Rayleigh quotient of the preconditioned iteration operator as

¢, R™'R2 7
(2 - Z)L?(F) §1+M .
(2, 2)r2(r) foﬁr

~
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From the convergence theory of preconditioned Richardson iterations (see for instance [18],

N
ch. 2) we see that the iterative method is convergent for 0 < a < (1 + M%ﬁ) , confirm-

ing our previous estimate for w; moreover, we have that an optimal convergence parameter
a, exists, and, more importantly, the convergence rates of the iterative methods are asymp-
totically independent of h, since the spectral bounds above are so. A confirmation of this
fact will be given also by numerical experiments (see Table 2 in sect. 6). Approximating the

minimum and maximum eigenvalues of R~1R respectively by 1 and 1+ m, m = Mﬁﬁ, we

have o, ~ 2+Lm (or wy >~ m/2), and, at each iteration, the error is reduced by a factor that
in the optimal case is about %_im; we thus expect the convergence rates to degrade when m
is big. O

As a consequence of Theorem 5.2, the coupled problem is well-posed. Moreover, the the-
orem provides an iterative algorithm to solve the coupled problem, which is (asymptotically)
optimal with respect to h. From the computational point of view, it is also convenient to
write the iterative method (36) as follows.

For k=0,1,...:
1. Given ﬁ;lk), solve the bulk flow and compute ul(lk) = u?L—i—Hvﬁ,(lk);
2. Solve the fracture flow and compute ﬁgﬁé) :ﬁh—i-?:lq[ugk)-npﬂ;
3. Update the fracture pressure:
P — s (1 — gyt g = = (41)

6 Numerical experiments and applications

6.1 Convergence of the decoupled problem

Let Q =[0,12, R€ (0,1) and T = {(z,9) € Q : 7? = 2% + y?> = R?}. We consider problem
(1) withn =1, nr = %R, I'ny=0Q,Tp = @, and

2 3 .
; _{2/}?? 2> R ot if r? > R?,
q— 2 .2 2 -
4/R if r# < R*, % if’l“2<R2.

In this case, the boundary data pg provides also the exact pressure solution p and velocity
u = —Vp. The pressure in the fracture is imposed, p = %, and choosing £ = % yields
[u-nr] = }%. The numerical solution, computed on a grid of about 6500 elements is shown
in Figure 5. Figure 6 shows the error in the norm defined by (11) for different h, confirming

the estimate (22), i.e. the error decreases linearly with the mesh size.
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Figure 5: Left: numerical solution to the uncoupled Darcy’s problem. Right: zoom on the
cut region G, showing the extended pressure elements.
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Figure 6: Convergence of the error |[(u — up,p — pp)||w, for the uncoupled problem.

6.2 Coupled bulk-fracture flow problems
The full coupled system for the bulk and fracture flow reads

A BT 0 E u fo
-B 0 0 0 p fa
o o0 A BT al|l | £,
—ET 0 -B 0 p fa

where the blocks E and ET are due to the interface conditions that couple the two problems.
In particular the entries of E are e;; = [ () ; [(vn); -mr]. Since the basis functions defining
ei; are related to different meshes (although the integral is computed on I', hence using the
fracture mesh), in general an interpolation has to be performed between the bulk mesh 7j,
covering  and the fracture mesh 7;, on I'. The system can be solved either directly or using
the iterative method of Section 5. We observe that also for the coupled problem, by changing
sign in the mass conservation equations the system can be recast in a symmetric (indefinite)
form.

We here consider a two-dimensional problem in a square domain cut by a slanting fracture
and analyze the solution for different values of the inverse permeabilities n, nr, 7. Let Q =
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0,12, T = {(x,y) € Q: y+2x=14},Tp ={0,1} x[0,1], and T'y = [0,1] x {0, 1}. The bulk
flow and the flow in the fracture are described by equations (1) and (5), with f, = fq =4,
po = y, considering full Neumann boundary conditions p = y on OyI" = 9I', coupled by the
interface conditions (3) with £ = 0.75.

Figure 7 represents the numerical solutions for different choices of the parameters. In

|1,2187 |1,18§7

0,90843 0,88881
Io,ooém lo,59392
IO,30385 Io,29904

0,0015640 0,0041523

a) b)
1 0877
0,81598

Io,54423
|0,27248
0,00073114

c)

Figure 7: Pressure in the porous domain and in the fracture for different values of parameters,
namely a) n=1,np=1,1=1;0)n=1,np=0.01,7=1;¢)n=1,npp =1,7=0.01. In d):
streamlines corresponding to case c), where the fracture with a high tangential permeability
becomes a preferential path for the flow.

case a) npr = 1, thus the normal permeability Kr , = é—? is low and there is a pressure jump
across I', while in case b) pressure is nearly continuous across I' thanks to the high transverse
permeability. In case c) the fracture is very permeable in the tangential direction. As a
consequence p is almost linear and the streamlines are directed towards I' as shown in d),
because the fracture tends to become a preferential path for the flow. Finally, Figure 8 shows
analogous results in a three-dimensional domain cut by a planar fracture for the choices of
the parameters a) and c).
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Figure 8: Pressure in a 3D porous domain cut by a plane for different values of parameters,
namely a) n =1, np =1, 7=1and b) n = 1,nypr = 1, ) = 0.01. Pressure is imposed on the
top and bottom boundaries, while the normal velocity is set to zero on the remaining faces.

6.3 Convergence of the iterative scheme

The results of the coupled problem obtained with the iterative scheme (41) can be compared
with the monolithic approach to assess experimentally the convergence of the iterative pro-
cedure. Figure 9 shows the max norm of the pressure (p and p) as a function of the number
of iterations compared to the “exact” one computed with a monolithic approach for the test
cases presented in the previous section. The three cases are characterized by different rates

o =4 0=0.8 u)min=400 6=0.99751
1.24 T T —nin_ T 1.24 T T T
— terative Iterative
1031 o Monolithic | T22ONG Monolithic | |
38 _8
T 1eer 1 T 12 : : 1
129 Y 4 g |
12 i i f i L i ! 116 i i i i
0 5 10 15 20 25 30 35 40 0 200 400 600 800 1000
NI( it
1.24 ; T T T . 1.3
— |torative Iterative
1.02 : ; D T S LR Monolithic|{ | Monolithic
s 1.25} : : 4
— 12, N . B =8
2 = a
FABE ] ] O OO
116 i i i i i i i 115 | ‘ ‘
0 5 10 15 20 25 30 35 40 ) 200 400 600 800 1000
it Ni!
a) b)

Figure 9: Convergence of the iterative scheme (compared to the monolithic solution) for
different values of the parameters: a) 7/nr =1, § = 0.8, b) n/nr = 100, § = 0.99751.

of convergence since the relaxation parameter depends on the 7/np ratio (assuming Mt ~ 1).
Taking £ = 0.75, and thus & = 0.125 for case a), we choose w as in theorem 5.2, resulting
in # = 0.8. Iterations stabilize, in the maximum norm, at about 20. Case b) is critical;
having 7/nr = 100 we take 6 > 0.9975 and indeed after 1000 iterations the solution has not
reached convergence yet. Notice that in general we expect that the smaller 7/np the faster
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the convergence of the iterative method (with optimal relaxation parameters, see the proof of
theorem 5.2). For instance, for 7/nr = 0.01, our theory predicts that a very small relaxation
parameter (# ~ 0.04) is sufficient. Correspondingly, the convergence of the iterative procedure
is very fast and after only a couple of iterations convergence is achieved.

Although only values of w chosen according to theorem 5.2 are guaranteed to ensure
convergence, the iterative scheme may converge for smaller w, i.e. for smaller relaxation
parameters . Let us consider case b) and impose values of 6 ranging from 0 to 1 irrespective
of the constraint on w. The iterations to converge to a normalized error in the max norm
below 10~° are reported in Table 2 for three different meshes, with h respectively about 0.05,
0.025, 0.0125. The results show that 6, = 0.4 is the optimal value for 0 for the three grids,
and that both the number of iterations and 6, are minimally affected by h.

, Nn | 882 | 3362 | 13122
0.1 | 13 14 13
0.2 9 9 9
0.3 6 6 6
0.4 4 4 4
0.5 6 6 6
0.6 9 9 9
0.7 | 13 13 13
0.8 | 21 22 21
0.9 | 44 47 45

Table 2: Number of iterations of (41) as a function of @ for different mesh sizes. Note the
h-independent optimal parameter 6 = 6, ~ 0.4, corresponding to the optimal acceleration
parameter o, of the Richardson iterations (40).

7 Conclusions

In this work we proposed an unfitted, mixed finite element method for the numerical approx-
imation of Darcy’s flows in fractured porous media. In particular, fractures were treated as
interfaces using suitable reduced models [1] and coupling conditions. Owing to an enrichment
of the finite element basis on elements cut by the interface, the proposed formulation is able to
handle independent meshes for the bulk flow and the fracture low. We analyzed the abstract
properties of the method from stability to convergence. We studied the algebraic properties
associated to the resolution of the linear system, and introduced two preconditioners. The
first one turned out to be optimal with respect both the mesh size and interface location.
We also introduced a much simpler (diagonal) preconditioner, which is optimal with respect
to the interface location only. This fact indicates that matrix equilibration is an effective
tool to keep the condition number of the discrete problem bounded irrespective of the inter-
face position. Finally, we proposed an iterative method to solve the coupled bulk/fracture
flows, analyzed its convergence properties, and reported examples of computations in 2 and
3 dimensions.

The capability of handling independent meshes is a key advantage of our approach, which
can express its full potential in applications with variable interfaces, for instance for scenario
analysis or in time dependent problems with a mobile interface. Several interesting points are
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still to be investigated: for instance, the case of branching fractures, or a different numerical
technique to impose the coupling conditions (e.g. using suitable Lagrange multipliers, or the
Nitsche’s method).
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